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Abstract

In the event of a severe accident in a nuclear reactor involving reactor core degradation, molten

core materials called Corium can form. The interaction of Corium with the concrete of reactor

containment buildings may threaten the integrity of nuclear power plants. A technical solution

to prevent the penetration of Corium into the concrete base-mat is the implementation of

a core-catcher designed to collect the Corium and spread it over a large area to be cooled

efficiently.

Due to the complexity of Corium spreading simulations, standard numerical methods used in

Computational Fluid Dynamics (CFD) may not be applicable to Corium flows. Therefore, the

work presented in this thesis investigates in detail the errors associated with the numerical

simulation of Corium flows.

In particular, the numerical representation of the interface between two immiscible fluids, such

as Corium and air, is challenging. This thesis identifies numerical diffusion of temperature,

which is a numerical error associated with the spatial discretisation process, in the vicinity of

the Corium/air interface, as a source of error for Corium spreading simulations. A numerical

strategy is proposed and evaluated on several test cases with known solutions. It is shown

that, compared to standard numerical methods, the proposed strategy significantly reduces

numerical diffusion.

The numerical methods studied in this thesis are validated against experimental results from

the VULCANO VE-U7 Corium spreading experiment. The simulation results obtained are

compared to experimental results as well as other simulation results available in the scientific

literature. It is shown that the choice of numerical methods affects the spreading predictions,

however, the uncertainty of Corium properties is the major source of uncertainty in the simu-

lation results.
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Chapter 1

Introduction

This thesis deals with the numerical simulation of corium spreading flows using Computational

Fluid Dynamics (CFD). The basics of CFD are introduced in section 1.1, then, corium is defined

and its formation during a nuclear accident is described in section 1.2. A strategy to mitigate

the consequences of a nuclear accident by spreading corium is presented in section 1.3. The

motivation and objective of this thesis are presented in section 1.4 and an outline of the thesis

is shown in section 1.5. Finally, section 1.6 discusses the contributions of this thesis to the field

of corium modelling.

1.1 Introduction to Computational Fluid Dynamics

Fluid dynamics is a discipline that describes the motion of fluids, such as gases or liquids. The

study of fluid flows, encountered in nature and in industrial systems, has many applications,

such as weather forecasting, or the design and improvement of products and industrial processes.

The motion of fluids is governed by conservation laws of physics:

• Mass conservation : The mass of a fluid in a closed system remains constant

• Newton’s second law : The rate of change of momentum equals the sum of the forces

acting on a fluid

1
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• First law of thermodynamics: The rate of change of internal energy in a closed system

equals the difference between the heat addition to a fluid and the rate of work done on

the fluid.

The conversation laws can be represented mathematically by conservation equations and solved

to predict the evolution of a fluid system. The equations governing the movement of fluids can

only be solved analytically for a limited number of simple flow configurations. To study more

complex flows, different methods have been developed, such as experimental and numerical

methods.

Computational Fluid Dynamics (CFD) uses computer programs to solve the equations gov-

erning fluid flows numerically. Compared to experimental methods, which usually require the

set-up of an experimental facility, CFD reduces the time and the cost of the study of fluid flows.

Numerical simulations of large scale systems can be performed and potentially hazardous or

accidental situation can be investigated. CFD also has the advantage to yield very detailed re-

sults while experimental methods are limited by the availability of measurement systems. The

main disadvantage of numerical methods is that they are restricted by the mathematical model

used to represent the fluid system. If the mathematical model does not accurately describe the

physics of the flow investigated, simulation results are not representative of the actual flow.

This thesis uses CFD to investigate the flow of molten material, called corium, encountered

in the event of a nuclear accident in a reactor core. The study of accidental situation in

existing nuclear reactors is, for obvious reasons, impractical and the design of experiments with

molten nuclear material is complex and costly. CFD offers a convenient alternative, however,

the simulation of corium flows is extremely complex and standard numerical methods are not

always applicable.
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1.2 Introduction to corium spreading

In the event of an accident in a nuclear power plant, the balance between heating and cooling of

the nuclear reactor core may be lost, leading to an increase of the temperature in the reactor. If

the cooling is not restored soon enough, the core starts to degrade and the accident is classified

as severe. Severe accidents in light water reactors have been an active research topic for several

decades, and, the interested reader is referred to Sehgal [57] for a detailed description of the

phenomenology of severe accidents. The focus of the present work is on the late stage of a

nuclear accident, after the core degradation has lead to the melting of the reactor internals (e.g

fuel, fuel cladding and steel structure) and the failure of the reactor pressure vessel (illustrated

in blue in figure 1.1). The composition of the mixture of molten material that forms, called

corium, depends on the accident scenario and changes as the accident progresses. Corium is

essentially composed of uranium oxide, zirconium oxide, zirconium, iron, fission products and

it may include concrete in the later stages of the accident.

After the reactor pressure vessel is breached, corium falls on the concrete base-mat of the

reactor containment building. The interaction between corium and concrete threatens the

integrity of the nuclear plant by melting through the concrete base-mat or through the release of

combustible gases, such as hydrogen, which pressurize the containment building. If the corium

is cooled sustainably to a temperature below that of concrete ablation, the severe accident may

be terminated before the containment building is breached, preventing or limiting radioactive

releases to populations and the environment.

The core-catcher concept ([13], [27]), described in section 1.3, has been developed to limit the

consequences of a nuclear severe accident, involving in-vessel core degradation and failure of

the reactor pressure vessel, by spreading corium on a dedicated spreading area where it can be

cooled efficiently. Spreading corium on a large area also helps reduce the criticallity and, thus,

prevent nuclear fission reactions which would increase the severity of the accident.
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1.3 The core-catcher concept

The safety objectives set for the design and construction of new nuclear reactors imply the

requirement for mitigation of low pressure core melt accident situations. The detailed require-

ments for the design and construction of new pressurised water reactors are described in the

document “Technical guidelines for the design and construction of the EPR” available on the

website of the French nuclear regulation authority [9]. In particular, one of the requirements

stated in this document is:

“The penetration of the base-mat of the containment building by a corium must be avoided,

as this phenomenon could imply significant releases and durable contamination of underground

waters and of the sub-soil. Moreover, adequate provisions have to be implemented to prevent

leakage of contaminated water and gases to the sub-soil via cracks in the base-mat.”

The technical solution retained in the design of the EPR reactor to fulfil this requirement is

the implementation of a so-called core-catcher ([13], [27]) to spread the corium on a large area

and cool it through active and passive systems. The EPR core-catcher is depicted in figure 1.1.

The EPR core-catcher concept, as described by Bouteille et al. [13] and Fischer [27], distin-

guishes between two phases:

• in the retention phase, corium is accumulated in a dedicated cavity until the melting of

the underlying plug,

• in the spreading phase, corium falls down into a spreading compartment and it is spread

over a large area, depicted in figure 1.2, where it is cooled efficiently.

The cavity, below the reactor pressure vessel, is covered with sacrificial concrete, so that, during

the retention phase, corium incorporates concrete, which enhances oxidation of metallic ura-

nium and zirconium and lowers the liquidus temperature of the corium [42]. The composition

of corium after mixing with sacrificial concrete is expected to promote spreading. The retention

phase is also helpful for severe accident studies as it ensures a relatively “standardised” com-

position of corium which reduces the accident scenario dependency of the corium composition.
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Figure 1.1: Schematic of the EPR core catcher. In the event of a nuclear severe accident, the
reactor pressure vessel (in blue) can be breached. With the EPR core-catcher concept, the
molten core material, called corium, falling down from the breached vessel is accumulated and
mixed with sacrificial concrete. When corium melts through the melt plug, it is spread and
cooled on a dedicated area. Image from Fischer [27].

When the melt plug (see figure 1.1) is totally molten, the corium accumulated in the cavity

starts spreading on the dedicated spreading area.

The core catcher is equipped with a water cooling system underneath the spreading area. The

water comes from the Internal Refuelling Water Storage Tank (IRWST), illustrated in figure

1.1, which collects water condensing in the containment building. The water flows underneath

the spreading area and a chimney is there to redirect the generated steam to the containment

building. This system allows for passive cooling of corium, however, active water injection

systems provide extra cooling.

With the EPR core-catcher, corium spreading is expected to lead to a quasi-homogeneous

corium thickness over the spreading compartment. The cooling of corium spread on a large

area could lead to a stable state within hours, and, complete corium solidification could be
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achieved after a few days [27]. Another purpose of spreading corium on a large area is to limit

the criticality of corium. Indeed, corium is made of fissile materials and if the radioactive spread

reaches a critical configuration, energetic fission reactions could worsen the nuclear accident.
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Figure 1.2: Schematic of the EPR core catcher spreading area. In the event of a nuclear severe
accident involving core melt-down and vessel failure, with the EPR core-catcher concept, the
molten material is spread on a dedicated spreading area to be cooled. Image from Fischer [27].
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1.4 Motivation and objectives

A good understanding of corium spreading helps with the design of efficient core-catchers and

thus improves the safety of reactors. However, corium spreading flows are very complex to

study due to large uncertainties on corium properties and multiple phenomena at different

scales occurring at the same time [57]. The composition of corium depends on the type of

reactor, the accident scenario and it changes as the accident progresses. Moreover, corium is a

non-eutectic mixture solidifying over a large range of temperature (of the order of 1000 K). The

modelling of corium rheology has been an active research topic ([34], [50], [54]), but, it remains

complex and largely uncertain. The spreading is also affected by the formation of a corium

crust, changes in the thermochemical state of corium (e.g. corium oxidation) and interactions

between corium and the underlying substrate. During corium spreading on concrete substrates,

concrete melting, concrete ablation and gas release from the concrete decomposition may occur

and affect the spreading.

One of the many challenges related to the simulation of corium spreading flows with CFD

is the representation of the corium/air interface (also referred to as corium free surface) in a

numerical framework. The main objective of this thesis is the detailed investigation of the

numerical methods best suited for the simulation of corium spreading flows. In particular, the

Volume-Of-Fluid method (VOF), commonly used to simulate interfacial flows, is investigated

and the effect of numerical errors, associated with the numerical solution of the equations

governing the flow, on spreading predictions is evaluated.

The work presented in this thesis makes use of the progress made in the field of multiphase

flow modelling in the past decades, as well as, novel numerical methods to simulate corium

spreading flows. The objective of this thesis is not to perform corium spreading simulations

that can be used for the assessment of nuclear safety in nuclear reactors but, rather, to develop,

test and propose numerical methods suitable for such simulations.
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1.5 Thesis outline

In the introduction of this thesis, the laws of physics describing fluid flows are presented, the

formation of corium during a nuclear severe accident is discussed and the concept of core-catcher

is introduced.

Chapter 2 reviews previous studies investigating corium spreading. The experimental and

numerical studies of corium spreading available in the scientific literature are presented and the

key findings are discussed.

The numerical framework used as a basis for the numerical simulation of corium flows is pre-

sented in chapter 3. The equations that govern the fluid dynamics are introduced and the

numerical methods used, in this thesis, to solve the equations are described. Chapter 3 also

presents a new solution procedure to solve the governing equations, developed, as part of this

thesis, to limit numerical errors associated with the simulation of interfacial flows.

Chapter 4 presents the Bingham fluid model that can be used to model flows of solidifying

liquids. The constitutive equations of a Bingham fluid are introduced, the implementation of

the Bingham fluid model in a CFD code is described and the implemented model is tested on a

benchmark problem. The benchmark problem is a Bingham fluid in a lid-driven square cavity,

for which benchmark results are available in the scientific literature.

Chapter 5 is the main chapter of this thesis. It focuses on the numerical methods to simulate

a two-fluid flow where one of the fluids has temperature dependent properties (such as the

temperature-dependent viscosity of corium). The numerical errors that affect the simulation

of such flows are investigated in details and methods to minimize such errors are proposed. It

is shown in chapter 5 that numerical errors, such as numerical diffusion of temperature, can

lead to significant errors in the prediction of the spreading of a fluid. The numerical methods

are investigated using two test cases. The first test case simulates a basic channel flow where a

hot fluid is injected in a channel that contains a cold fluid. The second test case simulates the

spreading of a hot dense fluid with a temperature-dependent viscosity (representing corium) in

a domain filled with a cold light fluid (representing air).
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Chapter 6 builds up on the different developments and studies presented in the previous chapters

to simulate the VULCANO VE-U7 corium spreading experiment [35]. The effect of numerical

methods and fluid properties of corium on the predicted spreading length are investigated and

the simulation results are compared to the experimental results.

1.6 Contributions

The research presented in this thesis focuses on numerical methods for the simulation of corium

spreading flows. As part of this thesis, contributions to the numerical framework developed by

Denner and van Wachem [21], such as the implementation of models and numerical methods,

have been performed. This thesis discusses in detail the numerical errors arising in the vicinity

of the interface, for simulations of two-phase flows of immiscible fluids (such as corium and

air) with temperature-dependent fluid properties. In particular, the numerical errors that lead

to an erroneous evaluation of the temperature-dependent viscosity of corium are investigated.

In this thesis, simulations of an experiment, involving a prototypical corium composition, are

performed and the results are compared to experimental results as well as results from other

numerical simulations available in the scientific literature. The major contributions of this

thesis to the field of research in corium modelling are:

• The detailed description of the implementation of a regularised Bingham fluid model,

in a computational fluid dynamics framework based on the finite volume method, to

simulate the non-Newtonian behaviour of corium below liquidus temperature. The study

of Bingham fluids using numerical methods has been going on for many decades ([11],

[43], [45]), however, the implementation of the regularised Bingham fluid model in a finite

volume framework is rarely described in great details. In the work presented in this thesis,

all the steps involved in the implementation of the Bingham fluid model are explained,

and, thus, the results presented in this thesis could be easily replicated and improved in

future research work.

• A new numerical method to minimise the adverse effect of numerical diffusion of tem-
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perature on the simulation of two-phase flows of immiscible liquids with temperature-

dependent properties. Numerical diffusion of temperature, in the vicinity of the corium/air

interface, causes an artificial cooling of the corium phase. Due to the temperature-

dependency of the viscosity of corium, the lower temperatures cause an artificial increase

in the corium viscosity, therefore, the predicted corium spreading length is reduced. In

this thesis, the use of the CICSAM scheme [68], developed for the discretisation of sharp

interfaces, for the discretisation of the energy equation is suggested. The use of the CI-

CSAM scheme to discretise the energy equation requires modifications of the procedure

used to solve the equations governing the fluid flow. The research presented in this thesis

investigates different solution procedures and a procedure best suited for the simulation

of corium spreading flows, described in chapter (5), is proposed. The proposed method

is evaluated on different test cases, and, compared to standard methods commonly used

in the CFD literature, numerical diffusion of temperature is significantly reduced.

• A new algorithm to calculate, in a Volume-of-Fluid (VOF) framework, the temperature-

dependent properties of a fluid in interfacial cells. When VOF methods are used to

capture the dynamics of the interface between immiscible fluids, mesh cells containing

two fluids, referred to as interfacial cells, are encountered. Simulations using the Volume-

of-Fluid method solve a single set of governing equations in every mesh cells for the phase-

averaged variables (velocities, temperature). Therefore, even if interfacial cells contain

two fluids with potentially different temperatures, a single cell-averaged temperature value

is available in each grid cell as an output of the simulation. The averaged temperature

value might be very different from the individual temperatures of the two fluids present in

interfacial cells, therefore, the evaluation of a temperature-dependent fluid property based

on the available cell-averaged temperature is prone to errors. With the new algorithm

proposed in this thesis, if a fluid “A” has strongly temperature-dependent fluid properties,

to evaluate the temperature-dependent property of fluid “A” in an interfacial cell, a loop

on neighbouring mesh cells is performed, and, the temperature of the neighbour cell

containing the highest ratio of fluid “A” is used for the temperature-dependent property

calculation. The proposed algorithm is evaluated on different test cases with known
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solutions, and, the calculated temperature-dependent fluid properties at interfacial cells

is significantly improved.

• Results of numerical simulations of the VULCANO VE-U7 corium spreading experiment

[35]. In the VULCANO VE-U7 corium spreading experiment, a corium mixture is heated

to high temperatures and spread on two spreading channels. The corium spreading length

is measured and the results are used as a benchmark to compare the performances of

several simulation codes. In this thesis, new simulation results of the VULCANO VE-U7

experiment are obtained and compared to experimental results found in the scientific

literature.



Chapter 2

Review of Corium spreading studies

Ex-vessel corium stabilization has been an active research topic in nuclear safety over the past

decades. In particular, two large European projects, involving collaborations between several

research laboratories, were dedicated to the study of ex-vessel corium: the Ex-vessel Core

Melt STabilization Research (ECOSTAR) project [5] and the corium Spreading and Coolability

(CSC) project [15]. The experiments presented in this chapter, see section 2.1, were conducted

in the framework of these projects and the computation codes presented in section 2.2 were

developed and validated using the data obtained through these experiments. This chapter

reviews some of the experiments, developments and findings associated with these projects.

2.1 Experimental studies of prototypical corium

Corium spreading experiments using prototypical corium (corium with a realistic composition

including depleted uranium oxide) are complex and costly, therefore, the first spreading exper-

iment were conducted with non-prototypical corium, later on referred to as simulant material

(CORINE [72], S3E [23], SPREAD [63], KATS [26], ECOKATS [3] [4]). Some of the key

findings of experiment using simulant materials are reported in [15], such as the significant

difference between 1D spreading and 2D spreading or the role of crust formation in spread

immobilization. To validate the findings of experiments using simulant material, Piluso et al.

13



14 Chapter 2. Review of Corium spreading studies

[49] highlight the necessity to conduct experiments using prototypical corium compositions.

The COMAS [62], FARO [65] and VULCANO [33] series of experiments, described in this

section, use prototypical corium compositions to study corium spreading flows. In this thesis,

the VULCANO VE-U7 [35] experiment, which is part of the VULCANO series of experiment

is simulated using CFD and the results are reported in chapter 6.

2.1.1 COMAS series of experiments

The objective of the COMAS experiments [62] is to perform spreading tests with prototypical

corium representative of EPR corium melts to provide a basis for the development of core-

catchers. The tests are carried out at Siempelkamps CARLA melting facility for radioactively

contaminated metal scrap. The COMAS experiments mainly focus on high melt release rates

(above 150 kg/s).

The experiments investigate different substrate material for the spreading section: concrete,

ceramics and cast iron. In the spreading results reported, the dependency of the spreading

on the substrate material is not significant, however, the melt release rate and initial corium

temperature have a significant effect on the spreading distance.

In the EPR core catcher concept, corium is mixed with sacrificial concrete and as a result,

corium properties are modified. In the COMAS experiment the influence of concrete incorpo-

ration in corium composition on spreading distance is investigated by adding silicate to the

reference corium composition. The presence of silicate lowers the solidus temperature of the

mixture while the liquidus temperature is hardly affected. The resulting mixture has a solid-

ification range of about 1000 K, so, corium can be cooled down to lower temperatures before

it completely solidifies. In the reported tests results, the spreading distance is increased by

adding silicate to the corium mixture. This finding highlights the role of solidification and

crust formation in the melt immobilisation.
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2.1.2 FARO series of experiments

The FARO series of experiments [65] uses corium composed of binary mixtures of uranium oxide

and zirconium oxide, representative of corium before it is mixed with sacrificial concrete. The

solidification range for such mixtures is only 50 K, compared to a range around 1000 K after

mixing with concrete which lowers the solidus temperature. The FARO experiments investigate

corium spreading on 2D sector geometries on a metallic substrate and at relatively low melt

release rates (about 16.5 kg/s) compared to the COMAS experiments.

The spreading observed, in the FARO experiments, is characterised by an irregular flow with

local stops of the spread. The stops are attributed to the formation of a crust and flow contin-

uation is sometimes observed after the break of the crust. Corium spreading on a wet substrate

is investigated in the FARO experiments and the reported results are not significantly differ-

ent from the results of spreading on a dry surface. The spread thickness observed with the

FARO experiments (about 60 mm) is comparable to the thickness observed with the COMAS

experiments (about 70 mm), however, non-symmetric spreading is reported for the FARO ex-

periments. The spread stopped due to crust formation and corium remelting occurred over

only half of the width of the spreading channel, leading to a non-symmetric spreading profile.

The initial corium temperature reported for the experiments is close to the liquidus temperature

of corium, but, the uncertainty range (±50 K), is in the order of magnitude of the solidification

range. This makes the modelling of the experiment challenging and the FARO experiments

are, thus, not a good candidate to validate spreading predictions using numerical methods.

2.1.3 VULCANO series of experiment

The VULCANO series of experiments [33] are part of a research effort dedicated to the study

of corium spreading and coolability [15], motivated by the design and assessment of a reliable

core-catcher. The VULCANO experiments investigate a large range of possible prototypical

corium compositions spreading at low mass flow rates.
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The results of the VULCANO experiments proved that corium-concrete mixtures, such as the

mixture expected with the EPR core-catcher concept, have good spreading characteristics,

which can lead to homogeneous corium thickness over the spreading area, and, thus, promote

efficient corium cooling. Journeau et al. [33] report that the ablation of concrete substrates

occurs on a time scale longer than the spreading time scale. Therefore, concrete ablation does

not significantly affect the spreading and these results suggest that concrete ablation may be

neglected for corium spreading studies.

The experiments performed using prototypical corium are used for the validation of spreading

models, such as models to describe corium viscosity, and to validate codes for corium spreading

simulations. The validation of simulation codes is useful as validated codes may be used to

investigate corium flows in realistic reactor conditions.

Journeau et al. [33] report that the validation of models and codes is limited by the large

uncertainty on the fluid properties of corium, and, they suggest that a major research effort to

improve the knowledge of corium properties is required to perform more precise validation of

corium models.

The VULCANO VE-U7 experiment, which investigates the spreading of corium on concrete and

ceramic substrates, is simulated as part of the work presented in this thesis. The VULCANO

VE-U7 experiment is presented in chapter 6 and the experimental results are compared with

the simulations performed in the present work.

