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HEAT AND MASS TRANSFER IN A LIQUID POOL WITH WALL
ABLATION AND COMPOSITION EFFECTS

Abstract

This work deals with the thermal-hydraulics of atpeol coupled with the physical chemistry for the
purpose of describing the behaviour of mixturematerials (non-eutectic).

Evolution of transient temperature in a liquid medtol heated by volumetric power dissipation has
been described with solidification on the cooledlwihe model has been developed and is validated
for the experimental results given by LIVE expenmeperformed at Karlsruhe Institute of
Technology (KIT) in Germany. Under the conditionfstioese tests, it is shown that the interface
temperature follows the liquidus temperature (@ponding to the composition of the liquid bath)
during the whole transient. Assumption of interfaeenperature as liquidus temperature allows
recalculating the evolution of the maximum melt pemature as well as the local crust thickness.

Furthermore, we propose a model for describingitberaction between a non-eutectic liquid melt
pool (subjected to volumetric power dissipationdl am ablated wall whose melting point is below the
liquidus temperature of the melt. The model preoins are compared with results of ARTEMIS 2D
tests. A new formulation of the interface tempemthetween the liquid melt and the solid wall
(below liquidus temperature) has been proposed.

Key words - heat transfer, mass transfer, thermal-hydrauliiifioation, ablation, liquidus
temperature, molten corium — concrete interacttdGCl).

Résumé

Ce travalil traite de la thermohydrauligue d’'un bde melt couplée a la physicochimie pour la
description du comportement de mélanges de matéfieun-eutectiques).

On décrit le transitoire d’établissement de temjpgeadans un liquide avec dégagement de puissance
volumique en présence de solidification sur uneipafroidie. Le modéle développé a cet effet est
validé par rapport aux résultats des essais LI\dligé#s a KIT. Dans les conditions de ces essais on
montre que la température d’interface suit la tenaipée liquidus (correspondant & la composition du
bain liquide) pendant le transitoire d’établissamde la température dans le bain et des crodtes
solides.

Par ailleurs, on propose un modeéle d’interactidineenn liquide non-eutectique (soumis a dissipation
volumigue de puissance) et une paroi fusible dantempérature de fusion est inférieure a la
température liquidus du bain. Les prédictions dul@® sont comparées aux résultats des essais
ARTEMIS 2D. On en déduit une nouvelle formulatioa k& température d'interface (inférieure a
liquidus température) entre le liquide et la couplteuse en paroi.

Mots clés -transfert de chaleur, transfert de masse, therggrbllique, solidification, fusion,
température liquidus, interaction corium — béton.
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INTRODUCTION

The current work is performed in the framework efeye accident analyses for Nuclear Reactors
(PWR). Even with low probability of occurrence, amctording to current safety practices, the severe
accidents including core melting must be taken adoount already at the stage of the plant design,
and later on during the operation phase of a nugewer plant in order to prevent the radiological
threat. For the safety of nuclear power plants, dbecept of “Defense in Depth” (introduced by
IAEA (International Atomic Energy Agency), WENRA \Wtern European Nuclear Regulators
Association and NRC (USA)) which emphasizes fivetgction levels to compensate for potential
human and component failures, to maintain the g¥ecess of the barriers by averting damage to the
plant and to the barriers themselves, and to protecpublic and the environment from harm in the
event that these barriers are not fully effectiVbe objective of the first level of protection is
preventing the abnormal operation and system fsluifhe second level serves for detection of
failures and for preventing the failures from ewadyinto accident. If the second level fails, thed
level would ensure that safety functions are furiherformed by activating specific safety systems.
The purpose of the fourth level is to limit the idemt progression through accident management
measures, so as to prevent the release of radieantiterials to the environment. In a very unlikely
case that all these four protection levels faigr¢his still the fifth protection level to mitigatee
consequences of the radiological emissions. Thidkwall deal with the fourth level of defense in
depth, called severe accident management.

Severe accident is defined as an accident involWirey loss of coolant, melting of reactor core
potentially resulting in damage of reactor contanin In the beginning, due to the absence of
adequate cooling inside the reactor vessel, the o@terials would overheat and melt. The corium
melt will accumulate in the core and at the bottaithe reactor vessel. If the external vessel ddexb
sufficiently, the melt could be solidified and tlspread of damage is limited inside the reactor.
However, in case of inadequate or insufficient oaplthe reactor vessel may fail, resulting in the
release of corium melt into the reactor pit. Méltetugh of the reactor vessel leads to possible gama
to the reactor containment building (including th@semat), which is the last barrier between the
reactor and the environment. Therefore, severedastimanagement closely relates to keeping the
containment intact.

During 50 years of civil nuclear power generatisayere accidents have occurred three times. The
first severe accident was Three Mile Island (TMW¥pich occurred in USA in 1979. During TMI 2
accident, a part of the fuel rods melted but tleet@ vessel remained intact and no adverse health
environmental consequences were detected. Cheracbident, which occurred in Ukraine in 1986,
was the most severe accident wherein the fuel awdbthe building were destroyed by a power
excursion, plausibly followed by interaction betweagolten fuel and water and hydrogen combustion.
31 people were killed on the plant site. Sincedheas no containment building to protect the raacto
the radioactivity released directly into the enmimeent, leading to significant health and environimen
consequences. More recently, the Fukushima accigesurred in Japan in 2011. In this accident,
three rather old BWR reactor cores were molten tduthe consequences of a huge tsunami. The
Fukushima accident resulted in probably limitediaadn exposure of workers at the plant, but not
such as to threaten their health, unlike Chernobgihd contamination also obliged to displace
population in a large area. Despite the accideavgmtion and management measures adopted in
nuclear power plants, a very low probability rensaiinat some accident scenarios may develop into a
severe accident. The Fukushima accident has unddr$itrongly the significance of ongoing research
on severe accident prevention and management.



This work contributes to the study of molten coribahaviour and molten corium-concrete interaction
which are involved closely to the protection ofatea vessel retention as well as the prevention and
mitigation of containment damage due to interactibhot corium melt with sacrificial concrete.

Chapter 1 of this thesis provides background tosthigiect by introducing a survey of the current
works on corium behaviour and corium-concrete attdon during a severe accident. The precise
objective of the thesis will be defined at the efithis chapter.

Chapter 2 focuses on natural convection in a naeeda molten corium pool with internal heat
dissipation and external cooling at boundaries. Woek aims at developing a physical model to
describe heat transfer and crust solidificationtlta liquid-solid interface during LIVE L3A
experiment.

Chapter 3 introduces the 2D ARTEMIS Program carpatlin CEA Grenoble for investigation of
heat and mass transfer during molten corium-coadargéraction. Description of simulating materials
employed in 2D ARTEMIS as well as test installataord performance will be given.

Chapter 4 and Chapter 5 are devoted to studiesettrconcrete interaction (MCCI) during ARTEMIS
11 (with eutectic materials) and ARTEMIS 10 (nonestic materials). Detailed analysis of the
obtained experimental data will be performed fdedwrining the main physical phenomena governing
heat and mass transfer in each situation. The wonkinues with a modelling part to simulate these
phenomena and to recalculate the parameters oéstiteuch as the evolution of corium temperature,
heat flux distribution along the liquid-solid inface and evolution of the corium cavity shape.

The development of an integral model coupling reeat mass transfer between bulk and boundary
layer for the local calculation in natural conveatiwith ablation or solidification at the wall is
presented in Appendix 7. In addition, derivatiofish@ constitutive laws required for the model such
as the friction factor, the heat transfer coeffitiand the radial liquid flow entrainment from thalk

to the boundary layer are also provided. Another glathe chapter shows validation of the model for
a simple case with natural convection along a e&rtplate. This model will be also applied for
calculation of more complex cases with solidifioatior ablation at the wall as seen in LIVE L3A,
ARTEMIS 11 and ARTEMIS 10.

The thesis ends with a summary of the main cormhgswhich have been made throughout the
present thesis work.
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CHAPTER 1. STATE OF THE ART

1.1 Context of severe accidentsin nuclear reactors (PWR)

In a hypothetical severe accident of a nuclear pow&ctor, reactor core is supposed to be no more
cooled. The core heats up under the influence efélidual power (~20 to 30 MW for a 1000 MWe
reactor). Exothermal oxidation of zirconium by vapoeleases hydrogen. Fission products that are
volatile are generated and released in the conihnWithin a few hours after the starting of the
accident, a mixture of molten material called “coni’ is formed in the reactor vessel. The molten
corium relocates at the bottom of the reactor ‘ems# may destroy this barrier. Then the coriurtsfal

in the reactor pit and the molten corium will cartaéhe concrete containment. Thus, interaction
between molten corium and concrete occurs. Interabetween corium and concrete (MCCI) can last
several days. The residual power decreases onfyst@wrly within weeks and months.

The in-vessel retention (IVR) strategy of moltemiwm is the retention of corium in the lower hedd o
the reactor pressure vessel (RPV) with externdimgpdy submergence of the reactor pit. It is ohe o
the important Severe Accident Management (SAM)t&gias in nuclear power plants. Demonstration
of the in-vessel melt retention capability of anlés a demanding task in order to terminate the
progress of a core melt accident and to ensuréntbgrity of the reactor vessel. To fulfil this kas
heat flux distribution along the inner vessel igllequired to enssure that the vessel wall willfad.

In addition, nuclear reactor severe accident manageé also requires a prevention of complete
erosion of concrete containment in order to prothet third barrier (containment and basemat)
between radioactive materials and the externalrenment. Ablation of concrete may occur in only
radial direction or may be isotropic in both radild axial directions, depending on the heat flux
distribution along the interface between corium aodcrete cavity. Moreover, the widening of the
corium cavity due to concrete ablation results maving liquid-solid interface, leading to sign#iat
variation of the interface conditions (interfacenperature and interface composition), which are
closely linked to the evolution of the corium temgtare and heat flux distribution. Since the
characteristic time delay for molten corium-coneratteraction (MCCI) ranges between few hours
(for experiments with a small thickness of concreted several days (for a thick concrete basemat of
several meters), it is necessary to predict thesteat evolution of heat flux distribution overang
time period.

Corium is formed by core materials, more or lesidiagd (UQ, Zr, ZrO, steel, control rod
materials). Typical corium temperatures are betwasf0 and 2700°C.

Concrete may have different compositions. The nsgacies in the concrete are gi@iliceous
concrete, melting temperature ~1850°C), and Ga(Q@nestone, decomposes in CaO and,CO
Silica or limestone stones are bound by a cementaoBble composition (containing,8). As
concrete is not a pure material, it exhibits a mglrange (typically between 1300°C and 1800°C).
Since the melting temperature of concrete is lothan the freezing temperature of corium, solid
material can deposit between corium and concretéchwitan influence the corium pool
thermalhydraulics, and as a consequence, the headiftribution and the local concrete ablation
rates.
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In the following, the wording “corium” will more gerally be used to designate the molten pool
refractory material. The wording “concrete” will mogenerally be used to designate the ablated wall
material with lower melting temperature.

1.2 In-vessdl Retention with external cooling

In a hypothetical severe accident, the molten corgaining an important heat source can relocate
into the lower plenum (lower head) of the reactessel where it can form a corium pool. The corium
retention capability and the vessel integrity depen the rate of heat transfer (heat flux) from the
corium pool to the vessel inner wall and on heataeal from the external vessel surface. Heat flux
distribution along the interface between vesselrantten corium pool with internal power dissipation
is, thus, one of the critical issues in severedsds in Pressurized Water Reactors (PWR).

Average heat flux is calculated as the producthef daverage heat transfer coefficien, and, in

principle, the maximum temperature difference betwé¢he corium Toukma) and the liquid-solid
interface T;), as follows:

¢ = Hbulk (Touk max = Ti) (1-1)

As the solidification temperature of corium is mudgher than the steel temperature, a corium crust
forms at the interface. The corium is also charamd by a melting temperature interval. If the
corium contains only 10% (mass percentage) of awide, this melting interval may be as high as
1000 K (solidus temperature ~ 1700 K and liquickmegerature ~ 2700 K). Thus, a mushy zone may
potentially form at the interface between the naglt the crust. The heat transfer between the melt
pool and the crust may be affected by this musimg z0nd the modelling of heat flux distribution may
be more complex than given by relation (1-1).

1.21 K nowledge concer ning heat transfer in a molten corium pool

Steady state heat transfer with ssimulant materials

When a liquid pool is heated volumetrically anadd®led at its walls, the buoyant and viscous forces
act in opposite direction, leading to liquid rediation in the pool, which is known as natural
convection. The ratio of buoyant and viscous fottaess the ratio of convective and conductive heat
transfer is the characteristic dimensionless patemmealled Rayleigh number. Referring to the melt
temperature, the “external” Rayleigh number isrdi on the basis of temperature difference between
the liquid and the wall as follows:

3
=95 ATHT (1-2)

R
% va

wherein:
e 0. acceleration due to gravity;
e H: characteristic length of the liquid volume;

e AT: temperature difference between the liquid andathi
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* pr: thermal expansion coefficient of liquid
* o: thermal diffusivity of liquid,;

* p: kinematic viscosity of the liquid.

However, for reactor application, when the tempeaetifference between the bulk and the wall is not
known, only the power dissipation in the coriumitais known a specific Rayleigh number, called
“internal” Rayleigh number is defined:

zgﬁTQVHS

(1-3)
Apuk VO

Ra,

wherein:
+ Q,: volumetric power dissipation in the liquid volume

*  Jpuc thermal conductivity of the liquid.

In literature, natural convection heat transfeaimolten corium pool with decay heat source and wal
cooling has been investigated widely in the lasirfdecades in the framework of PWR severe
accidents studies. The situation is representeisitbynal Rayleigh number to quantify the buoyancy
force due to internal heat generation.

Table 1-1. In-Vessel corium test descriptions.

Experiment Geometry Dimension Fluid Heating method
[Jahn et Reineke, 1974] 2D slice R=75mm Water Joule effect
hemi-cylinder L =2R
[Steinberner et Reineke, 2D slice H =800 mm Water Joule effect
1978] square L=H
COPO I [Helle et al, 2D slice L =H =800 mm Aqueous solution Joule effect
1998] elliptic 0.34 <H/R< 0.45 of ZnSO4
(scale 1:2)
COPO Il [Helle et al, 2D slice R=1000 mm Aqueous solution Joule effect
1999] hemi-cylinder L =1770 mm of ZnS0O4
(scale 1:2)
BALI [Bonnet et Garré, 2D slice, R=2000 mm Water Joule effect
1999] hemi-cylinder L=H
(scale 1:1) 0.5<R/H<1
SIGMA-2D 2D slice R=125mm Water Joule effect
hemiscylinder
[Gabor, 1980] 3D R=240 mmor 280 Aqueous solution Joule effect
hemisphere mm or 320 mm of ZnS0O4
L=R
0.5<H/R<1
UCLA [Frantz et Dhir, 3D R=220mmor 601 Fréon 113 Microwaves
1992] hemisphere  mm
L=R
0.43 <H/R< 1
ACOPO [Theofanous et 3D R=1000 mm Water Transient
al, 1996, 1997] hemisphere H/R=1 cooling pool
L=H
Mini ACOPO 3D R=220 mm Water Transient
[Theofanous et al, 1997] hemisphere H/R=1 cooling pool

L=H
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Experiments have been conducted at all scales ¢pdids from some centimetres to a few meters),
with different geometries (2D or 3D, cylindricallligtical or hemispherical), with different test
conditions (cooling uniformly at lateral wall andpt surface or cooling only at lateral wall) and by
different power dissipation method (Joule effeeating wire, heating elements, microwaves, ...) in
order to represent different situations with inrRayleigh number ranging from *L@&mall scale) to
10" (reactor scale). In these experiments, the maianpeters of interest are pool temperature profile
and heat flux distribution along the pool wall. Teenditions for certain representative experiments
have been summarized in Table 1-1.

The flow structure in the volumetrically heatedigor pool with cooled walls has been described by
[Theofanous et al, 1997]. When the corium poaldsled at the upper surface as well as at itsdhter
wall, three zones would be observed in the coriool ps seen in Figure 1-1, which are:

» Zone 1: A thick top layer with thickned$,, wherein the temperature is quasi-uniform and the
unstable Rayleigh-Bénard flow exists due to topliogo[Bernaz et al., 1999]. This region has
been also observed experimentally by [Jahn et Rejri974] and [Bonnet et al., 1999]. In case of
absence of top cooling, this zone will disappeadtsothickness becomes very thin.

* Zone 2: A boundary layer downward flow along theled lateral wall.

» Zone 3: A central and lower zone which is thermatiatified corresponding to the recirculation
of the boundary layer flow.

Unstable upper
Cold upper boundary Cold
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Stratified zone (therlg{:ally)
Figure 1-1. Existence of three flow zones in coriucavity in BALI experiment [Bernaz et al., 1999].

Distribution of heat flux along the surface of tteactor vessel is an important parameter because it
has significant effect on the mass of corium thatyrescape the reactor vessel. For the test with
uniform cooling (imposed temperature on the extesngface of lateral wall and at the top surface),
the heat flux transferred through the wall in tipper zone is constant and maximal. For the tes$t wit
only lateral wall cooling (temperatureis imposed the external surface of lateral wall), the flux
reaches maximum at the top of the corium pool awahses with the increase of the distanitem

the top of the corium pool. Figure 1-2 shows thefifms of heat flux along the wall of the vesselagi

in BALI experiment [Bonnet et al, 1999]. In thisgfire, the ratio between local heat flux and
maximum heat flux is depicted as function of thigora/H where inH is the height of the corium in
the vessel. The shape of the heat flux distributiepends on the presence/absence of the top cooling
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Figure 1-2. Heat flux distribution along the latedavessel wall in BALI experiment [Bonnet et al., 29].

Steady state heat transfer to the vessel wall baa lmvestigated. Numerous correlations have been
reported for estimation of natural convection ageraeat transfer in a volumetrically heated corium
pool either by experimental or numerical methodhka existing correlations, the average heat tesinsf

coefficient h,,, (Equation (1-1)) from the corium to the wall isitten in term of Nusselt number,
which itself is a function of internal Rayleigh nber, as follows:

= _ Apux NU

o = I (1-4)
and
Nu= dRa’ (1-5)

Table 1-2. Correlations of Nusselt number to thessel lateral wall.

Author Correlation Range of validity
[Jahn et Reineke, 1974] Nu.,. =06 Ra%? Pr~7
an A 7.10 <Ra, < 7.10"
[Mayinger et al, 1975] Ny, = 055R822 7.10 <Ra, < 5.10"
[Gabor et al, 1980] 11 2.10°<Ra, < 2.10"
Nug, = 055[—] Rap® 0.5 <H/R<1
UCLA H %% 0 8<Pr<10
[Frantz et Dhir, 1992]  Nug, = 054(3] Ra, 4.10" <Ra, < 10"
0.43 <H/R< 1
ACOPO Nu, = 03R3%22 10" <Ra, < 2.10°
[Theofanous et al., 1997] HR=1
Mini ACOPO Nu., = 0048Ra%2%" 2<Pr<11
[Theofanous et al., 1997] A 10 <Ra, < 3.13°
HR=1
Nug, =0.0038R3%*° 2<Pr<11
an n 102 <Ra, < 7.10*
HR=1

[Bonnet et Seiler, 1999] Nugy,, = 013 RqﬂZS 10** <Ra, < 10"

BALI H 019 5.8<Pr<8.2
J( j 0.5<H/R<1




8 STATE OF THE ART

Table 1-2 provides a number of Nusselt correlatifmrsaverage heat transfer from corium to the
vessel lateral wall. The range of validity for eamhrelation is also précised. It is seen thathbat
transfer depends strongly on the physical propeniethe simulant corium, the volumetric power
dissipation (Internal Rayleigh and Prandlt numbarg] the configuration of the test section (therat
H/R between the height and the radius of the coriuat)po

Heat transfer through vessel lateral wall is that tieansfer through the boundary layer existingn@lo
this cooled wall (Zone 2). Two flow regimes are sidered in this boundary layer region, which are
laminar and turbulent. A criterion based on Grashofiber Gr) has been used to define the transition
in between these two regimes. According to [Kutateé et al, 1972]Gr < 10 corresponds to a
laminar flow in boundary layer whil&r > 10° represents turbulent boundary layer flow. Sina th
reactor case is represented by internal Rayleighbeu ranging from 16 to 107 corresponding to
10" < Gr < 10® (a PWR with volumetric power dissipation of 1 MW/r = 1 andH = 2 m), it
corresponds to turbulent regime. Comparison ofhiat transfer (represented by Nusselt number as
written in Equations (1-4) and (1-5)) obtained b fisted correlations for laminar and turbulent
regimes is shown in Figure 1-3, Figure 1-4. Agreeinie order of magnitude of Nusselt number has
been observed among the published correlations.
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Figure 1-3. Average Nusselt number at lateral vessall for Gr < 10°(laminar).
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As presented previously, convection in the uppgrore of the corium vessel is characterized by an
instability created by the cooled top surface. Tdosling creates a cold layer at the top of a lnotte
layer. For a critical value of the temperature afigéince between the hot and cold layers, a movement
appears inside the fluid. The denser cold fluithattop moves downwards while the hot fluid moves
upward from the lower layer. Cold plumes in theriasf mushroom are formed (Figure 1-6) and an
unstable layer is formed beneath the cooled tdjacai(Figure 1-5).

Cooled top surface

ol P Al B A A iR 4
Conductive sublayer

Unstable Iz_a_l_yer

Hot ﬂl;\i_;ot fluid

Cold fluid Cold fluid Cold fluid

Figure 1-5. Rayleigh-Bénard convection underneaticaoled surface [Berg et al., 1966].

Figure 1-6. Formation of plumes inside the fluid Yeer due to top cooling [Sparrow et al, 1970].

The discussed situation is classically referredRayleigh-Bénard convection. Studies on these
phenomena have been performed intensively duriadast 40 years and a summary of the relating
works has been reported by [Paul Manneville, 20Bglat transfer from the layer to the top surface
has been correlated in terms of Nusselt and ext&agleigh numbers asu= aRa>, . Four flow

regimes are considered which are lamifa.(< 1) [Krishnamurti, 1970], soft turbulent (1& Rax
< 4.10) and hard turbulent (4.1& Ra.,, < 10" [Castaing et al, 1989], and “asymptotic” regirRay
> 10" [Zaleski et al, 1991].

A situation of interest for nuclear reactor safistglightly different from the classical Rayleighéfard
situation in the sense that the fluid layer cawvddametrically heated. The external Rayleigh inctea
case ranging in between®18nd 16° emphasizes turbulent regime in such situationrige et al.,
1999] have investigated the possibility of trangjims of results obtained for the classical Rayteig
Bénard problem to real reactor situations. Expentsdnave been performed for the investigation of
turbulent heat transport to the upper cooled topnbary layer of the heated pool. The plumes
detaching from the top boundary were also obseaedeen in Rayleigh-Bénard situation). A model
has been presented for the description of thesemgduand the resulting heat transfer. A physical
understanding of the effect of Rayleigh and Prandinbers on heat transfer in the layer has been
gained. The so-calledoft turbulenceregime is associated with negligible interactictween the

plumes and the main flow in the bulk. In this regjrthe Nusselt number is proportionaRig/>. The

so-called hardurbulence regimés related to an interaction between the plumastha main flow.
The plumes are locally and intermittently destroysda laminar boundary layer developing from
large eddies issued from the main flow and impgdiire boundary. Development of this laminar layer

explains the dependency of the Nusselt number asomimatelyRa2’for this regime. At high
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Rayleigh numbers, increases of Reynolds numbehenntain flow results in development of fully
turbulent boundary layers. In the so-calladymptotic regimeexperiments of Rayleigh-Bénard
turbulent natural convection in liquid helium andsgby [Chavanne, 1997] showed Nusselt is

proportional taRa%¢ . Figure 1-7 provides a summary of different regirirethe upper layer.

[ Proposal for the different regimes |
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Figure 1-7. Synthesis of different regimes at theated top surface in reactor situation.

Heat transfer through the top cooled surface is aistten in terms of Nusselt and internal Rayleigh
numbers as done for lateral wall heat transfer.eSoonrelations are given in Table 1-3.

Table 1-3. Correlations of Nusselt number to cooleg surface.

Author

Correlation

Range of validity

[Kulacki et Emara, 1977]

Nu,, = 0345Rg,°*°

Pr~7
2.10' <Ra, < 4.4.10°

[Cheung, 1977]

Nu,, = 0208 Rgp*°

2 .10 <Ra, <2.10"

[Steinberner et Reineke, 197

BINu,, = 0345Rg3%%

Pr~7
8.10” <Ra, < 4.1¢°

ACOPO Nu,, =195 Raﬂlg 10" <Ra, < 2.10°

[Theofanous et al., 1997] P HR=1

BALI Nu . = 0383Ra%233 | 5.8 <Pr<8.2

[Bonnet et al, 1999] w A 10" <Ra, < 10"
0.5<H/R<1

In the previous experiments, the simulant coriumtaims only one material which was generally
water, Freon, aqueous solution of Zn3®water (Physical properties of these solutiors @dose to
water). In reactor case, the corium material isiture of oxides and metals. Recently, experiments
have employed binary salt mixture as simulant eoriar investigation of heat transfer in eutecticlan

non-eutectic mixture corium pools.

RASPLAV project was conducted at Kurchatov Inséty(Russia) in the framework of OECD

program. Obijective of this project is to providdoimation on heat transfer in the curved corium
vessel and to study the chemical interaction betwde corium pool and the vessel wall. The
RASPLAV-SALT experiment employs salt mixtures asgiant melt in order to investigate the effect
of the solid crust (test with eutectic corium) asfda mushy zone (test with non eutectic corium) on
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the heat transfer along the vessel wall [Asmolowalet 1998]. Different salt mixtures are used as
simulant corium:

» Eutectic mixture of NaF-NaBF8%-92% mol Tiquidaus = 384 °C;
* Non eutectic mixture of NaF-NaBF25%-75% molTquiqus = 610 °C;
« Eutectic mixture of LiF-NaF-KF: 46.5%-11.5%-42% mol

Qualitatively, the tests RASPLAV with salt mixturglsow similar behaviours to the preceding tests in
terms of heat flux distribution and temperaturefipggAsmolov et al., 2000].

Transient heat transfer

[Kulacki et Emara, 1977], [Cheung, 1977] and [Kayhat Kulacki, 1983] studied numerically a
transient natural convection situation in a voluicatly heated layer. The work investigated the
nature of developing and decaying turbulent conerdh an internally heated fluid layer following a
step change in volumetric power generation. It gla@wn that the time scale for natural convection
establishment is much smaller than the time reduiog the temperature evolution. Therefore, the
transient heat transport may be approached by@ession of steady state behaviour during transient.
The transient model developed by [Cheung, 1977]ex#snded for the case of natural convection in a
heated layer with solidification taking place at ttooled boundaries (i.e. formation of crust) bsrF

et Cheung, 1997]. Since the time scale of solidifan is much larger than the time delay for reaghi
final steady state natural convection, the trandieat transfer is not influenced by solidification

The previous works are performed for natural cotiwacin a volumetric heated layer, which is the
simplest configuration. In real reactor situatitine phenomena are predicted to be more complex
because the interface condition will vary signifitg during the whole transient. In fact, a mushy
zone is supposed to form in front of the liquididohterface and evolution of this mushy zone to a
planar front due to mass transfer is expectableveder, up to date, due to the lack of data, the
question of transient natural convection heat feans a pool with internal heat generation andtmel
solidification is still open, including evolutionf corium temperature, evolution of liquid-solid
temperature and distribution of heat flux along tdoeium vessel wall. Therefore, more efforts are
required for a full answer.

1.2.2 I nvestigations of interface conditions

In a PWR, the reactor vessel is made of stainkesd while the corium contains metals and oxides. A
the corium mixture is not a pure material, the rigige temperature between the corium and vessel
wall is not a simple property of the corium. Ladkumderstanding of interface temperature would
induce difficulties in calculation of heat flux tfidution at the reactor vessel walls (since that fkeix
depends on the heat transfer coefficient and thpeeature at the interface).

This section is dedicated to discuss the statehefart on investigation of liquid-solid interface
conditions during solidification of non-eutectic lt@m corium behaviour in between corium pool and
vessel wall.

Interface temperaturein steady state
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[Seiler, 1996] developed a model referred as plsaggegation model for melt thermal-hydraulics.
The basic hypothesis in the model is that the meefiarates into a solid part that is enriched in
refractory species and a liquid part as in usuahhuegical solidification process. The solid pist
deposited at the cooler boundary of the melt ppdbtm a crust in steady state.

The model has been developed for description afithehydraulics in steady state in a corium vessel
with internal power generation and external coolifrgllowing assumptions have been adapted in the
model:

The local crust thickness tends towards a constloe; thus the freezing rate tends towards zero
on the entire interface area;

When the freezing rate tends towards zero, the ynusine disappears and the interface
temperature tends towards the liquidus temperaiuitee actual melt composition;

The composition of the liquid melt becomes unifdoecause of stirring of the pool by natural
convection and because of the absence of furtberifng.

Following consequences have been outlined:

In steady state, the interface temperature betifeemelt and the crust is uniform (as it would be
with a pure material with a given melting pointdahere is no mushy zone,

As the melt composition is also uniform, the thdrmaraulics behaviour of the pool can be
studied with a pure material,

The thermal-hydraulic problem is completely defiresdsoon as the geometry, the power and fluid
properties and the interface temperature are fixed;

The heat flux distribution from the melt to the sirdoes, thus, not depend on external conditions.

Calculation of the model was also applied for etadesof ACE experiments [Seiler, 1996] which is a
set of large scale molten corium concrete intepactixperiments. Solid crust develops in contadh wit
the concrete or in contact with the two sides efabrium pool which is externally cooled. In aduiti

the model has been extended for different apptinatin late phases of severe accidents [Seiler et
Froment, 2000].

This approach has first been validated by the PHE¥RHexperiment which was performed at CEA
Saclay [Dauvois et al., 1999]. The test objectias o solidify a real corium mixture under conedll
conditions. The test section consisted in a cylgadircopper crucible with 10 cm diameter and 5 cm
height (Figure 1-8).

@-10cm

Figure 1-8. Crucible in PHYTHER experiment [Dauvoist al., 1999].
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The corium contains a mixture of Zr and Znlith 50%-50% mol percentage. The external surtdce
the crucible was cooled by forced convection wéltar in order to maintain a constant boundary
temperature. The corium was heated from the uppégice of the crucible by Electron Bombardment
(EB). After reaching steady state, the heat powas decreased stepwise. Solid deposits at the melt
interface. Analyses proved that pure Zr@yers formed during the different power plateatighe
interface between melt and lateral crust. Surfecgperature of the melt was measured by pyrometer.
Comparison of the measured temperature with thedics temperature corresponding to the actual
melt composition Tjiquiauy iNferred thatT; = Tiguaus during steady state. No conclusion was drawn
about the transient interface temperature.

As discussed in the preceding discussion on th@éemaorium behaviour in reactor vessel, non-
eutectic and eutectic salt mixtures have also lmaployed as simulant non eutectic melts. The
RASPLAV-SALT experiments show that the steady stetaperature measured at the melt-crust
interface tends to liquidus temperature of the aotorium melt composition [Asmolov et al. 2000].
The analysis of RASPLAV-SALT experimental data bg phase segregation approach developed by
[Seiler, 1996] and [Seiler et Froment, 2000] letwla conclusion that the mushy zone concept does
not apply to corium pool thermal-hydraulics in stgastate conditions. Moreover, the interface
temperature between the solid and the liquid is tleavliquidus temperature of the new remaining
liquid at steady state [Froment et Seiler, 1999].

Experiments with prototypic corium have been comeldievithin the ECOSTAR project at NRI (small
scale with 1 kg corium) and CEA Cadarache (largdeswith 20 kg corium) to investigate the phase
segregation during slow solidification in volumetily heated pool of corium in late phases of sever
accident [Journeau, 2003]. Plane front solidifimatof uranium-rich (U, Zr, Ca)xrystals have been
obtained from various prototypic corium compositiatowly cooled over hours. It was deduced that
with prototypic materials during slow solidificatiqlate phase of severe accident), there will be no
mushy zone at the interface with corium pool. MeeFp the test gives evidence that the interface
temperature is the liquidus temperature of theadiquid. This is an important result in suppoft o
the approach introduced by [Seiler et Froment, 2000

Briefly, the question of interface temperature ieasly state solidification has been answered
experimentally and theoretically for In-Vessel comi pools. However, the transient solidification
behaviour has not been answered yet.

Inter face temperature during transient

Although knowledge of transient interface conditfonIn-Vessel corium pools is of high importance,
experimental data on this subject is still lackdd.to now, only theoretical investigations haverbee
reported. A summary of these theoretical basesheillecalled in the following.

A simple model was developed in [Seiler et From@®00] for a volumetrically heated layer of
molten corium which is suddenly cooled on its stcefa Main assumptions of the model include:

* The external surface temperature is maintaineccanhatant temperatufigy;
* The solid crust forms at the interface with the t&lcorium;

« The temperature at the interface between solid @ liquid corium is approximately constant,
i.e, T; = const;
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+ The heat flux@_, transmitted from the liquid to the crust is alemstant (also absence of heating
in the solid crust);

* The heat transfer through the crust is by steaatg sbnduction.

With these assumptions, the freezing rate is obthas:

Vsol - /]crust A‘Tsol _ g‘ﬁstt (1-6)
Zerust Perust I-solidification Perust I-solidification
and the characteristics time required for crustwjnovas found as:
Ty = /]crust Perust Lszlidificaiion ATsol (1_7)
¢Stt
wherein:

*  JeustiS the thermal conductivity of the solid crust;
*  penustiS the density of the solid crust;
*  Zwust 1S the crust thickness;

*  ATsyis the temperature difference over the solid cfttiBly = T, — Tex);

L‘ _Ccrust ATsol + Lmelt .
solidification — ™ p,solid solidification 1

« CO%L, is the specific heat of the solid crust;

p,soli

o et is the latent heat of solidification:;

solidification

*  gs IS the heat flux transmitted to the solid crussteady state.

According to [Seiler et Froment, 2000], the crustnation may be split into two main periods,
depending on the solidification rate:

* Period 11 < 74, for initial solidification with high freezing rate

* Period 21 > 74, for long term solidification with small freezingtes.

Two mass transport mechanisms can be encounteratydbe crust formation [Seiler et Froment,
2000] and [Combeau et al.,, 2010]. The first mectanicorresponds to the first period when
solidification proceeds with a mushy zone and #ead one is that when it comes to a planar front
when the freezing rate is small enough. Understandf the mass transfer kinetics associated with
both solidification regimes is required.

Planar front associated with the long term sokdifion of multi-component materials has been
studied widely in metallurgy. A model approach vistsoduced by [Rutter et Chalmers, 1953] and
further developed by [Mullins et Sekerka, 1964].cAing to this model approach, when the
solidification of the melt occurs with a planar ritoat the liquid-solid interface, the interface
temperature will stay in between the solidus agditius temperatures of the melt, depending on the
freezing rate and on the thickness of the masssfiearboundary layer ahead of the liquid-solid
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interface [Burton efl., 1953]. In this situation, if the solidificatiorate is slow enough, then the
interface temperature will approach the liquiduagerature.

The condition for plane front stability has beenllwestablished with assumptions of diffusion
controlled mass transfer of solute in the liquslf@lows:

G -m Cp,@-k) 1

L/ L Chuik € )27 (1-8)
Vsol DL k

Criterion (1-8) is termed constitutional super-a@oglcriterion [Rutter et Chalmers, 1953]. When this
criterion is satisfied, for constant freezing rated mass transfer controlled by diffusion, theitiqu

Cbqu

composition at the interface will log; = , the solid composition at the interface will 6g;=

Cwuk and the interface temperature will be equal tosthlElus temperature for compositiGgy.

In most real cases of solidification, convectiorpissent due to temperature or solute concentration
differences at the macroscopic scale. In the chseptanar front, solute redistribution has alserbe
treated with an assumption of the existence of asnteansfer boundary layer, whose thickness is
controlled by the convection [Burton et al. 1998was assumed that outside of this boundary layer,
the liquid composition is maintained uniform by gention, and inside of this layer, mass transport i
by both by convection and diffusion. A sub-layen ¢e defined within which the mass transfer is by
diffusion only by analogy with the thermal sub-layewhich heat transfer is governed by conduction.
Several approaches are available for this probleorder to build a new criterion for the stabilitfya
planar front, which couples the mass transfer &ffdae to both convection and diffusion of soldts.
part of this model, the criterion developed by [Md et Sekerka, 1964] is modified by a factorltk

in the case of a strong stirring [Hurle, 19G8)elves, 1968], [Hurle, 1976], as follows:

GL/ —M Cpui 1-K) 51 (1-9)

Vsol DL

Under these conditions, for intense stirring cdndg in case of a planar front solidification, tiugiid
composition on the interface tends towa@g. and the interface temperature towarggiqs [Burton
etal., 1953]. [Burton etl., 1953] have derived a relation between the iatarftemperature and the
thickness) of the mass transfer boundary sub-layer in thédiqhead of this interface. Its expression
is given below:

eA
Ti = Tiiquidus T ML Cbulk{m ‘1} (1-10)
Oy V
wherein:A = ML Zsdl 5 =H (ScGr) Y?and Sc=-2-.
D, D,

According to Equation (1-10), the interface tempaevaries between the solidus temperature in the
case of a purely diffusive regime (infinite thiclese of the boundary layer) and the liquidus
temperature calculated at the bulk liquid conceiatinain the case of a strong stirring (thicknesshef
mass transfer boundary layer going to zero andsdbdiication rate going to zero), which is in
coherence with the phase segregation model repbytE8eiler et Froment, 2000].
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One can also notice by comparing relations (1-8) @r9) that, for a partition coefficient lower tha
unity (k < 1), criterion (1-9) is fulfilled for a loweG,/Vy, ratio. In other words, planar front is
stabilized faster when both diffusion and convecttamntribute to the mass transfer. This means
convection acts clearly in favour of a stabilizataf a planar interface.

During short term solidification (period 1), cebulsolidification and mushy zone must be considered
which corresponds to unstable freezing front wamfation of dendrites and a mushy zone exists in
front of the solid crust [Dauvois et al., 2000]déed, at the beginning of solidification when the
freezing rate is not slow enough, criteria (1-8) &h+9) are not yet satisfied. Hence, planar frmtld

not be obtained during this rapid solidificatiorripd. In this period, solidification will proceeditiv a
mushy zone and the temperature of the mush-liquelface will be equal to the temperature at the
tips the primary arms of the dendrite. This tempaeacan be evaluated by existing models such as
the LGK model [Lipton, Kurz et Trivedi, 1987].

It is noted that transient heat transfer from thatrpool could be modified due to formation of this
mushy zone. Therefore, question of transient belhawf the mushy zone is of interest. [Combeau et
al., 2010] and [Fischer, 2012] investigated thel@ian of the mushy zone which was formed against
a cooled surface and in a fixed temperature fi€lte mushy zone filling model developed by these
authors owes to predict the evolution of the musbge. An important hypothesis is that the mass
transfer is only by diffusion in the interdendrliguid phase. The model enables to predict that the
mushy zone is not stable and will evolve to a pldrent due to the transport of solute by diffusian
the liquid phase in the mush. In addition, it wasauded that in final steady state, the liquidesol
interface temperature will be the liquidus tempamatcorresponding to the actual composition of the
melt. This process will extend over a characteristne delay ;ing) Which has been determined for
the non eutectic solidification.

AT’ At k

G°D, 2

T filing = ) (1-11)

in which 4Tg, is the solidification temperature interval of thelt Ts. = Tiguidus— Tsolidud, Gs IS the
temperature gradient in the solid phase, whichvsrgby:

¢ tt
G. =St -
s (1-12)

crust

whereingg is the heat flux transferred from the melt to fodid crust in steady state ahg; is the
thermal conductivity of the solid crust.

1.2.3 Summary and unsolved issues

The question of steady state heat transfer andyststate interface temperature during solidificatd
liquid melt at the cooled boundaries of a melt pwadth internal heat source has been clearly
answered. The heat transfer from the melt podh¢oupper pool surface and to the lateral liquidesol
interface could be evaluated by various Nusseltetations in terms of internal or external Rayleigh
number. The relation between correlations writtererm of internal and external Rayleigh number
has not been clarified.

When the upper surface of the pool is cooled, dipdadyer of the pool is quasi uniform in temperatur
and the heat flux distribution at this level isfonin (Rayleigh-Bénard layer) [Bernaz et al., 1999].
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A stratification of pool temperature is observedhia bottom part of the melt pool. In this regitme
heat transfer at the lateral boundary is controigda boundary layer flow. The heat flux increases
with the polar angle of the pool but the distribatdepends on the flow regime in the boundary layer

In addition to heat transfer, the liquid-solid ifitee conditions are determined for the end state,
wherein there is no mushy zone at the interface ptamar front solidification and the interface
temperature is the liquidus temperature of theaddiguid.

Work on transient heat transfer with crust formathas been limited to theoretical evaluations ler t
simplest configuration of a horizontal volumetrigaheated layer [Fan et Cheung, 1997] and for a
hemispherical geometry [Roux et Fichot, 2005]. Wicks situation, important effects of crust growth
dynamics on heat transfer have been addressedysisal time characteristic for thermal-hydraulics
establishment and crust formation showed that tbleaeacteristic time delays are longer than the tim
required for establishment of natural convectiawfin the heated layer. Therefore, the heat transfe
in transient stays can be approached by a sucoesfkgieady state behaviours. However, the trahsien
in reactor situation would be more complex duedssible establishment of a mushy zone variation or
a planar front at the liquid-solid interface duesmmute mass transfer, which results in significant
variations on the liquid composition as well astémperature at the interface. Therefore, it issuné
that the previous conclusion for transient heatdfer in a fluid layer is still valid in reactortsation.
The main question is with the validity of the usk steady state heat transfer correlations for
calculating transient evolution of heat flux andp@mperature.

Regarding to the liquid-solid interface conditionBe main question is the determination of the
interface temperature evolution during the crustfation transient. This problem is still unresolved

Investigations of these open issues are among lkfectoves of this thesis. Modelling will be
performed to derive deterministic interface comai§ and heat transfer in a physically consistert wa
to be applied for calculation of heat flux distrilmns along the vessel wall not only in steadyestait
also during transient.

1.3 Molten corium-concreteinteraction (MCCI)

Containment integrity is a key objective in sevaxident management since the containment
structure and all associated systems provide titeate barrier against the release of fission pctlu
into the environment. In particular, containmertegrity should be maintained even in the case of
core melting leading to vessel melt-through. Comteant capability to withstand all challenges
resulting from severe accident sequences addrdssgsevention of concrete basemat melt-through.
In case of corium introduction in the reactor cavd direct interaction between molten corium and
concrete occurs.

Experimental investigations have been performedelyido study the molten corium-concrete
interaction under prototypic conditions of seveceident (ACE, MACE, CCl OECD, VULCANO)
[Seiler et Tourniaire, 2008]. Concrete ablationetios with corium cavity evolution in 1D and 2D,
effect of concrete material on concrete erosioaf kransfer from the melt to the concrete and deui
solid interface conditions (composition and temper), melt solidification, ejection of gas and
fission products release, melt behaviour with respe mixing by the percolating gases as well as
fission products releases are among the objeabiVBECCI experiments. Besides experimental works,
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computer codes have been also developed to sinthiede phenomena. Among them are the thermal-
hydraulics models such as CORCON [Bradley et af31%nd WECHSL [Foit et al, 1995] and
physico-chemical models such as CORQUENCH [Farra8f1], COSACO [Nie et al.,, 2002],
TOLBIAC-ICB [Spindler et al., 2006] and MEDICIS [@nga et al., 2005]. The available
experimental data have been used for validatigdhede codes. The main lessons from the up-to-date
investigations of MCCI will be briefly summarized the next.

131 L earnings from 1D M CCl

ACE experiments

ACE experiments (Advanced Containment Experimengrewconducted at Argonne National
Laboratory (ANL) from 1988 to 1991 [Thomson et Firil®@88], [Thomson et al, 1997]. Seven large-
scale tests were performed using four types of revac(siliceous, limestone/sand, serpentine, and
limestone). The test duration varies between 7 taBW(ACE L1) to 120 minutes (ACE L2).
Objectives of ACE experiments were mainly to inigege the influences of concrete materials
(siliceous, limestone or limestone with common sah@nd of the injected power on the ablation rate
and melt temperature during MCCI and also to gfjatite release of simulated fission products. The
test installation is shown in Figure 1-9.
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Figure 1-9. ACE test installation [Thomson et all997].

The corium vessel is typically a horizontal squ&fecm x 50 cm, initially containing 300 kg of
corium. The melt consisted of YZrO,, fission product simulants, concrete decompositiducts,
and some structural materials to obtain a typioaluen mixture. Power is generated in the oxide melt
by Joule effect (tungsten electrodes are implendepte two opposite walls). A concrete block is
added at the bottom of the corium vessel and wilablated vertically in 1D geometry. Initial mags o
concrete is ~ 200 kg with typically 30 cm thickneEke top of the concrete layer is covered by a set
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of concrete/metal inserts or a layer of zirconiumds to supply metallic additions to the melt as
desired. Concrete attack was detected by a theumpteoimbedded in the concrete. The experiments
were provided with measurement systems for gasaanokol diagnostics, temperature measurements
in concrete layer and melt pool, electrical powend additional instrumentation for the cooling
systems and a compensation system to prevent d&st(io the upper surface of the test section).
Lateral walls are thermally insulated at the b&est conditions are summarized in Table 1-4. Figure
1-10 shows a typical final state of corium cavitattis observed after ACE L2 (siliceous concrete)
and ACE L5 (LCS).

Table 1-4. ACE test conditions.

Test Concrete material Power (W/kg UO2)
ACE L1 Limestone-common sand 350

ACE L2 Siliceous 450

ACE L4  Serpentine layer over siliceous 250

ACE L5 Limestone-common sand and iron oxide 325

ACE L6 Siliceous 350

ACE L7 Limestone-common sand 250

ACE L8 Limestone 350/150
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Figure 1-10. Final state of corium cavity ACE L2 @ahACE L5 [Thomson et al. 1997].

Evolutions of melt temperatures in tests with silias concrete (ACE L2 and L6) are depicted in
Figure 1-11 while Figure 1-12 presents evolutiofismzlt temperature in tests with limestone-
common sand concrete (LCS) (ACE L5 and L7). Itaersthat the melt temperature is much higher
than the melting temperature of concréfige( = 1250 K for siliceous concrete aifigley = 1300 K for
LCS concrete). The difference ranges from 500 Q60 K. This significant temperature difference
shows evidence of an important thermal resistaristimg at the corium-concrete interface.

The TOLBIAC code was developed by [Vandroux-Koemig al., 1999a] based on the phase
segregation model to simulate the thermal-hydrauwiica corium pool with sacrificial material. The
model is an extrapolation of the model that hashb#eveloped for In-Vessel Corium pools. It is
supposed that the interface temperature staysetdighidus temperature of the melt. It is further
supposed that a solid crust deposits at the imeréend has the composition of the refractory phase.
The liquidus temperature of the melt is calculatetts the GEMINI code [Spindler et Veteau, 2006].
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Calculations with this code have been done for A€&s by [Vandroux-Koenig et al., 1999b]. As

seen in Figure 1-11 and Figure 1-12, the melt teaipee is close to the liquidus temperature in ACE
L2; whereas, for ACE L5, L6 and L7, the formerasver than the latter but is still much nearer ® th

liquidus temperature than to the melting tempeeatifirconcrete.
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Figure 1-11. Melt and liquidus temperature evolutis in ACE experiments with siliceous concrete.
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Figure 1-12. Melt and liquidus temperature evolutidn ACE experiments in limestone-common sand and
iron oxides (L5).

Gas ejection during ACE tests from concrete decaitipa is evident which includes,B, CG and

H,, CO and even SiO (when zirconium is present) dueldcomposition of molten concrete and
oxidation of metallic corium. Typical values of &usficial gas velocities (1 to 8 cm/s) are given in
Figure 1-13. Gas production with siliceous concigtén principle, much smaller than with limestone

common-sand; in ACE L6 the high gas production setenie linked to a transient acceleration of the
concrete ablation.
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As mentioned previously, one key issue in ACE expent is to quantify the semi-volatile and
refractory fission product (Ba, Sr, La,...) releasgiy MCCI. It comes out that despite of the high
melt temperature, the amount of fission produckasé is comparably small and that the release
kinetics seems to be controlled by thermodynamigliégium [Cenerino et al., 1995] and is linked to
the flow rate of sparging gas.
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Figure 1-13. Superficial gas velocity in corium ciy in ACE experiments.

Figure 1-14 illustrates the vertical profiles ofamium concentration in the oxidic corium layer
adjacent to the concrete in ACE L2 (siliceous) &@E L5 (LCS) obtained from post-mortem
examinations [Thompson et al., 1997]. Uranium ancbnium oxides are the refractory species in the
corium melt. It can be seen that with LCS, the drotregion of the corium cavity near the interface
with solid concrete is enriched in Uranium (uranioride is a refractory species) with 50 % mol of
Uranium. The thickness of this layer is about 3 ttm (Figure 1-14). Outside this layer, the Uranium
concentration in the melt decreases sharply. Aadce 11 cm from the interface with concrete, the
mol percentage of Uranium is reduced to approxim@2%. By evidence, the layer near the interface
is not formed of pure refractory phases. For ACEwWith siliceous concrete, even though the mol
percentage of uranium at the bottom is slightlyhbigthan in upper part of the corium cavity, the
difference is not significant enough for supportingfractory enrichment at the bottom.
Macrosegregation seems not to be visible in thég ca

In the phase segregation model applied to MCCIl¢8eil996], the thickness of the refractory

enriched layer is estimated by assuming conduchieat transfer in the solid. Calculation by

conduction model shows that the conduction thicknesignificantly (factor 2 to 3) smaller than the

one derived from the concentration measurements. bans that heat transfer by conduction is not
sufficient to explain the heat transfer in the aefory enriched layer at the bottom of the corium
cavity.
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Figure 1-14. Uranium concentration near the bottomterface with concrete in ACE L2 and ACE L5
[Thomson et al. 1997].

MACE experiments

MACE (Melt Attack and Coolability Experiment) exjent was carried out in Argonne National

Laboratory (ANL) after ACE experiment. The prin@pbbjective of this experiment is to investigate
the coolability of the corium cavity if water isjéeted. In other words, can the corium melt pool be
cooled by a water over-layer such that concretatiiol is halted [Farmer et al., 1997].

The experimental technique in the MACE experimergimilar to the ACE technique. An oxide UO2-
rich melt is generated on top of a concrete baseamat apparatus of 30 cm x 30 cm inner size for a
pre-test, of 50 cm x 50 cm in regular tests and d&0x 120 cm for large scale test (MACE M3B).
Melt masses have ranged from 100 kg to 2000 kg.cblapsed depth of the melt is 15 cm to 25 cm
as is typically expected in severe accidents waflyd spreading areas under the Reactor Pressure
Vessel (RPV). Heating is by tungsten electrodesddaye effect with a power density representing the
decay heat level at ~ 2 hours after shutdown. Whemnelt is completely liquid and after start of th
ablation of concrete, water is added to the uppdase of the melt (Figure 1-15).
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Figure 1-15. MACE installation [Thomson et al. 1997

Figure 1-16 demonstrates evolutions of melt tempezameasured in MACE M3B (LCS concrete)
and liquidus temperature deduced from the workvaindroux-Koenig et al., 1999] using TOLBIAC-
ICB code. Similarly to observation in ACE experimhghe melt temperature is lower than the liquidus
temperature but seems to follow the liquidus temmjpee. In addition, when the power dissipation is
doubled, the melt temperature still follows liqusdtemperature. Moreover, measurement of gas
superficial velocity also provides evidence of ggection from decomposition of ablated concrete

during MCCI (Figure 1-17).
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Figure 1-16. Melt temperature and liquidus tempeua¢ evolutions in MACE M3B (LCS).
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Figure 1-17. Superficial gas velocity in MACE M3Bxperiment.

As seen in Figure 1-18, post mortem exams showthigsie exists a refractory enriched layer at the
bottom of the corium cavity with 2 ~ 3 cm thickne$his thickness is also greater than the conductio
controlled thickness calculated with TOLBIAC-ICBd®m which is 1.5 cm [Vandroux-Koenig et al.,
1999]. This layer is also probably a porous medammtaining not only refractory but also a part of
the ablated concrete products. Such a layer wasvaible in MACE M1B which was performed with
LCS concrete.
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Figure 1-18. Oxide (U@+ZrO,) concentration near the interface with concrete MACE M3B experiments
[Farmer et al., 1997].

ARTEMIS1D

The ARTEMIS experimental program is devoted to shedy of corium-concrete interaction using
simulant materials [Michel et Cranga, 2008]. The &f the ARTEMIS 1D tests was to study the
phenomenology of MCCI in 1D geometry, in particulaehaviours on the bottom horizontal interface
between liquid corium containing refractory specdfedth volumetric heat dissipation) and a low
melting temperature solid concrete with gas imggctThe concrete was composed of BaGCl

mixture at its eutectic composition (25% BaZ5% LiCl in mol, melting temperature: 522°C) and

corium was simulated by pure BaQMelting temperature: 960 °C) or a mixture of 8086l BaC}-
20%mol LiCl. The test installation is representedrigure 1-19.
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Figure 1-19. ARTEMIS 1D test description [VeteauQ@6].

The corium cavity is cylindrical with 28 cm diametnd a total 100 cm height. At the bottom of the
corium cavity is situated a solid concrete layethwi6% porosity and 30 cm thickness. Argon gas is
injected from the bottom of the concrete layer msnelxpected to penetrate the porous concrete & ent
corium melt cavity [Guillaumé, 2008], [Guillauméadt, 2009].
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Table 1-5. ARTEMIS 1D test conditions and main résu[Michel et Cranga, 2008].

Test 1 Test 2 Test 3 Test 4 Test5 Test 6
Duration 4h 40mins 1h 50mins 6h 30mins 4h 15mins mi@s 4h 25mins
Flux (W/nf) 13000 24000 13100~25500 20000 41500 13400
Gas velocity 2 1 0.5 1~2 3 1
(cm/s)
Initial 96 109 34 31 26.5 47
superheat
Q)
Thickness of 31 26 28 45 33.5 30
ablated
concrete (cm)
Pool state Semi-solid Liquid Liquid Liquid Semi-solid Liquid
Ti<Touk<Tiquidus  Ti<Tbul™ Tou>Ti>Tiiquidus ~ Toul® Tiiquidus ~ Toulk< Tiiquidus ~ Tbulk™ Thiquidus
Tliquidus
Interfacial Yes No Yes Yes No Yes
layer (crust) (probe
failed)
Crust 0-90 Not 80-120 50-120 0 0-80
thickness remarked
(mm)
Crust Globules of Grains of Grains of BaG, Grains of Mixed Dendrites
morphology BaCl; BaClk; Dendrites BaClk; structure; surrounded
Enrichent of Grains of Enrichment  Little by eutectic
LiCl molten and LiCl; dendrites liquid
sintered Little
concrete dendrites
% mol 80 100 100 100 100 100
BaCl_initial
melt
% mol 46.3 57 45.9 46.1 57.7 52.9
BaCl_final
melt
% mass 72 86 80.6 80.7 87 84.6
BaCl_final
melt
% mol 57 74.2 70.3 51.2 - 75.5
BaCh_ crust
% mass 86 93 92.1 83.7 - 93.8
BaCh_ crust

A summary of the conditions of six ARTEMIS 1D testsd the key experimental results is given in
Table 1-5. The melt and solid temperatures as a®lposition of ablated interface are measured
during experiment. Interpretation has been made thiid TOLBIAC-ICB code by [Spindler et Veteau,

2006].

Gas and concrete are heated up before the testriregi Among the five tests with pure BaCl

corium, two trends were revealed. For the test widdium heat flux and gas velocity as tests 2, 3, 4
6, an interfacial layer formed at the bottom ofiwor cavity, near the horizontal interface with
concrete due to accumulation of refractory speBaSh. The post-mortem test shows that this layer is
not solid but it is a porous medium containing aoly refractory species but it is a mixture of doli
particles and liquid at thermodynamics equilibriuviorphology analysis provides evidences of holes
on the surface of this layer and several chimnéysgaits height, indicating probably gas flow path
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well as molten concrete entrainment through thisop® layer to the melt. In these tests, melt
temperature is higher or approximately equal toitigs temperature. [Guillaumé, 2008] calculated the
thickness of this interfacial layer by conductiondal and concluded that the experimental thickness
of such a layer is 2 to 3 times thicker than thiewtated one. This conclusion is, thus, similathe
conclusion derived from the LCS tests in ACE and GEA In order to describe the heat transfer
through this interfacial layer, a model taking irccount both conduction and solute convection of
interstitial liquid was developed. For test 5 wiiigh heat flux and gas velocity, the melt tempemtu

is lower than liquidus temperature. The melt mhestcontain some solid.

