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Historical perspectives

Nuclear power currently produces about 16% of the world's electricity with 449 nuclear reactors. Furthermore, 58 reactors are under construction, and 154 more reactors are planned to be built. France has 58 reactors spread over 19 nuclear sites. The French nuclear industry supplies 78% of the electricity consumed in France. The experience acquired in France and other countries over 67 years of operation of civil nuclear reactors has made it possible to propose more innovative nuclear concepts that could better meet the social and environmental demands of the population.

The first generation os nuclear reactors (Generation I) was built during the 1950s and the 1960s, mainly in United States, France, Russia, Great Britain and Canada. However, the first and only large-scale nuclear deployment arrived after the first oil stock crisis in 1973. The world production of nuclear energy increased from 3% in 1973 to 17.5% in 1991. Between 1970 and 1990, reactors of Generations II and II+ came into operation. These reactors consisted mainly in Light Water Reactors (LWRs), such as pressurized water reactors (PWRs, RBMKs and VVERs) or boiling water reactors (BWRs), but also Heavy Water Reactors (HWRs), such as the CANDUs and the PHWRs concepts. These reactors now constitute 85% of the world's nuclear power generation fleet. Currently, the III and III+-generation of reactors are in the construction phase [START_REF] Olander | Nuclear fuels -Present and future[END_REF]. The reactors of the current generation are more powerful, consume less uranium, produce less long-lived wastes and reduce the likelihood and consequences of a severe accident. Generation III and III+ reactors are mainly based on PWR technology, for example the EPR, AP1000, CAP1400, ATMEA1 and VVER-1200. However, a technological revolution is expected to occur with the deployment of the Generation IV nuclear reactors. They must have a safety level equivalent or superior to the one of the Generation III reactors and meet other exigent design requirements that have been set by the Generation IV International Forum (GIF) [START_REF] Kelly | Generation IV International Forum: A decade of progress through international cooperation[END_REF]. The GIF consortium includes 14 members (Argentina, Australia, Brazil, Canada, China, Euratom, France, Japan, Russia, South Africa, South Korea, Switzerland, United Kingdom and the United States). The economic, safety, waste management and proliferation resistance aspects are the four key areas considered by the GIF to setup the Generation IV design requirements. On the basis of these design criteria, six systems were identified and selected: the very high-temperature gas cooled reactor (VHTR), the gas-cooled fast reactor (GFR), the sodium-cooled fast reactor (SFR), the Lead-Cooled Fast Reactor (LFR), the supercritical water-cooled reactor (SCWR), and, finally, the molten salt reactor (MSR). These six concepts are very different from each other; principally concerning the technology associated the primary and secondary coolants. All aim to have a fast neutron spectrum to improve the fuel utilization (fuel breeding) and optimize the fuel cycle (except for the VHTR). The date of commercialization of the first reactors of generation IV will depend on the level of development and technological mastery of each concept. Today, the establishment of the new generation is expected to occur around the years 2030-2040. There still some technical (most of them related to the materials performance) and economic issues that need to be resolved before a massive deployment.

1.2.

Molten Salt Reactors and the framework of the current research Chapter1: Introduction batch pyrochemical processing of the fuel during operation), among others. However, it leads to novel challenges in the reactor design, safety assessments and operation.

The first MSR concept was developed in the early 1950s at the Oak Ridge National Laboratory (ORNL), as a part of the US military nuclear project for aircraft propulsion. It was called ARE (Aircraft Reactor Experiment). In 1954, this reactor was brought to operation for 9 days and had a thermal neutron spectrum and a power of .

ℎ [START_REF] Bettis | The aircraft reactor experiment-operation[END_REF]. The ARE operated successfully at a temperature of ° for with a fluoride based liquid nuclear fuel and a Beryllium Oxide reflector [START_REF] Rosenthal | Molten-Salt Reactors-History, Status, and Potential[END_REF]. In 1956, interest in military applications declined, and the research in the US on MSRs shifted to civilian applications [START_REF] Macpherson | The Molten Salt Reactor Adventure[END_REF]. Due to the advantages offered by the liquid nuclear fuel, the United States decided to continue working on this type of nuclear reactors. Hence, two concepts were subsequently developed at the ORNL: the Molten Salt Reactor Experiment (MSRE) and the Molten Salt Breeder Reactor (MSBR). A demonstrator was built for the MSRE, whereas the MSBR concept was never built because of the termination of the project.

The MSRE fuel was a fluoride molten salt with dissolved nuclear material that circulated through a graphite moderator, necessary to provide a thermal neutron spectrum. This reactor was critical in 1965 and operated for four and a half years at a mean temperature of ° . The nuclear dissolved nuclear material consisted in uranium enriched at % between 1965-1968 and of plutonium 239 in 1969. Improvements in Nickel based alloys were developed for the structural materials of this reactor. Furthermore, a control of the redox potential of the fuel salt was implemented in order to limit the corrosion effects [START_REF] Bettis | The aircraft reactor experiment-operation[END_REF].

The MSBR fuel technology was based on the breeding of nuclear fuel (production of 233U) by allowing neutron captures in a fertile material (232Th). This breeding chain is

ℎ + → ℎ - - → - - → (1-1)
The reactor core-cavity design used a fluoride based molten fuel salt and a graphite moderator [START_REF] Robertson | Conceptual design study of a single-fluid molten-salt breeder reactor[END_REF]. Initially, a configuration in which the breeding of nuclear fuel was produced in an external molten salt blanket was proposed (two fluids system). The blanket consisted of a pure fertile molten salt, which served as neutron reflector and breeding medium. A core using an epithermal neutron spectrum was projected to increase the neutron population in the fertile blanket. A high breeding ratio was obtained (between 1.07 and 1.08 fissile atoms produced for every fissile atom burned) with a low inventory of radionuclides in the salt, but the epithermal neutrons generated considerable damage in the graphite moderator. This idea was then abandoned and a second configuration in which breeding was produced directly in the fuel-salt was proposed. However, in this single fluid configuration, the fuel salt had to be purified afterwards for maintaining the reactor's reactivity and maintaining the breeding ratio due to competition of the neutron captures in the fission products. A salt cleaning procedure was proposed which consisted in extracting the protactinium (generated in the decay chain of 233Th -fertileto 233U -fissileafter the neutron capture in 232Th) and fission products by chemical reprocessing. The core temperature in this reactor design was ° , the reactor power of and the breeding ratio between 1.05 and 1.07. Furthermore, an innovative mechanism to limit corrosion was also developed. This mechanism was based on the regulation of the salt potential by the concentration ratio of the two soluble species of uranium, UF4 and UF3. An optimum ratio (UF4 / UF3) of between 10 and 100 was found to be efficient to limit the corrosion of the reactor systems.

The molten salt reactors studies at ORNL were finally stopped in 1976 in the USA. However, during the 80's and 90's, EDF and the CEA worked on several designs of molten salt reactors in France with thermal and fast spectrums, in fluoride and chloride media and in critical and subcritical configurations Chapter1: Introduction [START_REF] Delpech | 24 -Molten Salts for Nuclear Applications[END_REF]. In the end of the 90s, the CNRS started reviewing the work performed in these reactors, with more in-depth studies have been carried out to re-evaluate the concept of the MSBR [START_REF] Nuttin | Potentialites du concept de reacteur a sels fondus pour une production durable d'energie nucleaire basee sur le cycle thorium en spectre epithermique[END_REF].

The CNRS studies allowed changeling two critical aspects of the design of the original MSBR. First, the reactor positive temperature feedback coefficient, meaning that an increase of the fuel temperature will lead to an increase of the core reactivity and thus to an increases of the reactor power. This leads to an unstable behavior and makes the reactor design non-licensable in most countries nowadays. The second point concerns the non-feasibility of an online retreatment unit for the fuel salt because of the large amount of fuel salts that need to be reprocessed. Due to these two critical points, an evolution of the MSR concept was the proposed by the CNRS (Merle-Lucotte et al., 2011). This one consists in a fast-spectrum molten salt reactor or MSFR (Molten Salt Fast Ractor). The MSFR is a reactor with a power of is of % and the transuranium vector (TRU) may be the one obtained from reprocessing of the expended fuel of the PWR fleet. In this second configuration, the MSFR can operate then as a waste burner reactor. Unlike all previous concepts of reactors using a fluoride salt, the MSFR is the only one to work without beryllium fluoride in salt. Beryllium has been removed from the composition of the fuel salt because of various reasons: its moderating effect, to reduce the amount of tritium generated by neutrons captures and to improve the fuel feedback coefficients due to a larger amount of heavy nuclei in the fuel salt. The fertile cover composed of -ℎ . -. % and have a volume of .

. The MSFR concept allows reducing the reprocessing rate and makes the system less sensitive to the extraction of protoactinium [START_REF] Mathieu | The thorium molten salt reactor: Moving on from the MSBR[END_REF].

A schematic view of the current design of the core cavity of the MSFR is presented in Figure 1-1. The molten salt flows into the reactor cavity from the bottom at about ° after flowing through the heat exchangers. In the core cavity of the reactor, the nuclear power is released in the fuel salt. The fuel salt temperature then rises in the core by approximately ° . The molten fuel salt exits the reactor cavity from the top and it is propelled by the pumps back to the heat exchangers. Like in many other reactor concepts, in the event of a loss of cooling accident, the fuel salt temperature will increase beyond acceptable limits either the boiling point of the salt or the melting temperature of the core structures). On the contrary, to other reactor concepts, the use of a liquid fuel allow to conceive a novel passive safety system to reduce the probability of reaching excessive temperatures by draining the fuel salt into a dedicated storage tank where it can be maintained subcritical and cooled. One of concept of passive system consists in a set of cold plugs that are strategically located in the lower part of the fuel circuit, between the heat exchangers and the core cavity. The cold plugs are made of solidified salt. The working principle is based on the control of the heat balance in the cold plug such as when the reactor temperature rises or there is a loss of power the plug melts and the fuel salt flow by gravity to the draining tank. Chapter1: Introduction the salt (WP2), the development of key experiments in molten salts (WP3), the numerical analysis of accidents (WP4) and the design and safety evaluation of the reprocessing plant (WP5). This PhD thesis work was developed in the framework of the numerical and experimental activities of WP3 carriedout by the CNRS. One of the key objectives of WP3 was to develop more accurate numerical models for high temperature molten salts and to design ad-hoc experiments to investigate the precision of these models. The Salt at Walls Thermal Exchanges (SWATH) experiments were thus built at LPSC Grenoble as a part of the activities of SAMOFAR WP3. The objective of SWATH experiments is to measure the heat exchanges of a molten salt flow over different geometries. The expected outcome of SAMOFAR WP3 is to develop new thermal hydraulics molten salt models that provide higher precision and allow improving the current numerical reactor multiphysics models. This goes in-line with the recent trends in nuclear reactors research, which is oriented toward development and implementation of high fidelity simulation tools. These tools are expected to be able to describe the complex phenomena of a nuclear reactor and also capable of performing high precision studies for design and safety studies (Touran et al., 2017). This set of tools is usually called the "numerical reactor".

One of the conclusion of the work performed during these projects was that a necessary element for the evaluation of this technology was the availability of accurate numerical models that allow developing robust design and safety studies. These numerical models should capture the relevant phenomena that can occur in a high temperature molten salt coolant during normal or abnormal reactor conditions. Some of these phenomena are however, very specific to molten salts and thus not found in other nuclear reactor concepts (e.g. PWR). Current nuclear industry codes are thus not necessary suitable for MSR. This is for example the case of the improvement of the thermal hydraulics modeling tools for MSRs, which was identified as a key technical challenge at the end of EVOL project, and it has been one of the objectives of SAMOFAR project. The work developed in this PhD thesis is part of the efforts to address this specific challenge. In particular, the objectives of this PhD thesis are: (i) to propose novel and better numerical models that address some of the current modeling challenges on molten salt and (ii) to contribute to the development of the experiments needed to investigate these new numerical models. As results, a significant part of this research work has therefore been devoted to the design and implementation of high temperature molten salt experiments. The work presented in this manuscript does not intend to address all the identified thermal hydraulics modeling challenge but some of those that were early identified in the project and could be addressed in the SWATH activities. These challenges are discussed in the next section before presenting the overall organization of the research work.

1.3.

Challenges related to molten salts and the planning of this thesis Although they are not really disconnected, for simplicity one can group the challenges related to molten salts used in MSRs in two main fields 

Modeling challenges in molten salts

Due to the particularities of the design of the MSFR various technical challenges appear when trying to develop accurate models. Table 1-1 summarises some of these novel design features of the MSFR along with the associated modelling challenges. Note that this table is not and there are also many others chemical, materials and fuel-cycle closure technical challenges that will become critical as the technology evolves.

As previously discussed, the molten fuel-salt acts as the same time as fuel and heat carrier medium. Therefore, the nuclear power produced in the reactor is deposited directly in the molten fuel salt which, at Chapter1: Introduction the same time, acts as a heat carrier and might be subjected to solidification/melting or pressure effects. This introduce a direct coupling between neutronics, thermal-hydraulics and thermal mechanisms. Furthermore, the high flow rate of the molten salt in the fuel circuit allows increasing heat exchange coefficients and limiting the temperature increase in the core but introduces a significant challenge associated to the turbulent phenomena modelling in particular in the core cavity. Moreover, the large temperature gradients and the presence of gas bubbles in the fuel salt (due to the gaseous fission products or due to bubbles introduced by the bubbling system) might introduce compressibility effects in the fuelsalt flow. The solidification temperature of the fuel salt is relatively high ( =

) with respect to normal operating temperatures. Nevertheless unwanted fuel salt solidification in some reactor components such as the Heat Exchanger cannot be ruled out during some transients. More important, the solid salt solidification/melting mechanism are purposely used for the operation of the passive cold plugs used as a safety device for the MSFR fuel draining system. Finally, the high operation temperature of the molten salt will introduce a significant radiative heat transfer effects that have to be accounted for, in particular during accidents leading to very high temperatures.

MSFR design features Modeling challenge

Liquid nuclear fuel

Multi-physics coupling in the liquid fuel

High Reynolds number in the fuel-salt flow

Large impact of turbulence modeling

High temperature rise in the core and gas bubbles present in the fuel salt In the present work, all these modelling challenges were addressed, with the exception of the compressibility effect. This effect is not treated in detail since it was observed to produce small changes during the routine operation of the MSFR and in most accidental scenarios. The following sections outline the present PhD work in relation to the main challenges identified. Other phenomena will also exist and are discussed in (Rubiolo et al., 2017).

Introduction of compressibility effects in the fuel salt

High solidification temperature of the fuel salt

Possibility of solidification

High operation temperature

Radiation heat transfer

Multiphysics approach

Accurate modeling of the behavior of the Molten Salt Fast Reactor requires the use of a multiphysics approach that takes into account the coupling existing between the relevant neutronics, thermal-hydraulics and thermal-mechanics phenomena in the reactor components. A schematic representation of this coupling in a MSR is shown in Figure 1-2. As can be seen in this figure, in a typical generic coupling iteration the thermal hydraulics model computes the fuel salt temperature and velocity fields according to the reactor nuclear power. These fields are then transferred to the thermal-mechanics module, along with the reactor power distribution, in order to compute the stress and liquid fraction fields. The stress and liquid fraction fields are then transferred back to the thermal-hydraulics module in order to update the velocity and temperature fields. The computed field in the thermal-hydraulics and thermal-mechanics modules are thus used to calculate the density field of the fuel salt, which is a function of the temperature, the liquid fraction and the pressure (stress) fields. The computed density field is then provided to the neutronics module along with the temperature and the velocity field. The density and the temperature are used for updating the nuclear cross sections via the density and the Doppler effects. The velocity is used for computing the Chapter1: Introduction These experimental challenges can be overcome only by a careful thermal and mechanical design of each of the components in the experiments. Although specific instrumentation was developped for measuring the temperatures, average pressure drop and flow rates in the molten salt flow, local measurements of the velocity and pressure fields were not possible because of the project time and budget constraint. Since the lack of information on the local flow velocity is very important when testing thermalhydraulic models, a two stages strategy was implemented in the conception of the SWATH experiment to overcome this problem. This strategy consisted in using two separate facilities. The first facility called SWATH-W uses water as working fluid to study hydraulics aspects (local velocity can be measured) while the second one called SWATH-S uses a molten fluoride salt to study heat transfer. The operation of both SWATH facilities is based on a discontinuous working principle in which the flow is established in a channel section (for example a circular close channel) by regulating the pressure difference between two tanks. The local velocity fields was thus measured in the SWATH-W experiment which uses transparent walls. Then, by maintaining the geometric, kinematic and dynamic similarities, the results were transposed to SWATH-S. Therefore, in SWATH-S the thermal measurements were performed with a reasonable knowledge of the local velocities. A description of the SWATH experiments is provided in Chapter 5. In this manuscript, one of the experiment develop in SWATH-W for testing the turbulence models and one developed in SWATH-S for testing the solidification models are described in detail.

SWATH-W experiments

The SWATH-W experiment operates with water at a constant temperature and it is made of transparent Plexiglas. Its objective of this experiment is to produce measurable velocity fields that are hydrodynamic similar to the SWATH-S experiments. The measurements of the velocity fields are performed by Particle Image Velocimetry (PIV) techniques [START_REF] Adrian | Twenty years of particle image velocimetry[END_REF]. Evidently, the effects of the temperature gradients in the flow field generated in SWATH-S cannot be maintained in SWATH-W. Nevertheless, these effects are expected to be quite small in the sections tested. The SWATH-W experiments and measurement techniques are described in Chapter 6, along with an application example of a Backward Facing Step section (BFS) that is used for testing the turbulence models in large sudden expansions (such as the one in the inlet of the cavity of the MSFR).

SWATH-S experiments

The SWATH experiment operates with a eutectic FLiNaK molten salt, most of the experiment components are made of stainless steel while the components joints are made of a nickel alloy. The temperature of the molten salt flows can be tuned in SWATH-S by active heating systems. The objective of the experiment is to study the heat exchange process of molten salt flows in different sections. More details about the SWATH-S experiments are provided in Chapter 7, along with the design and implementation of an experiment that allows testing the solidification models proposed.

Chapter 2: Neutronics

Modeling of the neutron transport phenomena in a nuclear reactor is key step for a successful design and safety evaluation of any new reactor concept. Accurate prediction of the neutron population distribution (mainly in space, energy and time) allows optimizing the fuel consumption (and thus reducing the reactor generation costs), determining key nuclear safety parameters such as the reactivity feedback coefficients and the fraction of delayed neutrons. Determination of the neutron flux is also necessary for design of the reactivity control systems, to calculate the nuclear fuel composition evolution during the cycle, to estimate the production of nuclear wastes and to determine the neutron damage on the reactor structures materials. Therefore, the objective of this chapter is to describe the different methods that were evaluated to solve the neutron transport equation in the Molten Salt Fast Reactor. Furthermore, these methods are evaluated in two simple test cases.

The chapter starts with a short review of the Boltzmann neutron transport equation as well as the most common boundary conditions used to solve this equation. Then, the differences between the criticality and transient calculations are discussed. Next, the two different approaches used to solve the neutron transport in a nuclear reactor are introduced. Firstly, the stochastic methods that model the transport of neutrons as a random process. Secondly, the deterministic methods which discretize the neutron flux variables in order to find an approximated numerical solution of the transport equation. The second approach is reviewed in more detail since some of these methods were actually numerically implemented in the multiphysics code to solve specific reactors transients. Stockastic calculations using the codes MCNP and SERPENT were also performed to confirm the deterministic codes results. However as they were carried-out as standalone calculations (no coupling with the multiphysics code) the stockastic theory is not discussed here but an introduction to can be found in [Ref].

In deterministic methods, the energy dependence is discretized by the multi-group formulation in the present work. For the spatial and angular discretization two different types of approaches were analyzed. Firstly the classic finite volume discretization approach which can be applied to the space discretization while the angular part is resolved using a , and diffusion approximations (see next chapter). Then a novel approach based in the Lattice Boltzmann transport equation is presented. One of the interest of the Lattice Boltzmann is that it allows solving the same grid for the spatial and energy variables of the neutron flux. the chapter concludes by a comparison of the performance of these approaches for: (i) The case of the criticality problem in the MSFR, and (ii) A thermal-neutronics transient in the MSFR following a reactivity insertion.

2.1.

Neutron transport The neutron density is not practical when trying to describe the balances of a population of neutrons, in particular to calculate reactions rates. Instead, the angular neutron flux is usually used. This parameters is defined as follows:

, , , = , , , (2-1) 
where the neutron speed is defined implicitly via = . The linear BTE is obtained by considering that neutrons are point particle and that after a collision they travel in a straight line. In addition, the collisions between neutrons are neglected and all the properties of the materials in the domain are assumed to be known. The time-dependent form of the linear BTE is then , , , = -• , , , -, , , ,

+ ∫ ∫ , ′ → , ′ → , ′ , ′ , ′ ′ ℝ + + -∫ , ′ , ′ ∫ , ′ , ′ , ℝ + ′ ′ + ∑ , + , , , (2-2) 
where 

ℝ + Real non-negative numbers = , , ⊂ ℝ Position vector ℝ + Energy = { ℝ : ‖ ‖ = } Solid angle (flight direction) ℝ +

External sources

The linear BTE allow calculating the change in time of the angular flux . In short the equation states that the rate of change in the population of neutrons is equal to the neutron production rate (positive terms in the RHS) minus the neutrons rate loss rate (negative terms in the RHS). An easy way to think of this equation is to imagine an infinitely efficient detector that is able to detect only neutrons in the phase space ( , , , ) and to think of the linear BTE as the equation describing the rate of detected neutrons. The first two terms in the RHS are the neutrons streaming ( •) and the neutron collision rate ( ). The streaming operator physically states the balance of neutrons in the phase space ( , , , ) coming-in and going-out of the detector. If this term is positive, it means that there is a net loss in the detector. The second term implies that a neutron having any sort of interaction (fission, capture or scattering) is lost from the detector in the phase space ( , , , ). These two terms allow defining the transport operator as

= • , , + , , , (2-3) 
Regarding the production rate terms, on of the contributors are the neutron scattering reactions that provides neutrons in the phase space detected ( , , , ). Indeed, the neutrons with an energy ′ and flight direction ( ′) at a position ( ) and time ( ) can undergo a scattering interaction so they are scattered into the phase space ( , , , ). The probability that this phenomenon happens is modeled by the double differential scattering cross section , ′ → , ′ → , thus the total rate of neutrons entering the phase space ( , , , ) due to scattering collisions is calculated by the following scattering operator

= ∫ ∫ , ′ → , ′ → , ′, ′ ′ ′ ℝ + (2-4)
In our applications the scattering is often approximated as isotropic in the center of mass reference frame. This approximation holds for light nucleii and for energies lower than , which is approximately true for the cases analyzed. The isotropic scattering approximation means that the scattering collisions for every direction are equally probable, so that , ′ → , ′ → , = , ′ → .

The fourth and fifth term in the RHS of the linear BTE are related to neutrons production by nuclear fission reactions taking place as results of neutron collisions with fissile nucleii in the fuel such as 233 U, 235 U or 239 Pu [START_REF] Bell | Nuclear reactor theory[END_REF]. Note that other nucleii such as fertile materials also fission after a neutron collision if the incident neutron has sufficient energy. In the fission process, the neutron is absorbed by a nucleus forming a compound nucleus which split generally in two (and sometimes three) fission fragments. The fission fragments carry a significant fraction of the fission energy as kinetic energy. In addition to the fission fragments, during the fission process ̃ neutrons are produced in average. This neutrons are called prompt neutrons. The fission fragments are not stable since they have an excess of neutrons. They undergo therefore several beta decays until they reach the stability. These daughters of the fission fragments are called and fission products. Some of the fission products, known neutron precursors, Chapter 2: Neutronics may emit neutron instead of a beta particle. This neutrons are called as delayed neutrons in opposition to the prompt neutrons since they are emitted after the fission process. The fission products that can emit delayed neutrons are called neutron emitters. The fraction of the delayed neutrons over the total (prompt + delayed) number of neutrons generated as results of the fission is known as the physical delayed neutrons fraction . Although this fractions is very small, delayed neutrons have a key role in the reactor control. To simplify the transport equation resolution, the delayed neutrons are usually grouped in several families according to the decaying time of the neutron precursors. Once the fission reaction occurs at a position and time , there is a probability , that the prompt neutron appears with a energy and direction .

In this work it is assumed that the prompt neutrons are emitted in average in an isotropic way, so that , = / , hypothesis particularly valid for large systems. The probability that a fission reaction occurs as results of a neutron collision can be calculated from the fission microscopic cross section , . Therefore the total rate of prompt neutrons detected in the phase space ( , , , ) and due to fission reactions by the fission operator:

-ℱ = - ∫ , ′ , ′ ∫ , ′ , ′ ℝ + ′ ′ (2-5)
Note that in general, the fission yield is measured taking into account both the prompt and retarded neutrons. Therefore, for getting the total number of prompt neutrons the operator has to multiplied by the prompt neutron fraction -. The concentration of the family of neutrons precursors in the fuel at a position and time is named by , and the average rate at which the family emits the retarded neutron is described by the decay constant .In the case of a liquid fuel, , depends in addition on the fuel velocity field. The conservation law for , is derived at the end of this section.