2.2 Numerical modelling of corium spreading

Compared to experimental studies, numerical simulations of corium spreading offer several ad-

vantages such as a low cost and the possibility to simulate large-scale systems. The availability

of variables throughout the simulated system is also an advantage compared to experiments,

where the number and type of sensors that can be used is limited. However, a major drawback

of numerical simulations is the representativeness of the results. Corium spreading is complex

and it is affected by many different physical phenomena. Unlike experiments, which naturally
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includes all the phenomena affecting the flow, simulations are restricted to the mathematical

model used to represent the simulated system. Simulations are also affected by simplifications

and errors in the solution of the system of equations that describes the flow evolution. Ex-

periments may be used to validate numerical simulations and numerical methods may be used

to expand the range of flows that can be studied experimentally. Experimental and numerical

methods are, thus, complementary to investigate corium spreading flows.

Among the research performed towards the numerical simulation of corium spreading flows, two

types of codes can be distinguished: codes developed specifically for corium simulations, such

as the codes MELTSPREAD [24], THEMA [61], LAVA [2] [58], and codes suitable to simulate

a large range of three-dimensional flow conditions, such as the codes CORFLOW [77], CROCO

[39] [48] [74] or commercially available CFD codes.

The codes MELTSPREAD, THEMA and LAVA take advantage of a characteristic of corium

spreading flows, the vertical length scale is small compared to the horizontal length scale, to use

the shallow water assumption and simplify the modelling. With the shallow water assumptions,

a fixed vertical velocity profile is assumed and the governing equations are integrated along the

vertical axis. The shallow water equations for a fluid with constant density [32] are given in

non-conservative form by
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where t is the time, x and y are the horizontal Cartesian coordinates, h is mean height of the

fluid layer (vertical direction), h is the local deviation from the mean layer height, u is the fluid

velocity, g is the acceleration due to gravity, µ is the fluid dynamic viscosity and ρ is the fluid
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density.

Codes using integrated equations have the advantage of numerical simplicity, robustness and

low computational cost, and, given the large uncertainties on the physical properties of corium,

detailed modelling may not necessarily yield more accurate results [59].

This section describes different codes that have been used, in the literature, to investigate

corium spreading and some of the major findings.

2.2.1 MELTSPREAD

The MELTSPREAD code [24] is a one-dimensional code using the shallow water assumption

to predict gravity driven spreading flows and thermal interactions between corium and the

underlying, concrete or steel, substrate.

The code includes models to simulate corium freezing, immobilization and remelting; heat trans-

fer in the substrate; decomposition, gas release, melting and ablation of concrete substrates;

and; corium oxidation by the gas produced by corium decomposition.

The fluid velocity is calculated by solving a one-dimensional momentum equation including a

transient term, a convection term, a hydrostatic pressure term and a friction term. Corium

immobilization is enforced when the corium height at the leading edge falls below the minimum

height at which surface tension balances gravity. A variety of boundary conditions can be

prescribed, at the corium/substrate interface, to account for the presence of a corium crust and

the ablation of the substrate. At the corium top surface, the heat transfer is calculated either

assuming the presence of an overlying water layer or assuming a dry atmosphere. Different heat

transfer models can be prescribed, at the top surface, to account the presence of a top crust.

In the work of Farmer et al. [24], the MELTSPREAD code is validated against the analytical

solution of a “dam break” problem, and, against an experiment using water as a corium simulant

in a scaled model of a Mk I boiling-water nuclear reactor containment building. Simulations of

corium spreading on a concrete substrate have been performed [24] and the simulation results
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suggest that the time scale of spreading is shorter than the time scales of concrete ablation

and corium oxidation by the gas from concrete decomposition. Farmer et al. [24], therefore,

suggest that the effects of concrete ablation and corium oxidation could be neglected in corium

spreading studies.

2.2.2 THEMA

The THEMA code [61] is devoted to the simulation of corium spreading flows, in one-dimensional

or two-dimensional geometries, taking into account corium solidification and possible melting

of the base-mat. The possible stratification of corium into an oxidic and a metallic phase with

an overlying crust layer can be simulated. The THEMA code includes a module to solve the

heat transfer in the substrate. The heat transfer equation is solved in a three-dimensional

numerical mesh of the substrate with models to take into account gas release from concrete

decomposition. The THEMA code has been validated against several spreading experiments,

such as the experiments CORINE [72], KATS [26], ECOKATS [3] [4], COMAS [62], FARO [65]

and VULCANO [33].

The code solves the equations governing the evolution of a two-phase flow, with an oxidic and a

metallic fluid phases, integrated over the melt thickness. Similarly to the METSPREAD code,

corium immobilization is enforced when the height of corium at the leading edge falls below the

minimum height at which surface tension balances gravity. The viscosity of solidifying corium

is modelled using an apparent viscosity model, where the viscosity of corium is a function of its

solid fraction. Several correlations have been investigated by Spindler and Veteau [61] and after

validation against experiments using prototypical corium, the Ramacciotti correlation [54] is

shown to yield better agreement with the experiments. A Newtonian and a Bingham model are

implemented in the THEMA code, and, simulations using the two models have been compared

to experiments. The difference observed between the Bingham and the Newtonian models are

not significant. Therefore, given that the Bingham model requires a yield stress parameter

which is uncertain, Spindler and Veteau [61] recommends the use of a Newtonian model for

corium spreading simulations.
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2.2.3 LAVA

The LAVA code [2] [58] is developed for the simulation of corium spreading and relocation in the

reactor containment building. The code computes the fluid velocity by solving the momentum

equations integrated over the melt thickness and using the creeping flow assumption so that

inertia terms are not taken into account. Corium rheology is modelled using a Bingham fluid

model and an effective viscosity model, where the solidifying corium viscosity is a function of the

solid fraction. The LAVA code solves a one-dimensional heat transfer equation which accounts

for the radiation heat transfer at the corium free surface, latent heat associated with crust

formation, heat transfer by conduction into the corium phase and heat transfer by conduction

into the substrate. The code has been validated against spreading experiment using prototypical

corium, such as COMAS [62] and VULCANO [33]. The LAVA code has been used to study

spreading in the reactor cavity of a pressurised water reactor. Spengler [58] report that, in most

situation considered, with a direct melt release from the breached reactor pressure vessel into

the reactor cavity, the spreading will lead to a corium distribution in the cavity which allows

for efficient cooling.

2.2.4 CROCO

The CROCO code [39] [48] [74] is developed for the numerical simulation of gravity currents

of non-Newtonian fluids on a two-dimensional computational grid. The corium free-surface is

described as a polygonal interface and advanced in time by a Lagrangian technique. The Navier-

Stokes equations are solved using a Galerkin method. With this method, non-differentiable

constitutive laws, such as the constitutive laws of a Bingham fluid, can be simulated without

the need for regularisation [73].

The CROCO code has been validated against benchmark problems, such as a lid driven cavity

and the differentially heated cavity, for which numerical and experimental results are available

in the scientific literature ([11], [12], [17], [40]). The CROCO code has been used to simulate

corium spreading flows, however, the simulation results have not been published in a journal.
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2.2.5 CORFLOW

The CORFLOW code [77] is developed for the study of free-surface flows and structural material

in three-dimensional geometries, using a finite volume framework, and, it is applicable to corium

flows. The fluid dynamics are described by the continuity and the momentum conservation

equations with the Boussinesq approximation. The free surface is represented by a height

function and a free-surface pressure boundary condition is applied at the free surface. The

fluid temperature is computed by solving an energy equation taking into account internal heat

generation by decay heat, heat transfer by conduction into the underlying substrate, and,

radiative and convective heat transfer at the corium free-surface. To model corium rheology,

the solidification phase-change model introduced by Voller ([75], [76]) and the Bingham fluid

model introduced by Papanastasiou [45] are implemented in the CORFLOW code.

In the work of Wittmaack [78], the CORFLOW code is validated against several spreading

experiments and the author identifies corium dynamic viscosity and inlet conditions for spread-

ing as major sources of uncertainty of spreading length predictions. Wittmaack [78] investi-

gated the corium spreading on the dedicated spreading area of the EPR core-catcher using the

CORFLOW code. The calculations performed use conservative assumptions (assumptions that

prevent the spreading), such as the use of a purely oxidic corium or a conservative choice of

corium properties. The results indicate that, even in the most conservative situation, an al-

most homogeneous corium thickness in the spreading compartment is obtained, which enables

efficient cooling of corium.



Chapter 3

Multiphase Computational Fluid

Dynamics Framework

The development of numerical methods to accurately predict the displacement of an interface

with time has been an active research topic for many decades. The main objective of this

thesis is to make use of the recent progress made in the field of multiphase flow modelling to

simulate corium spreading flows. The CFD framework developed by Denner and van Wachem

[21] is used in this thesis and the main characteristics of this framework are presented in this

chapter. Contributions to this framework are made to tackle the challenges of corium spreading

flow simulations. In particular, in the present thesis, different solution procedures to solve the

governing equations are implemented and investigated (see section 3.3).

Throughout this thesis, corium spreading is modelled as the incompressible flow of two im-

miscible homogeneous fluids (corium and air) separated by an interface. The simplifications

and assumptions used to model corium spreading are discussed in detail in chapter 6. In this

chapter, section 3.1 introduces the equations governing the general flow of two immiscible fluids

separated by an interface. Section 3.2 describes the discretisation process required to solve the

governing equations using numerical methods and section 3.3 describes the procedure followed

to solve the governing equations.

22
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3.1 Governing equations

The flow of a fluid can be described mathematically by a set of partial differential equations

derived from the conservation of physical quantities: mass, momentum and energy. These

equations can appear in different forms [8] but this section presents the equation in a form

commonly used in Computational Fluid Dynamics frameworks. Detailed derivation of these

governing equations can be found in Versteeg and Malalasekera [71]. Throughout this thesis,

all equations are solved in a fixed Cartesian coordinate system with axes x, y and z.

Following the one fluid formulation described in Kataoka [36], which allows the implementation

of classical single-phase numerical tools for solving multiphase flow problems, the two fluids

in the corium/air system considered, are modelled as a single continuum and a single set of

governing equations describes the evolution of phase-weighted variables. The different fluids

are identified locally by a volume fraction field. The system of governing equations to be solved

consists of a continuity equation, momentum conservation equations and an energy conservation

equation. In the present study, the fluids are assumed to be Newtonian and incompressible.

Corium density variation due to thermal expansion are supposed to be slow and are thus

neglected throughout the present thesis. Similar assumptions are also made in other numerical

studies of corium flows such as the study of Wittmaack [77].

The continuity equation for a compressible fluid is given by

∂ρ

∂t
+
∂ρui
∂xi

= 0, (3.1)

where subscripts i refers to Cartesian coordinates, ρ is the fluid density and u is the fluid

velocity. For an incompressible fluid, the change in density with time and temperature are

negligible and the continuity is satisfied if the divergence of the velocity field is zero. The

continuity equations simplifies to

∂ui
∂xi

= 0. (3.2)
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For a two-phase flow of incompressible fluids, density may vary in space. Equation 3.1 can be

rewritten as

∂ρ

∂t
+ ρ

∂ui
∂xi

+ ui
∂ρ

∂xi
= 0. (3.3)

Inserting the material derivative of the density, given by

Dρ

Dt
=
∂ρ

∂t
+ ui

∂ρ

∂xi
= 0, (3.4)

in equation 3.3, the two-phase flow continuity constraint follows as

ρ
∂ui
∂xi

= 0. (3.5)

Therefore, for a two-phase flow of incompressible fluids, continuity is satisfied if the divergence

of the velocity field is zero. The momentum equations, in non-conservative form, for such fluids

are given by

ρ

(
∂ui
∂t

+ uj
∂ui
∂xj

)
= − ∂p

∂xi
+

∂

∂xj
(µSij) + gi, (3.6)

where subscripts i and j refer to Cartesian coordinates, p is the pressure, µ is the fluid viscosity,

S is the rate of strain

Sij =
1

2

(
∂uj
∂xi

+
∂ui
∂xj

)
, (3.7)

and g is the gravity force acting on the fluid of interest.

The first law of thermodynamics, which governs the heat exchange in a system, can be expressed

using several formulations. Since the flow considered in this work is incompressible, with

constant density and specific heat capacity, the temperature formulation is most convenient.

In the present work, the heat exchange due to viscous dissipation is assumed to be small and
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is neglected. The energy conservation equation is then given by

ρcP

(
∂T

∂t
+ uj

∂T

∂xj

)
= − ∂

∂xj

(
λ
∂T

∂xj

)
, (3.8)

where cP is the specific heat capacity, T is the fluid temperature and λ is the thermal conduc-

tivity.

The set of equations above needs to be complemented with an equation to track the evolution

of the interface in the domain. In the present study, the VOF method [31] is used to capture the

evolution of the interface between two immiscible fluids A and B. With the VOF method, the

interface is represented implicitly through a colour function C defined as the volume fraction

of fluid A in a cell

C = 0 Cell contains fluid A only

C = 1 Cell contains fluid B only

0 < C < 1 Cell contains an interface.

(3.9)

The colour function is used to capture the interface position and its evolution is described by

the VOF equation

∂C

∂t
+ uj

∂C

∂xj
= 0. (3.10)

The density ρ, viscosity µ, specific heat capacity cP and thermal conductivity λ are defined in

each cell as a colour function weighted average of the values of the individual fluids. The most

commonly used averaging method to compute the cell viscosity from the viscosities of individual

fluids is a colour weighted arithmetic average (simply referred to as arithmetic average), given,

for fluid property φ as

φ = CφA + (1− C)φB. (3.11)
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3.2 Discretisation of the governing equations

The numerical simulation of fluid flows in a finite volume framework requires to compute the

alue of the variables that govern the flow (e.g. velocity, pressure, temperature) at discrete

points in space and time. The discrete times are obtained by dividing the total length of the

simulation into a finite number of time steps. The space discretisation is performed by dividing

the total domain to be simulated into a finite number of cells and forming a numerical mesh.

Figure 3.1 illustrates the spacial discretisation of a 2D rectangular domain indicating cells and

cell faces.

Cell P Cell Q

Cell center

Domain boundary

Face f

Figure 3.1: Schematic illustration of the spatial discretisation of a 2D rectangular domain into
a numerical mesh focusing on two cells P and Q separated by a face f.

The mathematical model presented in section 3.1, which consists of a set of partial differential

equations, is the starting point for the numerical simulation of the flows of interest and flow

predictions are made by solving these equations. To solve the governing equations, in each

cell and at every discrete time, using a numerical solver, the equations need to be transformed

in a process called discretisation. This section describes the discretisation process used in the

present work.
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3.2.1 Time discretisation

In a fluid simulation, the initial value of variables (initial conditions) are known and specified

as an input parameter for the simulation. The initial condition are used to compute the values

of the variables at the first time step, which, in turn, can be used to compute the next time

steps. The values of variables at each time step are thus computed sequentially until the final

time tend is reached. The time discretisation process is presented for the transport equation of

a general variable φ in a simplified form

∂φ

∂t
= f (t, φ(t)) , (3.12)

where f (t, φ(t)) contains the advection and diffusion terms.

An expression of variable φ at a new time step t+ ∆t from a known solution at time t can be

obtained by integrating equation 3.12 over a time step

∫ t+∆t

t

∂φ

∂t
dt = φt+∆t − φt =

∫ t+∆t

t

f (t, φ(t)) dt, (3.13)

where φt+∆t is a shorthand notation for the value of variable φ at time t+ ∆t.

The evaluation of the integral in the right hand side of equation 3.13 requires the knowledge of

the unknown φ, therefore, an approximation is necessary. With the backward Euler method,

the integral on the right hand side of equation 3.13 is evaluated using the value of the integrand

at the final point

∫ t+∆t

t

f (t, φ(t)) dt ≈ f
(
t+ ∆t, φt+∆t

)
∆t. (3.14)

Combining equations 3.13 and 3.14, the value of φ at discrete time t+ ∆t is

φt+∆t = φt + f
(
t+ ∆t, φt+∆t

)
∆t. (3.15)
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The backward Euler method is first order accurate and it is unconditionally stable. In this

thesis, the backward Euler scheme is used for the discretisation of the flow equations (momen-

tum and continuity). The Crank Nicolson scheme, presented in section 3.2.3, is applied for the

discretisation of the VOF and energy equations.

3.2.2 Space discretisation

With the finite volume framework, the governing equations are integrated over mesh cells. In

this section, the spatial discretisation process is described for the transport equation of a general

variable φ in integral form

∂

∂t

∫
VP

φdV +

∫
VP

uj
∂φ

∂xj
dV =

∫
VP

∂

∂xj

(
λ
∂φ

∂xj

)
dV, (3.16)

where VP represents the volume of cell P and φP represents the discrete value for variable φ at

the centre of cell P. The volume integral of the terms, in equation 3.16, that contain gradients

of dependent variables can be turned into surface integrals using the Gauss theorem

∫
VP

(
∂φ

∂xi

)
dV =

∫
S

(φei.n) dS, (3.17)

where S is the outer surface of control volume VP , e is the unit vector of Cartesian coordinates,

dS in an infinitesimal surface element on S and n is an outward pointing vector normal to dS.

Each cell is bounded by a finite number of flat faces f so the integration over the surface, in

equation 3.17, can be expressed as a sum of integrals over each face

∫
S

(φei.n) dS =
∑
f

∫
f

(φnf ) dS. (3.18)

The value of φ along a boundary face is not known therefore an approximation is required.

With the so-called midpoint rule, the integral over a face is approximated by the value at
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the face centre multiplied by the face area. On a uniform grid, this leads to the second-order

approximation at face centres

∑
f

∫
f

(φnf ) dS ≈
∑
f

φfnfAf , (3.19)

where subscript f denotes values at face centres, nf is the outward-pointing unit vector normal

to face f and Af is the area of face f .

Continuity equation

The numerical framework used in the present thesis is based on the work of Denner and van

Wachem [21]. In this framework, a linear equation system is constructed containing the three

discretised momentum equations (assuming a three-dimensional flow), and a modified con-

tinuity equation providing a relationship between pressure and velocity. Unlike many CFD

frameworks, the numerical framework developed by Denner and van Wachem [21] does not

require the solution of a Poisson type equation. The fourth equation is based on the continuity

equation

∂ui
∂xj

= 0, (3.20)

where an advection velocity unf derived using the momentum interpolation method, first pro-

posed by Rhie and Chow [55], is introduced

∂ui
∂xj

=
1

VP

∫
VP

∂ui
∂xj

dV =
1

VP

∑
f

ufnfAf ≈
1

VP

∑
f

unfAf = 0. (3.21)



30 Chapter 3. Multiphase Computational Fluid Dynamics Framework

Figure 3.2: Figure from Denner and van Wachem [21]. Mesh cell P with neighboring cell Q and
shared face f of an equidistant Cartesian (left) and a triangular (right) two-dimensional mesh
including relevant interpolation entities.

Following Denner and van Wachem [21] and using the notation illustrated in figure 3.2 the

advection velocity is computed for a two phase flow as

unf = ufnf − αd̂f
[
pQ − pP

∆s
− ρf

2

(
∇p|P
ρP

+
∇p|Q
ρQ

)]
+ cf d̂

(
un,t−∆t
f − ut−∆t

f nf

)
+αd̂fσ

[
κ
CQ − CP

∆s
− ρf

2

(
κP∇C|P
ρP

+
κ∇C|Q
ρQ

)
sf

]
+αd̂f

[
ρf (g · sf )−

ρf
2

(
Sg,P
ρP

+
Sg,Q
ρQ

)
sf

] (3.22)

where uf is the velocity vector at a cell face, nf is the unit vector normal to a cell face, κ is

the interface curvature, σ is the surface tension coefficient, aP denotes the coefficient associated

with the velocity at cell P when the momentum equation is written in semi-discretised form

(see section 3.3 or Ferziger and Perić [25])

aPuP +
∑
nb

anbunb = b, (3.23)

where the right hand side term b contains all the terms independent from the velocity and

the index nb denotes cells neighbouring cell P. The other terms appearing in equation 3.22 are

either illustrated in figure 3.2 or defined below.
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α =
1

(nf · sf )
(3.24)

c =
ρ

∆t
(3.25)

dP =
VP
aP

(3.26)

df =
dP + dQ

2
=

1

2

(
VP
aP

+
VQ
aQ

)
(3.27)

d̂f =
df

1 + cdf
(3.28)

ρf =
2

ρ−1
P + ρ−1

Q

(3.29)

The advecting velocity defined in equation 3.22 ensures that the continuity equation 3.20 is

fulfilled and it couples pressure and velocity thus preventing the need to solve a Poisson type

equation frequently encountered in other CFD frameworks.

Discretisation of advection terms

The advection term in equation 3.16, which represents the transport equation for a general

variable φ, is given as

∫
VP

(
uj
∂φ

∂xj

)
dV. (3.30)

The Gauss theorem, midpoint rule and advection velocity, introduced in the previous section,
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are applied to transform the integral over a control volume into a sum over bounding faces

∫
VP

(
uj
∂φ

∂xj

)
dV =

∑
φfnfufAf ≈

∑
f

φfu
n
fAf . (3.31)

The value of φ at cell faces, in equation is 3.31, is not known, therefore, φf has to be interpolated

from the value of φ at neighbouring cell centres. Interpolation methods are also referred to as

advection schemes. Several schemes are investigated in the present thesis and an overview of the

schemes used is presented below using the notation presented in figure 3.3 and an equidistant

Cartesian grid.

Flow direction

φU φD φAφf

Upwind
donor cell

Donor
cell

Acceptor
cell

Face f

Figure 3.3: Notation used for the discretisation of a general variable φ at face f given the flow
direction.

The Upwind Differencing Scheme (UDS) is a first-order accurate differencing scheme where,

the face value of a variable is defined based on the flow direction, using the notation introduced

in figure 3.3, as

φf = φD (3.32)

The UDS is widely used in convection-dominated flows, it is simple to implement and it guar-

antees a bounded solution [25]. However, it results in considerable numerical diffusion.