Main resultsfrom 1D M CCI experiment

The 1D investigations of the Melt Coolability andr€rete Interaction (MCCI) program result in the
following key outputs:

< Evolution of corium temperature follows approximgtevolution of liquidus temperature for real
corium material (ACE, MACE) as well as for simulanaterial (ARTEMIS 1D).

* Observation of a porous layer enriched in refracgpecies at the bottom interface with LCS
concrete also observed in ARTEMIS. For tests waihl reactor corium, this layer is only visible
with limestone-common sand (LCS) concrete (MACE MMACE M3B, ACE L5) but not with
siliceous concrete (ACE L2). In ARTEMIS 1D (test2, 4, 6), this interfacial zone was also
observed which contains solid particles and liqatd local thermodynamics equilibrium.
Composition of this interfacial layer is enrichedrefractory but not pure refractory.

« The thickness of this layer is higher (2 ~ 3 timibsn the solid thickness calculated by conduction
model. Heat transfer in this interfacial medium Heeen described by a model developed by
[Guillaumé, 2008] in which both conduction and $aluconvection in the interstitial liquid is
taken into account.

« The post mortem analysis of the interfacial layemdnstrates existence of several holes and
chimneys, indicating the gas flow path and moltenccete penetration into the corium cavity
[Guillaumé, 2008].

» The model developed by [Guillaumé, 2008] allowsateglation of temperature evolution and
ablation velocity as well as describes the mechanighich controls the behaviour of the
interfacial layer for limestone-common sand coretest in 1D. However, for siliceous concrete,
the model was not applicable.

» Ablation instabilities were observed. These indii¢s have been interpreted by [Seiler and
Froment, 2000] as a result of molten concrete actaton below the solid interface layer. If the
interface layer is not permeable to molten concréte latter may accumulate below. This
increases the heat transfer resistance betweemdtieand the concrete. The temperature at the
interface between the molten concrete and the saligt increases, which leads to a decrease of
the thickness of the solid layer. When the thicknigssufficiently reduced, the sparging gas will
help to break up the remaining of the solid accatioh. This leads to a direct contact between
melt and concrete and to an acceleration of thatiabl The ablation slows again down as the
interfacial layer reforms. This is a cyclic behawioThis behaviour does not lead to a modification
of the average ablation rate (since this averafmiab rate is linked to the power dissipation) but
to ablation instabilities that are superposed eaherage ablation. The M3B (LCS) test has also
shown that these instabilities have limited exteadsthe horizontal concrete surface (30 to 50
cm), which induces local penetrations.

1.3.2 L ear nings from 2D M CCl
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One important issue among the addressed issuesvtraant further investigations concerns 2D
concrete ablation. The question relates to thetiablsshape of the corium cavity which can be
preferentially radial or isotropic in both radialdaaxial directions. 2D MCCI experiments have been
performed in order to investigate this task: CCIN{AUSA) and VULCANO (CEA France)
experiments.

CClI program

CCI experiments (Core Concrete Interaction) wemmdhed at Argonne National Laboratory (ANL)
to address the 2D MCCI issue (axial and radial cetecablation) by providing data for code
verification and validation purposes [Farmer et 2004, 2005, 2006, 2007, 2008] for 2D ablation and
for coolability with water flooding. In order to gmore information about the coolability of corilop
water in 2D geometry, the core-concrete facilitysvilaoded from above after a pre-defined concrete
ablation depth is reached. The tests employ readtoe corium (from a thermatic reaction) and two
types of concrete which are limestone-common sar@S) and siliceous. The test section has
rectangular shape with typically a 50 cm width (#idth could reach 70 cm). The bottom and one of
two lateral surfaces are ablated. The width of $estion and the number of lateral concrete walls t
be ablated vary between tests. The power dissipatioorium cavity is simulated by Joule effecttwit
tungsten electrodes. The lateral walls with tungsiectrodes are insulated (by means of refractory
material protection) The CCI test parameters arergin Table 1-6.

Table 1-6. CCI test conditions [Farmer et al, 200005, 2006, 2007, 2008].
CCI-1 CCl-2 CCI-3 CCl-4 CCI-5

Concrete Siliceous LCS  Siliceous LCS  Siliceous
Test section width (cm) 50 50 50 40 79
Duration (minutes) 68 300 107 458 928
Power (kW) 150 120 120 95 145

Initial corium mass (kg) 355.4 311.5 313.3 299.390

Initial corium temperature (°C) 1950 1900 1950 950 1900

Figure 1-20 represents evolution of melt tempeeatarfive CCI tests. Two tendencies are observed
for the two types of concrete:

e For tests with siliceous concrete (CCI-1, CCI-3, B melt temperature decreases in the
beginning, then increases after a certain periodinoé before decreasing again until the test
ending.

e For test with limestone-sand concrete (CCI-2, CEl#elt temperature decreases from the
beginning to the end. Typically, two phases of dase of melt temperature can be identified.
Rapid temperature decrease is seen in the firgepfden, the temperature decreases much more
slowly in the second phase.
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Figure 1-20. Evolutions of melt temperature in C@asts.
[Cranga et al. 2008] performed an interpretatiorthefse 2D experiments with ASTEC/MEDICIS

code, developed by [Cranga et al. 2005]. The nwitrete interface structure in MEDICIS code is
described in Figure 1-21.

e hdi Toc i‘ji—f;/ GRS B .
slag | 5040 b b
concrete [ | lemst - convective liquid cormm
e ol ;i’Tsnl mushy zone pool

conductive zone
Figure 1-21. Melt-concrete interface structure in EDICIS code [Cranga et al. 2005].

The main assumptions employed in this code are:
* A mushy zone exists in between the liquid melt tredformed crust
* The temperature at the crust-concrete temperauheisolidus temperature of the melt;

* Heat convection is governed by gas bubbling frora thelt across the mushy zone. The
convective two-phase heat transfer was evaluatdifty experiments [Bonnet et Garré. , 1999]
on a wide range of corium viscosity and superfiges velocity;

¢ Underneath the mushy zone, the conduction conltieds transfer in the crust. Heat is transferred
by conduction through this solid layer to the caterand serves for concrete ablation;

* The temperature of the boundary between pool cdivéuand pool convective zones is evaluated
by Tegiiication = ¥ Tsoiidus T @€ = V) Tiquiaus Where iny is a parameter for evaluating the solidification

temperature by interpolation between corium solialog liquidus temperaturegis dependent on
the molten fraction in the corium pool.
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Figure 1-22. Comparisons of melt temperature anddidus temperature in CCI-3 (siliceous concrejes 0.4)
and CCI-2 (limestone-sand concretg= 0.1) [Cranga et al, 2008].

Results obtained from MECIDIS calculations for nielhperature evolution in CCI-2 (LCS concrete)
and CCI-3 (siliceous concrete) with comparisonsdresponding liquidus temperature are displayed
in Figure 1-22« = 0.1 for LCS ang = 0.4 for siliceous). The measured melt tempeeastays below
the liquidus temperature. Deviation between melt Bguidus temperature in siliceous concrete is
more than in limestone-common sand concrete. Aghowater is flooded at the top of the corium
cavity after a certain period of ablation, no daseein overall melt temperature after flooding is
exhibited.

The CCI tests provided information for evolution adrium cavity shape in 2D corium-concrete
interaction. The corium cavity shape after concegtesion observed at the end of CCI-3 (siliceous),
CCI-2 (LCS) and CCI-5 (siliceous with wider testisen) are displayed in Figure 1-23, Figure 1-24
and Figure 1-25.
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Figure 1-23. Final corium cavity in CCI-2 (LCS conete).
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Figure 1-24. Final corium cavity in CCI-3 (siliceosiconcrete).
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Figure 1-25. Final corium cavity in CCI-5 (siliceosiconcrete).

Two factors have important effect on the 2D coresdilation shapes, which are the nature of concrete
and the test section size.

The effect of concrete type is relatively clear. gk®wn in Table 1-7, the ratio between radial and
axial maximum ablated concrete thicknesses fos testh LCS concrete (CCI-2 and CCI-4) ranges
from 0.5 to 1; whereas, it is between 4 and 6 fiicedus tests (CCI-1 and CCI-3). Hence, for LCS
concrete, axial and radial ablations are equivalehereas, radial ablation is more important than
axial ablation with siliceous concrete.
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Beside the effect of concrete type, test sectipa also influences significantly the ablation shajese
seen in Table 1-7, CCI-5 reveals different ablati@haviour from CCI-1 and CCI-3 with similar
concrete material (siliceous). Ablation seems torfoee uniform in CCI-5. Significant improvement
of axial ablation in CCI-5 in comparison with CCland CCI-3 for the same concrete material
(siliceous) might be explained by the enhancemetest section width (70 cm for CCI-5 compared to
50 cm for the CCI-1 and CCI-3). This effect is ol#arly explained yet.

Table 1-7. Maximum ablated concrete thickness irdral and axial directions in CCl tests.

Maximum ablated thickness (cm) CCI-1 CCI-2 CCI-3 1acC CCI-5
Radial 342 241~29.2241~34.3 15~25 20~ 25
Axial 756 29.2 5.1 35 225
Ratio radial/axial 4.5 0.82~1 473~6.7 04370 0.89~1.11

Results of CCI tests have indicated trends of rtetiperature evolution and 2D ablation front

progression which are strongly dependent on thecreta type as well as on test section size.
Evolution of melt temperature can be recalculatéith whe assumptions employed in the MEDICIS

code for siliceous and limestone-sand concrets {€X€1-3 and CCI-2). For LCS concrete, the melt
temperature stays near liquidus temperature butsfiiceous concrete, the melt temperature is
significantly below liquidus temperature. MoreovBtEDICIS code enables description of transient
concrete ablation (thickness of ablated concratedadial direction (for both siliceous and LCS).

However, axial ablation kinetics is overestimateg the calculation. This issue needs to be
investigated before further application for plawkle is applied. A first partial reason for this

discrepancy is the underestimation in the late @hafsthe real axial ablation as deduced from
thermocouples, which are lacking at a large encugicrete depth. Another possible reason is the
initial formation of an unstable crust at the boitinterface which may reduce the axial ablation
kinetics [Cranga et al., 2008]. These two possgiienomena that may occur in experiment are not
described in the code.

Investigation of the corium-concrete morphologytte end of tests provides different observations.
The corium-concrete interface for siliceous coremnsisted of a region where the core oxide has
locally displaced the cement that bonded the agdee@drigure 1-26). The melt with siliceous concrete
looks also as a very dense melt without any galsisran. Conversely, the ablation front for LCS
consisted of a powdery interface in which coriurd aoncrete oxides are clearly separated (Figure 1-
27). The melt with LCS concrete is also very poroiss tends to indicate that gas can penetrate in
corium pool with LCS concrete but not with silicsoeoncrete. These observations led to an
interpretation of concrete and size effect by [Taire et Seiler, 2008]. A good stirring of the gy
sparging gas with LCS concrete can explain a homages heat flux distribution and uniform
ablation. If gas does not penetrate into the méh giliceous concrete, the flow in the melt wik b
controlled by natural convection, which can expléne preferential radial ablation. For siliceous
concrete and small scale tests, if the gas doepeamtrate the melt, it must flow around, plausibly
the gap left by the erosion of cement betweenesilis stones. But when the width of the test section
increases, the gas may have more difficultiesde firound the melt and the gas may then be forced
to flow through the melt, which leads to a modifioa of the flow in the melt and, consequentlyato
modification of the heat flux distribution and afda shape. All these events may of course be time
dependent.
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Figure 1-27. Final corium-concrete interface morplhagy in CCI-2 (LCS concrete).

VULCANO reaults

VULCANO experimental program was launched at CEAd&ache (France) to study the 2D

interaction between prototypic oxide corium andaete. The test facility contains a block of 600

mm x 300 mm x 400 mm concrete with a hemi-cylinalricorium cavity with ~ 300 mm diameter and

250 mm height]. Several tests have been performied) two types of concrete: siliceous concrete, for
instance for VB-U4 and VB-U5 and limestone-commandsfor VB-U6 [Journeau et al. 2009].
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Figure 1-28. VULCANO test facility [Journeau et a2009].

VULCANO test conditions for these tests are sumpedtin Table 1-8.
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Table 1-8. VULCANO test conditions [Journeau et,a@009].

VB-U4 VB-U5 VB-U6
Duration 1 h40 minutes 2h30 minutes 2h
Concrete Siliceous Siliceous Limestone-sand
Initial melt temperature (K) 2200 2400 2400
Initial mass of corium (kg) 45 28 31
Power (kW) 14 12.5 9

Progression of the ablation interface is followedinly each test and evolution of radial and axial
fronts are reported by [Journeau et al., 2009]igufe 1-29 for VB-U5 and Figure 1-30 for VB-U6.
Similarity is obtained between CCI tests and VULGA\Nests. The two test series both corroborate
the CCI results, that ablation behaviour is strgndépendent on the type of concrete. Siliceous
concrete is anisotropically radially ablated wHileestone-common sand concrete ablation tends to

isotropy.

Concrete ablation during VB-U5
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Figure 1-29. Progression of ablated front in VULCADI VB-U5 (siliceous).
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Figure 1-30. Progression of ablated front in VULCADI VB-U6 (Limestone-common sand). Dash line
represents axial ablation and straight lines repesd radial ablation at four azimuthal angles of ciy.

The average ratio between maximum ablation in fadid axial directions is shown in Table 1.

Table 1.

Ratio between radial and axial ablation®rneau et al., 2009].
VB-U4 VB-U5 VB-U6
25:1 5:1 2 : 1 for the first hour

1: 1 for the second hour
Anisotropic  Anisotropic Rather isotropic
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Figure 1-31. MEDICIS calculations of melt temperate and liquidus temperatures in VULCANO VB-U% (
=0.4) and VB-U6 § = 0.1) [Cranga et al., 2008].

MEDICIS code also predicts that melt temperatutofics liquidus temperature but is lower than
liquidus temperature (maximum difference betweenttto temperatures is 350 K) for the two types
of concrete as observed in CCI tests (Figure 1-B%).0bserved during CCI tests, the difference
between melt and liquidus temperatures is for liores-common sand concrete less than for siliceous.
In general, observations in VULCANO tests show kinity to CCl tests for the same concrete type in
tendency of melt temperature as well as progressiablated front.

Interpretation of the VULCANO experimental resuitas been performed by TOLBIAC-ICB code
[Journeau et al, 2009]. TOLBIAC-ICB [Spindler et,aP005] assumes that the convective pool
interface temperature is set to the pool liquidumsgerature, according to the phase segregationimode
[Seiler and Froment, 2000]. The main hypotheseghtatea solid crust deposits at the concrete walls
and the pool is only composed of liquids and has #hlow viscosity. The crust thickness is estighate
using a thermal steady-state model and local theéymamic equilibrium is assumed at the crust—pool
interface.

2500}

O Tcorium_Exp_VB-U6
Tcorium_Calcul_TOLBIAC

Temperature (K)

1500
———————————— Tliquidus_Calcul_TOLBIAC

100 i) 2000 4000 6000 8000

Time (s)

Figure 1-32. TOLBIAC-ICB calculation of melt tempature and liquidus temperatures in VB-U6 [Journeau
et al., 2009].
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Figure 1-33. TOLBIAC-ICB calculation of ablation rée in VB-U6 [Journeau et al., 2009].

For test with limestone concrete (VB-U6), calcuatiwith TOLBIAC-ICB indicates that the melt
temperature follows liquidus temperature (Figur82)- This is coherent with the calculation by
MEDICIS code as well as with the measured data.eldeer, evolution of ablation rate in radial and
axial directions for test with siliceous concre¥#B(U5) has been reproduced by the code (Figure 1-
33).

1.3.3 Major observationsfrom 2D M CCI investigations

The recent studies on molten corium-concrete intema focus on thermal-hydraulics of the melt
(distribution of heat exchange coefficient) and mdmaena occurring at the liquid-solid interface
(governing the interface temperature) during 2D NIQ@ain findings from these works fall in the
following points:

« The major observation is that siliceous concretpréferentially radially ablated (CCI-1, CCI-3,
CCI-5, VB-U4 and VB-U5) while limestone-common satwhcrete ablation (CCI-2, CCI-4 and
VB6-U6) tends towards isotropy (axial and radialatibns). For certain test, the radial ablation
starts later than axial ablation.

« There exists an effect of test section size ontialahape, but the experimental data basis is too
scarce. In CCI-5 with siliceous concrete, whenldth of the test section is increased from 50
cm to 70 cm, significant enhancement of axial adnfeis obtained. Ablation in two directions was
then relatively uniform. There was an acceleratofnradial ablation at the end of the test.
Therefore, the question of the effect of test darastays open.

e The corium temperature follows evolution of theulidus temperature for tests with limestone
concrete CCI2, CCl4, VULCANO VB-U6. For siliceousrcrete CCI-1, CCI-3 and CCI-5, the
average melt temperature first decreases signthicathen re-increases before decreasing again.
During the increase phase, it tends towards thedic temperature but stays generally below.

e There is a link between melt temperature decreasdsnstantaneous concrete ablation rate. The
melt temperature becomes smaller than the liguiglmperature when radial ablation accelerates.

e CCI1, CCI2, CCI3 showed evidence of initial crustmiation at the bottom and sidewalls at the
beginning but the crust eventually disappearechateind (dissolution of crust). Stability of the
crust is predicted to play a major role in detetingnablation progression [Farmer, 2007]. The
question of existence of an interfacial layer & lilquid-solid interface between liquid melt and
solid-concrete is still open for 2D ablation.

1.34 Unresolved issues
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Despite intensive studies on molten corium-concirtieraction, there are still observations that are
not explained for the time being:

* Why does the corium temperature follow the evohutdd the liquidus temperature for limestone-
common sand tests but not for siliceous concremu@ temperature can be more than 250 K
lower than the liquidus temperature with silicecoscrete.

« What are the causes that lead to isotropic ablatitmlimestone-common sand concrete (VB-U6,
CCI2, CCI-4) but preferentially radial ablation tisiliceous concrete (CCI1, CCI3, VB-U5, VB-
U4). Can the different behaviour for gas penetratie postulated by [Tourniaire et Seiler, 2008]
be a sufficient reason?

* What are the causes and the consequences of ablstabilities, such as observed with siliceous
concrete (CCI-1, CCI-3, CCI-5, VB-U4, VB-U5); Whigtthe minimum test size and test duration
which would be necessary to observe representatieeage 2D ablation rates?

1.4  Objectivesof thethesis

1.4.1 Study on in-vessel corium behaviour

The first objective of this thesis is to investigahe non-eutectic material effect on the thermal-
hydraulics of a hemispherical shaped melt pool Ehablumetrically heated and cooled on its lateral
boundaries with melt solidification at the latenall.

The main questions to be addressed will focus ertrinsient molten pool behaviour, including:
* Transient heat transfer from the melt pool to teesel wall;
* Kinetics of the macroscopic solid crust growth dgrtransient;

* Mass transfer mechanism at the liquid-solid intefand interface temperature during transient
and in the final steady state;

« Composition and temperature at the liquid-soliérfsice during transient and in steady state.

For the description of the transient molten podrtimal-hydraulics, a model will be developed and
validated against LIVE tests to propose a physiparoach to assess the mentioned parameters.

142 Study on 2D molten corium-concr ete interaction

The state of the art shows existence of open isghia@annot be solved basing on the existing data.
Furthermore, real material tests do not allow mecheasurements of melt temperature distribution,
solid behaviour at the interfaces and interfacepeatures.

In order to get a closer view of phenomena, CE/AANRand EDF have launched the ARTEMIS 2D
tests. The aim of the present work is to use thelt®of these experiments in order to investigate:

* The heat flux distribution along the corium cautyring transient;
« The evolution of the shape of the ablation intexfac

e The evolution of corium temperature and the linkht® melt composition;
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e The evolution of interface conditions during MC@icluding composition distribution at the
interfaces and interface temperatures;

* The effect of gas sparging on the flow recirculatin the corium cavity and its impacts on heat
transfer.
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CHAPTER 2.  TRANSIENT HEAT TRANSFER & CRUST
SOLIDIFICATION IN LIVE L3A

2.1 Context and objective of LIVE program

Steady state behaviour of core debris and of maieeium melt cavities in the lower head of a reacto
power vessel (RPV) has been investigated widethénast four decades by numbers of experimental
and theoretical works [Gabor et al., 1980], [Theoizs et al., 1997], [Bonnet et al., 1999]. However,
transient processes for crust growth and interfecgerature are lacking.

The context of the LIVE Program at Karlsruhe Ingétof Technology (KIT) is the investigation of
core melt phenomena. The work is aimed at studiomger head formation and stability of melt
cavities in RPV [Kretzschmar et Fluhrer, 2008]. Mgi@nt thermal-hydraulics of a hemispherical
shaped non-eutectic melt cavity that is volumelijdaeated and cooled on its lateral boundaridbes
subject of this work. Information on transient hflak distributions, melt temperature evolution as
well as crust formation from melt release to firsdbady state are desired. In addition, better
understanding of physical phenomena that goveidiSohtion at the interface between core melt and
its crust are of special attention.

2.2 LIVE L3A test description

221 Simulating materials

The simulating melt selected for LIVE experimergsai binary non-eutectic mixture of 80% mol
KNO3; — 20% mol NaN@[Gaus-Liu et al., 2010]. A phase diagram propdsgdlLevin et al., 1985]
for this mixture is shown in Figure 2-1. An azegti@t 225 °C for 50% mol KN$£560% mol NaNQ)

is exhibited. The liquidus temperature for 80% #blO3-20% mol NaNQ is approximately 285 °C.
The solidus temperature for this composition isub?35 °C. The partition coefficierk (ratio
between solidus/liquidus refractory (KNQcompositions) is taken equal to 0.2 in the presady.
Recently, a new phase diagram for this mixtureldess reported by [Zhang et al., 2003] (Figure 2-2).
According to [Zhang et al., 2003], the liquidus asdlidus temperatures of the mixture at the
considered composition are respectively 565 K a@8l K (i.e. 292 °C and 222 °C) which are in
agreement which those obtained by [Levin et al35]9
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Figure 2-1. Phase diagram of KN&ENaNO; mixture [Levin et al., 1985].
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Figure 2-2. Phase diagram of KNENaNGO; mixture [Zhang et al., 2003].

Physical properties of the mixture are given inl€ab1.

222

Table 2-1. Physical properties of the simulatingrizon in LIVE L3A [Gaus-Liu et al., 2010].

Parameter Unity Value in LIVE L3A test
Jbulk Thermal conductivity W.mK? 0.44

v Kinematic viscosity st 1.6 10°

Pbulk Density I;?.rff’ 1900

a Thermal diffusivity st 1.72 10’

Br Thermal expansion coefficient K 4.64 10

Co bulk Specific heat J.I%K'l 1350

Lmet . Latent heat of solidification ~ J. 6 1¢

Test installation

The LIVE test facility includes three main partse ttest vessel with its external cooling systera, th
volumetric heating system and a separate meltintafie [Kretzschmar et Fluhrer, 2008]; [Gaus-Liu
et al., 2010]. The test vessel is a 1:5 scaled {spimerical lower head of a typical pressurized wate
reactor (PWR), fabricated from stainless steel. iher diameter of the test vessel, Dinner, is anuh
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the steel wall thickness is about 25 mm. The tofhefvessel is covered with an insulation lid. The
test vessel is embedded in a cooling vessel tolatm@external cooling. The cooling water inlet is
located at the bottom and the outlet is positioa¢dhe top of the cooling vessel. The water
temperature ranges from 20 °C (at the vessel bptton®0 °C (at the top region). The volumetric
decay heat released from the corium melt is siradléty means of six heating coils supported by a
steel structure (the total weight is 25 kg) attachme the vessel at six different elevations. The
maximum temperature of the heating system is ~°85While its maximum power dissipation is 18
kW. To realize a homogenous heating power of thi, itiee power in each heating coil is controlled
separately [Gaus-Liu, 2010]. The sketch of LIVE tesssel facility is shown in Figure 2-3.

crust detection lance

camera melt pouring

observation heating system

inner and outer thermo-
couples
vessel cooling

Figure 2-3. LIVE test vessel [Kretzschmar et Flulire2008].

The LIVE test facility has extensive instrumentatid’he inner and outer temperatures of the test
vessel are measured at five polar angles (0°,530%,65.5°, 76.5° where 0° corresponds to the aarti
direction) and four azimuth angles (22.5° 112.502.8°, 292.5°) at each polar angle. Crust
solidification process is monitored with thermocleupees, attached at the inner vessel wall aethre
locations, which are respectively 100, 200 and 800 above the vessel bottom. A crust detection
lance is aimed to detect precisely the positiothefsolid crust interface and measure the crust/mel
interface temperature and the local, vertical neetiperature profile in the melt. The linear actuo
mounted on the lid of the test vessel. The lancebeadriven at 0.1 mm accuracy. The crust detection
system is put on the lid of the vessel (at polayl@66.9° and at elevation 0.313 m from the bottom)
The position of this system is at a radius of 368 amd at azimuth angle 340° on the lid.

In the present work, only the results of LIVE L3ést are reviewed and analyzed. This experiment
was conducted on April 23-25, 2008. In LIVE L3Agethiessel was cooled by water before the melt
pouring and cooling was kept on during the whos ter simulation of external vessel cooling [Gaus-
Liu et al.,, 2010]. The vessel and instrumentatios iaitially at ambient temperature. The power
dissipation in the melt cavity is 10 kW in the baghg and 7 kW after 90000 s. The test conditidns o
LIVE L3A are given in Table 2-2.

During LIVE L3A, the total power transferred thrduthe test vessel wall is measured and compared
with the power dissipation in the melt cavity. Téavas a part of the power removed through the top
surface but this part is less than 10% of the fmb@ler dissipation [Gaus-Liu et al., 2010].
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Table 2-2. LIVE L3A test conditions.

Initial cooling condition Water cooling
Water cooling flow rate 0.047 kg's
Melt pouring position Lateral
Melt pouring flow rate 6 kgs
Melt volume 120 |
Initial melt temperature in the furnace ~ 350 °C
Heating power Phase 1: 10 kW — duration: 90000 s
followed by Phase 2: 7 kW — duration: 91800 s
Heat generation Repatrtition of heaters in the foela homogeneous heating
Internal Rayleigh number 10- 10

2.3 LIVE L3A experimental results

This test provides information about the melt terapge evolution, heat flux distribution along the
vessel wall during transient and steady state ¢iond, the crust thickness profile and the depeoelen
of the crust formation on the heat flux distributio

231 Evolution of melt temperature and temperature profiles
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Figure 2-4. Melt temperature evolutions at threesghtions in corium melt cavity [Gaus-Liu et al., 20].

The experimental data of melt temperatures evaiutiaring the two phases of heating (10 kW and 7
kW) at three different heights from the bottom loé vessel are reported (70 mm, 170 mm, 270 mm)
in Figure 2-4; whereas, the melt temperature mefih steady state at polar angle 47° for the two
phases are depicted in Figure 2-5.

Figure 2-4 shows that at a level of 270 mm frombssel bottom, i.e. near to the melt surface, the
melt temperature gradually decreases from 327 °€ steady value of about 320 °C (the initial melt
cool down from 350 °C to approximately 327 °C isiatted to the heat up of the initially cold heate
whose mass is 25 kg). After 90000 s, the heatingepowas reduced to 7 kW, and the melt
temperature decreases again before reaching aaobratue of 310 °C at level 270 mm.
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Figure 2-5. Steady- state axial temperature profdepolar angle 47° [Gaus-Liu et al., 2010].

Figure 2-5 exhibits a steep temperature gradietitinvthe liquid boundary layer and a weak gradient
outside the boundary layer to the melt surfaceh@ molten part (about 10 °C in comparison to a
temperature difference of 35 °C ~ 45 °C betweenntagimum melt temperatur@{xmay and the
liquidus temperatureT(guas = 285 °C). In the molten part, the melt temperatinereases quasi
linearly, which is usually observed for volumetiigeheated melt cavitys which are insulated at the
top [Jahn et Reineke, 1974], [Theofanous et aby]l9Bonnet et Garré, 1999].
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Figure 2-6. Radial melt temperature profile [GausitLet al., 2010].

Figure 2-6 presents the radial temperature proiiar the lateral vessel wall in transient (measated
40 minutes from the test beginning) and at ste&atg slt is seen that a boundary layer always £xist

a small region of 5 ~ 7 mm thickness beside theselewall. A significant temperature gradient is
obtained in this region. Outside of the boundargeta the melt temperature is radially uniform.
Additionally, it is observed that &t= 40 minutes, the wall temperature is 278 °C wictlose to the
liquidus temperature of the melt (285 °C) whildsitexactly 285 °C in steady state. Therefore, it is
reasonable to consider liquidus temperature adacttemperature.

2.3.2 Evolution of local crust thickness

The crust thickness evolutions at three differetapangles (37.6°, 52.9°, 66.9°) in 10 kW phase ar
illustrated in Figure 2-7.
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Figure 2-7. Crust thickness evolutions at three polangles during 10 kW heating power phase in LIMBA
[Gaus-Liu et al., 2010].

As observed in Figure 2-7, the crust growth pedadng the 10 kW phase in the lower part of the
vessel is longer (at 37.6°, no real stabilizatidtera5000 s) than in the upper part (at 52.9°,
stabilization after about 2000 s and at 66.9°, maxn crust thickness is obtained within only 500 s t
1000 s). The steady state thickness of the formest ¢s greater in the lower part than in the upper
part (about 27.5 mm at polar angle 37.6°, 8 mn2a&3%and 2.5 mm at 66.9°).

2.3.3 Heat flux distribution along vessel wall

Calculation of heat flux through the vessel wallsviised on the temperature difference between the
inner and outer surfaces of the test vessel wallf=Liu et al., 2010], i.e.

(Touter = Timer)
¢=/]vessel outer inner/ ‘inner (2_1)

€lessel Fouter

wherein:

* g is the heat flux transferred through the vessel; wal
*  JenustiS the thermal conductivity of the vessel;

*  @.ssellS the thickness of the vessel;

*  TouwerandTiner are respectively the temperature at the outer ramer ivessel walls; measured by a
set of thermocouples, located at six levels inntiedt cavity;

*  Tiner aNdroyer are respectively the inner and outer radius of/dssel.

The distribution of the steady state heat flux othb10 kW and 7 kW power heating periods are
shown in Figure 2-8.
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Figure 2-8. Steady state heat flux distribution LIVE L3A.

It is noted that uncertainty on temperature measeng in the vessel wall would lead to uncertainty i
heat flux. As the heat flux at the bottom is theaBest, the temperature difference is small and the
maximum uncertainty on the heat flux could be ofgdiat this position. In fact, the heat flux should
decrease continuously at the bottom and the mininbetween 20 and 30 degrees polar angle
observed in Figure 2-8 is an actually artefactrig case the heat flux is very low at the bottorthef
melt cavity.

2.4 0D modedlling of heat transfer & solidification

This section is devoted to propose a physical aggtrdor the description of the transient moltentmel
cavity thermal-hydraulics. For that purpose, a difiiodl model approach based on energy
conservation will be used to assess the main pllyagpects, including melt temperature evolution
and transient solidification of the solid crustla interface.

24.1 Model for melt temperature evolution

Main assumptions

To evaluate the evolution of the melt temperatareontrol volume is defined which contains the
liquid melt and the heating system. The energyruador the considered control volume will be
established using the following main assumptions:

e The physical properties of liquid melt in the med#tvity are supposed to be constant since the
liquid melt temperature varies in a limited rangani 350 °C to 310 °C; the thermal inertia of the
internal heating device it is negligible comparedhat of the liquid melt cavity;

* The variation of the mass of liquid melt in the trevity is negligible My, = constant) as the
mass of solidified liquid is small in comparisorthe total mass of the liquid melt cavity;

* The liquid-solid interface or the mush-liquid irfese behaves like a no-slip boundary for the
flow, the liquid velocity is equal to zero at thaterface;
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The liquid-solid or mush-liquid interface temperalda; during the transient is taken as the
liquidus temperature of the final meT{iqus) (Which is in fact the final steady state tempemiat
the interface, the pertinence of this assumptiolh vé further discussed later) [Seiler, 1996];
[Seiler et Froment, 2010], [Combeau et al; 2010];

The variation of the solute concentration in theltnsavity notably due to macro-segregation
during crust formation is assumed to be negligddethe volume of the solidified crust is small
compared to the liquid melt volume;

The melt temperature in the melt cavity is radialhiform at each melt cavity level (melt cavity
height) and there is a stratified temperature itigtion in the melt cavity. The time evolution of
the average melt temperature differened,(, =T, —T;) iS assumed to be proportional to the
variation of the maximum melt temperature diffel@aT,, max = Touk max —Ti) BY @ coefficient

kr. Since the measured axial temperature gradietiteinmelt cavity is linear and the slope of the
axial temperature gradient is proportional to tléumetric power dissipation in the melt cavity
which was adjusted to be constant during the tesfficientks is supposed to be constant and
time independent (i.eAT,, =k ATy max With @an average valuér = 0.8, determined from

experimental data) [Gaus-Liu et al., 2010];

The heat transfer at the interface between thédliqelt cavity and the solid crust is characterized
by a surface averaged heat transfer coeffidignt and an average heat flgix.

Assumptions b, d and g enable to solve separdtelyhermal-hydraulic behaviour of the melt cavity
from the problem of crust growth.

Basic equations

With the above assumptions, the melt cavity eneeajgince can be written as:

dATb Ik : -
kT M bulkcgﬁilguid % = Qadd - 4_5 Sateral (2 2)

d

in which:

Q.44 I the power dissipation in the melt cavity;

Hm ax

Saateral :J'dS: I 2712 o SINOAO = 27712, (COSB,, —COSB,ay) WhereinSyery is the lateral surface
S gmin

of the melt cavityfni» and Gnax are the minimum and maximum polar angles of thé oavity,

respectively; whereas$] andri,ne are the height and the inner radius of the melitgdFigure 2-

9);

@ = Pouic AThuik max -
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Figure 2-9. Definition of test vessel polar angle.

The average heat transfer coefficient is deducech fa natural convection correlation in which
Nusselt number is written in the form of eithereimal Rayleigh numberNu= dRa>) or external

Rayleigh number lu= aRa>,). @’ andb’ are the coefficients taken from Nusselt numberetations
written in terms of internal Rayleigh number [Mayér et al., 1975], [Theofanous et al., 1997],
[Bonnet et Garré, 1999]. An original methodologgctibing the link between coefficierdsb, a’ and

b’ is detailed in Appendix 1. This methodology haansiegly not been published previously and is of
interest for the transformation of known correlatiand for the cross-check of correlations.

b
3
9 'BT ATbulk, max H (2-3)

Nu= aRagxza
av

Accordingly, the heat transfer coefficient writes:

b
3

o 28k | 9ATHT T b (2-4)

bulk H auv bulk max
The final form of the energy balance for the mality then reads:

b
dAT, , A H3
bulk bulk max _ adyuik Sateral | 951 1+b 2-5
kr MpuikCprliquid — g ~Qadd ™o [ v | 2Tbulk max (2-3)
Taking into account that the average heat transfefficient in steady stategy, is written as:
3 b

r_] _ a/‘bulk g'BT H ATStt (2-6)

Stt —

H av

whereinATg is the temperature difference between the maximett temperatureTguk sy and the
interface temperature in steady statg. (

Alternatively:
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P Pst . Qadd Qadd 2-7)
St AT Siateral AT 27112 (cosh, . —cosf, . )AT
stt ateral = "stt inner min max’ = ' stt

whereing is the average heat flux transferred from the weplity through the liquid-solid interface
in steady state:

Gery = Q.add (2-8)

SIateral

Then, a non-dimensional form of Equation (2-5) barderived:
dy
dt’
wherein:

- 1 _ Yl+b (2_9)

. Y = ATbulk max
ATstt

interface. As the melt is initially superheat¥ds initially greater than 1.

is the non-dimensional temperature difference betwbe melt and the liquid-solid

St o kr Mpuik Cpiig ATst
e t =——is a non-dimensional timerTy = —
Ty Qadd
thermal hydraulic time delay (the time necessaryhEating adiabatically the melt cavity from the
interface temperature to the steady state tempejatu

called the characteristic

Solving the energy balance equation in dimensitorah (Equation (2-9)) or in non-dimensional form
(Equation (2-5)) provides the evolution of the nmaxm melt temperature in the melt cavity

(Tou,maft))-

24.2 Model for crust thickness evolution

Main assumptions

During the solidification of the melt, a solid ctusith thicknessz.s(t) forms. The energy balance
equation over the solid crust will be establishedar the following assumptions:

* The heat transfer through the solid crust and #ssel is purely conductive;

e The heat transfer is calculated under the assumpticsuccessive steady state conductive heat
transfer;

e The liguid-solid interface is either a planar frarta mushy zone. In both cases the interface
temperature is taken at the liquidus temperatureesponding to the liquid melt composition. In
case of solidification processing with a mushy ztme corresponds to the temperature at the tip
of the primary arms of the dendrites and in case ifanar front it corresponds to a strong stirring
intensity of the liquid ahead of the bulk. ThUg F Tiquidus = 285 °C;

« The temperatures on the external surface of theel@S ) is supposed to stay constant;
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Between the solid crust and the stainless steé] avglap is supposed to be formed (Figure 2-10).
The thickness, thermal conductivity and heat tramsbefficient through this gap are assumed to

Agap
€gap
The total heat transfer coefficient between malstiinterface and outer vessel surface at polar

angled is hous vesskf), With 1 _Zerust®) .1 Svessel :
hcrust_vesseﬁe) Acrust  Ngap  Avessel

be constant and are respectively note€,§siqap andhg,, where hgap =

The physical properties of crust, gap and stedl aval constant and furthermore we will suppose
that the properties of the crust are equal to tbk properties;

The thickness of the crust is supposed to be sSmatimparison to the radius of the vessel,

The local heat transfer coefficieng., at the melt cavity boundary is assumed to be ptigpal
to the average heat transfer coefficient by a @efft f(6) which is a function of the polar angle
This coefficientis derived from the LIVE L3A results by using theperimental data of the heat
flux distribution in steady state as given in Fig2-8. As mentioned in Equation (2-8), the

average steady state heat flux is Psit =Qai. Knowing that
%ateral
Ps1t(©) _ hsyt(6)

Psty = HstiATstl andggy, (6) = hgy (6)ATgy . thenf (6) = = . As a consequence, the
stt sti

values off(0) for different polar angles are deduced. An intempoh has been done as shown in

Figure 2-11 and Figure 2-12 in order to apprd&@halong the melt cavity lateral wall for both 10

kW and 7 kW heating powers.

1 _ Zerust (8) + 1 + Evessel
Berust  vessel (8) Acrust haap  Avessel

Figure 2-10. Temperature gradient in solid crustag gap and vessel wall.
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during LIVE L3A.

Energy balance at the melt-crust interface

With preceding assumptions, the energy balance tetocal thickness of solid crust is written as
follows:

d d
a[pcrust Zcrust(g) Hcrust(g)] = ¢Ioca| (9) - ¢conduction(9) + Poulk Z;rtUSt H add (2-10)

in which :
*  peust Zrus(0) is the mass per unit surface of the formed salidtcat polar anglé;
*  peustiS the density of solid crust, supposed to be ahdtuid meltppyy, i-€. perust = Poulk;

e The thermal conductivity of the solid crust andildymelt are assumed to be the samgeAqys =
Abulk;

*  Zns(9) is the local thickness of the solid crust at palagles;
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Heust IS the crust enthalpy averaged over the solid tcthickness and is calculated by

= crust _ crust - . .
Herust = Hyef +Cp'50“d(Tcrust T of ) Where Cp,solld is the specific heat of the solid crust

Terust is the average temperature of the crust;

Haga iSs the enthalpy of the added crust at liquid-soliterface at temperatureT;,

H_ ., =Lmelt +H._. +cCrust o Ty wherein LMelt is the latent heat of
add = " iification e+ Ep.solid (T ~Tref) solidification
solidification;

Piocal @ =Nocal (H)ATbqumax:f(e)ﬁsttm—bulkmaxis the local heat flux transferred from the
melt cavity through the liquid-solid interface atigr angles;
®conduction IS the heat flux lost due to conduction from thedics crust through the vessel outer

Surface'¢conduction(‘9) = hcrust_vesse{‘g) ATcrust_vesseI: crust_vesse(‘g) (Ti _Touter)'

Equation (2-10) becomes:

:Ocrust H crust

For purpose of simplification, the enthalpy vaatiof the solid crust is neglected, i

dZCrUSI(H) dHcrust

d 4
dt + pcrust Zcrust dt M (2-11)

dt

= ¢Iocal (9) - ¢conduction(9) * Pouic Hadd

H

crust = O

This would really be the case if the heat transfsistance due to the gap and to vessel wall idl sma

compared to the heat transfer resistance assot@tbe solid,To,, =Toyer » T,

T Tt Tex SinceT;
2

crust —

andT,uer are constant, the?;{‘_';rust 0.
t

Equation (2-11) is now simply rewritten as:

P M= Hase) =0 = g (0) = ©)
or:

P, L2 O oy (©)= 40 (®)

in which:

_ | melt 1 ~crust

AHpm = ~(Heriar = Ho o) +Llcerust AT
m crust™ “add’ ” "¢ igification 2 P»solid™ crust

The heat flux lost due to conduction will be:

¢conduction(g) B hcrust_vessefe) ATcrust_vessel
in which:
A
—_ crust
hcrustfvessel(g) - A
crust crust
Zcrust + egap + evessel A

gap vessel

(2-12)

(2-13)

(2-14)

(2-15)

(2-16)
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or:

¢conduction(e) =

Acrust (Tl B Touter)
Acrus A
Zcrust(e) + egap A t + e\/essel/‘

gap vessel

(2-17)

crust

We define now:z(6) = Zenust(6) * €gap /;”“St +€essel Aoust 35 the equivalent thickness of the crust,

gap vessel

gap and vessel including the formed solid crust,gap and the vessel.

With the formulation of the average heat transfmfficient presented previously, the energy balance
over the solid crust thickness is rewritten localtya polar anglé as follows:

Pouik AH "
dt Zcrust av

b
dzcrust(g) — /]crust ATcrust_vessel —f (9) aAE'u|k [g ﬁT H 3} Y1+bATsltJtrb (2-18)

In steady state, the local steady state heat flpolar angle) is obtained from:

a/ H3) o e
Psu(6)= 1(6) — 2K [9 & J YEATS (2-19)
and the steady state equivalent crust thickness is:
Z* (3) — Acrust ATcrust_vessel (2_20)
™ < (6)

For the purpose of transforming Equation (2-18p iat non-dimensional form, two dimensionless
parameters are defined:

*

. . . z
¢ Non-dimensional crust thickness= —
Zgyt

t . . A AT, AH
in WhICh Tso| — crust Pbulk crust_vessel m is named as the

Tsol (¢stt)2
characteristic time for solidification (for crustogvth).

* Non-dimensional time:t”™” =

Consequently, the non-dimensional energy balanciéocrust writes:

ds _1_yue (2-21)

df” s

* Solution forY = const:

o {Ys .\ In(Yl*bs—l)} (2-22)

1+b Y 2(1+b)
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*

e
« WhenY # const, the variable varies betweeﬁz*— and unity. The solution of Equation (2-18) (or
stt
the equivalent non-dimensional form in Equatior2{3} provides the evolution of the local crust
thickness at different polar angles.

The actual solid crust thickness will be deduced:

Zcrust(g) = Z;tt(g) s-¢€ (2-23)
or:
Acrust AT, ,
Zcrust(e) — crust cruest_vessels_ e (2_24)
91 (0)
in which: &' = e, " + g, <" is the equivalent thickness of the vessel and #pe g
Agap Avessel

24.3 Application for LIVE L3A

The developed models have been applied for theoestitions in LIVE L3A in order to evaluate their
abilities in describing the evolutions of both thelt temperature inside the melt cavity and thalloc
crust thickness.

Melt temperature evolution

A literature survey presented in Chapter 1 of therent thesis shows that during the last forty gear
numbers of Nusselt correlations in terms of interRayleigh number have been built for the
calculation of heat transfer from the liquid medtvity to the wall for natural convection in a melt
cavity with internal heat dissipation and exterc@bling in both laminar and turbulent regimes.Ha t
current study, some correlations derived for lammatural convection in hemispherical configuration
have been employed for determination of averagethmasfer coefficient from the melt to the curved
vessel wall in LIVE L3A (the internal Rayleigh nuetbn 10 kW and 7 kW phases respectively is 2.2
10> and 1.5 1& which belongs to laminar regime). These corretetiare listed in Table 2-3 together
with their transformed form written in terms of extal Rayleigh number (transformation method is
described in Appendix 1). The corresponding stestdye heat transfer coefficient given by these
correlations are also provided for LIVE.

Using the heat transfer coefficient given by Mawrig correlation, the corresponding temperature
difference between the melt and the interfaceaady state is 40 °C and 30 °C respectively for\o k
and 7 kW (average heat transfer coefficient is ® ¥8.m?*°C"). Knowing that the steady state
maximum melt temperature for these two power dadgig phases are 320 °C and 310 °C
respectively, we can deduce the interface temperatfu280 °C for both 10 kW and 7 kW test phases,
which is close to the liquidus temperature of tgal melt (285 °C).
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Table 2-3. Average heat transfer coefficient
from existing natural convection correlations fordmispherical geometry.

Author Correlation Transf_ormed P pui 10 kw R oui T
correlation (W.m2°CY) (W.mZ2°Ch

Mayinger’s Nu = 055Ra%? Nu = 059R39%® 249 233

[Mayinger et al., 1975]

ACOPO _ 022 _ 028 291 265

[Theofanous et al., 1997] Nu = 03Ran Nu = 028Ragy

Mini ACOPO Nu = 0048Ra%?’ Nu= 0022Ra%% 158 144

[Theofanous et al., 1997]

BALI 224 205

019 — 033
H Nu = 008Ra,
[Bonnet et Garré, 1999] Nu= 013{3) Ran™® ”

Furthermore, in the test report, the authors indithat the composition of the melt slightly change
during the test (Table 2-4) [Gaus-Liu et al., 2010is is due to the higher concentration of rdfyac
species (KNG) in the crust. Corresponding to the slight chaofythe melt composition, the liquidus
temperature of the melt cavity was reduced from 285to 278.5 °C, which agrees well with
preceding calculated interface temperature of Z30 °

Table 2-4. Melt composition during LIVE L3A [Gausil et al, 2010].

Initial melt End of 10 kW phase End of 7 kW phase
NaNG; % mass 82.371 81.776 80.969
KNO3; % mass  17.629 18.224 19.031
Tiiquidus (°C) 283.47 281.36 278.51

If we consider other heat transfer correlationsegivn Table 2-3, a lower average heat transfer
coefficient of ~ 200 W.m-2.°C-1 would lead to atenfiace temperature of 270 °C, which is still close
to the actual liquidus temperature (~ 280 °C) ttmathe solidus temperature (~ 230 °C). Thus, we can
justify the assumption tha} = TjquiqusWhen the steady state regime has been reached.

The Mayinger's correlation will be used in this bsés for the evaluation of the transient melt
temperature evolution. However, with this correlatthe heat transfer coefficient is solely a fumti

of the volumetric power dissipation (internal Ragtenumber) and is only valid for the established
thermal hydraulic steady state. It seems straightfod that the heat transfer coefficient cannot be
constant versus time. For instance, if we supposethe initial temperature of the melt is equalnt®
interface temperature (i.e. liquidus temperaturd am,, = 0), there is no driving force for the

boundary layer flow and the average heat trangbefficient should then be equal to zero. If we
express now the Nusselt number as a function of #ernal Rayleigh number

uk ~Ti H*
(Raeng:BT(Tb k—Ti)
va

interface can be taken into account. Hence, ferpirpose of evaluating the transient evolution of
melt temperature, Mayinger’s correlation has beewritten, on a physical basis (Appendixag a
function of the external Rayleigh numbeX(= 059Ra%?®). Coefficientsa andb in Equation (2-5) are
0.59 and 0.25, respectively.

), the effect of the temperature difference betwéa®m melt and the

The temperature of the melt in the furnace isatiti350 °C. However, when the melt falls into the
test section, the temperature may rapidly changause of the heating up of the instrumentation,
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heater and associated support structures as wélleasansient heat loss to the vessel wall. We can
take into account the effect of the heat loss &s&kinternal structure by supposing that a newrthke
equilibrium is rapidly achieved in the vessel. Takinto account the thermal inertia of these irdérn
structures, the initial melt temperature is redute®27 °C. This temperature will be taken as the
initial melt temperature for the calculation. Thansient heat losses to the vessel wall are gosdmme
the transient heat transfer to the crust, whicdugposed to be immediately formed on the vessé] wal
and that is included in the model approach.
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Figure 2-13. Calculation of melt temperature evoionh in LIVE L3A in 10 kW phase.
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Figure 2-14. Calculation of melt temperature evoioh in LIVE L3A in 7 kW phase.

Figure 2-13 and Figure 2-14 show the evolutionhef maximum melt temperature during LIVE L3A
experiment for both 10 kW and 7 kW dissipating popeases, calculated by the present model. The
calculation results have been compared with thds@imed from the experiment by KIT. An
agreement between calculation and experiment igirsdd in terms of the time required for the
temperature to reach the steady state (about 3680189 kW phase and 3700 s for 7 kW phase). The
maximum difference between the calculated melt eratpre and the experimental one is about 5 °C
(att~ 500 s in 10 kW phase). For the rest period dutiagsient, the difference between calculated
and experimental melt temperature is less than. 2 °C
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The calculated thermal hydraulic time dekgy is about 861 s for 10 kW phase and 879 s for 7 kW
phase (withkr = 0.8). If the heat transfer coefficient was canst(h,,, (t) =hg,), the solution of

t

Equation (2-5) would take an exponential form, A&, = ATy ini +(ATStt ATy | 1-€ ™ |. The

related total time delay to reach the steady stateld be ~47,,, (E’””‘Tﬂ ~ 98%), i.e. ~ 3500 s,
stt bulk,ini

which is near to the ones determined above. Calook of the melt temperature evolution with

constant heat transfer coefficient for 10 kW and\f periods are given in Figure 2-13 and Figure 2-

14. The difference between of melt temperaturewtians obtained by calculation either with varying

transient heat transfer coefficient or with a canstheat transfer coefficient (steady state heatster

coefficient) is not significant.

Crust thickness evolution

Calculation of the evolution of the local solid stuhickness has been done taking into account the
heat transfer resistance of the gap existing betviee solid crust and the inner vessel wall as a=ll
the thermal resistance of the stainless steel Vé&saenm thickness). Knowing the experimental heat
flux distribution (Figure 2-8), the melt-crust infi@ce temperature, the inner and outer wall
temperature of the vessel and the crust thicknestsbdition from the experimental data, the heat
transfer coefficient associated to the gap candoeicked in steady state for 10 kW and 7 kW phases.

120
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‘g — — Average *
2
g 60 ~ T T T T T T & 777
3
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= 30
35}
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Figure 2-15. Heat transfer coefficient of gas gap.

Figure 2-15 presents the local heat transfer awefft in the gap with its uncertainties in the two
power dissipation phases. It is clearly shown tagathe lower part of the vessel (at polar angle$3

and 52.9°), the uncertainties bf,, are smaller than near to the melt surface (at°h6The large
uncertainty ofhg,, at the upper part of the vessel is mainly duénéoreduced thickness of the crust in
this region. Important is to notice that there exian overlap associated to the gas gap data that
corresponds to an average value of 64 + 30 YW@ for the three polar angles and for both 10 kW
and 7 kW test phases. The fact that the gas gap basstant heat transfer coefficient helps tafyust
the assumption of its existence. The calculated haasfer coefficient would correspond to an
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average gap thickness of about 0.5 mm if we suppusethe gap is filled with gas and that heat
transfer through this gas gap is by conduction ¢atyassumed in the previous section).

Taking this value into account, Figure 2-16 depihts calculated growth process of crust thicknéss a
three polar angles (37.6°, 52.9° and 66.9°) dutireg10 kW test phase obtained from the developed
model calculation together with the experimentdbhdét is shown that the model well describes the
crust growth process. Besides, both experimentatullations demonstrate that the time required for
the stability of the crust thickness is longer nix@r bottom of the melt cavity and higher at thperp
part. Near the bottom, at 37.6°, the crust thicknesps on increasing after 4000 s ~ 5000 s. A°52.

it stabilizes after ~ 2000 s. Near to the melt atef at 66.9°, the crust thickness reaches thdystea
state value very rapidly (~ 500 s to 1000 s) dftertest initiation.
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Figure 2-16. Crust thickness evolution in 10 kW pb&a

Table 2-5. Solidification characteristic time forlVE L3A during 10 kW phase.

Polar Angle Z-SO| _10kW Tcrust,real Z-crust exp

) (s) (s) (s)

37.6 1189 4755 ~ 5000
52.9 249 1000 2000
66.9 100 400 500 to 1000

In addition, due to the model of crust thickneslation, the calculation of the local time

characteristic for crust growth at different padeagles has been conducted and the results areigiven
Table 2-5 for 10 kW phase. The related time delay the crust growth steady state
ISTcrustreal = 4750 dUE to the exponential form of the solution.

The crust thickness at steady state during 7 kWsehs given in Table 2-6 and the corresponding
solidification characteristic time delay is showrTiable 2-7.
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Table 2-6. Steady state crust thickness in 7 kW gdha

Polar angle  Calculatedzy Experimentak
@) (mm) (mm)

37.6 42.86 41 +5

52.9 14.94 16.5+5.5
66.9 7.09 7.5+5

Table 2-7. Solidification characteristic times fadiVE L3A for 7 kW phase.

Polar Angle TSO|_7kW T crustreal
(o) (S) (S)

37.6 2008 8000
52.9 733 2900
66.9 177 800

As shown in Table 2-6, the calculated steady statst thicknesses at different melt cavity levels#
kW phase taking into account the gap resistancenaagreement with the experimental ones. This
again confirms the existence of the gap.

In addition, there is a relation between the thédarof the crust and the solidification charadieris
time to the heat flux in each power dissipationgghdndeed, since the heat flux transferred is towe
during 7 kW phase, the crust obtained in this phHasthicker than in 10 kW phase because the

thickness of the crust is proportional to ?é . Moreover, the time required for crust formatisn i
stt

proportional to}/2 , as consequences, the crust forms in a shorterdatay in 10 kW phase than in
stt

7 kW phase.
244 Prediction of solidification regime

Review of solidification modédl's

In the literature, there exist some investigationsthe interface temperature during solidificatain
liquid melt when it contacts with a cooled solidIMas discussed in Chapter 1. Two situations can be
encountered during the crust formation due to meelidification. The first one is that solidificatio
proceeds with a planar front and the second onleatswith a mushy zone. Main conclusions from
existing solidification models will be recalled bel for the estimation methodology of the
solidification regimes.

Planar front model

The physical model introduced by [Rutter et Chabn&©53] and developed by [Mullins et Sekerka,
1964] and [Hurle, 1976] leads to a conclusion gudidification due to contact of a liquid melt wigh
solid wall could process with a planar front at figuid-solid interface. In addition, the model
proposes a criterion for solidification rate whallows estimating the planar front stability, nanzed
constitutional supercooling criterion.
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Initially, ancient model accounted only solute d#ion for mass transfer in the boundary layer
existing ahead the interface. As a result, interfnperature is the solidus temperature of the mel
[Mullins et Sekerka, 1964]. [Hurle, 1976] improvdte model by taking into account both diffusion
and convection for mass transport. This resultsaimodified factor of ¥ in the so-called
constitutional supercooling condition. In this siiion, interface temperature stays in between the
solidus and liquidus temperatures of the melt.

Determination of the interface temperature duringnar front solidification is predicted by the
formula reported by [Burton eal., 1953], in which the interface temperature is edajent on
solidification rate and mass transfer boundarydakiekness. In the case when the solidificaticie ra
is slow enough or the mass transfer boundary leysting in front of the liquid-solid interface tisin
enough, the interface temperature tends to liquiemperature [Seiler et Froment, 2000].

Mushy zone model

[Combeau et al. 2010] have studied the liquid-soiligrface behaviour during transient freezing of
non-eutectic melt cavity with internal power disdipn. This work demonstrates that at the initiatio
of solidification, planar front has not yet estabkd and a mushy zone containing solid and liquid
phases would form at the liquid-solid interfacee Fieat transfer in mushy zone is mainly governed by
conduction while the mass transfer is controlledsbjute diffusion and/or convection in the liquid
phase. During the mushy zone solidification, tipeofi the dendrites in the mushy zone is close ¢o th
liquidus temperature relative the melt compositi@ue to diffusion and solute convective mass
transport of solute, the mushy zone fills and dilappear at the end of solidification. The wonkegi

a theoretical approach to determine the time d&aymushy zone evolution to reach planar front
situation.