The fraction of delayed over total neutrons emitted by in family is known as the physical delayed neutron fraction of the family ( ). In a similar way as for the prompt neutrons, the probability that a delayed neutron of the precursor family is detected into the phase space ( , , , ) at position and time is described by and the rate of delayed neutrons emitted by the delayed neutron source

= ∑ ,

(2-6)

Lastly, the last term on the RHS of the linear BTE ( ) represents the external sources emitting neutrons into the phase space ( , , , ) that are not product of a neutron-nucleus interaction. For example, the neutrons produced by radioactive materials. For simplicity and without losing any generality no external sources are considered in the present work.

In order to close the system of equations, an equation modeling the concentration of the neutron precursors of family has to be used. In addition, in the case of a liquid fuel, an advection term has to be included in the balance equation. For the liquid nuclear fuel this balance equation can be written as follows

, = ℱ - , - , • , + • , (2-7) 
This conservation law expresses that the total rate of change of , is equal to: (i) the number of delayed neutron precursors of family produced by fissions, (ii) Minus the total amount of neutron precursors emitting a delayed neutron (therefore transmuting and disappearing from ), (iii) Minus the rate of neutrons advected away from , by the liquid nuclear fuel and (iv) plus the rate of neutrons that get into , by atomic diffusion. The first two terms in the RHS are usually found in solid fuel nuclear reactor. However, note that in a MSR the delayed neutron precursors are contained in a liquid fuel. Therefore, they Chapter 2: Neutronics will be transported by the salt flow with a velocity and they will also diffuse in the liquid with a mass diffusion coefficient . Since the velocity of the molten salt flow is generally high, this second effect can be neglected.

For simplicity in the examples presented of the present chapter, the velocity of the liquid fuel and mass diffusion coefficient are assumed to be zero. This approximation does not change the conclusions of the comparison since the interest relies in studying the behavior of different methods when solving the linear BTE. Adding the precursor motions will only slightly change the neutron fluxes predicted by various methods but it will greatly complicate the problem resolution as the velocity field has to be predicted at each time step. On the contrary, all numerical studies presented in the other chapters of this manuscript use the full equation when performing coupled calculations.

Boundary conditions for the neutron transport equation

Different boundary conditions can be used for solving the linear BTE. The ones used in the present work are the so-called vacuum or the reflective boundary conditions [START_REF] Duderstadt | Nuclear Reactor Analysis[END_REF]). In the vacuum boundary condition (used for example for a bare reactor) the incoming angular neutron flux is set to zero:

, , , = ′ • < , V (2-8) 
where denotes the outward normal at a position V in the outer surface and V is the enclosing surface of domain (see Figure 2-2). Note that this boundary condition assumes that the domain is convex and that it has a -boundary.

In the reflective boundary condition some of the neutrons leaving the domain are reflected back. This means that at a point at the boundary , the flux entering the domain a direction can be related to the one in the reflected direction ′ = - [ • ] . Two limiting cases are generally treated for the reflection at the boundary. In the first one, the neutrons beam can be reflected in a direction complementary to the incident one as follows:

, , = , , ′ ′ • > , V (2-9) 
Note that a coefficient [ , ] is introduced for representing the loss of neutrons that may happen at the boundary. This is the albedo coefficient. Generally, this coefficient is defined as a constant over the boundary. If = then it is a mirror reflection type. The second case is called the diffuse reflection and the boundary condition can be expressed by

, , = ∫ , , ′ ′ • < ′ • > , V (2-10)
For the cases studied in this work only vacuum and diffuse reflection boundary conditions were used. Nevertheless, other boundary conditions exist such as symmetric, rotational periodic and translational periodic boundary conditions. Chapter 2: Neutronics Furthermore, the cross sections are generally "condensed" in order to maintain the reaction rates in each energy group. This condition implies that: = , , , -, = , … , (2)(3)(4)(5)(6)(7)(8)(9)(10)(11)(12)(13)(14)(15) where represents the total, capture or fission cross sections. The condensation procedure for the scattering cross section is similar, but the incoming and outgoing energies intervals in the scattering process have to be considered in the discretization. By setting energy interval -, , and then integrating the linear BTE in -, , a set of multi-group equations is obtained as

• , + , = ∑ ∫ ′ → , ′ → ′ , ′ ′ ′ = = ∑ , ′ , ′ ∫ , ′ , ′ ′ ′ ′ = + ∑ (2-16)
In a similar manner, the boundary conditions equations can be rewritten by replacing by in the one derived in section 2.1.2. As an example of energy discretization, a groups condensation of the fission cross section 235 U is presented in Figure 234. 

Time, space and angular discretization

The time discretization is generally, perform by linear multi-step methods, such as the Adams-Bashforth [START_REF] Durran | The third-order Adams-Bashforth method: An attractive alternative to leapfrog time differencing[END_REF], Adams-Moulton [START_REF] Galeone | Fractional Adams-Moulton methods[END_REF] or the Runge-Kutta [START_REF] Sanchez | On the numerical solution of the point reactor kinetics equations by generalized Runge-Kutta methods[END_REF] or simply by explicit Euler methods using small time steps [START_REF] Hayes | Stochastic point-kinetics equations in nuclear reactor dynamics[END_REF].

The spatial discretization of the equations is usually performed in deterministic methods by using second order finite volume methods. The technique is not reviewed in detail here for length limitations, but the reader is referred to the book of [START_REF] Marchuk | Numerical methods in the theory of neutron transport[END_REF] since the finite volume discretization method explained in this book is the same as the one applied here. In addition, the spatial dependency of the neutron precursors concentration transport equation is discretized by central second order finite volume methods in the diffusion term and second order upwind methods in the advective term [START_REF] Kim | A second-order time-accurate finite volume method for unsteady incompressible flow on hybrid unstructured grids[END_REF].

There are two main strategies for the angular dependency of the flux. In the first one the angular dependency of the angular flux is solved directly on a set of directions assigned at each point of the mesh used for the discretization of the domain. Examples of this strategy are the methods and Lattice-Boltzmann method. In the second strategy the angular direction is instead projected on orthogonal basis; for example, complete spherical harmonics, Legendre polynomials or Chebyshev polynomials. This leads to a set of coupled equations in space, time and energy that are solved for obtaining the projection coefficients, for example the , and diffusion methods treated in this section. In order to reduce the computational complexity of the linear BTE, the angular direction can be discretized by different low order approximations. These approximations can be solved at a significantly reduced computational cost. For example, in many industrial applications, the multi-group diffusion approximation in coarse meshes provides reasonable results and as result it has been widely used for solving the neutron transport problem. However, the diffusion approximation may be inadequate for some advanced reactor designs (Kozlowski et al., 2011) and thus higher order methods need are more suitable. Therefore, in the next sections, different strategies for dealing with the angular dependence of the neutron transport are presented.

Spherical harmonics (PN)

The equations were originally derived using the method of weighted residuals. This one consists in expanding the angular flux into an infinite series of orthogonal functions in . This is

, , = ∑ , = (2-17) 
Generally spherical harmonics are preferred as basis functions . A set of equations for each neutron flux

, can be obtained by multiplying the multi-group linear BTEs (2)(3)(4)(5)(6)(7)(8)(9)(10)(11)(12)(13)(14)(15)(16) by the basis functions and integrating into the angular direction while using the orthogonal properties of these functions. The summation series is usually truncated at an upper limit ℕ (note that other methods than simple truncation exists, see for example the work of [START_REF] Frank | Approximate models of radiative transfer[END_REF]). The higher this upper limit, the higher the precision of the method is. Nevertheless, the computational cost also increases.

Due to the accurate description offered by the spherical harmonics, the system of equations obtained is a highly hyperbolic system and therefore it is able to capture radiative transport in any direction. Nevertheless, the usage of the equations have not been very widely employed for solving problems associated to the neutron transport equation. This is mainly because a low convergence of the equations when the angular dependency of the BTE is not sufficiently linear and due to the high computational costs involved for solving the equations. In particular, when jump discontinuities in the angular direction exist, the local convergence of the set is slowed-down and a set of oscillations in the projection coefficients , appears (Hanus, 2014). These oscillations can spread over the whole domain making difficult the global norm convergence of the method (Gibbs phenomenon). The oscillations were not observed to decrease significantly as in (2)(3)(4)(5)(6)(7)(8)(9)(10)(11)(12)(13)(14)(15)(16)(17) is increased. They could only be reduced by avoiding truncation in the angular approximation [START_REF] Mcclarren | Filtered spherical harmonics methods for transport problems[END_REF] and by adding a spectral filter in the angular discretization (Tanner, 2006), between others strategies. Furthermore, the hyperbolic character of the system led in some cases to the existence of negative solutions of the neutron flux in low importance reactor regions, even under positive and isotropic cross sections, spectrums and yields (McClarren and Holloway, 2010). To prevent negative solution, different strategies were evaluated. For example, the hyperbolic behavior of the system was decreased by introducing a second order parabolic approximation in the angular Chapter 2: Neutronics dependency of the scattering term. Furthermore, a fictitious sink term for the neutron flux was used to dumped-out the oscillations. In addition, artificial limitations in the propagation speed of the neutrons were also implemented in the numerical resolution. In the case of the MSFR neutron flux calculation, none of these methods has a significant impact in preventing the emergence of negative solutions for the neutron flux in the outer core regions. Hence, the investigation on the use of the approximations to solve the transport equation for the case of the MSFR was finally abandoned. Moreover, the computational cost involved was judged to be excessive with respect to the accuracy of the solutions obtained. Nevertheless, the numerical methods developed to improve the accuracy of the high order solutions using the approximations could be reutilized for the resolution of the BTE with the SPN method. Indeed, the SPN method allows improving the accuracy of diffusion methods by capturing some of the higher order transport effects of the PN method but on the contrary to the , method, the PN method preserves the diffusive features that make diffusion methods computationally attractive. The SPN method discussed in the next section.

Simplified PN equations

The equations were original derived as a 3D heuristic extension of the 1D equations (Gelbard, 1960). Afterward asymptotic expansions (Larsen et al., 1996;[START_REF] Larsen | Simplified PN Approximations to the Equations of Radiative Heat Transfer and Applications[END_REF][START_REF] Frank | Approximate models of radiative transfer[END_REF] and variational formulations [START_REF] Brantley | The Simplified P3 Approximation[END_REF] have been used for deriving the verifying Gelbard formulation in a mathematically consistent form. The reader is referred to the work of McClarren (2011) for a various formulations and derivations of the SPN equations.

A complete numerical derivation of the equations used in the present work is not given in this section but can be found in the Appendices of this manuscript (Appendix I.A). Therefore only the key results are discussed here. As discussed in the Appendix I.A the final set of equations are obtained by projecting the neutron flux into one dimension, assuming a azimuthal symmetry and approximating the projection of the neutron flux and cross sections into Legendre polynomials in the zenith direction as follows:

∂ ∂ + • [ + ⃗ ⃗⃗ -+ + + ⃗ ⃗⃗ -] + = + = , , , … (2-18) 
∂ ⃗ ⃗⃗ ∂ + [ + -+ + + -] + ⃗ ⃗⃗ = = , , , … (2-19) 
where = , ℝ is a vector that depends on space and time and which contains as coefficients the average neutron flux for each energy group for an even projection term . Similarly, ⃗ ⃗⃗ = ⃗ ⃗⃗ , ℝ × are vector fields whose components are the , , components of the neutron currents for each energy group for odd projections. The matrix is the removal matrix (i.e. the total cross section minus scattering matrix), is the fission diagonal matrix and is a vector representing the delayed neutrons emissions. Note that the / term in the time derivative in assumed to be included in the time vector for simplicity. The balances represented by the projection = are the same that the one described for the linear BTE . The difference is that the streaming term is now represented by the divergence of the multi-group neutron current ⃗ ⃗⃗ that is calculated by the method itself. Moreover the balance of the neutron current (2)(3)(4)(5)(6)(7)(8)(9)(10)(11)(12)(13)(14)(15)(16)(17)(18)(19), simply states that the rate of change in the neutron current is generated by the gradients in the neutron flux ( = ) and in the second projection of the neutron flux ( = ), similar to the Fick's law, minus the removals generated on this current. A similar analysis can be developed for the higher order currents. For the even coefficients with ( , the balance states that rate of change in the Chapter 2: Neutronics neutron flux at a point is given by a combination of the divergence of the lower and higher order currents at this point (similar to streaming), minus the removals of neutrons in this group.

When solving the criticality problem (2)(3)(4)(5)(6)(7)(8)(9)(10)(11)(12)(13), the time derivatives are set equal to zero and the fission matrix is pre-multiplied by / . This allows to simplify the neutron currents from the removal term in equation (2)(3)(4)(5)(6)(7)(8)(9)(10)(11)(12)(13)(14)(15)(16)(17)(18)(19) and to introduce them into equation (2)(3)(4)(5)(6)(7)(8)(9)(10)(11)(12)(13)(14)(15)(16)(17)(18) for obtaining the following a second order system for the even components

-• [ + - - ( - - -+ - ) + + + + - ( + + + + + + )] + = + = , , , … (2-20) 
Note that in the system of equations defined in (2)(3)(4)(5)(6)(7)(8)(9)(10)(11)(12)(13)(14)(15)(16)(17)(18)(19)(20) the currents are proportional to the gradient of the fluxes, so that the behavior of the streaming term is diffusive. This allows avoiding the problems related to the hyperbolicity of the equations such as the ones observed in the equations. Nevertheless, the simplification that leads to the set of equations (2)(3)(4)(5)(6)(7)(8)(9)(10)(11)(12)(13)(14)(15)(16)(17)(18)(19)(20) cannot be implemented in the general transient system (2)(3)(4)(5)(6)(7)(8)(9)(10)(11)(12)(13)(14)(15)(16)(17)(18)- (2)(3)(4)(5)(6)(7)(8)(9)(10)(11)(12)(13)(14)(15)(16)(17)(18)(19). Hence, as noted by McClarren (2011), the transient system of generally have to be solved directly and, hence, many of the hyperbolicity problems of the system are inherited. To overcome this problem several numerical strategies have been tried in the present work. The most effective strategy was based in the idea that the neutron currents are in general less sensible than the neutron flux to local perturbations for the applications analyzed. Therefore, the time derivative for the neutron currents can be approximated as the one in the previous time-step ⃗ ⃗⃗ / = ⃗ ⃗⃗ / -. This approximation works well for the MSFR transients analyzed. By making this approximation in equation (2)(3)(4)(5)(6)(7)(8)(9)(10)(11)(12)(13)(14)(15)(16)(17)(18)(19) and applying the same simplification procedure that lead to equations (2)(3)(4)(5)(6)(7)(8)(9)(10)(11)(12)(13)(14)(15)(16)(17)(18)(19)(20) a system of equations can be obtained that presents an elliptic-parabolic behavior in the neutron fluxes (see Appendix I.A). This one is
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The above equations can be numerically integrated and Marshak boundary conditions can be implemented as explained in the Appendix I.A.

The diffusion approximation

The governing equations for the neutron diffusion theory can be obtained by truncating to the zeroth-order the equations described in the previous section. For the criticality problem the zeroth-order of system (2)(3)(4)(5)(6)(7)(8)(9)(10)(11)(12)(13)(14)(15)(16)(17)(18)(19)(20) is therefore written as follows:

-• [ + - ] + = + (2-22) Chapter 2: Neutronics
Note that in the above equation the diffusion coefficient matrix is defined as = + -. In a similar form, for the transient problem, the zeroth-order of system is:

-

• [ + - ] + = + (2-23)
The boundary conditions equations can also be determined by taking the zeroth-order of the Marshak boundary condition. In practice, to decrease the error introduced by the diffusion approximation, the concept of extrapolation length is introduced for the bare reactor conditions. The determination of the diffusion theory equations is explained in details in the Appendix I.B.

Discrete ordinates (SN)

In the discrete ordinates method, the angular discretization is performed by approximating the angular flux and the angular dependence of the cross sections with a set of quadrature points in . The transport, fission and scattering operators can then be determined by a set of quadrature rules. A transport equation is therefore obtained for each of the quadrature point. The advantage of this method is that it can be implemented in different geometries in a versatile manner and that a larger number of quadrature points can be easily added for improving the accuracy of the method. However, the computational cost of this method is very high, in particular for heterogeneous reactors, since for each computational cell a transport equation for of each quadrature point needs to be solved. Hence, the actual gain of computational performance obtained from the SN method with respect to the projection methods previously discussed is not too high. For this reason, this method has not been implemented in the present studies. Alternatively, a Lattice Boltzmann method for multigroup neutron transport was investigated because it provides a novel solution for massively reducing the computational resources required in solving the angular direction.

The Lattice Boltzmann Method

The Lattice Boltzmann Method (LBM) was first developed as a mesoscopic approach for solving fluid dynamic problems in gases. Even though sometimes it is judged as to be a too heuristic method, the numerical efficiency of this method is undeniable. Some of the advantages offered by this method are the simplicity in the discretization of the domain (grid of points) and to adapt it to complex boundary conditions. The parallelization of the method is also straight forward.

The area of research of the LBM in radiative transport is quite new. Some years ago, it was observed that by introducing an artificial diffusion term in the radiative transport equation, the steady state form of this equation presented a convection-diffusion format that could be tackled with the LBM (Yi and Yao, 2016). The need of having to introduce an artificial diffusion term has been revised recently by Wang (2017), where a LBM was developed for solving a simplified version of the mono-energetic radiative transport equation. The method was implemented in a 2D geometry showing good agreements with a finite volume solver. In the present work, a multi-group transport formalism based in the LBM have been derived for the neutron transport equation. This one can be regarded as an extension of the model proposed by Wang (2017) to the neutron transport equation in a nuclear reactor in a multigroup formulation. The complete implementation of the method is discussed in the Appensix I.C only the key ideas are given here. For more general information on in the LBM the reader is referred to the book of [START_REF] Krüger | The Lattice Boltzmann Method: Principles and Practice[END_REF].

Two key steps were used to implement the LBM method for the neutron transport equation resolution. First, as in the method, the angular direction can be discretized in a set of spatial directions { α }, each of which be imagined to be represented by an artificial velocity in the a lattice:

= [s cs , s s , cs ] (2-24)
where is the velocity for the energy group , is the zenith angle and the azimuthal one. Substituting this one into the linear BTE (2-2), the streaming can be approximated as an advection operator on the lattice velocity

+ • ( = (2-25)
The source term takes into account the neutron remotion, scattering and fission rates and the delayed neutron precursors decay, = ℛ + + ℱ + . The second key step, is to assume that the angular neutron flux is composed by a discrete gird of points, representing a set of lattice directions . A schematic example of a 2D grid used in the LBM and shown in Figure 2-5. In addition, it is assumed that the angular neutron flux for an energy group in direction can be represented by the summation of a density function , over the lattice directions as follows:

= ∑ , (2-26) 
Introducing this flux decomposition into the advection equation in the lattice and applying the second order Lattice Boltzmann formalism, the following transport equations can be obtained for the density function:

, ( + , + -, , = - [ , , - , , ] + , , + , , (2-27) 
where is the lattice speed for energy group along the lattice direction , is the time step and is the dimensionless relaxation time for the angular direction and the group energy . The equation states that the changes in the probability density functions between two points in the lattice are due to the dynamic relaxation of the density function towards its equilibrium value and because of the source terms. The unknown to be solved in this equation are the terms , , which represents the local density distribution function for an angular direction , an energy group and a lattice direction . Moreover, , is the equilibrium value of this distribution. The computational advantage of the lattice Boltzmann formalism is now evident since the discretization in the direction acts at the same time as spatial and angular discretization, widely reducing the complexity of the problem. Furthermore, equation can be solved explicitly for each probability density function in the grid, without the need of implementing the explicit space discretization schemes used by the finite volume methods in the previous methods. Finally, the distribution function in each node only interacts with its nearest neighbors reducing the size of the numerical discretization cells. In order to close the system of equations, the relaxation times , the equilibrium distribution , and the source terms , need to be specified in this method. Based on the work of (Wang et al., 2011) the equilibrium distribution function and source term were determined by projecting the equilibrium function and the source terms into the lattice directions with some weight coefficients as follows:

, = [ + • + ( - :
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(2-28) and

Application 1: comparison of the different methods for the criticality problem in the MSFR

The solution of the criticality problem, for a typical MSFR configuration, using the methods discussed in the previous sections is investigated. In particular, the ability of the models to predict the spatial shape of the neutron flux is evaluated. The fuel salt composition used in this case is very similar to the one of the reference MSFR design proposed in the SAMOFAR project (Merle-Lucotte, 2013): LiF-ThF4-UF4-(TRU)F3 with the molar fractions and enrichments shown in Table 2-1. All of the elements, except of uranium and actinides elements are assumed to be at their natural isotopic composition. The nuclide molar composition used for the transuranium vector is shown in Table 2-2. It corresponds to the typical composition of the output fuel vector form a PWR spent fuel. No burnup is considered in this analysis. For simplicity, no thermalhydraulics calculation were performed and the molten fuel salt operating temperature is considered as uniform and set equal to , i.e. just above the solidification point of the salt. This approximation is justified since the objective of the study was to compare the performance of the different neutronics methods for solving the criticality problem (2)(3)(4)(5)(6)(7)(8)(9)(10)(11)(12)(13). Concerning the boundary conditions, different boundary conditions are implemented in the radial walls and in the top and bottom walls. For the radial walls a fertile blanket was assumed, which allow partially reflecting part of the neutrons back in the MSFR. For the top and bottom walls vacuum boundary conditions were assumed. The vacuum boundary conditions are not realistic (a reflector and a blanket exist in the reference MSFR design) but they are used in this analysis in order to assess the performance of the methods in two different boundary conditions. The main parameters of the study are summarized in The cross sections for the multi-group were condensed in the MSFR for using six energy groups using the continuous energy Monte Carlo code SERPENT II (Leppänen et al., 2013) and checked with the similar OpenMC code (Romano and Forget, 2013). Little differences were observed in the values obtained in the cross-section condensation between the two codes, the maximum difference in the scattering cross sections if less than . %. The energy limits for these groups were also set in order to minimize the errors in the predictions of the averaged neutron flux in each energy bin. The group limits used in the study and the phenomena captured within the limits are discussed in the Appendix I.D. Chapter 2: Neutronics

The above system was used to compared the following methods: LBM, diffusion, SP1, SP3, SP5, SP7 and Monte Carlo simulations. The Monte Carlo simulations were performed with two different stochastic codes: SERPENT II and OpenMC codes, in order to reduce the probability of a systematic error in the calculations. The geometry used in the Monte Carlo simulation is shown in Figure 23456. The geometry is composed by the core cavity filled with the fuel salt whose composition is given in Table 2-1 and a radial fertile blanket filled with a fertile salt ( . % -ℎ . %

). The fertile blanket serves as a neutron reflector for the present study. No reflector and, thus, vacuum boundary conditions are assumed in the top and bottom part of the reactor. For simplicity, the structural materials of the MSFR have not been included in the simulations. The geometry in SERPENT II was generated by reading the mesh generated in OpenFOAM using the 'solid 3' card and creating an external materials file. The geometry in OpenMP was generated using an external class developed in Python that uses the available geometric commands for constructing the geometry of the MSFR. Both codes predicts consistent values for the reactivity and for the shape of the neutron flux (differences 2 pcm). To simplify the study the fertile blanket was modeled in the deterministic codes by an effective homogenized albedo coefficient on the radial surface of the core cavity of the MSFR. This coefficient was computed with the Monte Carlo codes that considered the external fertile blanket. Following equation (2)(3)(4)(5)(6)(7)(8)(9)(10) the effective albedo coefficient can be computed as the total rate of neutrons entering the reactor core cavity form the fertile blanket divided by the total rate of neutrons leaving the reactor core cavity to the fertile blanket. This effective albedo coefficient is computed for the temperature of the MSFR. Note that the effective albedo coefficient is an approximation sine the actual albedo coefficient has been observed to vary ~± % over the lateral wall. Nevertheless, this approximation allowed obtaining sufficiently accurate results with the deterministic codes tested and reducing the computational cost of the deterministic simulations [START_REF] Aufiero | Development of an OpenFOAM model for the Molten Salt Fast Reactor transient analysis[END_REF]. All the deterministic methods reviewed in the previous sections accurately describe the fission and absorption reaction rates using local operators if a correct cross-section condensation has been performed. The differences between the methods arises as results of the way each of these methods employ to solve the neutron streaming term and the anisotropy of the neutron angular flux in the boundaries of the geometry. The latter term is important since it considerably affects the leakage in the reactor. The streaming lead to expressions containing the gradient of the neutron flux (Fick's law for the neutron current). In a generically form, the finite volume discretization of the neutron current can be expressed by

Interior of the MSFR Fertile blanket

Complete MSFR configuration

∮ - • ≈ ∑ - • (2-30)
where is the surface of the control volume, is a generic Fick diffusion coefficient, are the faces of the control volume in the computational cell, is the normal to the face and is the area of the Chapter 2: Neutronics face. Two error sources are generated by the discretization process. The first source is due to the approximation made on the neutron currentat the interface of the control volume. In unstructured grid, only second order methods could be used for computing this current. The second source is due to the fact that the control volume has a finite number of faces when, in reality, the control surface is continuous. This introduce directionality effects, in particular, when the neutron currents has a small projection on the normal of the face which will be very badly modeled. In order minimize this problem; the number of faces of the finite volume can be increased, so that the neutron currents with low projections on one face have a higher one in a face immediately close. Hence, a polyhedral mesh was implemented in the simulations of the deterministic code. Each control volume then consists in a polyhedral mesh with a number of faces between and . A detail of the mesh used is shown in Figure 234567. The final mesh had about × computational cells.