Total Variation Diminishing (TVD) schemes [30, 64] are a class of schemes with higher-order

accuracy designed to prevent unphysical oscillations and to minimise numerical diffusion. Using

a TVD scheme, the variable φ at face f is generally given as

φf =

(
1.0− βTV D(rf )

2

)
φD +

βTV D(rf )

2
φA, (3.33)
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where βTV D is the flux limiter that is defined by the applied TVD scheme and rf is the ratio

of the gradients of consecutive cells

rf =
φD − φU
φA − φD

. (3.34)

In the context of this study, the SUPERBEE scheme [56] and the van Leer scheme [70] are

considered. The SUPERBEE scheme is the most compressive second-order accurate TVD

scheme, with the flux limiter given as

βSB(rf ) = max(0,min(2rf , 1),min(rf , 2)). (3.35)

The van Leer scheme is also second-order accurate but more diffusive than the SUPERBEE

scheme, with the flux limiter given as

βV L(rf ) =
rf + |rf |
1 + rf

. (3.36)

Discretisation of diffusion terms

To discretise the diffusion term in equation 3.16, the Gauss theorem and the midpoint rule are

used to transform the volume integral into a sum over bounding faces of the control volume

∫
VP

∂

∂xj

(
λ
∂φ

∂xj

)
dV ≈

∑
f

(
λ

(
∂φ

∂x

)
f

nfAf

)
. (3.37)

Equation 3.37 requires variable gradients at cell faces
(
∂φ
∂x

)
f
. On an equidistant Cartesian grid,

these are simply computed as (
∂φ

∂xi

)
f

≈ φA − φD
xi,A − xi,D

, (3.38)

where xi,A and xi,D are the positions of the centres of cell A and cell D along the i-axis. On a
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uniform equidistant Cartesian mesh assuming a linear spatial variation of φ, this approximation

is second order accurate.

3.2.3 Interface discretisation

The numerical representation of a thin interface is challenging and numerical methods have

been specifically developed to simulate interfacial flows. The present work uses the compressive

VOF method developed in Denner and van Wachem [22] to model the dynamic of the interface.

An overview of this method is presented in this section.

Time discretisation

Maintaining a sharp interface is a major challenge for compressive VOF methods and studies

have shown that first-order accurate schemes for time discretisation are too diffusive to preserve

the sharpness of the interface [16]. Following previous studies ([22, 68]), a second-order accurate

Crank Nicolson scheme is used for the time discretisation. The transport equation for a general

variable φ discretised using the Crank Nicolson scheme reads

(φt+∆t − φt)V
∆t

= −
∑
f

φt+∆t
f F t+∆t

f + φtfF
t
f

2
, (3.39)

where superscripts t and t+ ∆t refer to discrete times for two consecutive time steps, ∆t is the

duration of a time step, f is the index of a face and F is the flux through face f given by

Ff = unfAf , (3.40)

where Af is the area of face f and unf is the advection velocity calculated using momentum

interpolation method as detailed in Denner and van Wachem [21]. As proposed byUbbink [67],

equation 3.40 can be simplified for small time-steps by assuming F t
f = F t−∆t

f , which leads to
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(φt+∆t − φt)V
∆t

= −
∑
f

F t
f

(
φt+∆t
f + φtf

)
2

. (3.41)

Spatial discretisation of the VOF equation

The CICSAM scheme [68] is used to discretise the advection term of the VOF advection equa-

tion. Using the CICSAM scheme, the colour function C at cell face f is given as

Cf = (1− βf,C)CD + βf,CCA, (3.42)

where subscripts D and A denote the donor and acceptor cells, respectively, as schematically

illustrated in figure 3.3. The subscript C indicates that the β-function is related to the dis-

cretisation of variable C. The weighting function βf is defined by the CICSAM scheme and is

given as

βf,C =
C̃f − C̃D
1− C̃D

. (3.43)

The β-function defined in equation 3.43 uses the normalised colour function

C̃D =
CD − CU
CA − CU

, (3.44)

with subscript U denoting the upwind cell, and

C̃f = ψf C̃
HC
f + (1− ψf )C̃UQ

f . (3.45)

The face value CHC
f is obtained using the Hyper-C scheme and CUQ

f is obtained using the

ULTIMATE QUICKEST scheme [38]. The blending function ψf is defined based on the angle

between the normal vector of the interface and the normal vector of face f, as proposed by
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Ubbink and Issa [68]. When the interface normal vector is orthogonal to the vector that

connects the centres of the acceptor and the donor cells, the value of ψf is close to zero and the

upwind scheme ULTIMATE QUICKEST is favoured. When the interface normal vector and

the vector that connects the centres of the acceptor and the donor cells, a compressive scheme

is desired and the Hyper-C scheme is thus favoured.

Choice of time step

In the absence of surface tension, the time step used to solve the flow equations (∆tFlow) is

chosen so that the CFL number (also referred to as Courant number Co) is

CFL = ||u||∆tFlow

∆x
< 1, (3.46)

where ∆x is the mesh spacing, in the entire computational domain and ||u|| is the norm of the

velocity. However, to preserve the interface sharpness, the CICSAM scheme imposes further

constraints on the applied time-step because it accounts for the volume of a given fluid in

the donor cell. Previous studies [29, 22] recommended a time-step that satisfies the condition

CFL < 0.01. Because the discretised VOF advection equation is solved separate from the

discretised flow equations in the employed numerical framework, different time-steps can be

applied. To this end, the VOF time-step is chosen to be an integer multiple of the flow time-

step, given as

∆tVOF =
∆tFlow

N∆tV OF

, (3.47)

where N∆tV OF is the number of VOF time steps ∆tVOF within one flow time step ∆tFlow required

to satisfy the condition CFL < 0.01.
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3.2.4 Discretisation of the energy equation

The viscosity of corium is strongly temperature-dependent, therefore, errors in temperature

prediction lead to large error in viscosity calculation and thus affect the flow predictions. A de-

tailed study of numerical errors related to the discretisation of the energy equation is presented

in chapter 5.

In this thesis, the author proposes to apply the CICSAM scheme commonly used for the dis-

cretisation of the VOF equation to the discretisation of the energy equation. The discretisation

of the advection term in the energy equation using the CICSAM scheme, which was originally

developed for the discretisation of the VOF colour function, is similar to the process described

in section 3.2.3, merely inserting the temperature T in equation 3.42. As demonstrated in

chapter 5, the choice of a suitable solution procedure is critical to obtain accurate results when

using the CICSAM scheme to discretise the energy equation. Section 3.3 describes the different

solution procedures investigated as part of this thesis.

As a matter of comparison, the study presented in this thesis also includes simulations using

the different advection schemes introduced in section 3.2.2 for the discretisation of the energy

equation.
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3.3 Solution procedure

The governing equation are introduced in section 3.1 and the discretisation process to transform

the partial differential equations into systems of algebraic equation is presented in section 3.2.

In this section the procedure followed to solve the discretised equations is described.

Section 3.3.1 details how to write a linear system of algebraic equations into a matrix form to

be solved by a linear solver, section 3.3.2 describes the general method to solve a non linear

system of equation and section 3.3.3 describes the fully coupled methodology, developed by

Denner and van Wachem [21], to solve the system of coupled equations.

It is shown, in chapter 5, that the CICSAM scheme, with an appropriate solution procedure, can

be used for the discretisation of the energy equation in order to minimise numerical diffusion

temperature. Section 3.3.4 presents different strategies, investigated in the present work, to

include the energy equation in the solution procedure.

3.3.1 Solution of a linear system

After the discretisation of an equation has been performed, the partial differential equation

is replaced by a system of algebraic equations. The system can be written in matrix form

and solved using appropriate numerical solution methods. In this section, the steps to reach a

matrix formulation of the algebraic equation system are illustrated using a simple linear partial

differential equation solved on a equidistant one-dimensional mesh

∂φ

∂t
+ u

∂φ

∂x
= RHS, (3.48)

where φ is the dependent variable to be computed, u is a steady advection velocity and RHS

represent terms independent of φ.

Equation 3.48 is discretised using a backward Euler scheme for temporal discretisation and a

Central Differencing Scheme for the spatial discretisation. Using the notation illustrated in
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∆x

x
φW φP φE

Figure 3.4: Illustration of the notation used to identify cells. Cell P is the cell under consider-
ation and cells W and E are the western and eastern neighbour cells respectively.

figure 3.4, the discretised equation in a particular cell P is given by

∆x(φt+∆t
P − φtP ) + uP∆t

φt+∆t
E − φt+∆t

W

2∆x
= ∆x∆tRHS. (3.49)

The different terms in equation 3.49 can be grouped in three categories

• Terms containing φt+∆t at cell P

• Terms containing φt+∆t at cells neighbouring P

• Terms that are independent of φt+∆t
P .

When running a simulation, values of variable φ at each time step are computed sequentially

therefore, when solving for φt+∆t, the value of φt is known. The terms in the equation containing

φt are thus treated as right hand side terms. The rearranged equation then reads

∆x · φt+∆t
P +

uP∆t

2∆x
·
(
φt+∆t
E − φt+∆t

W

)
= ∆x∆t ·RHS + ∆t · φt. (3.50)

Introducing aP , anb and b coefficients (the coefficients are dependent on the numerical grid and

the discretisation schemes used), the equation is reformulated as

aPφP +
∑
nb

anbφnb = b. (3.51)
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Considering all the cells in the solution domain, a system of linear algebraic equation can be

written in matrix form as

Aφφ = bφ, (3.52)

where Aφ is a matrix of coefficients and bφ is a vector with all the φ independent terms for

each cell. The expanded matrix is shown in equation 3.53.



a0,0 a0,1 0 · · · 0

a1,0 a1,1 a1,2

0 a2,1 a2,2
. . .

...

. . . . . . ai−1,i

... ai,i−1 ai,i
. . . 0

. . . . . . aN−1,N

0 · · · 0 aN,N−1 aNN


︸ ︷︷ ︸

A

·



φ0

φ1

φ2

...

φi
...

φN


︸ ︷︷ ︸

φ

=



b0

b1

b2

...

bi
...

bN


︸ ︷︷ ︸

b

(3.53)

The coefficients in red are the coefficients related to φi in the ith equation which correspond to

the φP terms in equation 3.51. They are referred to as diagonal coefficients. The coefficients

in blue correspond to the φnb terms in equation 3.51. They are referred to as off-diagonal

coefficients. The bi coefficients are the terms independent from φ and are referred to as right

hand side coefficients or RHS coefficients.

The structure of matrix A differs depending on the type of computational mesh (structured

mesh, arbitrary mesh) and the number of spatial dimension but the sparsity of the matrix (many

zero elements) and the distinction between diagonal and off-diagonal coefficients remains.

Once the matrix form of the algebraic equation system is obtained, it can be solved using

efficient numerical solvers and the values of φ at the next time steps can be computed. The

solution methods are not described in the present work but the interested reader can learn

about the most common solvers in [25].
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3.3.2 Solution of a non-linear system

In a non-linear problem, some terms can not be written as a linear combination of the dependent

variable as a·φ where a is a coefficient independent of φ. Instead, the non linear term are written

as a(φ) · φ where the a(φ) is a coefficient dependent on φ. The system of equation can not be

solved as such therefore the equation needs to be linearised by making an approximation for all

the non-linear coefficients. Typically, the value of the non-linear coefficients is evaluated using

the latest available value of φ. The linearised system is then solved and a new solution for φ is

obtained. This new solution is used in turn to update the non-linear coefficient. The sequence

of update of the non-linear coefficients and solution of the linearised system is repeated until

the value of φ converges. The convergence is assessed by evaluating the residual of the non-

linear problem and comparing it with a predefined convergence criterion. Once convergence is

reached, the solution of the problem at the next time step can start. The process is illustrated

in figure 3.5.

t = t0φ = φt0

Calculate matrix
coefficients

Solve lin-
ear system
Aφ = b

To calculate
non linear coefficients:
Use latest value of φ

New value of φ

Convergence?

t0 + ∆tφ = φt0+∆t

no

yes

Figure 3.5: Flowchart describing the procedure to solve a non linear system of equation using
a linear numerical solver.
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3.3.3 Fully coupled solver

The equations presented in section 3.1 are coupled: the solution of the continuity equation

requires values for the velocities u, v and w, which are computed by solving the momentum

equations. To solve the coupled system of equation, the present work follows a coupled implicit

approach for the fluid flow as presented by Denner and van Wachem [21]. A linearised equation

system describing the flow is constructed with the three momentum equations and the continuity

equation. The linear system is composed of four independent equations and four unknown

variables (three velocities u, v, w and pressure p) and it needs to be solved at every discrete

point in space. The assembled equation system describing the fluid flow is given by



Axu 0 0 Axp

0 Ayv 0 Ayp

0 0 Azw Azp

Acu Acv Acw Acp


︸ ︷︷ ︸

Afc

·



u

v

w

p


= b , (3.54)

where Afc is the coefficient matrix of the fully coupled system and b is the right hand side

vector. The elements Aij of matrix Afc correspond to the coefficient related to variable j in the

ith system of equation (indexes x, y and z denote the momentum equations and index c denotes

the last equation). For example Axu represent the matrix of coefficients related to variable u in

the x-momentum equation. It should be noted that the same time step (∆tFlow) has to be used

for the solution of the different equations in the system 3.54.

There are two more equations to be solved: the energy and VOF equations. Different strategies

for the solution of the energy equation are investigated in this thesis: the energy equation can

be added to the linear system 3.54 as a fifth equation or the energy equation can be solved

separately. The solution of the energy equation is particularly important for the simulation of

corium spreading flows because of the strong temperature-dependency of the corium viscosity.

The different solution procedures investigated are detailed in Section 3.3.4.
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The solution of the VOF equation follows the methodology developed by Denner and van

Wachem [21]. The VOF equation is solved separately, prior to the solution of the fully-coupled

system 3.54, by constructing a separate linear system. Solving the VOF equation separately

allows the use of a smaller time step (∆tV OF ).

The steps to compute the value of the dependent variables C, u and p at discrete time t0+∆tFlow

starting from discrete time t0 are illustrated in figure 3.6.

t0Ct0 , ut0 , pt0

Solve VOF
equation

∆tV OF
Repeat until

C = Ct0+∆tFlow

Ct0+∆tFlow , ut0 , pt0

Solve Fully
Coupled System

∆tFlow

t0 + ∆tFlow
Ct0+∆tFlow ,

ut0+∆tFlow , pt0+∆tFlow

Part I

Part II

Figure 3.6: Flowchart describing a solution procedure where the VOF equation is solved first
with time step ∆tV OF and the fully coupled system [u, p] is, then, solved with time step ∆tFlow.

In the figure 3.6, Part I corresponds to the solution of the VOF equation and Part II corresponds

to the solution of the fully coupled system. These two parts are detailed in the flowcharts in

figure 3.7.
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t0

Compute
advection

velocity unf

Compute
CICSAM βC

coefficient

Solve lin-
ear system
ACC = bC

Use latest
C

Convergence?

C = Ct0+∆tFlow

Next VOF
time step
∆tV OF

Part II
Solve fully

coupled system
[u, p]

t0 + ∆tFlow

no

no

yes

yes

t0

Part I
Solve VOF
equation

Compute fluid
properties
ρ, µ, CP , λ

Compute
advection

velocity unf

Solve fully
coupled system

[u, p]

Convergence?

t0 + ∆tFlow

Use latest
u

Use latest
C

yes

no

Figure 3.7: Focus on Part I (left) and Part II (right) of the flowchart presented in figure 3.6. Part
I describes the procedure to solve the VOF equation and Part II describes the solution procedure
to solve the fully coupled system formed with the momentum and continuity equations.

Description of Part I: In figure 3.7, the advection velocity introduced in Section 3.2.2 is

computed using the current velocity values ut0 . Then, the CICSAM advection scheme requires

to compute the βC coefficients. The βC coefficients are dependent on the colour function C

therefore the VOF equation is non-linear and a non-linear loop is required to reach convergence.

As discussed previously, the time step used to solve the VOF equation (∆tV OF ) is smaller than

the flow time step (∆tFlow), therefore, the VOF equation system has to be solved repeatedly

until the the colour function values at time t = t0 + ∆tFlow are obtained.

Description of Part II: Figure 3.7 details the procedure to solve the fully-coupled system

3.54. First, the fluid properties are calculated for the individual fluids of the two-fluid system.

Then, the phase averaged fluid properties are computed as a function of the individual fluid
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properties and the colour function. Different methods to calculate the phase averaged fluid

properties from the individual fluid properties are investigated in this thesis. These methods

are presented in chapter 5. The next step in the solution procedure is the calculation of an

advection velocity using the latest available velocity values. Since the advection velocity is

dependent on the variables being computed (u), the problem is non-linear and a non-linear

loop is necessary to reach a converged solution.

3.3.4 Solution of the energy equation

The solution of the energy equation is particularly important for the simulation of corium

spreading flows because of the strong temperature-dependency of the corium viscosity. Small

errors in the temperature prediction can cause large errors in the calculation of corium viscosity

and thus strongly affect the flow.

In this section different approaches to include the solution of the energy equation into the

solution procedure described in section 3.3.3 are presented. The different solution procedures

are named A, B and C, and are illustrated in figures 3.8, 3.9 and 3.10 respectively.

Solution procedure A is shown in figure 3.8 and follows traditional solution methods associated

with compressive VOF calculations [29], [22]. With this solution procedure, the VOF equation

is solved repeatedly using a small time step ∆tVOF until the colour function at time t = tn+1 is

obtained. The new value of the colour function is then used to update the fluid properties ρ, λ

and cP (see equation 5.1). In the present work, viscosity µ is the only temperature-dependent

property updated using the currently available values of colour function and temperature (values

at time t = tn+1 for the colour function and values at time t = tn for the temperature). A

fully-coupled system, with the flow and energy equations, is then solved using a larger time

step ∆tFlow to compute the values of the pressure, the velocity and the temperature at time

t = tn+1.

With solution procedure B described in figure 3.9, the VOF equation is solved first with a

small time step ∆tVOF until the colour function at time t = tn+1 is obtained. The new value
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of the colour function is then used to update the fluid properties ρ, λ and cP . The energy

equation is then solved with the same small time step ∆tVOF until the temperature at time

t = tn+1 is obtained. The viscosity µ is updated using the new values of the colour function

and temperature. Finally the fully-coupled system, with the flow equations, is solved using a

larger time step ∆tFlow.

With solution procedure C described in figure 3.10, the VOF equation and the energy equation

are solved at the same time with a small time step ∆tVOF. The fluid properties ρ, λ and cP

are recalculated at every time step using the latest value of the colour function. When the

values of the colour function and temperature at time t = tn+1 are obtained, they are used to

calculate µ and the fully-coupled system, with the flow equations, is solved using a larger time

step ∆tFlow.

t = tn Solve VOF equation
Solve fully coupled

system (u, p, T )

Use ∆tV OF ,
N∆tV OF

time steps

Recalculate
βC

at each time step

Use ∆tFlow,
1 time step

Calculate
βT , ρ, µ, λ, cP

once

t = tn+1

Figure 3.8: Solution procedure A to calculate variables (u, p, T, C) at time t = tn+1 from time
t = tn using an approach where the VOF equation is solved separately but the flow and energy
equations are solved in the same time loop.

t = tn Solve VOF equation

Use ∆tV OF ,
N∆tV OF

time steps

Recalculate
βC

at each time step

Solve energy equation

Use ∆tV OF ,
N∆tV OF

time steps

Recalculate
βT , ρ, λ, cP

at each time step

Solve fully cou-
pled system (u, p)

Use ∆tFlow,
1 time step

Calculate
µ

once

t = tn+1

Figure 3.9: Solution procedure B to calculate variables (u, p, T, C) at time t = tn+1 from time
t = tn using an approach where flow, VOF and energy equations are solved in three separate
time loops.
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t = tn
Solve VOF and

energy equations

Use ∆tV OF ,
N∆tV OF

time steps

Recalculate
βC , βT , ρ, λ, cP

at each time step

Solve fully cou-
pled system (u, p)

Use ∆tFlow,
1 time step

Calculate
µ

once

t = tn+1

Figure 3.10: Solution procedure C to calculate variables (u, p, T, C) at time t = tn+1 from time
t = tn using an approach where the VOF and energy equation are solved in the same time loop
and the flow equations are solved in a second time loop.



Chapter 4

CFD simulation of Bingham Fluid

The rheology of corium is very complex due to large temperature variations, corium solidifica-

tion and changes in corium composition during a nuclear severe accident. Corium modelling is

also adversely affected by the large uncertainties on corium properties. Experimental programs,

such as the experiments performed in the VITI facility at CEA Cadarache [50], dedicated to

the measurements of corium properties have been conducted to improve corium understanding.

Based on experimental and analytical investigations of corium properties, Piluso et al. [50]

proposes guidelines for the modelling of corium rheology. The suggested modelling strategy

distinguishes between corium above liquidus temperature (purely liquid) and corium below

liquidus temperature (solidifying). For solidifying corium, the fluid is modelled as a Bingham

non-Newtonian fluid and using an apparent viscosity model where corium viscosity is a function

of corium solid fraction. For purely liquid corium, different models are suggested depending on

the corium composition. If the corium doesn’t contains silicate (prior to mixing with concrete),

the corium is modelled as a Newtonian fluid using the model proposed by Andrade [6]. If the

corium contains silicate, it is modelled using the model developed by Urbain [69]. The work

presented in this thesis aims at simulating corium spreading flows associated with the EPR

core-catcher concept ([13] [27]), described in chapter 1. With the EPR core-catcher, during the

spreading phase, corium temperature is expected to be below the liquidus temperature and,

thus, solidifying.

48
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This chapter focuses on the implementation of a Bingham fluid model in a CFD code. The study

of Bingham fluids using numerical methods has been going on for many decades ([11], [43], [45]),

however, the implementation of a regularised Bingham fluid model, see section 4.1, in a finite

volume framework is rarely described in great details. In the work presented in this thesis, all

the steps involved in the implementation of the Bingham fluid model are explained, and, thus,

the results presented in this thesis could be easily replicated and improved in future research

work. Section 4.1 describes the constitutive law of a Bingham fluid and the regularisation

methods used to implement it in a CFD code. Section 4.2 describes how the Bingham fluid

model is implemented in finite volume CFD framework used in this thesis. Section 4.3 shows

simulation results using the implemented Bingham model on a lid driven cavity test case.