Table 2-8 summarizes the results of existing didation models which have been presented in the
above.

In reality, it is also possible to have during firecess of the crust formation a transition betwaen
mushy zone to a planar front. In fact, solidificatistarts first with higher solidification rate and
ultimately when the steady state regime is appmdchith much lower solidification rate. In thedin
thermal hydraulic steady state, the solidificatiate is equal to zero. This basically implies that
solidification can proceed with a mushy zone atlibginning and come to plane front as the thermal
hydraulic steady state is approached.

For the purpose of solidification regime determimtfollowing questions are addressed:
e If a mushy zone forms during solidification, themahlong will it take to fill up this zone?

« In case of a transition between a mushy zone tarmpfront, it is required to precise the moment
at which such transition between the two solidifimaregimes occurs.
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Table 2-8. Solidification models.

Mushy zone filling Planar front
Diffusion controlled Diffusion and convection couited
Cri =Couk c = Chulk CL. =Cop e’
k ' 1-k(1-e?)
A= JMT VSOl : JMT =H (SCGr)—l/3
DL
Ti = Tiip = Tiiquidus(Coui) Ti = Tsolidud Cound TsolidudCou) < Ti < Tiiquidus(Couik)
Vsoi— 0 thenT; — Tiguidus(Coui)
ATg® 1+k, Su /mMChucd=K) 1 G /=M Cou LK) >1(limit case for a
Twr filing = G _2D (—2 ) v, D, Tk Vg D, -
S L

strong stirring of the liquid phase)

Deter mination of solidification regimein LIVE L3A

In the preceding, the developed models proposeysigdi basis for the description of the transient
melt cavity thermal-hydraulics behaviour in LIVE A3n terms of the melt temperature evolution and
the transient formation of the crust at the ligsadid interface by imposing the liquidus temperatof
the actual melt as the liquid-solid temperaturetli@ whole transient. In this part, these condgioh
melt temperature and crust evolutions obtained fthenthermal hydraulic model will be used as
inputs to investigate the transient solidificatlmehaviour at liquid-solid interface in a deeper n&mn
Objective is first to figure out the mass transpmchanism that controls the non-eutectic melt
solidification during LIVE L3A and then to answéxetquestion of interface temperature evolution.

Firstly, application of the solidification modelsegented in Table 2-8 will be performed for
determination of solidification regime in LIVE L3A.

It is noted that the mass of the solid crust is Imsimaller than the mass of the liquid melt, thexafo
variation of the melt composition during the whsknsient is negligible, i.&y ik = Co.

Assuming that solidification in LIVE L3A proceedstiva planar front at the interface, then the time
delay to reach stable planar front is determineédguhe above mentioned constitutional supercooling
criterion. Since natural convection controls heahgsfer in LIVE L3A, it is believed that such flow
recirculation also governs the mass transfer inhsonelt cavity. Therefore, both diffusion and
convection would participate in solidification pess. Comparisons of the characteristic time delay f
stable planar front achievement to the time requice reaching steady state crust thickness (99% of
the final crust thickness) at three different paagles of the melt cavity during 10 kW and 7 kW
phases are depicted from Figure 2-17 to Figure.2+22ll cases, planar front stability is obtained
before final steady state of solidification (izg: < zogos).

« In the lower region of the melt cavity (37.6°), planarritcsolidification is reached later in the
transient (~ 4400 s in 10 kW phase and ~ 6800%&laW phase) and practically just before the
moment when ~ 99% of the final thickness of thestrsireached (~ 4800 s in 10 kW phase and ~
7400 s at 7 kW phase);

« In the upper part of the melt cavity (66.9°), plafrant is reached much earlier in time (~ 1400 s
in 10 kW phase and ~ 1000 s in 7 kW phase) andhveétire the final crust thickness is reached (~
3200 s in 10 kW phase and ~ 2800 s in 7 kW phase).
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Figure 2-22. Characteristic time delay for planardnt at 66.9° in 7 kW phase.

Supposing that the solidification proceeds withushy zone, then the time required for filling up of
this zone in LIVE L3A is estimated. Calculation uks of z,g for both 10 kW and 7 kW and
comparisons terr andrgge, are reported in Table 2-9 and Table 2-10.
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Table 2-9. Characteristic time delays in 10 kW pkas
Polar Angle 7999  7pF Tfilling

) ) () (9

37.6 4800 4400 5051
52.9 3400 2400 577
66.9 3200 1400 195

Table 2-10. Characteristic time delays in 7 kW pbkas
Polar Angle 7e99% 7pF  Tfilling

©) ) (5 (5

37.6 7400 6800 7373
52.9 3900 2300 1638
66.9 2800 1000 186

It is seen that at the upper part of the melt gaflitgh heat flux region), the mushy zone is fillegl
relatively fast. Mushy zone filling up is completbéfore the solidification rate is low enough for
planar front achievementyt is 6 to 8 times longer thafi,g). This means that almost the whole
transient of solidification proceeds with a plafrant at the liquid-solid interface.

At lower polar angle (37.6°), the time delay forshy zone filling is a little bit longer than theng
required for reaching planar front stability (ordgveral hundreds of seconds in difference). This
means that when planar front is reached, mushy zonet yet completely filled. However, as seen in
Table 2-9 and Table 2-10, complement of mushy Zitlivey occurs almost when 99% maximum crust
thickness. This implies that at the steady statobdification, mushy zone has disappeared.

The above analysis of the relating characterigtie tdelays comes to a prediction of solidification
regime in LIVE L3A. At the initiation of solidific&on, a mushy zone is formed in front of the solid
crust. Over a certain time delagd), the solidification rate decreases to a criticalue that is low
enough to satisfy the constitutional supercoolingedon and a planar front is achieved. At this
moment, mushy zone will disappear and solidifigaticontinues with planar front regime until
maximum crust thickness is formed. During the titeors from mushy zone to planar front, the mushy
zone filling process occurs. At the upper zone hd tnelt cavity, this filling process might be
completed rapidly before planar front obtainmentieveas, at the lower zone, it could be disturbed
due to formation of planar front in a time delagdehan the time required for mushy zone filling up

Interpretation to transient liquid-solid interface temperature

Estimation of interface temperature for mushy zogelidification regime (t <tpg)

According to the mushy zone filling model reported [Combeau et al., 2010], the liquid-solid
temperature is considered as the temperature #iptbéthe dendrites. It has been reported thandu
mushy zone evolution, the tip temperature stayfigaidus temperature of the melt. In fact, tip
temperature is strongly affected by convectiorhis boundary layer existing ahead the mush [Cantor
et Vogel, 1977], [Ananth and Gill, 1991]. Globalfgresence of convection would reduce significantly
the tip undercooling, or, in other words, it colddng the tip temperature closer to the liquidus
temperature. Another model for calculating the wooeling at the tip of the dendrites was presented
in the work of [Ananth et Gill, 1991]. In the nexalculation with this model with varying Gibbs-
Thomson coefficient and different boundary layquid velocity conditions will be performed for an
alternative prediction of the dendrites’ tip termgdare during mushy zone solidification.
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Figure 2-23 shows that the maximal difference betw#he temperature of the mushy zone’s tip and
the liquidus temperature is in the order of 10 AGzariation of the Gibbs-Thomson coefficiefibf 3
orders of magnitude does not affect significarttig tindercooling. The lowest curve corresponds to
= 10° m.°C with the fluid flow effect, for a value oféHiquid velocity in the boundary layéts, =
0.01 m/s. This curve shows that the undercoolirgmall and that the convective effect is important.
In this situation, the tip undercooling is lessriltal °C. These results again indicate that dufveg
mushy state in LIVE L3A, the interface temperatstig&ys close to the liquidus temperature.
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Figure 2-23. Calculation of dendrite tip undercoaol§ by [Ananth et Gill, 1991] model.

Estimation of interface temperature for planar frdrsolidification regime (t >rpf)

Estimation of interface temperature during plamantf regime { > zr¢) is performed according to the
works of [Hurle, 1976] and [Seiler et Froment, 2D®esults are represented in Figure 2-24 for the 1
kW phase and in Figure 2-25 for 7 kW phase. Iteauidy observed that the interface temperaturesstay
closely to the liquidus temperature correspondmtipé melt compositionT( = Tjquidus(Co) = 285°C).
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Figure 2-24. Evolution of solute concentration induid phase on the interface during planar front
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Figure 2-25. Evolution of solute concentration inquid phase on the interface during planar front
solidification regime in 7 kW phase.

245 Conclusion

The simple developed model allows simulating tramisineat transfer and solidification in a melt
cavity with volumetric heating for a non-eutectiaterial mixture as used in the LIVE L3A test
performed by KIT. It has been demonstrated thatethaution of maximum melt temperature can be
recalculated assuming liquidus temperature atitjugd-solid interface during the whole transienteT

average transient heat transfer is well approadiyedupposing a succession of thermal-hydraulic
steady states using a natural convection Nussaiglaton involving the external Rayleigh number

calculated on the basis of the instantaneous teanper difference between the liquid melt and the
liquid-solid interface. Moreover, calculation of inéemperature evolution using steady state heat
transfer coefficient for the whole transiemt,(, (t) = hy,) shows very minor difference to the one with

transient varying heat transfer coefficient. Tharelsteristic time delay to reach steady state melt
temperature is approximately the same for the @outations.
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In addition, it has been shown that the transientution of crust thickness at different elevatiasfs
the melt cavity can be calculated using the stetalg heat flux distribution, taking into accouryego
resistance existing in between the crust and teeeleavall.

Calculation results of solidification rate and drtisickness evolution obtained from the simplified
model have been used for predicting the solidificaregimes governing the liquid-solid interface
temperature. An analysis of the relating charattertime delays shows that the solidificationrtsta
with a mushy zone and finishes with a planar frdhie time delay for the transition between mushy
zone and planar front has been reported. Duringhynaene regime, the temperature at the tip of the
dendrites in the mushy zone is close to the ligaidgunperature of the actual melt composition and so
does the interface temperature during planar fgomivth regime.

2.5 1D modeélling of local heat transfer and solidification

It is noted that in the previous section of thigyter, a simplified OD model has been developed and
validation of this model has been performed ushey tIVE L3A experimental data. Although this
model allows calculating the evolution of the madximtemperature in the melt cavity, it was not able
to determine the temperature and heat flux profitethe melt cavity. In addition, evolution of bl
crust thickness formed at the liquid-solid intedd@s been calculated in 0D model by imposing the
experimental heat flux measured in the experimergteéady state. In this step, calculations by a 1D
boundary model will be applied for LIVE L3A conditis. The aim is to obtain the evolution of the
melt temperature at different melt cavity levels vasll as the melt temperature and heat flux
distribution, not only in steady state but alsarensient. Evolution of local crust thickness v
deduced from transient heat flux which is calcuddeeally.

Appendix 7 of the current thesis presents in détailLD model that has been developed for modelling
of local physical parameters relating to interactid a liquid melt cavity surrounded by a solid wal
The model couples heat and mass transfers betwedsutk of the melt cavity and a boundary layer
existing along the lateral wall. A radial liquidfll has been supposed to enter the boundary laymr fr
the bulk. The development of the model bases camlbak of mass, momentum and energy in the bulk
and in the boundary layer. Constitutive laws fdineation of local radial liquid velocity, local hea
transfer in the boundary layer and local frictiaefficient are proposed which are dependent on the
fluid properties (Prandlt number). The developedieidogether with these constitutive laws has been
validated in the case of natural convection alongedical wall with imposed bulk and wall
temperatures. Calculation results provided by thixlel for local parameters in the boundary layer
such as temperature profile, boundary layer thiskrend fluid velocity confirm its ability to access
local heat and mass transfer during contact ofigoid melt with solid wall. In this section, in der

to validate the model, calculation will be done fdWE L3A which is a more complicated case
wherein the wall temperature is considered congtanthe bulk temperature varies versus time.

251 Constitutive laws

As discussed previously, the test vessel in LIVRALS a 1:5 scaled semi-spherical lower head of a
typical pressurized water reactor (PWR) with 3In8height and 1 m inner diameter. For such a small
scale test, the Grashof number is less than’ 2THerefore, only laminar heat transfer in the lzang
layer is considered in this situation.

According to the Appendix 7 presenting the boundamger model and its constitutive laws, the
friction coefficient in laminar regime is calculdtby:
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= % (2-25)
Re

For LIVE L3A, Pr = 9.3, leading to the constitutive laws faii as follows:

Ibulk = 019[95T (Thulk _TBL)U]% (2-26)

where inTp and T, are the local bulk and boundary layer temperagitire given distance from the
top of the boundary layer.

The heat transfer to the wall can be estimatedgusither Nu,,x or Nug_ correlations deduced
previously for laminar natural convection as follow

NUp. =49 = 4Pr% ~ 84 (2-27)
bulk =45
or.:
4;;
5

Nug = 5 = }/ = 1186 (2-28)

40 11 o 1- 0275Pr/ 3

55 5|7

2.5.2 Calculation results by 1D model

The results of calculation for 10 kW phase in LIVBA with transient solidification are shown below.
Figure 2-26 presents evolution of melt temperatrdifferent elevations of the melt cavity. Initya

the melt temperature is assumed uniform in thetgai327 °C. It is observed froRigure 2-4that the
calculated temperature evolution at elevatibn 27 cm is in agreement with the experimental tesul
The calculated steady state temperature at 27 cabast 320 °C which is in agreement with the
experimental one (320 °C). In addition, the timdage for reaching steady state obtained by
calculation and experiment are both approximat€l903s. However, the model predicts a peak of
melt temperature occurring at about 500 s whichcassidered as the time required for the
recirculation in the melt cavity flowing from theotbom to the top. In experiment, this peak is
observed at about 1000 s which is later than thaulzded one. Moreover, the predicted temperature
for this peak is 337°C which is 9°C higher tharLIWE L3A (328 °C). This might be due to a loss of
heat at the top of the melt cavity by radiation ethis not described in the model.
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Figure 2-26. Calculation of melt temperature evoionhs at different melt cavity elevations by 1D balary
layer model for 10 kW phase.

Besides, good agreements are also obtained fotethperature profile in the bulk at steady state
(Figure 2-27) as well as the heat flux distributialong the melt cavity wall (Figure 2-28). The

difference between calculation and experiment feady state heat flux at 66.9° can be explained by
the absence of heat loss by radiation to the uppedace of the melt, which is not described by the

developed model.
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Figure 2-27. Steady state axial temperature profiemelt cavity in 10 kW phase.
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Figure 2-28. Steady state heat flux distribution iI® kW phase.

70

The evolution of the solid crust thickness is als#l described by the developed model (Figure 2-29

and Figure 2-30).
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Figure 2-29. Distribution of solid crust thicknesat the end of 10 kW phase.
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Figure 2-30. Crust thickness evolution at 37.6° aB@.9° in 10 kW phase.

253 Conclusion

The main conclusions from the calculation for LINBA by 1D model approach are summarized as
follows:

e The present results from the model are in goodemgeat with measurements of LIVE L3A not
only in terms of evolutions of both bulk temperatand local solid crust thickness, but also in
term of bulk temperature profile as well as heak fand crust thickness distributions (along the
melt cavity interface) in steady state conditions.

¢ The heat transfer mechanism from the bulk to thik iwdhe natural convection. The constitutive
laws for friction coefficient and heat transfer ffment deduced from the use of Eckert’s velocity
and temperature profiles, which were developednftural-convection boundary layer along a
vertical plate in laminar regime, are still valm fa hemispherical melt cavity with solidificatian
the wall.

« In comparison with the simple 0D model previoushweloped for describing the evolution of the
maximum bulk temperature and of the crust thickrfessLIVE L3A, this 1-D model allows
calculating all the local parameters such as: bekperature and velocity, local boundary layer
thickness, mass-flow-average velocity and tempegatuthe boundary layer, local heat flux and
solidification rate at the wall. In particular, tlneodel enables estimating the local melt cavity-
shape variation due to solidification.

2.6 Conclusons

This chapter is devoted to the investigation ofthemnsfer and solidification in a simulating non-
eutectic molten corium melt cavity with internalatieg source and external cooling at boundaries.
The work at simulating the in-vessel retention expent LIVE L3A performed in KIT.

A simplified model has been developed for calcatanf the evolution of maximum melt temperature
and evolution of the solid crust thickness due tdiddication. The model assumes liquidus
temperature of the melt at the liquid-solid intedaand employs an average heat transfer from an
existing natural convection Nusselt number develdpe steady state heat transfer. A transformation
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of the correlation from internal Rayleigh numberetdernal Rayleigh number has been performed in
order to take into account the transient variabbmemperature difference between the melt and the
liquid-solid interface. The local crust thicknesslution has been calculated by imposing the stead
state heat flux profile measured in the experimehgreement between the model and the
experimental data in melt temperature evolution ant thickness evolution proves that the heat
transfer in transient has similar behaviour astéady state. In addition, using the calculationultes

for transient solidification rate and applying téeisting solidification models for planar front and
mushy zone, a prediction of solidification reginmed.IVE L3A has been proposed, wherein a mushy
zone regime occurs at the beginning and a plarant fis obtained at the end. Recalculation of
interface temperature during the whole transieairamdicates that the interface temperature always
stays close to liquidus temperature of the actugdt.m

Application of the 1D boundary layer model for LIMBA has been carried out in the current chapter
in order to validate the capability of the model éescribing local physical parameters of heat and
mass transfer for a hemispherical configuratiorhwirying bulk temperature and changes in cavity
shape due to solidification of liquid melt. The mbdjives access to recalculation of local melt
temperature and heat flux distribution not onlysteady state but also in transient. The constautiv
laws for friction coefficient and heat transfertire boundary layer as well as for radial liquidwilo
velocity from the bulk to the boundary layer whigte derived for a vertical plate are also applieabl
for a hemispherical melt cavity.
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CHAPTER 3: ARTEMISPROGRAM: INVESTIGATION OF
MOLTEN MELT-CONCRETE INTERACTION. DESCRIPTION
OF ARTEMIS2D TEST FACILITY

3.1 Objectivesof ARTEMIS 2D

The ARTEMIS program, performed in Grenoble by DTER2S/LPTM, common program between

IRSN and EDF, CEA, is aimed to study the melt-ceterinteraction with simulant materials. The

main objective of ARTEMIS 2D tests is to investigdhe 2D melt-concrete interaction phenomena,
focusing on the determination of the heat flux ritisition along the cavity wall of the melt and on

interface conditions. The investigation of the héainsfer coefficient as well as the interface
temperature between the liquid melt and the saittete become the key issues.

The interface temperature between the melt andédhd is dependent on the physico-chemistry and
thermal-hydraulics of the non-eutectic melt. Besjdthis interface temperature depends on the
thickness of any melt crust which may form at thieiface during melt-concrete interaction. The

behaviour of this crust (evolution of the crustckmiess, and the mechanical interaction of the crust
with injected gas) governs also the release modieimolten concrete into the melt. The related

variation of the melt composition versus time m#oahave an effect on the interface phenomena.
Therefore, the molten melt-concrete interactionnaimeenon is a result of a strong coupling between
thermal-hydraulics (interface temperature, heahsfier at the interface) and physico-chemistry

(composition of the melt and of any solid layemfang at the interface).

3.2  Similarity analysisfor material selection

Real material experiments, at very elevated tentpess (~ 2000 K - 2500 K) are technically complex

to realize and have limited instrumentation po$is#s. An alternative option is to use simulant

materials and perform tests at lower temperatubéctwis more favourable for instrumentation. The

difficulty resides then in the choice of these damti materials. The phenomena to simulate are
numerous and touch physico-chemical aspects asawéflermal-hydraulics aspects.

The simulant materials were selected based on de&uaf criteria. Basing on the similarity analysis
conducted by [Veteau, 2006], the simulant matemase chosen for ARTEMIS 2D tests as:

e Melt: pure BaC}

* Concrete: mixture of BagLiCl at eutectic composition (25% mol Ba&15% mol LiCl)

The reasons for this material selection are expthin the next.
321 Physico-chemical and density aspects

Phase diagram
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Concerning the physico-chemical aspects, the gdittyileriteria are, basically, dependent on the phas
diagram. Figure 3-1 shows the analogy between iasgdiagram for an actual oxidic melt (JJ©
ZrO,) -concrete mixture and the ARTEMIS salts (Ba€LiCl).

UO, and ZrQ are the refractory species in the reactor casétifmeéemperature is about 2700 °C ~
2850 °C). These materials are simulated by purel Bamklting temperature is ~ 960 °C). Concrete
(melting temperature ranging between 1200 °C ar@iD I®) is represented by the eutectic mixture
containing 75% LiCl mol percentage and 25% Bafibl percentage (melting temperature: 522 °C).

AT (K) A AT (K)
2800 j—

1500 800
7/ a D D

UOo2 + Zr 02 Concrete BaCl2 LiCl

9000 kg/m? 2000 kg/m? 4000 kg/m?3 2000 kg/m?
REACTOR ARTEMIS

Figure 3-1. Phase diagrams in the case of reactodahe case of ARTEMIS.

The binary mixture of BaGland LiCl were chosen because their phase diagnamssthe following
criteria of similarity compared to the reactor metis:

e Solidus temperature of “melt” close to melting teargiure of “concrete”;

Tquuidus ~Tsolidus

* A sufficiently large melting interval, i.e——————— = 05+1;

melt

e A partition coefficient close to 0 in both cases. Bb#d, that is thermodynamic-equilibrium with
a liguid melt at any composition, is solely compmbséthe refractory component.

Densities and other physical properties

To conserve the density ratios (that plausibly k@atcrust deposition), the following constraint
concerning the densities is fulfillefsoncrete <Pouik < Perustiretractory species Table 3-1, Table 3-2 and Table
3-3).
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Table 3-1. Physical properties of actual reactor in@5% mass U@and 15% mass Zr¢)
and an actual concrete.

Density Heat Thermal Enthalpy of melting Melting
capacity conductivity temperature
kg.m°® Jkg' KT wm'K?T J kg °C
Concrete 2390 860 1.3 2.2%1@ilicious) ~1500
2.4 16 (LCS)
3.5 10 (limestone)
Melt crust 8000 600 3 3.710 2600
(refractory
species)
Melt liquid 2500~7000 760 2.4

Table 3-2. Physical properties of Ba{Qlsimulant material for refractory species of melt)

Density Thermal  Solute Kinematic Heat Thermal Enthalpy Melting
expansion expansion viscosity capacity conductivity of temperature
coefficient coefficient melting

kg.m® K™ kg.kg" kg.m'.s* J.klg'l wW.mtK*  Jkg' °C

K
BaCL 3500 594 0.5(at400 7.410 960
solid °C)
BaChL 3150 3.210° 0.9 1510 522 0.8
liquid (at 960
OC)

Table 3-3. Physical properties for simulant concegimixture of BaC} 25% mol-LiCl 75% mol).

Density Thermal Kinematic Heat Thermal Enthalpy Melting
expansion viscosity capacity conductivity of temperature
coefficient melting

kg.m® K™ kg.m'.s" J.klg'l W.mtK*  Jkg' °C

K
Solid 1638 700 2610 522
(porous
solid)
Liquid 2439 3.210 10° 800 0.64
3.2.2 Thermal-hydraulics aspects

To approach the similarity between the reactor easkthe experiment in terms of thermal-hydraulics,
the parameters to be set in an experiment areugerfecial gas velocityy.s the imposed heat flux
to the solid, the initial height of the mdH;,; and the transport properties of the melt (dynamic

viscosityp, thermal conductivitylyy).

In the reactor case, range of valueg gy ¢ andH, of interest are:

*  Jgas= afewcm/s;
e 210W.m?< g <210W.m%
e 0.4m<Hj <3m;

e 0.1 Pas<g<~10 Pas.
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Height of the melt

For the mixture BaGILICl employed in ARTEMIS, the melt cavity is contiously enriched with
LiCl by mixing of molten concrete and formation afcrust (plausible enriched in BalCht the
interface between the melt and concrete with aifsignt thickness. At small scale, the enrichment
rate of the melt with concrete will be faster, doethe small mass ratio between the melt and the
concrete. The size of the test section is alsotrained by economical aspects to ~ 40 litres.

A compromise had to be found between melt enriclimae (that is mainly controlled by the power
dissipation), and the thickness of any crust wigifractory materials. This compromise kept a
representative melt height of 0.3 ~ 0.5 m.

Crust thickness and power level

Preserving characteristics of the crust such akrkss and the characteristic time for crust foionat
are of special interest. Assuming that the thickrafsthe crust is controlled by heat conduction and
assuming the temperature at the interface betwesticnust is the liquidus temperature of the melt
and the temperature at the interface between camstrete is the melting temperature of the concrete
Tmer then the crust thickness is given by:

_ /]crust(Tquuidus _Tmelt)
Zcrust - ¢ (3_1)

Besides, the time required for crust formatieg)(is:

refractory
/]crustpcrustATsoI Lsolidificaﬁon

¢2

r (3-2)

sol —

wherelqust andperuse are the thermal conductivity and density of thestimaterialy is the heat flux
transferred through the interface between meltanst, 4Ty is the solidification interval of the melt

material Tiiquidus Tsolidu9 @nd Lrefractory s the latent heat of solidification of refract@yecies to form

solidification

the crust.

Considering that the thickness of the crust habletoepresented (centimetre range), and knowing the
thermal conductivity and melting interval of theterdals, leads to a specific heat flux range of(b00
to 15000 W/m2K. This heat flux range leads to tpi@er dissipation in the experiment in the range
of 2 kW to 10 kw.

Heat losses

This is a rather small power level for a test sectivorking at elevated temperature (500 to 1000 °C)
with a large external surface (~ 2 m?). Therefgpecial care must be taken to reduce the heatslosse
in order to be able to ensure a good control optheer balance.
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Superficial gasvelocity

The superficial velocity of the injected gas at tleecrete interface was preserved between theoreact
and the experimenjytsranging from 1 to 5 cm/s).

The ratio between the power absorbed for gas hpaimd the imposed power should also be
preserved. For the reactor case, this ratio islgftygically less than 5%). In ARTEMIS, the power
absorbed for gas heating is about 330 W [fer= 1 cm/s andlys in = 400 °C and the dissipated
power is ~ 4000 W). Therefore, the ratio is aba0B0which is a little bit larger than the ratiothe
reactor case but stays still at a reasonable lduweva

Concrete ablation rate

The above consideration fixes the concrete ablatitmwhich is given by:

9
concrete (3-3)

Vap =
Pmc I-melting

wherepyc is the density of the molten concrete arjfiiis the latent heat for melting of concrete.

In ARTEMIS, the ablation velocity of the concretelhietween a few cm/h to ~10 cm/h. This ablation
rate is similar to the ablation rates in the reasiimation

Viscosity

The viscosity of real corium might be small (in tbase of limestone concrete, containing a small
amount of silica) or elevated (in the case of sdigs concrete). Elevated viscosity could not be
simulated with the materials chosen for ARTEMISjakhis an important limitation.

3.2.3 Phenomenato be captured in ARTEMIS

During the ARTEMIS 2D tests, the experimental datacerning the following parameters are
expected to be collected.

* Interms of thermal hydraulic phenomena:
- Melt temperatures evolution and temperature digtioin in the melt
- Interface(s) temperatures evolutions (lateral adala
- Ablation rate of concrete (evolution of cavity sbap
- Gas flow rate
- Void fraction in the melt
e Interms of physico-chemical aspects:
- Formation of crust at the liquid-solid interface
- Crust thickness (position of melt interface(s) usrgime)
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- Crust growth rate
- Crust composition

- Melt composition (average and distribution)

3.3 Description of thetest facility

The description of ARTEMIS 2D test section is prded in details in the work of [Samaille et al.,
2007]. Only main features are recalled in the next.

A general sketch of the ARTEMIS 2D installationsiBown in Figure 3-2. The installation of the
ARTEMIS 2D includes:

A melt furnace for heating the liquid melt to a ciied temperature before transferring it into the
test section.

A test section containing concrete and an initality that will be filled with liquid melt. An
electrical heating system is provided in the catetgimulate the power dissipation.

A lateral tank, initially empty, designed to reaeithe melt at the end of the experiment by tilting
the test section. The aim is to separate the matt the solid crust that is plausibly deposited at
the interface(s).

Insulation with a specific system to reduce thetHesses. A total compensation of heat loss
consists of 18 independent zones of temperatureaton

Argon gas source for generating and providing gdké test section, with preheating.

A system of mobile instruments (mobile probes 1Ehatmelt centre and 2D at the lateral wall of
the melt cavity) for measuring:

The melt temperature distribution in the cavity awedr the melt-concrete interface;
The position of interfaces and interface tempeestur

The melt composition distribution in the melt.

Details of each component are given in the next.
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Figure 3-2. ARTEMIS 2D installation.

331 Melt furnace

The melt furnace, with a storage capacity of 4@dit allows the melting of "melt material" to the
temperature of maximum 1000 ° C. This furnace (Féd3+3) composes of:

e The volume of liquid melt;

A fusible plug at the lower end, allowing melt &te from the furnace to the test section. It
permits to drain the melt within a few seconds.

Z — &
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¢ 107

etalegout
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Figure 3-3. Melt furnace for ARTEMIS 2D.

3.3.2 Test section
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The test section is composed of a mechanical asgevhiseveral modules. Each module will be
described in the followings.

Gasinjection system

The gas injection system is designed for gas sig@rielocities ranging from 1 to 5 cm/s (at the
melt-concrete interface). The gas is injected katvBls (QM1 to QM5). Measurement of gas flow rate
is performed using five mass flow meters (Figur4) 3The measurement of gas inlet temperature is
achieved (TR1) and the measurement of pressure acopss the test section is measured by a
differential pressure sensor DP1 (Figure 3-4). Dyithe test, the mass flow of gas in each injection
section is recalculated every time the surfacehef ¢avity changes in order to keep constant the
superficial gas velocity at the melt-solid integac

Heating elements Thermal isolation

Gas injection
from lateral side

Smaller grains

Gas injection
from bottom

Figure 3-4. Gas injection system for ARTEMIS 2D.

Porous concr ete

The concrete has 46 % porosity for the main pdré doncrete grain size ranges between 200 pm and
900 pm. Its permeability has been measured by [Dyed Camel, 1998] and is about 3'1@ to 6
10 n?

The concrete cavity, with a height of approximaté) mm (this value may change for each test) and
800 mm in diameter, is divided into several pdttsonsists of four independent axial rings, edoQ r
has a separate lateral argon gas injection. Geastion is connected to an annular external chandber.
porous sheath (inox) permits to control the unifityrof the gas injection. This is achieved by |ldegt

the main gas pressure drop through the poroustshedtnot in the porous concrete. Special attention
has been paid to the elimination of gaps betweenntix porous sheath and the concrete. In order to
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eliminate axial redistribution of gas within thencoete, horizontal separators (horizontal rings of
small thickness) which are made of material idexhtic that of concrete but with much finer grainesi
(< 200um) are installed between each concrete section.

Chamber-for-gas: Tiswicoged @ﬁm-
redistributiony —— cavity]
/ " 2 A

® : N

| /

Heating-
Separat FREEINE
separater] element [T

Figure 3-5. Gas injection and separation system.

Each axial zone in the concrete is also instruntenteh 0.5 mm thermocouples that are embedded
inside the concrete, arranged in 4 planes at 90iubaal intervals (45°, 135°, 225°, 315°). In total
there are 98 thermocouples. The thermocouplesadrally uniformly spaced with a pitch of 80 mm,
however, the distribution is closer (40 mm pitehR planes: the first being the vertical planethat
bottom centre line (TB4A, TB5A, TB6A, TB7A, TB8A,BRA) and the second is radial and located in
the top region TB3C, TB3D, TB3E, TB3F, TB3G, TB3lHigure 3-6). Indication from these
thermocouples not only provides the evolution afaloconcrete temperature but also the position of
the ablation front and evolution of the corium ¢ashape during molten corium-concrete interaction.
During the test, the ablation front is followed lome and interfacial area of the corium cavity is
calculated continuously.
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Figure 3-6. Thermocouples matrix inside the conoeet
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Melt cavity

The melt cavity has cylindrical shape and is didid&o two parts. The lower part is located indige
concrete region and the upper part is situatetiercontinuation of the upper cylindrical cavitytbé
test section and the melt may fill partially thigptzone (Figure 3-7). The diameter of the melttyasi
300 mm and its total height is 552 mm, receiving liuid melt from the melt furnace. The height of
the liquid melt is variable for each test (from 26fn to 550 mm). Heat losses are controlled in Zone
7 (melt height), in zone 6 (argon gas) and Zon&dp (id). A jet-braking system is also installedfe
outlet of the drain tube that avoids jet impactoncrete material.

QM2 === T

QM3 1
e 4t
QM4 —il; A oy Zone 11
QM5 < ;»-—.' Zone 12
e I_ .\\‘ Zone 14
Q-\”\ Zone 13

Zone 15

Figure 3-7. Melt cavity.
Simulation of heating power

An annular heating element is submerged in theidigoelt. The heating elements are electrically
insulated from the melt material. They are compasfeseveral modules with a rated output of 2 kW
each module. These elements are fed continuoussydtgbilized current supply. The diameter of the
heater is about 20 cm and the height ~ 15 cm. heamocouples Tsl and Ts2 are connected to the
heating elements for security reason (to prevenhiblt temperature exceeding 1000 °C).

3.3.3 I nstrumentationsin the melt cavity

Temperature measurement and melt sampling in the melt cavity

Several thermocouples located inside the coriuntycallow measurement of corium temperature.
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Thermocouple TC1 (0.5 mm diameter) (Figure 3-6) sueag melt temperature is placed near the
centre of the heating zone at distance 116 mm fharinitial bottom of the melt cavity. In addition,
10 thermocouples from TC3 to TC12 are installedadix cane to measure the vertical temperature
gradient in the corium cavity. These thermocoupleslocated from distance of 266.4 mm for TC3 to
23.4 mm for TC12 from the initial bottom of the won cavity. The distance between them is fixed at
27 mm.

A sampling tube permits to take samples in the westitre with a volume of 1chior each sample.
From ARTEMIS 10, the samples can be taken simuttasly at different elevations at the same time
(6 different elevations).

A mobile probe 1D (Figure 3-8) permits to detea gosition of the melt solid interface at the cavit
bottom and simultaneously to measure the axial ¢eatpre distribution in the vicinity of the
interface. Its tip is initially placed at ~ 4 cmosde the lower surface of the concrete. The probe is
periodically moved. The displacement-length is fmeaup to 255 mm depth from the initial position
of the concrete surface. A displacement sensocatels the position of the current measuring point
and a force sensor is aimed to help to avoid thmping of the lower crust (But the lower crust
revealed to be very soft and the probe probablyepated the bottom cake layer). After each
measurement, the probe returns to the “waiting tipmsi 4 cm in elevation above the deepest
position. The position of the thermocouples is shaviFigure 3-8.

N Y
N
N N
N
T+15 — ) \
0 4 NN ]
T+5 N \ ﬁ\ﬂ 2
B —y N\
\Rﬁ,’? O -
= g & v v,
o _.-—-""'_--_-_# -_—Q (yp)
Ti — Y '
T3

Figure 3-8. Sketch of the geometry at the tip oEtmobile probe 1D.

The temperature measurement near the lateral daleomelt cavity is performed by a mobile 2D
probe equipped with 11 thermocouples (type N ClHsg¢Figure 3-9). This 2D probe can move
upwards and downwards in the vertical directiotiates to detect the position of the lateral liquid-
solid interface at a given elevation of the meiltigaand permits to measure interface temperatare a
well as the temperature in the vicinity of this eriace. Knowing the distance between the
thermocouples installed on the 2D mobile probe, rddial temperature profile at a given cavity
elevation will be deduced. The commissioning o$ ghiobe was completed during the second 2D test
(ARTEMIS 8). This probe was modified after ARTEM8In order to measure the temperature of the
lateral interface in all configurations (concave ammvex interface) (Figure 3-10). The working
mechanism of the mobile probe 2D is describedérfotiowings:
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* When the desired vertical position is reached, ghebe starts rotating until contact with the
interface. This contact is detected by a torquédition.

« Once the measurement is performed, the probe sdbaiek to the original position.

« The probe is positioned at a new vertical position.
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Figure 3-10. Schematic of 2D mobile probe from ARVES 9 to ARTEMIS 13.

M easur ement of void fraction in melt cavity

Measurement of void fractiong.s in melt cavity is carried on by injecting a lowsgélow in an
immersed tube to measure a pressure equivalehetormersion height of the tube by a sensor (the
distance from the melt surface in the test sedimh the tip of the immersed tube, Figure 3-11). The



ARTEMIS DESCRIPTION 85

differential pressure drop between two tubes wittmersed height$, and h, in a distancedH
between each other allows the determination ohtlezage void fraction over the heighi. The link
between the pressure in each tube and the heigihe dfihmersed tubes is as following:

APCl= p, 9 hl(l_ agaS) (3-4)

APC2 = Py gy (L= A gas) (3-5)

wherepyyi is the density of liquid melt anglis the acceleration of gravity.

The average void fractioy,s along the heighttH is then deduced:

1 APC1-APC2

gas Pouk 9AH (3-6)

where:
e (4PC1-4PC2 is the pressure difference;
*  pouk MH is the pressure difference for pure liquid;

e AH =x1 - X = h, —hy is the distance between the tip of the two tubewhichx; andx, are the
distance from the melt cavity bottom to the tipstaf tubes.

.

S
o

:.le‘ Element
2 Bl chauffant

QM2 {(Nm3'h)
[=]

b
- i QM 3 (Nmdih) o
li--l “\ !
[ B
o
u|--||
=]
E q ¥
OMS (Nm3/hy

Figure 3-11. Void fraction measurement.

Control of heat losses during test
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During the test, the concrete heat up and melt map touch the external steel vessel. The
temperature of the vessel will increase and cdicmsa showed that heat losses may become very
large (several kW). Therefore special care has liaken to reduce the heat losses under these
conditions.

The thermal control of these three top zones se¢tones 5, 6, 7 in Figure 3-7) is operated in otoe
regulate the wall temperature to the temperaturth@fmelt in the top melt region. In that way the
radiation heat losses are minimized. On the sidéswzones 9 to 12) a guard heating and thermal
insulation are designed to ensure zero heat loss.

The ceiling of concrete (zone 8 and zone 8big)uflé 3-12) has been designed to limit heat loss by
conduction and radiation.
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Figure 3-12. Heat loss control system.

3.4 Fabrication of concrete

The concrete is especially fabricated from a sididimelt having concrete composition. (75% mol
LiCl — 25% mol BaCf%). After that, Crushing and sieving of solid caterare carried out under dry
gas. Sizes of concrete particles before compldtiegsintering in the test section are between 80 um
and 800 um. The concrete particles are droppedtlirtdest section and cold-pressed in place, layer
by layer. The insertion of the 98 thermocouplesaisied out during this process.

The next step is sintering at 400 °C with percalggargon gas for several hours using external
heating elements zones 8-15 (Figure 3-12). Fotdbis that are considered here, the test begihs wit
this hot concrete (the concrete is not cooled dmworder to avoid crack formations in the concrete)
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3.5 Test matrix

ARTEMIS 2D series include seven tests, carried lmetiveen 9/2005 and 2/2008. The main test
parameters are given in Table 3-4.

Table 3-4. ARTEMIS 2D test matrix.

Test | Melt simulant Initial temperature of | Gas Applied | Initial melt Cavity
materials melt in furnace superficial power height geometry
velocity
°C m/s W m
7 Pure BaCl 1005 0.01 4000 0.5 X=0.25m
Z=0.25m
H=0.205m
D=0.3m
8 Concrete (25% mol| 562 0.01 4000 0.5 X=0.25m
BaCl, 75% mol Z=0.25m
LiCl) H=0.205m
D=0.3m
Pure BadGl 1005 0.01 4000 0.28 X=0.2m
9 Z=0.12m
H=0.33m
D=04m
10 |Pure Bad 1005 0.02 6000 0.45 X=0.25m
Z=0.12m
H=0.26 m
D=0.3m
11 | Concrete (25% moll 562 0.02 6000 0.33 X=0.25m
BaCl, 75% mol Z=0.12m
LiCl) H=0.26 m
D=0.3m
12 | Concrete (25% mol 712 0.04 4000 0.37 X=0.25m
BaCl, 75% mol Z=0.12m
LiCl) H=0.26 m
D=03m
13 |Pure Bad) 1005 0.04 9000 0.55 X=0.25m
Z=0.12m
H=0.26 m
D=0.3m

X: initial thickness of the lateral concrete wall
Z: initial thickness of the bottom concrete wall
H: the height of the melt cavity in the concretet pa

D: the diameter of the melt cavity

ARTEMIS 7 was the first test in ARTEMIS 2D seriesinducted on 16/09/2005. For this test,
interaction between melt (pure BaChnd concrete is investigated. This test showedeéential
radial ablation.

In order to analyse the origin of preferential ehdablation, it was decided that the objective of
ARTEMIS 8 was to study pure 2D thermal-hydraulibgpomena only with elimination of the effects
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related to physico-chemistry. For this purpose sihaulated melt was replaced by a liquid mixture of
BaCkL and LiCl, having an identical composition to tlitconcrete (25% mol Baghnd 75% mol
LiCl). This test was also an opportunity to tese¢ gherformance of the vertical mobile probe in
measuring the interface temperature at the bottbtheomelt cavity. Again, the test resulted in an
ablation of concrete which is preferentially radial

In ARTEMIS 7 and ARTEMIS 8, there was some posiibihat the configuration of the cavity could
be at the origin of the preferential radial ablati®he boundary layer flow induced by gas injecthon

the lateral surface of the concrete cavity impaxtsthe horizontal roof of the cavity. This impact
could induce a local recirculation that could erdealocal heat exchange and potentially increase the
radial ablation (Figure 3-13).

SIS LS LSS S S S Y IS SIS,

Figure 3-13. Geometries of ARTEMIS 7 and ARTEMIS 8.

In ARTEMIS 9 the top geometry of the concrete gawiis changed for the purpose of avoiding flow
recirculation induced by the roof of the concretgity. The volume of the cavity in the concrete was
increased and thus the initial level of the liqunelt was reduced, together with a reduction of the
initial melt mass also. The heater was also raigetb prevent the direct contact of bottom sohéec
with the heater) (Figure 3-14). The results of ARTE 9 were compared with those in ARTEMIS 7
(similar materials) to obtain the effects of geamenodifications to the ablation of concrete.
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Figure 3-14. Geometry of ARTEMIS 9 (the heater igised up and the thickness of the bottom wall
of concrete cavity is reduced).

Results of test 9 were similar to those obtainedRTEMIS 7 and ARTEMIS 8. A preferential radial
ablation was observed after the test.

ARTEMIS 10 was conducted with similar materialsARTEMIS 7 and ARTEMIS 8. However, in
this test, significant technical modifications wenade to the test installation. The ceiling betwtnen
concrete wall and the melt was amended to limit less by radiation and conduction and also with
the intention to block local recirculation (FiguBel5). A temperature sensor was installed in oroer
measure the vertical temperature gradient in the ifiee sampling cane was modified in a way that it
was possible to take more samples simultaneousiial(@omposition distribution in the melt).
Besides, in order to avoid the formation of craicksoncrete, both sintering of the concrete at 4D0
and test were conducted continuously without cgolri the concrete. In test 10, the superficial
velocity of the gas was doubled (2 cm/s) for theestigation of gas velocity effect on the concrete
ablation.
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Thetmal insulation

P

SIS

Figure 3-15. Geometry from test 10 (with upper theal insulation).

ARTEMIS 11 was carried out with melt having the gmsition of concrete (as in ARTEMIS 8). The
parameters of this test were identical to thosARTEMIS 10, except the initial temperature of the
melt and its composition. Initial temperature o thelt isTe+ 40 °C = 562 °C, aiming at verifying
the effect of initial temperature of melt onto tiest results. The results of this test were contptoe
those of ARTEMIS 8 to see the effect of superfigas velocity and those of ARTEMIS 10 to obtain
the difference in concrete ablation with differeimhulant materials. It was shown that the ablatbn
concrete in radial direction was already dominant.

ARTEMIS 12 was another study of thermal-hydraukéfects with melt having the composition of
concrete, as in ARTEMIS 11. The gas velocity washiied in comparison to ARTEMIS 11 (4 cm/s)
and the initial temperature of the melt is 722 °@Gich is 200 °C ovell e (522 °C). The test was
conducted with an expectation of enhancing the traatsfer to the bottom of the melt with a higher
superficial velocity of gas (In ARTEMIS 11, wiflg.s = 2 cm/s, only radial ablation was observed).
Again, preferential radial ablation was observed.

ARTEMIS 13 was aimed to investigate the interactietween melt and concrete taking into account
both thermal-hydraulics and physico-chemistry atspéd¢ence, the simulating materials are similar to
those of ARTEMIS 7, ARTEMIS 9 and ARTEMIS 10. Thewer dissipation was increased up to
9000 W. The gas velocity is the same as than in BRI 12 (0.04 m/s). Also, this test was done
with the maximum value of the initial height of méH.« = 0.55 m) that is compatible with the
capacity of the furnace (40 litres). The resultsogbrovide a preferential ablation of concrete, as
obtained in all previous tests.
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3.6 Test procedure

Increase the setting temperature of the melt fienade higher than the liquidus temperature of
the melt by, at least, about 20 °C.

Start argon bubbling for void fraction measurements

For preventing heat shock in the corium cavitynton the heating elements a few minutes before
transferring the liquid corium to the test section.

Adjust the nominal gas mass flux (correspondinguerficial gas velocity).

Thermally insulate the fusible plug and heat thélebuof the furnace to 1000 °C (melting
temperature of the fusible plug).

The test begins when the fusible plug is moltenewhll the corium is transferred into the test
section, the nominal power is set on the heatiegheht. During the test, this power is readjusted
due to variation of the electrical resistance eftieating element with temperature.

Displacement (up/down/rotated) of the mobile prokbsuld be made every 5 minutes. The
measurement duration is about 3 minutes, whicludesd the time delay needed for going down,
stabilization and measurement.

The gas flow can be stopped or adjusted by theatqreduring the test for each separate injection
zone.

Evolution of the ablation interface can be obsemsithg the installed instruments (mobile probe
and thermocouples in the concrete).

The test must be stopped when the temperaturdee dateral walls are greater than the melting
temperature of the concrete (522 °C).

The test section is tilted at the end of the expent; the liquid melt is transferred into the
dedicated tank.

When the experimental apparatus is at ambient teatpe, the test section can be removed from
the concrete part.

Finally, sampling at the interface can be madecfonposition analysis.
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CHAPTER 4: MELT-CONCRETE INTERACTIONWITH
EUTECTIC MATERIALS

41 ARTEMIS11test description

ARTEMIS 11 is the fifth among the seven tests inARTEMIS series, carried out in 2007. This test
was aimed at eliminating the physico-chemistry affe(i.e. segregation effect related to the
refractory) and studying pure 2D thermal-hydraulpg®nomena controlling the ablation of solid
concrete (separate effect approach). For this garpbe liquid melt was taken by a liquid mixtufe o
BaCl, and LiCl having the eutectic composition thatientical to the composition of concrete.

411 Test initial conditions

Melt (corium)

* Eutectic composition: 25% mol Ba£15% mol LiCl (62.04% mass Ba£37.96% mass LiCl)
* Liquidus temperature (eutectic temperature): 522 °C

e Initial pouring temperature: 562 °C

e Initial mass: 57 kg

Initial volume: 0.0233 rh

Concrete

* Eutectic composition: 25% mol Ba£15% mol LiCl (62.04% mass Ba£37.96% mass LiCl)
¢ Melting temperature: 562 °C

« Initial temperature: 400 °C

e Initial mass: 259.25 kg

e Porosity: 46%

¢ Grain size: 0.2 ~0.9 mm

Argon gas
e Inlet temperature: 400 °C

e Superficial velocity at the melt cavity interfa@cm/s

4172 Test installation

The test section characteristic and instrumentatiame described in detail in the previous chapter
(Chapter 3). Figure 4-1 represents the initialrageanent of ARTEMIS 11. The melt cavity has 30 cm
diameter and initial height of the liquid melt inhet cavity is 32 cm (among which only 26.5 cm is
inside the concrete cavity). The heating elemerdgdarated from a distance of 6.24 cm to 14.04 cm
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from the bottom of the melt cavity. The power dission from the heating element in ARTEMIS 11
is 6000 W while the superficial gas velocity at thelt-concrete interface is maintained at 2 cmfe T
test duration was 2 h 22 minutes 18 s but gas wiasftat 1 h 45 minutes.

+— 26ecm ——>+«——— 30cm ——*

Thermal isulation
QM2 Corium

QM3 Qada = 6000V

m

QM4 ———— |0

QM5 R
~.~. Concrete

. Smaller grain size

z:zm

Figure 4-1. ARTEMIS 11 initial arrangement.

4.2 ARTEMIS11 experimental data

4.2.1 Evolution of melt temperature

Evolutions of melt temperatures at different elewatz in the cavity £ is the distance from the initial
melt cavity bottom) during ARTEMIS 11 test are dtcated in Figure 4-2. Minimum temperature is
obtained in the bottom zone of the melt cavity T6y12,z = 23.4 mm). In the heated zone, the bulk
temperature increases with the increaginglaximum bulk temperature is measured at the duipu
the heated region (by TCZ = 140 mm). The difference between maximum and mmimn
temperatures in the melt cavity is less than 25°C.
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Figure 4-2. Evolution of bulk temperature at diffent cavity elevations in ARTEMIS 11.

During the first minutes, the melt temperature dases from its initial temperature (562 °C) down to
535 °C at TC124 = 23.4 mm) or 540 °C at TCZ € 116 mm) and TC2z(= 140 mm). After that, it
stays quasi constant during approximately 17 msuBeyond 17 minutes, the melt temperature
increases to a peak value (maximum temperature ureshdy TC2 increases to 564 °Ctat 40
minutes) then decreases again to 537 °C ~ 542 fi@ér A= 1 h 45 minutes, the gas is cut partially,
leading to a new increase of melt temperature.

422 Evolution of axial temperature distribution

Figure 4-3 depicts the evolution of the axial terapgre distribution in the melt cavity (z = O
corresponds to the bottom of the melt cavity whgheduced by 2 cm from the initial position of the
cavity bottom due to the quick ablation at the duotinterface with the concrete only seen in thet fir
few seconds). The temperature in the upper regi@tearly higher than in the lower region.tAt 17
minutes, the temperature profile inside and abdwe heated zone is quite flat. An important
temperature gradient is only seen in a region gf@pmately 30 mm thickness from the bottom of
the melt cavity. At > 17 minutes, a positive temperature gradienbieoved inside the heated zone.
The temperature distribution above the heated ms#ll quasi uniform. At the bottom interface kit
concrete, the interface temperature is measuréueamelting temperature of the concréelge( = 522
°C).
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Figure 4-3. Evolution of axial bulk temperature disbution.
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Figure 4-4. Evolution of radial bulk temperature diribution.

Regarding to the radial temperature distributiorthe melt near to the lateral interface at différen
cavity elevations, Figure 4-4 indicates that thragerature in the cavity centre is greater than tiear
lateral wall (the position of the lateral is movidge to cavity evolution). A thermal boundary lajser
observed within a distance of 3 ~ 5 mm from therkdtwall. In this region, a significant increade o
temperature is measured. The radial temperatuidiegrain the centre of the cavity is much smaller
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than in the boundary layer region. In addition, theasured temperature at the lateral liquid-solid
interface is about 8 °C to 10 °C beyond the meltérgperature of the concrete.

4.2.4 Evolution of average concrete temperature

The evolution of average concrete temperatureasvslin Figure 4-5. This temperature is calculated
by taking the volumetric average of the temperatumeeasured by maximum 85 thermocouples
located inside the residual solid concrete. Ondyttiermocouples located in the residual solid valum
are considered for this calculation. The detathig calculation is presented in Appendix 6.
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Average concrete temperature (T)

380 ‘ ‘ ‘ ‘
0:00:00 0:28:48 0:57:36 1:26:24 1:55:12 2:24:00

Time (h:min:s)

Figure 4-5. Evolution of average residual solid corete temperature.

4.2.5 Evolution of melt cavity shape

Figure 4-6 illustrates the evolution of melt cavilyape at four azimuth angles (45°, 135°, 225° and
315°). The position of the melt cavity interface dstected by thermocouples located inside the
concrete cavity. Determination method is descriimedetails in Appendix 6. As seen in Figure 4-6,
ablation occurs mainly in the radial direction (b cavity lateral wall). Axial ablation at the dgv
bottom is very minor (only 1 cm) and is observedyoat test initiation (in the first minute). In
addition, radial ablation is not uniform along theight of the melt cavity. Ablation at the top zase
stronger than in the bottom zone. At the eind 2 h 11 minutes), the thickness of ablated corcaét
the top ranges between 34 ~ 38 cm while less than df concrete are ablated in the lower part ef th
cavity bottom.

Evolution of the mass of molten concrete deducenhfthe cavity shape data is depicted in Figure 4-7.
It is seen that about 83 kg of solid concrete tasted at the end of ARTEMIS 11.
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Figure 4-6. Evolution of melt cavity shape at foazimuthal angles.
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Figure 4-7. Evolution of molten concrete mass.

43 ARTEMIS11 dataanalysis

4.3.1 Energy balance

In order to verify the energy conservation during&EMIS 11, the energy balance will be calculated
using the reported experimental data for a contohlime containing the liquid melt cavity and the
surrounding solid concrete. Details of this caltalaare given in Appendix 5.

Energy is conserved when the variation of the gnetgred in the control volume between instiant
andt = 0 is equal to the total energy dissipation friiva heating elements minus the energy that
serves for gas heating. The energy stored in theaosolume includes:

« Energy due to cooling of the initial melt;
« Energy due to heating up of the solid concrete;
« Energy for melting part of the solid concrete;

« Energy for heating the molten concrete up to thit temperature.
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Figure 4-8. Energy balance in ARTEMIS 11.
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Figure 4-9. Energy distribution in ARTEMIS 11.

Figure 4-8 indicates that the energy that servegds heating is minor in comparison with the eyperg
generated from heating elements and with the vaniaif energy stored in the materials of the cdntro
volume. Generally, energy is conserved. The entogy is less than 10%. In addition, Figure 4-9
shows the distribution of energy. It is seen theg main energy in the control volume serves for
concrete ablation. Another important part of eneigyevoted for heating up the solid concrete.
Energies related to melt cooling and molten coechetating to the melting temperature are minor

contributions.

4.3.2 Liquid-solid interface temperature

As observed in Figure 4-3, the interface tempeeattithe cavity bottom is the melting temperatdre o
the concrete (522 °C). Figure 4-4 shows that thepezature at the lateral wall of melt cavity ranges
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between 528 °C to 532 °C, which is a few degreghdrithan the melting temperature of the concrete.
This difference might be due to the position of thermocouples relative to the interface and to the
heat transfer in the thermocouples and in the stippcstructure.

4.3.3 Prediction of heat transfer mechanism in the melt cavity

Analysis of flow recirculation in melt cavity

According to the axial and radial temperature dhstions depicted in Figure 4-3 and Figure 4-4, the
melt temperature in the upper part of the melt tyais higher than in the lower part and the
temperature in the cavity central is higher thaarrtbe lateral wall of the cavity. This observation
indicates an upward flow in the cavity centre andoavnward flow in the boundary layer near the
liquid-solid interface. This behaviour emphasizke existence of a flow recirculation in the melt
cavity which is similar to what occurs under nakwanvection. This result seems to be surprising
since gas is injected and is expected to induceod gas-liquid mixing in the melt cavity, leading t
uniform temperature.

Heat transfer coefficient relative to natural cortien in a heated liquid cavity can be estimated by
numbers of correlations developed in the literattifeerefore, it is interesting to compare thesd hea
transfer coefficients with the data deduced from ¢ixperimental data of ARTEMIS 11 in order to
determine if there is a gas release effect on ¢la thansfer in the melt cavity.