In the case of the Lattice Boltzmann approach, a computational grid in for solving density functions was generated for the proposed geometry of the MSFR. This grid was generated using the Palabos software [START_REF] Latt | Palabos, parallel lattice Boltzmann solver[END_REF]. The "STL" file containing the geometry of the MSFR was read, definfing the geomteric borders, and a uniform 3D grid was generated inside this borders. Furthermore, the boundary points for the mesh were generated next to the walls, following the same uniform pattern. Note that a refined grid next to the borders might have been a better solution, but the scheme implemented does not allow for a nonuniform grid. A possibility of improvement was left for a later investigation. The final grid adopted for the MSFR is shown in Figure 234567. The interior points of the grid are shown in grey, whereas the boundary points are shown in pink. A total approximately × interior grid points were implemented in order to make the comparisions fair with the other deterministic models. reactor that have a large range of energies. It is observed from the results that a relatively good agreement is obtained for the energy groups with a speed close to the lattice sound. On the contrary a large overstreaming is observed for the groups of lower energies. Furthermore, when imposing the albedo boundary condition, it is assumed that the nodes in the boundary of the lattice have a similar equilibrium distribution that the nodes inside the domain. This is not true, since the neutrons recoiling back form the fertile blanket will be subjected to collisions in a different material and lattice array, changing the equilibrium density function in the Lattice Boltzmann method.

Finally, the reactivity predicted in the criticality problem and the computational time for solving this problem are presented in Table 23. The two Monte Carlo codes tested predict an equal reactivity within the uncertainties. The provide reactivity values that are close to the one obtained from the Monte Carlo methods. Moreover, as expected, the reactivity obtained from methods is progressively closer to the one predicted with Monte Carlo as the order increases. However, it is also observed that the corrections introduced in the reactivity are progressively smaller as increases and it cannot be guaranteed that it will converge to the reactivity value predicted by the Monte Carlo codes as → ∞. Finally, it was found that the Lattice Boltzmann method implemented in this study led to a large error since this method over-predicts the neutron flux streaming. As regarding the computational times, the Monte Carlo simulations are one order of magnitude larger than the simulation, which in turn are one order of magnitude higher than the LBM. Reactor transient studies are necessary for reactor safety assessment and also the design of the reactor control systems. It is therefore necessary to be able to perform transient neutron transport calculations. Since these neutronics calculations are usually not standalone but coupled with a thermalhydraulics and thermal-mechanics models, the numerical resolution should be as efficient as possible. In this section, the performances of the various methods presented in this chapter are compared for a case of a MSFR transient. Note that for the transient calculations using the Monte Carlo method a very simple quasi-static adiabatic method with one amplitude step was implemented [START_REF] Ott | Accuracy of the quasistatic treatment of spatial reactor kinetics[END_REF].

The modeled transient start from a steady condition followed by a step reactivity insertion. Two step reactivity insertions were considered: and . The transient transport equations (2-2)-(2-7) were solved together with the energy conservation equations. For simplicity (and since we are focused only on the neutronics aspects) the fuel convection was not modeled in this problem. Accordingly, the delayed neutron precursors are not transported and the heat convection was replaced by a simple fixed convective coefficient as follows:

= + + -ℎ - (2-31)
This equation states that the rate of change internal energy are due to the diffusion of heat, plus the heat produced by fissions and by precursors decays, minus a volumetric heat sink that is artificially imposed in the domain (convective effect). The density ( , specific heat ( ) and thermal conductivity ( are taken as constants and equal to the properties of the fuel salt at . At time = , the reactor is assumed to be operating at the nominal power of , at and with the shape of the neutron flux and neutron precursors distribution calculated with the criticality problem (steady conditions). Furthermore, the initial reactivity of the reactor is set to 0 in all methods by dividing the fission operator with the obtained in the previous problem. Furthermore, the cold source temperature has been taken as = and the volumetric convection coefficient as ℎ = .

/ . In addition, zero gradient boundary conditions has been assumed for the temperature (adiabatic condition) and the precursors concentration in the walls of the MSFR (no diffusion). The boundary conditions for the neutron flux are the ones implemented in the previous section. Finally, the temperature feedback effects (Doppler and density effects) are evaluated by interpolating in temperature and density the cross sections for the fuel salt according to the following equation:

Σ = Σ [ + Σ ( )] [ - - ] (2-32)
where Σ is the interpolation coefficient for the Doppler broadening and non-linear resonance displacement calculated with Serpent II and is the thermal volumetric expansion factor for the molten salt. The reference temperature is the initial temperature of the reactor.

The results obtained from these simulations are shown in Figure 2-13. The phenomena of the transient is similar in both reactivity insertion cases. Once the reactivity is inserted at time = , the number of neutrons produced by prompt fissions rises, as well as the power produced in the reactor. Hence, the temperature in the reactor increase and as result of the feedback coefficient the reactivity finally decreases while the neutron precursors population is still building up. As expected a small decrease in the neutron population is observed after the initial prompt jump. This is a normal behavior for fast reactors since the mean life of neutrons is or orders of magnitude smaller than in thermal reactors. Afterwards, the neutron precursors will start emitting the retarded neutrons and the reactor will slowly tend to a new equilibrium value, which is reached after approximately . In this new value equilibrium condition, the temperature is higher than at the beginning of the transient and allows compensating for the initial reactivity insertion via the temperature feedback coefficient.

When comparing the different solutions obtained by these various methods some differences can be observed in particular for the transient power predicted by the methods between the two equilibrium states. For instance, the size of the prompt jump predicted by the methods is slightly smaller than the one predicted in the Monte Carlo calculations. This is because the rapid increase in the leakage of the neutrons in the periphery of the reactor as the prompt neutron population is rising is not fully accurately modeled by the methods. Nevertheless, since this effect is almost of second order since the differences observed for the size of the prompt jump are very small. Furthermore, in the transient part when the neutron population reduces after the first prompt jump, the neutron leakage plays also an important role. This can be explained because the retarded neutron population is not built up yet and, hence, the reactivity is very sensitive to leakage. Is therefore during this time of the transient that the larger difference between the methods and the Monte Carlo calculations can be observed. Note that the predicted power by the method is larger since the leakage is smaller. Once the retarded neutron population builds up, the effect of the leakage becomes less important and the power predicted by the and Monte Carlo method is similar. Globally, it is concluded that a very satisfactory behavior is obtained by the methods for following the power transients in the MSFR.

The behavior observed for the LBM is opposite to the one of the methods. For example, in this method the leakage term tends to be over predicted (too much streaming) leading therefore to the under-prediction of the prompt jump. Furthermore, the decrease in the prompt neutron population after the prompt jump is over-predicted. In general, the errors obtained with this method are larger than the ones of the methods, in agreement with the results found for the criticality problem. 

Section Summary

Context:

 Different methods have been applied for modeling the neutronic field in Molten Salt Reactors (direct Monte Carlo, direct transport, TFM and diffusion, between others).  Some models have been proved to perform accurately with respect to Monte Carlo simulations and many of these models have been designed for being easily coupled to thermalhydraulic codes for the MSFR.  However, a critical comparison and analysis of the performance of different neutronic models in Molten Salt Fast Reactors was missing.  Furthermore, a comparison of the accuracy of different models with respect to the computational resources required, which might orient the engineer in the future when working in the design and safety assessment of this sort of reactors is necessary.

Topics addressed:



Review of the neutron transport equation, its boundary conditions and the transient and criticality problems.



Overview of deterministic and stochastic methods for the solution of neutronics problems.



Proposition of a transient closure with parabolic behavior and a multi-group Lattice Boltzmann formalism for solving the neutron flux in Molten Salt Fast Reactors.



Application of existing and proposed models to the criticality problem and a transient study of the Molten Salt Fast Reactor.

Research questions:



How does different deterministic and stochastic solution techniques for the neutron transport equation perform in the bended of the MSFR considering its fast neutron spectrum?  Do high order discretization in the neutron transport equations provide a better solution for solving the neutron flux in the MSFR considering the higher computational resources required?



To what extent can Lattice Boltzmann methods provide and accurate solution for the neutron flux in the MSFR?  How does the different models proposed perform in stationary (criticality problem) and transient conditions?

Key developments and findings:



Considering the homogeneous configuration of the MSFR, the multi-group diffusion and solvers provide accurate solutions. The key step is in finding a good discretization in energy for the cross sections. The solutions provided are accurate enough to be used in routine design tasks.



Larger errors are generated by Lattice Boltzmann methods. Improvements in this method are necessary to use it for routine calculations.



When increasing the order of the method, from the practical point of view, the gain in the accuracy generally does not compensate the larger computational resources required for solving the neutron flux in the MSFR.



Accurate solutions are obtained for the transient problem are obtained with diffusion and the solvers.



For a detailed design of the neutronic aspects of the reactor, the error in the reactivity and the neutron flux shape caused by the method is completely acceptable and the computational cost can be reduced one order of magnitude with respect to Monte Carlo methods.

Chapter 3: thermal-hydraulics of molten salt coolants 3.1. Introduction

The thermal-hydraulics design is one of the key stages of the design of a nuclear reactor. This is particularly true in the case of a Molten Salt Reactor (MSRs), where the use of a liquid fuel poses important thermal-hydraulics modeling challenges such as those discussed in Chapter 1 (see Table 1 of Chapter 1 for the list of phenomena). On the other hand, while many of these challenges are similar to those encountered with other Newtonian fluids, as for example for water, some phenomena such as radiative heat transfer are particular of molten salts. While progress has been done in the thermal-hydraulics modeling of molten salts thermal-hydraulics (Rubiolo et al., 2017), further efforts are required to better capture some molten salt phenomena. The PhD work was therefore focused on two phenomena that were identified as being a priority for the MSFR concept studies and also the SWATH experiments: the turbulence and the radiative heat transfer modeling. The chapter starts with an overview of the general thermal-hydraulics modeling approach for molten salts and then is mainly dedicated to the two cited phenomena.

As it has been discussed in the previous chapters, in MSRs there is a strong coupling between the neutronics and thermal-hydraulics phenomena in the liquid fuel via the reactivity feedback effects and the advection of the delayed neutron precursors. This coupling implies that the molten fuel salt flow velocity field has an important effect on key neutronics parameters such as the reactivity and the delayed neutron fraction. Therefore, a high precision is required for the modeling of the molten fuel salt flow to avoid large errors in the fields that are strongly coupled such as temperature, neutron precursors concentration, neutron flux, etc.). Moreover, in the case of the MSFR, the open geometry of the core cavity favors the existence of strong 3D turbulent flow patterns. This is not the case in other MSRs concepts where the fuel salt flows in fuel channels contained in a graphite moderator and thus provide a flow pattern closer to a one dimensional channel. One of the difficult aspects of the flow calculation is therefore the modeling of the turbulent phenomena of molten salt flows with sufficient precision. Different modeling techniques have been reviewed and implemented in this PhD work to address this problem: Direct Numerical Simulations (DNS), Large Eddy Simulations (LES) and Reynolds Average Navier Stokes Methods (RANS). The computational cost of high accuracy techniques such as DNS and LES is affordable only for studying particular SWATH experiments, but not for full reactor scale models. The DNS tool pyDNSMS, which has been developed during this PhD for performing DNS in geometries related to the SWATH experiments, is presented and selected results discussed. Various Large Eddy Simulations (LES) techniques were also used for the SWATH experiments design and thus are presented in the chapter. Moreover, the Reynolds Average Navier Stokes (RANS) low fidelity models that are used for the multiphysics full reactor model and that were compared against the results of SWATH flow experiments are also presented. In particular, the construction of a novel cubic order RANS model and a numeric tool developed for constructing non-linear RANS models (GEATFOAM) are presented. The last part of the Chapter is devoted to the development of models for the thermal radiation exchanges in a semi-transparent molten salts. These developments were required for some of the SWATH experiments and also for some MSRs accidents involving very high temperatures. Moreover, under some conditions, radiative heat transfer can be coupled to the turbulence in the flow and thus affecting the global heat exchange process. This point is also discussed at the end of the Chapter.

3.2.

Thermal-hydraulics modeling of a molten salt flow

The thermal-hydraulic phenomena in the molten-salt flow is described as for other fluids by a set of conservations laws in the fluid field: the conservation of mass, linear momentum and energy. The present section deals with the derivation of the conservation laws for a molten salt flow and with the numerical methods that have been used in this work for their computational implementation. As previously mentioned, in the case of molten salts these conservation equations have to be coupled to the thermal radiation transport equation (to include radiative heat transfer) and to the phase fraction equation (to consider solidification/melting phenomenon). Moreover, when modeling a nuclear fuel salt, the energy production term calculated from the nuclear power production should also be interoduced.

Description of the system and conservation laws

In its most general form, the conservation laws of mass momentum and energy for a control volume in the fluid can be expressed as follows [START_REF] Moukalled | The finite volume method in computational fluid dynamics[END_REF]; Chapter 2):

Conservation of mass (often referred to as the continuity equation) (1Equation)

+ • = (3-1)

Conservation of linear momentum -(3 Equations)

+ • + -- = (3-2)
Conservation of energy (1 Equation)

+ • + + + -• - = (3-3)
where is the density of the fluid, is the pressure, is the velocity vector, is the stress tensor deviator (i.e. without the hydrostatic pressure terms), is the identity matrix, is the acceleration of gravity, is the specific internal energy of the fluid, is the conducted heat flux vector, is the radiative heat flux vector and is the power deposited by external sources. In a molten fuel salt this term represents the energy obtained from the nuclear reactions, which requires the resolution of the neutron flux equations (See Chapter 2).

The mass conservation equation states that the rate of change of the density in a control volume fixed in space is produced by the mass fluxes through the boundaries of this control volume. The equations of conservation of linear momentum, generally known as the Navier-Stokes equation, states that the change in the linear momentum in this control volume is due to the flow of momentum through its boundaries and the net forces exerted by the pressure and the shear stress in its boundaries and gravity in its bulk part (or any other volumetric force). Finally, the equation of conservation of energy states that the changes in the internal energy of this control volume are due to the flow of energy advected by velocity through its boundaries, the conductive and net radiative heat fluxes through its boundaries, the work rate due to the pressure and the shear stress on its boundaries and a volumetric power source.

In general terms, the internal energy in the fluid can be expressed as

= ∫ + - (3-4)
where is the temperature of the fluid inside the control volume, is a reference temperature, is the specific heat at constant pressure of the fluid, is the phase change (solidification/melting) latent heat and = ,

[ , ] is a scalar field describing the solid phase fraction in the domain. This means that the internal energy in the fluid field can be described as the sum of the energy stored in the internal molecular motion of the fluid plus an "accumulated energy" associated to the phase field. The phase change formulation is not described here but it will be discussed in detail in the next chapter. In addition, for simplicity, in the present chapter, phase change is not modeled in the balance equations. Consequently the specific heat can be approximate as being constant for the temperature ranges analyzed, so that ≈ ( -. Note also that in the formulation of equation , only the changes in the internal energy are important in so one can further simplifies ≈

, where is a characteristic temperature in the domain. The validity of this hypothesis and other common approximations for these equations are analyzed in the next paragraphs.

In the general case, considering phase change the density is modeled as , = , + , -, where the density is assumed as a linear interpolation on the phase parameter of the solid and the molten salt densities, depending on the temperature and the species concentration ( ). This case is developed in detail in the next section. However, in the present case the composition of the liquid is assumed constant and phase change is not considered, so that = . In these conditions, the changes in the density due to temperature changes can be neglected for temperature changes take place in the experiments carried-out in SWATH. This is also true during nominal conditions and many of accidental scenarios of the MSFR (Rubiolo et al., 2017). This can be justified by noticing that the total rate of change of specific linear momentum in an infinitesimal Eulerian control volume in the fluid can be expressed via the material derivative ( / ) as:

= + (3-5)
Note that the first term in the RHS of the equation is the rate of change of linear momentum considering the density constant, whereas the second one is the rate of change due to density variations. If the fluid density was assumed to be constant , then this second term represents the error in the rate of change of momentum by assuming the density as a constant. The relative error of this approximation can be defined by

= | | | | = | | | | = | | | | (3-6)
In virtue of the coupling of the thermal and velocity fields in the molten salt, the relative variations in the temperature and velocity fields should be approximately equal. This is ≈ . Hence, the relative error introduced in the momentum equations by considering constant density can be estimated as follows:

≈ | | (3-7)
Then for an example large temperature difference of ≈ , a simple calculation with the properties of the molten salts around its melting temperature shows that the errors introduced in the momentum equation will be around % for the salt in the SWATH experiments and in MSFR fuel-salt. Because this error is smaller than the one generated by the modeling errors of other phenomena, for example turbulence, the incompressibility approximation is retained in the momentum equation.

Furthermore, a similar analysis can be developped for the total rate of specific internal energy change in the Eulerian control volume ( / ). By introducing the linear approximation for the internal energy, the resulting expression can be described as follows: Chapter 3: thermal-hydraulics of molten salt coolants

= = + + ≈ ( + + ( )) (3-8)
Note that the term in parenthesis in the RHS of the equation is the first order Taylor expansion of the density and the specific heat around their mean value. Hence, the relative error of the considering the specific heat and density as constants can be defined as the relative variations caused by the variations of this quantities over the expectable temperature ranges, which is:

ℎ ≈ | ( )| | | + | ( )| | | = | | + | | = | | + (3-9)
Note that the error of considering the density constant in the energy equation is the same that in the previous case. The error by considering the specific heat as constant is of around 2. % for a temperature difference of = . Note that this error does not affect the energy balance, of equation (3-3) but the temperature values predicted by the models. When modeling the fluid field, this error is acceptable, since it is of the order of the experimental error in the SWATH experiments and also of the modeling uncertainties in mots of the cases corresponding to the reactor analyses (for example fuel salt temperature rise in the core is about 50 K). However, this is not the case when modeling the phase change process, since this one is highly sensitive to temperature changes as discussed in the next section.

In addition, note that the density in the term containing the gravity acceleration in equation (3-2) that can be approximated in a linear form in virtue of the buoyant Boussinesq hypothesis. This is done by performing the Taylor expansion of the density on the temperature as

= ( + | ( - + ( - (3-10)
In fact, for a temperature different of = and choosing the reference temperature in the middle range between the temperature, the error introduced in the buoyancy force by truncating the density to a linear expansion is around . % for the FLiNaK molten salt and of . % for the fuel salt of the MSFR. Once again, this error is acceptable with respect to other uncertainties existing in molten salt flows. Furthermore, note that -| = ℎ is usually known as the thermal compresibility coefficient.

Experimental data confirms that molten salts exhibit a Newtonian behavior up to deformation gradients of , where a pseudo-plastic behavior appears due to a reduction in the effective polarization moments of the components of the ionic fluid (Delhommelle & Petravic, 2003). The shear stress tensions in Newtonian fluids such as the molten salt can be considered proportional to the shear strain rate (Newton's law of viscosity). This property help to simplify the mathematical model of the stress tensor deviator . The proportionality constant is called the dynamic viscosity of the flow [START_REF] Tritton | Physical fluid dynamics[END_REF]. At the molecular level, the viscosity is a result of the intermolecular forces (van der Waals forces) which arise from electrical interactions between the molecules as they glide over each other. Hence, the values of the viscosity are generally very small for most fluids. In the case of molten salts they are between and times the viscosity of water at room temperature. The viscous forces are generally considered as diffusive forces, since they propagates through the fluid (for example from the walls) due to the induced strain rate which results in an ordered layer configuration. The stress tensor deviator , also called viscous stress tensor (including the normal and shear viscous stress components) can therefore be written as follows: Chapter 3: thermal-hydraulics of molten salt coolants = + (3)(4)(5)(6)(7)(8)(9)(10)(11) Furthermore, using the above definition of the viscous tress tensor and by writing the energy equation (3-3) into non-dimensional form it can be shown that an additional simplification can be made in this equation. In particular, for the typical flow velocities (of the order of a few meter per second) encountered in the MSFR components and in the SWATH experiments, the works performed in the fluid element by the pressure and viscous stresses terms are negligible with respect to the energy transported by advection and diffusion. Moreover, the heat transfert by conduction mechanics can be expressed by Fick's law as = -, where = is the thermal conductivity of the molten salt. By introducing these approximations in the set of equations (3-1)- the following new set of equations is obtained for the molten fuel salt:

Incompressible flow conservation of mass (1 Equation)

• = (3)(4)(5)(6)(7)(8)(9)(10)(11)(12) Incompressible conservation of the flow momentum (3 Equations)

+ • = -+ - ℎ - (3-13)
Incompressible conservation of the flow energy (1 Equation)

+ • = • -• + (3-14)
Note that in the momentum equation the hydrostatic pressure term is contained in the new pressure gradient which is obtained by defining a dynamic pressure as → -

• , where is the position vector of the fluid element. The above set of equations can be used to model many of the thermal-hydraulics phenomena encountered in MSRs and also in molten salt experiments. As already discussed, these equations would need to be modified in some cases. For example if molten salt phase change occurs (see mode details in Chapter 4), if large temperature gradients exist in the fluid, if compressibility molten salt effects are significant or if significant amount of bubbles (for instance fission products) are transported by the fluid. The set of equations (3-12)- (3)(4)(5)(6)(7)(8)(9)(10)(11)(12)(13)(14) are nevertheless a good starting point to discuss the two phenomena studied in this Chapter: turbulence and radiative heat transfer.

Numerical implementation: the finite volume method

In order to solve the set of equations (3-12)- (3)(4)(5)(6)(7)(8)(9)(10)(11)(12)(13)(14) needs to be discretized in space and time. The outcome of this process is a set of algebraic equations that can be solved numerically once initial and boundary conditions are set. For the time discretization techniques, different classical techniques proposed in the literature have been used in the present work. For instance, for general purpose CFD calculations one-step methods were generally used (Euler or Crank Nicolson schemes [START_REF] Press | Numerical recipies in C[END_REF])), whereas high order stability preserving discretization were used when performing Direct Numerical Simulations [START_REF] Gottlieb | Strong stability-preserving high-order time discretization methods[END_REF].

For the spatial discretization of the thermal-hydraulics equations in the domain Ω ℝ , the Finite Volume Method (FVM) is used [START_REF] Moukalled | The finite volume method in computational fluid dynamics[END_REF]. In this method the space is divided into a set of non-overlapping computational cells (or control volumes), which composes the domain Ω = ⋃ { } . An example of a computational cell is shown in Figure 3-1, note that the volume can have an arbitrarily number of faces. The advantage of using the FVM for the space discretization is that it allows dealing with arbitrarily complex geometries while conserving accurate flow parameter balances (mass, momentum and energy). Chapter 3: thermal-hydraulics of molten salt coolants

∫ [ ∫ + ∫ • -∫ • ( ] + = ∫ [∫ ] + (3-17)
The Leibniz rule [START_REF] Flanders | Differentiation under the integral sign[END_REF] can be applied for the first term in the LHS of the equation removing the time derivative. Furthermore, Gauss' divergence theorem [START_REF] Katz | The history of Stokes' theorem[END_REF]) can be applied for the second and third terms in the LHS of the equation transforming the volume integral into surface integrals. The convective term can thus be approximated by:

∫ • = ∫ • ≈ ∑[ • ] (3-18)
Where = is the specific mass flux at the face of the computational cell, is the interpolation of the transported field at this face and normal outward unit vector to face whose module is equal to the area of that face. Note that the above summation is carried on over all the faces of the cell. In a similar form, the diffusive term can be approximated as follows:

∫ • ( = ∫ ( • ≈ ∑ • (3-19)
Where is the diffusion coefficient at face and is the gradient of the interpolated scalar field at the face. Finally, for a control volume the discretized equation becomes:

= -∑ [ • ] + ∑ • + (3-20)
where is the value for the scalar field at the center of the computational cell of the volume and is the approximation of a source term at this point. Furthermore, / is the discretized time derivative. By repeating this procedure for all computational cells in the domain a matrix discretized algebraic equation system is obtained. This system can now be solved in an explicit or explicit way for each time-step. The order of accuracy of the method will depend of the order of interpolation of the fields at the faces and in the center of the computational cells. This important aspect should not be neglected and could depend on the local flow characteristics (e.g. the orientation). For more information about the Finite Volume Method (FVM) the reader is referred to the book of Ferziger and Perić (2001). In the present work, the OpenFOAM® libraries (Jasak, 2007). have been extensively used for the implementation of the finite volume discretization technique as well as the solution of the resulting system of algebraic equation.