4.1 Bingham fluid model

Bingham fluids are a type of fluid, with a non-Newtonian behaviour, characterized by a yield

stress τS. If the shear stress applied on the fluid is lower than the yield stress, the fluid behaves

as a rigid body, if the yield stress is exceeded, the fluid behaves as a viscous incompressible

fluid. This behaviour is described by the constitutive law


|τ | ≥ τS ⇐⇒ τij = (2µ+ τS

|S|)Sij

|τ | < τS ⇐⇒ Sij = 0.

(4.1)

The constitutive law 4.1 relates the stress tensor τ , introduced in chapter 3, to the strain rate

tensor S defined as:

Sij =
1

2

(
∂ui
∂xj

+
∂uj
∂xi

)
(4.2)

The norm of the strain rate tensor S is given by
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|S| =

( ∑
1<i,j<3

(Sij)
2

)1/2

. (4.3)

Figure 4.1 presents the stress as a function of the strain rate for a Newtonian and a Bingham

fluid.

0.0 0.2 0.4 0.6 0.8 1.0

Strain rate [1/s]

0.0

0.5

1.0

1.5

2.0

2.5

3.0

3.5

4.0

S
tr

e
ss

 [
P
a
]

τS

Bingham Fluid

Newtonian Fluid

Figure 4.1: Stress rate as a function of strain rate for a Newtonian fluid and a Bingham fluid.

In a CFD framework, the governing equations are usually solved to compute the fluid velocity,

and, the velocity is then used to compute the strain rate tensor. Due to the finite precision of

numerical solvers, the calculation of a null velocity never occurs and, therefore, the rigid body

behaviour of the fluid (second part of the constitutive law described in by the system 4.1) can’t

be modelled. A common strategy to overcome this issue is to use regularised models approaching

the constitutive law of Bingham fluids. With the regularisation strategies presented in this

chapter, the strain rate tensor S is proportional to an effective viscosity µeff , which depends

on the fluid viscosity and the norm of the stress rate tensor, given as

τij = 2µeff (µ, |S|)Sij. (4.4)

Several models for the effective viscosity are found in the literature. In the present work, the
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BE model proposed by Bercovier and Engelman [11], the Papanoustiou model proposed by

Papanastasiou [45] and the bi-viscosity model proposed by O’Donovan and Tanner [43] are

considered.

The Bercovier-Engelman model [11]:

µeff = µ+
1

2
τS

(
1

(εBE + |S|2)1/2

)
(4.5)

The Papanastasiou model [45]:

µeff = µ+
1

2
τS

(
1− e−|S|/εPapa

|S|

)
(4.6)

The bi-viscosity model [43]:


µeff = µ+ 1

2
τS
|Sij | |S| ≥

τS
(CBV −1)µ

µeff = µ ∗ CBV |S| < τS
(CBV−1)µ

(4.7)

The models described in equations 4.5, 4.6 and 4.7 make use of model parameters (εBE, εPapa and

CBV respectively) that control the strength of the regularisation. For the Bercovier-Engelman

and Papanoustiou models, when the εBE and εPapanoustiou parameter tend toward zero or for

the bi-viscosity model when the CBV value becomes large, the models approach the Bingham

behaviour. Figure 4.2 illustrates the regularised models with different parameters as well as

the original Bingham constitutive law.

An alternative to regularisation is to solve the equations using variational methods. Variational

methods are not described in this thesis, but, the interested reader is referred to the work of

Dean et al. [18] for a review of Bingham fluid modelling using variational methods.
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Figure 4.2: Stress as a function of strain rate for a Bingham fluid and different regularised
Bingham models. The regularised models (Bercovier-Engelman model, Papanoustiou model
and bi-viscosity models) make use of model parameters (εBE, εPapa and CBV respectively) that
control the strength of the regularisation.

4.2 Implementation of a Bingham fluid model in a CFD

code

The regularised Bingham model affects the diffusion term in the momentum equations (viscous

term). Following the finite volume framework described in section 3, the viscous term in the

momentum equation is given for a Newtonian flow as

∫
VP

∂

∂xj

(
µ
∂ui
∂xj

)
dV ≈

∑
f

(
µf

(
∂ui
∂x

)
f

nfAf

)
(4.8)

This term requires values of the viscosity and of the velocity gradient at cell faces. As rec-

ommended by Patankar [46], the face viscosity is calculated using the harmonic average of the

viscosities at adjacent cell centres. For a face f at the intersection of cell P and cell Q, the

harmonic average is given by

µf =
µP · µQ
µP + µQ

. (4.9)

Assuming a Cartesian equidistant mesh, the value of the velocity gradients at cell faces is

computed by linear interpolation as
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(
∂ui
∂xj

)
f

≈ uP − uQ
xj,P − xj,Q

, (4.10)

where xj,P and xj,Q are the j-coordinate of cell P and cell Q respectively. To simulate a Bingham

fluid using the regularisation methods presented in section 4.1, the fluid viscosity is replaced

by a Bingham viscosity µBingham. Equation 4.11 presents the general formula to compute the

Bingham viscosity

µf,Bingham = fBingham(µf , |Sf |), (4.11)

where fBingham represents one of the models presented in section 4.1. The values of the strain

rate tensor at cell faces is computed using the velocity gradients at cell faces from equation

4.10.

Sij,f =
1

2

((
∂ui
∂xj

)
f

+

(
∂uj
∂xi

)
f

)
(4.12)

The Bingham viscosity is then recalculated at each time step based on the new values of the

velocity.

4.3 Test case: lid driven cavity

The lid driven cavity test case is used to validate the implementation of the Bingham model in

the CFD framework. The lid driven cavity test case is an isothermal test case that considers

a two-dimensional square geometry with three static wall and a moving wall at the top. A

constant velocity of 1 m/s is prescribed at the top boundary, which drives the fluid movement

inside the cavity. The fluid in the cavity is initially at rest and a no slip boundary condition

is applied on the static walls. The fluid density is ρ = 1000 kg.m−3 and the fluid viscosity is

µ = 1 Pa.s corresponding to a Reynolds number of Re = 1000. The choice of time step and

mesh size is discussed in sections 4.3.1 and 4.3.2.
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Static wall Static wall

Static wall

Moving wall, velocity u = 1m/s

x

y

Figure 4.3: Schematic description of the lid driven cavity test case. The top wall is moving
with velocity 1 m/s and driving the fluid movement inside the cavity

The main quantitative results of the lid driven cavity test case, which can be compared to

values from the literature ([12], [73]), are the features of the vortices that form in the cavity.

The position and intensity of the vortices is obtained by finding the value and position of the

local maxima of the stream function ψ, which is computed by solving the partial differential

equation

∇2ψ(x, y) =
∂uy
∂x
− ∂ux

∂y
(4.13)

where ux and uy are the two components of the velocity in the two-dimensional simulation.

4.3.1 Newtonian fluid in a lid driven cavity

The lid driven cavity has been extensively studied in the literature to benchmark CFD codes

on Newtonian fluid simulation. In this section, simulations of a Newtonian fluid in a lid driven

cavity are used to benchmark the present CFD framework with results from the literature and

to run grid sensibility studies. The simulation is run on a 80x80 mesh with a time step size of

0.25s.



4.3. Test case: lid driven cavity 55

Figure 4.4: Velocity streamlines for the simulation of a Newtonian fluid in a lid driven cavity

In figure 4.4, which shows the velocity streamlines, several vortices are visible. There is a

principal vortex in the centre and two secondary vortices in the bottom left and bottom right

corners. The convergence of the simulation is assessed by investigating the evolution of the

quantities of interest (principal vortex position and intensity) with time. The evolution of the

principal vortex intensity with time is plotted in figure 4.5.
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Figure 4.5: Evolution of the intensity of the principal vortex with time for the simulation of a
Newtonian fluid in a lid driven cavity

In figure 4.5, after about thirty seconds of simulation, the principal vortex intensity reaches a
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converged value. The position of the centre of the principal vortex converges quickly, so, only

the principal vortex intensity is used to assess the convergence of the simulation. Table 4.1

reports the results, for the intensity and position of the vortices, obtained in the present work

using several grid resolutions as well as other results from the literature.

Table 4.1: Position and intensity of the principal vortex for the simulation of a Newtonian
fluid in a lid driven cavity using several mesh resolutions and comparison with results from the
literature

Reference (Grid size) Intensity [m2/s] Position (x,y) [m]
Principal vortex

Present Work (40x40) 0.1144 (0.5375, 0.5875)
Present Work (60x60) 0.1174 (0.5250, 0.5750)
Present Work (80x80) 0.1181 (0.5312, 0.5688)

Present Work (100x100) 0.1185 (0.5350, 0.5750)
Vola et al. [73] (80x80) 0.1162 (0.525, 0.5625)
Botella and Peyret [12] 0.1189 (0.531, 0.5652)

Bottom right vortex
Present Work (40x40) 0.00007 (0.8375, 0.0875)
Present Work (60x60) 0.00056 (0.8417, 0.0917)
Present Work (80x80) 0.00093 (0.8438, 0.0938)

Present Work (100x100) 0.00109 (0.8550, 0.0950)
Vola et al. [73] (80x80) 0.00170 (0.8625, 0.1125)
Botella and Peyret [12] 0.00173 (0.864, 0.118)

The features of the principal vortex converge towards the values from the literature, both in

terms of intensity and position, as the mesh is refined. The position of the centre of the bottom

right vortex matches literature results, but, there are discrepancies in the vortex intensity.

4.3.2 Bingham fluid in a lid driven cavity

In this section, a Bingham fluid in a lid driven cavity is simulated. Except for the Bingham fluid

model, all the simulation parameters are unchanged compared to section 4.3.1. Figure 4.6 shows

results, on a 100x100 mesh with a time step of 0.25 s, using a Newtonian fluid and a Bingham

fluid with yield stress values 1 Pa, 10 Pa and 100 Pa. For the Bingham fluid simulation, the

Papanoustiou model is used to calculate the effective viscosity with model parameter ε = 0.01.
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τS = 0.0 Pa

τS = 10 Pa

τS = 1.0 Pa

τS = 100.0 Pa

Figure 4.6: Streamlines of the velocity for a Bingham fluid in a lid driven cavity using different
yield stress values (the case with τS = 0 corresponds to a Newtonian fluid).

In figure 4.6, it appears that the principal vortex is shifted towards the top right corner as the

yield stress is increased. When the yield stress value is high, the region at the bottom, where

the velocity is small, the Bingham viscosity is high and the fluid behaves as a solid. In the top

region, where the velocity is higher, the fluid is still flowing. Therefore, the principal vortex is

shifted towards the top and the bottom vortices disappear.

The effect of the model constants of the regularised models is investigated using the lid-driven

cavity test case and a Bingham fluid with yield stress τS = 10 Pa. In particular, figure 4.7

presents the evolution of the intensity of the principal vortex intensity with time. Simulations

are run for a Newtonian fluid and a Bingham fluid, with yield stress τS = 10 Pa, using the BE

model and different values of the εBE constant.
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Figure 4.7: Evolution of the intensity of the principal vortex with time, for the lid driven cavity
test. Simulations are run for a Newtonian fluid and for a Bingham fluid, with yield stress
τS = 10 Pa, using the BE model with different value of the model constant εBE.

For large values of the εBE constant, the Bingham viscosity tends toward the Newtonian fluid

viscosity, and, the results are, thus, similar to the results for a simulation of a Newtonian fluid.

When the value of the εBE constant decreases, there is a convergence of the principal vortex

intensity value. However, small values of the εBE constant increase the non-linearity of the

simulation and smaller time steps are required to avoid the divergence of the simulation.

To investigate the effect of the choice of regularised model on the results, simulations, illustrated

in figure 4.8, are run using the BE, Papanoustiou and bi-viscosity models with values of the

constant that yield converged results (εBE = 0.01, εPapa = 0.01 and CBV = 100 respectively).
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Figure 4.8: Evolution of the intensity of the principal vortex with time, lid driven cavity
test. Simulations are run for a Bingham fluid, with yield stress τS = 10 Pa, using the BE,
Papanoustiou and bi-viscosity regularised Bingham models.

Figure 4.8 shows that, using model constants that yield converged results, the predicted prin-

cipal vortex intensity is similar for the three regularised models investigated.

The lid driven cavity test case is simulated using the Papanoustiou model and the parameter

εPapa = 0.01. The extrema of the velocity along the the centre lines (x = 0.5 and y = 0.5)

are computed and compared to the results of Vola et al. [73]. Table 4.2 presents the minimum

u-velocity along the x = 0.5 centre line (min(u)), the position where the minimum, min(u),

is encountered (ymin(u)), the minimum and maximum v-velocity along the y = 0.5 centre line

(min(v) and max(v)) and the position where the minimum and maximum, min(v) and max(v),

are encountered (xmin(v)) and (xmax(v)). The results are given for different values of the yield

stress τS. Table 4.2 presents the results obtained in the present thesis as well as the results

obtained by Vola et al. [73] (values between brackets).
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Table 4.2: Results of the simulation of a Bingham fluid in a lid-driven cavity. The position and
value of the velocity extrema along the centre lines x = 0.5 and y = 0.5 are given for different
value of the yield stress τS.

Velocity extrema
(Literature value from Vola et al. [73])

Along x=0.5 [m] Along y=0.5 [m]
τS ymin(u) min(u) [m/s] xmin(v) min(v) [m/s] xmax(v) max(v) [m/s]

0 Pa
0.16875
(0.175)

-0.36967
(-0.3813)

0.90625
(0.9125)

-0.50177
(-0.5181)

0.15625
(0.1625)

0.35787
(0.3723)

0.1 Pa
0.16875
(0.175)

-0.36724
(-0.3796)

0.90625
(0.9125)

-0.50006
(-0.5144)

0.15625
(0.1625)

0.35520
(0.364)

1 Pa
0.18125
(0.175)

-0.34470
(-0.3438)

0.90625
(0.9)

-0.48274
(-0.482)

0.16875
(0.1625)

0.33083
(0.3286)

5 Pa
0.19375
(0.2625)

-0.23772
(-0.2149)

0.89375
(0.8875)

-0.39922
(-0.3373)

0.19375
(0.225)

0.22500
(0.1786)

10 Pa
0.34375

(0.5)
-0.22706
(-0.1156)

0.88125
(0.825)

-0.33094
(-0.1258)

0.30625
(0.3375)

0.176553
(0.0572)

100 Pa
0.58125

(0.6)
-0.07824
(-0.0762)

0.83125
(0.6125)

-0.05690
(-0.0002)

0.21875
(0.4625)

0.06034
(0.0002)

There is a good correspondence of the minimum u-velocity along the x = 0.5 centre line,

obtained in the present thesis, compared with the results of Vola et al. [73]. For the minimum

and maximum v-velocity along the y = 0.5 axis, there is a good match for yield stress values

below τS = 5 Pa, however, for higher values of the yield stress, significant discrepancies are

observed. In particular, for simulations using a yield stress of 100 Pa, the results obtained differ

significantly from the literature results. With a yield stress of 100 Pa, Vola et al. [73] report

a principal vortex located centrally at the top of the cavity whereas in the present work the

principal vortex is located at the top right corner of the cavity. The discrepancies could be

explained by the numerical methods adopted. The present work uses regularised models, which

can be conveniently implemented in general-purpose CFD codes, to simulate the Bingham

fluid behaviour while Vola et al. [73] use variational methods specifically developed to model

Bingham fluid flows.
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This chapter investigates the numerical simulation of nuclear corium spreading, focussing on

modelling the two fluid corium/air system. The complex corium spreading flow is simplified

by assuming the corium to be a homogeneous non-reactive fluid with a strongly temperature-

dependent viscosity simulating corium solidification. A detailed investigation of the numerical

methods most suitable to simulate corium spreading flows is conducted, focussing on the study

of the numerical errors, such as numerical diffusion, caused by the spatial discretisation of the

energy equation. Numerical errors in the prediction of temperature may strongly affect the

flow prediction because of the temperature-dependency of the viscosity.

The focus of this chapter is the study of the numerical methods, based on a VOF framework,

suitable to simulate spreading flows with strongly temperature-dependent fluid properties, such

as corium spreading flows. Particular attention is placed on the schemes used to discretise the

energy equation and a strategy is proposed to limit the numerical errors associated with the

overall discretisation process.

While numerical diffusion can be limited using suitable discretisation schemes, it is shown that

numerical errors in the calculation of the temperature-dependent viscosity arise as a result of

the implicit temperature-averaging inherent to the VOF method.

Various viscosity averaging method, presented in section 5.2, and smoothing strategies, pre-

sented in section 5.3.4 are investigated to limit the effect of the inaccuracies in viscosity calcu-

lation on the flow prediction. An algorithm, presented in section 5.3.4, is proposed to limit the

inaccuracies related to the calculation of the viscosity at cells that contain the interface.

Two test cases are used in this chapter to investigate the numerical methods suitable to sim-

ulate two-phase flows with temperature-dependent properties. The first test case described in

section 5.3 considers two fluids separated by a flat interface, which is advected in a channel

at constant velocity in the absence of gravity force. This test case is useful to isolate and

investigate in detail the numerical errors occurring in the vicinity of the interface between the

two fluids. Different numerical methods for energy equation discretisation, viscosity smoothing

and viscosity averaging are scrutinised. In section 5.4 the consequences of the numerical errors

discussed in section 5.3 on a spreading flow simulation are investigated. The test case consists
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of a hot dense fluid spreading in a domain, filled with a cold and light fluid, under the influ-

ence of gravity. This test case is useful to describe how numerical errors in temperature and

temperature-dependent viscosity predictions can affect the spreading length.

5.1 Solution procedure

The solution procedure determines the order of the operations performed to compute and

advance the solution from discrete time t = tn to discrete time t = tn+1 = tn + ∆tFlow. A

detailed discussion of solution procedures is presented in chapter 3. Figures 5.1, 5.2 and 5.3

illustrate the three solution procedures, named procedures A, B and C, investigated in this

chapter.

t = tn Solve VOF equation
Solve fully coupled

system (u, p, T )

Use ∆tV OF ,
N∆tV OF

time steps

Recalculate
βC

at each time step

Use ∆tFlow,
1 time step

Calculate
βT , ρ, µ, λ, cP

once

t = tn+1

Figure 5.1: Solution procedure A to calculate variables (u, p, T, C) in each time-step ∆tFlow,
where the flow and energy equations are solved in the same coupled linear system of equations,
and the VOF advection equation is solved separately.

t = tn Solve VOF equation

Use ∆tV OF ,
N∆tV OF

time steps

Recalculate
βC

at each time step

Solve energy equation

Use ∆tV OF ,
N∆tV OF

time steps

Recalculate
βT , ρ, λ, cP

at each time step

Solve fully cou-
pled system (u, p)

Use ∆tFlow,
1 time step

Calculate
µ

once

t = tn+1

Figure 5.2: Solution procedure B to calculate variables (u, p, T, C) in each time-step ∆tFlow,
where flow, VOF and energy equations are solved in three separate time loops.
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t = tn
Solve VOF and

energy equations

Use ∆tV OF ,
N∆tV OF

time steps

Recalculate
βC , βT , ρ, λ, cP

at each time step

Solve fully cou-
pled system (u, p)

Use ∆tFlow,
1 time step

Calculate
µ

once

t = tn+1

Figure 5.3: Solution procedure C to calculate variables (u, p, T, C) in each time-step ∆tFlow,
where the VOF and energy equations are solved in the same time loop and the flow equations
are solved in a separate time loop.

5.2 Viscosity averaging methods

The study of multiphase flows using numerical methods may involve the discretisation of the

space into control volumes (cells) that contain several phases with different fluid properties.

With the VOF method, two fluids can be present in a cell and the colour function indicates

the volume ratio of each fluid in the cell. In a VOF framework, the discretised momentum

equations that need to be solved in every cell involve a unique cell viscosity, that has to be

computed from the individual viscosities of the different fluids present in the cell. The methods

used to compute the cell viscosity from individual fluid viscosities are later on referred to as

viscosity averaging methods. The most commonly used averaging method to compute the cell

viscosity from the viscosities of individual fluids is a colour weighted arithmetic average (simply

referred to as arithmetic average), given by

µ = CµA + (1− C)µB (5.1)

where µ is the cell viscosity and subscripts A and B relate to the two fluids in the system under

consideration. An alternative averaging method is the harmonic average which, compared to

an arithmetic average, gives more weight to the fluid with the lowest value of the property of

interest. The harmonic average is given by
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1

µ
=

1− C
µA

+
C

µB
. (5.2)

The different averaging methods are illustrated in figure 5.4 for two fluids with constant viscosi-

ties µ = 1 Pa.s and µ = 100 Pa.s respectively. Colour function value C=0 correspond to a cell

full of the fluid with low viscosity (µ = 1 Pa.s) and C=1 corresponds to a cell full of the fluid

with high viscosity (µ = 100 Pa.s). Compared to an arithmetic average, the harmonic average

gives more weight to the fluid with the lowest value of the property of interest (viscosity), the

cell viscosity only increases significantly when the colour function is close to C=1 which mean

the cell is almost entirely filled with the fluid with high viscosity.
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Figure 5.4: Cell viscosity for a cell containing two fluids with viscosities 1Pa.s and 100Pa.s
using different cell viscosity model

It should be noted that, for the sake of clarity, the illustrated situation in figure 5.4 considers

fluids with constant individual viscosities. The situation studied in the rest of this chapter is

more complex to visualise as one of the fluid has a temperature-dependent viscosity.

In a system with two immiscible fluids separated by an interface, the situation with two fluids

in one cell only occurs at cells that contain an interface (later on referred to as interface cells).