Calculation of heat transfer coefficient to the melt-concrete interface

From the experiments, the average heat transféfiaeat (h,,, ) from the melt cavity to the liquid-

solid interface in ARTEMIS 11 can be estimated as:

hou = ————— (4-7)

wherein:
e ThukmaxiS the maximum temperature of the melt (measuyeti@® at the outlet of the heater),

« T is the liquid-solid interface temperature whicltaken as the melting temperature of the concrete
(T, =522°C),

* @(t)is the average heat flux transferred from the noaltity to the liquid-solid interface,
determined by:

- Qadd -
Y @9
in which:

s Quuqis the power dissipation in the melt cavity,

*  Saera(t) is the interfacial area of the melt cavity, estisahat each time step by the method
described in Appendix 6.
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The average heat transfer coefficient deduced R&MTEMIS 11 will be compared with the ones
obtained by existing heat transfer correlationsettgped for natural convection such as [Jahn et
Reineke, 1974], [Mayinger et al., 1975], [Theofamaet al., 1997], etc.... The approximation of
hemispherical shape or cylindrical shape is madethese correlations, average heat transfer
coefficient in volumetrically heated fluid cavityitlw wall cooling is written in terms of non-
dimensional Nusselt number, as follows:

= _ Apuk Nu

Py = —h (4-9)

wherein Nusselt is given as a function of intefRayleigh number as:

Nu= aRa’, (4-10)
and:
_ gﬂTQv H°
Ra =2fT=v -
an e 0 (4-11)

in which a andb are the coefficients of the correlations, g is gnavitational acceleratior is the
height of the fluid in the cavityy is the thermal diffusivity of the fluidjr is the thermal expansion
coefficient of the fluidp is the kinematic viscosity of the fluid,y is the thermal conductivity of the

fluid and Q, is the volumetric power dissipatio{ =ﬂwhereinvca\my is the volume of the melt

cavity

cavity, determined by the method presented in Agpe®).

It is shown in Figure 4-10 that the calculated hestsfer coefficient deduced from ARTEMIS 11 is
close to those provided by natural convection d¢atimns for certain time intervals (from 28 minutes
to 57 minutes and at> 1 h 20 minutes). However, fox 17 minutes and atz 1 h, the heat transfer
coefficient seems to be higher than for naturalvection. The difference in magnitude is however
only about 2-3 times. This means that the flowrmdation in ARTEMIS 11 at these time instants
seems to be more efficient than a pure natural edion. Such enhanced heat transfer coefficient
could result from a gas-liquid mixing in the medivety, leading to an enhancement of heat tranfer.
this is really the case, then the heat transfeinduhese periods should be compatible with a gas-
liquid convection heat transfer.

A simple method to see if gas has certain effedherheat transfer in ARTEMIS 11 is to compare the
heat transfer coefficient calculated from experitabdata with the heat transfer coefficient prodide
by gas-liquid convection correlations in literatwrberein the recirculation is driven by gas along a
flat plate [Gabor et al., 1976], [Gustavson et H.77], [Greene et al., 1980], [Chawla et al., 1984
these correlations, heat transfer is also caladla® a function of non-dimensional Nusselt and
Rayleigh numbers as done in natural convection. ¢4@eever, for the gas-liquid convection case, the
Rayleigh number is written as function of void tian (a4, Of the gas in the liquid cavity, as follows:

_gagH®

Ra,, = (4-12)

va

Comparison of the heat transfer coefficient deducedARTEMIS 11 with the ones given by gas-
liquid convection heat transfer correlations isvghan Figure 4-11 with an assumption of 10% void
fraction in the melt cavity. This average void tran is calculated based on the drift model apgnoac
developed by [Zuber et Findlay, 1967].
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It is seen that within the first 17 minutes, theithgansfer coefficient of ARTEMIS 11 is close ket
one provided by Gustavson’'s and Chawla’s corraiatitor gas-liquid convection. Hence, there is
probably a gas-liquid mixing in the melt cavity tlemhances the heat transfer during this time gerio
This is coherent with the flat axial temperaturstribbution observed experimentally in ARTEMIS 11
during this period. Starting frotn= 17 minutes, the heat transfer coefficient of ARIS 11 is lower
than the heat transfer coefficient predicted fram-fiquid convection correlations. At 1 h, the heat
transfer coefficient of ARTEMIS 11 becomes veryseldut still stays below the gas-liquid convection
heat transfer coefficient.

By comparing Figure 4-10 and Figure 4-11, it isddoded that a gas-enhanced recirculation plausibly
governs the heat transfer in the melt cavity<afLl7 minutes. During the remaining of the tess, ftow
recirculation in ARTEMIS 11 is closer to naturaheection.
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Figure 4-10. Comparison of average heat transferetficients between ARTEMIS 11 and natural convegtio
correlations.
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Estimation of flow velocity in the bulk

The average bulk velocityU(,, ) for ARTEMIS 11 is derived from the experimentata of

maximum melt temperatui®,x maft) and melt cavity volum¥..,in(t), as follow:
Q H

Pouik C ppuik (Touik max = Ti)

U pui () = (4-13)

wherein:

*  ppukiS the density of the liquid melt,
*  Cyuukis the specific heat of the melt,
e His the height of the melt cavity,

+  Q,is the volumetric power dissipation in the meltigav

Figure 4-12 shows the evolution of the estimatedratteristic flow velocity in the cavity axis in
ARTEMIS 11, which ranges between 3 10-4 m/s and1D8 m/s. Att < 17 minutes when gas-
enhanced convection controls the flow recirculatithe heat transfer is more efficient and the bulk
velocity is about 2-3 times greater than for 17 minutes where the flow recirculation seem$do
mainly governed by natural convection.
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Figure 4-12. Estimation of characteristic flow vetity in melt cavity centre for ARTEMIS 11.

TRIO CFD calculation for transient natural convection heat transfer

The previous discussion allows a comparison ohte transfer coefficient in ARTEMIS 11 with the
heat transfer coefficient derived from known caati@ns in literature which are developed for ndtura
convection and for gas-liquid convection. It hasmealeduced that in the beginning, gas-liquid
convection controls heat transfer in the melt gagihd then, natural convection becomes the main
heat transfer mechanism. However, it is noted tiinede correlations were developed only for steady
state heat transfer. Hence, they may be not adémtdtie transient. Besides, it is also interesting
investigate if the characteristic convection velpdhat has been deduced from experiment is
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compatible with the hypothesis of natural convettigor a better understanding of the transient heat
transfer mechanism during ARTEMIS 11, a complemgntalculation will be made with a CFD
code.

To fulfil this task, TRIO code has been used far ¢thlculation of natural convection in liquid miglt

a cylindrical configuration with the test materialsd same dimensions as in ARTEMIS 11. The initial
test conditions are taken as the conditions of ARTE11 test in natural convection periad> 17
minutes) with assumption of initial uniform bulknieerature in the melt cavity, i.&ux = 537 °C, the
wall temperature is taken as the melting tempegaddithe concrete, i.6; = Thner = 522 °C and the

power dissipation in the heated zone of the melitgas Q.4 = 6000W. The aim is to look at the

transient thermal hydraulic behaviour of a heategiid cavity with cooled wall in terms of

temperature evolution, temperature gradients apav flelocity in the cavity centre if natural

convection is assumed to be the main convectionhamesm. The details of TRIO calculation are
described in Appendix 3. Only main results are gné=d in Table 4-1.

It is demonstrated in Table 4-1 that the tempeeatlistributions in axial and radial directions et
melt cavity obtained by TRIO code for natural castien are relatively similar to those observed in
ARTEMIS 11. In addition, the flow velocity estimdtdoy ARTEMIS 11 is of the same order of
magnitude with the one calculated by TRIO for nalt@onvection situation. However, the maximum
bulk temperature measured in ARTEMIS 11 is smallean the steady state bulk temperature
predicted by TRIO. This means that the flow redatian in ARTEMIS 11 is not totally similar to the
classical natural convection occurring in a volumeatly heated pool with wall cooling which has
been studied widely in the past.

Table 4-1. Comparison between TRIO calculation featural convection and ARTEMIS 11.

TRIO ARTEMIS 11 att > 17 minutes
Transient Melt temperature increases from its initial Melt temperature increases from initial
duration value and reaches steady state after 800 s {ralue of 537 °C to a maximum valuetat

13 minutes) = 40 minutes then gradually decreases

again untilt = 1 h 45 minutes.

No steady state is observed

Maximum melt Toyk max= Toukst= 573 °C Toulkmax= 564° C (at = 40 minutes)
temperature

Axial Above the heated zone: flat Above the heated zone: flat
temperature

gradient Linear increase of temperature from the  In the heated zone: linear

cavity bottom to the top level of heated zone
(from 522 °C at the cavity bottom to 586 °CBeneath the heated zone: quasi linear
at the exit of heater) in steady state

Radial Flat in the cavity centre and decreasing in Flat in the cavity central and quasi linear
temperature the boundary layer in the boundary layer
gradient

Boundary layer thickness: 3 ~5 mm Boundary layer thickness: 3 ~5 mm
Flow velocity 8.3 10° m/s Transient between 3.2"18nd 7 10 m/s

on cavity axis

At least two factors can be considered as a passitigin for the differences concerning the natural
convection period between ARTEMIS 11 and TRIO daliton. First, the TRIO code did not take into
account the effects of wall melting, thermal ireeréissociated to these materials entering the melt
cavity and cavity shape modification during the lehtansient. Second, the TRIO calculation does
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not consider the modification of the geometry of ttavity (the increase if the interface area due to
melting wall will be shown to have an influence ¢time evolution of the melt temperature).
Furthermore, the injected gas should normally heffect on the heat transfer. Therefore, an analysis
of gas flow path will be of interest.

Investigation of gasflow path

In this section, an analysis of gas distributionARTEMIS 11 will be presented to evaluate the
behaviour of the injected gas when it flows throtigg porous concrete medium. The objective of this
work is to investigate if gas could by-pass thetroaVity or not.

TRIO code has been used for an estimation of geeitie on the interface between liquid melt and
solid concrete with similar configuration and ialtitest conditions as given in ARTEMIS 11. This
calculation allows determining the gas distributionthe porous concrete medium. An average
superficial gas velocity was expected as 0.01 imihe calculation casen ARTEMIS 11, the gas
superficial velocity was 0.02 m/s) along the iraeds of the melt cavity (except for the three
elevations at which the size of the concrete graimeduced). The local superficial gas velocitytios
liquid-solid interface is calculated as a functminthe cavity height and the distance from the tyavi
centre to its lateral wall. Details of the calcidatare given in Appendix 2. Only main results are
shown below.
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Figure 4-13. Estimation of gas velocity on the viegl interface of melt cavity.
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Figure 4-14. Estimation of gas velocity on the hpointal interface of melt cavity.

As seen in Figure 4-13 and Figure 4-14, with th&aincondition and material physical properties
given as in ARTEMIS 11, assuming that the permégbidf the porous concrete medium does not
change during the test, gas would penetrate theretmnand enter the melt cavity from both horizbnta
and vertical interfaces. The calculated superfiges velocity ranges between 0.005 m/s to 0.5 m/s.
On the horizontal interface, the superficial gaoeity is predicted to be higher in the periphdman

in the centre (Figure 4-14). Figure 4-13 illusteatkat at three elevations of the cavity at whioh t
size of the concrete grains is smaller, gas sifl enter the melt cavity but its superficial vetpds
lower than at other elevations with larger grairesi At other elevations with normal size of cotere
grains, the average gas velocity is about 0.01whish is the expecting value.

Some sensitivity calculations have been made. fitr@ase in concrete grain size leads to an increase
in its permeability, resulting in a decrease of galecity at the melt cavity interface becausedbe
can by-pass the melt more easily.

The fact that gas flows through the melt cavitycaherent with the experimental observation of
decreasing melt temperature evolution during tret fi7 minutes of ARTEMIS 11 (gas-liquid mixing
convection period). However, as discussed in tieeqating, after 17 minutes, the temperature gradient
in the melt cavity increases, indicating that theydess or even no more gas in the melt cavity.
Existence of gas in the melt cavitytat 17 minutes and its disappearance atl7 minutes are in
agreement with the measurement of void fracticARTEMIS 11.
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Figure 4-15. Void fraction measurement in ARTEMISI1

As seen in Figure 4-15, existence of gas in thd oaelity is detected only during the first 17 miesit
from the test initiation. The gas void fractionaBout 10% in average. After that, there is no more
record of gas in the melt cavity.

Entrainment of gas duringg < 17 minutes in ARTEMIS 11 can be explained by tposrtem
observations of several gas blowing holes at tpgdisolid interface. These holes are seen atride e
of the experiment after removing the remainingitiquelt from the cavity (Figure 4-16).

Figure 4-16. Existence of localized gas blowing bslat the melt cavity interface.

Figure 4-16 shows existence of certain holes atrtak cavity lateral wall after ARTEMIS 11. This
means that the gas did probably not penetrate #ié imterface uniformly but only at a reduced
number of locations and probably only during thistfL7 minutes in the test.

Disappearance of gas in the melt at17 minutes can be explained by two possibilities

e First, it might be due to an increase of permegbiliside the concrete. Indeed, when the
permeability of the concrete increases, gas caetpe the concrete more easily and might no
longer enter the melt cavity (Calculations withuasption of ten times and hundred times higher
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permeability in the porous concrete have been pedd to confirm this behaviour, shown in
Appendix 2). The increase of permeability mightchee to the formation of cracks inside the
concrete linked to temperature gradients in thea and thermal expansion.

Second, melting of concrete at the liquid-soliceiface might plug the porosity at the interface
between liquid melt and solid concrete, leading tecrease of the number of gas blowing holes,
preventing gas from entering the melt cavity. Hogrewa limited number of holes were observed
at the cavity interface at the test ending (Figthk6), indicating that gas still can enter the melt
cavity but plausibly with a reduced flow rate.

434 Conclusion from the analysis

Main conclusions have been made from the precetiatysis of ARTEMIS 11 experimental data.

First, there is evidence of a flow recirculationtire melt cavity. The fluid goes upwards in the
cavity centre and downwards in the boundary lay&tiag along the lateral wall.

Second, the interface temperature stays at meténgperature of the concrete at the bottom
interface and is measured at a few degrees abevméiting temperature of the concrete at the
lateral interface.

Third, an analysis on the heat transfer in the roaltity has been carried out and led to the
conclusion that:

- During the first 17 minutes of ARTEMIS 11, thereais efficient gas-liquid mixing in the
melt cavity and the heat transfer is controlledgag-liquid convection. The deduced heat
transfer coefficients in ARTEMIS 11 are close tce tbnes obtained from gas-liquid
convection correlations.

- However, fort > 17 minutes, a comparison with TRIO CFD calcolagi shows that the
convection seems to be close to natural conveciibe. heat transfer coefficients become
significantly smaller than the gas-liquid conventiteat transfer coefficient.

- The transition between gas-liquid flow configuraticand natural convection flow
configuration seems to be quite fast.

- The calculations of gas flow in the porous concratglium (with nominal characteristics)
and superficial velocity at the melt-concrete ifdee by CFD code show percolation of gas
in the melt cavity. It is emphasized that thera significant increase in the permeability of
the porous concrete by crack formation (making lgapass the concrete) and/or possible
plugging of the porosity by the molten concretéhat liquid-solid interface (preventing gas
from entering the melt cavity).

4.4 0D modelling of thermal-hydraulics and concrete ablation for

ARTEMIS11

44.1 Main assumptions of 0D model

The objective of this model development is to exptae melt temperature evolution versus time in
the cavity and to bring more highlights to the matof the internal convection. A system contairang

melt cavity located inside a solid porous concrteity is considered. A schematic of the system is

shown in Figure 4-17.
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Figure 4-17. ARTEMIS 11 configuration for 0D model.
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The following hypotheses are assumed for the sfiag@lmodel approach:

Solid concrete is ablated across the melt cavitiaseg;

Variation of the melt cavity radius will be calctdd with assumption of hemisphere or cylinder
geometry of the cavity and the height of the maeltity is assumed to be constar(t) = Hi, = 33
cm);

The temperature at the interface between the cavity the solid concretd;, is taken as the
melting temperature of the concrete as done imtbdel developed for LIVE L3A in Chapter 2;

Since the melt cavity temperature is not uniform,awverage temperature difference (with the
boundary) is defined with an assumption that theatian of the average temperature difference
with the interface in the cavity is proportional tioe variation of the maximum temperature
difference in the cavity, OAT, ;. = kr ATpu max Wherekr is a coefficient that is assumed to be time

independent With\T,,,, = Ty =T, @nd ATy max = Toutkmax = Ti 5

The average melt temperature in ARTEMIS 11 is takenthe mathematical average of the
temperature measured by thermocouples locatedfatetit level in the melt cavity. Calculating

the ratioM leads tdkr = 1 during the first 17 minutes ake~ 0.75 for the rest of the test

Tbulk max _Ti

(in LIVE L3A, kr = 0.8).

4.4.2 Model basic equations

The model will be developed based on the mass aerdyg conservation in the melt cavity. The
control volume is taken as the volume of the liquielt.
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M ass conser vation

Changes in the mass of the cavity are caused bstitien concrete entering into the cavity and the
gas entering and going out. The mass conservagjaatien for the cavity is written as following:

Mpulk 0 o (4-14)
dt _ ™Mc TMgasin ~Mgasout
in which, My is the mass of the cavityh,,. is the mass flow rate of the molten concrete érngehe

cavity, My, is the mass flow rate of the gas entering thetgaand m is the mass flow rate of

the gas getting out from the cavity.

gasout

As mentioned before, the mass flow rate of gasssimed to be unchanged across its path through the
cavity. Therefore, Equation (4-14) can be rewritien

dM dav._.
bulk _ .. _ caV|ty -
“dt ™CTPMC T g (4-15)

whereinV .y is the volume of the melt cavity.

Since the concrete has a porosity ef 46%, the density of the molten concrete willgbeen as:

PMC =Psolid 178 (4-16)

whereinpsiq is the intrinsic density of concrete material.
Energy conservation

The causes that result in power dissipation andratien in the cavity include:

« The power dissipatioQ,gq;
+ The power related to gas flo@,;

« The power related to molten concrete entraQge;

« The power lost by the melt towards the rest oftte sectionQ,, (not including the concrete
part);

« The power transferred from the cavity to the irdeef between the cavity and the solid concrete
due to convection in the cavi®,necior THiS power will be used for ablating the solichcrete as
well as for heating the solid concrete near the erfate by conduction
(QconvectioanMC +Qconduction) (Figure 4'18)-
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Figure 4-18. Heat transfer at the liquid-solid intéace.

The power balance equation for the cavity is wnits:
d . . . . .
4t MbulkHbulk) = Qadd * Qgas* Quc ~Qlost ~Rconvection (4-17)

in which Hy, is the average mass enthalpy of the melt.

The left hand side of Equatidd-17)can be rewritten as:

d M H =My Sbulk (4-18)
at MbulkHoulk) =Mpuik —; bulk ™MC

The enthalpy of the cavity at a given average bethperaturer,,, is given by:
= — concret bulk T
Hpuik Mouik) =H “metting "melt) * € prliquid Tbutk ~Tmelt) (4-19)

concret
melting 'melt

temperature of concrete),.

where H Jis the enthalpy at a reference temperatlirg: (Tmer iS the melting

Hence, variation of the energy in the melt cavian be rewritten as:

dAT
d _ bulk bulk max . )
5t MbuikHbulk) =1 Mpuik Cp,liquid — gt + Hbulk Mmc (4-20)

Part of the power dissipation will serve for gastirgy from the initial temperature of the gag.{in=
400 °C) (we consider here the total temperatureecase for the gas) to the maximum cavity
temperaturd gas ou= Touk,max T NUS, the power necessary for gas heating ugldsilated as follows:

Qgas= mgas[H gas(Tgasin) ~H gas(TpyIk max)} (4-21)

in which, Hgad Tgas,in @nd Hgad Touk, ma) @re the mass enthalpies of the ga3gfin and atTouk max
respectively.
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Assuming that the molten concrete enters the catily,.; and with a mass flow rafs,,. , thus the
power entering the cavity with molten concrete igten as:

Quc =Mvc Hme Tmelr) (4-22)

in which Hyc(Tmer) is the mass enthalpy of the molten concrefg,at

The power that gets out from the cavity to theitiggolid interface by convection is written as:

Qconvection=? Siateral™ Mbulk Slateraf Thulk max (4-23)

in which @ is the average heat flux transferred to the ligadtid interface due to convectioh,,, is

the average heat transfer coefficient at the ligpalid interface an@qera iS the lateral surface area of
the melt cavity.

This power will be used to heat up the concretenfem average temperatufgncrete Of the concrete to
the melting temperaturg,;, before ablating it (phase change) as well as#d bp the solid concrete
left in the solid concrete by conduction. Thus, ploever balance on the liquid-solid interface reads:

> .= concrete concrete _ . :
Qconvectior [Lmelting * C ool (Tmelt Tconcreté}mMC + Qconduction (4-24)

Hence, the ablation rate of the concrete will béuded:

Qconvection_ Qc:onduction

m =
MC  concrete, ~concrete (4-25)
I‘melting +Cp,solid ATconcrete

or:

W= hbulk Siateral® Toulk max Qeonduction (4-26)
MC — _
I‘(r:r?er:]lst:irn(_:‘gte+ Cheoia - ATconcrete

with ATconcrete = Tmelt ~ Teoncrete:

Combining the above relations, the final form af #mergy balance in the melt cavity reads:

OIATbulkmax: Qadd _ r'T\Q?JISCIO,9615(ATbuIkmaxJ’TmeIt_Tgasinj
dt kr MpuiiCaiauis kr MpuiiCoiauid
_ Qost Qonduction Apulkmax

bulk 4-27
KT MouikCpiiaia L?T?e?lgﬁgg Comia*ATeoncrete Moulk (4-27)

h bulk
_ Mbulk Sateral SToutkmax|,, ¥ Soisia Apuikmax
bulk
kr MpuiiCeiiauia L,%?Q,%}Legt‘i Cheoia  Aconcret
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As stated in the analysis of the ARTEMIS 11 expental data, two flow regimes can be considered
which are natural convection and gas-liquid corieactTherefore, in order to determine the evolution
of the melt temperature by Equations (4-27), apfitieis of existing correlations developed for these
regimes will be used for estimation of heat trangfehe melt cavity.

Case 1. Natural convection heat transfer in the cavity

If natural convection controls heat transfer in thelt cavity, then the heat transfer coefficienthte
cavity wall will be written as:

b
3
Fb :a/]bulk[g'gl'H J ATP (4-28)

uk™ H va bulk max

in whicha andb are the coefficients of the correlation of the daisnumber Nu = aRaZ,) which will

be taken from different natural convection coriela, H is the height of the melt cavitg is the
gravitational acceleration, 1, Awuk @andv are the thermal diffusivity, thermal expansion ffiocent,
thermal conductivity and kinematic viscosity of tinelt, respectively.

Then the energy balance in the cavity can be rmmris:

dATbulk max
) _ 1+b
AR A+ A AT - AT,
dt o+ A bulk, max 2 Sateral bulk,max (4-29)
_ 2+b
AB %ateral ATbqu,max
wherein:
_ Qadd ~ r.ngas C p,gas (Tmelt _Tgas,in )~Qlost
Ao = M. obulk (4-30)
T ™ bulk ~ p,liquid
Qconduction _ mgaSCP, gas
concrete concrete bulk
_ I‘melting * Cp,solid ATconcrete kT Cp,liquid (4-31)
A= M
bulk
3 b
gy | 94T H
H va (4-32)
Ay = ;
kM 1k C prigui
3 b
gy | 94T H
H va (4-33)

Az = concrete
M pulk (Cmelting * Cosoia ATconcrete)

Case 2. Gas-liquid convection heat transfer in the cavity
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If gas-liquid convection is assumed to govern teathransfer in the melt cavity, then the heatdiem
coefficient in the cavity is assumed to be given by

\b*

_ a* A ga a§_|
Ayl = —2ulk| ~_9 (4-34)
H va

in which agss is the void fraction in the bullg* andb* are the coefficients of the correlation of the

9 gasH®

Nusselt number Nu=a* RaZ, with Ra,, = ) which will be taken from different gas-liquid

convection correlations.

Then the energy balance in the cavity will be ré&emi as:

dATbulk max
g A ATbqu max ~ “2 Sateral Tbulk, max (4-35)

A3 ‘ﬁateral bulk max

wherein:

_ Qadd B r’hgas C p,gas (Tmelt _Tgas,in)
o= . M. cbulk (4-36)
T " bulk™ p,liquid

Qconduction _ mgaSCP, gas
concrete ~concrete bulk
A= Lmelting *Cp,solid “Tconcrete KT Cp,liquid (4-37)
M
bulk
30

a* Ayl | 9 9gas H
H va (4-38)

A2 =

kT Mpuik C pluid

330"

a* Apyik | 9%gas M
H va (4-39)

A3 =
concrete , ~concrete
Mbulk (Lmelting +C p, solid ATconcrete)

In order to solve Equations (4-33) and (4-39) falcalation of melt temperature evolution, additiona
assumptions concerning the melt cavity shape dateteinterface area are required.

Since the convection heat flux transferred from ltgeid cavity to the liquid-solid interface can be
calculated from Equation (4-24), the ablation migms rate or the ablation velocity of the concrete
can be deduced by using Equation (4-26). This alestimating the volume of the liquid melt cavity.
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Then, calculation of the radius of the cavity v done by assuming either a hemisphere or cylinder
geometry of the melt cavity.

Case 1: Hemisphere geometry

If a hemispherical geometry is assumed, then tteeface area of the melt cavity is:
Slateral =27 RH (4-40)
and the cavity volume is calculated by:

_1 2
Vcavity 3 mH* BR-H) (4-41)
Therefore, the radius of the hemispherical melitgas:

cavity ., ) (4-42)

Case 2: Cylinder geometry

If cylinder geometry is assumed, then the inter@ea of the melt cavity is:

Slateral =27 RH (4-43)

and its volume is:

_ 2
Veavity =77R% H (4-44)

Then, radius of the cylindrical melt cavity is:

V.
R= |_cavity (4-45)

TH

4.4.3 Model application for ARTEMIS 11

The developed model has been applied for the tastittons of ARTEMIS 11. The main parameters
of interest are the evolution of the maximum methperature and the evolution of the ablated mass of
the concrete. Heat transfer correlations for naiwomavection as well as gas-liquid convection Wi
tested. Two configurations will be considered foe telt cavity, which are hemisphere and cylinder.

Melt temperature evolution
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As discussed in the analysis of ARTEMIS 11 datathi first period (< 17 minutes), gas-liquid
convection seems to govern the flow recirculatiothie melt cavity. Therefore, calculations with the
correlations developed by [Gabor et al., 1976],d@uson et al., 1977], [Greene et al., 1980] and
[Chawla et al., 1984] have been carried out fos theginning period. Since the melt cavity is in
cylinder shape initially, cylindrical geometry wassumed for this calculation.

570
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Maximum corium temperature(<C)
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Figure 4-19. ARTEMIS 11 evolution of maximum mekmperature for t < 17 minutes using gas-liquid
convection heat transfer correlations.

It is shown in Figure 4-19 that among the four aggpbas-liquid convection heat transfer correlatjon
the one introduced by [Gustavson et al., 19N} 0.78RaD.25) allows a fair estimation of the bulk
temperature evolution in comparison to the expeamtaledata obtained in ARTEMIS 11. The
difference between calculation and experiment geoled only in a very short period {at 200 s).

In the second period § 17 minutes), calculations will be performed foe two flow regimes, either
natural convection or gas-liquid convection. Thécwdation results are shown in Figure 4-20 and
Figure 4-21. It is seen that when the gas-liquidveation correlations are applied, the heat transfe
coefficient is too high despite of the selected ngetny (cylinder or hemisphere), resulting in a
continuous decrease of melt temperature. The edtmllmelt temperature evolution is absolutely
different from the experimental observation.

On the other hand, if heat transfer coefficientstimated by natural convection correlations, simil
tendency of temperature evolution in the melt gakés been reproduced independent on the selected
geometry (BAFOND and BALI correlations for cylinder Mayinger, Jahn and Reineke, Gabor, Mini
ACOPO correlations for hemisphere). As seen in i€gd-20, the melt temperature reaches a
maximum value at = 2000 s, then decreases gradually until the tedt Bnaddition, the use of
MiniACOPO and Gabor’s correlations developed foturel convection in hemispherical geometry
provides a good agreement between calculation &pdriment in terms of the value of maximum
temperature as well as the characteristic timeaghr this value.
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Figure 4-20. ARTEMIS 11 evolution of maximum mekmperature for t > 17 minutes using natural
convection heat transfer correlations.
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Figure 4-21. Evolution of maximum melt temperatufer t > 17 minutes using gas-liquid convection heat
transfer correlations.

From the above calculations, it is deduced that:

e The temperature increase is due to the decreatieediieat transfer coefficient after the initial
period € < 17 minutes) where heat transfer is governedasyliguid flow regime;

* The temperature decrease after2000 s is due to the increase of heat transféaciby cavity
widening, leading to a decrease of heat flux (sitheepower dissipation is constant), and, as a
consequence, to a decrease of the temperatureedidfe between bulk and interface.

This reinforces the conclusion that for 17 minutes, natural convection is clearly thanrzeat
transfer mechanism governing the heat transfdramielt cavity.
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Combining the calculation results using Gustavsaniselation for gas-liquid convection periaok(
17 minutes) and Mini-ACOPO correlation or Gaborts the natural convection period £ 17
minutes) gives the whole transient evolution of m@ximum bulk temperature during ARTEMIS 11
as shown in Figure 4-22.

From these calculations, it is also concluded thattransition between gas-liquid convection and
natural convection flow configurations are rathastfand takes probably less than ~ 200 s (i.e. ~ 3
minutes) and occurs between 1000 s and 1200 s TTEARS 11.
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Figure 4-22. Evolution of maximum melt temperatucuring ARTEMIS 11.
Evolution of molten concrete mass

In addition, application of the developed modelhwithe above optimized selection of heat transfer
correlations also gives access to the evolutigdhe@fiblated mass of solid concrete as seen ind=gur
23. Maximum difference between calculation and expental data of about 5 kg is obtained at
800 s ~ 1800 s, despite of the geometry.
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Figure 4-23. Evolution of maximum melt temperatuduring ARTEMIS 11.

444 Conclusion from OD model calculations

It is confirmed from the application of the devetdpmodel that the flow recirculation in the melt
cavity duringt < 17 minutes is controlled by gas-liquid mixinghgection. Att > 17 minutes, natural
convection governs heat transfer in the melt cavity

The heat transfer correlations reported by [Gustavet al., 1977] for gas-liquid convection and by
[Gabor et al., 1980] and Mini-ACOPO [Theofanousakt 1997] for steady state natural convection
heat transfer in hemispherical geometry are adojmezstimate the evolutions of the maximum bulk
temperature as well as the mass of molten concr&@®TEMIS 11.

Temperature increase is due to the decrease ofrhaafer coefficient after the gas-liquid flow &g
and temperature decrease is due to the cavityi@blahd widening. This results are valid whatever
the geometry assumed (either cylinder or hemisphetech means that thermal effects are dominant.

The model is unable to describe the local parameterthe melt cavity such as the local melt
temperature, local heat flux and the evolution le# tocal cavity radius, etc... Therefore, another
model taking into account the evolution of thesealoparameters in the melt cavity has been
developed.

4.5 1D modelling for calculation of local heat transfer and
evolution of melt cavity shapefor ARTEMIS 11

In Chapter 2, the developed 1D boundary layer matelsented in Appendix 7) has been applied for
calculation of the evolution of local parametersLIWVE L3A. In this section, this model will be
applied for ARTEMIS 11. The aim is to validate dbility for describing local heat transfer during
melt-concrete interactions at eutectic compositiohe main outcomes of interest include the
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evolutions of the local temperature in the meltityavransient heat flux distribution along the tav
wall and evolution of the local cavity radius.

451 Constitutive laws

As presented in the description of ARTEMIS 11, thelt pool in ARTEMIS 11 has a small size (a
few ten-centimeter scale), the Grashof number &llsmthan 2 18 Therefore, the liquid flow in the
boundary layer in this situation will be consideesda laminar flow.

According to the previous application of the 1D mabtbr LIVE L3A (Chapter 2), the constitutive
laws for friction coefficient and heat transfer ffient derived from the velocity and temperature
profiles introduced by Eckert for the descriptidittee boundary layer along a vertical wall in laanin
natural convection resulted in good agreement kervealculation and experimental data. Therefore,
these constitute laws will be also applied for¢hkulation of ARTEMIS 11.

The friction coefficient is calculated by:

.96

== (4-46)

For ARTEMIS 11,Pr = 3, which corresponds to a coefficidqtequal to 0.36 in the correlation of
superficial radial entrainment velocity of liquicdbm the bulk into the boundary layer (Appendix 7),
i.e:

Ibulk = 036[9 Bt (Thuik _TBL)U]% (4-47)

where inTyy andTg, are the local bulk and boundary layer temperadtige given distancefrom the
edge of the boundary layer (top surface of the)melt

With Pr = 3, as shown in Appendix 7, the heat transfeéhéowall can be estimated using eitheg,
or Nug, as follows:

Ny, (= 4-2- = 4Pr}é ~ 57 (4-48)
bulk =45
4§r
5
40 _1f 0} 1-0275pP/ 3
56 5|7

The calculation is initiated at the time where naltwonvection becomes the governing heat transfer
mechanismt(> 17 minutes).
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4.5.2 1D model application for ARTEMIS11

Application of the developed 1D model for ARTEMIS With the above constitutive laws has been
performed for the™ period of ARTEMIS 11 wherein natural convectiomtrols heat transfer in the
melt cavity. The calculated results including ewoln of the melt temperature at different cavity
elevations, temperature profile on the axis ofrtiedt cavity and evolution of the melt cavity shape

shown in below.

Evolution of melt temperaturesat different cavity elevations
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©
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X
=
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ARTEMIS 11 at H= 14 cm - ARTEMIS 11 atH=B2cm L
Calculation at top of cavity Calculation at bottom of cavity
520 - - - - -
0 1000 2000 3000 4000 5000

Time (s)

Figure 4-24. Bulk temperature evolutions at diffememelt cavity elevations in ARTEMIS 11 with 1D med

The bulk temperature evolution at different mekigaelevations are shown and compared with those
measured in ARTEMIS 11 in Figure 4-24. Similar temcies of temperature evolution have been
observed between calculation and experiments. &loellated temperature at the top of the heater (

14 cm) reaches maximum temperature of about 56&Hi@ it is approximately 560 °C in ARTEMIS

11. After 5000s, the calculated temperature atdl@gsation reduces to 549 °C while it was about 545
°C in the experiment. At the melt cavity bottome diifference between calculation and experiment is
about 2 °C ~ 5 °C. However, the time to reach tla&imum temperature in the calculation is shorter
than in the experiment. Indeed, at the pool heightl4 cm (top of the heater), the calculation shows
that the temperature reaches maximum value aft@rs6@nhile this delay characteristic obtained in

ARTEMIS 11 is about 1200s.

Bulk temperature profileat t =5000 s
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Figure 4-25. Bulk temperature profile at t = 50008 ARTEMIS 11.

Looking at the temperature profile in the pool afte= 5000 s (Figure 4-25) (at the end of the
calculation), it is observed that the calculatadperature is higher than the experimental one @»ou
°C at the bottom and 5 °C at the top). Outside hbating region, the calculated temperature is
uniform. The calculated temperature difference ketwtop-bottom is approximately 10 °C while in
ARTEMIS 11, a difference of 7 °C was observed.

Melt cavity shapeat t = 5000 s

Figure 4-26 depicts the melt cavity shapé at5000 s. A rather good agreement is obtained dxtw
experiment and calculation. It is observed thaatiih occurs mainly in the upper part of the cavity
This is clearly due to the heat flux profile linkem natural convection (high heat transfer coeffti
and a big temperature difference between bulk mypudd-solid interface at the top). Near the bottom,
there was almost no ablation since only cold liqeicirculates in this region from the lateral boanyd
layer flow.
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Figure 4-26. Melt cavity shape att=5000 s in ARMIS 11.
45.3 Conclusion from the 1D calculations

The main conclusions from the application of 1D eiddr ARTEMIS 11 are summarized as follows:

The constitutive laws for friction coefficient aheat transfer coefficient deduced from the use of
Eckert’s velocity and temperature profiles, whictrevdeveloped for natural-convection boundary
layer along a vertical plate in laminar regime,mse¢o be valid for a cavity of variable shape with

melting wall.

Application of the model for the experimental cdrais in ARTEMIS 11 allows a validation of
the model for simulating not only the evolution lmilk temperatures at different melt cavity
elevations but also the evolution of the cavitypghdue to ablation of the solid concrete wall.

The application confirms that natural convectiomduates the flow regime &t 17 minutes.

The fast radial ablation at the top of the cavityiked to the heat flux distribution associatedt
laminar boundary layer flow.

The low ablation at the bottom of the cavity iskkd to the recirculation of cold liquid from the
boundary layer in the bottom region.

4.6 Conclusions

This chapter is dedicated to the investigationsheat and mass transfers during ARTEMIS 11
experiment, which aimed to represent an eutectid smaterial ablation by the eutectic melt with gas
sparging and volumetric power dissipation in thetnsavity. The main conclusions are made as
follows:

Analysis of evolution of temperature gradient ie thelt cavity reports existence of gas mixing in
the melt cavity during the first 17 minutes. Afteat, natural convection controls heat transfer in
the melt cavity.
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The melt temperature distribution is radially unifoat each cavity level except in the small
region near the interface. Analysis of axial terapae gradient near to the liquid-solid interface
indicates the existence of a boundary layer witlownward flow. This explains the preferentially
radial ablation observed in ARTEMIS 11. Due to thisundary layer flow, the heat flux
distributes non-uniformly along the lateral walltbe melt cavity, leading to maximum concrete
ablation at the top and minimum concrete ablaticthe@bottom of the cavity.

The temperature evolution in the melt cavity isatealated by a 0D model. In the first 17 minutes,
due to gas-liquid mixing convection regime, the twse heat transfer correlation of Gustavson
has been applied. After that, heat transfer washatdd by MiniACOPO correlation (or Gabor
correlation) for natural convection heat transtdre temperature decrease in the melt after 1 hour
is attributed to the cavity widening due to ablatio

Application of the 1D model already used for thieipretation of LIVE L3A test was made. This
model couples the heat transfer between the butkeofnelt cavity and the boundary layer at the
cavity wall. A radial liquid flow is assumed to enthe boundary layer from the bulk. Same local
constitutive laws as for the interpretation of LINVBA test have been considered for friction, heat
transfer and liquid entrainment velocity in the bdary layer. The 1D model calculation results
proved to quite well reproduce the temperature wimis as well as local ablation rates. From
these calculations, it is concluded that the fakiteon at the top of the melt cavity is linkedth®
heat flux distribution associated to the laminautmtary layer flow. The low ablation rate at the
melt cavity bottom is linked to the recirculatioh anld liquid from the boundary layer at the
bottom region.
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CHAPTER5: MELT-CONCRETE INTERACTION WITH
SOLUTE MASS TRANSFER

51 ARTEMIS10test description

This chapter is dedicated to the investigatiorhef¢oupling between thermal-hydraulics and physico-
chemistry effects during ARTEMIS 10 test. Simulardterial for concrete in ARTEMIS 10 is a solid
mixture of BaC} and LiCl at eutectic composition (25% mol BaZb% mol LiCl, melting
temperature: 522°C) as in ARTEMIS 11 while the nisltsimulated by pure liquid BagCliquid
(melting temperature: 960°C).

511 I nitial test conditions

Melt (corium)

e 100% mol BaG (100% mass Bag)l
e Liquidus temperature: 960 °C

* Initial temperature: 960 °C

e Initial mass: 97.1 kg

+ Initial volume: 0.0316 rh

Concrete

* Eutectic composition: 25% mol Ba£15% mol LiCl (62.04% mass Ba£37.96% mass LiCl)
e Melting temperature (eutectic temperature): 522 °C

« Initial temperature: 400 °C

e Initial mass: 261.67 kg

e Porosity: 46%

¢ Grain size: 0.2 ~0.9 mm

Argon gas
e Inlet temperature: 400 °C

e Superficial velocity at the melt cavity interfa@cm/s (constant during test)

512 Test installation

Figure 5-1 represents the initial geometry for ARME 10. The melt cavity has 30 cm diameter and
initial height of the liquid melt in the cavity #1.3 cm (26.5 cm is initially inside the concreterity).
The heating elements are located at a distancd @@ to 15.9 cm from the bottom of the melt cavity
The power dissipation in ARTEMIS 10 is 6000 W while superficial gas velocity to the melt-
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concrete interface is maintained at 2 cm/s (simtaARTEMIS 11). The test duration was 1 h 31
minutes 30 s.

Thermocouple TC1 is located in the centre of thetdtk zone. In addition, measurements of the melt
temperature near the axis of the melt cavity andlitferent elevations are performed by ten
thermocouples (TC3 to TC12) attached in a vertieale as in ARTEMIS 11. The distance between
them is also fixed at 27 mm. Fbk 28 minutes, these thermocouples are locatedeesivevel 23.4
mm for TC12 to level 266.4 mm for TC3 from the i@itbottom of the melt cavity, similarly to
ARTEMIS 11. However, beyond= 28 minutes until the end of the test, the canewered by 8 cm

as shown in Figure 5-2.

12 cm

A

+«—— 25cm > 30cm ———*

Thermal isulation
Corium

QMZ| 5

Figure 5-1. ARTEMIS 10 initial arrangement.
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Figure 5-2. Position of thermocouples for axial mekemperature distribution measurement.

52 ARTEMIS 10 experimental data

521 Evolution of melt temperature

Evolution of melt temperatures at different elesasiz (z is the distance from the initial cavity
bottom) during ARTEMIS 10 test are illustrated iigire 5-3.

The initial temperature observed in the experimeifdwer than the initial melt temperature (960.°C)
This fast cooling might be due to a strong ablatiérthe solid concrete at the test initiation bg th
superheated melt. This hypothesis will be investidganore in detail later

Figure 5-3 shows that minimum melt temperatureesponds to TC3 located in the top zone of the
melt (z= 266.4 mm). The maximum melt temperature is olethiby TC12 near the bottom of the melt
cavity = 23.4 mm). The cane lowering at 28 minutes |ldadm increase of the temperatures by 10
°C approximately.

The difference between maximum and minimum melfper@atures in ARTEMIS 10 is about 100 °C,
which is significantly more than the temperaturiéedence measured in ARTEMIS 11 with a melt that
had the same composition as concrete (about 20Z%°€).
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Figure 5-3. Evolution of melt temperature at diffent cavity elevations in ARTEMIS 10.
522 Evolution of axial temperature distribution

Figure 5-4 presents more precisely the temperatistebution near the melt cavity axis at different
time instants. There is a global temperature dseréaring the test (the maximum bulk temperature
decreases from ~ 850 °C tat 0:05:38 tot = 1:17:29. Three zones can be observed in theycavi
which are:

In the top zone: the temperature gradient is diighdsitive.

In the middle zone: the temperature gradient isatveg. This temperature gradient is displaced
towards the bottom of the melt during the tesis lbcated in the heating zone (fraw 80.9 mm

to z=158.9 mm) at the beginning of the test andweeled by approximately 110 mm (fran+ -

30 mm toz = 50 mm) at the end of the test.

In the bottom zone: an important positive tempegatyradient is observed. The location of this
temperature gradient follows the progression of rtiedting front. This temperature gradient is
very steep at the beginningT = 335 °C for elevations betweerr -40 mm ana = 23 mm) and
less at the endd{T = 195 °C between elevations -88 mm and = -30 mm). By analogy with the
interpretation of ARTEMIS 1D [Guillaumé, 2008], shipositive temperature gradient at the
bottom of the cavity could be an indication of tae formation at the lower interface.
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Figure 5-4. Evolution of axial temperature distridion near melt cavity axis.

The evolution of the position of the temperaturadignts will be discussed more in details in the ne
part of this thesis. In addition, considering tlodtdm interface with the solid concrete as the tposi

at which the melt temperature is equal to the mgltemperature of the concreilig{: = 522 °C), then
we can deduce the location of the bottom interfaeveen melt cavity and solid concrete cavity
versus time.

In the heated zone (from= 80.9 mm ta = 158.9 mm), the temperature gradient is negatives 49
minutes and becomes slightly positivetat 49 minutes. The existence of significant terapge
gradient also indicates absence of (or poor) miahghe melt by sparging gas, as observed for
ARTEMIS 11. This is coherent with the measuremestlt of void fraction in the melt cavity which
is always equal to zero during ARTEMIS 10. Therefan the following, we will suppose that natural
convection is a first candidate hypothesis forftbe recirculation in the melt cavity.

5.2.3 Evolution of radial temperature distribution

Measurement of melt temperature near the cavigrdhtwall performed by the 2D mobile probe
provides evolution of the radial temperature disttion as shown in Figure 5-5. It is shown that the
temperature in the cavity centre is greater thaer iee lateral wall. A thermal boundary layer is
observed with a thickness of 3 ~ 5 mm from therétevall. In this region, a significant increase of
temperature is obtained. The radial temperaturdigm&in the centre of the cavity is much smaller
than in the boundary layer region.
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Figure 5-5. Evolution of radial temperature distriltion in melt cavity at two different cavity elevahs.
524 Evolution of average concrete temperature

The evolution of average concrete temperatureasvslin Figure 5-6. This temperature is calculated
by taking the volumetric average of the temperatumeeasured by maximum 85 thermocouples
located inside the residual solid concrete. Thaitet this calculation is presented in Annex 4.
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Figure 5-6. Evolution of the average residual sol@ncrete temperature in ARTEMIS 10.

It is seen that the average temperature of theuaksolid concrete in ARTEMIS 10 increases more
rapidly than in ARTEMIS 11. This means that thetHka transferring from the melt cavity to solid
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concrete to heat up the concrete at a given tirsiam in ARTEMIS 10 is higher than in ARTEMIS
11 for the same power dissipation in the melt gavit

525 Evolution of melt cavity shape

Figure 5-7 illustrates the evolution of melt cavityape at four azimuthal angles (45°, 135°, 228° an
315°). The position of the melt cavity interface detected by thermocouples located inside the
concrete cavity, and the methodology is describefinnex 4 and is similar to the methodology used
for ARTEMIS 11.

It is seen that radial ablation at the top pathefcavity is stronger than at the bottom partth&tend

of the test, the cavity radius at the top of thatggz = 265 mm) is about 40 cm. The vertical ablation
is only about 8 cm a = 0 mm (initial bottom of melt cavity). Axial alilan at the bottom of the melt
cavity (8 cm to 10 cm) is more important than inTEEMIS 11 (only about 20 cm).
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Figure 5-7. Metl cavity shape evolution in ARTEMIS0.
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Figure 5-8 compares the melt cavity shapes duriRf BMIS 10 and ARTEMIS 11. A significant
difference in the cavity shape evolution has bdeseoved between the two tests for the same power
dissipation in the melt cavity. Indeed, axial caterablation at the bottom occurs only in the first
minute with 2 cm of ablated concrete in ARTEMIS vhile axial ablation is observed continuously
during ARTEMIS 10 wherein 10 cm solid concrete tddaat the bottom of the melt cavity at the test
ending. In addition, the radial ablation to theitalateral wall in ARTEMIS 10 seems to be stronger
than in ARTEMIS 11, especially in the bottom zorid¢he melt cavity. After 24 minutes, about 5 cm
of ablated concrete is observed at distance 15rom the initial bottom of the melt cavity in
ARTEMIS 10, which is much thicker than 1 cm obtaine ARTEMIS 11 at the same cavity level. At
the end of ARTEMIS 10, the top interface of the tmevity approaches the lateral wall of the
concrete cavity, indicating 25 cm thickness of tdalaconcrete; whereas only about 20 cm was
obtained in ARTMIS 11 for the same time instant.
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Figure 5-8. Comparison of cavity shape evolutionstiveen ARTEMIS 10 and ARTEMIS 11.

The evolution of the mass of molten concrete, akicked from the cavity shape data is depicted in
Figure 5-9 and compared with the one deduced fr&RTEEMIS 11. It is seen that about 142 kg of
solid concrete is ablated at the end of ARTEMIS(tL& 1:30:00) which is much more than 60 kg
obtained in ARTEMIS 11 at the same time instantoimg that the power dissipation in the melt
cavity is similar in the two tests (6000 W), oneymnaise a question of the reason for such diffezenc
in ablating behaviours in ARTEMIS 10 and ARTEMIS. The answers could be either the thermal
effect of the initial melt temperature which is 98D in ARTEMIS 10 and 560 °C in ARTEMIS 11 or
the mass transfer effect of solute species in ARTEM which does not exist in ARTEMIS 11?
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Figure 5-9. Evolution of molten concrete mass in AEMIS 10 and ARTEMIS 11.

5.2.6 Evolution of the melt composition

Since the initial melt contains 100% mass Bafhile the solid concrete has 62.04% mass BaCl
during the mixing of the molten concrete with tiguid melt, the mass percentage of Bai@l the
melt will decrease and the mass percentage ofwilCincrease.

At a given instant, the average Ba@lass percentage in the melt cavity is calculayed b

BaCl2 BaCl2 BaCl2
Mpulk ini W ~ TMyucWveTT “Mcakeeake
wBacl2 _ bulk,ini (5-1)
bulk Mbulk
wherein:

*  Mpuini is the initial mass of the melt;

¢ Mpukis the mass of the melt at instéint

e Muycis the mass of the molten concrete entering thé caglty at instant;
*  MecakelS the mass of the cake forming at instant

«  wiiP2 =100% is the mass percentage of Bai@lthe initial melt;

wEal2 js the mass percentage of Baidlthe melt at instartt

o w2 = 6204% is the mass percentage of Baidlthe molten concrete;

« w2 =949 is the average mass percentage of Bathe cake.
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The average mol percentage of Bai@lthe melt CbBual‘Elz) is deduced from the mass concentration
as:

Vi BaCl2
cBacl2 M Lict Woulk
bulk

— — — BaCl2 (5-2)
MBaciz =M Baci2 ~MLicl) Woulk

wherein MBaCIZ and '\WLiCI are the molecular masses of LiCl and Baf&spectively.

Figure 5-10 shows measurement results of averade aoeposition during ARTEMIS 10. This
measurement is performed on-line at different tingants during the test. Six samples of liquidtmel
are taken at different elevations in the melt gavttis seen that due to entrainment of moltenccete
and formation of cake in the melt cavity, the ager®aC} concentration in the melt decreases from
its initial concentration (pure Bagldown to approximately 79 % in mass percentag@9dvo in mol
percentage of Baght the test ending.

100t
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Figure 5-10. Measurement of average Ba@loncentration in the melt cavity in ARTEMIS 10.

The average mass and mol percentages of LiCl imgie denoted respectivelywélij(lskI and Cll)_llj(|:|<| ,

can be deduced:

LiCl BacCl2
w =100-w

bulk bulk (5-3)
and:

LiCl BaCl2
C =100-C
bulk bulk (5-4)
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Figure 5-11. Measured average LiCl concentrationtine melt in ARTEMIS 10.

Figure 5-11 provides the evolution of the averad@€l Imass concentration in the melt cavity in
ARTEMIS 10. It is seen that the LiCl mol composgitimcreases gradually and at the end of the test,
the average mass composition of LiCl in the bulintyeased to about 21% in mass percentage (~
61% in mol percentage)

53 ARTEMIS10dataanalysis

531 Energy balance

Similarly to ARTEMIS 11, the energy balance for ARVWIS 10 will be also calculated using the
reported experimental data. The calculation metpo@n in Annex 5 will be used as done for
ARTEMIS 11.

Energy is conserved when the variation of the gnetgred in the control volume between instant
andt = 0 is equal to the total energy dissipation frii® heating elements minus the energy serving
for gas heating. The energy stored in the contrhime includes:

* Energy generated from cooling of the initial melt;
* Energy due to heating up of the solid concrete;

* Energy for melting part of the solid concrete;

* Energy for heating part of the solid concrete;

* Energy for heating the cake forming at the bottdrtne melt cavity.



138

6.0E+07 -
Energy from heating elements
5.0E+07 - —=— Variation of energy stored in the control volume
—a— Energy for gas heating
__ 4.0E+07 Z
)
> R
2 3.0E+07 A =
2 - L
L /I’
2.0E+07 A -
=2~
1.0E+07 A ?//”{’
r's
0.0E+00 —a ‘ ‘ ‘ ‘
0:00:00 0:21:36 0:43:12 1:04:48 1:26:24

Figure 5-12 shows the calculated energy balan@RIREMIS 10. It is seen that energy is conserved
during ARTEMIS 10. The energy serving for gas heais minor in comparison to the energy from
the heating elements and to the variation of trexgynstored in the control volume. Discrepancy of
less than 20% is observed which might come fromdétermination method of the ablated mass of

concrete.

Figure 5-13 depicts the energy distribution in ARMIE 10. It is seen that the energy generated from
melt cooling (from 960 °C to ~ 620 °C) takes an amipnt role. This is different from ARTEMIS 11
in which the energy release from the initial melobling down is of minor contribution. A significant
part of energy serves for heating up the solid mtedy conduction. In addition, other importantga
of energy are devoted for concrete ablation andhéating up the molten concrete. As seen in Figure
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Figure 5-12. Energy balance in ARTEMIS 10.

5-13, the energies stored in the cake heatingelated to gas heating is negligible.
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Figure 5-13. Energy distribution in ARTEMIS 10.
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532 BaCl, mass conser vation

e Mass of initial melt is 97.1 kg with 100% mass pertage of BaGl— mass of BaGlin the
initial melt iIsMgacL2ini = 97.1 kg.

* Mass of molten concrete is 142 kg with 62.04% npessentage of Bagl» mass of BaGlin the
molten concrete iMgacizmc = 88 Kkg.

« Mass of solid cake at the end of the test is 14.%ikh 94% mass percentage of Ba& mass of
BaCk in the cake i®Mpaci2,cake= 13.5 kg.

e Mass of melt cavity at the end is 224.7 kg with 78fss percentage of BaGh mass of BaGl
in the final meltMgaci2,eng= 177.5 Kg.

e Therefore, the mass of Ba@tom the molten concrete to the liquid melt is:

° MBaClz,Mc_to_cavity: Mgacizmc - Meaci2,cake= 74.5 kg

Hence, the repartition of the Ba®om the molten concrete is:
e ~ 15% to solid cake

e~ 85% to the melt cavity

The mass balance of Ba@ calculated by:

AMgaciz= Maacizena—(Mgaciz,ini + Meaciz,mc Meaciz,cakd = 5.9 kKg= 3.3 %Mgaciz,end

Therefore, it can be concluded that the mass of Ba€onserved during ARTEMIS 10.

533 Liquid-solid interface temperature

According to the analysis of ARTEMIS 11 for conerebncrete interaction, the temperature at the
liquid-solid interface is the melting temperatuffettee concrete. For ARTEMIS 10, the facts that the
composition of the melt varies versus time and thatbulk composition may not be uniform (to be
discussed in the next) lead to a question of howddtermine the temperature at the liquid-solid
interface? In chapter 2 (LIVE L3A) we arrived aé tbonclusion that the interface temperature, during
crust formation and final steady state, is closth&liquidus temperature corresponding to theactu
melt composition. The question is: “Does this hyyesis still hold for ARTEMIS 10, despite the
ablation process and gas sparging through thedlisplid interface?”

Figure 5-14, Figure 5-15 and Figure 5-16 providmparisons of the temperature measured near the
lateral liquid-solid interface (by the rotating Zibobe) and the liquidus temperature deduced from
measurement of the local BaEbncentration in the bulk at the same level a&dltifferent instants
(the distribution of composition will be discusdater).
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Figure 5-14. Comparison between measured interféemperature and liquidus temperature corresponditogy
the BaC}, concentration at z = 58 mm (between TC10 and TCAtl)= 0:13:27
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Figure 5-15. Comparison between measured interféemperature and liquidus temperature corresponditogy
the BaC}, concentration at z = 83.24 mm (TC7) at t = 0:30:50
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Figure 5-16. Comparison between measured interféemperature and liquidus temperature corresponditogy
the BaC}, concentration at z = 155.2 mm (TC4) att = 1:16:13

It is seen in Table 5-1 that the interface tempeeais much greater than the melting temperature of
the solid concrete (522 °C) and is closer to tlggitlus temperature corresponding to the BaCl
concentration measured in the bulk at the sameattev The difference betweemn; and
Tiiquidus( ngg'z) for these three time instants is less than 40 A@evthe difference betweén and T e

(melting temperature of concrete) ranges from XDQd 250 °C. The reader should also note that the
melt composition near the interface might be déferfrom the composition measured in the bulk.
This aspect will be taken into account in the redlation with the 1D model. The measurement error
due to thermocouple positioning and conductionhi@ thermocouples is not known, but it can be
estimated that the accuracy of the interface teatpesr measurement is of + 8°C ~ 10°C as observed
in the measurement of ARTEMIS 11 (the interfaceerature is theoretically 522 °C while the
measured one was of 8°C to 10 °C above the thealetlue).