Hydraulic modeling of a turbulent molten-salt flow

In the previous section, the laws of conservation for the molten salt flows used in the present work have been derived and the finite volume technique used for solving these equations computationally has been presented. The objective of the present section is to present the numerical modeling of the turbulent hydraulic phenomena (without heat exchanges) in a molten salt flow.

In a fully developed molten salt flow at sufficient low speed ( ), the flow field can be described by a set of fluid layers sliding one over each other in the flow direction. This flow configuration, known as laminar flow is possible since the shear stresses induced by the layer friction can be withstand by the stress generated by the strain rate of the fluid. As previously discussed, in a Newtonian fluid, the shear stresses and the shear strain rates are proportional and the proportionality constant is the dynamic viscosity of the Chapter 3: thermal-hydraulics of molten salt coolants fluid ( ). At higher velocities, the effect of the larger flow inertia on the strain rate becomes greater than the shear stresses. At the molecular level, this means that the inertia of the faster moving molecules is less efficiently stopped by the molecular attractive forces. This leads to a highly irregular and chaotic motion of the fluid known as turbulence. The turbulent flow can be break down into a set of rotating structures moving with the fluid flow known as vortices or eddies. These eddies contribute to significantly increase the flow mixing (mass, momentum and energy) and thus the energy transfer rate from the channel walls to the bulk of the turbulent flow. Therefore, turbulent flow heat exchange coefficients are much larger than laminar flow ones (Pope, 2000). For this reason, turbulent flows are generally preferred in industrial heat transfer applications. In the case of a nuclear reactor, turbulent molten-salt flows exist in most of the components. In the MSRs this will be the case for the flow in the core cavity and also in the heat exchangers.

The ratio of the inertial forces over the viscous forces is usually described by the non-dimensional Reynolds number ( ) (Davidson, 2004). This number is defined as follows

= (3-21)
where is the density of the molten salt, is a characteristic velocity in the flow, a characteristic dimension of the domain (for example, the diameter in a pipe flow) and the dynamic viscosity. In the case of the MSFR core cavity, the Reynolds number is about 500 000.

The transition from laminar flow to turbulent flow can be quite complicate. Starting with a laminar flow and as the flow velocity increases over a critical point (and thus the Reynolds number) the inertial forces of the fluid structures start dominating the viscous forces, leading to a set of inertial currents that cause the formation of wave structures in the fluid [START_REF] Buchanan | Transition to turbulence[END_REF]. This pseudo-stable flow configuration is known as the flow transition to turbulence. If the Reynolds number is further augmented, a feedback effect will be observed between the localized inertial currents, leading to the break-up of the flow in a set of chaotic vortices known as turbulence. For example, in the case of a smooth pipe without external perturbations, the flow is approximately laminar for < , the flow transition regime appears approximately between < < and the flow is fully turbulent approximately for > . The turbulent flow is three-dimensional phenomenon, presents a high degree of mixing (due to the heat and mass transfer between the eddies) and it has a multiscale nature (in the sense that the eddies are presented from the larger scales in the domain, to the smaller scales where their energy is dissipated as heat). Despite of its apparent chaotic behavior, the mean field in the turbulent flow can be fully determined in terms of their averages, this is why turbulent flows are said to be statistically determined.

The Navier-Stoke (NS) equations presented in the previous section have been found experimentally to correctly reproduce the behavior of Newtonian fluids. They high non-linear characteristic (due to the inertia term in the material derivative) allows these equations to correctly predict the various flow regimes: (a) Laminar flow, (b) Turbulent flow and (c) Transitional flow. Since only a few analytical solutions exist for the Navier-Stokes equations. Therefore, the solutions for these equations (for practical case) are usually found by performing their numerical integration. The branch of fluid mechanics that studies the numerical solution of the Navier-Stokes equations is known as Computational Fluid Dynamics (CFD). While in the previous section, a general approach for the numerical integration of these equations has been presented, this method is in practice suitable for the laminar flow regime. In the case of turbulent or transitional regimes, frequently found in our applications, some additional numerical approximations/techniques are usually needed. The principal ones are:

 Direct Numerical Simulation (DNS): computational fluid dynamics simulation in which the Navier-Stokes equations (3-13), (3)(4)(5)(6)(7)(8)(9)(10)(11)(12)(13)(14) and (3)(4)(5)(6)(7)(8)(9)(10)(11)(12)(13)(14)(15) are numerically solved without any turbulence model. The computational mesh should allow to resolve all significant scales of turbulence. The problem with this approach is that the smallest scales in the flow rapidly decrease as the number augments. This implies that in practice DNS simulations are possible for turbulent flows with low numbers, such as the ones found in some of the simplest geometries used in the SWATH experiments, but not for higher numbers, such as the ones found in a nuclear reactor.  Large Eddy Simulation (LES): family of method that compromise between RANS and DNS. Largescale eddies are resolved in the flow equation solution while the effects from the small-scale eddies are obtained from dedicated models (low-pass filtering).  Reynolds-Averaged Navier-Stokes equations (RANS): this approach uses the time-averaged equations of motion for fluid flow. Time averaging is done on a large scale so turbulence is filtered out. While this approach is less accurate, one of the main advantages is that it is much less computational demanding than the previous techniques and thus more practical to the scale of the reactor and for the coupling with the neutronics and thermomechanics equations.

There are so far no evident reasons to believe that the turbulence phenomena in molten salts coolants used in nuclear reactors are different from those of other fluids. For example, Fission Fragments (FGs) kinetic energy is not expected to have a significant effect on eddies motion, given the difference between the FG path length and the smallest scales of the turbulence eddies. Nevertheless, some minor modifications could be needed in the future as more knowledge in the turbulence phenomena in molten salts develop. In particular, it is believed that the closure equations of the RANS models (in particular for the wall function) usually developed for water in most CFD codes will be revised. This is due to the differences on the non-dimensional numbers between the molten salt and water such as the Prandtl number. However, for the current state of the art in the subject, it has been sufficient to transpose to molten salt flows the turbulence molding techniques used for water flows.

In the present work, many of the RANS/LES turbulence models implemented are already available in OpenFOAM® (Jasak, 2007). However, some new models have been developed and implemented computationally in OpenFOAM® during this PhD. Furthermore, a numerical platform for DNS of molten salt flows in the SWATH experiment (pyDNSMS) has been developed. Hence, in order to orient the discussion in the next subsections, the models discussed and their computational implementation for each of turbulence modeling techniques approached (DNS, LES, RANS) are summarized in Table 3-1. The novel work developed in this PhD is highlighted in green (pyDNSMS and GEATFOAM). The models that have been modified in this PhD for molten salt flows are highlighted in blue (fitting of a RANS Non-Linear Eddy Viscosity Model). Finally, in black there are the existing models and tools that have been used in this work. A detailed description of the hydraulic aspects of this models and tools are described in the next subsections. Note also that the same table applies for the turbulent heat transfer discussion in the next section.

Technique

Model Computational implementation

Direct Numerical Simulation (DNS)

No model pyDNSMS

Large Eddy Simulation (LES)

Smagorinsky- The discussion in the next subsections is developed as following. First, a discussion on the scales of turbulence in the molten salts is presented. Based on this, the basis of Direct Numerical Simulations (DNS) are explained and the key principles of a dedicated house-developed code (pyDNSMS) are outlined. This tool has been used in some of the numerical simulations of this work. Next, low fidelity approaches (LES, RANS) are discussed. Since no modification have been done in this techniques, the LES and RANS models are only briefly described. However, some special attention is given to the models that has been modified in the present work. Since the computational costs of DNS or LES techniques is too high when performing design and validation of models in the SWATH experiments and also for the design of the MSRs, then a new tool intended to improve the accuracy of the RANS models has been developed. This tool, called GEATFOAM, allows automatically developing RANS turbulent models apt for a certain turbulent flow from experimental data. This tool is described also in the following subsections. This section dedicated to turbulent modeling concludes with the presentation of an application case of the tools pyDNSMS and GEATFOAM, along with other classical turbulence models, for the flow inside a backward facing step.

The scales of turbulence in a molten salt flow

The statistical description of turbulence can be made by splitting the velocity field is split into the mean and fluctuating components:

, = ̅ , + ′ , (3-22) 
where the overbar denotes a generic average operator (for example the time average in the case of the Reynolds average approach) and the prime denotes the fluctuations over the mean value. A similar decomposition can be applied to any flow field such as the pressure and the temperature fields. Considering now two points in the fluid flow ( , ) and two different times ( , ) the instantaneous correlation in the velocity field between these points and times can be expressed as follows (Sagaut et al., 2013):

, , , = ′ , ′ , ̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅ ′ , ′ , ̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅ (3-23) 
As

[ , ] approaches one, the positions and times are said to be correlated. This technique can be used for studying the correlation of different points at given snapshots of the turbulent fluid. By defining a generic displacement vector , the space correlation ( ) function around a point at a time can be defined by:

, = ′ , ′ + , ̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅ ′ , ′ , ̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅ (3-24) 
In a similar way, the correlation over time ( ) for a fixed point in space and around a time can be expressed by:

, = ′ , ′ , + ̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅ ′ , ′ , ̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅ (3-25) 
Note that these correlations functions will approach to one as and approach zero, since a point in space and time is always correlated with itself. However, as these parameters are increased, the correlation will approach zero meaning that the information (for instance related to a velocity fluctuation) at the point ( , ) will be lost in the fluid flow. These concepts can be used to define the turbulence length scale (ℒ ) and time scale ( ): Chapter 3: thermal-hydraulics of molten salt coolants

ℒ , = ∫ + , ∞ , = ∫ , + ∞ (3-26)
Note that the faster the information is lost in space and time, the smaller these scales are. Moreover, the turbulence length and time scales will be strongly dependent on the coupling of the turbulence fluctuations across the different directions. This is because, the more coupled the flow fluctuations, the more rigid body like is the motion of the turbulent flow and, hence, the larger the turbulent information transport in the flow. Furthermore, the coupling between the gradients of the fluctuations is also an important parameter. This can be explained by the fact that the larger the coupled gradients are then the fastest is the motion of fluctuations and hence the larger will be the fluctuations dissipation by the viscosity effects. Based on these empirical observations, the coupling between the fluctuations can be used to defined a turbulent kinetic energy

= ′ • ′ ̅̅̅̅̅̅̅̅ (3-27)
In addition, the coupling between the velocity fluctuation gradients is used to define a turbulent dissipation rate

= ′ : ′ ̅̅̅̅̅̅̅̅̅̅̅ (3-28)
where = / is the fluid kinematic viscosity. This property has been introduced in order to account for the effect of viscosity as the dissipative mechanism when a coupling between the fluctuations gradients exist.

The above quantities can be used to estimate the scales of turbulence in a given flow. The first to propose this idea was Kolmogorov (1941), who noted that for the smallest scale of the eddies in the turbulent flow, the turbulent dissipation could only be provided by viscosity. Hence, by performing a nondimensional analysis based on the turbulent dissipation rate ( ) and the kinematic viscosity ( ), Kolmogorov defined the length ( ) and time ( ) scales of turbulence as follows:

= = (3-29)
Using these definitions for a typical turbulent flow found in a SWATH-S experiment, the Kolmogorov turbulence length scales are found to be in the order of .

and the Kolmogorov turbulence time scales are of the order of . . In the case of the flows found in the MSFR components, these parameters will highly depend on the reactor component that is considered. The smallest values are found in the region near the core cavity inlet: about .

for the turbulence length scale and . for the turbulence time scale. It follows from this simple analysis that the use of a DNS technique will be numerically prohibited given that the computational DNS mesh has to be smaller than these scales.

Concerning the turbulence flow large scales, an interesting analysis is given by Davisdon (2004). This author noted that most of the energy in the turbulent fields is contained in the large eddies. A large eddy turbulent velocity can be defined by = √ . This energy enters the turbulent cascade until is dissipated by the smallest eddies. By dimensional means it can be shown that the turbulence dissipation rate Chapter 3: thermal-hydraulics of molten salt coolants then should therefore be = / . By using the definitions of and , the large scales of the turbulent flow can thus be estimated as follows:

= = (3-30)
By computing the values for and expected in the SWATH experiments and the MSFR and introducing them in expression , it would be observed that the largest scales are of the order of a few centimeters to meters. Hence, it can be assumed that the largest turbulent scales for the SWATH experiments and the MSFR have the size of the domain.

Direct numerical simulation

In the DNS technique the incompressible system (3-12)- (3)(4)(5)(6)(7)(8)(9)(10)(11)(12)(13)(14) are numerically integrated without introducing any approximations. Hence, the numerical mesh in the flow domain has to be smaller than the smallest scale of the phenomena, which are the Kolmogorov length and time scales. An example of the high computational cost of the DNS simulations can be estimated for the case of a circular pipe with a diameter of = and a length of , in which a flow of molten FLiNaK circulates at a variable flow rate, such as the one that could be found in a classical SWATH experiment. A direct estimation of the number of elements required in the numerical mesh for solving up to the Kolmogorov scale is shown in Figure 3-2. It can be seen that the number of mesh elements rises with ≈ / , in agreement with the results obtained by other researchers (Choi & Moin, 2012). This example shows that for ≈ about × elements are needed in the computational mesh. This is already computationally challenging when coupling the thermo-hydraulics resolution with the other reactor phenomena or if the domain is scaled up to the reactor geometry. Indeed, about computational cells would be necessary for performing a DNS study of the MSFR, which is not possible nowadays. 

The pyDNSMS tool for Direct Numerical Simulation in the SWATH experiments

PyDNSMS has been developed from the pyDNS tool [START_REF] Mortensen | High performance Python for direct numerical simulations of turbulent flows[END_REF]) by introducing several improvements on the numerical schemes implemented and also allows for the parallelization of the tool. These improvements are discussed in the next sub-sections.

An important point that has to be taken into account before using a DNS technique in our work is that the SWATH experiments are performed in closed sections with a length that is much larger than the crossflow size of the section (i.e. large aspect ratio). Hence, for most of the geometries studied, no periodic boundary conditions can be applied. Classical pseudo-spectral methods used by DNS codes are therefore not applicable in our cases. Note that without this pseudo-spectral treatment, DNS could be performed with any multi-purpose CFD code solving the NS equations without approximations (not the RANS equations). However, in most cases, these CFD codes are not built for performing DNS. This is because of the limitations associated to the parallelism strategies and the high precision numerical schemes required to avoid artificial numerical dissipation.

Based on these considerations the pyDNSMS tool was developed using a high order finite volumes method and with the requirement of being able to run on small clusters (8 to 64 nodes). Due to time constraints, pyDNSMS has not yet been used for SWATH-S experiments but the tool has have been validated against classical hydraulic benchmarks in internal flows without rotating elements (Voke et al., 2012). Moreover, pyDNSMS simulations have been used to support the validation of GEATFOAM tool as we will see later in this chapter. In the next sub-sections some of the key aspects on the numerical treatment and the parallel architecture implemented in pyDNSMS are presented.

Numerical treatment

The tool pyDNSMS solves the incompressible system of equations (3)(4)(5)(6)(7)(8)(9)(10)(11)(12), (3)(4)(5)(6)(7)(8)(9)(10)(11)(12)(13)(14) and (3)(4)(5)(6)(7)(8)(9)(10)(11)(12)(13)(14)(15) to obtain the velocity, the temperature and the pressure fields. For the time discretization of the problem a stiff Adams-Bashforth backward difference method was used, since this method provides a stable resolution in DNS [START_REF] Hugues | An improved projection scheme applied to pseudospectral methods for the imcompressible Navier-Stokes equations[END_REF]. The method is exact to cubic order in the time discretization [START_REF] Cox | Exponential time differencing for stiff systems[END_REF]. In Adams-Bashforth backward difference method the non-linear operator in the Navier-Stokes equation is extrapolated in time for stability purposes. The resulting discretization for the momentum equation is:

+ - + - + - - = = - + + - ℎ - (3-31) 
where the index refers to the variables at the current time step, + the ones of the next time step andthe ones of the previous time step. The star over the pressure refers to an estimation for the pressure that will be updated inside each time step. Initially, = . The equation for the temperature transport is discretized prioritizing the implicit form as follows:

+ - + - + + • + = + -• + + (3-32)
Finally, based on the linear extrapolation of the momentum term, the pressure equation is developed as follows:

+ = -• + - - (3-33)
During the numerical integration of these set of equations, the equation (3-31) is first solved with the pressure from the previous time step. This allows obtaining a first estimation for + and, hence,

+
. This estimation is then replaced into equation allowing obtaining a new estimation for the pressure. By taking = + , equation (3-31) can be resolved again for the velocity field. In general, equations (3-31)- are solved in a coupled form and the iterations are carried out until convergence of the solutions are attained. However, since the time steps are very small for DNS, only one iteration is usually enough for a very good convergence. Finally, equation is solved with the updated velocity field.

Concerning the space discretization of the system, it should be performed so that at last the cubic order of accuracy imposed by the temporal marching scheme is maintained. The idea is therefore to avoid the artificial dissipation caused by low order discretization methods that could hinder the resolution of the smallest eddies. The challenge is that pyDNSMS uses unstructured collocated hexahedral meshes (read with the OpenFOAM format), which complicates somewhat the development of high order finite volume method. Nevertheless, this difficult can be overcome by using a numerical method providing a robust highorder finite volumes schemes. Going back to the general finite volume formulation, the precision of the discretization method is given by the interpolated mean values at the faces and the center of the computational cell. These values can be estimated by one or several points at the faces and the volume respectively. Evidently, the higher the number of points used, the higher the order of accuracy of the method [START_REF] Moukalled | The finite volume method in computational fluid dynamics[END_REF]Chapter 5). Therefore, the discretized system (3-20) can be expressed to an arbitrarily order as:

∑ = -∑ ∑ [ • ] + ∑ ∑ • + ∑ (3-34)
where the indices refers to the integration points over the volume and to the ones over the faces. In the present case, the Gauss-Legendre integration rule for two and three dimensions are used, so that are the weights of the quadrature rules [START_REF] Phillips | Numerical integration in two and three dimensions[END_REF]. In particular, the four-points rule is used in the quadrilateral faces and the eight-points rule are used for the volume of the computational cells, which guarantee at least a third order precision in the estimation of the values [START_REF] Golub | Calculation of Gauss quadrature rules[END_REF]. The quadrature rules and weights are computed in the natural coordinates of the computational cell ( , , ). Similar to what is done in the Finite Element method, in order to find the coordinates of the quadrature points in Cartesian space, the transformation between natural to Cartesian coordinates can be defined in 2D and 3D as follows:

= , , , = , , , , (3-35) 
The Jacobian matrix are the computed by matrix inversion rules for each volume and face in the domain. So that the quadrature rules in 2D and 3D are defined in a bijective transformation kernel as follows:

( , = , , ( , , = ( , , (3-36) 
Since, the Eulerian mesh is fixed in space and time for the fluid flow simulation in pyDNSMS, the set of quadrature points are pre-computed before the numerical integration in each volume and face and store separately. The reader is referred to the book of [START_REF] Shepherd | Topologic and geometric constraint-based hexahedral mesh generation[END_REF] for more details about the topology of the transformations and numerical efficient implementations of the transformation step. Once the set of quadrature points and eights is fixed, two different procedures can be applied. First, an independent system of equations for each point can be obtained from equation . However, since each quadrature point is related to other points in the computational cell and in the neighbor cells, the extent of the band matrix in the solution of the system could be excessively increased, increasing also the computational cost of the method. In order to avoid this an interpolation of the fields based in Radial Bases Functions (RBFs) was adopted in pyDNSMS. The method is based in the approach recently proposed by Liu and colleagues (2016). The idea is of decompose the fields in the domain is a set of Radial Bases Functions RBFs ̂ , :

̂ , = ∑ (‖ -‖ = (3-37)
where is the computational cell over which the field is being interpolated, are the neighbor cells used in the reconstruction and is the number of cells participating in the reconstruction called reconstruction stencil. Furthermore, ‖ -‖ denotes the distance between vectors and . The interpolation function should be able to preserve the mean vales of the variables, so that

∫ ̂ , = (3-38) 
where are the mean values calculated in each computational cell as a function of time. By inserting the interpolation scheme in the mean value condition the following relationship is obtained

∑ ∫ (‖ -‖ = = (3-39) 
By taking the interpolation over all computational cells, a system of linear equations is recovered that allows solving for the interpolation coefficients . This system is of the form

[] = (3-40)
For a domain Ω ℝ , with computational cells, [] ℝ × , = (‖ -‖ is a constant coefficients matrix generated by the integration of the interpolation functions over the computational cells. Furthermore, = [ … ] ℝ is a vector containing the interpolation coefficients and = [ … ] ℝ is a vector containing the mean values of the scalar fields in the computational cells. The matrix[] is precomputed before starting the solution process, whereas the coefficients are calculated at each time step with the mean values . Note that the = closest cells are taken for fitting cubic order interpolation functions in the present 3D case. Furthermore, the integrals for the coefficients matrix are also calculated using the 3D cubic order Gauss-Legendre quadrature rules previously explain. Finally, once the Interpolation field for time-step is computed, the values of the field at a cell and an integration point can be calculated as follows:

= ∑ (‖ -‖ = (3-41)
where is the position vector of quadrature point in the computational cell . Different Radial Bases Functions (RBFs) were tried. Among them, the Multi-Quadratic radial bases Functions (MQF) first proposed by [START_REF] Hardy | Multiquadric equations of topography and other irregular surfaces[END_REF] were found to yield the best results. These functions are written as follows:

(‖ -‖ = √ + ‖ -‖ (3-42)
where is a radial deformation parameter (set as in the present case after the study of the results of different simulations) and is a normalization length, taken as the mean size of the computational stencil (number of cells used for the interpolation, in this case) for the present case.

The high order solution procedure goes as flows: first, at the beginning of each time step the interpolation coefficients are calculated according to and the variable fields at the quadrature points are computed using equation . Then, space discretization is performed using equation and the coupled pressure-velocity system (3-31)- and the temperature equation are resolved following the procedure describe in this section. With these results, the interpolation coefficients and interpolated fields are recalculated and the procedure is reiterate until convergence is obtained. Nevertheless it was found that one recalculation was enough for convergence in most cases analyzed. For more details on the treatment of the boundary conditions with the quadrature points the reader is referred to the book of [START_REF] Moukalled | The finite volume method in computational fluid dynamics[END_REF] and for the behavior of the RBFs in the boundaries to the paper of [START_REF] Larsson | A numerical study of some radial basis function based solution methods for elliptic PDEs[END_REF].

Parallel implementation

For numerical efficiency reasons, the code needs to be parallelized through a MPI protocol. Then, the calculation of the quadrature points, of the interpolation weights and the assembly and solution of the systems of linear algebraic equations is handled via the Cython compilation of the PETSc parallel libraries (Balay et al., 1996). A sketch of the parallel implementation of pyDNSMS is shown in Figure 3-3. The interaction of the user with the application is produced via the Python scripting interface. This one operates in a host process, which is directly connected to the long time storage memory of the machine or cluster. In this host process, an hexahedral mesh and boundaries with OpenFOAM format can be read. Furthermore, the decomposition of the mesh in different nodes for PETSc and the setup of the initial and boundary conditions is set up at this level. This information is then communicated to the MPI master process, which coordinates the distribution of the mesh, assembly of the matrices and solution of the system of equations in a set of × nodes. During the solution of the system of equations, the local variables on each node are stored in the Rapid Access Memory (RAM). However, some information coming from a part of the mesh not stored in the node may be required during the discretization process. For this reason, the nodes communicate between each other and with the master process. Eventually, if the RAM is completed, the MPI master process can transfer the information to the hard disk.

of + in Node 1. Hence, the requirements on information that has to be passed and the time in which this information need to be provided will require an iterative procedure. The solution proposed in pyDNSMS to avoid these difficulties is to store in a buffer the values after time step of + and its time derivatives + / computed by backward differentiation schemes of order . This allows approximating the values of + + to order + in the time step as follows

+ + = + + ∑ + / ! + + .
Introducing the third order approximation in time in the discretization for the advective term the following relationship is obtained:

= + + + + + + -- + + = + -- + + + + + + , (3-44) 
Observe that the definition of the Courant number = / has been introduced and for numerical stability regions < . Since the velocities in the SWATH-S experiments are in the order of ≈ / , the order is spatial discretization scheme and the global order , is maintained for the method. A similar procedure can be applied to the diffusive term, where the derivatives of the order + should be introduced for maintaining the order of the method. The procedure can be easily generalized to three dimensions and to a generic number of nodes in pyDNSMS. This procedure allows greatly reducing the computation times since the information between the nodes does not need to be exchanged in real time. However, note that a compromise in the accuracy of the first steps is necessary since the time derivatives approximation are not yet available. Furthermore, a drawback that has been found with this method is that some small perturbations are generated at the interfaces between the nodes due to the stiffness introduced by the corrections in the spatial derivatives. However, these perturbations quickly dissipated in the domain and their effects were found to be usually negligible in the cases analyzed (simulations performed with a maximum of cores). However, for a larger number of nodes, the number larger number of interfaces may generate a significant perturbative effect. Hence, this methodology is probably not adequate when using massive parallel calculations. For the currents needs of the SWATH-S experiments the tool it was concluded that the method provide an effective solution for performing DNS studies.