The total volume occupied by interface cells decreases when the mesh is refined, as illustrated

in figure 5.2. In figure 5.2, the volume (surface in two dimensions) occupied by interface cell is

hatched.
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Interface

Fluid 1

Fluid 2

Fluid 1

Fluid 2

Figure 5.5: Illustration of the surface (2D) or volume (3D) occupied by interface cells (hatched
area) on a coarse mesh (left) and a fine mesh (right)

The impact of the viscosity averaging method on flow predictions is expected to be small if the

mesh can be made very fine. However, fine grids require a lot of computational power to run

simulations, which can be prohibitive. A study of the effect of grid refinement on spreading

predictions is presented in section 5.4.2.

5.3 Advection of a hot fluid into a cold channel

The test case investigated in this section is depicted in figure 5.6. It considers a multiphase

flow of Newtonian fluids in a rectangular 2D domain of 2.5 m length and 0.5 m height, filled

with a hot fluid (C = 1) on the left side and a cold fluid (C = 0) on the right side. The

computational domain is represented by an equidistant Cartesian mesh with 125 × 25 cells.

Hot fluid is introduced from the left boundary of the system, while the cold fluid leaves the

system through the right boundary. Free-slip boundary conditions for both fluids are applied

at the top and bottom walls to avoid effects of contact line dynamics or wall friction.
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Cold Fluid:
Cinit = 0
Tinit = 0 oC
uinit = 1 m.s−1

Hot Fluid:
Cinit = 1
Tinit = 100 oC
uinit = 1 m.s−1

Inlet BC:
C = 1
T = 100 oC
u = 1 m.s−1

p extrapolated

Outlet BC:
∂C
∂x

= 0 m−1

∂T
∂x

= 0 oC.m−1

∂u
∂x

= 0 s−1

p = 0 Pa

Top Wall BC: Full Slip, Adiabatic

Bottom Wall BC: Full Slip, Adiabatic
x

y

Figure 5.6: Schematic illustration of the advection of a hot fluid in a cold channel, including
the initial values (denoted with subscript “init”) and the applied boundary conditions (BC).
Initially a hot fluid is present on the left hand side of the domain and a cold fluid occupies
the right hand side of the domain. Hot fluid is being introduced in the system from the left
boundary of the system with velocity 1 m.s−1. Gravity is neglected.

Table 5.1: Fluid properties of the two-fluids considered in the test case “advection of a hot fluid
in a cold channel”

Hot Fluid Cold Fluid

Density [kg.m−3] 100.0 1.0

Viscosity [Pa.s] T dependent 1.0

Heat Capacity [J.kg−1.m−3] 1.0 1.0

Thermal Conductivity
[W.m−1.K−1]

0.0 0.0

The viscosity of the cold fluid (on the right in figure 5.6) has a constant value of 1 Pa.s. The

temperature-dependent viscosity profile used for the hot fluid (on the left in figure 5.6) is shown

in figure 5.7 and is given by

µhot(T ) = − 1

100
T 2 +

2

100
T + 100 (Pa.s), (5.3)

and is graphically illustrated in Fig. 5.7. The values are chosen so that the viscosity varies as

a quadratic function of the temperature and so that the viscosity is 2 Pa.s at 100oC (initial

temperature of the hot fluid) and 100 Pa.s at 0oC. The chosen profile for the temperature-

dependent viscosity allows a detailed assessment of the numerical diffusion associated with the

applied advection schemes and averaging methods. The thermal conductivity λ of both fluids
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is set to zero so that, according to Newton’s law of cooling, heat transfer between the fluids

should not occur. Any heat transfer observed between the fluids is, therefore, the result of

numerical diffusion. The default fluid properties are summarised in table 5.1.

The relationship between temperature and viscosity simulates the solidification process as the

viscosity increases when the fluid is cooled down. However, because in theory there is no heat

transfer between the fluids (thermal conductivity set to zero), the hot fluid viscosity should

remain constant at 2 Pa.s. Any observed increase in viscosity of the hot fluid is, thus, the

result of numerical errors in the temperature prediction. It should also be emphasised that due

to the relation between hot fluid viscosity and temperature described by equation 5.3, small

errors in temperature prediction lead to very large variations in viscosity.
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Figure 5.7: Viscosity of the hot fluid, simulated in the test case “advection of a hot fluid in a
cold channel”, as a function of temperature

Figure 5.8 shows how the profile of colour function C along the x-axis evolves with time, using

the CICSAM scheme for the discretisation of the VOF advection equation. The profile of the

colour function along the x-axis retains a sharp transition between the hot fluid (C = 1) and

the cold fluid (C = 0) at the end of the simulation, demonstrating that the interface sharpness

is preserved.
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Figure 5.8: Colour function profile along the x-axis corresponding to the test case “advection
of a hot fluid in a cold channel at two different times: initial colour function profile (dashed
line) and colour function profile after one second of simulation (solid line).

5.3.1 Discretisation and solution of the energy equation

Figure 5.9 presents temperature and viscosity profiles along the horizontal axis after one second

of simulation using solution procedure A and with the Upwind, SUPERBEE and Van Leer

advection schemes introduced in chapter 3 for the discretisation of the energy equation.

0.00 0.25 0.50 0.75 1.00 1.25 1.50 1.75 2.00
Distance [m]

0

20

40

60

80

100

Te
m

pe
ra

tu
re

 [C
]

Hot Fluid
T= 100

Cold Fluid
T= 0

SUPERBEE
UPWIND
VANLEER

0.0 0.5 1.0 1.5 2.0
Distance [m]

0

10

20

30

40

50

60

70

Vi
sc

os
ity

 [P
a.

s]

= 2 = 1

SUPERBEE
UPWIND
VANLEER

Figure 5.9: Profiles of the cell temperature (left) and cell viscosity (right) along the x-axis after
one second of simulation, using different schemes for the discretisation of the energy equation
(upwind, van Leer and SUPERBEE).

In figure 5.9 the temperature profile is more diffused than the colour function profile in figure

5.8. there are several mesh cells with temperatures in the range 0oC – 100oC in the vicinity of

the interface as a result of numerical diffusion of temperature. As expected, the upwind scheme

yields the most diffusive temperature profile, whereas the SUPERBEE scheme best preserves

the sharp temperature profile at the interface.
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The viscosity profiles in figure 5.9 shows a viscosity equal to the hot fluid viscosity (µ = 2

Pa.s) on the left side far from the interface and a viscosity equal to the cold fluid viscosity

(µ = 1 Pa.s) on the right side far from the interface. In the vicinity of the interface, however,

viscosity is much higher than in either bulk phase. This increase in viscosity occurs in the

hot fluid as a result of lower temperatures in the mesh cells containing the interface, leading

to an increased temperature-dependent viscosity. Consequently, for a fluid with a strongly

temperature-dependent viscosity, numerical diffusion of the temperature field artificially modi-

fies the viscosity close to the interface, which may have a substantial influence on the evolution

of the flow.

Considering the significant temperature dependency of the viscosity of the investigated hot fluid,

an advection scheme that minimises numerical diffusion is desired. The CICSAM scheme, com-

monly used for the advection of the colour function in VOF frameworks, is designed specifically

to represent sharp discontinuities, such as fluid interfaces.

Using the CICSAM scheme for the discretisation of the energy equation in conjunction with

solution procedure A, see figure 5.1, the sharp interface is preserved using the CICSAM scheme

and a flow time-step ∆tFlow corresponding to a CFL number CFL = 0.025, whereas the simu-

lation diverges if ∆tFlow corresponds to CFL = 0.25. This divergence, which severely limits the

size of the applied time-step and the efficiency of the solution algorithm, is attributed to the

strong coupling between the discretised flow and energy equations, as they are solved simul-

taneously in a fully-coupled system of linear equations using solution procedure A. Applying

solution procedures B (see figure 5.2) or C (see figure 5.3), the flow and energy equations are

not solved simultaneously in a fully-coupled system of equations, and thus, a different time-step

can be used for the energy equation and for the flow equations. Table 5.2 compares the execu-

tion times obtained with the three considered solution procedures; the sharp discontinuity of

the temperature profile at the interface is preserved at much lower computational cost using

solution procedures B or C than with solution procedure A.

When solution procedure B is adopted, a large time step ∆tFlow is used to solve the flow equa-

tions and a smaller time step ∆tVOF is used to solve the energy and VOF equations. The
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Table 5.2: Description of the interface shape and calculation time for simulations using the
three considered solution procedures. The flow time-step ∆tFlow required to reach convergence
is also given.

Solution
procedure

∆tFlow
∆tFlow

∆tEnergy
max T [oC]

Calculation
time

Interface

A 10−3 1 100 350s Sharp
B 10−2 10 100.02 90s Sharp
C 10−2 10 100 90s Sharp

computation time is reduced compared to solution procedure A, however, temperature over-

shoots arise close to the interface (temperatures higher than the initial hot fluid temperature)

that are not physical. These overshoots are explained by the lag between the solution of the

VOF equation and the energy equation. With solution procedure B, the VOF equation is solved

first for several time steps ∆tVOF), then the energy equation is solved also with time step ∆tVOF

and finally the flow equations are solved with time step ∆tFlow. The density and specific heat

capacity values in each mesh cell required to solve the energy equation are calculated based

on the available colour function field. However, the solution of the VOF advection equation

precedes the solution of the energy equation and, thus, the colour function field available is

further advanced in time than the temperature field, leading to the temperature overshoots.

When solution procedure C is adopted, temperature overshoots are prevented and the compu-

tation time is kept to a minimum. Indeed, with this solution procedure, the energy equation

and VOF equation are solved at the same time, so the colour function field available to update

the cell density and specific heat capacity has the same time advancement as the temperature

field.

Figure 5.10 shows the profiles of the colour function C and the temperature T obtained using

the CICSAM scheme and the SUPERBEE scheme, with ∆t VOF corresponding to CFL = 0.025

in conjunction with solution procedure C.

The interface is contained in only one cell (0 < C < 1), where both the hot fluid and the cold

fluid are present. Similarly, when the CICSAM scheme is used for the discretisation of the en-

ergy equation, this interfacial cell is the only one cell with 0oC < T < 100oC. The temperature

values upstream and downstream of the interface correspond to the initial temperature of the
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Figure 5.10: Profiles of the colour function (left) and the temperature (right) along the x-axis
after one second of simulation using the CICSAM scheme for the discretisation of the energy
equation.

bulk phases (100 oC and 0 oC, respectively), and no cooling of the bulk phases as a result of

numerical diffusion occurs. If instead the SUPERBEE scheme is used for the discretisation of

the energy equation, an artificially diffuse temperature profile is obtained at the interface.

Because the CICSAM scheme is able to minimise numerical diffusion of the temperature field

at the interface, see figure 5.10, the artificial increase of viscosity at the interface observed in

figure 5.9 is also reduced. Figure 5.11 shows the viscosity profile obtained when the CICSAM

scheme is used to discretise the energy equation, in comparison with the corresponding viscosity

profile obtained using the SUPERBEE scheme. While the CICSAM scheme clearly reduces the

unphysical increase in viscosity in the interfacial cells, and limits it to a single mesh cell, it

is not eliminated completely. This remaining viscosity peak is, however, not due to numerical

diffusion of the temperature field, but is associated with the averaging procedure applied to

the viscosity at the interface. Because the temperature-dependent viscosity is based on this

cell-averaged temperature, the temperature-dependent hot fluid viscosity is overestimated in

the interfacial cell.
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Figure 5.11: Profile of the viscosity along the x-axis after one second of simulation using the
CICSAM scheme for the discretisation of the energy equation.

5.3.2 Comparison of analytical and computed viscosity at interface

cells

In a VOF framework, only a single value of the temperature is available in each cell. If a

cell contains the interface, then, two fluids, with possibly distinct individual temperatures, are

present in the cell, so the cell temperature lies between the individual temperatures of each

fluid. The temperature in interfacial cells is, thus, lower than the temperature of the hot fluid

and, consequently, the viscosity calculated for the hot fluid is overestimated

When thermal diffusion is neglected and the domain boundaries are assumed to be adiabatic,

the temperature of each fluid remains equal to its initial temperature, and the temperature

in an interfacial cell solely depends on the volume fraction (i.e. the colour function) of each

fluid in the cell as well as the initial temperature of each fluid. The analytical cell viscosity

can, thus, be computed and compared to the simulation results. In this subsection, the values

for the density and specific capacity are set to 1 kg.m−3 and 1 J.kg−1.K−1 for both fluids to

simplify the calculations.

The temperature TP of cell P as a function of the colour function CP , the physical properties

of the fluids and the initial temperatures of the fluids, is given, using equation 5.4, as

TP =
CPρHotcp,HotTHot + (1− CP )ρColdcp,ColdTCold

ρP cp,P
(5.4)
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where the subscripts Cell, Hot and Cold refer to cell values, values for the hot fluid and values

for the cold fluid respectively. Combining the arithmetic average given in equation 5.1 with

the quadratic function for the temperature-dependent viscosity defined in equation to compute

the temperature-dependent viscosity of the hot fluid, the analytical cell viscosity follows from

equation 5.4, shown as a function of the colour function in figure 5.12, reaches a maximum of

µ ≈ 39.5 Pa.s for C ≈ 0.58.
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Figure 5.12: Analytical value for the viscosity in the interfacial cell as a function of the cell
colour in absence of numerical diffusion.

The advection of a hot fluid in a cold channel test case is a quasi one-dimensional problem,

and the interface between the hot fluid and the cold fluid is a straight line moving toward the

right, as seen in figure 5.13 where the evolution of the colour function in the interfacial cell

is depicted schematically. Interface cell are gradually filled with the hot fluid until the cell is

completely filled (i.e. the colour function goes from C = 0 to C = 1). Then the next cell on the

right becomes the new interfacial cell and is also gradually filled with the hot fluid. Figure 5.14

shows the colour function value in the interfacial cell obtained from the simulation, where the

repeated increase of the colour function in the interfacial cells explains the oscillatory pattern.

Figure 5.15 shows the evolution of the maximum cell viscosity in the system corresponding

to the colour function shown in figure 5.14, using the CICSAM scheme and the SUPERBEE

scheme for the discretisation of the energy equation. The maximum viscosity in the system

corresponds to the viscosity in the interfacial cell. Using the CICSAM scheme, the oscillations

of the maximum viscosity are constant in amplitude, ranging from µ = 2 Pa.s to µ ≈ 40

Pa.s. The oscillation pattern corresponds to the analytical value of the interfacial cell viscosity
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Figure 5.13: Schematic of the evolution of the colour function value in the interfacial cell with
time.
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Figure 5.14: Time evolution of the colour function value in the interfacial cell.

given by the colour function, see figure 5.12. This suggests that the peak viscosity observed

with the CICSAM scheme for the discretisation of the energy equation is associated with the

temperature-averaging process at the interface. When the SUPERBEE scheme is used, the

maximum viscosity increases over time and the viscosity does not decrease below µ ≈ 25 Pa.s.

This behaviour is associated with numerical diffusion that gradually cools down the hot fluid

and results in an increase of the temperature-dependent viscosity.
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Figure 5.15: Time evolution of the maximum viscosity using different advection schemes for
the discretisation of the energy equation.

5.3.3 Viscosity averaging

In the previous section it is shown that the difference between the actual temperature of the hot

fluid and the temperature in the interfacial cell is responsible for the peak in viscosity observed

in the interfacial cells. This occurs even when numerical diffusion of temperature is prevented

by using the CICSAM scheme for the discretisation of the energy equation. Therefore, to

limit the maximum viscosity in the interfacial cell, different viscosity averaging methods are

compared, using the CICSAM scheme and solution procedure C (see figure 5.3).

Arithmetic averaging, equation 5.1), and harmonic averaging, equation 5.2, are applied to

calculate the cell viscosity from individual fluid viscosities. Figure 5.16 presents the time

evolution of the maximum viscosity, which corresponds to the viscosity at the interface cell,

using both the arithmetic and harmonic averaging. The harmonic average yields a much smaller

maximum viscosity in interfacial cells compared to the arithmetic average. The reason for this

is that the harmonic average of a small and a large value is closer to the small value, while

the arithmetic average gives the middle value of the range bounded by the small and the large

values; the harmonic average of the viscosities of the hot fluid and the cold fluid is, thus, closer

to the viscosity of the cold fluid.
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Figure 5.16: Time evolution of the maximum viscosity value using different viscosity averaging
methods.

5.3.4 Viscosity smoothing

A common practice used to improve the convergence of numerical solvers, when simulating

multiphase flows using interface capturing methods, is convolution (also called smoothing) of

fluid properties ([14, 20, 53]). In the context of interfacial flow modelling, convolution consists in

applying a transformation to the discontinuous colour function field (the discontinuity lies at the

interface) to obtain a smoothed colour field. The smoothed colour function is then commonly

used, instead of the original colour function, in equation 5.1 to obtain smooth variation of fluid

properties across the interface. Various convolution methods can be found in the literature,

see e.g. [19, 28, 47], but the present work focuses on the method used in Lafaurie et al. [37]

referred to as Laplacian smoothing (or Laplacian filter). The smoothed colour field is obtain as

C̃P =

∑
f CfAf∑
f Af

, (5.5)

where C̃P is the smoothed colour function at cell P, the subscript f relates to the faces of cell

P, Cf is the original colour function at cell face f and Af is the area of face f . It is possible to

apply equation 5.5 in an iterative manner to obtain an ever smoother colour function field, but,

in the present study, the smoothing operation is applied only once. The different smoothing

strategies investigated are summarised in table 5.3.

Smoothing strategy A is the reference situation where no smoothing is applied. With smoothing
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strategy B, the smoothed viscosity is defined based on the smoothed colour function

µC̃P = C̃P · µHot + (1− C̃P ) · µCold. (5.6)

In equation 5.6, the C̃P subscript indicates that the smoothed colour function is used to calculate

the viscosity. With smoothing strategy C, the smoothing operation is applied directly to the

viscosity field

µ̃P =

∑
f µfAf∑
f Af

, (5.7)

where µ̃P is the smoothed viscosity at cell P and µf is the viscosity at cell face f .

Table 5.3: Considered smoothing strategies for the computation of the viscosity.
Smoothing

strategy
Smoothing A Smoothing B Smoothing C

Colour
smoothing

No smoothing Equation 5.6 No smoothing

Cell viscosity
calculation

Equation 5.1
using C

Equation 5.1
using C̃

Equation 5.1
using C

Viscosity
smoothing

No smoothing No smoothing Equation 5.7

Figure 5.17 shows the colour function obtained for the advection of a hot fluid in a cold channel,

using the CICSAM scheme for the discretisation of the energy equation and different smooth-

ing strategies. A sharp temperature profile for the simulation with no smoothing (smoothing

strategy A) is observed; the value of the colour function is C = 1 on the left of the interface,

C = 0 on the right of the interface and C ≈ 0.6 in the interfacial cell. The colour function

profile obtained with smoothing strategy B, however, yields C < 1 in the first cell left of the

interface and C > 0 in the first cell to the right of the interface.

The viscosity profile obtained with the three considered smoothing strategies, alongside the

underlying temperature profile, are shown in figure 5.18. With smoothing strategy A, the

viscosity in cells that do not contain the interface corresponds to the initial values (µ = 2 Pa.s

and µ = 1 Pa.s for the hot fluid and the cold fluid, respectively), but a peak is observed in
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Figure 5.17: Profile of the colour function along the x-axis in the interface region after one
second of simulation obtained using different strategies.
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Figure 5.18: Profiles of viscosity (left) and temperature (right) along the x-axis in the interface
region after one second of simulation obtained using different smoothing strategies for the
viscosity.

the interfacial cell. Smoothing strategy B yields a viscosity peak in the interfacial cell, with an

additional increase in viscosity in the first cell to the right of the interface, because the smoothed

colour function in this cell is not zero and, according to equation 5.1, the hot fluid viscosity has

a contribution to the cell viscosity. Since the temperature in that cell is cold, the viscosity of the

hot fluid obtained from equation 5.3 is very high, causing the observed increase in cell viscosity.

With smoothing strategy C, the magnitude of the viscosity peak in the interfacial cell is smaller

compared to the other smoothing strategies, and the viscosity values in the cells neighbouring

the interface are only slightly increased due to the smoothing process. The main difference

between smoothing strategies B and C is that with smoothing strategy B, the temperature of

the cold fluid may be used to evaluate the temperature-dependent viscosity and, thus, leads to

higher viscosity values.
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Algorithm to improve the evaluation of the temperature-dependent viscosity

Section 5.3.2 shows that the numerical diffusion of temperature is minimised using the CICSAM

scheme for the discretisation of the energy equation, but the evaluation of the temperature-

dependent viscosity using the cell-averaged temperature causes a viscosity peak in the interfacial

cell. This unphysical increase in viscosity can be remedied by applying an harmonic averaging

procedure and a suitable smoothing strategy, as discussed and demonstrated in sections 5.3.3

and 5.3.4, respectively. Based on these findings, the algorithm illustrated in figure 5.19 is

proposed to limit the observed unphysical viscosity peak at the interface. With this algorithm,

when a cell contains the interface, the temperature of the neighbour cell with the highest value

of the colour function C is used to calculate the temperature-dependent viscosity of the hot

fluid. If several neighbour cells have the same colour function value, which corresponds to the

maximum in the neighbourhood, the average temperature among these cells is used.

Cell P
Temperature TP

Colour function CP

0.05 < CP < 0.95

Cell P is an
interface cell

Cell P is not an
interface cell

Look for neighbour Q
of cell P with highest
colour function CQ

Calculate T-dependent
viscosity of the

hot fluid using TQ

Calculate T-dependent
viscosity of the

hot fluid using TP

Calculate cell viscosity
as arithmetic average

of hot and cold
fluid viscosities

yes

no

Figure 5.19: Flowchart describing the proposed algorithm to calculate the temperature-
dependent viscosity.