Table 5-1. Interface temperature in ARTEMIS 10.
Time z T Tiguidus Tiquidus= T Ti = Tmelt

h:min's mm °C °C °C °C
0:13:27 58 751 762  +11 229
0:30:50 83 679 652  -27 157
1:16:13 155 622 583 -39 100
534 Analysis of flow recirculation in the melt cavity

Knowledge of the flow behaviour in the melt cavity required to understand the heat transfer
mechanism in ARTEMIS 10. In order to describe hawvthe flow configuration in the cavity,
information from the axial temperature profile andk composition distribution in the cavity will be
analyzed.
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100 : .
Bottom zone with . . Upper zone with
95 1 homogenous : ' homogenous
% composition ' ' composition
X . .
'Q L ' A A
E 85 : = =
£ Moving X
5 80 1 interface '
o .
8 75| between :
® two zones . ® ° °
g 70 ' : —a—0:13:27
S ' . —a— 0:30:50
i . Heated zone '
65 < > ——1:16:13
60 T T T : T T : T
-100 -50 0 50 100 150 200 250

Distance from the initial melt cavity bottom (mm)

Figure 5-18. Two zones with uniform Bagtoncentration in the melt cavity.

As depicted in Figure 5-17 and Figure 5-18, thetroavity is divided into two zones with uniform
temperature and Bagtoncentration in each zone.
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The axial temperature profile indicates that thik bemperature in the top zone is significantly ésw
than in the bottom zone. The interfaces betweeseth@o zones are moving in the same manner to the
bottom of the cavity versus time.

Regarding to the distribution of BaQh the bulk, it is clearly seen that the bottonmemf the melt
cavity is more enriched in Bagtihan the top zone. The mass percentage of .Ba@he bottom zone

Is significantly higher than in the top zone. Théedence of composition between the two zones
increases versus time.
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Figure 5-20. Density distribution in the top and iom zones.

Using the local BaGlconcentration in the bulk at instaintogether with the local bulk temperature
presented previously, the local liquid densityhe bulk could be deduced. Since the bottom zone is
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more enriched by Bagthan the top zone, the liquid density is highethia bottom than in the top.
The results are given in Figure 5-20.

The above analysis of the bulk temperature andbtiiecomposition in ARTEMIS 10 will be used in
the next to propose a prediction of two recircolatioop configuration in the melt cavity. Flow
directions in these recirculation loops will beatatined in the following section.

535 Deter mination of recirculation flow direction

Estimation of the average density in the boundary layer

Since the melt cavity is divided into two partsclegart covering the bulk and a boundary layer zone
the flow recirculation in the melt cavity is goverhby the density difference between the bulk aed t
boundary layer. This section proposes a simple adetbr estimating the boundary layer density.

As discussed previously, we will emphasize thatirshiconvection is a first hypothesis concernirg th
flow recirculation in the melt. The calculation ledundary layer density is a simplified version lod t
1D boundary layer model (Appendix 7). The boundager receives the molten concrete at melting
temperature of concrete and the radial liquid et the bulk.
Poulk TBL) Jpulk *Pmc (TeL) Vabi

Jbulk * Vabl

in which pyyi is the density of the bulk at solute compositig, andpyc is the density of the molten

PeL(TgL) = (5-5)

concrete with solute compositiomyc. In this formula, the effects of temperature diéfece and of

composition difference are taken into account.

Proposal of acriterion for flow direction prediction

As discussed in the previous section, the flowroedation in the melt cavity is driven by the déapsi
difference between the liquid at the centre of ¢heity and the liquid in the boundary layer. If the
density in the bulk is higher than that in the badany layer, then the flow moves downwards at the
cavity centre and upwards in the boundary layercBntrast, if the bulk has lower density than the
boundary layer, the flow moves upward at the castgtre and thus, the flow in the boundary layer is
downward.

This section is dedicated to the estimation ofdéesity difference between the bulk and the boundar
layer. A criterion will be proposed for predictidine flow direction in the two recirculation loops i
ARTEMIS 10.

The density difference between the bulk and thentlaty layer is defined as:

80 = Poyik (Tpuik) ~PeL(TBL) (5-6)
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Combining Equations (5-5) and (5-6) gives:
Poulk(TBL) tKp PMmc (TpL)

2o = Poyik Thulk) ~ T k (5-7)
0

with

Vabl _ c

ipulk  © (>-8)

The density of the bulk 8t is written as:
PoutkTBL) = Poutk Toutk ) L= Br Mg ~Touik)] (5-9)

in which gt is the thermal expansion coefficient of the metl ag depends on the composition in the
bulk.

Combining Equations (5-7) and (5-9) leads to:

Ap = K5 [Pouik Toutk) ~2me Te* A1 Pouik Touikd TaL ~Thuik!

1+k,0

(5-10)

Assuming that the heat flux transferred from th&ha the boundary layer will transfer through the
interface with concrete and will serve for heatihg solid concrete by conduction as well as for
melting the solid concrete, the energy balancelvelivritten as:

. ~bulk _
Poulk Jbulk® p,liquid Tbulk ~TBL)

Lconcrete, ~concrete,t (5-11)

=Pmc Vabl[ melting p, solid concrete}+¢conduction
Assuming that the conduction heat flux is negligiih comparison with the heat flux serving for
concrete melting, then Equation (5-11) is writhdternatively as:

i bulk _ - '
Poulk JbulkC p liquid (Tbulk ~TBL) = Pmc Vabl melting (5-12)
or

bulk _
_Vapi _ Poulk ©pliquid ﬁbulk To)

0= (5-13)
Joulk Pmc I‘melting

- Lconcrett + CconcrettAT

with Lelting melting ~ ~p,solid — concrete-
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Case 1. If the flow goes downwards at the cavity centnel apwards in the boundary layer, then the
density in the bulk is greater than the one inktbendary layer. This means:

Ap=20 (5-14)

Equation (5-11) equals to:

At Pouik Tou) "L ~Touik)
Poulk Toulk) ~Pmc (TpL) ” (5-15)
0

Combining Equations (5-13) and (5-15) leads to:

'BT I‘Imelting
Poutk Tbuik) 2 Pmc (Tmert) 1+—CbUIk (5-16)
p, liquid

Case 2: If the flow goes upwards at the cavity centre dodnwards in the boundary layer, then the
density in the bulk is lower than the one in thermary layer. In this case:

'BT I‘Imelting
pbulk(rbulk)SpMC (Tmelt) 1+ cbulk (5-17)
p, liquid
Define:
'BT I‘Imelting
Pimit =Pmc Tmet) |1~ puk (5-18)
p, liquid

Then an order of magnitude criterion is derivegitedict the flow direction in the boundary layes (a
well as the flow direction in the bulk centre),faows:

*  pouTbur) = pimic: Upward flow in the boundary layer

e pouTou) < pimit: downward flow in the boundary layer

Writing the density as a function of temperaturd aamposition as follows:
TBa|CI2 Bach
= p_Mmelt - _Tbha - -
Poulk Toulk: Woulk) = PRACI [1 Bt Touik " Tmelt ) ﬂCWbqu} (5-19)

and
Ba|CI2 BaCl2
— » melt _ _tba _ i
'OMC(rmeIt’WMC)_'OBaCIZ {1 'BT(Tme“ Tmelt ) 'BCWMC} (5:20)
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whereingr andpfc are respectively the thermal expansion coefficsert solute expansion coefficient
which are assumed to be identical for the conaate the melt (the values are taken in Table 3-2),

BaCl2

pBrgce:l"[z is the density of pure liquid Bagat melting temperature of BaCl

Then the criterion of density is now written altatigely in terms of the solute composition diffecen
between the molten concrete and the bulk.

Case 1. Upward flow in the boundary layer:

Ac Pmc Tmetr) “melting
E(WMC ~Whulk) < BaCl2  bulk *Thulk ~ Tmelt (5-21)
'OBmCe:IItZ p,liquid
a

Case 2: Downward flow in the boundary layer:

B Ppmc Tmel?) “melting

— Wpe "Woulk) > ——Back  <buk * 'bulk " Tmelt (5:22)
Pr Tmelt  Cpliquid
PBaCl2 S

The above criterion indicates that, as a first apipnation, the direction of the flow in the meltvitg
only depends on the density of molten concretaherconcentration of the bulk and constant physical
properties, and is not dependent on the boundasr lemperature or the temperature difference
between the bulk and the boundary layer.

Application of the proposed criterion for ARTEMIS 10

The methodology presented in the preceding willapplied for ARTEMIS 10. The limit density
between the top and the bottom zone calculatedgoation (5-18) is 2815 kgfinAs shown in Figure
5-21, this limit density is in between the dengifythe bulk in the top and bottom zones. This
methodology allows determining more exactly theitpms of the interface between the top and the
bottom zonesZerracd- It is seen that this interface moves downwastswys time.

e 1, =0:13:27 Znterface= 152 mm
e t, = 0:30:50Zterface = 28 mMm
e t3=1:16:15Zerface= 13 mMm
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Figure 5-21. Evolution of interface position betwe¢op-bottom zones.

This leads to the conclusion that the top-bottotaerface is lowered rather fast to the bottom of the
cavity in the beginning. At = 0:13:27, the interface already stays in thedukabne. After less than
30 minutes, this interface is located below thetihgaelement zone. This indicates an increase of
power dissipation in the top zone versus time wiiikepower dissipation in the bottom zone declines
as time goes on.

It is of importance that in the beginning, the mpower dissipates mainly in the bottom zone.nThe
due to the downward movement of the interface, naoice more power dissipates in the top zone and
the power dissipation in the bottom zone is reduced

According to the limit density criterion, the ditemn of the flow in each zone is deduced. In the to
zone, sincepui(Tou) < pimit, the flow should go upwards in the cavity centne downwards in the
boundary layer. In the bottom zongu( Thuk) > pimit iNdicates that the flow should go downwards in
the cavity centre and therefore, upwards in thendaty layer (Figure 5-22). The downwards flow in
the centre of the bottom zone explains the negdtweperature gradient in this zone while the
upwards flow in the centre of the top zone explémespositive temperature gradient in this zone.
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5.3.6 Estimation of average volumetric flow rate in the melt cavity

As presented in the preceding, the position oftdfpebottom interface has been determined using the
proposed criterion for the density in the bulk. Ttoaver dissipation in each zone will be estimated b
assuming that it is approximately proportionalite thickness of the heating zone located in eanh zo
as depicted in Figure 5-23, i.e:

. Az (1)
Qtop® = % Qadd (5-23)
and

. t
Qpot® = ﬁ;ﬁ:r Qadd (5-24)
wherein:
AZi0p(M) = Zop heater ™ Zint erfacell) (5-25)
and
Az6t(1) = Zint erfaceV) ~Zpot, heater (5-26)

wherein zyerracdt) is the position of the interface between top anttdmm zones at instarit (the
distance from the initial bottom of the cavity twettop-bottom interface),,, (t) and Q,y(t) are the

power dissipation in the top and in the bottom zoaeinstant, respectively.
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Figure 5-23. Schematic of power distribution in thep and bottom zones.

The volumetric flow rates in the top and bottome®are calculated as follows:

. _ Qtop
Vigp® = ]
p ctop AT (5-27)
Ppulk,top ~ p, liquid = 'bulk, top
and
j - Qbot
Viot(®) = (5-28)

bot
Phulk,bot € p,liquid 2Tbulk, bot

wherein ppui op aNd puuik bt are respectively the average density in the tapiarthe bottom zones,
ATpuiop aNAA Ty bor are the temperature difference between the imdtatlet of the top zone and
the bottom zone, respectively.



HEAT AND MASS TRANSFER IN ARTEMIS 1051

Time (h:min:s)

0:00:00 0:14:24 0:28:48 0:43:12 0:57:36 1:12:00 1:26:24
8.E-05 ‘

< *

© 6.E-05
(90]
E 4E05 Q .
(] =
S 2E-05 o Aar —

* ,’_\\ /’i‘
§ 0.E+00 A----------mmmmmmmmmee 4B R REEE
2 -2.E-05 -
£
5 _4.E-05 « Top
> -6.E-05 = Bottom

-8.E-05 =

Figure 5-24. Average volumetric flow rate in thegand bottom zones.

The volumetric flow rate is positive at the top ea@and negative at the bottom zone. The signs itelica
that the fluid in the two zones flows in two oppediirections. Aftet > 0:30:27, the volumetric flow
rate in the bottom zone reduces to zero. This iareefact; because there is no more power diseipati
in this zone (The top-bottom interface is locatedoty the heating zone). In the top zone, the
volumetric flow rate increases versus time duentwdasing power dissipation. The bulk velocity at
the centre of the melt cavity ranges between8riu® to 4 1¢ m/s.

537 Estimation of the radial entrainment velocity to boundary layer

The average velocity of this radial liquid flow egihment (into the boundary layer), denoteghas is
estimated for the top and the bottom zones of &witycby knowing the average volumetric flow rate
in each zone in the bulk, as follows:

. o< M, top(®)
Ibulk,top® —w (5-29)
and
j (t) = mv,bot(t)
bulk, bot %at, bot(t) (5-30)

in which Sz 0p(t) andSapoft) are the lateral surface areas of the top and dfterbh zones, which is
approximated by:

Sat,top® =271Rqyg top®) Higp(®) (5-31)

and

Sat,bot(® =271 Ry ot (1) Hpot (D) (5-32)
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whereinRag0ft) andRagnoft) are the average radius of the top and the botmmes; respectively,
estimated as:

Riop® * Rt erfacel)
Ravg top® = op zmer ace (5-33)
and

Root® * Rt eracell)
Ravg’ bot (t) - ot 2nt errace (5_34)

Besides, the heights of the top and the bottomszane calculated by:

Hiop®=H ~Zint erfacel) (5-35)
and:
Hbot () =Zint erface®) (5-36)

in which H is the height of the melt cavity aggeracdt) is the distance from the initial bottom of the
melt cavity to the interface between the top artiipo zones at instant

Calculation results df,,k for the top and bottom zones are shown in Figu2®.5t is observed that
the radial liquid velocity in top and bottom zonaries as a function of time in the first 30 minutes
before reaching a quasi-constant valuet At30 minutesjpyiopis smaller thamyu poromWhile att >

30 minutesjpyik.wpiS greater thafbui potom

Ro
< P H
y

Bulk

F\)avq,top jbulk,top
H'
Htop

v IR’imerface Zi_ntsrfgcg o

Boundary

Hbot P Ravabot | jbulkbot
layer

Figure 5-25. Entrainment of radial liquid flow frombulk to boundary layer.
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Figure 5-26. Estimation of radial liquid flow entrmmment velocity from bulk to boundary layer.

5.3.8 Comparison of local ablation velocity and radial liquid velocity
from bulk to boundary layer

On one hand, the boundary layer is fed by the r&diaid flow from the bulk. On the other hand, the
boundary layer receives also the molten concreim fthe ablation of the solid concrete. In this
section, the velocity of the radial liquid flow frothe bulkjy, will be compared to the ablation
velocity of the concret¥,,. Comparison is shown in Figure 5-27 for calculatio the top zone and in
Figure 5-28 for calculation in the bottom zoneislseen that in the top zone, g is significantly
greater (an order of magnitude) thégp,. In the bottom zongy,i is greater thaW,y, in the beginning.
Then velocities become very small (less than fis).

3.0E-04
+ jbulk_Top .
= Vabl Top .
@ 2.0E-04
£
2
[&]
k=)
£ 1.0E-04 -
L 4
[ ] ™ =
0.0E+00 ‘ ‘ ‘ ‘ ‘
0:00:00 0:14:24 0:28:48 043:12 057:36 1:12:00 1:26:24

Time (h:min:s)

Figure 5-27. Comparison ofyjx and V,y, in the top zone.
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Figure 5-28. Comparison ofyjx and Vayin the bottom zone.

As seen in Figure 5-27 and Figure 5-28, the rigtibetween ablation velocity and the radial liquid
entrainment velocity into the boundary layer iswesn 0.07 to 0.25 which is in the same order of
magnitude with the one calculated using Equatieh3pwhich provides, in between 0.02 and 0.125.

5.3.9 Energy balancein the top and bottom zones

In order to estimate the energy balance in theatap the bottom zones of the melt cavity, a control
volume will be defined for each zone. The top coniblume contains the total volume of liquid melt
and solid concrete located above the top-bottoerfimte in the melt while the control volume for the
bottom zone is taken as the volume of liquid arlitidmlow the interface. The position of top-bottom
interface has been determined as a function of itinsection 5.3.5. Calculations of energy balamce f
each zone are performed with the methodology gvéknnex 5.

Since the energy serving for gas heating is of mimgortance in comparison to the energy released
from heating elements and to the variation of st@eergy in the control volume, it will be negleatte
Figure 5-29 represents a comparison of energy balemthe top and bottom zones in the melt cavity.
It is seen that ablation in the top and bottom zoisedirectly linked to the distribution of heating
power. Att > 1h when the top-bottom interface stays lowenttiee heated zone, there is no more
ablation in the bottom zone while an acceleratibaldation and energy stored in the top zone Ik sti
observed.
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Figure 5-29. Energy partition and ablation in topral bottom zones.

5310  Coherence between evolution of cavity shape and power
distribution in the cavity

Figure 5-30 sketches the evolution of the powedribiigion in the cavity for two given time instarits
andt, with t; < t,. The top-bottom interface is lowered versus titeading to increasing power
dissipation in the top zone and decreasing povasifhtion in the bottom zone.

L<tb
Qtop(t1) < Quop(t2)
Qoot(t1) > Quop(tz) t
€] ’
Qtop(tl) T Qtop(tZ)
He—mmm— === = — - - Heating

Zinterfacdt1) 70Ne€ I Ein—ter_raie(_tzz L
Qoor(ta) Qo)

Figure 5-30. Sketch of the evolution of power diswtion in top and bottom zones.

In the top zone, since the flow goes downwardshenldoundary layer, the maximum heat flux and
maximum ablation would be obtained at the top efltteral wall. In the bottom zone, the flow goes
upward in the boundary layer. Therefore, maximurat likeix should now occur at the bottom of the
cavity. Hence, there would be ablation not onlyhe lateral wall of the melt cavity but also veatic
ablation (i.e. melting of concrete at the bottorm pathe cavity). At the top-bottom interface, theat
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flux is the minimum. Consequently, ablation at thlisvation would be weaker than at other elevations
in the melt cavity.

Combining the preceding discussions on the evaiuifopower distribution in the top and the bottom
zones of the cavity and on the heat flux distrimutiat different cavity elevations leads to an
explanation of the evolution of the cavity shapeeastied in ARTEMIS 10, as follows (Figure 5-7):

* In the top zone, since the flow in the boundarefayoes downwards, similarly to ARTEMIS 11,
the boundary layer flow is plausibly laminar and thickness of the boundary layer at the top of
the lateral wall is very small, leading to a highah transfer coefficient and high heat flux
transferred from the melt cavity to the top. Theref strong ablation to the top of the lateral wall
is seen. The energy for the ablation comes also the melt cooling.

« At the beginning, a significant part of the powesgpation is in the bottom zone. In addition, the
boundary layer flow in the bottom zone goes upwandbe boundary layer, leading to maximum
heat flux at the bottom of the cavity. Consequetitbside the top lateral ablation, vertical ablatio
of the bottom interface is also observed.

* As time goes on, the top-bottom interface is lowetben, the power dissipation in the bottom
zone decreases and the power dissipation in thedo@ increases. Hence, ablation to the bottom
zone becomes less and less. Atter 0:30:27, the top-bottom interface locates loweant the
heating elements. As a result, there will be noarmower dissipating in the bottom zone. The
energy used for concrete melting at the bottorhes only generated from the cooling of the melt.
The heat flux transferred to the lateral wall of thottom zone and to the bottom interface from
the melt cavity is decreased significantly, leadinglecrease of ablation in the bottom zone. In
addition, due to the increasing thickness of tHeedarming at the bottom of the melt cavity, the
thermal resistance between melt and bottom conaneteases. Consequently, heat flux serving
for concrete melting becomes very small and afthr dblation to the bottom stops. In the mean
time, the power in the top zone increases and fitrexeablation to the top lateral wall continues
(aftert=1h).

» According to the evolution of the cavity shapecaittain time instants, almost no lateral ablation
can be observed for intermediate cavity elevatidssdiscussed in the above, these elevations
could be considered as the position of the topebotinterface in which the heat flux transferred
to the lateral wall from the cavity is the minimim comparison with the heat flux at other cavity
elevations). For example, betweten 0:04:35 and = 0:08:10, no ablation is seenzat 16 cm (z
is the distance from the initial position of thevita bottom). Hence, during this period, the
interface between top and bottom zones locatdgsaélevation. Then, betweers 0:08:10 and =
0:24:35, there is no ablation a&= 6 cm. This means the top-bottom interface has bewered
versus time. Moreover, betweer 1:05:40 and = 1:22:00, minimum ablation occurs at z = 2 cm.
This is coherence with the calculation of the digsiatt = 1:16:15 which shows that the density
in the boundary layer is similar to the densityhia bulk (density difference is minor).

5311 Prediction of heat transfer mechanism in the melt cavity

Since gas is injected into the system during ARTENMIO, it is expected to enter the melt cavity and
this would affect the flow recirculation and hearisfer from the melt to the liquid-solid interfade
there exists a significant gas-liquid mixing intgfan in the melt cavity, then, as discussed under
Chapter 4 in the analysis of ARTEMIS 11, the terape in the melt cavity would be uniform and
quite no temperature gradient should be observethenbulk (as seen in the first 16 minutes in
ARTEMIS 11). This observation has been recentlyrega in the experimental results from CLARA
tests. The test is performed at CEA Grenoble foeciangular cavity (Figure 5-31) and water (with
additives for variable viscosity) was employedlasworking fluid. The fluid is volumetrically heate
Lateral and bottom walls are cooled. Gas is ingeetedifferent positions from either the lateralllwa
or the bottom interface of the water cavity in ortfesee the effect of gas on the heat transfer.
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Figure 5-31. Sketch of water cavity in CLARA experént.

According to the experimental results from CLARAttgiven in Figure 5-32 and Figure 5-33, no
temperature gradient is visible in the bulk (owsidwer interface) as soon as gas is injectedén th
liquid. A temperature gradient in the bulk (outsideerface) exists only when no gas is injected and
when the heat transfer in the liquid is controlladnatural convection. An indication of gas-liquid
convection is a flat temperature gradient in thik.dBince an important temperature gradient is géva
observed during ARTEMIS 10, it is plausible to dowe that there is no gas in the melt cavity and
only natural convection governs the heat transtanfthe bulk the wall.
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Figure 5-32. Bulk temperature profile with varyingas velocity.
jgas: Gas injection velocity (cm/s);

Xinj: Position of gas injection from the side wgdm);

Zinj: Position of gas injection from the front wétm).
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Figure 5-33. Bulk temperature profile with gas inpeed from different positions.
5312  Analysisof cakeformation

One important difference between melt-concreteraatéion (ARTEMIS 10) and concrete-concrete
interaction (ARTEMIS 11) is the formation of a caMethe bottom of the melt cavity. This cake forms
at the bottom of the cavity under the liquid meitdabeyond the interface with the solid concrete
Figure 5-34.

Study on the formation mechanism, the structur¢ghefcake as well as the heat and mass transfer
inside the cake has been performed in the PhDstlgqiGuillamé, 2008] for ARTEMIS 1D. In the
present analysis, only main conclusions will bealled and analogy will be performed for
interpretation of ARTEMIS 2D.

Liquid melt

Ti = Tiiquidus,bult

H Cake

S Timely o

Solid concret

Figure 5-34. Schematic of cake formation at the dgnvbottom
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Cake for mation mechanism

Since the melting temperature of concrete is loWvem the liquidus temperature of the melt,
solidification can occur in the melt near to theerface. A porous medium, called a cake, enriched i
refractory species (Baglis formed in between the solid and the liquidtghre to formation of a
mushy zone in front of the liquid-solid interfacEhis mushy zone contains both liquid and solid
phases which are always in local thermodynamicliéguim. Therefore, the cake is not a solid crust.
The thickness of this mushy zone increases veisusuntil it reaches a quasi stable value which is
also the final thickness of the cake.

Cake structure

The post-mortem test has shown that the cake hakassstructure as observed during ARTEMIS 1D
tests. [Guillaumé, 2008] concluded that it is nebéd crust of melt refractory particles. In faittis a
porous medium formed of not only refractory paetclwith pores filled by liquid whose local
composition is the composition corresponding tartteelynamic equilibrium with the solid. At the
end of ARTEMIS 10, the final cake thickness is 88 mnd its mass is approximately 14 kg (Figure 5-
35).

Figure 5-35. Cake sample at test ending of ARTEMIS.

The upper and bottom surfaces of the cake has-Yeasispherical shape. The bottom surface of the
cake is porous but the upper surface is smooth@relexist several channels in the cake (Figure 5-
35). These channels could be considered as gapfthvg. They may have plugged during the test. A
sketch of the cake is shown in Figure 5-36.
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Channels are closed at the
middle of cake

Magma haut

Channels Magma bas

Figure 5-36. Cake configuration.

Samples of 5 to 10 chwere taken at the upper and bottom surfaces ofake for measurement of
BaCkL concentration. Baglcomposition is not uniform in the cake but the ecdk enriched in this
refractory specie. The bottom is more enriched &aCBthan the upper surface of the cake. Samples
named as “magma haut” taken at top surface) andyrfimaabas” taken at bottom surface have
respectively 91% and 96 % mass Ba@l is noted that the mass percentage of BaCthe upper

surface of the cake is higher than the mass pexrgendf BaG in the bulk at the bottom of the melt
(wpaclz | = 80% ~ 90%). In addition, the grains size at theeumurface of the cake ranges from 150

pm to 300 um while, at the bottom surface, it @rfr200 pm to 400 um (Figure 5-37).

o

1mm ag= 50X Detector = BSE
WD= 12 mm EHT i [ — WD = 12 mm EHT=10.00kV |CB2D I

Figure 5-37. MEB measurement of cake samples.
Evolution of cake thickness

The mobile probe 1D was moving to detect the iatfbetween the liquid melt and the cake (in case
the cake is solid). The aim was to measure thetian of the cake thickness versus time as well as
the temperature variation on this interface. Thap gbosition of the probe could not be used for

positioning the interface because the probe pereétiato the porous medium of the cake. Therefore,
the thickness of the cake will more reliably be w=tl from measured temperature profiles with

followings assumptions:

« The temperature at the upper surface of the cakev@en the cake and the liquid melt) is assumed

as the liquidus temperature corresponding to th€lBaomposition at the bottom of the melt

. _ BaCl2 .
cavity, Touk-caket= Tliquidus( Whulk-cake /s
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* The temperature at the lower surface of the cakef®n the cake and the solid concrete)is
assumed as the melting temperature of the solidret® T oncrete-cake= Tmett = 522°C;

e The temperature gradient in the cake is assumbd lioear;

« Accumulation of the molten concrete under the caikeerete interface is neglected.

In the following, cake thickness is deduced froma tmperature distribution for three time instants
which aret = 0:13:50,t = 0:30:50 and = 1:16:15. The thickness of the cake is conside®dhe

region in betweemer  andTjquiaud WEae 2ake) (Figure 5-38, Figure 5-39, Figure 5-40).
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Figure 5-38. Location of cake boundaries with verdl temperature profile at t = 0:13:25.
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Figure 5-39. Location of cake boundaries with verdl temperature profile at t = 0:30:50.
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Figure 5-40. Location of cake boundaries with verdl temperature profile at t = 1:16:15.

Table 5-2. Estimation of cake thickness evolution.

Time WtI)BLﬁE—I%ake T“CIUidUS( th)atﬁf—liake Tmelt Zoake
h:min:s % mass °C °C mm
00:13:25 89 763 522 36
00:30:50 86 737 522 39
01:16:15 83 681 522 43
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Estimation of the cake’s thickness at three givestants is shown in Table 5-2. The estimated
thickness of the cake is about 40 mm which is tvao®ller than the one measured at the end of
ARTEMIS 10 (83 mm).

Heat transfer in the cake

According to [Guillaumé, 2008], in ARTEMIS 1D, theeat transfer through the cake is not only by
conduction. It was shown that an important contidyuto the heat flux is due to an additional heat
transfer by convection of solute in the liquid phas the cake (the pores are filled with liquidheT
liquid situated inside the pores (in the cake)oisally at thermodynamic equilibrium with the solid.
Since the temperature in the cake increases frenmthrface between the cake and the solid concrete
to the interface between the cake and the liquitt (decauselmer < Tiguiaus), this thermodynamic
constraint implies that the LiCl concentration e tliquid increases. When concentration of LiCl in
the interstitial in liquid increases, the densiftytlee liquid decreases. The liquid at the bottonthef
cake is less dense than the liquid at the top e@fctike. Therefore, the liquid tends to move upwards
due to the buoyancy force linked to the LiCl corication gradient in the cake (solute convection).

There exists a criterion to have liquid movemengaiporous medium, which is written in terms of
Rayleigh number. According to the works of [Bories Prat, 1995] and [Guillaumé, 2008], the
Rayleigh number in a porous medium is calculated by

LiCl LiCl

R _ pcake g ﬂc (Wbulk—cake B Wconcretecake) kcake anke
acake - (5_37)
HDyici

whereinp.ae IS the average density of the liquid in the cakés the gravity acceleratioic is the
solute expansion coefficiert. is the permeability of the cakegzis the thickness of the cakejs
the dynamic viscosity of the liqui@, ¢, is the diffusion coefficient of LiCl in the mixtarof LiCl and
BaCl2, w'S!_ eandwi .. are the LiCl concentration in the liquid at théenfiace between the

bulk and the cake and between the cake and treewicrete, respectively.

In order to have liquid movement in a porous medlitima buoyancy force must overcome the friction
force and the solute diffusion. This means the &gl number should be greater than a critical
Rayleigh number, which was calculated by [Lapwdd#8] as:

Racritical =271 (5'38)

In ARTEMIS 10, as the calculated Rayleigh numbenfiEquation (5-37) is about 790 which is much
greater than the critical Rayleigh number (the petars for calculation are taken from [Guillaumé,
2008] because the morphology of the cake obtaine®RTEMIS10 is similar to the one obtained in
ARTEMIS 1D), it is concluded that the liquid in treake is in movement, leading to a solute
convection in the cake. This convection inducesreotive heat transfer in the cake.

5.3.13  Conclusion from the analysis

Following conclusions could be deduced from thevatanalysis of the experimental.
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* The melt cavity is divided into two zones. The tengture and composition are quasi-uniform in
each zone.

« A thermal boundary layer of 3 ~ 5 mm thickness Wiitlear increasing temperature exists along
the lateral wall of the melt cavity.

e The liquid-solid interface temperature is closethie liquidus temperature corresponding to the
BaCkL concentration in the bulk (this concentration @arsignificantly with the height, leading to
a variable interface temperature).

< In both zones of melt cavity, there exists a fl@aeirculation, governed by natural convection.
This means that concrete cracking or interface gihggmechanisms led to a by-pass of the melt
by the gas, as observedt & 17 minutes in ARTEMIS 11).

* The fluid flows in the two zones of the cavity id opposite directions. In the top zone, the flow
goes upwards in the cavity centre and downwardkarboundary layer. In the bottom zone, the
flow goes downwards in the cavity centre and upwandhe boundary layer

« Maximum heat flux at the top zone is due to thércetation in the top zone, in similar way as
observed in ARTEMIS 11. For the bottom zone, natciraulation induces maximum heat flux at
the bottom of the cavity.

* It has to be mentioned that there is no cake faonatlong the vertical wall of the melt cavity. In
fact, the cake can form at the lateral wall of ttnedt cavity but due to precipitation, it may reltea
at the cavity bottom. Another possibility is thagtsolid can be remelted right after it forms &t th
cavity lateral wall, leading to decrease of inteefégemperature. Therefore, cake is obtained only at
the bottom of the cavity.

« The interface between the top and the bottom zne®ving downwards, leading to an evolution
of the power distribution in each zone. The powssigation in the top zone increases versus time
while the power dissipation in the bottom zone dases.

e There is a link between the power distribution lestw both zones and the ablation of the solid
concrete. In the beginning, the power mainly destsp in the bottom zone, leading to strong
ablation to the bottom. After 1h, the top-bottorteiface is lowered, leading to decrease of power
dissipation in the bottom zone and increase of paldigsipation in the top zone. Consequently,
there is no more ablation to the bottom while abiato the lateral wall in the top zone continues.
Significant ablation of concrete is also due totroebling.

« In order to describe the global heat transfer inTERIIS 10, a OD model will be developed in the
next to corroborate the assumption of natural cotime as the main heat transfer mechanism in
the melt cavity. Various assumptions for the irdeef temperature should be made in order to
justify whether it corresponds to the melting terapare of the concrete or the liquidus
temperature of the BagCtoncentration in the bulk. Evolutions of the btdknperature, the bulk
composition and the ablated mass of the concrete bea calculated by the 0D model for
comparison to ARTEMIS 10.

* For the purpose of local description of heat andsrieansfer from the melt cavity to the liquid-
solid interface, a more complex 1D model will beveleped which is able to describe the
evolution of the cavity shape in ARTEMIS 10.

5.4 0D modé€ling of thermal-hydraulics and concrete ablation for
ARTEMIS 10

In Chapter 4, a 0D model has been developed fodekeription of melt temperature evolution during
interaction of melt cavity and concrete wall atritieal eutectic compositions of Ba£LliCl mixture
in ARTEMIS 11. In this chapter, the same methodplagl be employed for modelling of thermal-
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hydraulics and concrete ablation for ARTEMIS 10 vihich melt and concrete have different
compositions.

54.1 Main assumptions of 0D model

A system containing a liquid melt in a cavity laggtinside a solid concrete is considered. Gas is
injected. One difference between ARTEMIS 10 and ERIMS 11 is the formation of a cake at the
bottom of the melt cavity in ARTEMIS 10 which wastrobserved in ARTEMIS 11. Figure 5-41
provides a schematic of the considered system Hermodelling of melt-concrete interaction in
ARTEMIS 10.
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Figure 5-41. Schematic of melt cavity evolution ding melt-concrete interaction in ARTEMIS 10.

The following hypotheses are assumed for the sfiaglimodel approach:
e The control volume is the volume of the melt cayvity
e Solid concrete is ablated across the melt cavitgraal surface;

e Variation of the melt cavity radius will be calctdd with assumption of hemisphere or cylinder
geometry of the cavity. The height of the meltasstant and is taken as the initial height ()
= Hini =45 Cm);

* A uniform bulk composition (represented by the maeicentage of Bag/ldenoted bm?j}ﬁ'z)

in the melt cavity is assumed at a given instant

* Since the temperature of the melt is not uniformaserage temperature difference (between the
bulk and the liquid-solid interface) is defined &S, =T, —T;which is proportional to the
maximum temperature difference between the bulkthednterface, i.eAT, ;= Ky Toui max With
ATpuk max = Touk max — T; iIN which kr = 0.7 is independent on time and can be determired
experimental data of melt temperature measuremasrdgne in Chapter 4 for ARTEMIS 11).

An important aspect of the modelling concerns titerface temperature between the melt and the
solid. Two extreme hypotheses have been emphasized:

« H1: the interface temperature is equal to the dgsi temperature corresponding to the
instantaneous average composition in the bulk saed in Chapter 2 for LIVE L3A.
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* H2: the interface temperature is equal to the mgtemperature of concrete as done in Chapter 4
for ARTEMIS 11.

We will see that hypothesis H1 leads to a melt Enafpre decrease that will be too slow during the
first 30 minutes. This hypothesis is not compatiblgh the fast decrease in temperature that is
observed at the beginning of the test (as seergurd-5-3, the melt temperature drops by ~ 100 °C
within a very short time (only a few minutes)). @ opposite, hypothesis H2 leads to a fast deereas
in melt temperature (as experimentally observethénbeginning), but the temperature after that will
be too low for the rest of the test.

Furthermore, the analysis of the interface tempeeameasurements has shown that the interface
temperature is close to the liquidus temperatuhe difference is about 20 °C to 40 °C. Thus, there
are two problems for the modelling:

e It is required to propose a model for the interfeemperature that is compatible with interface
temperature measurements and that is able to neggothe evolution of the average melt
temperature.

* It is needed to take into account the possibilitysalidification in the bulk, since the interface
temperature may be less than the liquidus temperatu

In the following the model basis fdf = Tiquiaus IS first described. A new approach for the evadumat
of the interface temperaturd; (< Tiquaus IS then presented. The necessary modificationshef
equation taking into account solidification arecdissed.

542 Model basic equationsfor T; = Tiquidus

If the average melt temperature is higher thanlithedus temperature corresponding to actual the
BaCL concentration in the melt which is the case in EIN.3A (Chapter 2) and ARTEMIS 11
(Chapter 4), then the simple model for descrippbheat and mass transfer for ARTEMIS 10 will be
developed based on the mass and energy consesvatitimee melt cavity with the same methodology
used for the two previous cases.

M ass conservation

Changes in the mass of the melt are caused by dltemtoncrete entering into the cavity and the gas
entering and going out. The mass conservation enufair the cavity is written as follows:

dMpyik _

dt Myc * Mgasin ~Mgasout (5-39)

in which, Mpyi is the mass of the liquid melt in the cavity,,. is the mass flow rate of the molten

concrete entering the cavityil,,q;, is the mass flow rate of the gas entering thetgaand m is

the mass flow rate of the gas getting out fromdinéty.

gasout

As mentioned before, the mass flow rate of gasssimed to be unchanged across its path through the
melt cavity. Therefore, Equation (5-40) can be #am as:
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dMp ik

at - McC (5-40)

During the ablation of solid concrete, the moltenarete gets into the melt, leading to variationhef
BaCkL composition in the liquid cavity versus time. Timass balance of Ba{h the melt is written
as:

BaCl2 _ BaCl2 BaCl2
MbulkWoulk = Mbulk.ini Woulk ini ¥Mmc WMmC (5-41)
with:
Mbulk = Mpulk, ini *Mmc (5-42)

where inMpy is the mass of the melt at timyeéMpy ini IS the initial mass of the liquid meN)yc is the

mass of the molten concrete at instgnivy2a? is the mass percentage of Ba@l the melt liquid

cavity at instant twiicia is the mass percentage of Bafl the initial melt cavity (S3cia = 100%),
wpaC2 js the mass of Bagin the molten concreten©? = 62.04%)).

Then, the mass percentage of Ba@lthe melt at time is estimated by:

BaCl2 BaCl2
Baciz _ MbulkYbulk.ini *MmcWmC
Woulk = M (5-43)
bulk
and the mass percentage of solute LiCl in the ozelity is:
- M
LiClI _ ™ MC  Lici
w, = W,
bulk Mc 5-44
Mbulk (5-44)
Hence
BaCl2 BaCl2 _,, BaCI2
d m w - W, -
Yhulk™ _ Mvc (Wvic bulk )(since e s very small) (5-45)
dt Myuik M Gk
and
LiCl :
MWpulk - Mvc whic
dt M MC (5-46)
bulk

Energy conservation

As presented in the OD model developed under Chdpter ARTEMIS 11, the energy variation in
the melt includes:

+  The power dissipatioQ,qq;
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« The power lost to structur@,, (not including the concrete part);

e The power related to gas entrar(g&s:

Qgas= mgas[H gas(Tgasin) ~H gas(Tgasout)} (5-47)

in which HgadTgas,i) andHgad Tqason) are respectively the enthalpy of gas at entrageperaturd g, in
=T = Tiquiau Weik > ) and outgoing temperatuigas out= Ty -

_y ref

Hgas(Tgasin) =Hgas +Cp, gas{Tgasin ~Tref) (5-48)
H gas(Tgasou) =gl +C p, gacTgasout ~Trer)

gas\!gasout/ = " gas p,gas'' gasout  'ref (5-49)
Hence:

: — BaCl2, _+

Qgas =MgasCp, gas[Tquuidus(Wbqu )‘Tbulk} (5-50)
Qgas=~MgasCp gas®Thulk (5-51)

« The power related to molten concrete entraQge:
Qmc =Mmc Hme (Tmelt (5-52)

wherein Huc(Tmer) is the enthalpy of the molten concrete, enterihg melt cavity at melting
temperature of concret@,(c:

— wLiCl  LiCl _wLiCly 4 BaCl2
Hmc (Tmetd) =WMC Href liquid (Tref )+ €= W& H ref Tiquid (Tref )

+C'\/I

C (5-53)
p,liquid (Tmeit ™ Tref)

wherein wi<' is the mass percentage of LiCl in the molten cdncr@gll(i:quid is the specific heat of

molten concretd;l rLei]S:,Iquuid (Tref and H Ez?,(lsiguid (Tref )are respectively the reference enthalpies

of liquid LiCl and BaC} at reference temperatufey. If T, is taken as melting temperature of solid
concrete, i.eTes = The then enthalpy of molten concrete is:

LiCl ., LiCl LiCl v,y BaCl2
H (Tmelt)

Hme Tmeld) =Wnc Href liquid Tmelt) * @=WnmE Hyef Tiquid (5-54)

in which H rLeIIS:,Iquuid (Tme|t)andH Ez?,(lsiguid (Tmelt Jare the enthalpies of liquid LiCl and BaCl2 at
Tmelt

* The power transferred from the cavity to the irdeef between the cavity and the solid concrete
due to convection in the cavi®¢,ecton

Qconvection=? Siateral™Mbulk Siateral®Thulk max (5-55)

or:
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- T S e O %
Qeonvection=? Siateral™Moulk Sateral - (5-56)

wherein @ is the average heat flux transferred from the nmethe liquid-solid interfac€Saeeral is the
lateral surface area of the melt cavity ang, is the average heat transfer coefficient.

The power balance equation for the melt cavityrigten as:

d . . . . .

dt M puikHbulk) = Qadd * Qgas* Qumc ~Qlost ~Reonvection (5-57)
in whichHyy is the average mass enthalpy of the melt at aeeagperaturg,,,, , calculated by:

= LiCl , LiCl LiCl \,, BaCl2
Hbuik Mouik) = Wbulk Href liquid Tmelt) ¥ &= Wouik Href Tiquid (Tmelt)

_ (5-58)
+C ) quuid (Thulk ~Tmelt
WhereirCBﬁli'auid is the average specific heat of the liquid meltwgiblute (:oncentratlowvlb-L'J(I:kI

Taking into account the entrainment of ablated oetecin the melt cavity, the energy variation o th
melt in the left hand side of Equation (5-57) camréwritten as:

9 M icHp i) = Mp 0 s
gt Vbulk M bulk’ = Mbulk T gt bulk ™MC (5-59)

Then Equation (5-59) becomes:

d _ LiCl /yy LiCl _yBacCl2
4t MputkHoutk) = Mpuik Woulk (H ref liquid ~H ref  liquid)
5-60
buk  Tpulk (5-60)

*Mpulk Cp.liquid —gr T ™mc Hbulk

Combining Equations (5-51), (5-53), (5-56), (5-5(B558) and (5-60) and neglecting the heat loss to
the structureQ, ., gives:

dT, AT,
bulk  “bulk _ ~bulk
Iv'bulk p.liquid g Qadd mgas pgasATbqu hbulkslateral kT
(5-61)
L bulk = _ _ . LiCl LiCl _ 4 BaCl2

e Cp,liquid Toulk ~Tmet ~WME ™mc (refliquid ~Href, liquid )

The convection heat transfer from the melt to titerface serves for ablating the solid concrete as
well as for heating up the residual concrete bydoation. This means:

Lconcrete CCOI’]CI‘GI T

Qconvection:QconductionJ’mMC[ melting * ~p,solid ‘'melt concreteﬂ (5-62)
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in which Qgnaucion'S the power serving for heating up the solid ceteby conduction| faivis the

latent heat of melting of concret& &5 “is the specific heat of solid concrete afgd, s the
average temperature in the concrete.

With the definitioMT . crete = Tmeit — TeoncretetN€N the ablated mass flow rate of concrete isnaséid by:

He s = Qeonvection™ conduction
MC |concrete, ~concrete - (5-63)
melting p,solid = "concrete

or:

ATb

ulk _¢
hbqu Stateral k ~Qconduction
T (5-64)

m =
MC concrete, ~concrete\t
melting p,solid = concrete

Equation (5-61) will be solved using the ablatedssnfiow rate of concrete given in Equation (5-64)
and the average heat transfer coefficient can beated using the existing Nusselt correlations as
done in Chapter 2 for LIVE L3A and Chapter 4 for MRMIS 11.

From the test analysis, natural convection is thérheat transfer mechanism in the melt cavityy onl
the Nusselt correlations developed for natural ection will be employed for ARTEMIS 10. The
average heat transfer coefficient in the melt gawitl be written as:

b
Fb :a/]bulk[glnggJ ATD (5-65)

uk™ R va bulk

in whicha andb are the coefficients of the correlation of the sklsnumberNu = a R&) which will

be taken from different natural convection coriielas, H is the height of the melt cavity, g is the
gravitational acceleratiom;, S, A,uk andv are the thermal diffusivity, thermal expansionftiont,
thermal conductivity and kinematic viscosity of thelt, respectively.

In order to solve Equation (5-61) for calculatidmmelt temperature evolution, additional assumpion
concerning the melt cavity shape and related iaterfarea are required.

The ablation mass flow rate or the ablation vejooitthe concrete can be deduced by using Equation
(5-64), allowing an estimation of the variationwaflume of the melt cavity. Then, calculation of the
radius of the cavity will be done by assuming eitaehemisphere or cylinder geometry of the melt
cavity (as done in Chapter 4 for ARTEMIS 11).

Case 1: Hemisphere geometry

If a hemispherical geometry is assumed, then ttegface area of the melt cavity is:
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Slateral =27 RH (5-66)

and the cavity volume is calculated by:

_1 2
Veavity = 37 H®@R-H) (5-67)

Therefore, the radius of the hemispherical melttgas:

cavity
— 5 +H) (5-68)

Case 2: Cylinder geometry

If cylinder geometry is assumed, then the inter@ea of the melt cavity is:

Slateral =27 RH (5-69)

and its volume is:

B2
Vv = TR% H (5-70)

cavity

Then, radius of the cylindrical melt cavity is:

V .
cavity
R= |[——Z_ -
a (5-71)

543 Model basic equationsfor T; < Tjquidus

The previous model is developed with the same ndetlogy as done for LIVE L3A wherein the
interface temperature is taken as the liquidus &zatpre corresponding to the actual melt
composition and the melt temperature always stdygea the liquidus temperature. However, in
ARTEMIS 10, the initial melt temperature is equalthe liquidus temperature of the melt. In this
situation, if the interface temperature is takenli@sidus temperature, then there will be no heat
transfer from the melt to the liquid-solid interéadeading to significant increase of melt tempamet

in the beginning due to the power dissipation. Wi#s not seen in ARTEMIS 10. Indeed, a sharp
decrease of melt temperature is observed in tis¢ fiinutes of ARTEMIS 10 (The temperature
decreases of approximately 100 °C in only 5 minutéserefore, we conclude that the interface
temperature might not stay at the liquidus tempeeabf the melt. In order to have such significant
decrease of melt temperature as observed in ARTEMISn the beginning, a high heat flux is
expected to transfer from the melt to the interface

It is of importance that, if the interface temparatis smaller than the liquidus temperature ofntiedt
(ex: interface temperature is the melting tempeeati the concrete), solidification of the melt can
occur. If a succession of steady state situatioosstant heat flux) are considered and supposiuy th
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the ablation has no impact on the solid formatibe, interface temperature could stay close to the
liquidus temperature, as in LIVE 3A (Chapter 2).

However, in comparison to LIVE 3A, there are, in ARMIS 10, two main differences:

* In ARTEMIS 10, the heat flux to the wall (concretd)the beginning of the test is an order of
magnitude greater and decreases very fast in césopaio the situation in LIVE 3A. Thus, the
assumption of steady state situation is certairdy valid, and the local mass transfer in the
vicinity has to be taken into account

* The ablation rate leads to a moving interface. TAustable solid crust can probably not form on
the vertical interface.

Therefore, we were led to consider that solidifmaimay occur and a mushy zone probably forms on
the liquid-solid interface (as in LIVE L3A), butithmushy zone is not stable in the sense thamit ca
disappear and reform again.

As a first approach, we might simply consider tt@atvection does not take place in the mushy zone
when the volumetric solid fraction is higher thamigen threshold 4,.,) and that convection is

efficient when the volumetric solid fraction is $ethan this threshold. This leads then to following
interface temperature:

T = Tequ(avolsol ) WIIJ_LIJICKI (5-72)

This threshold temperature will, of course dependie volumetric solid fraction and on the melt
composition. Some problems can be anticipated thighformulation:

* At the beginning of the test, when the melt corgamainly refractory specie Batthis interface
temperature would be very close to the liquidusperature. Thus, it will not be possible to
describe the steep melt temperature decrease b¢gening of the test.

e At the end of the test, the content in LiCl is giént so that the temperature corresponding to a
reasonable value far, ., (for instance 0.2 to 0.3) is limited by the eutetémperature (i.e. the

melting temperature of concrete). This interfacegerature would then be too low to explain the
melt temperature that is measured at the end dégte

A second approach has been emphasized. This apgebased on the assumption that the melt stays
liquid in contact with the concrete. This meand tha composition of the liquid on the interface is
sufficiently enriched in solute (LiCl). The compiosn of the liquid on the interface depends on the
mass transfer between the interface and the btlis further supposed that this mass transfer is
limited by diffusion in the mass transfer sub-lay&fe thus write:

LiCl _ _ LiCl LiCl LiCl
C

(wM 2 abl = Ky (@™ — ik (5-73)

whereinky, is the mass transfer coefficient through the bampdayer. As the ablation velocity never
goes to zero (linked to power dissipation in thdti)nthe composition on the interface tends towards

k. . . . . o
value that depends on the rati-. If ky is small in comparison to the ablation velocityistmodel
abl

leads to an interface temperature that will stayselto the melting temperature of concrete. By
contrast, ifky is higher than the ablation velocity, then thesiifdice temperature will approach the
bulk temperature.
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The discussion above leads to the conclusion tmamighy zone plausibly exists on the interface and
that the thermal resistance associated to the mesef the solid fraction is important, but that a
simple assumption of constant volumetric solidtiacon the interface does not lead to a tempegatur
evolution that is coherent with the experimentadeation. In the present approach, we will examine
a possibility to determine the temperature at ijpeot the dendrites within the mushy zone. Outside
the mushy zone, the material is liquid. For engurio solid precipitation, following criterion muise
fulfilled: the temperature gradient in the liquidarby the interface must be greater than the licquid
temperature gradient associated to the compogitiadient.

Gr > Grjiguidus (5-74)

in which Gy is the temperature gradient, which can be caledlibm the average convection heat flux
transferred from the melt to the thermal boundaget existing in front of the liquid-solid interiac
and Griquiaus 1S the liquidus temperature gradient, dependent tlo® concentration gradient

AW e - .
G =l i the solute mass transfer boundary layer, i.e
0,

MT

2
GT = -
/]bulk (5 75)
AW WHCl _ yLic
Griiquius =ML Grici =M. HeL =m — > Uk (5-76)
MT MT
in which w-“ and wj$! are respectively the concentration of solute (Li@)the interface between

two sub-layers and in the matt, is the slope of the liquidus curve in the phasedim.

The thickness of the mass transfer boundary layealculated by:

O = (5-77)

whereinky, is the mass transfer coefficient dbd., is the mass diffusion coefficient of LiCl.

Combining Equations (5-75) to Equation (5-77), itedion is obtained for the definition of the ligii
solid interface, which is:

. . D,.
AW, - :W'LIC| _WL|CI < 5 LiCl
LiCl i bulk mL kM /]bulk (5_78)
Therefore:
ticiy_ @ Diici

Ti = Tiquidus (Whuik Koy Ao (5-79)

The mass transfer coefficieky is estimated using the mass transfer correlatiatten in terms of the
Sherhood number, introduced in [Seiler et From20@0]:

Sh=NuGr**2 gct/3 pr1/3 (5-80)

wherein:
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Sh= ';MU: (5-81)
Sc= sz;| (5-82)
Nu= aRa, =a(Gr Pr)° (5-83)
Pr== (5-84)
Gr = 95 (Tbulkz_Ti )H?® (5-85)

U

It is noted that the density variation is due tehbthe temperature difference and the concentration
difference between the bulk and the interface. Hamesince the ablation velocity is approximately
ten times lower than the velocity of the liquid mmment from the bulk to the boundary layer, the
density variation due to concentration differense niegligible in comparison to the effect of
temperature difference.

Takingb = 0.25 for a laminar flow gives:

Sh=aGr¥? s¢t/3 prt/t2 (5-86)
Then:
/3
98 Mo ~T) Y o -
kM =aDL2iéL‘3I( T Zulk i ] Pr 1/12 (5-87)

With the physical properties of the melt given iable 3-2,Dc; = 2 10° n¥/s, coefficient a is taken
from existing Nusselt correlations, and the tempeeadifference between the bulk and the interface
varies between 20 °C to 100 °C, the mass transffficientky, is obtained in between 3 i@n/s and
310° m/s.

In expression (5-79), the temperature differemgg,,s —T; is proportional to the heat flux. When the

heat flux is high, the temperature difference ipamiant. This may then explain the fast temperature
decrease at test beginning. When the heat fluxellsthe temperature difference is small and the
interface temperature tends towards the liquidogperature. Furthermore, for a typical heat flux-of
15 000 W/mz (intermediate and late phase in ARTEMDIy the calculated temperature difference is
approximately 30 °C witky = 3 10° m/s and is about 2 °C witty, = 3 10° m/s. Thusky = 3 10° m/s
provides a temperature difference between thediggiand interface temperatures hich is compatible
with the interface temperature measurements. Tpsoach is only an order of magnitude approach
and would probably need further theoretical analyse

Since the liquid-solid interface temperature isithever than the liquidus temperature of the ntbk,
melt temperature may reach the liquidus temperauadesolidification can thus occur. By this way,
the formation of a cake enriched in refractory ggeBaC} can be calculated. The formation of this
cake will be taken into account in the modificatminthe mass and energy equations in the following
development.
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M ass conser vation

Changes in the mass of the cavity are caused hydften concrete entering into the cavity, formatio
of the cake. The mass conservation equation focdkigy is written as following:

dM

bulk _ . i

dat MC ~Mcake (5-88)
in which m....is the mass rate of cake formation.

cake

The mass balance of Ba@h the melt cavity is modified as:

BaCl2 _ BaCl2 BaCl2 _ BaCl2
Mbulk™Woulk = Mbulk.ini Woulk ini *Mmc WMC™ ~M cakeeake (5-89)

where inM¢.is the mass of the solid cake forming at the mality bottom at instarttand w2352 is
the mass percentage of Baf the cake (235 = 94%) with:

Mbuik =Mpulk,ini *Mmc ~Mcake (5-90)

Then, the mass percentage of Ba@lthe melt cavity at instanis estimated by:

BaCl2 BaCl2 BaCl2
Bacl2 _ bulk™oulk.ini *MmcWmc™ ~McakeWeake
Woulk = M (5-91)
bulk
Hence
BaCl2 BaCl2 .. BaCl2, . BaCl2 .. BaCl2
Mouik ™ _ MMcWMC ~Woulk ) ~McakeWeake  ~Wbulk )
dt M (5-92)
bulk
and
Licl . Licl _ . LiCl
Mbuik - MycWmc cake"Vcake
(5-93)
dt Mbulk

Energy conservation

The power balance equation for the melt cavity a&lified taking into account the formation of the
cake due to solidification as:

d . . ) ) . .
3t MpulkHbulk) = Qadd * Qgas* Qmc ~Qiost ~Qeonvection Ceake (5-94)

in which Q.. is the power related to cake formation at thetyawdttom
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Qeake™ MeakeH cake (5-95)

in which the cake is supposed to be solid, thus:

— wLiCl  LiCI _wLiCly 4 BaClI2
H cake™ WeakeH ref, solid (Tmeit) * @~ Weake) Href, solid (Tmelt)
cake _ (5-96)
+Cp,so|id(Tcake Tmelt)
Whereircga';ce)"d is the specific heat of the cakevéé%leis the solute concentration in the cake,

H rLe;%:,lsoIid (Tmelt) and H rBe?,Cslglid (Tmelt )are respectively the enthalpy of LiCl and Baf@l solid

phase at melting temperature of concrete.

The final energy balance equation becomes:

dr, AT,
bulk bulk _ ~ o = i bulk

Iv'bquCp,quuid dt 'Qadd mgast, gasATbqu hbulkslateral kT

: o bulk = _ : BaCl2
+(mcake mMC)Cp,quuid (Tbulk Tmelt)+mcake"so|idification (5-97)

LiCl LiCl . LiCl BaCl2
* Whuik Meake™WMC ™vc) (Href liquid ~Href, Tiquid )
_ ., LICI . LiCl _y BaCl2

cakemcake(H ref, solid Href ,solid )

544 Model application for ARTEMIS 10

In this section, several applications of the depetbmodel will be performed for varying hypothesis
of liquid-solid interface and melt temperatures.