Filtering techniques for reducing the computational cost of turbulence modeling

At discussed at the beginning of this chapter, molten salt flows found in reactor applications, such as the MSRs, have large Reynolds numbers and occur in large components. In these cases, the computational cost of the DNS technique is completely prohibitive. This is also particularly more true in view of the need to couple the thermal-hydraulics calculations with reactor neutronics and thermo-mechanics numerical models. Under these conditions, the cost of the turbulence calculations have to be reduced. Both Large Eddy Simulations (LES) and Reynolds Average Navier Stokes Methods (RANS) techniques aim to this objective by separating the mean and fluctuating component of the flow fields variables as follows:

= + ′ (3-45)
where • is some filtering operator for getting the mean field: the statistical average in time for RANS simulations and the scales separation operator for LES (Sagaut et al., 2013). The prime indicates the fluctuating component (for example one of the flow velocity components). Applying this operator to the system (3-12)- (3)(4)(5)(6)(7)(8)(9)(10)(11)(12)(13)(14) and considering the properties of the decomposition proposed in the above equation, the following equations are obtained for the mean fields (Sagaut et al., 2013): Chapter 3: thermal-hydraulics of molten salt coolants Mean incompressible conservation of mass:

• = (3-46)
Mean incompressible conservation of momentum:

+ • = - + - ℎ ( - + • (3-47)
Mean incompressible conservation of energy:

+ • = • -• + + • (3-48)
where the definition of the turbulent stress tensor

= [ • -• ] and the turbulent heat flux = [ • -•
] have been introduced. Note that the physics described by these equations is the same that in the system (3-12)- (3)(4)(5)(6)(7)(8)(9)(10)(11)(12)(13)(14), except that new terms appears in the momentum and energy conservation. In the momentum equation for example, an additional stress tensor appears which is caused by the interaction of the turbulent eddies. This stress tensor is known as the turbulent stress tensor. In the energy equation, an extra heat flux generated by the turbulent mixing appears and it is named the turbulent heat flux term. The challenge of the turbulence modeling process is finding the accurate expressions for these terms, in other words providing the cloture equations to these terms.

Large Eddy Simulations (LES)

Based on the previous described filtering technique (section 3.3.3), the principle of LES used to solve the above equations is to numerically solve only the large eddies, while the small ones are modeled in an approximate manner. In order to separate the scales an integral low pass filter (Smagorinsky, 1963) is introduced in this method as follows:

, = ∫ ∫ ( , -, - , Ω ∞ (3-49)
where is the kernel of the filter and is the filter width. Two different sort of filters are generally used for LES, namely Gaussian and box filters (Sagaut, 2006). In a generic form these ones are:

- = ( ) - 6| -| Δ and - = { | -| f s (3-50)
The advantage of the box filter is that the filter length can be directly taken as the size of the mesh ≈ / , without the need to explicitly performing the filtering procedure in the fields (Frohlich and Rodi, 2002). Nevertheless, this type of filtering is less valid that the Gaussian filter for the large scales, since the sharp cut in the filter may introduce filtering edge effects during the filtering process (Tennekes and Lumley, 1972). In the present work, box filters have been used with small meshes for diffusing the errors caused by sharp filters. The turbulent stress tensor resulting from applying the filter procedure to the momentum equation is known as Sub-Grid Scale (SGS) tensor in LES and it is defined by the following equation:

= = [ • -• ] (3-51)
At this point, a model is needed to calculate the (generally called Sub-Grid Scale -SGStensor) tensor in order to close the system of equations. The models that have been used in the present studies are the classical Smagorinsky-Lilly model (Smagorinsky, 1963) and the multiple gradient models developed (Lu Chapter 3: thermal-hydraulics of molten salt coolants & Porté-Agel, 2010). For instance, the Smagorinsky-Lilly model proposes the following Sub-Grid Scale (SGS) tensor:

-( = = , | | (3-52)
where is the turbulent viscosity, S = . + is the strain rate of the mean velocity field, |S| = √ S: S is its norm, • is the trace operator, I is the identity tensor, = . is the Karman constant, d is the distance to the nearest wall and C = . is a fitting parameter. The trace of the SGS tensor is not modeled and it is added to the pressure term in the momentum equation. The original Smagorisky model has the inconvenience that by assuming the turbulent viscosity proportional to the filtering length ( ∝ C ), very fine meshes were needed next to the walls or else the turbulent dissipation would be over predicted (Garnier et al., 1999). Hence, the dynamic correction introduced later by Lilly (1992) ( ∝ d near the wall), allowed obtaining better results at the walls. Nevertheless, the SGS tensor is assumed to be directly proportional to the local strain rate of the velocity (S). This is approximately true for the small turbulent scales, since the information on the upstream stresses and perturbations that generated the turbulent flow are loss in the turbulent cascade. However, for the large scales this is not correct and the description does not allow to considered the historic effects in the flow that produced the turbulence. Hence, in many cases, this model has to be used with very fine grids, specially near the walls. In particular, it has been observed that for wall bounded flows the resolution required on the grid is comparable to the one of DNS (Choi and Moin, 2012). Moreover, this method requires the use of approximately isotropic meshes otherwise a directional filtering effect may be introduced because of the aspect ratio in the mesh. Several corrections to these issues have been proposed in the past. For instance, a correction that have been observed to work particularly good in wall bounded turbulent flows with large temperature gradients is the multiple-gradient LES model proposed by Lu & Porté-Agel (2010). In this one, the SGS tensor is modeled as follows:

= ( | | ) (3-53)
where the gradient tensor

= • • • , in index notation = , | |
is its norm and = , , is a 3D filter depending on the local size and shape of the computational cell. The advantage of the model is that is a tensor that describes the current state of the gradients in the flow and, hence, it is able to account for both the strain and the rotation of turbulent eddies. In addition, the 3D filtering vector, allows to explicitly account in the model for the effects of the non-isotropic mesh in the filtering process. Finally, is the sub-grid scale turbulent kinetic energy and is defined via the effective projection of the velocity strain into the gradient structure = | | • . In this expression, is a fitting constant that can be derived from local or global momentum equilibrium assumptions [START_REF] Ghaisas | Dynamic gradient models for the sub-grid scale stress tensor and scalar flux vector in large eddy simulation[END_REF]. In our applications, = yields good results. On the other hand, is a Heaviside function that goes to zero whenever the turbulent production ( = • ) becomes negative.

During the implementation of this model in the present work a small modification has been made from the original formulation of Lu & Porté-Agel (2010). The original model normalizes the gradient tensor by its trace . However, this is not a good idea when the turbulence is generated by a shear stress in a direction perpendicular to the wall, such as wall bounded flows in MSRs or in the SWATH experiments. In these cases, the normalization will lead to an over prediction of the turbulent stresses due to an incorrect normalization in the gradient vector. To solve this issue, the norm of the gradient tensor has been introduced for the normalization. This correction allows the model to provide a more complete description of the turbulent eddies and their shape and orientation. This also enables using less refined meshes in the simulations. However, the turbulent stress tensor is still directly proportional to the local velocity strain, which does not allows capturing historic effects in the fluids. Hence, relative fine meshes are necessary for modeling only the history independent small scales.

Even though the LES models allowed to reduce the computational times when simulating the turbulent molten salt flow, the computational times involved are still far from the ones wanted for doing routine design calculations in MSRs or in the accurate design of the SWATH experiments. Therefore, the lower level description Reynolds Average Navier-Stokes (RANS) are necessary in order to further decreases the computational resources required for the thermal-hydraulics calculations. These CFD techniques are discussed in the next section.

Reynolds-Averaged Navier-Stokes Equations

Reynolds Average filtering

In the RANS approach, the filter operator described in section 3.3.3 is taken as the statistical average in time, i.e. • →•̅ . The fields are therefore decomposed following the Reynolds Average procedure (see equation (3)(4)(5)(6)(7)(8)(9)(10)(11)(12)(13)(14)(15)(16)(17)(18)(19)(20)(21)(22). The time average operator for a generic transported field is defined as follows:

̅̅̅̅̅̅̅ = l →∞ ∫ , ≈ l →∞ ∑ , = (3-54) 
The second term is known as time average, which is the proper definition of the Reynolds Average, and the third one as ensemble average, which is closer to what can be obtain in practice by a set of measurements in the SWATH experiments (i.e. running several times the same experiment). It can be proven by the ergodicity principle that the two are equal if l →∞ ′ , ′ , ̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅ = for ≠ (Monin & Yaglom, 1971). Note that by performing this filtering procedure in the velocity, pressure and temperature fields, all turbulence fluctuations at a point are removed from the mean fields ̅̅̅̅̅̅ , ̅̅̅̅̅̅ and ̅̅̅̅̅̅ . Hence, all the effects arising from large and small turbulent scales need to be captured by the turbulence model. This of course increases the modeling challenge of this sort of techniques.

For the SWATH experiments and for the MSRs the time average to infinity may not be exactly possible. This is because in the SWATH experiments small periodic perturbations in the pressure may be introduced in the flow by the pressure control system. Since these pressure perturbations propagate over the entire domain, then the flow will be correlated in the time-scales the perturbations. Similar periodic perturbations can appear in the MSFR during transients (for example in case of a transient involving a pumps coast-down). Moreover, in case of a flow circulating over a closed loop, such as those found in nuclear reactor like the fuel circuit in the MSRs, a correlation of certain fluctuations might exit over time due to the periodic nature of the loop. This means that the flow fluctuations observed in a given point could be correlated to the loop's transit time (this is typically of the order of 4 seconds in the fuel circuit of a MSRs). This correlation is different that the one introduced by external sources, since self-feeding effects can appear in the circulating flow.

For the perturbations in the SWATH case, one could imagine a low-pass filter that does not filter the small frequencies related to the control system, but filter the larger frequencies related to turbulence (Unsteady RANS -URANSapproach). This filter is defined as follows:

, ̅̅̅̅̅̅̅̅̅̅̅̅ = ∫ , + (3-55) 
Note that the actions of the control system in the SWATH experiments are in the order of ~ . For the SWATH test sections, the largest time scales can be determined by the characteristic velocity and length scale in this test section as = / ~ . . Since, the largest turbulent scales are much smaller than the control system action, by taking ~ it can be considered that the URANS average converges to the RANS approach , ̅̅̅̅̅̅̅̅̅̅̅̅ ≈ ̅̅̅̅̅̅̅̅̅ ≈ ̅̅̅̅̅̅̅ . One exception to this will be the case of the Backward Facing Step (BFS) test section in which lower velocities are obtained as it is discussed in Appendix IV.B control system BFS. Hence, classical RANS models are used for the SWATH experiments. Note that the same URANS approach can also be used for the reactor calculations the average flow rate changes during a transient.

For the case involving the periodic flow in the MSFR, Cantwell and Coles (1983) developed the Phase-Averaged Navier-Stokes (PANS). In the PANS method a phase averaging operator is defined as follows:

, ̅̅̅̅̅̅̅̅̅̅̅̅ = Φ ∫ , + Φ (3-56)
where Φ~ is the phase period. Note that the PANS approach is different that the URANS approach because PANS approach should consider the coupled turbulent effects generated between the loops. However, as in the previous case, the largest possible time scale of the turbulence in the MSFR can be derived from the characteristic velocity and time scale as = / ~ . . Since the phase period is much larger than the larger time scales of turbulence in the MSFR, it can be assumed that the PANS average converge to the RANS one Φ , ̅̅̅̅̅̅̅̅̅̅̅̅ ≈ Φ ̅̅̅̅̅̅̅̅̅̅ ≈ ̅̅̅̅̅̅̅ . Hence, classical RANS models can be used for the MSFR.In any of these variants of the RANS technique, the resulting turbulent stress tensor from the Reynolds average procedure applied onto the momentum equation is known as Reynolds Stress Tensor (RST) and in it is defined by the following equation:

= = [ ̅ • ̅ -• ̅̅̅̅] (3-57)
The critical point of the model is to find the right expression for the Reynolds Stress Tensor ( ). Different types of models have been proposed for that. The principal models in order of increasing complexity are: constant viscosity, mixing length models, one equation model and two-equations models. A short overview of these models is provided in the next subsections while the details are left in the Appendix II.A. Finally, while others, more sophisticate, models exist their complexity was judged not justified in our applications. All these turbulence models were available in the code OpenFOAM®.

Closures for the Reynolds-Averaged Navier-Stokes Equations

The Reynolds Average filtering procedure allows to completely filter-out all the turbulence scales. This permits to greatly reduce the mesh required for the numerical integration. However, this gain is largely compensated by the increased difficulty to develop accurate turbulent models to calculate the Reynolds Stress Tensor (RST). Indeed in the RANS technique all the turbulent phenomena in the flow have to be captured by the turbulent model. Nevertheless, given their lower computational cost, the RANS approaches have been much more developed than the LES or DNS ones. To help organizing the discussion on these approaches, a diagram with the different approaches to turbulence classified by precision and computational complexity or cost is presented in Figure 345. The RANS based approaches are shown in blue in this Figure .  √ : is the norm of the velocity gradient tensor. The concept of mixture length is similar to the mean free path in neutronics: it is considered as the average distance over which the molecules were able to maintain their momentum, until being deflected by interactions with other molecules in the fluid. Furthermore, once again, the turbulent kinetic energy can be modeled by the turbulent intensity. This mixture length can be derived for different types of simple flows (round het, shear flows between plates, etc.). However, the lack of extrapolation capacities of the model and its incapability to deal with real flow conditions, discontinued the usage of this models early on.

A more accurate LEVMs are those where the one equation closures are derived from the hypothesis that the turbulent mixing velocity is proportional to the turbulent kinetic energy. This is ′ = . , where is a fitting constant. Therefore in this case one transport equation has to be solved for the turbulent kinetic energy. This equation can be obtained by multiplying the momentum equation (3-13) by ′, then performing the Reynolds average and finally taking the trace of this equation. Some of the terms in the resulting equation can be resolved explicitly (turbulent kinetic energy production and diffusion) while a model have to be introduced for others (pressure strain, buoyancy and turbulent kinetic energy dissipation). An example of these models is the Baldwin-Barth (Baldwin and Barth, 1991) model. A drawback of the One equation models is that the constant relating the velocity fluctuations with the turbulent kinetic energy may not be universal. Hence, a similar problem to the mixing length appears. A possible solution was provided in the Spalart-Allmaras model (Splatar and Allmaras, 1992), in which a transport equation for the turbulent viscosity is directly derived. This model is in current usage nowadays, especially in the aeronautic industry, since the direct solution of the turbulent viscosity reduces it dependency on the mesh [START_REF] Rumsey | Apparent transition behavior of widely-used turbulence models[END_REF]. Nevertheless, a set of heuristic approximations were made in the derivation of the model, such as the empirical modeling of the turbulence production, diffusion and dissipation for agreeing with the results observed in boundary layer, free shear and transitional open flows. These approximations and the large set of fitting coefficients introduced, render the model less valid to wall bounded flows, such as the ones found in SWATH or the MSRs.

A direct improvement to the constraining approximation of the mixing length is obtained by the Two Equations turbulent models. Two main families of these models exist: themodels (Launder and Sharma, 1974) and themodels (Wilcox, 1988 and1994). In themodels an equation for the transport of the turbulent kinetic energy and its dissipation rate (3-28) is solved, implicitly assuming the mixing length to be ℓ ≈ / . The equation for is derived in a similar form than the one-equation models, whereas the equation for is an empirical construction. This model yield good results in general for the bulk of the wall-bounded turbulent flows, in which the turbulent production and dissipation are in equilibrium. However, one important difficulty of this model is that becomes singular at the wall and, hence, the results predicted for themodel deteriorates in the wall region. Indeed, the turbulent stresses predicted at the wall will oscillate when approaching the wall, leading to unphysical negative values for and at some intervals. Some corrections have been proposed to correct this unphysical behavior. Furthermore, in conditions in which the turbulent production and dissipation are far from equilibrium in the bulk of the flow (high strain rates, swirl, large heat exchanges, etc.) the model present other problems. For instance, the fitting constants in thecan be re-derived from a large set of experiences using renormalization group theory, which also allows to calculate an analytic function for the Prandtl numbers and to take into account the differential effects of viscosity changes, this let to the -RNG model [START_REF] Choundhury | Introduction to the renormalization group method and turbulence modelling[END_REF]. Furthermore, the oscillations near the wall can be damped by enforcing a positive value for all the components of the RST ( ′ • ′ ̅̅̅̅̅̅̅̅ > ) when performing the derivation of themodel. In addition, unphysical effects coming from the local unbalances between production and dissipation can be prevented by enforcing Cauchy-Schwarz' inequality for the components of the RST ( ′ • ′ ̅̅̅̅̅̅̅̅ > ′ • ′ ̅̅̅̅̅̅̅̅̅̅ ) in the model derivation. This lead to the derivation of the realizable version of the model [START_REF] Shih | A new k-ϵ eddy viscosity model for high reynolds number turbulent flows[END_REF]. These two procedures allow improving the behavior of themodel, but do not eliminate the core problems of this model. Hence, Wilcox (1988[START_REF] Wilcox | Turbulence modeling[END_REF] proposed a novel solution known as themodel.

The heuristic principle of themodel is that as approaching the walls if goes singular, then will go singular two. Hence, the quotient between these two may be something bounded, leading to the definition of = /

, where is a normalization constant. Following this idea, two independent transport equations are solved for and in the model, leading to an implicit definition of the mixing length as ℓ ≈ / . This model presents a much better behavior near the walls. However, note that if an unbalance existed between and in the bulk of the flow, then this condition will be exacerbate further between and because of the quotient definition of omega. Hence, themodel usually fails in predicting in the bulk of the wall bounded flows, even under small strains and swirl effects. At this point, one may think of building a model which interpolates the behavior of themodel near the walls with theone in the bulk of the fluid. In fact, [START_REF] Menter | Two-equation eddy-viscosity turbulence models for engineering applications[END_REF] developed this idea, using a blending function proportional to the distance to the wall. This model is known as the -SST model and have been the most widely used model for improving the precision in turbulence modeling over the past two decades (Menter et al., 2003).

In summary, the linear eddy viscosity models can provide a good enough approximation for applications in which the turbulent phenomena is not critical. Depending the application, it has been observed in this work that the errors yield by these models is between -%. These errors are reasonable considering the complexity of the turbulent phenomena involved. However, they are too large for validating heat transfer models in the SWATH experiments when other smaller effects are being studied. Furthermore, these errors can introduce significant changes in the fields coupled to the hydraulic phenomena in MSRs. Hence, a larger precision is required for the present application. The main limitation identified for the LEVMs is the Boussinesq hypothesis, which assumes the RST to be proportional to the velocity strain rate and, hence, isotropic. The validity of this hypothesis is discussed in detail in the following section.

Turbulence anisotropy and limitations Linear Eddy Viscosity Models

The RST can be divided into its hydrostatic and deviatoric components. The deviatoric component is known as turbulence anisotropy tensor and is defined by

= + (3-59)
In order to make the anisotropy values independent of the flow speed, turbulent intensity and mass flow rate, it is common practice to normalize the anisotropy by the turbulent kinetic energy and the density as

= (3-60)
By applying the Cayley-Hamilton theorem to the tensor it can be shown that The outcome of this theorem is that the behavior of could be described by its second and third invariants. Lumley (1979) used this idea and built a map for all the possible values of and in any turbulent stress field. Note that since both invariants depends on they will vary in a coupled form, but their relation will depend in the turbulent flow characteristics. It turns out that by plotting Chapter 3: thermal-hydraulics of molten salt coolants were the main reasons that motivated the construction of higher order closures for modeling the turbulent phenomena in the present case.

Higher order closures for modeling the Reynolds Stress Tensor

As explained in the previous section, the precision LEVMs is in general not sufficient for the detailed study of the molten salt flows in the SWATH experiments or to model the flow in the MSFR. Therefore, higher order turbulence closure equations have been also used in this work. In particular, the Reynolds Stress Transport models have been analyzed (Al-Sharif, 2011). The main idea to develop the RST models is to multiply the momentum equation (3-13) by ′ and then take the Reynolds average. This allows obtaining a set of six independent transport equations. Each of these equations describes the transport of the six independent components of the Reynolds Stress Tensor (RST). By solving these transport equations the RST components can be directly feeded into the average momentum equation , without the need of introducing the concept of turbulent viscosity. The transport equations can be expressed as follows:

′ ′ ̅̅̅̅̅̅ + ̅ • ′ ′ ̅̅̅̅̅̅ = + + + - (3-63)
This equation states that the total rate of change for each of the component of the RST is equal to the production of turbulent component by shear stress ( ), plus the diffusion of turbulence caused by: (i) the pressure gradients (), (ii) the molecular viscosity ( ) and (iii) the interaction with other turbulent eddies, minus the rate of destruction of the turbulent component ( ). It turns out that the production and molecular diffusion can be exactly calculated in these equations. However, cloture models are required for the pressure diffusion, turbulent diffusion and dissipation terms. Since the second order terms, which are the components of the RST, are modeled exactly, this model is said to be a second order closure.

In the literature, these models perform very well even in flows with strong anisotropy and swirls, with sudden changes in the mean strain rate, with buoyant terms and with strong streamline curvature, between others (Leschziner and Lien, 2002; Lien and Leschziner, 1994). However, they demand a higher computational cost since a transport equation for each of the six independent components of the RST needs to be solve. Furthermore, the large source terms present in the equations were observe to render the system numerically stiff when solving it computationally. In addition, a large non-linear coupling exist between each of the six transport equations (mainly in the production, turbulent diffusion and dissipation terms). When solving the flows in the SWATH experiments and for the MSFR, this coupling was responsible of causing artificial solutions dependent of the relaxation parameters used in the simulations. Moreover, some checkboard oscillations in the velocity field were observed due to the odd-even coupling terms in the components of the RST (Al-Sharif, 2011). However, these ones could be damped by increasing the turbulence dissipation rate in the initial iterations. Finally, there are the approximations related to the term modeled in equation , which introduce errors. Therefore, even though the RST model has very interesting advantages, the above numerical problems make it not adequate for routine usage in the SWATH experiments or for the modeling the MSFR.

Hybrid RANS/LES methods

Other line investigated was the use of hybrid RANS/LES methods (Spalart and Bogue, 2003;Sagaut and Deck, 2009). The idea of these methods is to combine the RANS and LES methods in order to achieve precise results at reasonable computational costs. The principle is to resolve by LES the turbulence in some critical regions (for example next to the walls of the SWATH experiments) and solve using the RANS methodology in the rest of the domain. Originally, two different modeling methodologies were developed for hybrid modeling (Sagaut, 2013). First, by noting the similarity in the equations obtained after the filtering by LES and RANS method, a blending function approach can be used to switch between both methods (similar to the -SST model), generally called global methodologies (Speziale 1997 and Spalart et al. Chapter 3: thermal-hydraulics of molten salt coolants 1997). In a similar form, the regions of the mesh where turbulence is solved by RANS or LES methods could be preassigned, using a spatial treatment for the interface between these regions, generally known as segregated domain approaches (Schumann, 1975). As noted by Sagaut (2013), a very large number of different hybrid methodologies have been published over the last two decades. For the global closures, the goal is to develop adequate blending functions to model the transition between the RANS and LES models. For the segregated domain approach, the objective is not to cause artificial effects in the turbulent flow at the interface between the LES and RANS domain. Different types of hybrid models have been used to study the SWATH experiments and the MSFR. The best results were obtain using global approaches (URANS and detached eddies simulation methods -Sagaut, 2013-). Nevertheless, it was observe that in order to provide high precision results, the computational costs for the SWATH experiments were not much lower than the ones of LES. Furthermore, for the case of the MSFR, the challenge of accurately modeling the heat exchange at the walls and the mixing in the reactor cavity, makes these models almost ineffective. Hence, in the present case, hybrid modeling techniques were not judged as an adequate solution to our applications. Nevertheless, the development of precise multi-zone hybrid models is not discarded in the future (Renaud et al., 2012).