Figure 5.20 presents the results for the advection of a hot fluid in a cold channel test case, using

the CICSAM scheme for the discretisation of the energy equation and two different strategies to

calculate the temperature-dependent viscosity of the hot fluid. The first strategy, represented

by the solid line in figure 5.20, calculates the temperature-dependent viscosity in the interfacial
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cells using the temperature of the interface cells; the second strategy, represented by the dashed

line in figure 5.20, follows the proposed algorithm illustrated in figure 5.19. When the proposed

algorithm is used, the viscosity peak at the cell containing the interface is prevented and the

viscosity in the interfacial cell is between the bulk viscosity of the hot fluid and of the cold

fluid.
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Figure 5.20: Profile of viscosity along the x-axis in the interfacial region after one second of
simulation obtained using two methods to calculate the temperature-dependent viscosity of
the hot fluid: using the temperature in the interfacial cell (plain line) and calculating the
temperature using the algorithm proposed in figure 5.19 (dashed line).

5.4 Spreading test case

The test case discussed in section 5.3 is convenient to study numerical errors affecting the

calculation of the cell viscosity in the vicinity of the interface between immiscible fluids. How-

ever, it does not describe the effect of erroneous temperature-dependent viscosity calculation

on spreading flows. In this section, a more complex spreading test case, depicted schematically

in figure 5.22, is studied, where errors in the calculation of viscosity are likely to affect the

predicted spreading length.

Initially, a dense hot fluid at rest occupies the lower left side of the rectangular 2D domain,

which is 2.5 m in length and 0.5 m in height, and the rest of the domain is filled with a light cold

fluid. A free-slip boundary condition is applied at the left and bottom walls, so that the dense

fluid can spread freely under the influence of gravity. All domain boundaries are adiabatic. The
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domain is represented by an equidistant Cartesian mesh with 500 × 100 cells and the applied

flow time-step is ∆tFlow = 5× 10−3 s.

Similarly to the previous test case, the heat conductivity of both fluids is neglected to prevent

heat transfer between the fluids. Two viscosity models for the hot fluid, illustrated in figure

5.21, are considered in this section: a linear model

µLinear(T ) = 100− 0.98T (Pa.s), (5.8)

and a quadratic model

µQuadratic(T ) = − 1

100
T 2 +

2

100
T + 100 (Pa.s). (5.9)
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Figure 5.21: Functions describing the temperature-dependent viscosity of the hot fluid in the
spreading test case.

The viscosity obtained with these models as a function of temperature is shown figure 5.21.

These viscosity models are simplified models simulating the strong temperature dependency

of the corium viscosity. Viscosity laws describing the viscosity of semi-solid mixtures, such

as solidifying corium, as a function of temperature are available in the literature and the

interested reader is referred to the work of Ramacciotti et al. [54]. The viscosity of the cold

fluid is µCold = 1.0 Pa.s, and the densities of the hot fluid and the cold fluid are ρHot = 1000

kg.m−3 and ρCold = 1000 kg.m−3, respectively. Both fluids have a specific heat capacity of

cp,Hot = cp,Cold = 1.0 J.kg−1.K−1.
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The viscosity of the hot fluid is temperature-dependent, however, since heat transfer between

the two fluids should not occur, the temperature of the hot fluid should remain constant.

Any changes of the temperature-dependent viscosity is hence not physical but rather reflects

numerical errors.

Following the different numerical schemes tested in section 5.3, the effect of numerical errors on

the flow is quantified by comparing how far the hot dense fluid spreads when running simulations

with different advection schemes applied to discretise the energy equation, as well as different

averaging methods for the viscosity. The reference case has a constant viscosity for both fluids,

so that the flow is not affected by errors in the calculation of the viscosity of the hot fluid.

Spreading Liquid
Cinit = 1
Tinit = 100
Uinit = 0

Environment
Cinit = 0
Tinit = 0
Uinit = 0

Top Wall: Full Slip, Adiabatic

Bottom Wall: Full Slip, Adiabatic

Side Walls:
Full Slip,
Adiabatic

x

y

Gravity force

Figure 5.22: Schematic illustration of the spreading of a hot dense fluid in a rectangular domain
filled with a cold light fluid. No fluid is injected in the system and the hot dense fluid spreads
along the bottom wall under the influence of gravity.

5.4.1 Discretisation of the energy equation

The spreading lengths as a function of time obtained using different advection schemes applied

to the energy equation are shown in figure 5.23. The graph on the left presents results using

a linearly temperature-dependent viscosity and the graph on the right presents results using

a quadratic function for the temperature dependency of the hot fluid. The spreading lengths

obtained with both the linear and quadratic function of the temperature-dependent viscosity

are shorter compared to the reference simulation with constant viscosity. This difference in

spreading length is the result of numerical errors that affect the temperature prediction and,
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thus, the temperature-dependent viscosity of the hot fluid, which is more pronounced using

the quadratic function, because the temperature dependence of the viscosity is stronger and

the errors in the calculation of the hot fluid viscosity are thus bigger. Figure 5.23 also shows

that the advection scheme used for the discretisation of the energy equation has a considerable

influence on the spreading length. Amongst the advection scheme tested, the upwind scheme

always predicts the shortest spreading length and the CICSAM scheme has the lowest impact

on the spreading length compared to the reference simulation.
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Figure 5.23: Predicted spreading length as a function of time for the spreading test case using
different advection schemes for the discretisation of the energy equation, compared against
the reference simulation with constant viscosity. Two different functions are used for the
temperature-dependency of the hot fluid: the linear function given in equation 5.8 (left) and
the quadratic function given in equation 5.9 (right).
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Figure 5.24: Maximum viscosity as a function of time for the spreading test case using different
advection schemes for the discretisation of the energy equation, compared against the refer-
ence simulation with constant viscosity. Two different functions are used for the temperature-
dependency of the hot fluid: the linear function given in equation 5.8 (left) and the quadratic
function given in equation 5.9 (right)

Figure 5.24 presents the temporal evolution of the maximum viscosity in the domain for the
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linear and quadratic viscosity models using different advection schemes for the discretisation

of the energy equation. The results using linear and quadratic functions for the temperature

dependency of the hot fluid are qualitatively similar but with different scales; the maximum

viscosity values obtain with a linearly temperature-dependent viscosity of the hot fluid are lower

than with the quadratic temperature-dependent viscosity. Initially, the maximum viscosity is

µ = 2 Pa.s in every configuration, then, when the hot fluid starts to spread, the maximum

viscosity remains constant for the reference simulation as there is no temperature dependence

of the viscosity, while it increases for all other simulations.

Using the CICSAM scheme, the maximum viscosity first increases for a few time steps and then

stays constant. The rise in maximum viscosity is due to the evaluation of the hot fluid viscosity

using the temperature in the interfacial cell, which is lower than the hot fluid temperature, as

discussed in section 5.3.2, but the oscillatory pattern observed on figure 5.15 does not occur

in this case. With the simple test case discussed in section 5.3, the interface is a vertical line

moving to the right, which means that the colour function varies from C = 0 to C = 1 with

the regular pattern observed in figure 5.14. However, with the spreading test case, the interface

topology is more complex and many different values for the colour function are encountered in

interfacial cells at the same time. Among the cells that contain the interface, there is always a

cell with a colour function close to the value that corresponds to the maximum viscosity, e.g. a

maximum viscosity of µ ≈ 33 Pa.s is reached when C ≈ 0.5 for the quadratic viscosity model,

which explains why the maximum viscosity remains roughly constant over time.

The results obtained using the standard advection schemes (Upwind, van Leer and SUPERBEE)

show a large increase of the maximum viscosity after the first time step and a further increase

of maximum viscosity with time for the rest of the simulation. The increased viscosity arises

from the two effects highlighted in section 5.3: numerical diffusion and the calculation of the

viscosity of the hot fluid viscosity using the cell temperature in interfacial cells. During the

course of the simulation, numerical diffusion occurs and the hot fluid is cooled, which explains

the continuous increase of the maximum viscosity over time. With the CICSAM scheme the

viscosity remains constant after an initial increase.
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5.4.2 Viscosity averaging and computation

Following the study of the influence of the advection schemes applied to the energy equation,

the effect of the applied viscosity averaging method on the predicted spreading length is in-

vestigated. The quadratic model for the temperature-dependent viscosity of the hot fluid, see

equation 5.9, is applied. The predicted spreading length obtained using the arithmetic average

and harmonic average, in conjunction with the CICSAM scheme for the discretisation of the

energy equation and solution procedure C, is shown in figure 5.25.

The results using the harmonic average are closer to the reference results both in terms of

spreading length and maximum viscosity. This is consistent with the results obtained for the

advection test case in section 5.3.3, as the harmonic average limits the viscosity in interfacial

cells and, thus, has a smaller impact on the spreading of the hot fluid.
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Figure 5.25: Predicted spreading length (left) and maximum viscosity (right) as a function
of time for the spreading test case using different viscosity averaging methods. The function
describing the temperature-dependency of the viscosity of the hot fluid is the quadratic function
given in equation 5.9.

The algorithm to calculate the temperature-dependent viscosity of the hot fluid, described in

figure 5.19, is applied to the spreading test case. The quadratic model for the temperature-

dependent viscosity of the hot fluid, given in equation 5.9, is applied. The CICSAM scheme is

used for the discretisation of the energy equation and solution procedure C is adopted. Figure

5.26 presents the results of the reference simulation with constant viscosity of the hot fluid

and results using different strategies to calculate the temperature-dependent viscosity of the

hot fluid and using an arithmetic averaging to calculate the cell viscosity from the individual
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viscosities of the fluids.

The spreading length obtained using the algorithm described in figure 5.19 is closer to the

reference simulation compared to results using the original temperature-dependent viscosity

calculation method. The proposed algorithm limits the increase in viscosity at interface cells,

as seen in figure 5.26, and therefore, the flow is less affected by errors originating from the

calculation of the temperature-dependent viscosity.
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Figure 5.26: Predicted spreading length (left) and maximum viscosity (right) as a function of
time for the spreading test case using different strategies to calculate the temperature-dependent
viscosity of the hot fluid and using an arithmetic averaging to calculate the cell viscosity from
the viscosities of the individual fluids.

Mesh resolution

The effect of mesh refinement on the spreading length is investigated for the reference case and

using the algorithm proposed in the previous sections, which applies the CICSAM scheme for

the discretisation of the energy equation, solution procedure C and the algorithm described

in section 5.3.4 to calculate the temperature-dependent viscosity of the hot fluid. Figure 5.27

presents the spreading length on equidistant Cartesian meshes ranging from 125 × 25 to 1000 ×

200 cells. The predicted spreading length using the mesh with 125 × 25 is significantly shorter

compared to the other simulations. Using a mesh with 250 × 50 cells, or a mesh with higher

resolution, yields a similar prediction of the spreading length in the reference case.

Figure 5.27 presents the spreading length predicted for the converged reference simulation (on a
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Figure 5.27: Predicted spreading length as a function of time for simulations using the proposed
numerical methods with different mesh resolutions.

750 × 150 cells mesh), and, the predicted spreading length, with different mesh refinements, for

simulations using the algorithm proposed in section 5.3.4 to evaluate the viscosity in interfacial

cells. The results converge to the reference simulation as the mesh is refined.
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Figure 5.28: Predicted spreading length as a function of time for simulations using the proposed
the algorithm proposed in section 5.3.4 with different mesh resolutions.

5.4.3 Spreading with heat transfer between fluids

In the simulations discussed above, the heat transfer between the fluids is prevented by ne-

glecting the thermal conductivity of both fluids (λ = 0). As result, both fluids should remain

at their initial temperature and the viscosity should not change.

However, neglecting the heat transfer between the fluids is not representative of a realistic
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situation. To this end, the influence of the advection scheme applied for the discretisation of

the energy equation and the applied viscosity averaging method on the spreading of a hot fluid

with temperature-dependent viscosity is tested with a finite thermal conductivity of both fluids,

with the ensuing conductive heat transfer between the fluids.

The simulations are conducted using the quadratic function for the temperature-dependent

viscosity of the hot fluid, equation 5.9, and solution procedure C, see figure 5.3. The thermal

conductivity of the hot fluid is λHot = 1 W.m−1.K−1 and of the cold fluid is λCold = 10−5

W.m−1.K−1. In this situation, the hot fluid is expected to cool down and its temperature-

dependent viscosity is expected to increase. Since the viscosity of the hot fluid is expected to

change, it is no longer possible to compare these results against a reference simulation with

constant viscosity, and the results obtained using different advection schemes and averaging

methods can only be compared to each other.

The spreading length and maximum viscosity are shown in figure 5.29 as a function of time,

using different advection schemes for the discretisation of the energy equation and different

viscosity averaging methods. The spreading length predicted using the upwind scheme is shorter

than using the CICSAM scheme for the discretisation of the energy equation, as previously

observed in section 5.3, and the maximum viscosity is significantly higher when using the

upwind scheme. The viscosity averaging method, however, does not have a significant influence

on the results, with the result obtained using the arithmetic average and the harmonic average

being almost identical.

As discussed above, when the CICSAM scheme is applied for the discretisation of the energy

equation, the peak viscosity in interfacial cells is the result of the difference between the actual

temperature of the hot fluid and the available cell temperature, which is an average of the

temperatures of the two fluids in the cell. When the thermal conductivity is finite, and because

the heat capacity per unit mass is higher for the hot fluid, the cold fluid heats up rapidly,

while the temperature of the hot fluid decreases slowly with time. As a consequence, the

cell temperature in interfacial cells is close to the hot fluid temperature, as observed in figure

5.30, and the calculation of the temperature-dependent viscosity based on the cell-averaged
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Figure 5.29: Predicted spreading length (left) and maximum viscosity (right) as a function of
time for the spreading test case with heat diffusion, using the upwind and CICSAM schemes
for the discretisation of the energy equation and using the arithmetic (“Arith”) and harmonic
(“Harmo”) averaging for the viscosity.

Figure 5.30: Contours of the colour function (left) and the temperature (right) after one second
of simulation of the spreading test case with heat diffusion. The CICSAM scheme is used for
the discretisation of the energy equation.

temperature does not lead to a significant increase in viscosity. The peak viscosity in this case

is around 5 Pa.s compared to 33 Pa.s for the case without heat diffusion. In section 5.4.2 it

is observed that for spreading simulations without heat diffusion the averaging method has a

significant impact on the spreading length. However, with heat diffusion, the peak viscosity

in the interfacial cells is smaller and the impact of the averaging method on the spreading

behaviour is smaller.

The spreading length and maximum viscosity as a function of time using different strategies

to calculate the temperature-dependent viscosity of the hot fluid are shown in figure 5.31. The

results obtained with both methods are similar, with a slightly smaller maximum viscosity and,

consequently, larger spreading length using the algorithm proposed in section 5.3.4. Since the

thermal conductivity of the considered fluids is non-zero, the temperature in the interfacial cells

is close to the hot fluid temperature, and using the interface cell temperature to calculate the
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temperature-dependent viscosity does not lead to a significant increase in viscosity, contrary to

the cases without thermal conduction.
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Figure 5.31: Predicted spreading length (left) and maximum viscosity (right) as a function of
time for the spreading test case with heat diffusion using different strategies to calculate the
temperature-dependent viscosity of the hot fluid.

5.5 Conclusions

In the study presented in chapter 5, the application of different numerical schemes based on

the VOF method are applied to simulate the spreading of a simplified model of corium. The

numerical models presented consider two immiscible fluids separated by a thin interface, where

one fluid is hot and dense with a strongly temperature-dependent viscosity (corium), and the

other fluid is light and cold (air). Neglecting thermal conductivity and the associated heat

transfer between the fluids, the presented results have demonstrated that standard advection

schemes applied to discretise the energy equation, such as the first-order upwind differencing

scheme or second-order TVD schemes, generate numerical diffusion of the temperature field in

the vicinity of the interface and lead to an erroneous estimation of the temperature-dependent

viscosity of the hot fluid. Applying the CICSAM scheme, which was originally developed for

the advection of sharp interfaces, to discretise the energy equation has been shown to minimise

numerical diffusion of the temperature at the interface. However, when the CICSAM scheme

is applied to discretise the energy equation, the results are sensitive to the solution procedure

used to solve the discretised governing equations, in particular the VOF advection equation

and the energy equation. Different solution procedures have been compared and an optimal
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procedure has been identified, in which the momentum and continuity equations are solved

simultaneously in a fully-coupled linear system of equations, while the VOF advection equation

and the energy equation are solved in separate systems of equations. Furthermore, the VOF

advection equation and the energy equation are solved with a smaller time-step than the flow

equations, in order to retain a sharp interface.

Even when numerical diffusion is minimised through the application of suitable discretisation

schemes, errors in the evaluation of the temperature-dependent viscosity in cells that contain

the interface occur, due to the cell temperature averaging inherent to VOF methods. The

cell-averaged temperature used to evaluate the temperature-dependent viscosity is colder than

the temperature of the fluid representing corium, which leads to an increased value of the

calculated viscosity in the interfacial cells. To this end, different methods to limit this unphysical

increase in viscosity in interfacial cells have been investigated. Applying a harmonic averaging

to calculate the cell viscosity from the individual fluid viscosities, instead of the commonly used

arithmetic averaging, as well as smoothing the viscosity field in the vicinity of the interface, have

both been shown to limit the unphysical increase in viscosity in interfacial cells. In addition,

an algorithm has been proposed to calculate the temperature-dependent viscosity of the hot

fluid in interfacial cells, using the temperature of neighbouring cells that contain mostly hot

fluid, instead of using the cell averaged temperature at interface cells. This algorithm has been

demonstrated to further reduce the unphysical increase in viscosity in interfacial cells.

The work presented has demonstrated that special care is required for an accurate simulation

of interfacial flows with strongly temperature-dependent viscosity, such as the spreading of

corium in a core catcher. The application of inappropriate numerical schemes leads to an

artificial heat diffusion that yields an unphysically large viscosity, in particular in the vicinity

of the interface, that can easily be confused with the actual cooling and ensuing viscosity

increase (and solidification) of corium. The artificial cooling as a result of numerical diffusion

has been shown to affect the predicted spreading length of the hot fluid considerably, which

is of particular significance for the design of the safety-critical core catcher, and the proposed

numerical methods have been demonstrated to improve the accuracy of the predicted spreading

length compared to simulations using standard numerical methods.
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Chapter 2 presented a review of the different experimental studies of corium spreading, and,

the studies and development presented in the chapters 4 and 5 determined a strategy suited for

the simulation of corium spreading flows. In this chapter, this strategy is validated by running

simulations of the VULCANO VE-U7 [35] experiment performed in the VULCANO facility

at CEA Cadarache [33]. The VULCANO series of experiment are part of an experimental

program to test the EPR core-catcher concept and validate its design. The VULCANO VE-U7

experiment investigates spreading on concrete and ceramic substrates, however, it is also used

to validate fluid dynamics codes for corium spreading flow simulations [35].

Journeau et al. [35] reported the results of the numerical simulations of the VULCANO VE-U7

experiment using the codes CORFLOW [77, 78], LAVA [2, 58] and THEMA [61]. These codes

are described in chapter 2, and, in this section, a summary of the key findings of the numerical

simulations of the VULCANO VE-U7 experiment is presented. In the work of Journeau et al.

[35], the spreading lengths predicted by these three codes are compared with the experimental

results. The authors suggest that the codes provide satisfactory results which justify the use of

numerical simulations for larger scale applications, such as simulation of reactor configurations.

The LAVA and THEMA codes also calculate the temperature in the substrate and the predicted

temperatures are in good agreement with the experiment.

The LAVA and THEMA codes are specifically developed for the simulation of corium flows

as opposed to the CORFLOW code or the commercially available code FLUENT, which are

suitable for the simulation of a large range of three-dimensional flow conditions. The codes

THEMA and LAVA take advantage of a characteristic of corium spreading flows, the vertical

length scale is small compared to the horizontal length scale, to use the shallow water assump-

tion and simplify the modelling. With the shallow water assumptions, a fixed vertical velocity

profile is assumed and the governing equations are integrated along the vertical axis (the shal-

low water equations are introduced in chapter 2). Codes using integrated equations have the

advantage of numerical simplicity, robustness and low computational cost, and, given the large

uncertainties on the physical properties of corium, detailed modelling may not necessarily yield

more accurate results [59]. The CORFLOW and FLUENT code use a fine meshing of the

corium vertical dimension, which provides more details of the spreading characteristics.
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For simulations of the VULCANO VE-U7 experiment using the CORFLOW code, a 15% over-

prediction of the spreading length is reported in the work of Journeau et al. [35]. Wittmaack

[78] identifies corium dynamic viscosity and inlet conditions for spreading as major sources of

uncertainty of spreading length predictions.

Several correlations linking corium temperature and viscosity have been investigated numeri-

cally by Spindler and Veteau [61], using the THEMA code, and after validation against experi-

ments using prototypical corium, including the VULCANO VE-U7 experiment, the Ramacciotti

correlation [54] is shown to yield better agreement with the experiments. Simulations using

the Newtonian and the Bingham fluid models implemented in the THEMA code have been

compared to experiments and the auhtors did not report a significant difference between the

Bingham and the Newtonian models. Therefore, given that the Bingham model requires a yield

stress parameter which is uncertain, Spindler and Veteau [61] recommends the use of a New-

tonian model for corium spreading simulations. The assessment of the THEMA code against

several spreading experiments [60] indicates that spreading flow simulations are significantly

affected by the inlet temperature of the spreading fluid and the prescribed corium viscosity

laws.

Ye et al. [79] conducted numerical simulations of the VULCANO VE-U7 experiment using the

CFD code Fluent [7]. The simulations consider two immiscible fluids: air and corium, and

a Volume-of-Fluid (VOF) method with a geometric interface reconstruction scheme is used to

treat the multiphase aspect. A radiative heat transfer model using the discrete ordinate method

is adopted. The temperature-dependency of the corium properties is specified through user

defined functions. The authors conducted a numerical study of the effect of corium properties

on corium spreading. It is reported that heat generation by decay heat in the corium phase does

not affect spreading significantly, whereas, the temperature-dependent viscosity of corium and

the inlet temperature of corium have a significant effect on spreading predictions. The authors

suggest that further development is required regarding the modelling of crust formation.