R [
« HLIT _Tliquidus(Wt?LﬁEZ .

. H2 Ti :Tmeh .
o H3: Ti =Tequ(avolsoI1Wl|)_LiJIck| .
# Diic

e Ha'T =Tliquidus(Wl|)-liJ(I:kl)_ R
M Abuik

With assumptions H2, H3 and H4, when the melt teaipee reaches the liquidus temperature, the
interface temperature stays below liquidus tempegadf the melt and solidification will occur. Thus
the modified model for solidification will be used.

Melt temperature evolution

Calculations for average melt temperature will leefgrmed using existing natural convection heat
transfer coefficient as done for ARTEMIS 11 in Cteaipt. The calculation results with four different
assumptions of interface temperature (H1, H2, H&) &te illustrated in Figure 5-42, Figure 5-43,
Figure 5-44 and Figure 5-45, respectively.
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The heat transfer coefficient is estimated using fiifferent Nusselt correlation developed for maku
convection, which are Mayinger, ACOPO, MiniACOPCdaBAFOND. The correlation is chosen
with the corresponding assumed geometry of meltyav

« Mayinger, ACOPO and Mini-ACOPO correlations are lagabfor calculation of heat transfer in
hemisphere geometry (The surface area of the meittyds estimated by Equation (5-66)).

< BAFOND correlation is used for calculation in cger geometry (The surface area of the melt
cavity is estimated by Equation (5-69)).

It is seen that if the liquidus temperature of #utual melt is taken as the interface temperatbee,
calculated melt temperaturetat 2000 s is much higher (more than 100 °C) tharetkperimental one
and no steep temperature drop is obtained as asbenARTEMIS 10. However, @t> 2000 s, this
assumption seems to be a good approximation (Fisnd®). In addition, among the four correlations
of heat transfer, the ACOPO (for hemisphere) an@8ND (for cylinder) correlations provide higher
heat transfer coefficient than the other two catiehs (Mini ACOPO and Mayinger’s), leading to
lower melt temperature which is closer to the expental one. Moreover, the effect of geometry
seems to be negligible (difference between the regtiperatures calculated with ACOPO and
BAFOND correlations is not significant).

= MinlACOPO
920 1 Mayinger
BAFOND
e M. x ACOPO
o 820 - . m ARTEMIS 10
=)
® m
g
5 720 1
T
S
[ ]
620 - .
520 T T T T T
0 1000 2000 3000 4000 5000

Time (S)
Figure 5-42. Average melt temperature evolution ®9 model for ARTEMIS 10 With; = Tyqiaus (Wi ) -

Figure 5-43 shows the evolution of the melt tempeeacalculated with melting temperature of
concrete at the liquid-solid interface. A sharprdase of melt temperature is obtained at the baginn
but after that, the calculated melt temperaturgsstar below the measured one. This means that the
interface temperature is higher than the meltingpterature of concrete.
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Figure 5-43. Average melt temperature evolution ®9 model for ARTEMIS 10 witll; =T, g -
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Figure 5-44. Average melt temperature evolution @9 model for ARTEMIS 10 withl; =Teq,(Qyoisors washy.

Using assumption H3 with the volume fraction ofidophase ranging from 0.1 to 0.3 and
T, :Tequ(avo,so,,wg;lck') reveals a melt temperature which is always tooifoeomparison with the melt

temperature seen in ARTEMIS 10 (Figure 5-44) arglitfitial melt temperature decrease rate is too
small.

With interface temperature estimated by assumptiérD,ic; = 2 10° m/s andky = 3 10° m/s (from
Equation (5-87)), a tendency agreement has beainebit between the calculation results and the
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experimental results. This assumption predictgga temperature difference between the melt and the
interface in the beginning, leading to steep temjpee decrease as seen in ARTEMIS 10 (Figure 5-
45).

1000
= MinlACOPO
Mayinger
900 E BAFOND
g x ACOPO
% 800 - . ¢ ARTEMIS 10
[
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0 1000 2000 3000 4000 5000
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Figure 5-45. Average melt temperature evolution ®® model for ARETMIS 10 with

_ icly_ @ Diic
T, = Tiquidus (Wourk T /I]"C .
M Abulk

It is seen again in Figure 5-45 that the calcutatiesults with hemisphere or cylinder geometry of
melt cavity using different heat transfer corralat (corresponding to assumed geometry) seems to be
not so different. Indeed, the results obtained fEX-rOND correlation for cylindrical geometry stays

in between the one given by the other three cdroals developed for hemisphere geometry. Among
the four applied heat transfer coefficient, itées that in the first 1000 s, the average melt &xatpre
calculated with the ACOPO correlation shows a geggeement with the experimental data of
ARTEMIS 10. The other three correlations provide tteat transfer coefficients which are not large
enough in order to obtain a significant decreastewiperature as observed in the experiment. After
1000 s, the difference between the calculationgrmyiey different correlations becomes smaller.
However, the calculation results with ACOPO cottielastill fits best the ARTEMIS 10 data.

In Figure 5-46, the calculated evolution of melhperature as well as the evolution of the interface
temperature and the liquidus temperature of thaaacehelt with assumption H4 and ACOPO heat
transfer correlation are depicted. Ak 100 s, the interface temperature is lower thean liquidus
temperature corresponding to the actual melt compostherefore, solidification of the melt occurs
at the interface and the cake forms during thigogerAftert > 100 s, the melt temperature stays
beyond the liquidus temperature and the model witsolidification is applicable.
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Figure 5-46. Evolutions of the average melt temptna and liquid-solid interface temperature calcuked by
0D model using ACOPO natural convection heat traastorrelation.

970
o ° KM= 1e-5
3 © KM = 5e-6
> 870
E * KM = 3e-6
© i
g 820 « KM = 2e-6
Q.
g 7701 + ARTEMIS 10
X
3 7201
()
2 670 |
g
Z 620 1
570 |
520 T T T T T
0 1000 2000 3000 4000 5000

Time (s)

Figure 5-47. Evolution of average melt temperaturéth ACOPO correlation and varying mass transfer
coefficient ky.

For a verification of the sensibility of the masanisfer coefficienky, calculation has been done fqf

= 2. 10° m/s, ky = 5 10° m/s andky = 10° m/s (Figure 5-47). It is seen that in order toehav
significant temperature decrease in the beginningbserved in ARTEMIS 1&y, should be taken as
2 10° m/s or 3 16 m/s. Otherwise, the interface temperature wouft@gch the liquidus temperature
of the bulk and the calculated melt temperaturé stély far beyond the experimental one. However,
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with ky = 2 10° m/s, the calculated bulk temperature stays bel@wne obtained in ARTEMIS 10.
Among the four tested values fly, the valueky = 3 10° m/s gives the best agreement between
calculation and experiment.

Evolution of molten concrete mass

Figure 5-48, Figure 5-49, Figure 5-50 and Figurgl5present evolutions of molten concrete mass
obtained with different assumptions H1, H2, H3, H4is seen that using melting temperature of

concrete at the liquid-solid interface (H2) or tihéerface temperature corresponding to a constant
volume solid fraction at the interface (H3) resiittover-estimations of the molten concrete mass as
seen in Figure 5-49 and Figure 5-50.
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Figure 5-48. Evolution of molten concrete mass b éhodel for ARTEMIS 10 WithT; = Tyqiqus Wik ) -
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With liquidus temperature of the melt as the iraed, the final calculated mass of molten concrete
seems to be in qualitative agreement with the émwiuobtained in ARTEMIS 10, however, it is
impossible to reproduce the ablation in the begignAccording to Figure 5-51, it is seen that using
the interface temperature calculated by Equatief9(bprovides a strong ablation of concrete just at
the beginning. At the end of calculation, the finass of concrete obtained by calculation is atso i
agreement with the experimental one (about 142 Kgg. influence of geometry on the evolution of
molten concrete mass is very minor.

Although the calculation with assumption H4 withcarrection of temperature difference between

: o : D, . -
interface temperature and liquidus temperataye= jquiqus (Woik _ZTLICI) predicts well the initial
M “Tbulk

ablation as well as the final mass of the moltemceete, there exists a difference between calcuiati
and experiment in description of transient evolutié the mass of molten concrete,.tAt 1500 s, this
difference is quite small but it becomes very digant att > 1500 s. As discussed in the analysis of
ARTEMIS 10, there is an acceleration of ablatiotwaen 3000 s and 4000 s. This phenomenon is not
represented in the calculation results.

According to the experimental data of ARTEMIS 1Bpat 14 kg of cake was obtained at the end of
the test. Regarding to the calculation of the nudissmke with assumption H4 shown in Figure 5-52, it
is seen that among the four correlations applieé$timation of average heat transfer coefficieof

the melt to the liquid-solid interface, ACOPO cdat®mns gives the final mass of cake of 13.5 kg,
which is the closest to the experimental data. dther three correlations provide very small masées
cake.
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Figure 5-52. Evolution of cake mass in AREMIS 10.

Evolution of average melt composition

Calculation of the evolution of average melt conifias obtained with assumption H4 for interface
temperature, represented by the average mass fmgeast BaGl in the melt is given in Figure 5-53.
In the beginningt(< 1500 s) and at the test ending (4000 s), calculation shows relative agreement
with experiment. However, at 1500 € < 4000 s, the calculated Ba®@hass percentage is lower than
the one measured in the experiment.
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Figure 5-53. Evolution of average mass percentageBaCl, in the melt AREMIS 10
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545 Conclusion from OD model calculations

It is confirmed from the OD model application ththe flow recirculation in the melt cavity in
ARTEMIS 10 is controlled by natural convection h&ainsfer. The effect of geometry on the melt
temperature and molten concrete mass evolutiomggdigible. This means the thermal effects are
dominant in this situation.

Application has been performed with four differassumptions of liquid-solid interface temperature.

o HL T =Tigu0us (Whak 2) shows good approximation of melt temperature eiaiuatt > 2000 s but

att < 2000 s, the calculated melt temperature is tgh im comparison with the experimental one.
The concrete ablation rate is also too small duittiad time period.

 H2: T, =T, 0ives fast initial temperature decrease but altat, the calculated melt temperature
is much lower than the experimental one and thereda ablation rate is too large.

e H3:T, =Tequ(avo|so,,w§fj?g)is also unable to describe the melt temperaturéuson because the
calculated melt temperature is too low in comparisith the measured one in ARTEMIS 10.

o HA T =Tiguisus Whie _?Dual reveals good description of melt temperature eiaiutvith
M “Tbulk

steep melt temperature drop at the beginning aedittal calculated melt temperature is quite
close to the experimental one.

The ACOPO heat transfer correlation reported byepfanous et al., 1997] for steady state natural
convection heat transfer in hemispherical geomistiyest adapted to estimate the evolutions of the
average melt temperature, but the result is noy \different when Mayinger's and ACOPO
correlation are used (as for LIVE and ARTEMIS 1However, the calculation with ACOPO
correlation provides a good estimation of the ntdsske formed due to solidification of Ba@h the
melt.

The model is unable to describe the local parameterthe melt cavity such as the local melt
temperature, local heat flux and the evolution le# tocal cavity radius, etc... Therefore, another
model taking into account the evolution of thesealoparameters in the melt cavity has been
developed.

55 1D modéling for calculation of local heat transfer and
evolution of melt cavity shapefor ARTEMIS 10

In chapter 2 and chapter 4, the developed 1D boyrdger model (presented in Annex 7) has been
applied for calculation of the evolution of locarameters in LIVE L3A and ARTEMIS 11. In this
section, this model will be applied again for ARTEMLO test. The main outcomes of interest include
the evolutions of the local temperature in the neeltity, transient heat flux distribution along the
cavity wall and evolution of the local cavity radiu

In the next 1D calculation, the model will be apglionly for the top zone using increasing power
dissipation versus time as derived from the anslydi ARTEMIS 10. The bottom zone is not
described with the present model. Only the top zZengescribed. The power dissipation in the top
zone increases versus time as determined undésrs&c3.
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551 Constitutive laws

As presented in the description of ARTEMIS 10, thelt pool in ARTEMIS 10 has a small size (a
few ten-centimeter scale), the Grashof number @llemthan 2 1% Therefore, the liquid flow in the
boundary layer in this situation will be consideesda laminar flow.

According to the previous application of the 1D rebfibr LIVE L3A (Chapter 2) and for ARTEMIS

11 (Chapter 4), the constitutive laws for frictiooefficient and heat transfer coefficient deriveair

the velocity and temperature profiles introducedBuakert for the description of the boundary layer
along a vertical wall in laminar natural convecti@sulted in good agreement between calculation and
experimental data. Therefore, these constitute laiis be also applied for the calculation of
ARTEMIS 10.

The friction coefficient is calculated by:

.96

" Re (5-98)

For ARTEMIS 10, Pr = 4, the coefficieft equals to 0.33 in the correlation of superficiadiah
entrainment velocity of liquid from the bulk intbe boundary layer (Annex 3), i.e:

Ibulk = 033[9 Br (Touik _TBL)U]% (5-99)

whereinT,,x andTg_ are the local bulk and boundary layer temperaatie given distance from the
top edge of the boundary layer.

With Pr = 4, as shown in Annex 3, the heat transfer to thk gan be estimated using eithéu, or
Nug, as follows:

o)
Nubu|k =4—= 4-P|"}‘Z3 = 64 (5_100)

o

_ _ 5 :
Nug, = = ~89 (5-101)

{ K3 T 1- 0275Pr%
&

gl s
gl

9o _
Ir
55.2 1D model application for ARTEMIS 10

According to the conclusion from the 0D model, #ssumption thal; = Tjquiqus l€ads to a high melt
temperature at < 2000s. During the rest of the test, liquidus gemture seems to be a good
approximation for the interface temperature. Thaesfin the next 1D calculation with the boundary
layer model, liquidus temperature correspondinigpd¢al liquid composition in the boundary layer will
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be assumed as the local liquid-solid interface tmampire in which the local liquid composition at a
given elevation in the boundary layer is calculabgdknowing the local radial liquid entrainment
velocity from the bulljy,, with solute concentratiom,, and the local ablation velocity of concrete
Vap With solute concentration of molten concreig: according to Equation (A-7-31).

Evolution of average melt temperature

The average bulk temperature evolution is showfrigure 5-54 and compared with the average
temperature obtained in ARTEMIS 10 in. Ror 2000 s, a significant difference is observedveen
calculation and experiment. This is due to the mgdion of liquidus temperature at the liquid-solid
interface for this calculation.

1000 . . . . :
930 } 1

Calculation ===
900 | ARTEMIS 10 :
850 | 1

800 ¢ 1
750 ¢ 1
700 ¢ 1
650 | 1
600 ¢ :
550 ¢ 1

0 1000 2000 3000 4000 5000
Time (s)
Figure 5-54. Average melt temperature evolutionARTEMIS 10.

Average bulk temperature (aC)

Melt cavity shape at test endingt =5400 s

Figure 5-55 depicts the melt cavity shape at5400 s. Due to 46% porosity of molten concréte,
height of the melt in the cavity is reduced to &k cm (the initial height is 45 cm). A rather goo
agreement is obtained between experimental ablatiofile and calculation. It is observed that
ablation occurs stronger in the upper part of #natg than the bottom cavity. This is clearly dwe t
the heat flux profile linked to natural convectifmgh heat transfer coefficient and a big tempegatu
difference between bulk and liquid-solid interfaatethe top). Difference between calculation and
experiment is seen in the bottom zone of the nWdtis is due to the existence of the bottom
recirculation in the melt cavity that is not debed in the present model.
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Figure 5-55. Melt cavity shape att =5400 s in ARMIS 10.
Evolution of molten concrete mass

Figure 5-56 shows the evolution of molten concretess. Agreement is obtained between calculation
and experiment (blue points). The final mass oftemotoncrete was 142 kg in ARTEMIS 10 which is
close to the calculated one of 141.5 kg. In trarisig is seen that the calculated ablated mass of
concrete given by model 0D is higher than the aweiged by model 1D. This is due to the fact that
in the 1D calculation, only ablation in the top eda considered with the increasing power dissipati
versus time (gradually increases up to 6000 W 2060 s); whereas, in the 0D model, calculation is
performed for the whole melt cavity with a constpotver dissipation of 6000 W.

Indeed, in the first 2000 s, only a part of thetbe# located in the top zone of the cavity, thies
total power dissipation in the top zone is les1t6@00 W. The ablated mass of the concrete obtained
in the top zone is proportional to the power digBgn in this zone and is less than the total nehss
ablated concrete obtained in this period. As showRigure 5-56, if the mass of ablated concrete is
adjusted (green points) taking into account the¢ flaat the power dissipation in the top zone is les
than 6000W at < 2000 s as done in the calculation, then an aggaewould be observed between
calculation and experiment.
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Figure 5-56. Evolution of molten concrete mass iRAEMIS 10.
55.3 Conclusion from 1D calculations

The main conclusions from the application of 1D eiddr ARTEMIS 10 are summarized as follows:

The constitutive laws for friction coefficient aheat transfer coefficient deduced from the use of
Eckert’s velocity and temperature profiles, whickravdeveloped for natural-convection boundary
layer along a vertical plate in laminar regime,msee stay valid for a hemispherical cavity with
melting wall, not only for the case of identicalngoosition of melt and concrete (ARTEMIS 11)
but also for the case when melt and concrete hiffiezatht composition (ARTEMIS 10).

Liquidus temperature of the melt at the liquid-dadhiterface seems to be a good assumption for
> 2000 s. In the first 2000 s, the interface terapge is significantly lower than the liquidus
temperature.

Calculation of the model for the evolution of thevity shape exhibits agreements to ARTEMIS

10, especially at the top zone of the melt cavitgwever, the developed model was not able to
describe the™ recirculation flow at the bottom of the melt cgviHence, it can not reproduce the

ablation at the bottom as seen in ARTEMIS 10.

The application confirms that natural convectiomdwates the flow regime in the melt cavity.

56 Conclusions

This chapter is dedicated to the investigationsheft and mass transfers during ARTEMIS 10
experiment, which aimed to represent the ablatfosnoceutectic solid concrete by a non-eutectic and
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refractory melt with gas sparging and volumetriavpo dissipation in the melt cavity. The main
conclusions are made as follows:

Analysis of evolution of temperature distributicarsd heat transfer in the melt cavity shows that
natural convection would be the main heat transfechanism. The heat transfer from the melt to
the liquid-solid interface can best be estimateidgighe natural convection Nusselt correlation
introduced for ACOPO experiment by [Theofanous e2807].

Two recirculation loops have been identified in thelt cavity. The composition and temperature
in each zone are quasi-uniform but different. la thp zone, the flow goes upwards in the melt
cavity centre and downwards in the boundary lalyethe bottom zone, the flow goes downwards
in the cavity centre and upwards in the boundaygrlaThis leads to ablation of concrete not only
at the lateral wall but also at the bottom integfa€ the melt cavity.

A simple criterion for a density limit has beenraduced to determine the position of the top-
bottom interface. The interface between top andobotzones moves downwards versus time,
leading to increasing power dissipation in the rope and decreasing one in the bottom zone.
This helps explaining the termination of ablatidnttee bottom and an acceleration of the top
ablation.

A cake is formed at the bottom of the melt caviie do deposition of BaglAlthough the cake is
enriched in BaGJ it is not solid. It is a porous medium containimgth solid and liquid at local
thermodynamic equilibrium. Heat transfer in theee@&kgoverned not only by conduction but also
by solute convection. The convection explains thiekhess of the cake, as for ARTEMIS 1D.

The temperature evolution in the melt cavity isatealated by a OD model as done for LIVE L3A
and ARTEMIS 11. The best agreement has been foandrf interface temperature evolution
depending on the heat flux. The interface tempegatsi significantly lower than liquidus at
elevated heat flux, explaining the fast decreaseelt temperature at the test beginning. After
approximately 1000 s, the heat flux decreases lamihterface temperature can be assumed equal
to the liquidus temperature of the melt.

Application of the 1D model already used for theipretation of LIVE L3A and ARTEMIS 11
tests was also made for ARTEMIS 10. This model tesithe heat and mass transfer between the
bulk of the melt and the boundary layer at the tgawiall. A radial liquid flow is assumed to enter
the boundary layer from the bulk. Same local ctutste laws as for the interpretation of LIVE
L3A test have been considered for friction, heahdfer and liquid entrainment velocity in the
boundary layer. The model was applied only forfther recirculation in the top zone and did not
take into account existence of the bottom flownmdation.

The 1D model calculation results proved to quitdl weproduce the ablation profile. From these
calculations, it is concluded that the fast ablati the top of the melt cavity is linked to thehe
flux distribution associated to the laminar boundayer flow, as in ARTEMIS 11.
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CONCLUSIONS

This thesis work is a contribution to the studymblten corium behaviour and molten corium-
concrete interaction during severe accident ofa@arcteactors. In these situations, the main objecti
of interest for the reactor applications is to d®iae the heat flux distributions along the loweat
and ablation rate of the concrete cavity.

L essons from the state of the art

The first chapter covers a state of the art fowdesel Retention and Molten Corium — Concrete
Interaction. Among the work devoted to In-VesseteR#on, it has been shown that the question of
steady state heat transfer and steady state ictetéamperature at the cooled boundaries of a melt
cavity with internal heat source has been clearbneered. The steady state heat transfer from thie me
cavity to the upper cavity surface and to the &tkguid-solid interface can be determined by engs
Nusselt correlations in terms of internal or exsérRayleigh number. The liquid-solid interface
conditions are also determined for the steady siaw@tion: absence of mushy zone at the interface
and the interface temperature is equal to the diggiitemperature of the actual liquid composition.
However, available studies concerning the trandmat transfer with crust formation are limited.
During the transient, a mushy zone can exist, whigsults in significant effect on the liquid
composition near the interface and on the interfsmmperature. Due to the lack of precise
experimental data, the question of transient nhitwavection heat transfer in a melt cavity with
internal heat generation and melt solidification sidll also open, including evolution of melt
temperature, transient evolution of the liquid-dolinterface temperature as well as the transient
distribution of the heat flux along the vessel wall

In the second part of the survey, main results floenMCCI program have been summarized. It has
been emphasized that despite intensive studiesadtermcorium-concrete interaction, there are still
open issues that are not yet explained:

« The evolution of the shape of the ablation intexfac2D configuration;

» The effect of gas sparging on the flow recirculatia the melt cavity and its impact on heat
transfer;

* The effect of gas sparging and concrete meltingrast formation and interface temperature.

Investigationsin thisthesis

In order to answer the above mentioned questioee, &ind mass transfer in a molten corium cavity
surrounded by solid wall have been studied heréhfee different situations.

» The first situation deals with a volume heated eatectic melt contained in a hemispherical
shaped cooled vessel, without gas sparging, simglat-vessel corium with crust formation at
the corium vessel wall. The situation correspormlsghie LIVE L3A experiment which was
performed at KIT, Germany.

 The second situation treats a 2D ablation of a rdeccavity with gas sparging. In order to
separate the physico-chemical aspects and to ditstly purely thermal-hydraulic aspects,
interaction with identical eutectic material is @stigated. This situation is illustrated by
ARTEMIS 11 test.
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* The third situation concerns 2D concrete ablatipralmelt that is more refractory. Both thermal-
hydraulics and physico-chemical aspects are irgesil. This situation involves the study of
ablation of an eutectic solid concrete wall intéirec with a heated liquid melt at different
composition (refractory and non-eutectic melt) wits injection. This situation is represented by
the ARTEMIS 10 test.

Main results concerning in-vessel corium behavioitivsolidification at vessel wall

The analysis is devoted to the investigation afigient heat transfer and solidification in a sinteda
non-eutectic molten corium cavity with internal tieg source and external cooling at boundaries.

A simplified model has been developed for calcatabf the evolution of maximum melt temperature
and evolution of the solid crust thickness due odiddication. The model assumes liquidus
temperature of the actual melt at the liquid-satigrface and employs an average heat transfer from
an existing natural convection Nusselt number dmped for steady state heat transfer. A
transformation of the correlation from internal Régh number to external Rayleigh number has been
performed in order to take into account the tramswariation of temperature difference between the
melt and the liquid-solid interface. The local d¢rdbkickness evolution has been calculated by
imposing the steady state heat flux profile measime experiment. Agreement between the model
and the experimental data in melt temperature ¢éool@and crust thickness evolution proves that the
heat transfer in transient has similar behavioumasteady state. In addition, using the calcutatio
results for transient solidification rate and ajmdythe existing solidification models for planaorit

and mushy zone, a prediction of solidification regs in LIVE L3A has been proposed, wherein a
mushy zone state occurs at the beginning and apfaont is obtained at the end. Recalculation of
interface temperature during the whole transieairamdicates that the interface temperature always
stays close to the liquidus temperature of theahehelt composition.

Application of the 1D boundary layer model for LIMBBA has been carried out. The model gives
access to local melt temperature and heat fluxiligion not only in steady state but also in trans
The constitutive laws for friction coefficient aheat transfer in the boundary layer as well agHer
radial liquid flow velocity from the bulk to the badary layer which are derived for a vertical plate
are also applicable for a hemispherical melt cavity

Main results concerning the second situation (walblation by a heated melt with
uniform composition and gas sparging)

ARTEMIS 11 experiment is aimed to represent anatigtsolid material ablation by the eutectic melt
with gas sparging and volumetric power dissipatioithe melt cavity. The main conclusions are as
follows:

« Analysis of evolution of temperature gradient ie thelt cavity reports existence of gas mixing in
the melt cavity during the first 17 minutes. Aftbat, natural convection controls heat transfer in
the melt cavity.

» The natural convection flow explains the prefer@ntdial ablation. The heat flux distributes non-
uniformly along the lateral wall of the melt cavitgading to maximum concrete ablation at the
top and minimum concrete ablation at the bottorthefcavity.

* The maximum temperature evolution in the melt gagtrecalculated by a 0D model. In the first
17 minutes, due to gas-liquid mixing convectionimesg a two phase heat transfer correlation has
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been applied. After that, heat transfer was eséthdty a natural convection correlation. The
temperature decrease in the melt after 1 houtribuatied to the cavity widening and the reduction
of heat flux due to ablation.

Application of the 1D model already used for theipretation of LIVE L3A test was made. The
1D model calculation results show a good reprodunabf the melt temperature evolutions as well
as the local ablation rates. From these calculatiibris concluded that the fast ablation at the to
of the melt cavity is linked to the heat flux dibtrtion associated to the laminar boundary layer
flow. The low ablation rate at the melt cavity loott is linked to the recirculation of cold liquid
from the boundary layer at the bottom region.

Main results concerning the third situation (wallldation by a heated melt with non-
uniform composition and gas sparging)

ARTEMIS 10 experiment is aimed to represent thataih of an eutectic solid concrete by a non-
eutectic and refractory melt with gas spargingasldmetric power dissipation in the melt cavity.€Th
main conclusions are as follows:

Analysis of evolution of temperature distributicsrsd heat transfer in the melt shows that natural
convection is the main heat transfer mechanism.hEa transfer from the melt to the liquid-solid
interface can be estimated using the natural caioveblusselt correlation.

Two recirculation loops have been identified in t@ium melt cavity. The composition and
temperature in each zone are quasi-uniform, btgreimt. The temperature in the top zone is lower
than in the bottom zone while the solute conceiotndh the top zone is greater than in the bottom
zone. The flow in the top zone goes upwards inctiréum cavity centre and downwards in the
boundary layer. In the bottom zone, the flow goesmvards in the cavity centre and upwards in
the boundary layer. This leads to ablation of cetecnot only at the lateral wall but also at the
bottom interface of the corium cavity.

A criterion for a density limit has been introduceddetermine the position of the top-bottom

zone interface. The interface between top and itwottones moves downwards versus time,
leading to increasing power dissipation in the zope and decreasing in the bottom zone. This
helps explaining the termination of ablation atblotom and acceleration of the top ablation.

The cake is formed at the bottom of the melt cadiye to deposition of refractory (BaLl
Although the cake is enriched in Badt is not solid but a porous medium containinghbsolid
and liquid at local thermodynamic equilibrium asselved previously in the thesis work of
[Guillaumé, 2008]. Heat transfer in the cake isegoed not only by conduction but also by solute
convection. The internal convection explains thekifiess of the cake, as for ARTEMIS 1D.

The temperature evolution in the melt cavity isatealated by a OD model as done for LIVE L3A
and ARTEMIS 11. The best agreement has been foandrf interface temperature evolution
depending on liquidus temperature with a correctioked to the heat flux. The interface
temperature is significantly lower than the liqudat elevated heat flux, explaining fast decrease
of melt temperature at test beginning. After apprately 1000 s, the heat flux decreases and the
interface temperature can be assumed equal tajthdds temperature of the melt.

Application of the 1D model already used for theipretation of LIVE L3A and ARTEMIS 11
tests was also made for ARTEMIS 10. Same local tidatige laws as for the interpretation of
LIVE L3A test have been considered for frictionah&ansfer and liquid entrainment velocity in
the boundary layer. The 1D model calculation respibved to quite well reproduce the ablation
profile for the top zone. From these calculations concluded that the fast ablation at the tbp o
the melt cavity is linked to the heat flux distritmn associated to the laminar boundary layer flow,
as in ARTEMIS 11.
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General Conclusions

Conclusions in terms of ablation

In terms of ablated mass of concrete, the conigltiarameters are
e The power dissipation in the melt cavity;

e The thermal inertia of the melt, which is linkedthe temperature decrease of the melt. The rate of
temperature decreases is associated to the evoltithe interface temperature and to the heat
transfer in the melt. For materials with single tingl temperature, the interface temperature is
fixed. For non-eutectic mixtures, the evolutiontbé interface temperature is more difficult to
predict, but for ARTEMIS 10, the hypothesis thag ihterface temperature follows the liquidus
temperature provides good results in terms of eaniof the ablated mass of concrete.

For the long term, when the mass of ablated comdretomes large, the temperature of the melt tends
towards the melting temperature of the concrete thedablation rate of concrete is then entirely
controlled by the power dissipation.

Conclusions in terms of heat transfer

In terms of heat transfer from the melt cavity he tiquid-solid interface, it has been concludeat th
average steady state heat transfer coefficientbeam good approximation for the transient heat
transfer coefficient. Existing heat transfer catieins for natural convection or gas driven coneect
recirculation can be used for the calculation ahsient pool heat up and heat flux distributione Th
statement can be explained by the fact that, ircéises analysed in this work, the characteristie ti
delay required for establishing the natural coneeactiow is mush shorter than the characteristiteti
delay associated to the heating up of the melty&wihich is linked to the thermal inertia of thesin
and to the power dissipation).

The predominant lateral material ablation obseime@RTEMIS 11 and ARTEMIS 10 tests is linked
to two effects:

* The fact that natural convection dominates in tledt avity (no or very little gas penetration in
the melt cavity) and boundary layer flow is downesar

*» The fact that buoyancy effects are more importdr@nt solute effects (for non uniform
composition) due to the small ablation rate ofda@oncrete in comparison to the entrainment
velocity of the liquid from the bulk to the boungldayer and due to a limited density difference
between the melt and the concrete.

This analysis suggests that the preferential raaddtion observed in siliceous concrete ablatast t
might be due to existence of only one flow reciatioih loop with downward boundary layer in the
melt cavity and the heat transfer is controlledniayural convection which means that the gas may
probably not flow through the corium cavity. Thisynexplain the post-test observations that corium
melt appears to be very dense with siliceous comcf@hereas it is very porous with limestone
concrete).
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Conclusions in terms of interface temperature

For LIVE L3A test conditions, involving solid crusbrmation on a steel vessel wall without gas
sparging, it appears that the interface temperattags close to the liquidus temperature during the
transient crust formation.

For ARTEMIS 11 (materials with uniform eutectic goosition), the interface temperature is equal or
very close to the eutectic melting temperature.

For ARTEMIS 10 (non-uniform composition, spargingsg moving interface), the situation is much
more complex. The melt composition is not uniforme(t composition stratification in the vertical
direction and composition variation in the bounddayer). The assumption that the interface
temperature is equal to the liquidus temperatureesponding to the average actual melt composition
leads to a reasonable melt temperature estimatiothé long term. But this assumption leads to a
significant over-estimation of the melt temperatateshort term (< 1 hour). The 0D analysis suggests
that for a short term, the interface temperaturédbetow the liquidus and that the temperature
difference with the liquidus depends on the heat.fA relation has been proposed to approximage thi
temperature difference. The 1D calculation showat tthe assumption of liquidus temperature
corresponding to the local average boundary lagerposition as local interface temperature is not
sufficient to explain the short term discrepancy.

Conclusions in terms of prediction capability of ODodel

It is seen that the 0D model has a good capalafitgredicting concrete ablation, melt composition
and average melt temperature evolution. This caexpkined by the following statements:

e Concrete ablation is entirely controlled by powissigbation and thermal inertia of the melt;

« The interface temperature is mainly linked to thatarial properties while the properties of the
melt are linked to the composition of the melt whigs governed by concrete ablation.

Thus, the prediction of the evolution of the maksidated concrete, average melt temperature and
average melt composition can be obtained with glsifD model. However, for the prediction of
local ablation rates and evolution of the melt tashape, at least a 1D model is necessary.

Needs for futurework

When two recirculation loops exist in the melt ¢aas observed in ARTEMIS 10, due to the non-
uniform composition distribution, the situation bates more complicated and the introduced 1D
model is not sufficient. While radial ablation adncrete is quite well described by this model, the
axial ablation to the bottom of the melt cavity Imas$ yet described. In the future, the model shéeld
improved for describing the heat and mass trarisfet molten corium cavity with non-uniform
composition distribution and non-uniform ablation arder to represent the two flow recirculation
loops existing in ARTEMIS 10. In addition, formatieof the cake due to deposition of refractory
species observed experimentally in ARTEMIS 10 isaomsidered in the model. This point should be
included in the future upgraded model.
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It is noted that in ARTEMIS 10 and ARTEMIS 11, gises not exist in the melt cavity (or only exist
in a short period in the beginning of ARTEMIS 1TIherefore, the effect of gas on heat transferén th
melt cavity and on the liquid-solid interface cdiatis is not investigated in the framework of the
thesis. Experimental data from another test in whie gas effect is clearer would be analysed for

further study of gas sparging effect on MCCI.
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Appendix 1. Transformation of Nusselt correlation from internal
Rayleigh into external Rayleigh

In order to determine the heat flux transferreadnfr hemispherical cavity containing liquid meltisit
needed to evaluate Nusselt number (Nu). In factcddube written in terms of either internal Rayfeig

5¢ _ AT, H3 _
number Ra,, =M) or external Rayleigh numbeRrg,, = 9 Br Aok ma ) where g is the
a Ay U av

gravitational accelerationy, fr, v, Zpuk are respectively the thermal diffusivity, therngdpansion
coefficient, kinematic viscosity and thermal contikity of the melt;H is the height of the melt
cavity, ATpukmaxIS the difference between the maximum melt temtpegaTouk may IN the melt cavity

and the liquid-solid interface temperatufi§) @nd Q,is the volumetric power dissipation in the melt
cavity.

For the purpose of evaluating the transient evatutf melt temperature, it is more practical to use
external Rayleigh number for the Nusselt correfafior the calculation of the variation of average
heat transfer coefficient versus time and tempegadifference AT,y max = Touk max — T;)- HOwever,
there exist in literature numbers of Nusselt catieh which are written in terms of internal Raglei
number. These correlations are only valid for disthéd thermal-hydraulics steady state.

When the heat loss from the melt cavity to its uppeface is negligible, the heat flux transferred
through the lateral wall of the hemispherical naaltity in steady statendy) is given by:

. N T ,
:Qv Vcavity:QV §7TH (3R H)zQVH(3R_H) (A-l-l)
st 2RH 6R
SIalteral

in which Q,is the volumetric power dissipation in the melt itaVR, H, Saera and Veaviy are
respectively the radius, the height, the interfemiaa and the volume of the melt cavity.

The average heat flux@g() can be also expressed in terms of the averagettaeesfer coefficient
(hyuk ) and the average temperature difference betweeméit and the interfaca Touy), i.€:

= ¢
¢ = Nourc ATpui = ATpuk = AN (A-1-2)
houk — Pouik
Therefore,
), H BR-H
ATpuk = L—) (A-1-3)
6 Rhyyi

The average heat transfer coefficienj, is calculated as:
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hpuk =———

From EquationgA-1-1), (A-1-2), (A-1-3) and(A-1-4) we have:

1. . .,. H

. - H 3_7

ar = QH?@R-H) g T ETR)
Y 6 R A, Nu Apuk NU

Applying Equation(A-1-5) in the expression of external Rayleigh numberdead

1. .,,. H 1. H
ZO. H?@3-— . ~(3-—
Re, < 9B Ho0Tou 0 H? 6 ETR) g g 1° 6CTR)
* va va Apu NU Ao V @ Nu
or
1 H
Ra,=——(B-—)R
8= - B )Ray
The Nusselt number is how obtained as:
b
— b' _ b b'
Nu=dRa, =a Nu” Ra,,
3_7
R
b b
1-b'
1-b b i 6 L
Nu™ =a' Ra, = Nu=a't®| —— Ra,,1b
H
3-— 3-—
R R

(A-1-4)

(A-1-5)

(A-1-6)

(A-1-7)

(A-1-8)

(A-1-9)

Now, Nusselt is written in terms of both internabtlaexternal Rayleigh numbers, as follows:

Nu=a'Ra, " =aRa,’
wherein:

b
1-b'
1 '
a=a'lv 6 andb =L
3_i 1-p
R

(A-1-10)

(A-1-11)
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Appendix 2. Gas flow path in porous medium

In ARTEMIS experiment, gas is injected into a pa@oncrete cavity. Knowing the permeability of
the porous medium allows characterization of tredjstribution and the gas flow path as well.

The gas velocity in a 1D porous concrete is catedldy Darcy’s law as follows:

; _ Keoncrete ﬁ
J gas e L (A-2-1)
or:
jgas L
AP = Hgas I gas (A-2-2)
K concrete

in which jqss is the superficial gas velocity injected into test section (M.S-1Kconcrete (M2) @Ndugas
(Pa.s) are respectively the permeability and theadyc viscosity of ga\P is the pressure drop and
L is the thickness of the porous concrete layer.

In TRIO the pressure drop is given by:

L 1 5
AP=F D_hE Pgas ) gas (A-2-3)

in which Dy, is the hydraulic diameter (the size of the poreshe porous concrete layep)s is the
density of the gas arfeis the pressure factor, which can be expresseztims of Reynolds number as
follows:

F= (A-2-4)

_A L1 =
AP = R_eD_hE pgas J gas (A-2-5)
or
A Lj
AP = ,ugas J gas (A-2-6)
2D}
Then:

AP = Aiugas szgas — :ugas jgas L (A-2-7)
2 Dh Kconcrete
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and

2D

A= (A-2-8)

K concrete

In ARTEMIS 1D pretest, a measurement of pressupp dr the porous concrete medium was carried
out. The pressure drop along a system composedcoherete layer deposited on the surface of a
graphite plate was measured. The concrete layeBham thickness. Gas is injected from the bottom
(Figure A-2-1). The superficial velocity of the gas3.14 cm/s. The pressure drop along the graphite
plate alone was about 890 mb while the pressurp dlang the combined section of graphite plate
and porous concrete was 1700 mb. Therefore, thesyre drop across the concrete layer was about
810 mb.

APgraphi[E = 890 mb

APconcrer = 810 mb

Jgas= 3.14 cm/s

Figure A-2-1. Test section for pressure drop measuent in ARTEMIS 1D pretest.

In order to obtaim Peoncrere~ 810 mb as measured in the pretest, with= 2 10° Pa.sDy=5.10°m,L =
30 cm,jgas = 3.14 cm/s, the value &fwill be about 2300.

Calculation by TRIO code with A = 2300 provides tiressure drop in the concrete layer of 810 mb lwhic
is in agreement with the measured one in the preféerefore A = 2300 will be applied as a reference
value for the calculation of pressure drop in tbeops concrete in ARTEMIS 2D.

The first calculation has been performed witk 2300 for the same configuration as in ARTEMIS 11
The concrete cavity has 40 cm radius and 45 crrhhedg the centre of the concrete cavity, thera is
cylindrical cavity (15 cm radius and 33 cm heiglgpresenting the melt cavity as in ARTEMIS 11
(Figure A-2-2).
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«———— 40cm

.................. <«— 15¢cm —»

\\ \\‘

Jgas= 2 cm/s

' Large grains

45cm

Small grains

v

Jgas= 2 cm/s

Figure A-2-2. Configuration for 2D pressure drop taulation by TRIO code.

It is noted that in ARTEMIS 2D, the permeabilitythe porous concrete is not uniform. In the lateral
wall of the concrete cavity, there are three layenstaining finer concrete grains with smaller sife
pore. Each layer is 1 cm thick and is located aci) 24 cm and 34 cm from the bottom of the
concrete cavity. Gas is injected from the bottord &#nom the lateral walls of the porous concrete
cavity between the three layers with small sizecoete grains and through the bottom. The average
superficial gas velocity at the central cavity ifdee is 2 cm/s.

The gas velocity field in the concrete cavity i®wh in Figure A-2-3. It is seen that gas can etiter
melt cavity from the horizontal and vertical interés.
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Figure A-2-3. Velocity field of gas in the concretavity in ARTEMIS 2D.

The superficial gas velocities, provided by the ORiode forA = 2300, are shown in Figure A-2-4
and Figure A-2-5. On the horizontal interface, glas enters the melt cavity with a superficial visjoc
ranging from 0.013 m/s (at 3 cm from the melt cauitis) to 0.47 m/s (at the melt cavity lateral lyval
i.e. 15 cm from the melt cavity axis. At the bottorterface near the lateral wall of the melt cavibe
superficial gas velocity is even higher than thpezted one.
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0.3 |
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Gas velocity on horizontal interface (m/s
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Figure A-2-4. Superficial gas velocity on horizortaterface for ARTEMIS 2D.

On the vertical interface, the gas flows througé three layers with small grains with very small
superficial velocity (less than 0.01 m/s). In tlegion with larger size grains, the mean superficial
velocity at the cavity interface is about 0.02 mifdch is the intended value.

0.32

Smaller

grains
0.24 A

Distance from the cavity bottom (cm)

0 7 T T T
0.00 0.01 0.02 0.03 0.04

Gas superficial velocity on vertical interface (m/s)

Figure A-2-5. Superficial gas velocity on verticadterface for ARTEMIS 2D.

In fact, in ARTEMIS 11, the existence of gas in thelt cavity during the first 20 minutes from the
test beginning has been observed by a flat tempergradient in the melt cavity during this period
and void fraction measurement. Since the temperaftadient in the melt cavity is no more flat after
20 minutes, it seems that there is less or no gasan the melt cavity.
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The flow of the gas is closely dependent on thenpability of the porous concrete. When there is no
more gas in the melt cavity, it could mean thatdhmight be an increase of the permeability of the
concrete. As consequences, the gas flow may bybasmelt cavity. This could be related to the
formation of numbers of cracks inside the porousceete due to the thermal expansion of concrete at
high temperature. Another possibility is that tliequs concrete interface might plug.

To analyse the potential consequences of abovenasisms, calculations have been performed for
increased permeability of the porous concrete. ela 10 time higher permeability of the concrete,
coefficientA has been divided by 10, i&.= 230. The calculation witA = 230 exhibits that the gas
still flows through the melt cavity (Figure A-2-&i@d Figure A-2-7 and Figure A-2-8). If A is divided
by 100 (i.e A = 23), the gas will by-pass to the top of the maltity (Figure A-2-6, Figure A-2-7 and
Figure A-2-9).

w 05
c 2
g
= —e— ARTEMIS 11_A = 2300
2 04~
p —=— A =230
°w _
%\ 50.3 | ——A =23
S o
D Q
> ©
T 502 1
Qo <
©
g
S 0.1 A
%)
%)
3
0 0.03 0.06 0.09 0.12 0.15

Distance from cavity center (cm)

Figure A-2-6. Superficial gas velocity on horizortmterface for different coefficients A.

0.32

©
N
~

Distance from the cavity bottom (cm)
o
=
(e}

0.08 —— ARTEMIS 11_A =2300
-s—A=230
—+—A=23
0 T T T T T
0.00 0.01 0.02 0.03 0.04 0.05

Gas superficial velocity on vertical interface (m/s)

Figure A-2-7. Superficial gas velocity on verticadterface for different coefficients A.
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Figure A-2-9. Gas velocity field in concrete cavityith A = 23.
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Appendix 3. Natural convection calculation by TRIO code

TRIO code has been used for the calculation ofdigatural convection in a cylindrical configuratio

with the same dimension as in ARTEMIS 11>(17 minutes) to see the transient effect and the
distribution of the melt temperature and to haveetier understanding of the heat transfer mechanism
The aim is to look at the behaviour of a heated makrms of temperature evolution and temperature

distribution if natural convection is assumed talemain heat transfer mechanism.

The calculation with TRIO code has been done foylandrical cavity with 15 cm radius and 33 cm
height. Two heating elements 7.8 cm in height acated inside the cavity at the level of 6.2 tac#

from the cavity bottom and between 10 and 12 caliameter. Each heating element has 2 cm width.

The total power dissipation from the heating elet®&6000 W (Figure A-3-1).

z(cm),
33
Q,qq = 6000V
@l
Heater
6.2
i i R(cm)
0 10 12 15 "

Figure A-3-1. Configuration for natural convectioralculation by TRIO.

The initial conditions are at uniform bulk temperatin the melt cavityTyux = 537 °C, the lateral and
bottom wall temperature is taken as the meltingpenature of the concrete, i-€.= Tper = 522 °C

and the power dissipation in the heated zone ofrték cavity isQ,,; = 6000W. The heat flux on the
top surface is equal to zero. Material propettisespond to molten eutectic.

The calculating results given by TRIO are as foow
e At Steady Stat%Tbu”(’ TRIO= 51°C which is onIy 20% hlgher thanTbmk, ARTEMI8111(42 OC);
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e The melt temperature reaches steady state {Ej3after 800 s (13 minutes), i.e. faster in
ARTEMIS 11 (23 minutes);

e The radial temperature gradient in the melt caigtffat (except in the boundary layer region of 3
~ 5 mm from the lateral wall) and the axial tempam gradient is linear in the heated zone
(increases gradually from 522 at the bottom interface of the cavity up to 5Z3at the top of
the heated zone);

« The average flow velocity on cavity axisUg,, = 8.4 10* mi/s.

Evolutions of melt temperatures at different cadtgvations calculated by TRIO code is shown in
Figure A-3-2.

582

572 - —
— _o_o_o.o-o-o-o-o-o-o-o-o-o-o-o-o-o-o-o-o-o-o-o-o<
£ 562 |
g
o}
<
® 552
S
g
X TC10,R=45cm,z=7.74cm
S 542
M E TC8,R=4.5cm,z=13.14cm

—o =TC3,R=4.5cm,z=26.64 cm
532 1 - -o- - Centre of heating zone, R=11cm, z=10 cm
522 T T T T T
0 500 1000 1500 2000 2500 3000
Time (s)

Figure A-3-2. Transient evolution of bulk temperate at different cavity elevations from TRIO calculan.

Figure A-3-3 and Figure A-3-4 show the temperafigie in the cavity at = 400 s and at steady state
t = 800 s. A temperature stratification is cleathgerved.
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Figure A-3-3. Temperature distribution in the cayitat t = 400 s (transient).
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Figure A-3-4. Temperature distribution in the cayitat t = 800 s (steady state).

The steady state radial temperature distributionghfree different cavity elevations are illustchia
Figure A-3-5. A boundary layer is observed nearl#teral wall with a thickness of approximately 5
mm. In this boundary layer region, an importantgerature gradient is seen. Inside the heated region
and in its vicinity, there is a small temperaturadient but near the cavity axis (in the region relie

< 8 cm), the temperature is uniform.



DB: ARTEMISCON2G}211144at
Time 800,001 - s D D
Curve 570 - - _.'=|:
Nar: TEMPERATURE_EHEM _dom_pbith i tB
1 0
Curve 1 i
- - - Vo EMPERATURE EtfM dpmopoth il B - t
Curve ) o |1
Var: TEM?ERA]UI?E_EI;EM_ dom_pbth : _E.; |
560 l
. I.\I
M
f il
[N
I
I
] [
550 |
Value ] II
] ’ |
Ia — - A "
1 e \ |
1 I"\_..ig‘
540
A_At inlet of heater
B_At heater centre
530 - D_At outlet of heater
0.02 0.04 0.06 0.08 0.10 0.12 0.14
Distance

217

Figure A-3-5. Steady state radial temperature dilstrition in the cavity

The axial temperature gradient in the cavity iradtestate is depicted in Figure A-3-6 at two distmn
from the axis of the cavity (inside and outsiddneéter).
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Figure A-3-6. Steady state axial temperature dibtrtion in the cavity.

Important conclusions from these calculations are:
* The assumption of natural convection after timerilqutes is corroborated,

» The radial temperature gradient is uniform, desghee radially non-uniform distribution of the
heat source. This justifies the radially unifornrmperature field considered in the 1D model
approach.
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Appendix 4. Energy balancein ARTEMIS 10

7

Melt

M bulk,ini
Tbulk,ini

Qadd

-
Concrete

é//////f//ﬂ"////////

M

concreteini

/% Tconcreteini

Figure A-4-1. System att = 0.

We consider the initial situation of ARTEMIS 10 sm® in Figure A-4-1 which includes:
e Acylinder cavity with initial radius 15 cm and bt 45 cm containing liquid melt

- Initial temperature of the melt, ;,; =960°C ;

Initial melt mass:M i = 97.1kg;

Initial mass percentage of Ba@h the liquid melt:wgici; =100%;

Initial enthalpy of the meltH ;i =H |Eﬁ%2 (Toac?) +C5,ﬂgt|n2d I,Tbulk,ini _Tn?glflzl ;

Energy stored in the initial melt is calculated by:
Epu (0) =M butk,ini Hbutkini = M puik ini {H |Eqi%2 (T n?gflz) + ng‘ichlﬁd I,Tbulk,ini _Tn?gflzl} (A-4-1)

e A cylinder concrete cavity with radius 40 cm sumding the melt cavity and containing a solid
mixture BaC} and LiCl

- Concrete porosity = 46%;

- Initial temperature of solid concret&;,, e = 400°C ;

- Initial mass of solid concrete ., . eni = 267.1kg;

- Mass percentage of BaCl2 in the solid concretf<2 = 6204% (corresponding to a mol
percentage 0€522 =25%);

- Initial enthalpy of solid concrete:
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H concreteini — H gglri]g rete(-l—melt) + C(;Jc,):cflirgtei-rconcreteini _TmeltJ (A'4'2)
- Energy stored in the solid concrete atO:

Econcrete(o) =M concreteini H concreteini (A-4-3)

— concrete, concret
Econcrete(o) =M concreteini {H solid (rmen) +C p,solid eh-concreteini _TmeItJ} (A'4'4)

The total energy stored in the systent at 0 is the sum of energies stored in the melt ianthe
concrete. This means:

Etotal (0) = Ebulk (O) + Econcrete(o) (A-4-5)
or:

_ BaCl2 -+ BaCl2 BaCl2 BaCl2
Etotal 0) =M puikini {H tiquid (Tmelt )+ C pliquid [Tbulk,ini ~Telt ]}

concrete, concrett (A-4-6)
+M concreteini H solid (Tmelt) +C p,solid concreteini _Tmelt

Molten
concrete

Melt

M MC
M
Tmelt _bulk
Tbulk
Heating power
Qadd

M cake

—

Tcake

Concrete /
A//f//////."ff/////f
M concrete
T

\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\E

&

concrete
%’////////////rf/////////

7

Figure A-4-2. System at instant t.

Figure A-4-2 shows the schematic of the systemstaintt, including:
e Melt cavity

- Average temperature of the mel,,, (which is taken as the volume average of the bulk

temperatures distribution measured by TC3 to TChizhvare located from the top to the
bottom of the liquid melt cavity);
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Melt mass M, Which contains the mass of initial liquid melt atié added mass due to
molten concrete entrance minus cake, Mgy, =M pyini +Myc =M cayes

Mass percentage of Badh the melt w23 (corresponding tocS2°? mol percentage of
BaClb);

Enthalpy of the meltd,;

Energy stored in the bulk is the sum of the endrgyn the mass initial liquid melt at

temperatureTp, x and the energy added due to the ablated molterretenand the solid
cake, as follows:

— | | | — |
Epate ) = (Mo ~ M cae)|HES2 (T,2202) 4 c 202 1 7 Bacie |

{ concrete, concrete[-r (A—4—7)
*Myc H liquid (Trmer) Cp,quuid bulk ~ Tmelt

e Concrete cavity

Concrete porosity = 46%;

Average temperature in the solid concretg;, . .(this temperature is deduced by volume

averaging the temperature measured by thermocoupteded inside the residual solid
concrete, the details of the calculation methoddess presented in Appendix 6);

Mass of solid concretem ., eter

Mass percentage of BaGh the solid concretew22<2 = 6204% (corresponding to a mol
percentage of 25 % Bagl

Enthalpy of the solid concreté:, . cte:

Energy stored in the solid concrete is then:

Econcrete(t) = [M concretgini M MC ]{H é:glriwdcrete(-l—men) + C?J?:glirgtehconcrete_-rmelt (A'4'8)

* Solid cake forms at the bottom of the melt cavity

Average temperature in the cake;which is taken as average between the maximum bulk

temperature (obtained by TC12) and the temperataasured by thermocouplepositioned

Toutcmax + T,
at the bottom of the mobile probe 1D, :%'

Mass of the cakem

cake?

Mass percentage of BaCin the solid cakew23$? =94% (measured at the end of the
experiment);

Enthalpy of the caked ..;

Energy stored in the cake is given by:

Ecake(t) =M cake(t) {H sBoélli((i|2 Tﬁl?;?lz) +C %igﬁ |_Tcake(t) —TrES?lzJ} (A'4'9)

* Argon gas is injected into the melt cavity

Superficial gas velocity:j 5, = 002m/s;

Specific heat of gasC , gas =520 Jkg Lk
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- Incoming gas temperatur@,,;, = 400°C
- Outgoing gas temperatur€y,g =Toui,
- Incoming enthalpy of gas gasin = Hret +C ngas (Tgasin ~Tref ) 5

- OUthing enthalpy of gas—:| gasout =H ref +C pgas (rgas.out _Tref ) ;

- Energy serving for gas heating is:
t
Egas(t) = j mgas (H gasin — H gas.out) dt (A'4'10)
0

in which mg,is the mass flow rate of gas.

The total energy stored in the system at insténthe sum of the energies in the liquid melt, sbkd
concrete and the cake, as follows:

Etotal (t) = Ebqu (t) + Econcrete(t) + Ecake(t) (A'4'11)
or
E ()= [M M ]{H BaCl2 (1 BaCl2y , ~BaCl2 I.-F T BaCIZ]}
total( ) - bulk,ini cake, liquid (rmelt ) p.liquid |" bulk melt
#M i H T )+ O Mok ~ T

concrete concret
+ [M concretgini M yc ]{H solid (Tmelt) +C p,solid e[Tconcrete_Tmelt]}

BaCl2 /t BaCl2 BaCl2 BaCl2
+M cake {H olid melt ) +C p,solid h—cake _Tmelt

(A-4-12)

Variation of the stored energy in the system bebnmge instants is equal to the difference between
the energy generated from the heating elementshenenergy used for gas heating, as follows:

Etotal (1) = Etotar (0) = Qadd t- Egas (A-4-13)
or:
t
AE = Etotal (t) - Etotal (0) _Qadd t +I mgas (H gasin — H gasout) dt (A-4-14)
0

in which Q_44 =6000W is the power dissipation in the melt cavity.