Conclusions on the turbulence modeling approaches review

For the above reasons, it was concluded that for the present application the most adequate approach in terms of precision and simplicity in the numerical implementation of the model were the so called explicit algebraic stress models. These type of models can be divided into two categories: implicit and explicit algebraic stress modeling. The implicit models are based in Rodi (1972,1976) hypothesis, which states that in the diffusion terms of the components of the RST can be approximated by the turbulent kinetic energy 

( + ) ( -) = | | -+ (3-64)
This equation can then be solved along with a LEVM for obtaining the anisotropy tensor in an iterative way. Nevertheless, it was found in the present case that this model leads to an over production of turbulence and, hence, an over-estimation of the anisotropy in the bulk region of the SWATH experiments and in the core cavity of the MSFR. This could be because the core hypotheses of Rodi (1972,1976) are only valid when the convective transport of eddies is much smaller than the turbulent production and dissipation, which is not the case for the bulk regions. Furthermore, numerical solution of the implicit equation is still a stiff problem that can lead to unphysical solutions (Speziale, 1997). Several modern corrections in the implementation of the method for the implicit model have been tried without much success [START_REF] Durbin | Some recent developments in turbulence closure modeling[END_REF]. Hence, the explicit approach has been preferred in this work and it is further developed the following subsection.

Improved approach: an explicit modeling of the anisotropy of the Reynolds Stress Tensor

The original idea for the explicit approach to model the anisotropy stress tensor comes from Pope (1975). In the most general term, the anisotropy can be decomposed unto a set of tensor basis ( ) as

= ∏ ∑ , , ∞ = ∞ = (3-65)
where = . + is the strain rate of the velocity, = .

is the vorticity (rotation rate) tensor, are a set of fitting functions that may depend on the invariants set of and and is the turbulent viscosity, which can be described by a classical LEVM, for example, themodel. Note that the velocity gradient tensor (velocity Jacobian tensor) can be decomposed in and as = = + . Therefore, in principle, by using a bases sets in that depends in and these all the velocity gradients producing the turbulence phenomena in the flued could be captures. Furthermore, note that is a second rank tensor, hence by applying Cayley-Hamilton theorem to the expression for (3-65), the following relationship is obtained

(∏ ∑ , ∞ = ∞ = ) -(∏ ∑ , ∞ = ∞ = ) - (∏ ∑ , ∞ = ∞ = ) - = (3-66)
By developing this expression (Pope, 1975), a set of only ten tensors forming a base can found. This tensor base is presented in Table 3-2. Note that all the base tensors are traceless and symmetric, respecting the properties of the anisotropy tensor. Furthermore, the characteristic time scales of the eddies have been defined. This scale can be determined from the LEVM used, for example using themodel this scale will be = / . Note that for highly dissipative flows, the turbulent structures should be approximately isotropic and, hence, higher order basis are less important. In addition, it can be proven that the set of independent invariants according in the description of the anisotropy tensor are:

= : , = : , = • : , • : and = • : • (3-67)
Hence the most general expression for the RST is

= - + ∑ , … , = (3-68) 
The challenge here is finding the right fitting functions = , … , for describing the anisotropy field over the flow domain. In order to simplify the task, we can take of some of the properties of the system being study when selecting the independent basis. For example, note that for the 2D incompressible flow the third, fourth and fifth order basis are zero, i.e. -= . Hence, for the symmetric geometries examined in SWATH the influence of these tensors should be small. This allows simplifying the process of finding a set of fitting functions that can describe the turbulent field with the required precision. To obtain these fitting functions two different methods have been developed. First, a cubic order method that allow obtaining the fitting functions for the geometries of interest in the SWATH experiments (also related to the MSFR). Second a numeric tool that allows to automatically develop a set of fitting functions and tensors base for the anisotropy tensor. This tool is called GEATFOAM, since it has been implemented using the OpenFOAM® finite volume libraries (Jasak et al., 2007). This last method goes in line with the current trends observed in turbulence modeling over the last 5-10 years, which is using machine-learning tools for developing accurate turbulence models for scientific and industrial applications (Duraisamy et al., 2016). The cubic closure developed and the GEATFOAM tool are described in the next sections. Chapter 3: thermal-hydraulics of molten salt coolants 
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Development of a cubic Non-Linear Eddy Viscosity Models

The goal of the work presented in this section is to use the decomposition of the Reynolds Stress Tensor (3-68) (presented in the previous section 3.3.5.8) for fitting a new cubic model that can be applied for the SWATH experiments. The idea is to select a set of geometries that are of interest for the SWATH experiments and use them in the calibration process so an accurate description of the turbulence is obtained at least in these sections. Furthermore, this same procedure can be performed in other geometries such as those existing in the MSFR. The form of the RST model fitted for this section is:

= - + , + + + + + (3-69)
where the definition of the tensors of the base are given in Table 3-2 and the fitting functions are taken as constant coefficients. In this model,represents the effective pressure due to turbulence. Also , is the isotropic part of the anisotropy tensor and , + + + + + is the anisotropic part. Note that the coefficient is the fitting coefficient of LEVM. In addition, the quadratic coefficients , and are related to the sensitivity to the anisotropy of the flow, as could be observed by analyzing a simple shear flow. Moreover, by transforming the equations to natural coordinates in a curved geometry, it can be seen that coefficients is related to the 3D curvature of the streamlines. Finally, by studying the case of a Taylor-Green vortex, it can be observed that is related to the sensitivity to swirl in the model (Craft, et al., 1996).

Finally, note that themodel has been used as base LEVM for the current fitting. The models has been implemented with a set of damping functions that take into account the Van Driest and Clauser modifications for the effective mixing lengths [START_REF] Wilcox | Turbulence modeling[END_REF] and the intermittency correction in the external boundary layer [START_REF] Yang | New time scale based k-epsilon model for near-wall turbulence[END_REF]. The Van Driest correction proposes that the mixing length computed with themodel should be consistently dumped when approaching the walls, allowing to reproduce the damping of turbulence observed next to the walls. The Clauser correction allows correcting the model for the wakes appearing in the boundary layers. The intermittency correction allows accounting the fact that in the external part of the boundary layer the flow erratically switch from laminar to turbulent and vice versa. Since the damping effect have already been accounted for by this damping factors, it is assumed that the fitting coefficients for the anisotropy tensor can be taken as constants, differing with the formulation of the more commonly used turbulence model proposed by Craft, Launder and Suga (1996).

The datasets, against which the cubic model has been fitted consisted in a set of velocities fields obtained from experiments or from DNS studies for different turbulent flows and over different sections. The experimental data was taken from the open access ERCOFTAC database [START_REF] Casey | ERCOFTAC Special Interest Group on Quality and Trust in Industrial CFD-Best Practice Guidelines[END_REF]. This data base was complemented with some results from pyDNSMS as specified below. Initially, the model was fitted against a large number of cases trying to make it as general as possible. However, it was found that by performing this procedure the calibration did not provide good results simply because the tensor base was not able to capture a large diversity of flow conditions. Hence, a smaller specific set of cases was selected for fitting the model to conditions closer to the ones found in our applications. These cases are: These geometries has been selected since they are the ones that has been selected for the studies of molten salt flows in SWATH experiments. In addition, the numbers were selected so that they covered the range expected in the SWATH experiments.

 CASE A: 2D channel flow at = , (i) 
In order to fit the coefficients of the cubic model , a merit function needs to be defined. This is quite important since this function measures the accuracy in the fitting of the model. The quite general error function can then be defined as follows:

= ∑ ∑ ∑ - = = = (3-70)
where is the velocity of the data at some point for the Reynolds number in case and is the analogous velocity predicted with a simulation using the anisotropy model .

Furthermore, is a weight parameter for each case and Reynolds number. In the results presented in the present case all weights have been taken equal to one since it was found that only small differences in the global fitting error of function were obtained by reasonable changes in the sensitivity parameters. Using the error function, the coefficients can be fitted using a specific developed active set method technique (Appendix II.B).

The values obtained for the fitting coefficients using this model are presented in Table 3-3. Note that the values of are small since the curvature effects do not play an important role for most of the flows analyzed. Furthermore, is also quite small since the swirl effects are only significant for CASE C. Furthermore, the value is close to the parameter defining the mixing length in the boundary layer ( = . ), which indicates that the linear effects on the anisotropy are almost unchanged. Finally, the values of , and are significant, which indicates that the anisotropy played an important role in the set of flows selected.

Coefficient

Value 0.088 0.652 0.133 -0.542 0.021 0.057 This turbulence model obtained by using the coefficients of Table 3-3 will be referred for the rest of this manuscript as the Non-Linear Cubic Model (NLCM). This model is non-linear since the coefficients [ , … , ] are introduce the non-linear set of bases in the model [ , … , ] as shown in Table 3-2. The model performs quite good when applied for flows close to the one from which it was fitted. Defining the error in predicting the velocities according to equation , an average error of . % was obtained for all cases, with a maximum average error of . % for CASE C and a minimum of . % for CASE A. However, when trying to use this model for different confined flows or sensibly increasing the Reynolds number, the results obtained for the model deteriorate very rapidly. For example, this model produces errors of % for the backward facing step geometry analyzed in SWATH-W at = . This is not acceptable for our applications where it is expected to use these experiments to study phenomena that have small effects on the molten salt flows. The main cause of this problem is that a too large number of coefficients is being used and thus the extrapolation capabilities of this model are quite bad. In addition, if a lower number of coefficients was used, the average precision of the model will be deteriorated. In particular, using a purely quadratic model, improves the extrapolation capabilities, but generates an average error of . % for the backward facing step. Two possible routes can lead to a solution of this problem. In first place, a specific cubic model could have been fitted for each of the geometries of interest in SWATH. This is a completely valid solution and, since the extrapolability of the cubic model is not bad when increasing the turbulent number, it is expected that only one turbulent model will be necessary for the range in the section. However, this sort of approach does not help to understand the turbulent phenomena in the flows. Furthermore, the development of a calibrated the cubic model takes a lot of crafted solutions, which is difficult to generalize for the practical usage in experiments. For this reason, a different approach has been taken as discussed in the next section.

GEATFOAM: a data-driven tool for turbulent model closure

The Genetic Evolutionary Algorithms for Turbulence modelling tool (GEATFOAM) is an optimization tool that allows finding the optimal anisotropic coefficients for the RST at a given flow configuration. The calculated RST should lead to better prediction of the turbulent averaged quantities. This is a library developed in C++ during this thesis that can be compiled with the OpenFOAM libraries (Jasak et al., 2007). The library implements symbolic regression and gradient optimization techniques for constructing a mathematical expression for the RANS anisotropy tensor . Symbolic regression techniques are a subset of regression techniques, which allow to search in the space of mathematical expressions a model that best fit the data.

The goal of GEATFOAM is to optimize the set of basis and the fitting functions , … , , describing the RST . The GEATFOAM tool aims to solve two problems observed with non-linear eddy viscosity models. First, it aims to construct models that have a good extrapolability from the experiments used for the calibration. This is done by avoiding the usage of terms and coefficients that that provide only small improvements in precision, but causes problems when extrapolating the model. Therefore only the indispensable terms are used in the description of the anisotropy part of the RST. The second difficulty is that it was found that cubic models tend to create artificial vorticity in situations of unsymmetrical shear strain. This leads to a general bad description of confined flows in sudden expansions.

In particular, this will lead to inaccurate results for the core cavity of the MSFR and the backward facing step with a large expansion ratio analyzed in the SWATH-W chapter. It was concluded that the problem was caused by an excess of terms in the anisotropy model. Hence, the strategy used by GEATFOAM is also expected to be improved this point. Summarizing, GEATFOAM aims to find a good enough model for a calibration dataset, which is simple enough to have good extrapolation properties to other geometries and flows. The flow diagram of GEATFOAM is shown in Figure 3-7. The explanation of this cycle is outlined in the following paragraphs.

velocity fields and is a function of this metric. Furthermore, the second term in the right hand side is a Levesque correction [START_REF] Levesque | A class of fundamental units and some classes of Jacobi-Perron algorithms in pure cubic fields[END_REF]) that penalizes turbulent models as they increase their length ( ). This is because a bad extrapolation behavior to different turbulence number and similar geometries can be produced by too large terms for describing the RST in (3-71) (overfitting). The user of GEATFOAM can generically define the error metric and the function , as well as the penalty parameters and . Note that two penalty parameters are introduced in GEATFOAM so that when a turbulent model has a length > the tool immediately discards the model, since this model will just be a purely fitting artifice that present bad extrapolation capacities. Hence, if even small errors are obtained if the construction of the geometries, for example, the fitting models with a large number of coefficients will not generally be able to provide accurate results. Note that the definition of the error function will be done according to the desired output of the turbulence model. For example, if a turbulence model describing the pressure drop in a section is needed, then the error function will weight predominantly the velocities next to walls, whereas if a turbulent model describing the bulk mixing is needed, the weight will be given to the bulk values of the velocity. In a similar form the penalty parameters can be also defined according to the need. For example, if a very precise model is necessary for a specific flow condition, then → , whereas if a robust extrapolable model wants to be developed over a large dataset then the value of will be increased. Better results have been obtained with GEATFOAM when using quadratic error functions such as the Manhattan-like error functions [START_REF] Jain | Geometry of numbers and its applications[END_REF]. Once the error function has been defined, the set of constant coefficients in each turbulent model can be optimized by using regular optimization algorithms. Preconditioning the optimization matrix was found usually to be necessary during the optimization process.

Once the constant coefficients have been fitted, the error of each turbulent model is checked against an error acceptance criteria (developed in the following section). If the model are not satisfactory, a genetic like optimization process is performed for the models. This optimization consists in changing the order and combinations of bases and constants of the turbulent model. Initially, classical genetic algorithms were tried, but they presented the inconvenience that the turbulent models optimized for the flow changed slightly between different runs of the tool. Therefore, a new method has been developed called Prioritized Grammar Tensorial Regression (PGTR). This technique was inspired in a symbolic function optimization procedure recently developed by Worm Chiu (2013). For more details about this technique and the computational implementation of GEATFOAM please see Appendix II.B.

Application of the reviewed turbulence models and the GEATFOAM tool to a Backward Facing Step (BFS)

In this section, selected RANS and LES turbulence techniques that have been discussed in the previous sections are compared for the case of a flow in a Backward Facing Step (BFS). Furthermore, the DNS methodology developed in pyDNSMS is also tested in this channel. This exercise is used to illustrate the precision and the computational effort that can be expected from different turbulence models. Furthermore, it serves to illustrate the application of GEATFOAM for optimizing a turbulence models. The geometry and the main phenomena in this section are shown in Figure 345678. The flow enters through an inlet throat until a sudden expansion occurs in the geometry. After this sudden expansion, the boundary layer that is generated in the inlet throat detaches, producing a shear layer of high turbulence production downstream. After a short distance, this layer reattaches to the down part of the channel. In the inferior of the channel after the expansion, flow recirculation is produced as a product of the interaction of the detached shear layer with the fluid in this region. This results in a set of recirculation streamlines in the bottom part. The challenge of the Backward Facing Step (BFS) section is to accurately predict the extension of the shear layer and the phenomena associated to this one, and this is also the reason why this geometry has also been chosen to perform a SWATH experiment (See Chapter 6). The Reynolds number in the larger section of the BFS is fixed as ≈ by changing the viscosity of the fluid in the channel.S Chapter 3: thermal-hydraulics of molten salt coolants further refinements for each turbulence model studied in the section. This standard mesh converge procedure allows to obtain results which are approximately independent of the mesh employed. Hence, the results will depend only on the turbulence model used. As expected, the mesh in the region next to the sudden expansion was found to be key for the accurate description of the turbulence phenomena in the bulk region of the BFS. This is because of the tripping of the boundary layer occurs in this zone. In addition, the predictions in the tripping of the boundary layer were found to be very sensitive to the adopted wall functions. Therefore, since the goal is to make the results only dependent of the turbulence model used, an enhanced wall treatment procedure was implemented in the simulations. This means no wall-functions were implemented but a very refine mash with no approximations was employed instead. In this regard, the centers of the mesh cells along the walls of the BFS were adjusted, using a uniform inflation ratio boundary layer, to obtain a dimensionless wall distance ( + ) varying between 0.5 and 1.5 for these cells. The meshes were generated using the snappyHexMesh utility in OpenFOAM.

The following turbulence models were used to predict the flow in the Backward Facing Step (BFS):

 RANSstandard model (Launder and Sharma, 1974). All the first four RANS models were already implemented in OpenFOAM® v3.0 used for these simulations. However, the LES model and the RANS model optimized with GEATFOAM have been implemented in the OpenFOAM libraries. Due to the favorable characteristics of the OpenFOAM libraries, it was not very time consuming to implement these new models.


The comparison of the stream wise velocity over the vertical lines shown in Figure 3-8 obtained using these turbulence models are presented in Figure 345678910.

The results of these models are compared against the DNS simulation (named DNS data) obtained from pyDNSMS. These results are taken as the reference in the study. The general performance of themodel for the BFS is poor. This is because of the overestimation of and after the tripping of the boundary layer. Thereupon, themodel predicts an early development of the velocity profile past the BFS expansion. The results predicted by the k -ω model are, on the contrary, in much better agreement with the DNS data. This is because when calculating = / both over-predictions compensate remarkably well. The non-linear viscosity model has a good agreement with the DNS-data close to the middle-stream, but it performs badly next to the walls. This is because the closure coefficients of this model have been fitted using very different geometries that present a different wall behavior. Hence, the flow behavior near the wall is not solved with high accuracy. The RSS transport model shows good results in the region immediately after the detachment of the boundary layer. However, it underestimates the dissipation of the turbulent kinetic energy in the stream wise direction, causing an over diffusion of the shear layer and significant errors in the predicted velocities downstream. This is mainly because the model assumed for the turbulent dissipation in the RSS simulations do not perform accurately in regions with a large amount of swirl. Finally, the multi-gradient LES model shows an almost perfect agreement with the DNS-data. To compare more effectively the predictions in the turbulent models, an error function is defined. In the present case following the definition of the merit function , the error function is taken as the quadratic weighted average of the difference between the stream wise predicted velocity (

) and the DNS reference velocity ( ), taken for a set of points = , … , over each vertical line = , … , . In this manner the following estimator is obtained:

= ∑ ∑ - = = (3-73)
The weight in the present case is taken as = -, weighting the impact of the model errors in the bulk of the backward facing step more than the errors close to the walls. The errors obtained from tis procedure are presented in Table 3-4 together with the computational time for the simulation for each of selected turbulence model. It can be seen that the errors obtained for all the RANS turbulence models exceed the acceptance limit of %, with the exception of the NLCM whose calibration dataset included this BFS. Nevertheless, the error is still close to % and it has been found that the results deteriorate when increasing the Reynolds number. Furthermore, for the LES study the agreement is very good with the simulations but unfortunately the computational cost generates prohibitively expensive computational times. The GEATFOAM tool was then applied in this case to fit a turbulent model in the BFS geometry that is able to perform with the desired accuracy at a reduced computational cost. For doing so, themodel is taken as reference LEVM and the anisotropy is optimized taken the error function defined by equation . Therefore the error function in is taken as the mean square difference defined in equation and the penalty function parameters are taken as = . and = . These penalty parameters were defined after some trial and error iterations. The final anisotropy model constructed with GEATFOAM is for this case:

Model

= . + ( . + ) . + .

-.

(3-74)

Note that the coefficients of the optimized model are close to the ones of the NLCM (Table 3-3), with the exception that the factor . + / ≈ + / pre-multiply the anisotropy second order terms. The term / is the norm of the rate of rotation tensor normalized with the norm of the strain rate of the velocity. Hence, this term can be thought of as a projection factor modulating the projection of the second order terms into the anisotropy according to the rotation rate. This term is close to one in most of the flow, but it is larger than one close to the walls. This allows dumping the effect of the second order description of the anisotropy near the walls, which was observe to produce inaccurate results in the NLCM. Furthermore, note that the third order terms are not present in the optimized model. This is logical since they do not contribute much to the description of the flow field (3D effects in this flow are not very important since the -direction is assumed to be infinite)but worsen the extrapolation capacities of the model.

The optimized model is referred to in the present section as non-linearmodel, since it is an optimized non-linear correction for themodel. The results obtained for the stream wise velocities over the vertical lines are shown in Figure 3-11. A very good agreement is observed between the optimized turbulent model and the DNS simulations, especially in the wall regions which exhibit a problem when using the NLCM. However, a small over prediction in the stream wise velocity is found due to the action of the damping term in the bulk of the fluid that slightly decreases the values of the quadratic terms in this region. Nevertheless, the global error for the optimized model is much lower that the other models (with the exception of the LES) such as = . % and the computational time is of , which is reasonable and satisfy the required error criteria. 

Thermal-hydraulic modeling of a turbulent molten-salt flow

In the previous section, a purely hydrodynamic description of the turbulence models has been presented. The analysis did not address the convective heat transfer for simplicity. Nevertheless, modeling thermal exchanges in the turbulent flow is a critical task in most coolant flows used in industrial applications such as in the fuel circuit of a Molten Salt Reactors (MSRs). Hence, in this section the modeling of the convective heat transfer in turbulent flows is discussed. The techniques applied for modeling the turbulence field are the same that the ones addressed in the previous section Direct Numerical Simulations (DNS), Large Eddy Simulations (LES) and Reynolds Average Navier Stokes (RANS). The section is focused in the main differences that is the modeling of the turbulence heat flux vector.

Modeling the heat exchange process in Direct Numerical Simulations

As in the previous case, no approximations are introduced for the DNS of the heat exchange process. The solution consists in the direct coupled solution solution of the energy conservation equation (3)(4)(5)(6)(7)(8)(9)(10)(11)(12)(13)(14) along with the equations for conservation of linear momentum (3-13) and continuity (3)(4)(5)(6)(7)(8)(9)(10)(11)(12). The same numerical and parallelization techniques that for the hydraulic solution are applied.

Modeling the heat exchange process in Large Eddy Simulations

As in the hydraulic simulations, a model is introduced for the turbulent heat flux in the LES. The model introduced for the turbulence heat flux vector is usually called Sub-Grid Scale (SGS) heat flux, i.e.

. After the filtering process, this heat flux vector can be defined by:

= = [ • -• ] = [ • ′ ′ ] (3-75)
As observed from this definition, the turbulent heat flux is proportional to the coupled fluctuations of the velocity and the temperature. In a turbulent flow, the production of turbulent stresses due to the couple temperature fluctuations are proportional to the gradient of the mean velocity vector, i.e. = ′ ′ ∝ [START_REF] Pope | Turbulent flows[END_REF]. In a similar form, the mean production of temperature variance in the fluid should be proportional to the mean temperature gradient ′ ′ ∝ . This statement is simply noting the fact that the variations of the temperature at a point in a turbulent flow over time have to be produced by the advective transport of the temperature in its surroundings. Hence, the larger the differences in the temperature in the surrondings of the point, the larger the fluctuations observed in the temperature due to the advective turbulent transport in time. At the same time, the larger the temperature difference between a point and its surrounding, the larger the temperature gradients should be. By taking the average of this process using a LES filter, the mean fluctuations observed in the temperature field due to turbulent transport should be proportional to the mean temperature gradient. This fact is captured by the heat transfer the Smagorinsky-Lilly model, in which the SGS turbulent heat flux is expressed by the following equation [START_REF] Cziesla | Large-eddy simulation of flow and heat transfer in an impinging slot jet[END_REF]):

= (3-76)
where is the Sub-Grid Scale (SGS) Prandtl number, is the specific heat at constant pressure and is the turbulent viscosity defined in equation . This number is the momentum diffusion rate generated by the turbulent eddies divided by the thermal diffusion rate generated by these ones. Physically, this can be interpreted at the rhythm in which the turbulent eddies transport the velocity fluctuations divided by the rhythm at which they transport the temperature fluctuations. Different values for this number can be found in the literature . , (Sagaut et al., 2013), with the effective Prandtl number changing between the walls ( ≈ ) and the bulk of the fluid ( ≈ . ). Hence, in general, the turbulent transport of momentum is more effective than the transport of thermal energy. In addition, the ratio between these effectiveness, which is the number, changes over different regions of the flow. For instance, the dynamic viscosity in the Smagorinsky-Lilly model, shown in equation , should capture this dynamic behavior partially. This is because this viscosity allows damping the turbulence next to the walls. Once the turbulent is damped the non-linear effects in turbulent transport should disappear due to the small fluctuation velocities introduced by the damping. Hence, the rate of advetive transport of momentum and thermal energy should become equal for the linear process (Sagaut et al., 2013) obtaining ≈ as observed in the walls. Furthermore, since turbulent heat transfer dominates the heat exchange process for the geometries analyzed in the SWATH experiments and in most conditions of the MSFR, it is key having and accurate value for . The implementation of the model (3-76) available in OpenFOAM® has been used in the present work.