The work presented in this chapter aims to use the recent progress in two-phase flow modelling

as well as the results of the studies conducted in this thesis (see chapter 5) to simulate the
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VULCANO VE-U7 experiment. In chapter 5, a detailed investigation of the numerical errors

that affect corium spreading simulations has been conducted and a set of numerical methods

best suited for such simulations has been proposed. In particular, it is shown that, for the sim-

ulation of spreading flows using a Volume-of-Fluid (VOF) methodology to capture the position

of the interface between spreading liquid and surrounding gas, numerical diffusion of temper-

ature significantly affect spreading predictions due to the temperature-dependency of corium

viscosity. The use of the CICSAM scheme [68], which is specifically designed to represent sharp

discontinuities, such as fluid interfaces, is thus recommended for the discretisation of the energy

equation to minimise numerical diffusion of temperature.

Compared to previous numerical investigation of the VULCANO VE-U7 experiment, the sim-

ulations presented in this section are run on much finer numerical meshes. As a matter of

comparison, Ye et al. [79] report a mesh size of 100 000 cells, while, in the work presented in

this chapter, a minimum mesh size of 600 000 cells is shown to yield a converged value of the

corium spreading length.

The experimental set-up of the VULCANO VE-U7 experiment is described in section 6.1.

Section 6.2 describes the modelling strategy and simplifications used to simulate the VULCANO

VE-U7 experiment. The numerical methods chosen for the simulations are presented in section

6.3 and section 6.4 describes the initial and boundary conditions of the simulations.

Section 6.5 presents the result of the different simulations performed. The code performance are

first validated in section 6.5.1 on a simple Couette flow problem, for which analytical solutions

are available. Then, section 6.5.2 presents sensibility studies performed on simulations of the

VULCANO VE-U7 experiment. In particular, a grid refinement study is performed, simulation

results using different advection schemes for the energy equation discretisation are compared

and simulations using different specific heat capacity for the corium are presented. Finally the

simulation results are compared with experimental data in section 6.5.3.
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6.1 Description of the VULCANO VE-U7 experiment

In the VULCANO VE-U7 experiment [35], a corium mixture composed of UO2 (61 wt.%),

ZrO2 (30 wt.%) and other oxides is heated up using plasma torches and poured into a retention

cup (illustrated in figure 6.1). As corium is poured in the retention cup, it starts spreading

towards two spreading channels made of zirconia bricks and covered with concrete and ceramic

respectively. The spreading area is mounted on a weighting scale so that, the mass flow rate

of corium entering the channels is measured throughout the experiment. The data collected

during the experiment include temperatures at different depth in the substrates, corium mass

in the channels, post-mortem height of the spread and corium front position (also referred to

as spreading length).

Separation Wall

Concrete Channel

Ceramic Channel

Retention Cup

Corium flow

Corium flow

Figure 6.1: Geometry of the spreading area of the VULCANO VE-U7 corium spreading ex-
periment. During the experiment, corium is heated-up, poured into the retention cup and it
spreads toward the two spreading channels which are made of zirconia bricks and covered with
concrete and ceramic respectively.

In the experiment [33], a total corium mass of approximately 40 kg entered the spreading

area and it took between 7 seconds (concrete channel) and 12 seconds (ceramic channel) for

the corium to reach immobilisation. On the concrete channel 12.6 kg of corium flowed over a

distance of about 350 mm and on the ceramic channel 14 kg of corium flowed over a distance

of about 470 mm. The height of the corium spread after immobilisation was about 65 mm.
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6.2 Modelling of corium spreading

Numerical simulation is a cost-efficient way to study corium spreading compared to experiments,

however, some extreme characteristics of corium spreading flows make the simulations very

challenging using classical Computational Fluid Dynamics (CFD). In this section, models and

simplifications used to limit the complexity of the CFD simulations are discussed.

The VULCANO VE-U7 experiment investigates corium spreading associated with the core-

catcher concept of the EPR. With the EPR core-catcher, corium falling from the pressure

vessel is first retained in a cavity covered with sacrificial concrete and then spread over a

dedicated spreading area [27]. During the retention phase, corium incorporates concrete, which

promotes spreading and ensures a relatively “standardised” composition of corium [42]. A

corium representative of what could be expected during an accident in the EPR reactor is used

for the VULCANO VE-U7 experiment and Journeau et al. [35] suggest that a constant corium

density and a homogeneous composition can be assumed.

Corium rheology is complex and Ramacciotti et al. [54] suggest that corium behaves as a

Newtonian fluid above liquidus temperature and as a Bingham fluid below liquidus temperature.

Spindler and Veteau [61] conducted numerical simulations of solidifying corium spreading using

both a Newtonian fluid model and a Bingham fluid model. The results obtained using the two

models are similar and, given the uncertainty on the corium yield stress, which is a parameter

of the Bingham fluid model, the use of a Newtonian model for corium spreading simulations is

recommended. In the present contribution, corium is assumed to be a non-reactive Newtonian

fluid and the spreading flow is assumed incompressible.

With the compressive VOF method used in the present work to discretise the corium/gas

interface (see chapter 3), an explicit representation of the corium free surface, which is required

to calculate heat loss by radiation, is not available. Heat transfer through radiation is, thus,

not considered in the present work. This simplification may result in an under-prediction of

corium cooling at the free-surface, and, an over-prediction of corium spreading.

In the work of Farmer et al. [24], corium spreading is investigated, taking into account corium
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oxidation and concrete ablation. It is reported that the time scale of spreading is shorter than

the time scale of corium oxidation and concrete ablation, therefore, the author suggest that

concrete ablation and corium oxidation can be neglected for corium spreading studies. In the

present contribution, the substrate material is not included in the simulated system, and, its

effect on spreading is accounted for by prescribing boundary conditions. Phenomena such as

ablation, fracture of the substrate and gas release from the substrate decomposition into the

corium are not considered.

The physical properties of corium used in the present work correspond to the values presented

in Journeau et al. [35]. The relevant properties are discussed in this section and the interested

reader is referred to Journeau et al. [33] for a detailed description of the methodology used to

obtain the corium properties.

The solidification process is captured using an apparent viscosity model. With the apparent

viscosity model, the solidifying fluid is characterised by a solid fraction, and modelled as a

liquid with a viscosity that increases with the solid fraction. Ramacciotti et al. [54] proposed a

methodology to calculate the viscosity of semi-solid mixtures as a function of the liquid viscosity

and the solid fraction of the mixture, given as

µMixture = µliqe
2.5Cµφ, (6.1)

where µliq is the liquid viscosity, φ is the volume fraction of the solid phase and Cµ is an

empirical coefficient between 4 and 8. Journeau et al. [35] suggests that this viscosity law with

a parameter Cµ between 6 and 6.3 provides a satisfactory estimate of the effective viscosity of

solidifying corium to simulate corium spreading flows. In Journeau et al. [35], it is suggested

that, given the large uncertainty around the viscosity estimates, the use of a simplified version

of the viscosity law, where the corium viscosity is expressed directly as an exponential function

of the corium temperature, is acceptable. The corium viscosity is then given as

µCorium = Ae−B(T−TLiquidus), (6.2)
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where TLiquidus is the liquidus temperature of corium and the model coefficients A and B have

values A = 0.0206 Pa.s and B = 0.0287 K−1. Using an apparent viscosity to model the

solidification of corium, there is no explicit representation of the corium crust, which is reported

to form at the interface with the substrate and at the corium free surface [57]. The effect of crust

mechanics and crust fracture are, thus, not considered in the work presented in this chapter.

In Journeau et al. [35], the estimated corium inlet temperature and corium liquidus temperature

(TLiquidus) are respectively 2450±80 K and 2623±50 K, which correspond to, using equation 6.2,

a corium initial viscosity of 2.95 Pa.s. In Journeau et al. [35], it is reported that the CORFLOW

simulations used a slightly modified version of the viscosity law described by equation 6.2 to have

a vertical asymptote at 1750 K and a corium inlet temperature of 2438 K. The reported initial

corium viscosity used for the CORFLOW simulations is 35 Pa.s. For the LAVA simulations, a

corium inlet temperature of 2450 K and a corium initial viscosity of 22 Pa.s are reported.

In the present work, a corium inlet temperature of 2450 K is assumed for all the simulations,

but three different values of TLiquidus are considered to account for the uncertainty of the ini-

tial corium viscosity. The corium liquidus temperatures considered in the present work are

TLiquidus = 2623 K, TLiquidus = 2692 K and TLiquidus = 2706 K, corresponding to, using equation

6.2, initial corium viscosity values of 2.9 Pa.s, 22 Pa.s and 35 Pa.s respectively.

Given the exponential relation between corium viscosity and temperature, described in equation

6.2, very high viscosity values can be reached, which affect adversely the convergence of the

simulations. Therefore, viscosity values are limited to µCorium = 1000 Pa.s in the simulations.

A common practice used to improve the convergence of numerical solvers, when simulating

multiphase flows using interface capturing methods, is convolution (also called smoothing) of

fluid properties ([14] [20] [53]). In the present work, the smoothing method used in Lafaurie et al.

[37], referred to as Laplacian smoothing, is applied to smooth the viscosity field. Following the

suggestion of chapter 5 for simulations involving fluids with temperature-dependent properties,

the smoothing operation is applied directly to the viscosity field.

In Journeau et al. [35], the fluid properties of corium are given with an uncertainty range. In
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the present work, simulations are run using the reference values as well as the lower and upper

bound of the uncertainty range to study the influence of the uncertainty on the spreading

predictions. Table 6.1, summarises the reference corium properties used to run simulations,

including their uncertainty range, where available.

Table 6.1: Reference properties of corium and properties of Nitrogen at room temperature
Corium Gas

Density [kg.m−3] 5100.0± 300 1.251

Viscosity [Pa.s] T dependent 1.76 · 10−5

Specific Heat Capacity
[J.kg−1.K−1]

500.0 1040

Thermal conductivity
[W.(m−1.K−1]

3.0± 0.5 25.83 · 10−3

The specific heat capacity of corium depends on the corium temperature, however, in the present

work, a constant value is assumed for the specific heat capacity of corium corresponding to the

specific heat capacity of solidified corium (500 J.kg−1.K−1). The effect of this simplification

on the spreading calculation is investigated by running simulations with different specific heat

capacity values.

The system considered for the CFD simulations is a two-phase flow of immiscible fluids (corium

and gas). The corium phase has temperature-dependent viscosity and spreads under the effect

of gravity. The gas properties, given in table 6.1, correspond to the properties of Nitrogen

at room temperature. The flow of immiscible fluids can be affected by surface tension. The

capillary number, which represents the relative effect of viscous force relative to surface tension

force, is used to determine if surface tension significantly affects the flow of interest. It is defined

as

Ca =
µ · u
σ

, (6.3)

where µ is the dynamic viscosity, u is the flow characteristic velocity and σ is the surface tension

coefficient. For corium spreading flows the capillary number is much greater than one due to

the high viscosity, which means that the surface tension force is small compared to viscous



102 Chapter 6. CFD simulation of the Vulcano Corium spreading experiment

forces and it is thus neglected.

6.3 Numerical methods

The governing equations of two-phase flows and the numerical methods used in this thesis

are described in details in chapter 3. In this section, the numerical methods used for corium

simulations are briefly discussed.

The finite volume numerical framework used in this thesis is based on the framework developed

by Denner and van Wachem [21]. A linear system with momentum and continuity equations is

constructed and solved in a fully coupled manner. The compressive VOF method, developed by

Denner and van Wachem [22], is used to capture the evolution of the interface between corium

and gas with time. Based on the results of chapter 5, to minimise the numerical diffusion of

temperature in the vicinity of the interface, the energy and VOF equations are solved separately

from the momentum/continuity system of equation. The VOF and energy equations are solved

in the same time loop, using a time step smaller than the time step used to solve the flow

equations (momentum and continuity equations). Figure 6.2 illustrates the procedure used in

this chapter to solve the governing equations.

t = tn
Solve VOF and

energy equations

Use ∆tV OF ,
multiple time steps

Solve fully cou-
pled system (u, p)

Use ∆tFlow,
1 time step

t = tn+1

Figure 6.2: Solution procedure to calculate variables (u, p, T, C) at time t = tn+1 from time
t = tn using an approach where the VOF and energy equation are solved in the same time loop
and the flow equations are solved in a separate time loop.

Following the compressive VOF method developed by Denner and van Wachem [22] to model

the dynamics of the interface, the Crank Nicolson scheme is used for the time discretisation of

the VOF equation and the CICSAM scheme [68] is used to discretise the advection terms in

the VOF equations. To maintain interface sharpness, following the recommendations of Gopala
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and van Wachem [29], a time step corresponding to a CFL number lower than 0.01 is used to

solve the VOF equation.

As discussed in chapter 5, the simulation of the flow of two immiscible fluids with temperature-

dependent fluid properties may be affected by numerical diffusion of temperature in the vicinity

of the interface. Based on the findings of chapter 5, the CICSAM scheme, which is designed

for the discretisation of sharp interfaces, is applied for the discretisation of the advection term

in the energy equation. The Crank Nicolson scheme is used for the time discretisation of the

energy equation and it is solved using a time step corresponding to a CFL number lower than

0.01.

In the work presented in this chapter, the Backward Euler scheme is applied for the time

discretisation of the continuity and momentum equations and the upwind differencing scheme is

applied for the discretisation of the advection terms in the continuity and momentum equations.

A time step corresponding to a CFL number lower than 1 is used to solve the momentum and

continuity equations.

6.3.1 Simulation domain

Compared to the experimental set-up, illustrated in figure 6.1, the geometry used for the

simulations does not include the retention cup and only one channel of the spreading area is

considered (see figure 6.3). The channel considered has a width of 95 mm at the inlet and 206

mm at the outlet. The length of the channel is 650 mm and its height is 100 mm. Corium is

injected into the channel through the entire width of the inlet and up to a height of 65 mm

corresponding the post-mortem height of the spread.

A mesh, illustrated in figures 6.4 and 6.5, with 600 000 cells is chosen as a reference and

simulations, with different mesh refinements, are compared to ensure that the results are not

sensitive to the mesh size.
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Side view

Inlet End Wall

Top Wall

Bottom Wall

Outlet

Top view
Side Wall

Side Wall

Inlet

End Wall

Figure 6.3: Geometry used to run numerical simulations of the VULCANO VE-U7 corium
spreading experiment. Compared to the experiment, the retention cup, where corium is poured,
is not represented in the numerical model and only one of the two spreading channels is con-
sidered.

Figure 6.4: 3D view of a mesh used to run numerical simulations of the VULCANO VE-U7
experiment.

Figure 6.5: Top view of the 180 000 cells mesh used to run numerical simulations of the
VULCANO VE-U7 experiment.
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6.4 Initial and boundary conditions

Initially, the channel is completely filled with gas at a temperature of 350 K and corium, at a

temperature of 2450 K, is continually injected through the inlet. The corium inlet velocity is

time dependent. The inlet velocity value is calculated based on the corium mass values, in the

channels, measured during the experiment as

uInlet =
1

ρCorium · AInlet

mj+1
Corium −m

j
Corium

tj+1 − tj
, (6.4)

where the superscript j refers to measurements performed during the experiment (larger values

of j correspond to later measurements), mj
Corium is the mass of corium measured in the spreading

channel for measurement j, tj is the time of measurement j, ρCorium is the density of corium

and AInlet is the area of the corium inlet (95 mm x 65 mm).

The top boundary is split in two parts, as illustrated in figure 6.3. The upstream part is an

adiabatic wall with no-slip boundary condition and the pressure at the wall is extrapolated from

the neighbouring cells pressure. The downstream part is an outlet with zero gradient boundary

condition for the velocity and temperature, and the pressure is set to a fixed pressure.

A zero gradient pressure boundary condition is applied on the side walls and the pressure at

the bottom wall is extrapolated from the value at neighbouring cells. The temperature at the

bottom and side walls is set to a constant value of 350 K and a no-slip velocity boundary

condition is prescribed except at the cells containing the contact line (line where the corium

phase, the gas phase and the solid boundary meet). At the contact line, the Navier-slip bound-

ary condition [41] is applied. The Navier-slip boundary condition is commonly used in CFD

simulations involving a contact line because the no-slip boundary condition conflicts with the

displacement of the contact line. The Navier-slip boundary condition imposes a slip velocity

at the wall, which is characterised by a model parameter called slip length. A slip length value

of 2 cm is prescribed in the present work. The slip length value is chosen so that the spreading

of corium at the contact line is not hindered.
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h

Inlet BC:
u extrapolated
p extrapolated

Outlet BC:
∂u
∂x

= 0 s−1

p = 0 Pa

Top Wall BC: u = U [m/s]

U

Bottom Wall BC: u = 0 [m/s]
x

y

Figure 6.6: Schematic illustration of a two dimensional Couette flow including the applied
boundary conditions (BC). Initially the fluid is at rest. A constant velocity U is then apply at
the top boundary which drives the flow motion.

6.5 Results

6.5.1 Simulation of a Couette Flow

Considering the complexity of spreading flows and the large uncertainties associated with ex-

periments using prototypical Corium, the simulation code is first validated using a simpler flow

problem. In this section, a two dimensional Couette flow problem is considered for which an-

alytical solutions are available ([1], [10]). The flow of a Newtonian fluid between two parallel

plates separated by a distance h is simulated, as illustrated in figure 6.6. The fluid is initially

at rest and flow motion is then driven by the movement of the top plate in the x direction with

uniform velocity U . The analytical solution for the flow velocity along the y-axis is given by:

u(y, t) = U
y

h
− 2U

π

∞∑
n=1

1

n
e−(nπ/h)2νtsin

(
nπ(1− y

h
)
)

(6.5)

Figure 6.7 compares the simulation and analytical results for different values of νt/h. Initially,

the fluid is at rest, then, for small values of νt/h (i.e. early stage of the flow development)

there is fluid motion close to the top boundary but the fluid is at rest in the lower regions.

For larger values of νt/h, the flow velocity converges towards the fully developed flow velocity

given by U y
h
. The simulation results presented in figure 6.7 are in very good agreement with
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the analytical solution.
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Analytical νt/h = 0.005

Analytical νt/h = 0.05

Analytical νt/h = 0.5

Simulation νt/h = 0.0005

Simulation νt/h = 0.005

Simulation νt/h = 0.05

Simulation νt/h = 0.5

Figure 6.7: Analytical and simulation results for a two-dimensional Couette flow problem. The
chart presents the adimensional velocity u/U as a function of the adimensioanl height y/h
where U is the velocity applied at the top boundary and h is the spacing between the plates.

6.5.2 VE-U7 simulation results

In this section numerical simulations of the VULCANO VE-U7 experiment are discussed. The

main quantitative result is the spreading length, which can be compared to the experimental

results (see section 6.5.3).

Firstly, a grid refinement study is performed to investigate the refinement required to reach

a converged corium spreading length. Simulations with several mesh refinements are run for

four seconds. The computational cost of corium spreading simulations on fine grids is high

and simulations may take several weeks to run on a high performance computing cluster using

128 CPUs. To limit the computational cost, the grid refinement is not performed uniformly

throughout the grid but rather focuses on the lower cells that contain corium and the interface

region. The mesh resolutions used range from 100 000 cells to 750 000 cells.

In figure 6.8, the spreading length predicted for simulations on a coarse mesh is bigger compared

to simulations on finer meshes. Indeed, on coarse meshes, the volume occupied by interfacial

cells, for which errors in the evaluation of the temperature-dependent corium viscosity arise,

is big compared to simulations on finer meshes. Thus, on coarse meshes, increased viscosity

at interfacial cells, as a result of numerical errors, is more likely to affect the flow and limit
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Figure 6.8: Spreading length as a function of time for different mesh refinement levels.

the spreading distance. The spreading distance does not change significantly when the mesh is

refined above 600 000 cells, thus, a mesh size of 600 000 is used for the simulations presented

in the remainder of this chapter.

In chapter 5, it is shown that, in a VOF framework, when simulating a fluid with temperature-

dependent properties, the advection scheme used for the discretisation of the energy equation

affects the predicted spreading length. Figure 6.9 presents the spreading length as a function

of time obtained using the CICSAM scheme and the Upwind scheme for the discretisation of

the energy equation.

In figure 6.9, the predicted spreading length using the Upwind scheme for the discretisation of

the energy equation is significantly smaller than predictions using a CICSAM scheme. When

the Upwind scheme is used, numerical diffusion of temperature occurs and the bulk of the

corium phase is cooled down very quickly. Because of its strong temperature-dependency,

corium viscosity increases to very high values and the corium spreading is hindered.

Based on the results presented in chapter 5, the CICSAM scheme is more suitable to simulate

corium spreading flows as it minimizes the numerical diffusion of temperature. In the remainder

of the present work, the CICSAM scheme is applied for the discretisation of the energy equation.
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Figure 6.9: Spreading length as a function of time for different mesh refinement levels using
the CICSAM scheme and the Upwind scheme for the discretisation of the energy equation.

As discussed in section 6.2, the determination of the viscosity of corium is challenging and

different models for the relationship between corium viscosity and temperature are found in

the literature. Figure 6.10 presents the spreading length obtained for simulation using equation

6.2 to model the temperature-dependency of corium viscosity and using the corium liquidus

temperature values 2623 K, 2692 K and 2706 K, corresponding respectively to initial corium

viscosity values of 2.9 Pa.s, 22 Pa.s and 35 Pa.s.
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Figure 6.10: Spreading distance as a function of time for simulations using different values for
the initial viscosity of corium.

In figure 6.10, there are significant discrepancies in the spreading length predicted using differ-
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ent values for the initial corium viscosity. It should be noted that the corium viscosity model

given in equation 6.2 depends on the corium temperature and the corium liquidus tempera-

ture, which are both uncertain parameters. The viscosity of corium is thus uncertain and the

predicted spreading distance is sensitive to corium viscosity. In the remainder of this section,

the simulations are run using an initial corium viscosity of 2.9 Pa.s.