Combining EquationgA-4-6), (A-4-12) and(A-4-14) gives the variation of energy in ARTEMIS 10
as:

— BaCl2 |+ concrete
AE=M bulk,ini Cp,liquid [Tbulk _Tbulk,ini ]+ M concreteini C p,solid [Tconcrete Tconcreteini ]
BaCl2 BaCl2 BaCl2 BaCl2 BaCl2 BaCl2
+M cake{H solid. —H liquid +C p,solid [Tcake ~Trelt ] p liquid [Tbulk ~Trelt ]} (A'4'15)

concrete concrete |~ concret concret
+M MC {H liquid H solid p liquid e[Tbulk Tmelt -C p,solid E{-I-concrete_-rmelt]}

or:
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— BaCl2 |+
AE=M bulk,ini Cp,liquid [Tbulk _Tbulk,ini ]+ M concreteini C ,solid [Tconcrete_Tconcreteini]
P
BaCl2 BaCl2 BaCl2 BaCl2 BaCl2
+M cake{C p,solid [Tcake _Tmelt ]+ Cp,quuid [Tmelt _Tbulk]_ Lsolification}

concretet T concret concrete!
+M MC {C p.liquid e[Tbqu _Tmelt +C p,solid e[Tmelt _Tconcrete]+ I-melting }

(A-4-16)

The calculation of the energy balance will be perfed in the next, using the given data from
ARTEMIS 10 which are:

« The average bulk temperature (calculated by mattiemhaverage of temperature measured by
TC3to TC12) (Figure A-4-3).
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Figure A-4-3. Evolution of average bulk temperatune ARTEMIS 10.

e The evolution of the mass of the molten concreted{ded from the position of the thermo-
couples located in the solid concrete) (Figure A}4-

160
140 - *
120
100

A O
o O
I I

Mass of molten concrete (kg)
(]
o

N
o
I

0

>

L 4

L 2

0:00:00 0:14:24 0:28:48 0:43:12 0:57:36 1:12:00 1:26:24 1:40:48
Time (h:min:s)

Figure A-4-4. Evolution of molten concrete mass ARTEMIS 10.
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« The average Bagtoncentration in the melt cavity (Figure A-4-5).
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Figure A-4-5. Evolution of BaCJ concentration in the bulk in ARTEMIS 10.

* The average temperature in the solid concrete rfdeted by volume averaging of all the
temperatures measured by thermocouples in the smficrete cavity) (Figure A-4-6).
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Figure A-4-6. Evolution of average concrete temparee in ARTEMIS 10.

Knowing the mass of the solid cake at the end oT BRIS 10 and assuming that the mass of the cake
increases linearly versus time allows an estimatidhe cake mass.

e The average temperature in the cake (estimatedotienprobe 1D).

« The heat capacities of the liquid melt and of tbkkdsconcrete are calculated as functions of the
mol percentage of Baghnd of the temperature |Veteau, 2004].
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The global energy balance in ARTEMIS 10 is shownFigure A-4-7. It is seen that energy is
conserved during ARTEMIS 10. The energy servingdas heating is minor in comparison to the
energy from the heating elements and to the variatf the energy stored in the different materials.
Uncertainty of less than 20% is observed which mmme from the determination method of the
ablated mass of concrete.
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Figure A-4-7. Energy calculation for ARTEMIS 10.

Figure 4-8 shows a detailed partition of the eneifys seen that the energy generating from melt
cooling is important. This is different from ARTEBIIL1 in which the energy released from the initial
melt is of minor distribution because the initiaimperature is much lower. A significant part of
energy serves for heating up the solid concretednduction. Other important parts of energy are
devoted for concrete ablation and for heating @rtiolten concrete. In addition, the energies rdlate
to cake heating and gas heating are negligible.
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Figure A-4-8. Energy partition in ARTEMIS 10.
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Appendix 5. Energy balancein ARTEMIS 11

7

Melt

M bulk,ini
Tbulk,ini

Heating power
Qadd

7
Concrete

é/////////ﬁ'////////

M concreteini

% Tconcreteini

Figure A-5-1. System att=0.

We consider the initial situation of ARTEMIS 11 s in Figure A-5-1 which includes:

A cylinder cavity with initial radius 15 cm and lgbi 33 cm containing liquid melt

Initial temperature of the melT,, ; =560°C ;

Initial melt mass:M i =57kg;

Mass percentage of BaGh the meltw23%"? = 6204% (eutectic composition corresponding to
a mol percentage of 25% and similar to the comjoosif solid concrete);

Initial enthalpy of the meltH i, =H |ic<?LTigrEte(r melt) Cgﬁir:qﬂ%tel-rbulk,ini ~Tren] >

Energy stored in the initial melt is calculated by:

Epuik 0) =M puicini Houini = M puikiini {H |ic¢§)l?i(cjrete(rmen) +Cg(,)|ir:;](ijri%tehbulk,ini _Tmelt]} (A-5-1)

A cylinder concrete cavity with radius 40 cm sumding the melt cavity and containing a solid
mixture BaC} and LiCl

Concrete porosity = 46%;
Initial temperature of solid concret&;, . ewni = 400°C ;

Initial mass of solid concrete ., . eni = 25925kg ;

Mass percentage of BaGh the solid concretew2S2 = 6204% (eutectic composition);

Initial enthalpy of solid concrete:
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H concreteini — H gglri]c;: IFEte(Tmelt) + C([:Jc,):cflirgti-rconcreteini _TmeltJ (A'5'2)
- Energy stored in the solid concrete at0:

E H

concreteini (A-5-3)

concrete(o) =M concreteini

— concrete, concret
Econcrete(o) =M concreteini {H solid (rmen) +C p,solid eh-concreteini _TmenJ} (A'5‘4)

The total energy stored in the systent at O is the sum of energies stored in the melt ianthe
concrete. This means:

Etotal (O) = Ebulk (0) + Econcrete(o) (A-5-5)
or:

_ concret concret _
Etotal 0 =M bulk,ini {H liquid melt) +Cp,|iquid EinU"(,ini Tmelt]}

concrete, concret _
+M concreteini {H solid (Tmelt) +C p,solid E{Tconcreteini Tmelt

(A-5-6)

%
Molten
concrete Melt
M MC
M
Tbulk max

cx
Qadd

o

Concrete

/;//f'//////.f'f//////f'

M concrete

TCO ncrete
ﬁ’////////////r//////////

Figure A-5-2. System at instant t.

Figure A-5-2 shows the schematic of the systemstaintt, including:
e Melt cavity

- Maximum temperature of the mell; . nax;
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- Melt massM,,, which contains the mass of initial liquid melt atié added mass due to
molten concrete entrance, i®.,,, =M i *Muc

- Mass percentage of BaGh the meltwac? = 6204% ;
- Enthalpy of the melti,;

- Energy stored in the bulk is the sum of the enéngy the initial liquid melt at temperature
Thukmax @nd the energy added due to the ablated molteoretenand the solid cake, as
follows:

Epuik (1) =M puicini {H |?§Lﬂ§rete(-rmen) + Cgﬁ%ﬁ%whbum fmax ‘TmenJ}

{ concrete concrete[ (A-5-7)
+Mpyc \H liquid (Tmelt) + Cp,liquid Thuik max _Tmen

e Concrete cavity
- Concrete porosity: = 46%;

- Average temperature in the solid concrelg;,....(this temperature is deduced by volume

averaging the temperature measured by thermocoupteged inside the residual solid
concrete, the details of the calculation method Ibesn presented in the energy balance
calculation for ARTEMIS 11, described in Appendjx 6

- Mass of solid concretav

concrete?

- Mass percentage of Balh the solid concretew®¢2 = 6204% (corresponding to a mol
percentage of 25 % Bag|

- Enthalpy of the solid concreté,ceter

- Energy stored in the solid concrete is then:
—_ [ _ ]{H concrete, T Cconcretel.-l- _T
Econcrete(t)_ Mconcreteini MMC solid ( melt)+ p,solid concrete melt (A'5'8)
« Argon gas is injected into the melt cavity
- Superficial gas velocity:jg,s = 002m/s;

- Specific heat of gasC ., =520 Jm*.K™;

pgas

- Incoming gas temperaturg,,;, = 400°C;

- Outgoing gas temperatureg,sou = Thuk max

- Incoming enthalpy of gast g,qin = Het +C pgas (Tgasin ~Tref ) »
- Outgoing enthalpy of gasi g.qout = Hret +C pgas (Tgasout ~ Tref ) 3

- Energy serving for gas heating is:
t
Egas(t) = j mgas (H gasin — H gas.out) dt (A-5-9)
0

in which mg,is the mass flow rate of gas.
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The total energy stored in the system at indtathe sum of the energies in the liquid melt, sbkd
concrete and the cake, as follows:

Etotal (t) = Ebqu (t) + Econcrete(t) (A-5-10)
or
Erotal (t) = M puiini {H fquid - (Tnerr) +C ;ca?lir:qﬂ%etrbulk max ~ TmeItJ}

concrete concret

+M MC {H liquid (Tmelt) + Cp,liquid e[Tbulk max _Tmelt]} (A-5-11)
concrete concret

+ [M concretgini M api ]{H solid (Tmelt) +C p,solid e[-I—concrete_-rmeltﬂ

Variation of the stored energy in the system beitwge instants is equal to the difference between
the energy generated from the heating elementshenginergy used for gas heating, as follows:

Etotal (t) - Etotal (O) = Qadd t- Egas (A-5-12)
or.
t
AE = Egra (1) ~ Eorar (0) = Qaqa t +.[ rhgas (H gasin ~ H gasout) dt (A-5-13)
0

in which Q,4, =6000W is the power dissipation in the melt cavity.

Combining EquationA-5-6), (A-5-11) and(A-5-13) gives the variation of energy in ARTEMIS 11 as:

_ concrete concrete
AE=M bulk,ini Cp,quuid [Tbulk max _Tbulk,ini ]+ M concreteini C p,solid [Tconcrete_Tconcreteini ]

concrete concrete concret concret (A-5-14)
+Myc \H liquid Heolid  * Cp,liquid bulk max _Tmelt -C p,solid concrete_Tmelt
or:
— concrete concrete
AE=M bulk,ini p,liquid [Tbulk max _Tbulk,ini ]+ M concreteini C p,solid [Tconcrete_Tconcreteini ] (A 5 15)
concret concret concretel i
+Myc {C p,liquid e[Tbqu max _Tmelt]+ c p.solid E{Tmelt ~Teoncrete] I-melting }

The calculation of the energy balance will be perfed in the next, using the given data from
ARTEMIS 11 which are:

e The evolution of maximum bulk temperature (Figur&-A3).
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Figure A-5-3. Evolution of maximum bulk temperature ARTEMIS 11.

e The evolution of the mass of the molten concreted{ded from the position of the thermo-
couples located in the solid concrete) (Figure A)}5-
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Figure A-5-4. Evolution of molten concrete mass ARTEMIS 11.

« The average temperature in the solid concrete rfdated by volume averaging of all the
temperatures measured by thermocouples in the amlicrete cavity) (Figure A-5-5).
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Average concrete temperature (T)
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Figure A-5-5. Evolution of average concrete temparee in ARTEMIS 11.

Knowing the mass of the solid cake at the end oT BRIS 11 and assuming that the mass of the cake
increases linearly versus time allows an estimaticthe cake mass.

e The average temperature in the cake (estimatedotienprobe 1D).

« The heat capacities of the liquid melt and of tbkkdsconcrete are calculated as functions of the
mol percentage of Baghnd of the temperature |Veteau, 2004].
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Figure A-5-6. Energy calculation for ARTEMIS 11.

Figure A-5-6 indicates that the energy that sefeesggas heating is minor in comparison with the
energy generated from heating elements and withahation of energy stored in the materials of the
control volume. Generally, energy is conserved. ghergy loss is less than 10%. In addition, Figure
A-5-7 shows the distribution of energy. It is s¢lesit the main energy in the control volume serees f

concrete ablation. Another important part of eneigyevoted for heating up the solid concrete.
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Energies related to melt cooling and molten coectetating to the melting temperature are minor
contributions.
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Figure A-5-7. Energy distribution in ARTEMIS 11.
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Appendix 6. Deter mination of position of liquid-solid interface
during melt-concr ete interaction and calculation of the average
temperature of theresidual solid concrete

Method for determination of liquid-solid interface

The melting front locates at the positions at wtitoh temperature reaches the melting temperature of
the solid concrete (522 °C). The position of thdtimg front (interface between liquid melt and sboli
concrete) may be deduced from the measurementscaf toncrete temperatures, indicating by
maximum 98 thermocouples in 8 planes (TB2 to TB&ched inside the concrete cavity (Figure A-6-
1).
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Figure A-6-1. Thermocouple matrix in solid concretavity.

From the indications of temperature from thesenttoeouples, the time required for them to reach
melting temperature of the concretan be determined. Knowing the distance between the
thermocouples in each plane helps to plot a cufvietwdescribes the relation between the position of
thermocouple and the time required for this theroopte to reach the melting temperature. This curve
also presents the evolution of the melting frontthis plane. Fitting this curve by a polynomial
function allows deducing the position of the magtifiont at given time instartt This method is
repeated for all the thermocouple planes in ordebtain the evolution of the liquid-solid interéaat

all elevations of the concrete volume.
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Figure A-6-2, Figure A-6-3, Figure A-6-4 and Figuke6-5 show evolutions of the melting front
positions at four different elevations of the nedvity, corresponding to four different thermocaupl
planes (TB2, TB3, TB4, TB6).
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Figure A-6-2. Evolution of the melting radius at #trmocouple plane TB2 in ARTEMIS 11.
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Figure A-6-3. Evolution of the melting radius at #&rmocouple plane TB3 in ARTEMIS 11.
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Figure A-6-4. Evolution of the melting radius at #trmocouple plane TB4 in ARTEMIS 11.
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Figure A-6-5. Evolution of the melting radius at #trmocouple plane TB6 in ARTEMIS 11.

Then, the melt cavity radius at a given instantdach cavity elevation can be deduced using the

above polynomial functions. As a result, the evolutof the melt cavity shape is obtained for
ARTEMIS 11 as shown in Figure A-6-6.

The evolution of the melt cavity shape in ARTEMIGi$ shown in Figure A-6-7.
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Figure A-6-6. Evolution of the melt cavity shape ARTEMIS 11.




z (cm)

z (cm)

Thermal insulation

239

135°
-10 T T T T T T 1 -10 T T T
0 5 10 15 20 25 30 35 40 10 20 30 40
x(cm) X (cm)
——0:00:35 0:04:35 0:08:10 —e—0:24:35 ——0:00:35 0:04:35 0:08:10 ——0:24:35
—+—0:49:50 —&—1:05:40 —1:22:00 1:30:00 —+—0:49:50 —A—1:05:40 —1:22:00 1:30:00
40
Thermal insulation

30 i
— = 20 A
§ &
N N

10 i

315°
0 v
-10 T T T
10 20 30 40
x(cm) x(cm)
—e—0:00:35 0:04:35 0:08:10 —8—0:24:35 ——0:00:35 0:04:35 0:08:10 —8—0:24:35
—+—0:49:50 —A—1:05:40 ——1:22:00 1:30:00 —+—0:49:50 —A—1:05:40 —1:22:00 1:30:00

Figure A-6-7. Evolution of the melt cavity shape ARTEMIS 10.

In addition, with the information of the melt cavighape evolution or the evolution of the melt tavi
radius at each elevation of the melt cavity, theum@ of the melt can be deduced. Consequently, the
mass of the melt in the cavity for a given timetamst can also be calculated.
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Figure A-6-8. Evolution of the ablated mass of camte in ARTEMIS 11.
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Figure A-6-9. Evolution of the ablated mass of carte in ARTEMIS 10.

Method to estimate the average temperaturein the residual solid concrete

We divide the concrete cavity into slices with onih thickness\z. Each slice contains one plane of
thermocouples installed inside the solid concretd. orhe radial distance between thermocouple is
uniformAr and the distance from the cavity centre to thepupte is name® wherei is the order of
the thermocouple in the considered plane.
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First of all, we determine an average radial terzn\mnme'ITZ which is the average of all the temperatures of

the thermocouples located in this slice weighted thg specific area encompassed by each
thermocouple. The energy stored in the concrete@zated between two thermocoueandR,; is:

d Ei = pconcreteC (r:)?sr]cﬁirgtesi Az (Tz,i - Tref ) (A'G'l)

wherepconcretelS the density of the concrete g"';fjlf;e is the heat capacity of the solid concr&es the

surface area encompassed by the thermocouple betyend R.;, T, is the temperature of the
thermocouple installed inside this slice unit dpgis a reference temperature.

SinceS =277R dr Az, we can alternatively write:

dEi = pconcreteC%?sr]cﬁirgtez ﬂRi A rAZ(Tz,i _Tref ) (A'6'2)

Then the total energy stored in one slice is:

N N
Eslice = z dEi = z pconcretec(;:J(,)sncg:lirgtaz nRi A I‘AZ(Tz,i _Tref ) (A-6-3)
i=1 i=1

Since we assume that each slice is represented byemage temperatufg, we can also express the
total energy stored in this slice in terms of #ngrage temperature, as following:
_ N
Eslice = pconcretec(;)?gglirgte z _Tref ) Z Si Az (A'6'4)
=

or, alternatively:

N
Eslice = pconcretec(;:)(,)snglirgte z _Tref ) z 2 ”Ri ArAz (A-6-5)
-

From EquationgA-6-3) and(A-6-5), we have:

N
Eslice = z pconcretec%,)snc?lirgtez nRi ArAz (Tz,i _Tref ) (A-6-6)
i=1
or:
_ N
Eslice = pconcretec(;)?gglirgte(-rz _Tref ) z 2 ﬂRi ArAz (A-6-7)
-y

SinceAr = constant, we can deduce the radial average tamope for each slice as following:
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T == ’ (A-6-8)

Now, we can calculate the average temperaturedohn slice inside the concrete cavity. In order to
determine the average temperature for the wholenwelof the cavity, we have to rewrite the problem
as follows.

There areN* slices, located at different vertical levels frpwmsitionsz to zy-. The distance between
two slices isAz which is assumed to be constant. Each slice hespr@sentative radial average

temperature'ITZ and a total surfacs, ;.

The energy stored in one slice is:

dEz,i = pconcretec(r:)?sncflirgtesz,i AZ(-ITz,i ~Ter) (A-6-9)

Then the energy stored in the whole solid conarataty is the sum of the energy stored in all sljce
which is:

N
Etotal = pconcretec(éx?sncflirgtez Sz,i Az (Tz,i _Tref) (A-6-10)
i=1

If the whole solid concrete volume has an averageperatureT,,,...then the total energlo, is
written as:

N
Etotal = pconcretec%(,)sncflirgte(Tconcrete_Tref ) z Sz,i Az (A-6-1 1)
i=1

From(A-6-10) and(A-6-11), we obtain the average temperature of the whdié soncrete volume:

-ITconcrete: T (A'6'12)

Application of the above method has been carrigdf@mucalculation of average temperature in the
residual solid concrete in ARTEMIS 11 and ARTEMI& Calculation results are shown in Figure A-
6-10 and Figure A-6-11.
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Figure A-6-10. Evolution of average concrete tempaure in ARTEMIS 11.
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Figure A-6-11. Evolution of average concrete tempaiure in ARTEMIS 10.
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Appendix 7. 1D integral model coupling heat and masstransfer
between bulk and boundary layer

A.7.1 Model development for melt-concreteinteraction

R(X)= Ry(X) + o(x)/co¥
tand = -dR/dx

Qlost =0 T /
jbulk /

Vabi
: R(X) Ro (X)
dx O\ < .
P , . !
R(c+dlx) t :
Boundary layer oy Ubuik :

0°<6<90°

Ti

X

\4

Figure A-7-1. Model 1D schematic for an axisymmaetmnelt cavity.

An axisymmetric liquid cavity with a height as shown in Figure A-7-1 is considered. The radius
the cavity at levek (x is the distance from the top of the melt surfasd®(x) The melt cavity is
separated into two regions, the boundary layer thittknessi(x) and the bulk with radiuB,(x). The
bulk flow goes upwards while the boundary layemfigoes downwards. The power transferred to the
top of the melt surface is assumed to be zero.cBivéty is heated volumetrically with a given axial
power dissipation. The volumetric power dissipatisrassumed to be uniform radially in the heated

zone and is denoted @g(x) . Assuming a uniform radial temperature distribatio the bulk, then for

a given distanca from the top of the melt surface, the bulk is esgnted by an average temperature
Tou(X), @ flow velocity Upy(X), a liquid composition represented by the massemage of solute

(w,,(¥)) and a corresponding average dengify(x). The inclination angle of the cavity interface

from vertical direction at this position & (Figure A-7-1). At the outer surface of the cayign
interface temperature profile is imposed, T€x). A radial liquid flow with velocityj,,(X) is assumed
to be entrained from the bulk into the boundaretayrigure A-7-1).

A.7.1.1 Equationsfor the bulk

In the following, balance equations will first beitten for a bulk control volum¥y, located between
distancex and distancex(+ Ax) from the top of the melt surface as depictedigufe A-7-2.
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Figure A-7-2. Control volume of the bulk.

Mass balancein the bulk

Variation of the mass in the considered controuw® is equal to the difference between the incoming
and the outgoing masses.

* The incoming mass flow rate at ¢ 4X) is: S,y (X+AX) Ppur (X+AX)U pu (X +AX) in which S,y(x
+ Ax) is the flow cross section at ¢ 4x), i.e.

Spulk (X +Ax) = ”Rg(X+AX) (A-7-1)

* The outgoing mass flow rate atis S, (X) Pouk U puk (X) In which S,,(x) is the flow cross
section ak, i.e.

Spulk(¥) = 7RZ(¥) (AT7-2)

» The outgoing mass flow rate due to the radial tglow from the bulk to the boundary layer is
Siatbuik (X) Poui (X) ipui (X) IN- which SgpuX) is the lateral surface area of the bulk, which is

calculated by:
Stat, bulk (X) = 277Rg,q(X) AX (A-7-3)

whereinR,.(X) is the average radius of the considered controime:

_ Ry(9) + Ry(x+AX)
Ra\/g(x) - 2

(A-7-4)

The mass variation in the considered control voligng is written as:

d125u1k ) Vpulk (¥)
o X0V ]=Sbulk(X+AX)pbqu(X+AX)Ubqu(X+AX)
dt (A-7-5)

= Sat, bulk ) 2% Pk () Tpulk %) = Spulk ) Poulk YU pulk (X)

in which
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Voulk(X) =7 Rgvg(x) Ax (A-7-6)

NB: jbuk is the liquid entrainment velocity in the boundéayer, in the direction perpendicular to the
pool axis.

Combining Equations from (A-7-1) to (A-7-6) gives:
d, -2 d 2 _ .
4t "R Poulk) 4 7Ry Poutk Ybuik) = =277y Pbuik Jbulk (A-7-7)

wherein the bulk radius is calculated by:

o(x
Ry (¥) = R(X —ﬁ (A7-8)

Since the thickness of the boundary layer is gdigerauch smaller than the radius of the cavity, the
radius of the bulk will be considered as the radiuthe cavity, i.e.

Ry (X) = R(X) (A-7-9)

Hence, the mass balance in the bulk control volteads:

dBpulk , 2Pbulk dRavg ~ R? d(PpuikYbulk) _ 2RAbulk Ypulk dR

dt dt 2 d 2 d
Ravg Ravg X Ravg X

, (A-7-10)

__ 2 Ppulk Jpulk
Ravg

in which:
drR = —tand (Figure A-7-3
o g (A-7-11)

As seen in Figure A-7-4, the ablation rate of thelined wall and the variation of the average bulk
radius versus time can be calculated by:

dRavg _ V.
—2> - —abl (A-7-12)

V., dt=d cosd
abl Ravg - dt cosd

NB: The ablation velocity is defined in the directithat is perpendicular to the interface.
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Figure A-7-3. Schematic of the wall inclined angle.
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Figure A-7-4. Schematic of ablation velocity.

Combining Equations (A-7-10), (A-7-11) and (A-7-18ives variation of the bulk velocity i
direction as:

2
dUpuik _ ~Ybuk 9Ppuik , 1 (Ravg] dPpulk

dx Pouk  dX  ppuk | R dt
(A-7-13)

2 . Vap! | Ravg
+Z| Upyi tand + +—abl |29
R{ bulk (Jbulk o8] R

In addition, the mass balance for solute in thé& Bulvritten as:
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d 2 d 2
a(”Ravg Poulk Wyl _&(”R Poulk Y bulk Whyii)

(A-7-14)
= =21 Rayg Pbulk Jbulk Weyik
or.
d 2 d 2 2 d
Whuik [a(”Ravg Pbulk ) —&(HR Pbulk Y bulk)} + 1TR3vg Pbulk Wgtu'k
(A-7-15)
2 k _ :
= TR” ppuik Upulk —o = =2 7TRayg Pbulk ibulk Whyik
Combining Equations (A-7-13) and (A-7-15) leads to:
2
AV i R | dw,
_U U||( - O 7.
Tt bulk Ravg dx (A-7-16)

Energy balancein the bulk

Variation of energy versus time in the bulk layecdted betweem and & + 4x) is written as the
difference between the incoming and outgoing powers

* The incoming power at XfA4X) 1SSk (X+AX) Ppuk (X+AX)U gy (X+AX) Hyy (X +AX) wherein
Huu(X+AX) is the enthalpy of the bulk ét+Ax).

* The outgoing power atis S, (X) Pouik U puik () Hpu (X)) In which Hyy(X) is the enthalpy of the
bulk atx.

+ The power dissipation in the control volumeQjgx) Vi, (X) in which Q,(x)is the local

volumetric power dissipation at(Q, (x) = 0outside of the heated zone a@(x) >0and uniform
inside the heated zone).

e The power loss due to the radial liquid flow goifrpm the bulk to the boundary layer
IS Siat buik (¥) Ppuik (X) Jpu O H puic (X) -

The power balance for the bulk reads:

%[Vbulk(x)pbulk(x) H bpuik(X)]

= Spulk (X +4%X) Ppyik (X + AX)U gy (X + AX)H g (X + AX)
= Shutk (X) Pouik U puik (I Hpuik (%) +Qy (X) Vouik (X)
= Siat,butk (X) Poulk (X) Tbuik (X) Hpuik (X)

(A-7-17)

Rearranging Equation (A-7-17) with the use of Eopret from (A-7-1) to (A-7-6) provides:
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d 2 d 2
a(”Ravg Poulk Hpulk) —&(HR Poutk Ybulk Hpulk)

. , (A-7-18)
= Qv TRavg = 27TRavg Pbulk Jbulk Hbulk
in which the enthalpy of the bulk can be written as
H puik (Touik (X)) = Wy H rléifc,lliquid (Trmeit) + @ =Wy ) H r%?ﬁlqzuid (Trmelt)
(A-7-19)

bulk
+C . liquid [Toukc (%) = Tonere)

with HrLeifC'quuid (Trhert) and HrBG?'%lqzuid (Tmelt) are the enthalpies of liquid LiCl and BaCat

reference temperatufie = Trer, Cpliicuia IS the average specific heat of the liquid melt,

Developing Equation (A-7-18) and combining with Btijans (A-7-16) and (A-7-19) leads to the
variation of the bulk temperature versus time as:

2 .

dT, R dT,

T Ubulk( J o vau,k (A-7-20)
Ravg X Poulk Cplliqui

A.7.1.2 Equationsfor the boundary layer

The control volume includes two zones which arelibendary layer and the solid concrete as shown
in Figure A-7-5 . At a given distansgrom the top of the boundary layer (the top of gt surface),
the normal thickness of the boundary layedé(ig) (the thickness perpendicular to the interfaceke Th
boundary layer flow is represented by a normal aigloUg (X) (perpendicular to the flow cross
section) which is the mass-flow average velocity, &n average temperaturg (x) corresponding to

an enthalpyHg, (X).

In one side of the boundary layer, a radial ligilodv containing the liquid corium from the bulk Wil
enter the boundary layer at velocjtyi(x), temperaturd@y, (x), densityppu(X) and enthalpyHyu(x).
In the other side of the boundary layer, the liggidid interface has temperaturie The solid concrete
(depicted in the dotted part) with enthalpyoncrete @and initial temperaturdgonerete lOWer than the
concrete melting temperatufge; will be melted by the heat flux transferred frane tboundary layer
to the wall. The molten concrete with dengify: is considered to enter the boundary layer witbcall
velocity Vap(X) (perpendicular to the cavity wall).

An integral model for the boundary layer flow wile developed in the next for the volume control
ABCD located in betweer and(x+AXx), aiming at describing the velocity and temperatunaile in

the boundary layer as well as to determine thektigiss of the boundary layer and the heat transfer
along the liquid-solid interface.
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Figure A-7-5. Schematic of the boundary layer

Mass balance in the boundary layer

The mass variation in the considered control vollkB€ED is due to the addition of the incoming
masses of the radial liquid flow from the bulk ahd molten solid from the ablated solid concrete.

e The incoming mass flow rate due to the radial tigllbw from the bulk to the boundary layer is
St buik (X) Pouik (X) Jpuk () I Which:

Sat,bulk (X) = 277 Rgyg(X) AX (A-7-21)

* The incoming mass flow rate of the molten concrdiee to solid concrete ablation is
Sat,wall (X) Pmc (X Vap (X) in which

271 Ryyg(X) AX
X) = 7-
Sat,wall (X) c0s6(x) (A-7-22)
* The incoming mass flow rate at the bulk depth $Js(x) Ug, (X) pg (X) in which
SgL (X) =277R(x) o(X) (A-7-23)

* The outgoing mass flow rate at the € Ax) IS Sg (X+AX) d(X+AX)U g (X+AX)pg (X+AX) in
which

SpL (X +AX) = 2TR(X +AX) O(X +AX) (A-7-24)
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The mass balance for the boundary layer contralmel ABCD is written as:

d
E[VABCD paL (9] = =SgL (x+AX)U g (x +AX) pgp (X + AX)

+SpL (XU BL (X)L (X) *+Sat,bulk (X) Poutk (X) Jbulk (X) (A-7-25)
+ Sat,wall PMc (X) Vapi (X)

in which:

VABCD = 277 Ryyg(X) O(X) Ax (A-7-26)

Rearranging Equation (A-7-25) provides:

Ra d drR
Ravg at (5,OBL)+(5,OBL) - +R$(( oUpL ppL) +( dUpL pBL)&
(A-7-27)
Vab
Ravg (Pmc 50+prIkl Jbulk)
Combining Equations (A-7-11), (A-7-12) and (A-7-2&4ds to:
d(dUg pB1) _ Ravg( Pmc Vabl Dok ] j_ Ravg d(J opy)
dx R cos@ ulkTbulk R dt (A7-28)
_9 P81 Vanl , 9UpL pp tand
Rcosé R
or:
Pmc Vabl -
dd _ -0 dog 0 dUp , Ravg|  cosg Pbulk Jbulk
dx pg. dx Upg. dx R UgL PBL
(A-7-29)

_ Rayg 1 d(9pe)__ OVap , Jtand
R UpgLpp. dt Upg. Rcosd R

Assuming that the mass fraction of solute in tharoary layer liquid flow isvg , then the mass

balance of solute in the boundary layer is wrikgmilarly as the way for the mass balance in thHk,bu
ie.

d d
E(Ravg 0 PpL Wg| ) +&(R5U BL PBL Wg| )

(A-7-30)
Pmc Vabl Wy

cosd

avg ( + Opulk JbulkWoyik)
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After intermediate derivation steps, the final fdion variation of solute mass fraction in the boaryd
layer reads:

dwg, -_U R_dwg . Pwc Van (Wyc ~Wa ) + Poulk Joutk (Wou ~Wai )
dt BL Ravg dX oL ocosf PeL o

(A-7-31)

Momentum balancein the boundary layer

The momentum balance in the boundary layer contam$ollowing terms:

+ The flow momentum atis Sy (X)U 3, (X) g (X) .

+ The flow momentum ai(+ 4X) isSg, (X +AX) 3(x + AX)U 3 (X + AX) pg, (X +AX) .
* The gravity force is written a8,gcp 9[ 25 (X) = Pour(X)] -

e The friction force is calculated from the pressdrep along the flow path in the boundary layer,

AXx
— 2
which isF 2057 pBL(X)ZU 8™ s (4 in which F is the friction factor,D, is the hydraulic
h

diameter which is defined locally Bg(x) = 29(x) .

The momentum balance in the boundary layer in batwend & + 4x) is written as follows:
d 2
a[VABCDU BL(X) PBL(X)] = —ppL (X +AX) U (X +AX) Sg| (X +AX)

+ppL (¥) UBL () S () + gloeL () = Pouk(¥IVascD (A-7-32)

Ax pgL (YU Z (%)
costd 2Dy,

~F

SpL(X)

or:

d d )
—(Ryyq OU +—(ROU
dt( avg OU BL PBL) dx( BL PBL)

2 (A-7-33)
R peLUBL

cosd 4

= Ravg 99 (PBL ~ Pouik) = F

Developing Equation (A-7-33) and combining with thass balance in the boundary layer leads to the
final form of the momentum balance in the boundaygr as:

dUpL _ 9(PBL ~Pbuk) _ YUsL
dx pBLU BL 40cosd

_Ravg( Pmc Vabl , Poulk Jbulk , 1 dUg

(A-7-34)
R PBL ocosf PBL o) U BL dt J
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Energy balancein the boundary layer

The variation of the power in boundary layer isresged in terms of:

* The outgoing power ak(+ 4X) is pg (X+AX)U g, (X+AX Sg, (X+AX) Hg (X+AX) ;

* The incoming power atis pg (X)U g (X Sg. (X) Hg. (X) in which:

= LiCl BaCl2
He (TeL (9) = WaL H et liquia (Tmeit) + = WaL) HZf iguia (Tme)
BL (A-7-35)
*+C pliquid [TeL (9 = Tmei]

+ The incoming power due to the entrance of conésgigc Vap| (X) Sat,wall (X) Hceoncrete:

 The incoming power due to the radial liquid floworn the bulk to the boundary layer
IS Ppuic (%) Toutk (X Sat puic (¥) Hpui (%) -

The power balance for the considered control vol&MBED is given by

%[VABCD HeL () pgL(¥] = pg (WU g (X) Sg () Hp| (X)

—Pr| (X+AX)U R (X+AX)Sr| (X+AX)H gy (X+ AX)
BL BL BL BL (A-7-36)

+Pmc Vabl (%) Sat, wall (¥ Heoncrete
*+ Poulk X Tpulk (¥ Sat, bulk X Hpulk ()

or:

%[VABCD HeL (¥ pgL (] =pg (WU (XS (XN HpE (X
—pgL (X+AX)U g (x+AX) S| (x+AX)Hp| (x+AX)

* Poulk ) Ipulk X) Sat, butk ) Hpulk (X)

= Pmc Vabl (%) Sat, wall () (H mc —H concretg (A-7-37)
= P Vabl (9 Stat, wail (9 (Hi 00 = Hyc )

= Pmc Vabl () Sat, wall () (H gL (¥) ~Hj )

*+Pmc Vabl (0 Sat, wall ) HpL ()

in which HeonereteiS the enthalpy of the solid concreteTatcreie@andHyc is the enthalpy of the molten
concrete al e

Since the heat flux transferred from the boundayeti to the liquid-solid interface serves to me# t
solid concrete, then:
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?(X) = Pmc Vani (X) (Hi - Hconcret&

= pmc Vabl (%) (H; =Hme +Hme —Heoncretd (A-7-38)

— concret concrete _ ~concret
=pPmc Vabl (¥ |C p’"quide(Ti - Tmelt) + Lmelting +C p,solid e(Tmelt - Tconcrete)

in which L{7EEis the latent heat of melting of concretjii5® is the specific heat of molten

concrete andC i “is the specific heat of solid concrete.

Hence, Equation (A-7-37) becomes:

%[VABCD HpL(X) pL(X)] =

—pL(X+AX)Up| (x+AX) S (x+AX)Hp| (x+AX)

+ppL (UL (X) SpL(X) HBL(X) *+ Pbuik (X) ibutk (X) Sat,bulk (X) Hpuik (X) (A-7-39)
= #(X) Stat,wall (9 = Pumc Vabl (¥) Sat,wail (9 (HpL (¥) ~ H;)

+ Pmc Vabl (X) Sat, wail (X) HpL (X)

After intermediate deriving of Equation (A-7-40pmbining Equations (A-7-31) and (A-7-35), the
final form of the energy balance in the boundapetaeads:

1 dig| _ é(x)
U dt BL
& R | g Py (A-7-40)
+ PoulkJoulk (1 )4 mcVabl _(p 1)
| PBLYBL ppL UgL dco |

The convection heat flux transferred to the walh &g written alternatively in terms of the heat
transfer coefficient from the bulk to the liquidkisonterface as:

#(¥) = hyyik ) (Tpuik ) —T;) (A-7-41)
wherein the heat transfer coefficient is calculdtech Nusselt number defined as:
Apulk NUpulk
B 1 (X) = 24K DU
bUlk( ) 25()() (A-7-42)

in which Ay is the thermal conductivity of the melt.

A.7.2. Constitutivelaws

In the previous section A.7.1, the integral modmlpling the bulk and the boundary layer has been
developed based on the balance equations in tlieabdlin the boundary layer. However, in order to
solve the system of equations, the expressionthéofriction factor, the heat transfer coefficiemd
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the radial liquid flow from the bulk to the boungldayer are required. This section is dedicated to
fulfil this task.

A.7.2.1 Friction coefficient

Forced convection in a circular duct

In literature, the friction factor for a forced a@ttion in a circular duct has been estimated by
derivation of the radial velocity profile in the @uThe details of these works have been reporyed b
[Rohsenow, Hartnett et Cho, 1998, pp. 5-6] for l@miflow and by [Bird, Stewart et Lightfoot, 1960,
pp. 155] for turbulent flow. Only a summary of thegorks will be recalled here.

Y

- o

Uir)

Figure A-7-6. Velocity profile for laminar flow inforced convection in a duct.

For a circular duct with a diametér = 2R, the radial velocity profile of a fully developdaminar
flow in forced convection is given analytically bhye Hagen-Poiseuille parabolic profile [Handbook of
heat transfer, Rohsenow, Hartnett, Cho, 1998, 6h.&s follow

_ VARY
(1) = Uy 1) (A-743)
in whichr is the radial distance from the duct axis apgis the maximum velocity which is obtained

for % =0 corresponding to=0.
r
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s
ar

Figure A-7-7. Flow cross section in a duct.

The mass-flow average velocity, is given by:

R

Cross éu(f) - (A-7-44)

UL =
in which S,0ssiS the flow cross sectio8,= 7R? and dS=27n Rdr (Figure A-7-7).

Hence:

UgL = 05Uy, (A-7-45)

Then, the velocity in the duct can be rewritten as:

u(r) = 2ugy | 1-()?| (A-7-46)

The pressure drop for a given length of the duct is calculated by:

AP=F axPUBy (A-7-47)
in which F is the friction coefficient angyis the density of the fluid.

With D = 2R, the friction pressure gradient is deduced as:

dp_AP_F P uBL (A-7-48)

dx Ax 2R 2

Besides, the pressure drop along the duct canteendaeed from the wall shear stress as follows:

APS¢ross=Tw Sateral (A-7-49)

in which Saeera is the lateral surface of the duct's wal ., =27RAX).
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The wall shear stresg is also defined by:

_leo.2
TW—E pug (A-7-50)

On the other hand, the shear stress is writtemnaltieely in terms of the velocity gradient at thall
as:

.

wHG =R (A-7-51)
in whichy is the dynamic viscosity of the fluid.
Taking into account the velocity profile given bguation (A-7-43) gives:

2uu
- max

W —Fh (A-7-52)
Consequently,
F=4f (A-7-53)

Then the friction coefficient is rewritten, for aaular duct, in terms of the wall shear stress as:

T

F=47 W2 (A-7-54)
5 PUBL
Replaci =05 dr,, =2HUMaX i £ iation (A-7-54 Its in:
eplacingug = 05u, 4, andr,, —Tm quation (A-7-54) results in:
2HUmay oy
Fea R Rz =16% 2'3L :u32”R (A-7-55)
E'OUBL ugL R "BL
2Ru
Defining Re=_—BL |eads to:
v
- _ 64
Re (A-7-56)

According to [Transport Phenomena, Bird, Stewaightfoot, 1960, pp.155], for forced convection in
a duct with diameteD = 2R, the forced convection velocity profile in turboteregime is
approximately given, for the viscous layer, by plosver law velocity distribution as:
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, 1/7
u(r) = umax(l_ﬁj (A-7-57)

in whichunax is the maximum velocity obtained on the duct axis.

The mass flow average velocity is calculated bggrating the velocity profile given in (A-7-57):as

R
_ 1 _49
UpL = JUNdS=Umax (A-7-58)
crossO0

For the evaluation of the wall shear stress, wenchmuse Equation (A-7-51) since the velocity
gradient at the wall is infinite. This is not phyally possible. In fact, in the vicinity of the wah a
turbulent boundary layer, there exists a viscowsrlacalled laminar sub-layer. Inside this regithre
temperature gradient is linear. Outside of thistayhe temperature follows the one-seventh power
law as in Equation (A-7-57). According to Equati@®.12a) in [Boundary layer theory, Schlichting,
1955, pp.602], the wall shear stress on a walltéwbulent forced and free convection can be
approached alternatively by:

1/4

= 0,02250u2 v

Ty = 002250Uf 50| ——— (A-7-59)
max

in which v is the kinematic viscosity of the fluid ang. is, in the case of a duct, the maximum
velocity on the axis.

Combining Equations (A-7-54) and (A-7-59) leads to:
1/4

F=_ % 00225002 Y
= o JVeePUmax| (A-7-60)

}/Z'OUBL Umax R

) 49 . .
Sinceu,,, =—u the friction coefficient becomes:

m ‘@ max’

F =

14
4 002250uf (01460
(A-7-61)

;puél_ 01462 |ug R

: _— 2Rug| : :
With the definition ofRe=———== as done for laminar flow, we find:
17}

025

F = 031Re (A-7-62)
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In fact, Equation (A-7-62) corresponds to the Rla% law of friction in pipe flow [Rohsenow,
Hartnett, Cho, 1998, pp.5-22] for the calculatidrriztion coefficient in a duct for turbulent flow

Natural convection along a vertical plate

In this section, similar methodology will be appliéor calculation of friction factor for natural
convection along a vertical plate.

In free convection, the viscous boundary layer eigyaprofile of a laminar flow along a vertical pda
is taken from the Eckert’s profile [Alvarez, 198H:

2
u(y) =u, %(1—%} for 0 <y <¢ (Figure A-7-8) (A-7-63)

in whichy is the distance from the vertical platds the thickness of the viscous boundary layer and
U is the characteristic velocity which was introddity [Eckert et Jackson, 1950]as:

~1/2
_ 2/3 v
U, = 1185[1+ 0494Pr } Z6r 2 (A-7-64)

U = 1185[1+ 0494Pr } JIBT T~ Tur)X (A-7-65)

whereing is the gravitational acceleratigfy; is the thermal expansion coefficieifit, andT,, are the
bulk and the wall temperatures, respectively,argdthe distance from the edge of the boundaryrlaye

L J
=

=

Figure A-7-8. Free convection along a vertical ptatvith Eckert’s velocity profile.
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At a given distance from the edge of the boundary layer, the maximwunilary layer velocity is
obtained aty =%as:

_4
Umax = 57 (A-7-66)

The boundary layer thicknegsat a given distancefrom the edge of the boundary layer is defined as

the distance from the plate to a positiprat which, typicallyM<1%. The mass-flow average
max

velocity is deduced from:

5
_ 1
YBL "o (f) u(y)w dy (A-7-67)

in whichW is the width of the plate.

Hence:

1
ugL =55l (A-7-68)

The wall shear stress obtained by taking the divivaf the velocity profile ay = 0 is given by:

TW >

(A-7-69)

The friction coefficient~ will be calculated from the pressure dmwip along the vertical plate over a
given lengthx, i.e:

2
Ax P U
ap=F X T BL (A-7-70)
h 2
in whichDy, = 29.
Besides, the pressure drop can be written in tefrtfse wall shear stress as follows:
APScross™Tw Sateral (A-7-71)

in which Saeral is the lateral surface of the vertical plate ory(,., =W Ax) (no friction on the fluid

side) and,ossis the flow cross sectiorS(,,.c =W J).

As a result;
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F=—- (A-7-72)

According to [Eckert and Jackson, 1950], the véjoprofile in a turbulent free convection boundary
layer along a vertical plate can be approached by:

y /7 y 4
u(r):uc(gj (1_Ej forO<y<o (A-7-73)

The maximum velocity is obtained atzz—égas:

Urngy = 053721, (AT78)

The mass-flow average velocity is calculated bggnating the velocity profile as:

ug = 0146u, (A-7-75)

This result is coherent with the experimental dataa turbulent boundary layer along a verticakgla
reported by [Cheesewright, 1968] which is:

ug = 015ug (A-7-76)

Since the derivative of the velocity at the waliriBnite (as in the case for turbulent forced cection
in a duct, the wall shear stress in turbulent cotiva along a vertical plate is also estimated by:

U~ o

14

U

r,, = 00225 pu? (—j (A-7-77)
C

as done for a duct.

Finally, the friction coefficient for turbulent natl convection along a vertical plate is derived a

F = 31Re” 02° (A-7-78)
20u
with Re= BL
1%

A.7.2.2 Heat transfer coefficient
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Laminar flow

We consider the temperature profile in laminar freevection along a vertical plate which is given b
Eckert [D.Alvarez, 1985], as:

2
T =T
—TbUIk—T =[1—i} (A-7-79)
buk “Tw  Or

in which 67 is the thickness of the thermal boundary layigr, and T, are respectively the bulk and
the wall temperatures afdis the local temperature in the thermal boundayed at position y.

The heat flux transferred to the plate is calcddtg:

dT
p=A A-7-80
Therefore:
24
¢ =~ (Touk = Tw) A-7-81
o ( )
The heat transfer coefficient from the bulk to Weetical plate is defined as:
Npulk = —r A-7-82
T Touik =~ Tw (A-7-82)
Hence:
b =2 bulk
bulk ~ o (A-7-83)

The corresponding Nusselt number from the bulkéwall can be introduced as:

U i = Mouik Ph _ Mbuik 29 (A-7-84)
u o
Abulk Abulk

As a conseqguence:

3
NUpyik = 4g (A-7-85)
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The ratio between the viscous and thermal bountigigr thicknesses for laminar flow in natural
convection along a flat plate has been obtainedyticely by [Ostrach, 1952] for Pr = 0.3, 1, 2,,10
100, 1000 (shown in Figure A-7-9).

[N
N

H
o
I

5/5T = Pry{1/3)

¢ Ostrach, 1952

Viscous_thickness/Thermal_thickness

0 200 400 600 800 1000
Pr

Figure A-7-9. Ratio between viscous boundary layleickness and thermal boundary layer thickness in
laminar natural convection.

The results showé— as a function of Pr number for Prl as follows:

S _p 3

—=Pr
(A-7-86)

J-I-

Thus:

h D
_ bulk™h _
NUpulk ==~ — = 4Pr%’ (A-7-87)

bulk

Turbulent flow

The temperature profile in a turbulent free conwectboundary layer along a vertical plate is
approached by [Eckert et Jackson, 1950] as:

1 1/7
bulk =1- (l) for 0 <t <oy (A-7-88)
Thulk ~Tw

in which d7 is the thickness of the thermal boundary layeryigithe distance from the surface of the
vertical plate.
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It is observed from the experimental results regablty [Cheesewright, 1968] that in turbulent ndtura
convection; the thicknesses of the viscous andmhkeboundary layers are the same. Therefore,
Equation (A-7-88) can be also written as:

Toulk =T

P\
=1- (—j for 0 <t<dr (A-7-89)
Tohulk ~ Tw

o

Since the derivative of the boundary layer tempeeain Equation (A-7-88) is infinite at the surfaufe
the vertical plate, the heat flux transferred te plhate cannot be calculated as done for lamirgames
However, according to [Eckert et Jackson, 195@,hbat flux transferred to the wall can be estichate

by Reynolds analogy between the turbulent exchahgementum and heat as:

Toulk =Ty -
¢:ksTprMPr 7

(A-7-90)
Uc
in whichks is an adjustable coefficient.
Consequently, the heat flux is written by:
_ -2 bulk 1y U U4
$=0022%s Pr 7= Ppyik C p,liquid Ye Toulk = Tw) (G5 (A-7-91)
The heat transfer coefficient from the bulk to wdl is defined as
hyy = 0.0225k Pr_% chbulk (Y )l4
bulk = s Poulk ~pliquid ety 5 (A-7-92)
and:
Pbui D
NUpy =——+ -7-
) Abulk (A-7-93)
in which Dy, is the hydraulic diameter which ig for a flat plate.
Therefore:
bulk
-24 PCp liquid v
Nug,, i =0.0225ks Pr 7 —B A 20uc(; ) va (A-7-94)

Replacingug, = 0146u.for turbulent flow in natural convection along atieal wall gives:

3
Nupyk = 0113kg Pr}é ReA (A-7-95)
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A.7.2.3 Estimation of theradial velocity from bulk to boundary layer

In the literature, several boundary layer modelgehaeen developed for natural convection along a
vertical wall with constant temperature at the veaald in the bulk or in volume-heated peripherally
cooled pools. These models have proposed profildmondary layer velocity and boundary layer
thickness. According to the mass balance equati@nyelocity of the radial liquid flow entering the
boundary layer from the bull{i) can be deduced, as follows:

d .
&(pBL UgL )= Pouik Jbuik (A-7-96)

in whichpg, is thedensity of the boundary layarg, is the mass-flow average velocity of the boundary

layer,¢ is the thickness of the viscous boundary layermgpgds the density of the bulk.

In this analysis, three of such models taken froenworks of [Cheesewright, 1968], [Alvarez, 1985]
and [Bonnet, 1994] will be considered to deterntime expression of the radial liquid entrainment
Ve|OCityjbu|k.

Cheesawright boundary layer model

Cheesewright investigated experimentally the bogndayer along a vertical wall in natural
convection [Cheesewright, 1968]. From this worke thoundary layer thickness profile for both
laminar and turbulent flow regimes have been predjdvhich are:

e For laminar regime:
-025
Gr
o= 3.5><( 4X ] (A-7-97)

e For turbulent regime:

&= 016xGr, ™ (A-7-98)
in which:
_ 3
Gr, =9 Br (rbulkz Tu) X (A-7-99)
v

whereinT,, andT,, are the bulk and the wall temperatures respegtigelk the gravity acceleration,
P is the thermal expansion coefficientis the kinematic viscosity of the fluid ads the distance
from the edge of the boundary layer.

Using the mass balance in the boundary layer (kmu#A-7-96)), the radial liquid velocity will be
deduced. It is noted that in, the work of [Cheesgly 1968], only the profile of average boundary
layer velocity in turbulent regime was reportedjchhs:

Upn = 015 987 (Toui = Tw)X (A-7-100)
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Therefore, the liquid entrainment velocityis only calculated for turbulent regime, as folkow

jCheesewrigt,turbuIent = 00249:8T (rbulk _TW)]OAU OIZX 0z (A-7-101)

Alvarez boundary layer model

Alvarez proposed a boundary layer model which wagelbped using the integral method [Alvarez,
1985]. In this model, the thickness and the avexadecity for a liquid laminar flow boundary layer
are given by the following formulas:

o= K(;er_lm (A-7-102)
1/2
um =Ky Gl (A-7-103)
with
20 -
Kz =©0x3) v 4(5 +pryl/4prl/2 (A-7-104)
_1.80,1/2,20 \-1/2
Ku=33 )7 "GP 77 (A-7-105)

whereinT,, andT,, are the bulk and the wall temperatures respegtigels the gravity acceleration,
pr is the thermal expansion coefficientjs the kinematic viscosity of the fluid axds the distance
from the edge of the boundary layer.

Using the mass balance in the boundary layer (kmugf-7-96)), the velocity of the radial liquid
flow can be deduced as:

: _1 _+ 4, -u2,-14
I Alvarezlaminar _1_6K5KU[918T (Toulk ~Tw)[~ "0 75X (A-7-106)

FLUXBAIN boundary layer model

In FLUXBAIN model approach [Bonnet, 1995], the bdarny layer model is developed for a volume-
heated cylindrical pool. The expressions of locaurdary layer thickness and mean velocity in
turbulent regime are reported as:

o3 1U2
5:[8(0.0784+O.0366Pr )} o15p1/3 16
0.0366Pr 0492, o] 1027 X (A-7-107)
1"‘(?)

~12
ug, :[8(0.0784+ 0.0366Pr2/ 3} JOBr Touk T (A-7-108)
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_ 3
with Gr, = 9p (Tb“”‘z Tw) X whereinT,, andT,, are the bulk and the wall temperatures respegtigel
U

is the gravity acceleratiof; is the thermal expansion coefficientis the kinematic viscosity of the
fluid andx is the distance from the edge of the boundaryrlaye

Combining the profiles of boundary layer velocitydaboundary layer thickness given in Equations
(A-7-107) and (A-7-108) with Equation(A-7-96), thadial liquid velocity from the bulk to the
boundary layer in natural convection is estimatgd b

- _ ) w3
JELUXBAIN, turbulent = F(Pr)[gﬁr (Tbulk TW)U] (A-7-109)
with
_ os9gpr2/3
F(Pn= 16/27
[ ( o.492j9/16} (A-7-110)
o Pr

Proposal of a correlation for estimation of theradial liquid velocity from bulk to
boundary layer

From the three mentioned correlations ji@k, it is observed that in the case when the bulk thed
wall temperature are constant, supposing that thesipal properties of the fluid are maintained
constant, theficheesewright,wurbulen®Nd j avarez laminardf® dependent on the distanc&om the edge of the
boundary layer and Pr number white,xsan wrbuientiS ONly dependent on Pr number. Besides, each of
these three correlations is applicable for eitherihar or turbulent regime.

For our needs, we are looking to find a correlafmn,, that satisfies the following constraints:

« First, the correlation should be applicable at position in the boundary layer, even if the surface
is curvilinear in the case of a melting wall. THere, we cannot use the distanckom the edge
and we are searching a correlation that is onlynatfon of local parameters;

e Second, the correlation should be applicable whendensity difference between the boundary
layer and the bulk is also linked to variable cosifion (case of wall ablation with different
composition), and not only to the temperature diffice. In that case, the motor of bulk liquid
entrainment into the boundary layer is the denditierence. Extending to the case of uniform
composition but different temperature, the entrantmis also linked to the density difference
which is connected to the temperature differenda/dxen the boundary layer and the bulk (not to
the temperature difference between the wall andbtitid).

Therefore, we propose the following expressioniveerfrom Equation (A-7-109):

: - 1/3
Jpulk =Kj {9“ [5T (Tbulk ‘TBL)+ B (Wbulk - WBL) (A-7-111)

in whichk; is supposed to be a function of Pr numfer,is the average temperature in the boundary
layer,wyux andwg, are respectively the average compositions in thie énd in the boundary layefy

is the thermal expansion coefficient of the fluitlgc is the concentration expansion coefficient of
the fluid.
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Coefficientk; will be deduced for varying Pr number.

1/3

T =T

k = F(Pr)[MJ (A-7-112)
Tbulk _TBL

The mass flow average temperature in the boundsey Is calculated by integrating the temperature
profile, given in EquatiofA-7-79) for laminar flow and EquatiofA-7-88) for turbulent flow.

_ 1
TBL T éT( y Uy dy (A-7-113)

Then, for laminar flow:

o

o

and for turbulent flow:

2
To -T
BL w [i} with % = Pr/3 (Equation (A-7-86)) (A-7-114)

o

-4
5

gl

Toulk = Tw

Ty =T
_BL W _p7515

_ A-7-115
Thulk ~Tw ( )
Consequently, coefficiel can be deduced as:
F(Pr)
kj,Iaminar - }/ with i: Pr}é
2773 or
1-4 21,12 (A-7-116)
5 5(
K _ F(Pr
jturbulent = 1/ (A-7-117)
0.248%
-2/3
: _ 0598Pr :
with F(Pr)= 16727 (Equation (A-7-110)).

9/16
[“( o.492j ]
Pr

Figure A-7-10 shows the calculated valuekofs functions of Pr number in laminar and turbulent
regimes with Pr number varying from 1 to 10. lbiserved that for Pr > k;, in laminar and turbulent
regimes are relatively the same.

» For Pr=2.56 (water in test conditions of [Cheesght, 1968]),k = 0.41,
* ForPr=9.3(LIVE L3A)k = 0.19;

* For Pr=3.3 (ARTEMIS 11% = 0.36.

* For Pr=4 (ARTEMIS 10)k = 0.33.
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0.6 - . + kj_laminar
= kj_turbulent

o
w

!
e

Figure A-7-10. Dependence of coefficient kj on Prdihnumber.

A.7.3 Model validation for natural convection along a vertical
plate

A.7.3.1 Conditionsand constitutive laws for calculation

Calculation with the developed boundary layer mdued been carried for a vertical plate in water
with Ty = 85°C andT, = 55°C. The physical properties is taken at filemperature
(T =W=70°C) corresponding to Pr = 2.56. These conditions Hae&n chosen in order to

allow a comparison with experimental results frabh¢esewright, 1968].