For the second LES model analyzed in the present work, the multiple gradient model a similar conceptual analysis that the Smagorinsky-Lilly model can be applied. In this one, it has been noticed that the turbulent heat fluxes should be proportional to the temperature gradients ′ ′ ∝ . As it was done with the turbulent stresses, the multiple-gradient model tries to go further and to be also able to capture the directionality of the turbulent heat flux. For doing so, the proportionality between the turbulent fluctuations and the velocity gradient is used. Hence, in this model it is assumed that the mean coupled velocity-temperature fluctuations generating the turbulent heat flux can be described by the projection of the temperature gradients over the velocity gradients, i.e. ′ ′ ∝ • . These last ones allows to give the directionality to the transported turbulent heat flux. A similar reasoning was originally performed by Lu and Porté-Agel (2013). In their paper they defined the turbulent heat flux as: Chapter 3: thermal-hydraulics of molten salt coolants

= | | ( | | ) (3-77)
where is the gradient heat flux vector defined as =

• • • , | | is the
Euclidean norm of this vector and | | is the norm of the heat flux. Note that the directionality of the flow in this model is assumed as the projection of the mean temperature gradients (difference in the temperature field that will be transported by the flow velocity) over the velocity gradients (directionality of the fluctuations in the flow). Furthermore, this model can be simply understood as a decomposition of the turbulent heat flux in its norm and a direction. The norm of the turbulent heat flux should be proportional to the SGS velocity (

) and temperature ( ) causing the transport of the turbulent flow. The simplest possible model by dimensional analysis is | | = . As is customary in turbulent flow modeling, the SGS velocity is defined via the SGS turbulent kinetic energy as = √ . The SGS temperature can be determined by assuming a local equilibrium between the temperature variance production and dissipation, so that the spatial and spectral distribution of the temperature fluctuations is steady in the statistical sense. Assuming the forms for the production and dissipation in the SGS developed by Da Silva and colleagues (2008), the SGS transported temperature can be put as

= | | • . In
this expression is a function, introduced for avoiding a non-physical production of temperature variance = • , and is a fitting constant. Introducing these definitions in expression (3-77) and grouping the constants, the final form proposed for the turbulent heat flux is

= ( | | • ) ( | | • ) ( | | ) (3-78)
where is a fitting constant relating the transport of temperature and momentum in the eddies. Note the similarity with form the Smagorinsky-Lilly model. This model was implemented in OpenFOAM® during this PhD. Given the great flexibility offered by the OpenFOAM libraries, the process was not very time consuming.

Modeling the heat exchange process in Reynolds Average Navier Stokes simulations

As in the hydraulic modeling, a model have to be introduced in the RANS simulations for the turbulent heat flux vector. This turbulent heat flux vector in the RANS approach can be defined by

= = [ ̅ • ̅ -• ̅̅̅̅ ] (3-79)
Note that a similar reasoning to the LES modeling applies in the RANS model, in the sense that the coupled mean velocity-temperature fluctuations should be proportional to the mean temperature gradient, i.e. ′ ′ ̅̅̅̅̅̅ ∝ ̅ . Hence, this turbulent heat fluxes can be modeled in a similar form that the Smaforinsky-Lilly LES model (Menter et al., 2003). Hence, the RANS turbulent heat flux is defined in the following form:

= ̅ (3-80)
Where is the turbulent Prandtl number in the RANS models, which is a parameter relating the turbulent transport of the momentum with respect to the one of thermal energy (note the similarity with the number from the LES models). This is the definition adopted in the present work for the classical RANS turbulence models (familly,familly,familly, etc.). The implementation of this models available in OpenFOAM® has been used in the present work.

However, for the non-linear RANS models developed, it would be desirable that the description used for modeling the anisotropy of shear stresses can be also used for describing the effects of this anisotropy in the turbulent heat flux. Hence, in the present work the idea is that ,defined in equation , can be regarded as a tensor containing the information about the anisotropy distribution in the turbulent flow. Hence, a similar procedure to the one performed when derived the multiple-gradient LES models can be applied. In this sense, the directionality of the heat flux can be described by projecting the mean temperature gradient over the anisotropic directions described by the anisotropic tensor. Thus, the turbulent heat flux can then be defined in the following way:

= ̃ | | • ̅ (3-81)
Note that the turbulent Prandtl number have been redefined as ̃ . This is because the original definition of (turbulent momentum diffusivity over thermal energy momentum diffusivity) is not exactly maintained under this definition due to directionality effects introduced by the anisotropy.

Comparison between DNS, LES and RANS for a pipe flow

The objective of the present section is to provide a test case for understanding how accurate the different turbulence models proposed are able to deal with heat transfer processes. For this purpose, the accuracies of the proposed methods in predicting the turbulent heat flux are compared for the case of a flow inside a circular heated pipe. However, one of the main problems is that the Sub-Grid Scale (SGS) Prandtl number (

) and the RANS Prandtl number ( ) are not known for the molten salt flows. Furthermore, in order to make the LES and RANS turbulent heat transfer models extrapolable to other molten salt flows over different geometries, only constant turbulent Prandtl numbers could be used in the present applications.

Hence, the work performed in the present section has been divided in three steps: STEP 1) Constriction of a data set for calibration: A reference data set is constructed by performing Direct Numerical Simulations (DNS) with pyDNSMS, while changing the inlet velocity and the inlet temperature in the pipe (as shown in Figure 3456789101112).

STEP 2) Computation of the average Prandtl numbers for the low fidelity (RANS/LES) models:

The results obtained for turbulent heat flux in these calculations are projected over each of the LES and RANS turbulent heat transfer models. This allows calculating an average turbulent Prandtl number for the simulations performed.

STEP 3) Comparison of the predictions of the low fidelity (RANS/LES) models against the original data:

The results for the Nusselt number in the wall of the pipe predicted with the RANS and LES models using an average turbulent Prandtl number Prandtl number are compared against the results of step 1.

STEP 1:

Note that the ideal data set in step 1 will be the results obtained for the heat transfer measurements in the SWATH experiments. However, since these ones are not yet available, a set of DNS studies using pyDNSMS are used instead. These studies consist in performing a set of simulations for a fully turbulent molten eutectic FLiNaK (mixture Lithium Fluoride, Sodium Fluoride and Potassium Fluoride in eutectic composition) flow in a pipe that is heat in its wall. The geometry, boundary conditions and an example of the turbulent velocity field are shown in Figure 3-3. The set of 40 simulations has been performed by variating the pipe diameter between , and the axial velocity in the range . , . / . Chapter 3: thermal-hydraulics of molten salt coolants difference of . -. % in a temperature range of , above the melting temperature of FLiNaK. Note, however, that more realistic values for the fitted coefficients are expected to be obtained once the experimental results of SWATH-S are further analyzed.

STEP 3 for LES models:

In the present step, the Nusselt number at the pipe's wall obtained with the LES Smagorinsky-Lilly and Multiple-Gradient models using the constant SGS Prandtl number calculated in the previous step are compared with the results obtained by DNS calculations. The comparison is performed over the Reynolds numbers range used in the DNS simulations A good agreement is observed between the DNS calculations and the experimental measurements. The small differences observed should be a product of the variation of the viscosity of the salt in the experiment since large temperature differences are needed for reducing the influence of the errors in the measurements of the instrumentation. Furthermore, a good agreement is observed in general between both LES models and the DNS at low Reynolds numbers, but the agreement deteriorates for larger Reynolds numbers. This is because, when using the mean coefficients for fitting the heat fluxes, the turbulent heat at the wall is over predicted. This increases the Nusselt number with respect to the real one. Furthermore, the overestimation becomes progressively worse at higher Reynolds numbers, since the wall layer compresses against the wall, leading to a decrease in the ratio between turbulent heat transfer at the wall and the one in the bulk of the flow. This effect is not captured by using constant fitting coefficients. Moreover, as expected, the results of the multiple gradient ( . % of average error over the whole range) model are better than the ones of the Smagorinsky-Lilly model ( . % of average error over the whole range). This is simply because the former one captures the directionality of the heat flux better. Note finally that the results could have been largely improved by using a functional fitting for and . However, this risk making the model less extrapolable, this is only applicable to the pipe flow. As a conclusion of this analysis, the agreement between the DNS, both LES models and the experimental correlation is very good for this case. Hence, LES models have been used for accurately design the SWATH experiments. 

Radiation heat transfer phenomena in molten salts

Molten salts are semi-transparent media for the thermal radiation spectrum emitted at the temperatures considered in MSRs. At the temperatures envisioned in the SWATH experiments and during routine operation the MSRs, simple integral balances calculations yield that the total heat transfer by thermal radiation is between . -% of the total heat transfer. It may seems fair to state that radiative heat transfer comes to a second order in the molten salt flow and the development of a precise turbulent model is not key for the study of the MSRs in routine operation conditions or the SWATH experiments. However, one has to considers that when the reactor analysis has to deal with accidental conditions in which the molten salt temperature rises well above the normal operating conditions, radiative heat transfer in the salt will become more important especially in flow regions where convective heat transfer is not efficient. Another interesting phenomena, that appears in a semi-transparent participating medium such as a molten salt, is the interaction of the thermal radiation transport with the eddies in fluid flow (Turbulence Radiation Interaction -TRI-) (Coelho, 2012). TRI can be classified according to two main phenomena, namely: (1) a fluctuating radiative field due to the fluctuation in the temperatures and (2) modification of the turbulent eddies due to radiative transfer. The effect of the fluctuating turbulence field comes to second order given the low impact of radiation heat transfer in the global heat transfer process. However, the modification of the turbulent fields due to radiative heat transfer is a topic that deserves further attention. The present section aims therefore to study the heat transfer by thermal radiation in a salt and to asses for the effect of the modification of the turbulent fields due to radiative heat transfer.

Thermal radiation heat transfer in a molten salt flow

The objective of the present section is to describe the radiative heat transfer modeling techniques developed for molten salts. Some of the key ideas are developed here, but the reader is referred to Appendix II.C for the detailed derivations. The phenomena of radiative heat transfer can be described using the electromagnetic waves theory, modeled by the Maxwell's equations, or by considering the thermal radiative energy to be composed by quantum particles called photons that are transported by a deterministic process. This second approach is taken for the explanations in the present section since it is believed to be more intuitive.

In order to solve the radiative heat transfer problem in a domain, the transport equation for the photons interacting in this domain have to be solved. The transport equation for radiative heat transfer is a mathematical model that describes the behavior of photons being emitted, absorbed and scattered in a medium. In order to characterize the distribution of photons in a medium, different variables are needed. These variables are the position in which the distribution is being measured (indicated by the position vector ), the direction of flight of the photons at that position (characterized by the azimuthal --and zenith-angles, determining the solid angle vector ), the wavelength of the photons being measured ( ) and time ( ).

From the thermal-hydraulics point of view, the heat transferred by thermal radiation can be considered as a source term in the energy conservation equation (3)(4)(5)(6)(7)(8)(9)(10)(11)(12)(13)(14), i.e.

= -•

, where is the radiative heat source and is the radiative heat flux. This heat source can compute in the following form:

= ∫ , [ , , - , ] ∞ (3-82)
Where , , is the spectral radiation flux (rate of photons traversing a unit surface at position , with a wavelength and a time ), , is the Planck's law which describes the spectral rate of electromagnetic energy emitted as a function of temperature and , is the spectral absorption Chapter 3: thermal-hydraulics of molten salt coolants 2015-), then it can be assumed that thermal radiation absorption in the fuel salt of the MSFR is also dominated by the absorptions in LiF. Hence, using a hard sphere models for the fuel salt, which in general have been produce to show accurate results in molten salts (DiGuilio & Teja, 1992), the absorption coefficients for the reference fuel salt in the MSFR ((Merle-Lucotte, 2013)) can be estimated by the leaver rule as follows:

, - , = , - , , , ≈ , , (3-83) 
where

, - = .
is the molar fraction of LiF in eutectic FLiNaK and

, - = .
the one in the fuel salt. Note that the present approximation can be improved by performing accurate ab-initio calculations of absorption coefficients for the fuel salt in the MSFR. However, its accuracy should be enough for level of precision (~ %) handled in the heat transfer calcualtions. For solving the transport of the spectral radiation flux in arbitrarily complex geometries, it is convenient to define this flux in terms of the specific spectral radiation intensity , , , as following:

, , = ∫ , ′, , ′ (3-84) 
By assuming isotropic radiation sources and negligible scattering (see Appendix II.C.1 for details on these approximations for molten salts), a transport equation for the spectral radiation intensity can be derived as following [START_REF] Howell | Thermal radiation heat transfer[END_REF]:

c , , , + • , , = - , , , , , + , , , (3-85) 
where c is the speed of light in the medium (speed of flight of the photons).Note that the similarity between this equation and the neutron transport equation presented in Chapter 2. Furthermore, note that the length scales and time scales in the temperature fields SWATH experiment or the MSFR are in the order of ℓ~ .and ~ . Hence, the changes observed due to the flight migration of the photons produces gradients in the order of / ~ -/ , whereas the gradients in the domain are in the order of ~ . -/ . Hence, the first term in the LHS of equation (3-85) can be neglected in the present applications. Physically, this means that since the flight times of the photons over the domain are so much smaller than the time scales for the rate of change of other fields in the domain (for example the temperature) the photon population can be regarded as steady state from the point of view of these last ones. Doing this approximation, equation (3-85) can be re-written as:

• , , = - , , , , , + , , , (3-86) 
This equation states that the rate of change in the photons flying in the direction determined by in the phase space ( , , , ); should be equal to the photons emitted due to the temperature of the medium minus the photons absorbed in this phase space. As was done with the neutron transport equation for the multigroup energy approximation, in this case equation (3-86) can be solved for the three bands presented in Figure 3-18. This allow defining a set of three multi-wavelength radiative transfer equations as follows:

• , = - , , , , + , (3-87) 
where is the spectral radiation intensity for wavelength group , is the absorption coefficient for wavelength group , where is each of the bands presented in Figure 3-18, and = , -is the portion of the radiative source power emitted within the wavelength range of group . In order to solve equation (3-87), a discretization technique needs to be introduced for the angular and spatial dependencies.

Note that similar techniques to the ones introduced for solving the neutron transport equations can be introduced. In fact, the spatial discretization process was performed with second order finite volume methods using the OpenFOAM® (Jasak, 2007) libraries, similarly to the neutron transport equations. However, for the angular direction have to be specifically evaluated for the radiation transport problems.

To understand the reasons let us suppose the following example. A molten eutectic FLiNaK flow, at the eutectic melting temperature = , is generated between two parallel plates, separated , that are at a different temperature. This type of configuration could be obtained in any of the SWATH experiments analyzed. In these conditions, an effective thermal radiation heat transfer will be produced from the hotter plate to the colder one. However, as thermal radiation is emitted from the hotter plate, it will be absorbed by the semi-transparent FLiNaK flow. For the three bands defined in Figure 3-18, . % of the emitted radiation will be absorbed for the band with the highest absorption coefficient, . % for the middle one and . % for the lowest one. Hence, in this case, three very different participative phenomena is observed for the three bands. This, in turn, conditions the methods that can be used for the resolution of the radiative transport equations for each of these bands. These methods are described in the flowing section.

Low absorption band:

For instance, for the band with the lowest absorption coefficient, the mechanism dominating the radiative transport process is the streaming of thermal radiation. Hence, the main problem of using the angular discretization techniques developed for neutron transport equation ( , , diffusion, Lattice Boltzmann method, etc.) is that they approximated in modeling the streaming term. Hence, important errors can be introduced by these transport methods in modeling the radiative fields (principally due to the artificial diffusion in the specific radiation intensity). For example, the errors observed with the methodology in modeling the radiative field with respect to more precise methodologies (described in the following sentences) ranges from ~ % for simple geometries like the parallel plates one analyzed to ~ % for more complex geometries involving a high degree of anisotropy. For this reason, the more precise surface-to-

High absorption band:

For the band with the highest absorption coefficients, the angular discretization techniques developed for neutron transport equation ( , , diffusion, Lattice Boltzmann method, etc.) will yield accurate results. Nevertheless, using this transport method is considered a waste of computational resources since almost all the thermal radiation will be absorbed close to the hot wall and there is not a need to solve the computationally expensive radiation transport problem for the entire domain. Then, since the paths of the photons for this band is much smaller than the dimensions of the domain and the computational cells used (Mihalas & Mihalas, 2013), the effects of thermal radiation transport can be approximated as an effective thermal conduction. This approximation is known as the equilibrium-diffusion limit and has been derivate on strong mathematical basis in the work of Ferguson et al. (2017). This approximation allows modifying the energy conservation law (3)(4)(5)(6)(7)(8)(9)(10)(11)(12)(13)(14) as follows:

+ • + , = • [ + , ] -• , + (3-89)
where , is the absorption coefficient for the highest wavelength band, is the refractive index of the salt, is the Stefan-Boltzmann and , is now the radiative heat transfer for the low and middle range absorption bands. Note that this equation simply states that because the thermal radiation is almost immediately absorbed in the high absorption band, then the net effect of radiative transport can be expressed as a thermal conductivity between the computational cell, plus the advective transport of the radiative emission source produced by the motion of the molten salt. When compared to more precise transport models. This approximation was observed to produce an average error of ~ . % for the FLiNaK flow between parallel plates and a similar error for the case of the MSFR. This method has been implemented in the present work as an external class in OpenFOAM®.

Semi-transparent band:

For the semitransparent band, no specific approximation methods are employed and the transport equations are solved with the angular discretization techniques developed for neutron transport equation. In particular, the thermal radiation transport in this band has been solved with the spherical harmonics model proposed by Ge and colleagues (2015), which have been already implemented in the OpenFOAM® libraries. Once the radiation intensity of this band ( , , , ) have been computed according to equation it can be integrated over the angular direction, according to equation , to obtain the radiation flux for this band ( , , , ) and the radiative power heat source can be computed as follows:

= , [ , , - ∫ , ] (3-90) 
where , is the absorption coefficient for the semi-transparent band and [ , ] are the wavelength limits defined for the semi-transparent band. The non-linear eddy viscosity models have been identified as adequate candidates to provide accurate solutions for the turbulent fields in the SWATH experiments and the MSFR at reasonable computational cost. Furthermore, the GEATFOAM tool has been developed to create automatically new non-linear eddy viscosity models that fit a certain error criteria. Nevertheless, the question still remains on what is a reasonable error criteria to demand for when fitting the turbulence models. Addressing this questions is the objective of the present section.

Turbulence (thermal)-radiation interaction in a molten salt flow

As seen the previous sections, having an extremely precise turbulent model at a reasonable computational cost is not possible with the current state of the art. Nevertheless, the non-linear eddy viscosity models are able to provide turbulence models with reasonable precision and with relatively low computational cost. Hence, the objective is to have a turbulent model for the molten salt flows whose accuracy is good enough for not allowing turbulent uncertainties to occlude the physical mechanisms that wants to be studied. In the case of the SWATH experiments this means that the uncertainty introduced by the turbulent model needs to be smaller (ideally much smaller) than the hydraulic and heat exchange effects studied in the SWATH experiments, e.g. changes in the heat exchange coefficients due to temperature, effects of solidification, etc. In case of MSRs, this means that the turbulent uncertainties when modeling the thermal-hydraulic behavior of the molten fuel salt have to be smaller (ideally much smaller) than the uncertainties of other parameters playing a role in the conception of the reactor or in the safety studies (uncertainties in the cross sections, in their variation with density and temperature, etc.). The two cases are analyzed in detail in the following lines sub-section.

Fixing an error criteria for the heat transfer models SWATH experiment

For the case of SWATH experiment, the variations in the heat exchange coefficients, thermal radiation heat transfer or solidification, will produce changes in the global heat transfer process of about -% as observed in the present studies. Therefore, the maximum tolerable modeling error demanded for the turbulence models is of 5%. This error is reasonable considering the precision that can be achieve with non-linear eddy viscosity models.

Fixing an error criteria for the heat transfer models in the MSFR

For the case of MSRs, changing the turbulent model will mainly affect the heat exchanges at the walls, the mixing of the fuel salt in the core cavity and the pressure drops. These one will in turn will affect the velocity and the temperature fields. The variations of temperature and velocity will cause variations in the reactivity ( ) and effective delayed neutron fraction (

). The effect of the turbulence model in the velocity and temperature field, as well as in the effective parameters, needs to be understood in order to fix the error criterion demanded from the turbulence models. For this purpose, the routine operation conditions of the MSFR have been studied by means of a complete set of coupled neutronic thermalhydraulic equations. Then, a sensitivity study on the turbulence model was performed by changing the turbulence models used in the simulations.

As shown in Figure 3-23, for solving the fields during the routine operation in the MSFR the neutronic fields (neutron flux and precursors concentration) have to be solved coupled to the thermal hydraulic fields (velocity, temperature, pressure and radiative heat transfer). For the neutronic field, the six groups equations (2)(3)(4)(5)(6)(7)(8)(9)(10)(11)(12)(13)(14)(15)(16)(17)(18)(19)(20)(21) are solved for the neutron flux criticality problem (taking the neutron incident cross sections as reported in JEFF-3.3 -Kellett & Bersillon, 2017-) along with the transport equations neutron precursors families (2)(3)(4)(5)(6)(7). Eight delayed neutron precursors families are considered in this case with

Section Summary

Context:

 Turbulence is an extremely widely studied phenomenon and different models and methods have been developed for dealing with turbulent flows.  High accuracy turbulence modeling has generally played a secondary role in the nuclear industry since the uncertainties involved for classical turbulence models are generally smaller than others existing in nuclear reactors.  For the liquid fuel Molten Salt Reactors, the impact of accurately modeling the turbulence phenomena in the liquid nuclear fuel is much higher considering the multiphysics coupling existing in the liquid nuclear fuel.  For the SWATH experiments, dealing with molten salt flows, it is also important to have turbulent models that introduced uncertainties smaller than the ones of the experiments.

 The turbulence models currently available in the literature either do not provide the required precision or are too computationally demanding to be used for routine studies.

 Molten salts are edge absorbers for thermal radiation (they start to absorb thermal radiation significantly at high wavelengths).

 During a heat exchange process, there will be an active interaction between the thermal radiation transport and fluid flow. 

Research questions:

 What are the limitations of the state of the art turbulence models when evaluating its application to the SWATH experiments and Molten Salt Reactors?  How much is a sensible error requirement when applying turbulence models to the SWATH experiments and in Molten Salt Reactors?  Can accurate data-driven turbulence models be developed by means of genetic programming techniques?

 How do different existing turbulence models compare in a classical Backward Facing Step section? Can these results be improved with GEATFOAM?

 How can the thermal radiaiotn transfer in molten salts be approached?  What are the consequences of the interaction of turbulence and thermal radiation in a molten salt flow?

Key findings:

 LES and DNS techniques can produce highly accurate results but, because of the computational cost, this sort of simulations are limited to simple geometries at low Reynolds numbers.  Classical RANS turbulence models presents can be much less demanding from the computational point of view, but the errors introduced are too high for the present applications  An uncertainty of % in predicting the turbulence field is enough for the SWATH experiments and for the Molten Salt Fast Reactors (higher accuracies will evidently be welcomed).  The RANS Non-linear eddy viscosity models (NLEVM) should be a good compromise solution between computational resources and modelling accuracy, but the fitting generate extrapolability problems in the model.

 The GEATFOAM approach seems to be efficient for developing RANS-NLEVM turbulence models with better extrapolability properties.

 The thermal radiation transfer in the molten salt coolant analyzed for the SWATH experiments (eutectic FLiNaK) can be approximated by a model with three absorption bands.

 Specific numerical models have to be developed for dealing with the radiation transport within these bands.

 Thermal radiation transfers reduce the temperature variance in a turbulent molten salt flow reducing the convective heat transfer (and also the global heat transfer if the medium is sufficiently thick).

Chapter 4: Solidification and melting modeling in salts 4.1. Introduction

The solidification temperature of a molten fuel salt used in a Molten Salt Reactors are relatively high with respect to other coolants used in nuclear industry [START_REF] Breidenbach | Thermal Energy Storage in Molten Salts: Overview of Novel Concepts and the DLR Test Facility (TESIS)[END_REF]. For instance, the fuel salt LiF-ThF4-( 233 UF4-233 UF3) ( . --. %) which has been proposed as fuel salt in the MSFR has a solidification temperature of . As for other coolants having a high melting point, unwanted fuel salt solidification cannot be excluded during some incidental and accidental conditions. On the other hand, the salt solidification/melting processes can be used in the MSRs as a physical mechanism to develop novel passive safety systems aimed to help managing the molten salt fuel during accidents. An example of such devices are the cold plugs (made of a solidified salt) used in the MSFR fuel draining system and placed at the bottom of the fuel circuit. For example, in the event of a station blackout and to avoid the fuel temperature to rise beyond an acceptable limit, these cold plug devices are designed to melt and thus allowing for the passive draining of fuel salt into the draining tanks where the fuel can be cooled and kept subcritical (Rubiolo et al., 2017;Tano et al., 2018). Furthermore, the use of a thin solid layer of solidified salt on the reactor walls has also been proposed during the MSBR development as a protective layer against corrosion. This technology was probably not realistic at the time but modern Model Predictive Control (MPC) might make them practical in the future. Other applications of solidification/melting mechanisms include purification of the fuel molten salt and reactor control by use of solid ingots in the fuel circuit. The development of these systems opens many novels avenues for improving the reactor design. It might also provide important advantages to the MSRs over other Generation IV reactors. However, the development of these systems depends on the capacity to understand and model precisely the phase change process.