As explained in section 6.2, a constant value for the corium specific heat capacity is used for the

simulations. To test the influence of the specific heat capacity value on the spreading length,

simulations with cP = 500 J.kg−1.K−1, cP = 750 J.kg−1.K−1 and cP = 1000 J.kg−1.K−1 are

run and the results are shown in figure 6.11. The predicted spreading length is larger when a

large specific heat capacity of corium is used, however, compared to corium viscosity, the effect

of specific heat capacity on spreading is not significant. The use of a constant specific heat

capacity rather than a temperature-dependent one is thus acceptable. To be conservative, the

specific heat capacity which leads to the shortest spreading length is used for the simulations

presented in the present study (cP = 500 J.kg−1.K−1 which corresponds to the specific heat

capacity of solidified corium). If the corium does not spread enough, it is more difficult to

cool it down efficiently, therefore, the situation with the shortest spreading length is the most

conservative.

The corium properties used in the present work are given in Journeau et al. [35] with an

uncertainty range. To investigate the effect of the uncertainties in fluid properties on spreading

predictions, simulations are run with the reference value of the properties as well as the upper

and lower bounds of the uncertainty range. Figure 6.12 presents the spreading length as a

function of time obtained using different corium density values (graph on the left) and different

thermal diffusion coefficient values (graph on the right).
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Figure 6.11: Spreading distance as a function of time for simulations using different values for
the specific heat capacity values of corium.
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Figure 6.12: Spreading distance as a function of time for simulations using different corium
density (left) and different corium thermal diffusion coefficient (right).

The simulations are not very sensitive to the thermal diffusion coefficient of corium. The thermal

coefficient of corium is very high, therefore, changes in temperature quickly diffuse throughout

the corium phase, even when the thermal coefficient value is reduced to 2.5 W.m−1K−1. When

the corium density is increased, corium is cooled down more slowly, therefore, the temperature-

dependent viscosity increases slowly. The predicted spreading length is thus bigger when corium

density is high. However, the effect of density on spreading is small compared to the effect of

viscosity.
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6.5.3 Comparison with the VULCANO VE-U7 experimental results

The numerical simulation of the VULCANO VE-U7 is run for seven seconds using two different

initial corium viscosity values, 2.9 Pa.s and 35 Pa.s, and the results are compared with experi-

mental data. For this simulation, the generalised CICSAM scheme is used for the discretisation

of the energy equation, the corium density is set to 5100 kg.m−3, the corium thermal diffusion

coefficient is set to 3.0 W.m−1K−1 and the specific heat capacity is set to 500 J.kg−1K−1. The

domain is represented by a 600 000 cells mesh and the applied flow time step is 1×10−4 s. The

simulation takes two weeks to run on a high performance computing cluster using 128 CPUs.

The mass of corium in the spreading channel as a function of time is shown in figure 6.15. The

predicted corium mass, which depends on the corium velocity specified at the inlet as defined

in section 6.4, is in very good agreement with the experimental results. The results presented

in figure 6.15 show that the boundary condition applied are correctly implemented and that

mass conservation is ensured during the simulation.
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Figure 6.13: Mass of corium in a spreading channel as a function of time.

The corium temperature at the end of the simulation is presented in figure 6.14. The temper-

ature in the corium bulk remains close to the initial corium temperature of 2450 K but the

corium layer near the corium/air interface is colder. Corium cooling near the interface is due

to the heat exchange with the surrounding air and it causes the corium to solidify. Corium

cooling also happens at the bottom layer due to the heat exchange with the substrate. The so-
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lidification observed at the interface and at the bottom layer is expected to limit the spreading

of corium.

Figure 6.14: Corium temperature at the end of the simulation on a slice of the mesh normal to
the y-axis.

Figure 6.15 presents the height of the corium layer as a function of the x-distance at the end of

the simulation as well as the experimental data for the post-mortem corium heights on the two

channels. Close to the Corium inlet, experimental and simulation results for the corium height

are similar, but, further from the inlet, the corium height predicted by the simulation drops from

0.065 m to about 0.04 m. Overall, the predicted corium height is smaller than the experimental

results and the simulated corium is more spread than in the experimental results. During the

experiment, a rigid crust forms at the spreading front which prevents the front propagation and

favours a thicker corium layer. With the simulation, corium solidification is modelled using an

apparent viscosity model which does not accurately represent the behaviour of a rigid crust.

The difference in corium layer height could be explained by the simplifications introduced by

the corium solidification model. Indeed, real corium properties, such as density, heat capacity or

thermal conductivity, vary significantly when corium solidifies while the simulation performed

assumes constant properties except for the viscosity. The uncertainty on corium properties and

the modelling assumptions could also explain the differences between simulation and experiment

observed in figure 6.15.

Figure 6.16 shows the spreading lengths obtained in the experiment on the concrete and ceramic

channels and the spreading lengths predicted by the simulations.
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Figure 6.15: Height of the corium layer as a function of the x-distance.
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Figure 6.16: Spreading distance as a function of time predicted by the numerical simulation
and experimental results.

There is a good match between the experimental results and the simulation using an initial

corium viscosity of 35 Pa.s. In that case, the discrepancy between the simulation and the

experiment is less than ten percent. When the initial viscosity of corium is 2.9 Pa.s (corre-

sponding to a corium inlet temperature of 2450 K and a corium liquidus temperature of 2623

K), the simulation over-predicts the spreading distance compared to the experimental results.

The over-prediction of the spreading length could be explained by the simplifications and the

assumptions made, such as the neglected heat transfer by radiation at the corium free surface or

the use of an effective viscosity model to capture corium solidification, which does not explicitly
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take into account corium crust formation and crust fracture.

6.6 Estimation of heat loss by radiation

Corium inlet
Temperature : Tinlet
Inlet area : Ainlet

Inlet velocity : vinlet

Air outlet
Neglected in

energy balance

Radiative heat
transfer

Outside temperature : Text

Corium / Air system
System enthalpy : E

System temperature : T
Spreading front position :

xspreadingfront
Interface area : Ainterface

Emissivity : ε

Figure 6.17: Illustration of the energy balance in the system considered for radiation heat loss
estimation.

In the simulation presented in section 6.5, heat transfer by radiation is not considered. In the

present section, a study is performed to estimate the impact of heat transfer by radiation on the

evolution of corium bulk temperature during spreading. The system considered for the study,

illustrated in figure 6.17, is described by a single temperature value (zero-dimension analysis).

The change of energy in the system is given by:

∆E = Ein − Eout − Eradiation, (6.6)

Where E is the enthalpy in the system, Ein is the enthalpy of the fluid entering the control

volume, Eout is the enthalpy of the fluid leaving the control volume and Eradiation is the heat loss

by radiation. Considering that the enthalpy of the air phase is small compared to the enthalpy

of the corium phase, air is neglected in the energy balance. Given this simplification, corium

temperature is calculated as follows
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E = Ecorium + Eair ≈ Ecorium, (6.7)

Tcorium =
Ecorium

ρcoriumcp,coriumVcorium
≈ E

ρcoriumcp,coriumVcorium
, (6.8)

where Vcorium is the volume occupied by the corium phase. Assuming the fluid entering the

control volume is pure corium and assuming that its temperature is constant, the enthalpy of

the fluid entering the system is :

Ein = ρcoriumcp,coriumAinletvinlet, (6.9)

where Ainlet is the area of the inlet and vinlet is the inlet velocity taken from the experimental

results. The fluid leaving the control volume is assumed to be pure air and its enthalpy is thus

neglected.

Eout ≈ 0. (6.10)

The heat loss by radiation is described using the StefanBoltzmann law as

Eradiation = εσBAinterface(Tcorium − Text)4, (6.11)

where ε = 0.8 is the emissivity of corium given in the experimental results, σ is the Boltzmann

constant, Ainterface is the corium/air interface area and Text is the temperature outside the

system which is assumed to have a constant value of 500 K. To compute the interface area, a

simple model is used where the corium height is assumed to be constant from the inlet to the

spreading front. The interface area is thus computed as

Ainterface = Atop + Afront, (6.12)
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where Atop and Afront are respectively the top surface and the front surface of the corium

volume. Using the notation from figure 6.18, Atop and Afront are calculated in accordance to

the geometry of the VULCANO experimental setup as follows

Atop = winletxcoriumfront + 0.5(wcoriumfront − winlet)xcoriumfront (6.13)

and Afront is given by

Afront = hcoriumwcoriumfront. (6.14)

Side view

h

winlet

wspreadingfront

xcoriumfront

Top view

α

Figure 6.18: Illustration of the VULCANO VE-U7 experimental setup. The corium volume
is simplified assuming a constant height from the inlet up to the corium front. The variables
presented in blue are used to compute the corium/air interface area.

The corium front position xcoriumf ront as a function of time is taken from the experimental

results. A constant value of 0.065 m is used for the height of the corium layer h corresponding

to the post-mortem height of the spread. The width of the corium inlet winlet is fixed (0.095 m)

whereas the width of the corium front wcoriumfront is time dependent. wcoriumf ront is computed

from the corium front position xcoriumfront as

wcoriumfront = tan(α)xcoriumfront, (6.15)
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where α is the angle between the side wall and the x-axes (see figure 6.18). The model described

above is then discretised using a forward Euler scheme

En+1 − En

∆t
= f(En), (6.16)

and it is implemented in a stand-alone code written in the python language. The computed

corium temperature as a function of time is presented in figure 6.19. A time step value of 1·10−2

s ensures a converged value of the corium temperature after seven seconds of simulation. The

final corium temperature computed using the zero dimensional analysis model is 2432 K which

means that the heat loss by radiation is responsible for a 68 K decrease in temperature. With

the zero-dimensional model, corium is described with a single temperature value but in real life,

a temperature profile in the corium layer is expected. Corium temperature close to the interface

should be lower than the mean corium temperature, therefore, the decrease in temperature due

to heat losses by radiation at the corium/air interface is expected to be higher than 68 K. Given

the high temperature dependency of corium viscosity, the impact of heat losses by radiation

on corium spreading is probably relevant and should be studied in future work on corium

spreading.
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Figure 6.19: Analysis of the decrease in corium bulk temperature as a function of time using a
zero-dimensional model.
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6.7 Conclusions

In the present work, CFD simulations of the VULCANO VE-U7 corium spreading experiment

are presented using a simplified corium model. Corium is assumed to be a Newtonian non-

reactive fluid with constant properties except for the viscosity which is temperature dependent.

An effective viscosity model, where the viscosity of corium depends on the temperature, is used

to capture the corium solidification. Phenomena, such as ablation and fracture of the substrate,

heat transfer by radiation and crust mechanics are neglected in the CFD simulations.

After validating the simulation code performances on a Couette flow problem, a study of the

parameters that affect the spreading predictions is conducted. In the present work, it is shown

that a mesh size of 600 000 cells is required to reach a converged value of the spreading length.

The predicted spreading length is also sensitive to the choice of advection scheme for the

discretisation of the energy equation. Specific heat capacity and thermal diffusion of corium

did not significantly affect the simulation results. The determination of the viscosity of corium

is challenging and the viscosity models available contain uncertainties. When different initial

values of the corium viscosity are used, there are significant discrepancies in the predicted

spreading length.

The height of the corium layer predicted by the simulation code is compared to the post-mortem

corium height measured after the experiment. The simulated corium is more spread compared

to the experimental results. The differences in post-mortem corium shape could be explained

by the model used to capture corium solidification which does not accurately represents the

behaviour of a rigid crust. Predicted spreading lengths obtained using two different values for

the uncertain initial corium viscosity are compared to experimental results. Using an initial

corium viscosity of 35 Pa.s, the discrepancy between experiment and simulations in terms

of spreading length is below ten percent. The simulation using an initial corium viscosity

of 2.9 Pa.s, however, over-predict the spreading length. These results highlight the effect of

uncertainties in corium fluid properties on spreading simulations.

A study of the impact of heat transfer by radiation on corium bulk temperature during spreading
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is conducted and the corium temperature drop computed is larger than 60K. Considering the

strong temperature dependency of corium viscosity, the large temperature drop due to heat

transfer by radiation is expected to impact corium spreading and heat transfer by radiation

should therefore be considered in future corium spreading simulations.

The present study shows that a fine numerical grid is required to obtain converged results using

a VOF method to capture the evolution of the corium/air interface. The computational cost of

such simulations is thus high and simulation of larger scale systems, such as a full core-catcher

geometry, may be unpractical.
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Corium is a very complex fluid to study due to the many phenomena – such as radioactivity,

chemical reactions, phase change – which affect its behaviour. Experiments involving corium are

costly and the extreme conditions of corium flows (e.g. temperature above 2000 oC), limit the

number and type of measurements that can be performed during experiments. Numerical sim-

ulations offer the opportunity to investigate large-scale systems and hazardous environments.

However, simulation results may lack representativeness due to assumptions and simplifications

in the modelling and due to errors in the numerical solutions of the equations governing the

fluid flow. In this thesis, the use of a general purpose three-dimensional Computational Fluid

Dynamics (CFD) code with the Volume-of-Fluid methods to simulate corium spreading is in-

vestigated. Numerical errors associated with such simulations are identified and their impact on

corium spreading predictions is assessed. Numerical methods to limit such errors are proposed

and simulation results are compared to a corium spreading experiment.

In the scientific literature, simulations of corium flows have been performed using codes specifi-

cally developed for corium simulations (LAVA [2, 58], THEMA [61]) as well as general purpose

CFD code (CORFLOW [77, 78]). Unlike the present work, the codes MELTSPREAD, THEMA

and LAVA solve governing equations integrated over the vertical axis, which has the advantage

of numerical simplicity and low computational cost [59]. The corium spreading simulations pre-

sented in this thesis are fully three-dimensional and they are performed on a fine computational

mesh. The vertical velocity profile is, thus, computed rather than assumed and the simulations

are applicable to a large range of flow configurations.

The three-dimensional CFD code CORFLOW, which has also been used for corium simulations,

121



122 Introduction

considers a single fluid, corium, and prescribes boundary conditions at the free surface of corium.

In contrast, the present work considers a two phase corium/air system and uses the VOF method

to capture the evolution of the corium free surface (i.e. the corium/air interface). With the

VOF method, the displacement of the interface is computed by solving a transport equation

and it is not necessary to prescribe boundary conditions at the interface. Compared to corium

simulations performed using a commercially available CFD code [79], the simulations presented

in this thesis are performed using a CFD code, developed for research purposes, that allows for

the investigation of a large range of numerical methods.

Most of the past corium simulations in the literature have been performed between 1995 and

2005. Thanks to the large increase in computational power and the development of efficient

tool for parallel computations observed in the last decades, the simulations performed in the

present work use much finer numerical meshes compared to simulations in the literature. For

their simulations, Ye et al. [79] report a mesh size of 100 000 cells, LAVA simulations of the

VE-U7 experiment used a mesh with 1900 cells and Wittmaack [78] reports a maximum mesh

size of 10 000 cells for CORFLOW simulations. In contrast, when simulating corium spreading

flows, the present thesis recommends a mesh size of 600 000 cells to yield a converged spreading

length.

Numerical simulations of corium flows are notoriously difficult due to the complexity of the

flow, which involves phenomena such as phase change, chemical reactions or non-Newtonian

behaviour, and due to the uncertainty in the physical properties of corium (composition, viscos-

ity, density, etc). In the present work, the implementation of a Bingham fluid model to model

the non-Newtonian behaviour of corium, is presented in section 4. Numerical simulations us-

ing Bingham fluid models are available in the scientific literature, but, the implementation in

a three-dimensional CFD code is rarely described in details. This thesis provides a detailed

descriptions of the implementation of several regularized Bingham models in a numerical frame-

work based on the finite volume methods. The proposed implementation could be used as a

basis for future works using Bingham fluid models to compare different possible implementa-

tions.
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A lid-driven cavity test case is used to test the different Bingham fluid models implemented. It is

shown that all the models considered ([11, 43, 45]) yield similar results and the choice of a model

is, therefore, not critical to make Bingham fluid flow predictions. The simulation results on the

lid-driven cavity test case are compared to results available in the scientific literature ([12, 73])

for different values of the yield stress, which characterizes a Bingham fluid. Some discrepancies

are observed for high values of the yield stress but, for most simulations, the implementation

of a regularized Bingham fluid model proposed in this thesis leads to predictions similar to the

results from the literature. It is observed that the non-linearity of the Bingham fluid models

increase the computational cost of the simulations. For corium flow simulations, the sensitivity

of the flow predictions to the use of a Bingham model needs to be assessed. If the Bingham fluid

model does not impact corium spreading considerably, assuming a Newtonian fluid behaviour

may limit the computational cost of simulations and facilitate the convergence of the numerical

solvers.

The main goal of this thesis is to develop numerical methods to simulate two-phase flow with

temperature dependent properties, such as the flow of solidifying nuclear corium in a core-

catcher. To achieve this goal, a detailed investigation of the numerical errors affecting corium

simulations is performed. In particular, the present work focuses on simulations using the

Volume-of-Fluid method to capture the dynamics of the interface between air and corium.

Interface capturing methods, such as VOF methods, can be implemented using a fixed Eulerian

mesh as opposed to moving mesh methods which require to recompute the mesh at each time

step of the simulation. Among methods based on a fixed Eulerian fluid mesh, VOF methods are

generally simpler to implement compared to front-tracking methods which require the adaption

of the surface mesh representing the interface ([51, 66]). Lastly, the implementation of VOF

methods in a parallel, three dimensional CFD code is relatively simple.

Using the numerical framework described in chapter 3 to simulate a corium/air flow with

temperature dependent properties, the occurrence of an artificial increase in corium viscosity

in the vicinity of the interface has been observed. The numerical errors causing this artificial

increase have been identified and the impact of the errors on spreading flow predictions has

been assessed. Firstly, numerical diffusion of temperature is shown to cause an artificial cooling
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of corium and, therefore, an increase of its temperature dependent viscosity. The CICSAM

discretisation scheme, designed specifically to represent sharp discontinuities, has been adapted

in the present work for the discretisation of the energy equation. This scheme proves to minimize

numerical diffusion of temperature and, thus, limits the errors in viscosity predictions. The

second source of numerical errors affecting corium simulation identified in this thesis is erroneous

evaluation of corium viscosity in mesh cells that contain the interface. This error in viscosity

evaluation is specific to the Volume-of-Fluid method for which a single temperature value is

available in each mesh cell even if two fluids are present. In the present work, a new method to

evaluate the temperature dependent viscosity of corium using the temperature in neighbour cells

containing a high volume fraction of corium is proposed. This new methods proves to greatly

improve the evaluation of corium viscosity in cells that contain the interface and, therefore,

improve the accuracy of corium spreading predictions.

In chapter 6, the numerical framework investigated in this thesis is applied to a corium flow sim-

ulation. The VULCANO VE-U7 experiment, which investigates the spreading of prototypical

corium on different substrate materials, is simulated. Corium properties are largely uncertain

and different values have been used in the scientific literature to run corium spreading simula-

tions. A discussion of the models and assumptions used for the simulations is, thus, presented.

In particular, the initial temperature of corium and the law used to represent the temperature

dependent viscosity of corium are uncertain and depending on the values considered, the initial

viscosity of corium can vary by an order of magnitude (from 3 Pa.s to 35 Pa.s). A sensibility

study is performed to test the influence of different fluid properties and numerical methods

on spreading predictions. It is shown that the mesh resolution, the scheme used to discretise

the energy equation and the initial viscosity of corium (which depends on the initial corium

temperature) have a significant effect on spreading predictions.

The simulation results are compared with the experimental results. It is shown that using the

corium viscosity calculated using the viscosity law given by Journeau et al. [35] in the paper

describing the VULCANO VE-U7 experiment, the spreading distance is over-predicted by about

50%. On the other hands, when an initial corium viscosity of 35 Pa.s is used, (corresponding

to the initial viscosity value reported by Wittmaack [77]), the predicted spreading distance is
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in a good agreement with experimental data. The simulation results obtained in the present

work are also comparable to the results from the literature obtained using the LAVA, THEMA

and CORFLOW codes which suggests that simulations could be used to investigate large scale

corium spreading configurations representative of a nuclear reactor conditions.

In the work presented in this thesis, corium cooling by radiation at the corium/air interface is

neglected in the fluid dynamics simulations. The calculation of heat losses by radiation in a

CFD simulation requires the knowledge of the interface area, however, with the VOF methods,

an explicit representation of the interface is not directly available. To estimate the impact of

neglecting corium heat losses due to radiation on corium spreading, a zero-dimensional model

is constructed taking into account radiation heat losses and assuming a simplified shape for

the corium air interface. A corium bulk temperature drop due to radiation heat loss of 68 K

is calculated at the end of the spreading. Considering the strong temperature dependency of

corium viscosity, the temperature drop due to radiation heat loss is expected to have an impact

on spreading therefore it should be considered in future works. For that purpose, the radiation

heat loss could be estimated prior to fluid dynamics simulations and prescribed explicitly as a

source term in the energy equation.

As discussed in chapter 5, numerical errors can affect the evaluation of the temperature depen-

dent viscosity of corium in a VOF framework. Numerical methods to limit such errors have

been proposed in this thesis but future work could investigate other methods. For instance,

with Lagrangian methods the mesh is adapted at each time step. The mesh is thus fitted to

the interface position and there is always only one fluid in each mesh cell, with prevent errors

associated with temperature dependent viscosity evaluation.

A fine mesh (600 000 cells) was used to run the simulations in chapter 6 (VULCANO) and

the results obtained are comparable to simulations performed on coarse meshes (CORFLOW

simulations used about 10 000 cells). Since that the geometry considered for reactor scale simu-

lations is bigger than the VULANO experimental set-up, the computational cost of simulations

using a fine mesh might be prohibitive. Future works could focus on numerical methods with a

reduced computational cost. For instance, Smoothed Particle Hydrodynamics (SPH) methods
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have been used to simulate large scale systems such as ocean waves or volcanic flows ([44], [52]).

SPH methods are mesh free and SPH simulations generally have a lower computational cost

than equivalent mesh-based simulations.
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