The radial liquid velocity from the bulk to the balary layer is estimated by:

— _ 13
Ibulk = 0-41[9ﬂT (Thuik ~TeL)Y (A-7-118)

The friction coefficient and Nusselt number in thdk are calculated using the equations derived in
the previous section for free convection alongréice plate, as follows:

 For laminar regimeGr, < 2 10):

= e (A-7-119)
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Nu =49 = 4p73 (A-7-120)
bulk =45

For turbulent regimeGr, > 10'):

F = 31Re—025 (A-7-121)
NUy = 0113, Pr% Re’ (A-7-122)

In the transition zone (2 109 @r, < 1010), the friction factor and Nusselt in theubdary layer are
estimated by interpolated functions of local Rewsol

A.7.3.2 Calculation results

In the next, calculation will be done to evaludte boundary layer behaviour along a vertical piate
natural convection for water with Pr = 2.56. Inbwlent, various values fdt are applied for the
calculation of heat transfer from the bulk to thallwFor the validation of the developed boundary
layer model, the calculated boundary layer thickne#l be compared with the ones given by [Eckert
et Jackson, 1950], [Cheesewright, 1968] and [Alxat©85].

0.014
o 0.012 # Calculation
- » Alvarez
4 0.010 1 Cheesewright
X
£ 0.008 | Eckert
)
2 0.006 1
g
< 0.004 -
c
>
o
0 0.002
0.000 - \ T T T
0.00 0.10 0.20 0.30 0.40 0.50

Distance from the top of the vertical plate (m)

Figure A-7-11. Boundary layer thickness along a vieal plate in natural convection.

As seen in Figure A-7-12, the thickness of the Wlated boundary layer in laminar regime is similar
to those given by Cheesewright and Alvarez. In ulebt regime, the calculation results are in
between the reference ones reported by CheesevaightEckert. This allows a validation of the
model in describing the boundary layer along aie@rtvall in natural convection.

In addition, calculated heat transfer coefficieat dlso compared with those given by existing
correlations such as [Chawla et Chan, 1982], [MaAslal954], [Al-Arabi et al., 1991], [Chen et al.,
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1986] ... It is observed from Figure A-7-13 to Figuhe7-16 that the calculated results are in
agreement with the references. For turbulent regwith ks = 1, ks = 0.67 ands = 0.5, the calculated
heat transfer coefficient is higher than the catiehs while withk; = 0.3, it is smaller. Wittks= 0.4,
the calculated heat transfer coefficient staysdtwien the references and therefore, it is seldoted
the calculation of heat transfer during turbulexgime for a vertical plate.
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Figure A-7-12. Heat transfer coefficient from theutk to the vertical plate in natural convectionsk 1.
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Figure A-7-13. Heat transfer coefficient from theutk to the vertical plate in natural convection
ks=0.67.
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Figure A-7-14. Heat transfer coefficient from theutk to the vertical plate in natural convection

ks = 0.5.
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Figure A-7-15. Heat transfer coefficient from theutk to the vertical plate in natural convection
with ks = 0.4.
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Figure A-7-16. Heat transfer coefficient from theutk to the vertical plate in natural convection
with ks=0.3.

After the developed integral model is validated ttoe simple case for a vertical plate, it has been
applied for the test conditions of LIVE L3A, ARTEBI11 and ARTEMIS 10 for calculation of
natural convection in cylinder or hemisphere maltity with transient evolution of melt temperature
and solidification (LIVE L3A, Chapter 2) or ablaidARTEMIS 11, Chapter 4 and ARTEMIS 10,
Chapter 5) at the liquid-solid interface.






275

RESUME FRANCAIS

1. Contexte

Ce travail de these a été realisé dans le cadfargdyse des phénoménes physiques concernant les

accidents graves hypothétiques dans un réactecl&aimes (REP).

Dans un hypothétigue accident grave de réacteuéaite, le coeur du réacteur ne serait plus refroidi
par le systeme de refroidissement. Dans ce scéradause de la puissance résiduelle (de l'ordre de
20 a 30 MW pour un réacteur de 1000 MWe), le corilbless’échauffe. Par ailleurs, I'oxydation
exothermique du zirconium. Les produits de fissjoinsont volatiles sont également générés dans le
batiment réacteur. En quelques heures apres lerdaeade I'accident, un mélange de matériaux
fondus appelé «corium» est formé dans la cuve acteér. Le corium fondu migre vers le fond de la
cuve et la chaleur dégagée par celui-ci peut thgrader la cuve. Ensuite, le corium tomerait dans
puits de cuve en béton. Par conséquence, unedtiterantre le corium fondu et le béton (MCCI) a
lieu. Cette interaction peut durer plusieurs jolss.puissance résiduelle diminue tres lentemens dan

les semaines et les mois ultérieurs.

La stratégie de rétention en cuve (IVR) a pour difjee retenir le corium dans le fond de la cuve d
réacteur (RPV) en appliquant un refroidissemergrext autour de la cuve. Cette approche fait partie
des stratégies importantes permettant de géraacledents graves dans les centrales nucléaires. En
effet, la rétention du corium est essentielle puettre fin la progression de I'accident, assuramia
l'intégrité de la cuve du réacteur (confinementsdaire). La compréhension de la distribution du

flux de chaleur & la paroi interne de la cuve asiscte cas.

En outre, la gestion des accidents graves dangéasteurs nucléaires nécessite également la
prévention du percement du radier en béton afiprdeéger cette troisieme barriere de sécurité entre
les matériaux radioactifs et I'environnement exdetriablation du béton peut se produire uniguement
dans la direction radiale ou de maniére isotropes des deux directions radiale et axiale, en foncti
de la distribution du flux de chaleur a l'interfamsire le corium et le béton. Par ailleurs, le fliex

chaleur dépend des variations des conditions dfade (la température et la composition).
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Le corium est composé de plusieurs matériaux de teds que UQ) Zr et ZrQ, etc.. La température

typique du corium est comprise entre 2300 °C e0270.

Le béton peut également avoir des compositiongrdifftes dont les principaux composants sonj SiO
(béton siliceux, température de fusion ~ 1850 “e€;aCQ (calcaire, se décompose en CaO et CO2).
Puisque le béton n'est pas un matériau pur, seétamupe de fusion peut varier entre 1300 ° C e0180
° C. Cette température est tres inférieure a ddlesolidification du corium (U3ZrO,, ~ 2500°C),

par conséquent, du solide peut se déposer a faggicorium-béton, impactant la thermohydraulique

du bain de corium et, ainsi, la répartition du filexchaleur et les vitesses d’ablation du béton.

Dans la suite de ce document, I'expression «corigera utilisée pour désigner le matériau fondu

plutbt réfractaire et 'expression «béton» serbiség pour désigner le matériau de la paroi ablatée

2. Etatde l'art

Dans le cadre des recherches sur I'Accident Gitaa@ycoup d’études ont été effectuées concernant le
comportement du corium en cuve ainsi que sur taatéon corium-béton. L'objectif est de mieux
comprendre le transfert de chaleur et les conditilinterface liquide-solide en régime permarment

en régime transitoire au cours de la progressidtadeident.

2.1. Comportement du corium en cuve avec un refroidissmnt externe

Dans un hypothétique accident grave, le cceur famitient une source de chaleur importante et il
peut se déplacer vers la partie inférieure de V& clu réacteur ou il peut créer un bain de coriuen.
capacité de rétention du corium et l'intégrité aledve dépendent de la distribution du flux de elnal
(provenant du bain de corium a la paroi intériededa cuve du réacteur) ainsi que du refroidissémen

a la surface extérieure de la cuve.

Les travaux récents sur la rétention en cuve diurmoont souligné que la question du transfert de
chaleur et de la température a linterface solmigde (lors de la solidification du liquide aux
frontiéres refroidies du bain avec la source ddethanterne) a été clairement résolue en régime

permanent. En effet, le transfert de chaleur autéase supérieure et a linterface latérale ergre |
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liquide et le solide peut s’estimer par des coti@his du nombre de Nusselt en fonction du nombre de
Rayleigh (interne ou externe). Cependant, le lignedes différentes corrélations développées anec
nombre de Rayleigh interne ou externe n'a pasré@sg. Lorsque la surface supérieure du bain est
refroidie, la couche supérieure du bain est quatimeiforme en termes de la température et de la
distribution du flux de chaleur. Une stratificatide température du bain est observée dans la partie
inférieure du bain. Dans cette région, le transfiertchaleur a la paroi latérale est contrélé par un
écoulement de couche limite. Le flux de chaleurnaemte avec l'angle polaire du bain, mais sa
répartition est fonction du régime d'écoulementsdegtte couche limite. Par ailleurs, les conditians
I"interface liquide-solide sont déterminées pairégime permanent, dans lequel il n'y a pas de zon
pateuse a linterface qui présente un front plaoer pequel la température d'interface est aussi la
température liquidus du corium liquide. En régipggmanent, la composition du corium liquide est

uniforme.

Les études concernant le transfert de chaleur gimeétransitoire avec la formation de crolte sont
limitées a I'aspect théorique avec des configunatisimples, telle que celle d’'une couche liquide
horizontale chauffée par une source de chaleurméiuque. Dans une telle situation, les effets
importants de la dynamique de croissance de laemir le transfert de chaleur ont été abordés. Les
analyses du temps caractéristique de [I'établissenieermohydraulique ainsi que du temps
caractéristique pour la formation de cro(tes ontitnédoque ces retards de temps sont plus longseque |
temps nécessaire a l'établissement d'un écoulementonvection naturelle. Par conséquent, le
transfert de chaleur en régime transitoire pew éstimé par une succession de régimes permanents.
Cependant, la situation en réacteur est plus comme raison de I'établissement, en transitoingel’
zone pateuse devant l'interface liquide-solide dseadu transfert de masse, ce qui entraine des
variations significatives de la composition du ldgiainsi que de la température a l'interface diqui
solide. Il est ainsi important de comprendre spent utiliser les corrélations du transfert de ebal

en régime permanent pour déterminer I'évolutionptanelle du flux de chaleur et la température du

corium.

En ce qui concerne les conditions a l'interfaceidig-solide, I'objectif principal est de déterminer
I'évolution de la température d'interface lorsaélkmation de la crodte transitoire. Ce problérastn

toujours pas résolu.

3.1. Interaction Corium-Béton
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L'intégrité du puits de réacteur est un objectd de la gestion des accidents graves car le radier
fournit une barriére de sécurité pour empéchepttiesdes produits de fission dans I'environnement.
En particulier, l'intégrité du radier doit étre @se méme en cas de fusion du cceur. En cas, de la
présence du corium dans le puits de cuve, uneattten directe entre le corium et le béton fondu se

produit.

Malgré des études approfondies sur l'interactionuoo-béton, il y a encore des observations qui ne

sont pas expliqués jusqu’a I'heure actuelle:

e Pourquoi la température du corium suit I'évolutdn la température liquidus pour les tests de
béton calcaire, mais ce n'est pas le cas pourels favec le béton siliceux dont la température du

corium peut étre de 250 K inférieure a la tempéealiquidus du mélange corium-béton.

* Quelles sont les causes qui entrainent I'ablasiottape lors de I'utilisation du béton calcaire (VB
U6, CCI2, ICC-4), mais une ablation radiale préfiéedle pour béton siliceux (CCI1, CCI3, VB-U5,
VB-U4).

* Quelles sont les causes et les conséquences dakilités d'ablation observées avec le béton
siliceux (CCI-1, CCI-3, CCI-5, VB-U4, U5-VB)? Quelkst la taille minimale de la section d’essai et

guelle est la durée de test nécessaire pour olvsereevitesse d'ablation 2D représentative?

3. Objectifs de la thése

Corium en cuve

L'objectif de ce travail est d'étudier les effets mhatériau non-eutectique sur la thermohydraulique

d'un bain de corium en géométrie hémisphériqueftihpar une puissance.

Les principales questions a aborder mettront latcser le comportement transitoire du bain de

corium, y compris:
« Le transfert de chaleur transitoire du bain a k@ipde la cuve;
» Lacinétique de la croissance de la cro(te solideégime transitoire;

« Le mécanisme de transfert de masse a l'interfaceédi-solide et les conditions d'interface en

régimes transitoire et permanent (la compositida eempérature a l'interface liquide-solide).
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Pour la description de la thermohydraulique du leainrégime transitoire, un modéle a été développé

et validé par le test LIVE L3A en proposant unerappe physique pour évaluer les paramétres clés.

L'état de I'art montre I'existence des questiongdas qui ne peuvent étre résolues en s'appuyant s
les données existantes. En outre, les essais @miaoatréels ne permettent pas des mesures précises
de la distribution de température du corium, du portement du solide a linterface ainsi que la

température d'interface.

Interaction corium-béton

Afin d'obtenir une analyse des phénomenes, le CESN et 'EDF ont lancé les essais ARTEMIS

2D. L'objectif de ce travail est d'utiliser lesultats de ces expériences afin d'étudier:
» Ladistribution du flux de chaleur a l'interface ldecavité en régime transitoire;

+ L'évolution de la forme de la cavité;

e L'évolution de la température du corium et le Baec la composition du corium;

« L'évolution des conditions d'interface au coursnéd’uinteraction corium-béton, recourant la

distribution de composition a l'interface et la fg@mature d'interface;

« L'effet de l'injection de gaz sur la recirculatidans la cavité du corium et ses impacts sur le

transfert de chaleur.

4. Des études menées dans cette these

Afin de répondre aux questions précédemment mandies) le transfert de masse et de chaleur dans
une cavité du corium entouré par une paroi solidtéaétudié via cas test différents : LIVE L3A,
ARTEMIS 11 et ARTEMIS 10.

4.1. LIVEL3A
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Cette premiere situation traite d'un bain du corinom-eutectique de forme hémisphérique qui est
chauffé par une dissipation de puissance volumiuefroidi a la paroi latérale sans injection de.g
Le cas simule un bain de corium en cuve avec lmdtion d'une crolte a la paroi. La situation

correspond a l'expérience LIVE L3A qui a été réadia KIT, Allemagne.

Description du test

L'installation d'essai LIVE comprend trois partgincipales: une cuve en acier avec son systéme de
refroidissement externe, le systéeme de chauffafjeméirique et un four de fusion [Kretzschmar et
Fluhrer, 2008], [Gaus-Liu et al, 2010.]. La cuve @3'échelle 1/5 d’'un fond hémisphérique de cuve
d'un réacteur a eau pressurisée type (REP), fawiguartir d'acier inoxydable (Figure 1).

crust detection lance

camera melt pouring

observation heating system

inner and outer thermo-

couples
vessel cooling

Figure 1. La cuve de l'essai LIVE.

Table 1. Propriétés physiques du corium de I'essailVE L3A.

Paramétre Unité Valeur dans LIVE L3A
Jbulk Conductivité thermique W.rhK* 0.44

v Viscosité cinématique st 1.6 10°

Phulk Densité kg.rit 1900

a Diffusivité thermique s’ 1.72 10’

Br Coefficient de dilatation thermique K 4.64 10

chuk Capacité calorifique JKgK™ 1350

L melt Chaleur latente de solidification Jkg 610

solidification
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Le matériau simulant pour les expériences LIVEwsimélange binaire non-eutectique de 80% en
mole de KNQ - 20% en mole de NaNOLa température liquidus de cette compositiond&siviron
285 ° C et sa température solidus est d'environ °Z35Le coefficient de partade (rapport entre
compositions solidus et liquidus des réfractair®lK) est pris égal a 0,2. Les propriétés physiques du

corium et les conditions initiales de I'essai LIVBA sont données au Table 1 et Table 2.

Table 2. Conditions initiales de I'éssai LIVE L3A.

Condition initiale de refroidissement refroidissema 'eau
Débit d'eau de refroidissement 0.047 Rg.s
Volume initial du corium 120 |

Température initiale du corium dans le ~ 350 °C

four de fusion

Puissance de chauffage Phase 1: 10 kW — duré: 30000
Phase 2: 7 kW — duré: 91800 s
Generation de chaleur Répartition des élémentdfems dans le corium pour un

chauffage homogene
Nombre de Rayleigh interne o 10*

Principaux résultats concernant le comportement darium en cuve avec

solidification a la paroi

L'analyse est consacrée a I'étude du transferhdew en régime transitoire et la solidificaticend
un bain de corium non-eutectique avec une sourcehdieurvolumique et un refroidissement a la
surface extérieure. Un modéle simplifié a été digyat pour le calcul de I'évolution de la températur
maximale du corium Toukmax) €t I'évolution de I'épaisseur de la crolte solf@dgs) lors de la

solidification.

L'équation permettant calculer la température makénadu corium est:

dAT, .
% = Qadd - 4_5 Sateral (1)

bulk
kt M puk C pliquid

ou:

¢ Mpuuk €st la masse du corium;
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«  Clikia estla apacité calorifique du corium;

*  Toukmex €St la température maximale du corium ;

* T est la température a l'interface liquide-solide X Tiiqidus(Co) = 285 °C etCy est la composition

initiale du corium) ;
* ATpukmax = Toulkmex —Ti ;

* Q. €st la puissance volumique dissipée dans le baboiem ;
« @ est le flux moyen transferé du bain a l'interfacgide-solided = h, AT, max

*  hy, est le coefficient moyen de transfert de chaleubain, qui est calculé par :

b

3
_ al g ,BT H
— “"bulk b

buk ~ H av AThulk max 2

ou a et b sont des coefficients dans les correlstitu nombre de Nusselt écrites en terme du nombre
de Rayleigh externd\(1 = a Ra").

L’equation pour calculer I'éppaiseur de la crodkde locale est donnée par:

d dz,
E[pcrust Zorust (9) H crust (9)] = ¢Ioca| (9) - ¢c0nducti0n (9) * Pouik Zét <L H add (3)

ou:
. Perust Zorug(6) €St la masse par unité de surface de la crolitledokrmé a I'angle polair

. poug €St la densité de la crolte solide, supposée égadée du coriumpyy, i-€.pgust = Pouk;

. La conductivité thermique de la crolte solide etcdtium sont supposées étre les mérmes
Acrust = Abuiks
. Zyu«(0) est I'épaisseur locale de la crolte solide a lapglaires,

rust

. ' i i - crust, T _ Y CC
Heus st I'enthalpie moyenne de la crolig, o = H e +Cp,so|id(Tcrust Tef ) OU C ‘solid

est la capacité calorifique de la crolteTgt,¢ est la température moyenne de la crodte;

. Hae est l'enthalpie de la crolte solidifite a linbed  liquide-solide,
_ melt crust 5 Melt
H = +H. . +C (T -T oulL est la chaleur latente de
add =" g jigification ref *Cp.solia (Ti ~Tref) solidification

solidification;
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Diocal © = Nocal (6?)ATbu|kmaX:f(6’)ﬁStt ATpuik max &St le flux de chaleur local transféré a
partir du bain liquide a l'interface liquide-solidd’angle polaired,

. ®eonduction €St le flux de chaleur perdu par conduction daddite solide vers la surface extérieure

de la cuve.

Le modele suppose que la température liquidus sporeant a la composition moyenne du bain est la
température a l'interface liquide-solide et emplaiecoefficient moyen de transfert de chaleur d'une
correlation de nombre Nusselt développé pour lavection naturelle en régime permanent. Une
transformation de la corrélation du nombre de Nugseit en fonction du nombre de Rayleigh interne

vers le nombre de Rayleigh externe a été réalisée.

Nu=a'Ra, =aRa,’ (4)
ou:
3
Raex - g IBT ATbulk max H (5)
auv
_9BH °Q
Raln - a/]bulk U (6)
b
. 1-b'
a=al 6 (7)
)
R
=P 8)
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Table 3. Coefficients du transfert de chaleur caldé par les correlations de nombre de Nusselt.

Auteur Correlation Correlation transforméh_bulk 10 KW h_bulk S

(W.m?°Ch  (W.m?3°Ch

Mayinger's Nu = 055Ra Nu = 059Ra2%® 249 233
[Mayinger et al., 1975]

Mini ACOPO Nu = 0.003&Ra 2> Nu = 0.000Ra 2> 121 107
[Theofanous et al., 1997]

ACOPO Nu = 0048Ra,%? Nu = 0022Ra 2% 158 144
[Theofanous et al., 1997]

BALI H\™ s Nu=008RaS® 224 205
) Nu=0131—| Ra?’
[Bonnet et Garré, 1999]

Les calculs par le modéle ont été effectués ersanit un coefficient moyen variable de transfert de

chaleur estimée par la corrélation de Nusselt @it termes de nombre de Rayleigh externe (en
tenant compte de la variation transitoire de l#éd#ihce de température) et un coefficient moyen de
chaleur de transfert constant calculée par la lztivé de Nusselt donnée en termes de nombre de
Rayleigh interne (pour le régime permanent) (Tab)e On montre que les résultats des calculs

d’évolution de la température maximale du coriumsdies deux phases 10 kW et 7 kW sont assez
similaires pour les deux approches du coefficieayen de transfert de chaleur (Figure 2, Figure 3).

Par conséquent, il est conclu que le transferthdéear en régime transitoire est proche de celui du
régime permanent.

330
~ 325
e
g
2 320 S —
o
[<H]
£
& 315
5 Calculation-10 kW
= 310 :

Calculation-10 kW (h = const)
= LIVE-L3A-10 kW
305 T ‘ ‘ ‘
0 1000 2000 3000 4000 5000

Time (s)

Figure 2. L'evolution de la température du bain pou la phase 10 kW.
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330
Calculation-7 kW

325 - Calculation-7 kW (h = const)
% = LIVE-L3A-7 kW
3 320
o
[<H)
=
15 315
% a
= 310 - - ——

305 ‘ ‘ ‘ ‘

90000 91000 92000 93000 94000 95000
Time (s)

Figure 3. L'evolution de la température du bain pou la phase 7 kW.

L’épaisseur de la crodte locale a été calculéergrosant la répartition du flux de chaleur mesurée e

régime permanent sur I'expérience (Figure 4 poph&se 10 kW et Table 4 pour la phase 7 kW).

30

Crust thickness (mm)

O T T T T T
0 1000 2000 3000 4000 5000
Time (s)
— 37.6°Calculation o 37.6°LIVE L3A
= = =52 .9°Calculation & B529°LIVE L3A
— =66.9°Calculation 66.9°LIVE L3A

Figure 4. Evolution de I'éppaiseur de la crolte loale dans la phase 10 kW.
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Table 4. L'éppaiseur finale de la crolte locale dasla phase 7 kW.

Angle polaire zy calculaté Zgt Expérimentale
) (mm) (mm)

37.6 42.86 41 +5

52.9 14.94 16555

66.9 7.09 755

L’accord entre le calcul et les données expérinesitde I'évolution de la température maximale du
corium et I'évolution de I'épaisseur de la croleale aux niveaux différents de la cavité prouve qu

le transfert de chaleur en régime transitoire aamportement similaire a celui en régime permanent.

En outre, en utilisant les résultats des calculadétesse de solidification transitoire et enlapmnt
les modéles de solidification existants pour lefiglan et la zone pateuse (Table 5), une prédicie®

régimes de solidification en LIVE L3A a été propesé

Table 5. Modéles de solidification.

Zone pateuse remplissage Front plan
Diffusion contrdlée Diffusion et convection cont&oél
CLi = Chux _ Chuik et
! u Cii —Tu CLi =Chuk ———7
1-k@-¢e%)
oyt V. -
A=—MTD <. Syr = H(ScGr) ™3
L
Ti = Tiip = Tiiquicus(Couik) Ti = Tsotidus(Couik) Tsolidus(Cou) < Ti < Tiiquicus(Couik)
Vs — 0 thenT; — Tiiguidus(Couik)
ATSL2 (1+ k) G /M Cpux @A-K) 1 G, /M Gy @-K) 51
Tur filling = < 2 Vg D, Tk Vg D, -
Gs D|_ 2 SOl sol
ou

» C.; estla composition du liquide a I'interface ligeidolide ;
e Cpuxk est la composition moyenne du corium ;

* G, est le gradient de température dans sous coucihmitjue;
e Ggsest le gradient de température dans la phaseesolid

« Vg estla vitesse de solidification ;
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* m_estla pente de liquidus ;

*  Tiqudus(Cour) €st la température liquidus a la compositii;

¢ Taiidus(Couk) €St la température solidus a la composiGgf;

*  ATg = Tiiquidus - Tsolidus

« kestle coefficient de partage;

« D, est le coefficient de diffusivité de soluté danphase liquide ;
* Owmr est I'éppaiseur de la couche limite de transfennésse ;

e Hestlalongeur caractéristique;

*  Tuiling €St le temps requis pour le remplissage de la patese.

Pour un angle polaire faible du bain de corium&37, le délai pour le remplissage de la zone seu
est un peu plus long que le temps nécessaire pteimdre la stabilité du front plan. Cela signifjee
lorsque le front plan est atteint, la zone pateusst pas encore complétement remplie. Cependant,
comme on le voit dans Figure 7 et Figure 8, le dédmpnt du remplissage de la zone pateuse se
produit lorsque I'épaisseur de presque 99% au mawirde la crolte forme. Cela signifie que la
solidification termine avec un front plan a l'ifeare liquide-solide mais la zone péateuse ne diffpara

pas.

On voit que dans la partie supérieure de la caditécorium (52.9°), la zone péateuse est remplie
relativement rapide (Table 6, Table 7). Le rempligs de la zone péateuse est terminé quand la
solidification est suffisamment faible pour atteimde front plan (Figure 7, Figure 8). Cela impkqu

que, a la fin de la solidification, la zone patedisparait et un front plan est obtenu.
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Figure 5. Temps caractéristique pour I'obtention dun front plan a 37.6° dans la phase 10 kW.
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Figure 6. Temps caractéristique pour I'obtention Iun front plan a 37.6° dans la phase 7 kW.
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Figure 7. Temps caractéristique pour I'obtention Iun front plan a 52.9° dans la phase 10 kW.
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Table 6. Comparaison entre le temps de remplissage la zone péateuse et le temps pour obtenir un fron
plan dans la phase 10 kW.
Angle polaire (°) 7oge

TP Tiilling
) (5
37.6 4800 4400 5051
52.9 3400 2400 577
66.9 3200 1400 195

Table 7. Comparaison entre le temps de remplissage la zone pateuse et le temps pour obtenir un fron

plan dans la phase 7 kW.

Angle polaire (°) 7e9% T Tfilling

® @ 6
37.6 7400 6800 7373
52.9 3900 2300 1638
66.9 2800 1000 186

Le calcul de la température d'interface pendangétgme transitoire indique que la température a

l'interface liquide-solide reste toujours proche lde température liquidus correspondant a la
composition moyenne du corium liquide.

20.4
A
" ©37.6° ®=529° 466.9°
& 20.3 s
O A
Z A
g i . 10 kKW
Z 202 1 4 %
: 3
=
= 20.1 -
O
20.0 : :
0 2000 4000 6000 8000 10000

Time (s)

Figure 9. Evolution de la composition du liquide d'interface dans la phase 10 kW.
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Figure 10. Evolution de la composition du liquide &'interface dans la phase 7 kW

L'application d’'un modele 1D développé a LIVE L3Aéwe effectuée. Le modéle donne acces a la
température du corium et la distribution du flux deleur en régime transitoire et aussi en régime

permanent (Figure 11, Figure 12, Figure 13, Figi4¢ Les lois constitutives du coefficient de
frottement et du transfert de chaleur dans la oedchite, ainsi que de la vitesse d’entrainement

radiale du liquide du bain vers la couche limitaj gont calculées pour une plaque verticale sont
également applicables pour un hémisphére.

+ Le coefficient de frottement

96

F=20 ©)

20u s . .
ouRe=—"-B- § et I'épaisseur de la couche limite localg, est la vitesse moyenne dans la couche
v

limite eto est la viscosité cinématique du fluide.

* Le coefficient de transfert de chaleur

Nup 1, = 4-2 = 4Pr}é ~ 57 (10)
bulk =5

N 20h
ol Nupy, est le nombre de Nusselt dans le butk,, = bulk

, houk €st le coefficient moyen de
bulk

transfert de chaleur dans le bulk, est la conduction thermique du fluide) et le noentle Prandtl

est défini parPr= %avec(x est la diffusivité thermique du fluide.
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» La vitesse d'entrainement radiale du liquide du bars la couche limite est, pour Pr = 9.3, dans
LIVE L3A:

Ibulk = 019[95T (Toulk _TBL)U]% (11)

oug est I'accélération de la gravitg; estle coefficient de dilatation thermiqu@,yx est la température

locale du bulk eTg_ est la température moyenne locale de la couchiilim

350
Calculation at H=27cm =

340 | LIVE L3A at H=27 cm £
—_ Calculation at 52,94
% 330 Calculation at 36, 7g ==
E,’ Calculation at bottormn =
=]
5320 m @ E E B H §E ® m_= = N _m N i
g
§ 310/
x
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290 |
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Figure 11. Evolution de la température du bain a dférents niveaux.
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Figure 12. Profil vertical de la témperature du ban en régime permanent.
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Figure 13. Profil du flux de chaleur en régime permanent.
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Figure 14. Evolution de I'épaisseur de la crolte kale.

5.1. ARTEMIS 11

La deuxieme situation traite de I'ablation 2D d'waeité de béton avec une percolage de gaz. Afin de
séparer les aspects physico-chimiques et d'étudigbord des aspects thermo-hydrauliques,
l'interaction identiques est étudiée en matériateatigue. Cette situation est illustrée par le test
ARTEMIS 11.
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Description du test

Corium

e Composition eutectique: 25% en mole de Bacl75% en mole de LiCl (62,04% en masse de
BaCk - 37,96% en masse de LICl)

» Température de fusion (température eutectique)*° %22
» Température initiale: 562 ° C
e Masse initiale: 57 kg

e Volume initial: 0,0233

Béton

« Composition eutectique: 25% en mole de Ba®% en mole de LiCl (62,04% en masse de BaCl
- 37.96% en masse de LiCl)

» Température de fusion: 522 ° C
» Température initiale: 400 ° C

e Masse initiale: 259.25 kg

* Porosité: 46%

e Tailles des grains: 0,2 ~ 0,9 mm

Gaz d’Argon
e Température d'entrée: 400 ° C

» Vitesse superficielle & l'interface cavité: 2 cm/s
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Table 8. Proprietés physiques du mélange eutectiquians ARTEMIS 11.

Densité Coefficient Viscosité Capacité  Conductivité Chaleur Température

de cinématique calorifique thermique latente de fusion
dilatation de
thermique fusion
kg.m?® K* kg.m's®  Jkd .K' wWm'K' Jkg't °C
Solide 1638 700 2610 522
(solide
avec
porosité)
Liquide 2439 310 10° 800 0.64

Les caractéristiques de la section d'essai eird@rlimentation sont décrites en détail dans lep(itea

3 de la thése. La Figure 15 représente la confiigurénitiale dARTEMIS 11. La cavité du corium a

un diametre de 30 cm et la hauteur initiale duiigudans la cavité est de 32 cm (dont seulemebt 26,
cm est a l'intérieur de la cavité de béton). Lésnénts chauffants sont situés a une distance de 6,2
cm a 14,04 cm du fond initial de la cavité. La paisxce dissipée par les éléments chauffants dans
ARTEMIS 11 est 6000 W et la vitesse superficiellegaz a I'interface liquide-béton est maintenue a 2

cm/s. La durée du test est 2 h 22 minutes 18s Imdébit de gaz a été coupé a 1 h 45 minutes.

«—— 25ecm —+«———— 30ecm ——*

Thermal isulation

Corium

Qadd = 6000V _______ e

Concrete

Figure 15. Schema d'ARTEMIS 11.
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Principaux résultats obtenus sur I'ablation d’'unegpoi solide par un bain chauffé

avec une composition uniforme et une percolationgee)

Les conclusions principales qui ont été faites #irpae l'analyse des données expérimentales
d’ARTEMIS 11 sont :

» Tout dabord, il existe des preuves d'une recitmulad'écoulement dans la cavité. Le fluide va
vers le haut dans le centre de la cavité et velbbsdedans la couche limite existant le long deal®ip

latérale.

« Deuxiémement, la température a l'interface de fimth cavité reste a la température de fusion du
béton et la température mesurée a l'interfacealatéle la cavité est a quelques degrés au-desdas de

température de fusion du béton.

» Troisiemement, une analyse du transfert de chalans la cavité a été réalisée et a abouti a la

conclusion que:

- Pendant les premiéres 17 minutes dans ARTEMISI Ekjste un mélange gaz-liquide dans
la cavité et le transfert de chaleur est contr@eélp convection de gaz-liquide. Les coefficients d
transfert de chaleur déduits dans ARTEMIS 11 soathes de ceux qui sont obtenus a partir des

corrélations du nombre de Nusselt pour la convea®gaz-liquide.

- Cependant, pour> 17 minutes, une comparaison avec des calculs THHD montre que la
recirculation semble étre proche de la convectiatunelle. Les coefficients de transfert de chaleur
deviennent nettement plus petits que le coeffiailentransfert de chaleur par une convection de gaz

liquide.

- La transition entre la configuration de la convactde gaz-liquide et de la configuration de

la convection naturelle semble étre assez rapide.

- Les calculs de flux de gaz dans le milieu poreuxbdtion (avec des caractéristiques
nominales) et de la vitesse superficielle & I'fatee corium-béton par le code TRIO montrent une
percolation de gaz dans la cavité du corium. llveemt de souligner qu'il existe probablement une
augmentation significative de la perméabilité dtobhéoreux par la formation de fissures (qui peut
permettre au gaz de contourner le béton) et / aolleatage possible de la porosité du béton fondu a

l'interface liquide-solide (qui peut empécher le dantrer dans la cavité du corium).

L'évolution de la température du corium est redakcpar un modéle 0D (Figure 16).
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Thermal

insulation

Figure 16. Configuration pour le modéle 0D d’ARTEMIS 11.

N\

Les hypothéses suivantes sont utilisées pour taper
» Le béton solide est attaqué toute la surface davaé du corium;

e La variation du rayon de la cavité du corium edtuwae avec I'hypothése d’'une géométrie
hémisphérique ou cylindrique et la hauteur du tiqguilans la cavité est supposé constam® € H,;
=33 cm);

» La température a l'interface entre le corium liguiet le béton solid€el;, est prise comme la

température de fusion du béton;

» Puisque la température du corium n'est pas unifoume différence de température moyenne du
corium (avec la température d’interface) est défaarec une hypothese selon laquelle la variation de
la différence de température moyenne et tempérafimerface de la cavité est proportionnelle a la

A-Fbulk = kTATbulkmax ol kT est un

coefficient qui est supposé indépendant du temps &fpuk = Touk ~Ti et Touk max = Toutk max ~Ti

variation de la différence de température maxinagaiecorium, ou

» La température moyenne du corium dans ARTEMIS 1prese comme la moyenne arithmétique

des températures mesurées par les thermocouplés sitdifférents niveaux dans la cavité. Le calcul
-Fbulk _Ti

du rapport bk max =T

de l'essai (dans LIVE L34z~ 0.8).

conduit akr = 1 au cours des premieres 17 minutels et 0,75 pour le reste
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Le modéle a été développé sur la base de la catgerde la masse et de I'énergie dans la cavité

comme sulit:

de% =Myc *Mgasin ~Mgas,out (12)
et

d . . . . .

ot Mbulk Hbuik) = Qadd *Qgas * Qmc ~Qjost ~convection (13)
ou

¢ Mpuuk €st la masse du corium ;

«  Muvc st le débit d'ablation du béton :

*  Mgin €St le débit du gaz a I'entrée de la cavite ;

*  IMggin €St le débit du gaz a la sortie de la cavite ;

e Hyukest I'enthalpie du corium ;

s Q. st la puissance volumique dissipée dans la cavité

. ans est la puissance thermique liée au flux de gaz ;

»  Qucest la puissance thermique liée a I'entrée de smablatée du béton dans la cavité ;

*  Qenvecion €St 1 puissance transférée du bain vers l'interfée la cavité avec le béton solide par

convection;

* Q. est la puissance perdue vers le haut de la cayitéest négligeable).

Le modele développé a été appliqué pour les comditid'essai ARTEMIS 11. Les principaux
parametres d'intérét sont I'évolution de la tempégamaximale du corium et I'évolution de la masse
ablatée du béton. Les corrélations de transfeahddeur par la convection naturelle ainsi que paur
convection de gaz-liquide ont été testées. DeuXigumations seront considérées pour la cavité du

corium, qui sont un hémisphere et un cylindre.
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535 1 — Gustavson + MiniACOPO
530 1 Gustavson + Gabor
525 1 o ARTEMIS 11
520 T T T T T
0 1000 2000 3000 4000 5000 6000
Time(s)
Figure 17. Evolution de la température maximale dicorium dans ARTEMIS 11.
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Figure 18. Evolution de la masse ablatée du bétorads ARTEMIS 11.

Il est confirmé, a partir de I'application du magétjue le débit de recirculation dans la cavité du
corium pendant t <17 minutes est contrblée par aorevection diphasique. A t > 17 minutes, le
transfert de chaleur dans la cavité est gouverméupa convection naturelle. Les corrélations de
transfert de chaleur introduites par [Gustavsoal.etl977] pour la convection de gaz-liquide et par
[al. Gabor et, 1980] et Mini-ACOPO [Theofanous et d4997] pour la convection naturelle

développées pour le régime permanent et pour lmégie hémisphérique sont adoptées pour estimer
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les évolutions de la température maximale du corainsi que la masse ablatée de béton dans
ARTEMIS 11 (Figure 17, Figure 18).

L’augmentation de la température du corium ‘ersl7 minutes est due a la diminution du coefficient
de transfert de chaleur apres la phase de la coowete gaz-liquide. La diminution de température
pour t > 30 minutes est due a I'ablation du bétondaisant a I'élargissement de la cavité. Ces
résultats sont valables quelle que soit la géométtipposée (que ce soit un cylindre ou un

hémisphére), ce qui signifie que les effets themagsont dominants.

Le modéle ne permet pas de décrire les paramé&ioesid dans la cavité du corium telle que la
température locale du corium, le flux de chalegalat I'évolution du rayon local de la cavité, etc
Par conséquent, un autre modéle tenant comptéwduition de ces parametres locaux dans la cavité

du corium a été développé.

L'application du modéle 1D déja utilisé pour I'npietation de test LIVE L3A a été effectuée. Lds lo
constitutives pour le coefficient de frottementletcoefficient de transfert de chaleur dérivées des
profils de vitesse et de température introduitesBHikert pour la description de la couche limite le

long d'une paroi verticale dans la convection redlieitaminaire sont appliquées.

* Le coefficient de frottement

96
F=— 14
Re (14)
* Le coefficient de transfert de chaleur
Nup 1, = 4-2 = 4Pr}é ~ 57 (15)
bulk 5|_

En plus, la vitesse d'entrainement radial de liguidi bain & la couche limite pour Pr = 3 dans
ARTEMIS 11 est donnée par :

Ibulk = 036[9% (Toulk _TBL)U]% (16)
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Figure 19. Evolutions des températures locales duam.
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Figure 20. Evolution de la forme de la cavité a Ifin d'ARTEMIS 11.

Les résultats des calculs du modéele 1D montrent hovne reproduction de I'évolution de la

température locale du coriuRigure 19 ainsi que de la forme de la cavité (Figure 20).
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A partir de ces calculs, on conclut que l'ablatiapide en haut de la cavité du corium est liée a la
distribution du flux de chaleur associée a |'écmelet de couche limite laminaire. La vitesse
d'ablation au fond de la cavité du corium avecétob solide est liée a la recirculation de liquiaed

a partir de la couche limite au fond de la cavité.

6.1. ARTEMIS 10

La troisieme situation concerne I'ablation 2D dtopépar un corium réfractaire. Les deux aspects de
la thermohydraulique et de la physico-chimique sémnidiés. Cette situation implique I'étude de
I'ablation d'une paroi de béton eutectique a I'étdide en interaction avec un bain corium a I'état
liquide en composition non-eutectique avec la présal’'une source de chaleur et I'injection de gaz.

Cette situation est représentée par le test 10 ARSE

Description du test

Corium

« 100% en mole de Bag£{100% en masse de Bagl
* Température liquidus: 960 ° C

e Température initiale: 960 ° C

« Masse initiale: 97.1 kg

¢ Volume initial: 0,0316 m3

Béton

« Composition eutectique: 25% en mole de BaCb% en mole de LiCl (62,04% en masse de
BaCh, 37.96% en masse de LiCl)

» Température de fusion: 522 ° C
* Température initiale: 400 ° C

* Masse initiale: 259.25 kg
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* Porosité: 46%

e Talilles des grains: 0,2 ~ 0,9 mm

Argon gazeux
e Température d'entrée: 400 ° C

» Vitesse superficielle & l'interface cavité du cori cm /s

Densité  Coefficient Coefficient Viscosité Capacité  Conductivité Chaleur Température

de de cinématique calorifique thermique latente liquidus
dilatation  dilatation de
thermique soluté fusion
kg.m°® K mol.mol*  kg.m's®  Jkg'.K' WwWm'K' Jkg' °C
BaChL 3500 594 0.5(at400 7.410 960
solide °C)
BaChL 3150 (at 3.2 10° 0.9 1.510 522 0.8

liquide 960 °C)

«——— 25ecm ———«———— 30ecm —*

Thermal isulation
QM2 Corium

QM3 Qagg = 6000V

Figure 21. Schema d’ARTEMIS 10.
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La cavité du corium a un diamétre de 30 cm et la#cha initiale du corium dans la cavité est 44,3 cm
(26,5 cm sont initialement a l'intérieur de la ¢&vde béton). Les éléments chauffants sont située a
distance de 8,1 cm a 15,9 cm du fond initial dedsité (Figure 21). La puissance dissipée dans
ARTEMIS 10 est 6000 W et la vitesse superficiellegdz & l'interface corium-béton est maintenue a 2
cm /s (comme dans ARTEMIS 11). La durée du teésted h 31 mn 30 s.

Principaux résultats concernant la troisieme situan (ablation d’une paroi solide
par un bain liquide chauffé volumique avec une cpusition non-uniforme et une

percolation de gaz)

L'expérience ARTEMIS 10 a pour but de représeradniadtion d'une paroi solide en béton eutectique
par un bain du corium non-eutectique et réfractdinge puissance volumique est dissipée dans la

cavité du corium et une percolation de gaz est .

L’analyse de I'évolution de la distribution de tefrgdture et du transfert de chaleur dans la caeté d
corium montre que la convection naturelle monogaesiest le mécanisme principal de transfert de
chaleur. Deux boucles de recirculation ont ététiiéas dans la cavité du corium. La composition et
la température dans chaque zone sont quasi-unifomaes différentes. Dans la zone supérieure, le
fluide va vers le haut dans le centre de la caafitéers le bas dans la couche limite. Dans la zone

inférieure, le fluide va vers le bas dans le ced&réa cavité et vers le haut dans la couche limite
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Figure 22. Deux zones avec des températures quasiformes dans la cavité de corium.
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Figure 23. Deux zones avec des compositions quasifarmes dans la cavité de corium

Un critére pour une densité limite du baimq;) a été développé afin de déterminer la position de

l'interface entre la zone supérieure et la zoféigure.

'BT I‘Imelting
Plimit =PMC Tmeit) ST (17)
p,liquid

puis:
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e pruTouk) = piimit. €coulement vers le haut dans la couche limite
o pouk(Touk) < piimie: €coulement vers le bas dans la couche limite
ou:

*  pouTouk) €St la densité du corium a la tempéraflyg et a la concentration du solwtg,x

e pvc(Teorium) €St la densité du béton fondu a la températurdudomn du béton Terium) €t a la

concentration du soluté du béton forvayt.

3100 T T L
I : Heated zone x
I : | —=-12=0:30:50
) I X | —e—t3=1:16:13
£ 2900 - |
(2] 1
< I
Zog0 T T T T T T~ —7K T T T T T T T
[ T 1
é / I el e
~ Limit density 1 1
S 2700 , ,
@ 1 ' 1!
(I : I
2600 zZinterface(t3) : :|zinterface(t2)|: | zinterface(tl) | : '
2500 ‘ ‘ '/ — \l : ‘

-100 -50 0 50 100 150 200 250
Distance from the initial melt cavity bottom (mm)

Figure 24. Densités dans les deux zones.

L'application du critére pour ARTEMIS 10 montre qlimterface entre les zones supérieure et
inférieure se déplace vers le bas en fonction dypse(Figure 24), ce qui conduit a augmenter la
puissance dissipée dans la zone supérieure et dimimution dans la zone inférieure. Ceci contribue
a expliquer la fin de I'ablation en partie bassdeckaccélération de I'ablation dans la partieegepre

de la cavité.

Un « cake » est formé au fond de la cavité du ootig & un dépot du réfractaire (BaCBien que le

« cake» est enrichi en BaCll n'est pas solide, mais un milieu poreux coatgra la fois solide et
liquide a I'équilibre thermodynamique local. Lensgert de chaleur dans le « cake » est gouverné par
la conduction et la convection de soluté (LiCl).danvection interne explique I'épaisseur du « cgke
comme pour ARTEMIS 1D [Guillaumé, 2008].
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L'évolution de la température du corium est redékpar un modele OD comme avoir faite pour
LIVE L3A et ARTEMIS 11. La configuration du modédst donnée par Figure 25.

Qadd

M bulk, ini

Tbulk ini

BaCl 2
Whul k,ini

Coriumr

LLENFFE NN

concrete .-

.Tconcrete L

t=0 Att>0
Figure 25. Configuration du modéle OD d'ARTEMIS 10.

Les hypothéses suivantes sont utilisées pour bapprdu modele simplifié:
* Le volume de contréle est le volume du corium darcavité;
» Le béton solide est ablaté tout le long de la serfie la cavité;

e La variation du rayon de la cavité sera calculécdWhypothése de géométrie hémisphérique ou
de la géométrie cylindrique. La hauteur du liquid@s la cavité est constante et est considérée eomm

étant la hauteur initiale (i.el(t) = H;; = 45 cm);

» Une composition moyenne du corium dans la cavigéidie est supposée a un instant dohné

BaCl2
(représentée par le pourcentage massique de,B4@k );

e Comme la température du corium n'est pas uniforare dia cavité, une différence moyenne de

température (entre le corium et linterface liqustddide) est définie QTbulk = Thouk _Ti) qui est

proportionnelle a la différence de température make entre le corium et linterface,

i.e. ATouk = Kt Toukmax k- = 0,7 est indépendante du temgs.peut étre déterminée a partir de
données expérimentales de mesure de la tempérdhtucerium aux niveaux différents de la cavité

(comme cela a été fait pour ARTEMIS 11).

« Le transfert de chaleur dans la cavité est confpdiéla convection naturelle et le coefficient
moyen de transfert de chaleur peut étre estimétiksant des corrélations existantes du nombre de

Nusselts développées pour le régime permanent.
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Le calcul est effectué tout d’abord avec I'hypothéte température liquidus correspondant a la
composition moyenne du corium comme la tempéraaufenterface liquide-solide. A long terme,
cette hypothése montre une bonne reproductionédellition de la température moyenne du corium
en comparaison avec les donnés expérimentales MRS 10. A court terme (t < 1000 s), la
température liquidus surestimé la température effate et la température du corium. Le meilleur
accord a été trouvé pour une évolution de la teatpgs d'interface en fonction de la température

liquidus avec d'une correction liée au flux de ehal

ticiy_ @ Diic

Ti = Tiiquidus (Whuik (18)

I(M /1bulk

Entre les quatre corrélations du nombre de Nusssltyoit que la corrélation d’ACOPO donne le
meilleur accord avec les données expérimentaldRTEMIS en termes d'évolution de la température
moyenne du corium (Figure 26) ainsi que pour l'étroh de la masse ablatée du béton (Figure 27) et

la variation de la concentration de Ba@u corium (Figure 28).

1000
= MinlACOPO
Mayinger
900 E BAFOND
g x ACOPO
g 800 - * ¢ ARTEMIS 10
<
[}
Q.
S
L 700 A *
]
= . PS S
Melting temperature of . —
600 concrete Tmelt =522 *
500 T T T T T
0 1000 2000 3000 4000 5000
Time (s)

Figure 26. Evolution de la température moyenne duarium obtenue avec des corrélations différentes du

nombre de Nusselt.
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Figure 27. Evolution de la masse ablatée du bétomlculée avec des différentes corrélations de Nusssel

100 ¢
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85 A
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Figure 28. Evolution du pourcentage massique de Bas£dans la cavité du corium.
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Figure 29. Evolutions des température d'ARTEMIS 10avec correlation de Nusselt par ACOPO.

La température d'interface est sensiblement infégia la température liquidus par un flux de chaleu
éleve, expliguant une diminution rapide de la terapge du corium au début d'essai (Figure 29).
Apres environ 1000 s, le flux de chaleur diminuadempérature a l'interface liquide-solide pdte é

prise égale a la température liquidus corresporaémtomposition moyenne du corium.

L'application du modéle 1D déja utilisé pour I'meétation des tests LIVE L3A et ARTEMIS 11 a
aussi éte faite pour ARTEMIS 10. Les lois constieg appliquées pour l'interprétation de LIVE L3A
et dARTEMIS 11 ont été considérés pour le coedfitide frottement, le coefficient de transfert de

chaleur et la vitesse d'entrainement radial dudiuers la couche limite dans ARTEMIS 10.

+ Le coefficient de frottement

.96

=" 19
e (19)
* Le coefficient de transfert de chaleur
o
Nubulk = 45 = 4-Pr}é =64 (20)

e La vitesse d'entrainement radiale du liquide dik ludrs la couche limite pour Pr = 4 dans
ARTEMIS 10
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Ibulk = 033[9'8T (Thulk _TBL)U]% (21)

L'évolution de la température moyenne du coriumiediquée dans Figure 30. Par rapport a la
température moyenne du corium obtenue dans ARTEMISpourt < 2000 s, une différence
significative est observée entre le calcul et l&xgnce. Cela est di a I'hypothése de la températur

liquidus & l'interface liquide-solide qui a prisend le calcul.

1000 . . . . :
930 } 1

Calculation ===
900 | ARTEMIS 10 :
850 | 1

800 ¢ 1
750 ¢ 1
700 ¢ 1
650 | 1
600 ¢ :
550 ¢ 1

0 1000 2000 3000 4000 5000
Time (s)

Average bulk temperature (aC)

Figure 30. Evolution de la température moyenne duarium calculée par le modéle 1D.

Figure 31 représente la forme de la cavité du oo@dd = 5400 s (a la fin dARTEMIS 10). En raison
de 46% de la porosité du béton, la hauteur du codans la cavité est réduite a environ 30 cm (la
hauteur initiale est 45 cm). Un assez bon accdrdl#enu entre le profil d'ablation expérimentaléee

calcul (dans le modele 1D, la hauteur du coriumidig est calculée).

Les résultats de calculs du modéle montrent sac@égabien reproduire le profil d'ablation de ¢tae

supérieure. A partir de ces calculs, il est congia I'ablation rapide en haut de la la cavitéiésta la
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distribution du flux de chaleur associée a I'écmalat de couche limite laminaire, comme dans
ARTEMIS 11.

0.6
Calculation = ¥

= 0.5 ARTEMIS 10 +
> .
S * g
© 04 + g
= +#+#
= ya
c 7 Initial cavity
=
o
@)

0.1

0 005 01 015 02 025 03 035 04
Distance from the cavity bottom (m)

Figure 31. Forme de la cavité du corium a la fin ARTEMIS 10.

4. Conclusions

Conclusion concernant I'ablation

En termes de masse ablatée du béton, les parardetcesitrdle sont :
e La puissance dissipée dans la cavité du corium;

* L'inertie thermique du corium.
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L'effet de l'inertie thermique du corium est liémaiminution de la température du corium. La sse
de diminution de la température du corium est aésat I'évolution de la température de l'interfate

au transfert de chaleur dans la cavité.

Pour les matériaux avec la température de fusidquenla température d'interface est fixée Pour les
mélanges non-eutectiques, I'évolution de la tentpérad'interface est plus difficile a prévoir, mais
pour ARTEMIS 10, I'nypothese que la températuréierface suit la température liquidus donne de
bons résultats en termes d'évolution de la madatéalde béton. A long terme, alors que la masse de
béton ablatée devient grande, la température dunsdend vers la température de fusion du béton et

la vitesse d'ablation du béton est ensuite entiénécontrdlée par la puissance dissipée.

Conclusions concernant le transfert de chaleur

En termes de transfert de chaleur du corium &tfiate liquide-solide, il a été conclu que le tfarts

de chaleur en régime permanent peut étre une bappeximation pour le transfert de chaleur
transitoire. Les corrélations existantes du trahsfee chaleur par convection naturelle ou par
convection diphasique introduites pour le régimemaament peuvent étre utilisées pour le calcul de la
distribution du flux de chaleur et de I'évolutioe ¢h température du corium en régime transitoire.
Ceci peut étre expliqué par le fait que, dans dssamalysés dans ce travail, le temps de cardictaés
requis pour établir la convection naturelle estsptourte que le temps caractéristique associé a

I'échauffement du liquide (qui est lié a l'inettiermique du liquide et a la puissance dissipée).

L'ablation de matiere prédominante latérale obsedaihs ARTEMIS est liée a deux effets:

e Le fait que la convection naturelle domine dansdsité (pas ou tres peu de pénétration du gaz

dans la cavité);

» Le fait que les effets de flottabilité sont plugpmntants que les effets de soluté (composition non
uniforme) en raison de la faible vitesse d'ablationbéton par rapport a la vitesse d'entrainement
radiale du liquide vers la couche limite et enanid'une densité différence limitée entre le coratm

le béton.

Cette analyse suggere que l'ablation préférentiatimle observée dans les tests avec béton silieceu
petite échelle peut étre due a un écoulement deection naturelle dans la cavité qui signifie gee |

gaz ne peut probablement pas passer l'interfaggesoll corium. Cela peut expliquer les observations
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de post-test que le corium fondu semble étre tedsel avec du béton siliceux (alors qu'il est trés

poreux avec du béton calcaire).

Conclusions concernant la température d’interface

Pour LIVE L3A, impliquant la formation de croQtelisie sur une paroi du bain liquide chauffé en
volume sans injection de gaz, il semble que la &atpre a l'interface liquide-solide reste procke d

la température liquidus pendant la formation derddite transitoire.

Pour ARTEMIS 11 (matériaux a composition eutectigndorme, interface mobile), la température

d'interface est égale a (ou proche de) la températi fusion du béton.

Pour ARTEMIS 10 (composition non-uniforme, avec yeFcolation de gaz, interface mobile), la

situation est beaucoup plus complexe. La compasgiocorium n'est pas uniforme (une stratification
de composition du corium dans la direction veliczt une variation de composition dans la couche
limite). L'nypothése que la température d'interfaseégale a la température liquidus corresporalant

la composition moyenne du corium conduit & uneredton de la température du corium raisonnable
pour le long terme. Mais cette hypothese conduibé@ surestimation de la température du corium a
court terme (< 1 heure). L'analyse 0D suggére gue pne courte durée, la température d'interface es
inférieure a la température liquidus et que lagddhce de température avec le liquidus dépendiugdu fl

de chaleur. Une relation a été proposé pour urimasbn approximative de la différence entre ces
températures. Le calcul 1D montre que I'hypothésdadtempérature liquidus correspondant a la
composition moyenne de la couche limite comme taptrature locale de l'interface ne suffit pas a

expliquer I'écart a court terme.

Conclusion concernant la capacité de prévision doaele 0D

On voit que le modéle OD a une bonne capacité édingr I'ablation du béton, la variation de
composition du corium et I'évolution de la températmoyenne du corium. Ceci peut étre expliqué

par les faits suivants:

e L’ablation de béton est entierement contrélée aatidsipation de puissance et l'inertie thermique

du corium;
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» Latempérature d'interface est principalementdide propriétés de la matiére, elles-mémes liées a

la composition du corium qui est régie par I'aldatdu béton.

Ainsi, la prédiction de I'évolution de la masseasdsd du béton, la température moyenne du corium et
la composition moyenne du corium peut étre obteauge un modéle simple 0D. Toutefois, pour la
prédiction de la vitesse locale d'ablation et didétian de la forme de la cavité du corium, au mains

modele 1D est nécessaire.

5. Perspectives

Lorsque deux boucles de recirculation existent damsavité liquide comme observé dans ARTEMIS
10, en raison de la distribution non-uniforme denposition, la situation se complique et le modeéle
1D introduit n'est pas suffisant. Tandis que I'abfaradiale du béton est tres bien décrite par le
modéle développé, I'ablation axiale au fond dealdté du corium solide n'est pas encore décrite. En
outre, la formation du « cake » en raison du déEdpeces réfractaires observée expérimentalement
dans ARTEMIS 10 n'est pas prise en compte dansodelm Ce point devrait étre inclus dans le futur

modele.

Il est & noter que, dans ARTEMIS 10 et ARTEMIS lElgaz ne traverse pratiquement pas n’existe
gue dans la cavité du corium (ou n'existent ques dgye courte période au début de 'ARTEMIS 11).
Par conséquent, l'effet du gaz sur le transfedhddeur dans la cavité du corium et sur les coti
d'interface liquide-solide n'est pas étudié dansddre de la these. Les données expérimentales
provenant d'un autre test dans lequel les effetgadusont plus clairs seraient & analyser via tuceé

complémentaire.