The problem of solidification and melting in materials such as metallic alloys, ceramics and glasses has been addressed extensively due to its industrial applications. One can name material processing methods such as casting [START_REF] Stefanescu | Science and engineering of casting solidification[END_REF], welding [START_REF] Tan | Multi-scale modeling of solidification and microstructure development in laser keyhole welding process for austenitic stainless steel[END_REF] and laser additive manufacturing [START_REF] Nie | Numerical modeling of microstructure evolution during laser additive manufacturing of a nickel-based superalloy[END_REF], to mention just a few. In the nuclear industry, phase change processes involving the reactor's corium evolution during severe accidents (corium is formed from melted fuel assemblies and other core components during the severe accident) have been addressed thoroughly for PWR [START_REF] Fichot | Multi-dimensional approaches in severe accident modelling and analyses[END_REF] and BWRs [START_REF] Yamashita | Development of Numerical Simulation Method for Relocation Behavior of Molten Debris in Nuclear Reactors: 1-Preliminary Analysis of Relocation of Molten Debris to Lower Plenum[END_REF]. However, the usage of molten salts coolants have been only recently been revisited as heat carrying media for nuclear reactors (Merle-Lucotte et al., 2011) [START_REF] Brun | Molten salts and nuclear energy production[END_REF], solar concentration (Ignacio Ortega, 2008) and energy storage (da Cunha & Eames, 2016) applications. Therefore, while significant knowledge exist on the numerical modeling of the change of phase process in metallic alloys, there is little information available for molten salts. The significant differences between the thermodynamics properties of molten salts and metal alloys and the importance of solification/melting phenomena for MSRs design and safety studies allow one to draw two important conclusions. First, a large research gap is present in solidification and melting models adapted to salts [START_REF] Janz | Molten Salts Handbook[END_REF]. Second, the development of suitable models for solidification of molten salt is a key milestone for the development of a multi-physics model for this reactor. The work presented in this chapter should be considered as a first step towards this goal. Further work is still required on both the modeling area and the technology development aspects. The present chapter focus in solidification models, but the models and results obtained can be applied directly to melting problems. The chapter begins with a general discussion on the solidification phenomena in ternary system, such as the FLiNaK system utilized in the SWATH experiments. Afterwards, the implemented multiscale coupling strategy is described. Firstly a macro-scale model is introduced. This model is developed from the classical enthalpy adapted to the case of molten salts. Then a meso-scale model is introduced. This model has been developed to predict the phase Lagrangian Eulerian (ALE) approach is used [START_REF] Donea | Arbitrary Lagrangian-Eulerian methods, Encyclopedia of computational mechanics[END_REF]. In this approach, the solid phase is described in a Lagrangian reference frame, avoiding the integration errors caused by describing the solid in a fixed Eulerian reference frame. In addition, the fluid is described in a quasi-Eulerian reference frame, avoiding the excessively large distortions in the fluid mesh caused by Lagrangian approaches. This method is approximately Eulerian because the computational mesh in the fluid is deformed in order to compensate for the shrinkage produced by the development of the solid phase, but the velocity of this deformation is much smaller than the flow velocity, allowing to describe the flow by Eulerian conservation laws. Furthermore, the diffuse solid-liquid interface is modeled as a liquid in a porous medium of variable permeability. Furthermore, a phase field model is used for tracking the solid-liquid fraction. A problem detected in some of the work published in the literature is the artificial production of large numerical errors due to unphysical hypothesis (thermodynamically inconsistent models). Hence, in the present work a novel approach is proposed for obtaining the heat and mass fluxes, the stresses, the volumetric heat sources and the phase evolution in a thermodynamically consistent way for the coupled system. The modeling hypothesis/approximations of this approach that are introduced for the liquid phase, the solid phase and the solid-liquid interface in order to close the system are discussed in this chapter. In particular, a quasiincompressible model has been developed for the liquid phase. Furthermore, a thermal-elastic-plastic model has been developed for the solid phase that allows for a detailed description of the stresses, plastic deformation flow and conduction heat fluxes in the anisotropic solid structure. Finally, the relevant porous medium terms in the diffuse interface are obtained by a volume averaging technique and a precise study is developed for computing the pressure drop in the porous interface.

The mesoscale model in this work has been developed on similar basis that the macroscale model. A simplified model for the conservation laws in an Eulerian system has been coupled to a description of the energy involved in the liquid phase and the segregated phases in the solid (LiF, NaF, KF). Then, the energy and mass fluxes, the stresses and the equations of evolution for each of the phases are derived following a thermodynamically consistent procedure similar to the one applied in the macroscale model. Using these results and introducing some convenient modeling features (for example modeling the chemical potential of the components instead of its concentration), a closed system of equations is obtained that is able to model the fluid flow and the phase segregation during a solidification process. Solving this system accurately for the segregation and growth of a small number of segregated phases is however very computational demanding. For example, a mesh of at least × cells was necessary in the plane perpendicular to the solid growth, with at least cells in the direction of growth for computing accurately ~segregated phases. Therefore, an efficient numerical implementation has been developed in which the growth direction is solved by a high order finite volume method while the perpendicular directions are assumed to be periodic and numerically solved in the spectral space. In the present work three different solidification cases in the mesoscale are analyzed in detail in order to illustrate the physics of the process. These cases are the solidification process considering the external flow as stationary, the solidification process considering natural convention (thermal and solutal) in the external flow and the solidification process considering natural convection and adding a forced external flow. These three cases were chosen to investigate the performance of the model in a broad range of conditions. The last case is the one generally found in realistic solidification cases. Moreover, in this case the shape of the microstructure generated in the solid has been observed to be a function of the heat flux extracted in the solid liquid interface and the speed of the forced external flow. Hence, several simulations have been performed changing these parameters in order to construct a dataset of microstructures that can be used later in the macro-scale model. For example, the thermal conductivity tensor and the effective mechanical parameters has been computed with a homogenization model from the meso-scale simulations. Then a surrogated model for the thermal conductivity tensor and the effective mechanical parameters is built by fitting the results obtained for the microstructures in the dataset. This model can be included directly in the multiscale coupling scheme for increasing the speed of the simulations.

The main problem observed when modeling the solidification process of non-eutectic structures, especially the ones in region b and e that are generally obtained in the experiments, is that the small solid phases produced require a higher mesh resolution in the computational models in order to capture their dynamics. The problem is that the required mesh resolution is extremely fine for most solidification cases and, hence, it cannot be tackled with the currently available computational resources. Nevertheless, the mesoscale models developed should be able to deal with the non-eutectic solidification process once the computational resources are available.

4.3.

Multiscale coupling in the solidification process

The developed approach presented here is called multiscale because macroscale and mesoscale models are coupled for the solution process. As already discussed, this approach allows improving the precision in solving the solidification phenomena in the SWATH experiments or in the MSRs. Initially, a direct coupling was developed between the macroscale and the mesoscale models, described in the following sections. However, since the model for the mesoscale was too computationally demanding, the simulation times for small solidification experiments were too long (weeks in a cluster of 32 cores). Hence, a surrogate model was developed afterwards for the mesoscale that allowed reducing the computational times. In this section, the direct coupling model is explained first since it illustrates better the multiscale approach followed. Then, the technique followed for deriving the surrogate model is addressed.

The direct multiscale numerical coupling approach is sketched in Figure 4567. First, for a time step , a simulation for computing the microstructure of the solid phase is performed. This simulation is done with a cooling heat flux ′′ at the bottom wall and an external flow velocity . The microstructure obtained is used then to calculate the effective conductivity tensor of the solid and a mapping operator that is used for calculating the effective mechanical parameters of the solid. Then, a simulation with the macroscale model is performed for evaluating the advancement of the solidification front from time to + . Next, the heat fluxes at the interface ′′ and the velocity field next to the interface are recomputed for all the computational cells at the interface at the time + . If these values did not change from the previous time-step (according to a tolerance criterion), another time-step is performed in the macroscale model using the same microstructure related parameters. If they changed, the solid microstructure is recomputed with the current values of ′′ and and the loop is restarted.

In the present work, a global error criterion have been applied for deciding on whether to recompute the solid microstructure. For the interface heat flux ′′ , this error ( ) can be expressed as

= ∑ ′′ , + -′′ , ′′ , = (4-1)
where is the position of the computational cell that was at the interface at time . Note that in general small time-steps are taken in the macroscale model. Therefore, the position of the interface should not evolve much during one time-step and, hence, + ≈ . Chapter 4: Solidification and melting modeling in salts example of the multiscale coupled approach using the surrogate model for computing the parameters of the microstructure the solidification of molten a molten salt flow in pipe is shown in the third step Figure 4567.

Qualitatively it can be observed that the multiscale model allows resolving for details of the microstructure that ultimately change the shape of the solid generated with respect to the pure macroscale model.

An important observation to finish this discussion is that the results of the numerical simulations presented in this chapter show that a sensible coupling exist between the two scales. Therefore, using a low fidelity model at any scale may cause a non-physical behavior that is further exacerbated during the multiscale coupling. Accordingly, macroscale and mesoscale models have been developed with the objective of obtaining an accurate description of the solidification phenomena with reasonable computational cost and trying to make as little approximations as possible. These models are described in the next sections.

Macroscale modeling of the solidification phenomena in salt systems

When looking for the solution of a solidification problem, two approaches are usually proposed. The first one consists in solving independently the liquid phase and the solid phase formed during the solidification process and imposing a coupled boundary condition at the interface between the liquid and the solid (Stefan's boundary condition [START_REF] Gupta | Variable time step methods for one-dimensional Stefan problem with mixed boundary condition[END_REF]). This approach gave rise the front-tracking methods in segregated meshes, in which the solid-liquid interface evolution is tracked at each time step and the meshes of the solid and liquid phases are continuously updated [START_REF] Smith | A mathematical analysis of solute redistribution during solidification[END_REF]. These methods are very effective for 1D problems (DeLima-Silva & Wrobel, 1970), but the tracking of the interface generally becomes too complex for dealing with real problems [START_REF] Zhao | Front-tracking finite element method for dendritic solidification[END_REF], leading to complex Riemann manifolds and non-homogeneous group distributions [START_REF] Dafermos | The Front Tracking Method and Standard Riemann Semigroups[END_REF]. The other approach consists in solving in the same domain the solid and the liquid phases and developing an independent method for tracking the solid liquid interface. This is the idea most exploited by current research since it is more flexible and it has been therefore adopted in the present work.

To track the solid-liquid interface the interface model has to be developed. Two types of interface models are in general used: (i) Models that approximate the interface as a differential thickness structure or (ii) Models that approximate the interface as a thick-diffusive structure. Moreover, different methods exist for tracking the motion of a differential interface (first approach). The most popular are probably the level set method (see for example [START_REF] Shakoor | An adaptive level-set method with enhanced volume conservation for simulations in multiphase domains[END_REF] for recent developments) and the method which follows the evolution of the interface by a set of smartly placed tracers (see for example [START_REF] Seredyński | Front tracking method in modeling transport phenomena accompanying liquid-solid phase transition in binary alloys and semitransparent media[END_REF] for recent developments). Nevertheless, several limitations exist on these methods for the tracking of the interface. For example, the interface should not cross itself (this is partially solved by the level set method -Farooqui et al., 2017-) and also the interface motion should be thermodynamically consistent (i.e. no entropy sinks should appear at the interface during motion, since they will be non-physical). On the other side, the family of diffuse interface approaches provide naturally a simpler solution since in this approach the solid and liquid fractions in the domain are modeled through the advection-diffusion equation of a phase parameter. For this reason, the diffuse interface approach has been selected in the present work for solving the macroscale (and also the mesoscale solidification problem). In the next section, a diffuse interface model is developed for solving the macroscale solidification problem which is based in the principles of the phase field method. The reader is directed to the complete monography of Protavas & Elder (2011) for more information about phase field methods and their current usage in material science.

Formulation of the problem

The formulation of a schematic domain for the solidification problem is shown in Figure 45678 , where = , is the domain of the solid phase, = , the one of the liquid phase and = , the diffuse solid liquid interface. As it is customary in phase field models, a phase parameter = , is introduced, which allows to distinguish between the different phases in the domain. In particular, = is the solid phase, = the is liquid phase and < < is the zone of the interface. The characteristic structures that could be observed in a computational cell during in each region are illustrated in Figure 45678. Note that a uniform solid phase will be observed for the solid region of the macro scale model since the distribution of the phases in the microstructure is not considered in the macroscale solution. This solid phase should be regarded as an homogeneous mixture of the different phases composing the solid. A uniform liquid phase will also be observed for the liquid region, which is formed by the mixture of components in the molten salt. Finally, a mixture of the uniform solid and liquid phases will be present at the diffuse interface in this model.

The time change of the phase parameter determines the evolution of the solid, liquid and interface domains over time. In this sense, two limiting problems can be defined. In the first one, at the initial time = the domain is composed only by the liquid phase = ( = ). Then heat is removed through the boundary of the domain (

), as shown in Figure 4-8, so that the solid is gradually formed over time, i.e. → as increases. This type of problem is called a solidification problem. In the opposite case, if = ( = ).for = and then a heat is added through the boundary of the domain so that the liquid phase is gradually formed, i.e. → as increases, the problem is called instead a melting problem. Although both problems may seem to be similar, the resolution of the solidification problem is more challenging that the melting problem. The main reason is that during any phase transformation process, wither solidification or melting, the local entropy have to increase at every point in the domain. In the melting process, during the transformation from solid to liquid, the entropy naturally increases. Therefore, it is not hard to develop melting models where the entropy augments. However, the exact reverse case occurs for the solidification models. Since the entropy naturally decreases when changing the phase from liquid to solid, it is rather hard developing solidification models where the entropy production rate is positive everywhere. Models where the entropy increases everywhere while developing the phase transformation are called: thermodynamically consistent models. The favorable point of using thermodynamically consistent models is that it will be assured that this model will not produce unphysical effects during the simulation process. However, on the downside, developing thermodynamically consistent models is rather cumbersome and all the approximations implemented should be carefully analyzed for ensuring they cannot lead to an entropy destruction. In the present work, both the macroscale and the microscale models have been developed in a thermodynamically consistent way. In addition, the solidification problem has to model the formation of the anisotropic solid phase with the eventual stresses and deformations appearing in the problem, which is not necessary when modeling the melting of a solid. Hence, the focus of this section is given to solidification modeling. Nevertheless, the proposed models can be used for both solidification or melting processes. Chapter 4: Solidification and melting modeling in salts Furthermore, this total rate of change is equal to the net amount of volumetric intensive field added inside the control volume by volumetric forces and in its faces by surface sources . The equations for conservation of mass, momentum, energy and species can be derived for the solid and the liquid by replacing the intensive field by the specific mass ( → ), specific momentum ( → ), specific energy ( → ) and the concentration of a generic component ( → ). This is done for the solid and the liquid in the following sub-sections. The laws of conservation at the interface region are then extrapolated from the ones of the liquid and the solid, towards the end of the macroscale modeling section.

Conservation laws in the liquid phase

Note at first that the volumes of the liquid are not deformed in space during the solidification problem, i.e. / = . However, these volumes move slightly as the domain , shrinks due to generation of the solid. Note that the molten salts analyzed shrinks when solidifying, this is why generally is mentioned that the volume , shrinks during solidification. However, the models developed are independent on whether the density of the solid is larger or smaller than the one of the liquid and, hence, the domain shrinks or expands during the solidification problem. The average velocity of the control volumes due to shrinkage occurring during the solidification process is approximately the growth velocity of the solid phase ( in Figure 45678) corrected with the difference of mass between the solid and the fluid, i.e. ≈ -. Therefore, the relative velocity for the medium inside the control volume, will be the 

where the superscript have been added for indicating the fields in the liquid phase. The equations for conservation of mass, momentum, energy and species in the liquid phase can be derived by replacing the intensive field in equation by the specific mass ( → ), specific momentum ( → ), specific energy ( → ) and the concentration of a generic component ( → ), the following conservation laws are obtained for the liquid phase:

Conservation of mass in the liquid

, + ρ L , • = (4-5)
Conservation of linear momentum in the liquid

, L + ρ , • = , + • , (4-6) 
Conservation of energy in the liquid

, , + • , , L = ̇+ , • -• + • , • (4-7)
Conservation of component in the liquid

+ • ( , = -• , (4-8) 
where the volumetric forces in the liquid and the surface stresses in the liquid have been defined in the linear momentum equations, the volumetric heat sources in the liquid ̇ and the surface heat sources in the liquid have been defined in the energy equations and the components fluxes in the liquid have been defined in the equation for the conservation of components. In addition, in the energy equations, • = -̇ is the work rate of the volumetric forces and • ( , • = -̇ is the one of the surface forces in the liquid phase. Note that the system (4-5)-(4-7) is equivalent to the set of equations defined for the molten salts in Chapter 3, with the difference that the dependency on the concentration is now included in the equations. This dependency does not allow neglecting a priori the material derivative in the equation of conservation of mass (4)(5). Note also that, in general, for the velocities involved in the liquid during the solidification process are small, both in the FLiNaK experiments and in the zone close to the cold plugs in the MSFR. Hence, the effects of turbulence are not considered in the analysis.

Conservation laws in the solid phase

For the solid phase, the control volumes deform following the deformation of the solid as in a classical Lagrangian approach. Hence, the total mass inside the control volume is constant and the relative velocity for the mass inside the control volume is zero, i.e.

= . Under these conditions and considering the dependency in concentration and temperature of the solid properties, the conservation law (4-3) can be expressed as follows:

, , + ∫ , , = ∫ , + ∫ , • (4-9) 
where the superscript have been added for indicating the fields in the solid phase. The equations for conservation of mass, momentum, energy and species in the liquid phase can be derived by replacing the intensive field in equation (4)(5) by the specific mass ( → ), specific momentum ( → ), specific energy ( → ) and the concentration of a generic component ( → ), the following conservation laws are obtained for the solid phase: 

Conservation of mass in the solid

Conservation of energy in the solid

, , = ̇+ , • -• + • , • + , , , , (4-12) 

Conservation of component in the solid

= -• , + ( (4-13) 
where the volumetric forces in the solid and the surface stresses in the solid have been defined in the linear momentum equations, the volumetric heat sources in the solid ̇ and the surface heat sources in the solid have been defined in the energy equations and the components fluxes in the solid have been defined in the equation for the conservation of the components. In addition, in the energy equations,

• = -̇ is the work rate of the volumetric forces and • ( , • = -̇ is the one of the surface forces in the solid phase in the solid phase.

The only novelty of these models so far is the coupled formulation of the ALE solidifying system using the same conservative principle (4-3). In general, at this point, different hypotheses are made to model the unknown terms (forces, stress, volumetric and surface heat fluxes and mass fluxes), see for example [START_REF] Jaafar | A review of dendritic growth during solidification: Mathematical modeling and numerical simulations[END_REF] for a recent review. Nevertheless, in many cases, these hypotheses make the models thermodynamically inconsistent, in the sense that entropy is destroyed at some points in the domain. Furthermore, when coupling these equations to the evolution of the phase parameter, further thermodynamic inconsistencies appear in classical models. In order to overcome this problem, an approach is proposed in order to derivate a coupled model for the solid phase, the liquid phase and the phase parameter which is thermodynamically consistent, i.e. the entropy production is positive everywhere. This is presented in the next section.

Thermodynamic consistent sources, fluxes and coupling in the solidifying system

The present section deals with the thermodynamically consistent derivation of the stresses, mass fluxes, energy fluxes and solid-liquid phase evolution in the coupled solidifying system. Only the physical interpretation and the key steps of the development are given in this section. A complete derivation can be found in the Appendix III.B.

The most natural way to study the coupled evolution of systems (4-5)-(4-8) and (4-10)-(4-13) is probably by considering the total energy contained at each point and time in the system. In this sense, the total energy at a position and a time can be expressed as the sum of the total internal energy in the system ( , related to the energy equation), plus the total mechanical energy ( ℎ , related to the momentum equation), plus the total energy stored in the phases ( ℎ , related to the transport of the phase parameter). In mathematical terms, this can be expressed as follows:

, = , + ℎ , + ℎ , (4-14) 
In the present formulation, it is more convenient to deal with the specific volumetric energies. These ones represent the total amount of energy contained per unit volume in the system. They can be obtained by dividing (4)(5)(6)(7)(8)(9)(10)(11)(12)(13)(14) by the volume of the system as follows: , = , , + , ℎ , + , ℎ , (4-15)

Model for the internal energy

The specific volumetric internal energy can be express through its thermodynamic definition as a function of the specific volumetric entropy (s) and the density of a component ( ):

, , = + ∑ N (4-16)
This equation states that the total amount of internal energy in a control volume can be expressed by the degree of disorder of matter inside this control volume (entropy) and the chemical energy provided by the components inside this volume. Furthermore, the changes in the internal energy due to changes in entropy will be related to the temperature ( ) inside the control volume. In addition, the changes of this internal energy due to changes in the components will be proportional to the chemical potential of that component ( ).

Model for the mechanical energy

The mechanical energy inside a control volume is proportional to the speed at which the matter inside this volume is moving ( ), i.e. the kinetic energy , .Furthermore, it is also proportional on the energy stored inside the control volume due to the deformation of the matter in its interior, deformation energy , . At low deformation rates, such as the ones obtained during the present solidification problems, both energies are approximately independent of each other [START_REF] Klein | Thermodynamic consistency of a pseudoincompressible approximation for general equations of state[END_REF]. Hence, the total mechanical energy can be put as follows:

, ℎ = , + , = • + ( - : [ + ℎ + ] (4-17)
Where is the deformation gradient tensor, is the plastic deformation gradient tensor and , ℎ and are the mechanical, thermal and viscous stress tensors respectively. The specific volumetric kinetic energy at each point is defined by the product of the density ( ) with the square norm of the velocity ( • = | | ) (Klein & Pauluis, 2012). The kinetic energy contained inside a control volume can be regarded as the total amount of work that have to performed for stopping the matter inside the control volume moving at an average speed . The deformation energy inside a control volume is the integral of the stress state of the matter inside the control volume ( ) over the deformation that has occurred in this control volume ( = +

, where = is the deformation gradient [START_REF] Gurtin | The mechanics and thermodynamics of continua[END_REF]). Note that the total deformation of the matter inside the control volume may be decomposed into elastic and plastic, i.e. = + . The elastic deformation is produced by the increase or reduction of the average spacing between the atoms composing the matter inside the control volume. In solid salts, the plastic deformation is produced by gliding of the crystallographic planes over each other and by climbing of dislocations during the deformation process. There is no appreciable energy stored in plastic deformation. Hence, the energy is proportional to the elastic deformation -. However, the plastic deformation will make the elastic deformation of the material harder. This is known as the kinematic hardening mechanism [START_REF] Chaboche | A review of some plasticity and viscoplasticity constitutive theories[END_REF]. On the other hand, by the superposition principle, the stresses state in the system can be decomposed linearly into the elastic-plastic, thermal and viscous stresses, i.e. = + ℎ + . The elastic-plastic stresses are due to the deformation of the material inside a control volume by the action of an external force. The thermal stresses is related to the deformation produced by temperature effects [START_REF] Aubertin | Modeling mixed hardening of alkali halides with a modified version of an internal state variables model[END_REF]. The viscous stresses are generated due to a rate of deformation of the material inside of the control volume. These last ones are usually mostly important for the fluid phase. In a general form, each of these stresses can be related to the deformation tensor and rate of deformation tensor as (Gurtin et where , ℙ and are fourth order tensors representing the elastic, plastic and viscous moduli respectively, ℎ is the second order thermal expansion tensor, is the plastic deformation tensor and ̇ is the total rate of deformation. Note that these moduli depend in the temperature, which allows to model the thermal dependent effects in the stresses.

Model for the phase change energy

The total energy associated to the phase of the system will come from two sources. First, the largest amount of energy is stored as latent energy in the liquid phase before the solidification process takes place. Then, energy is stored in the solid-liquid interfaces of the system. Hence, the total phase energy per unit volume can be expressed by the following relation:

, ℎ = , + , (4-19) 
When computing the latent energy, the interest relies in modeling the total amount of energy released into the system due to phase change. This energy is modeled generally via an interpolation function between the solid and the liquid phase as follows:

= (4-20)
where is the volumetric latent heat that is released when solidifying the system, which may be a function of temperature when solidifying in pressurized systems, and = -is a high order interpolation function between the liquid and solid phases. This interpolation function is used generally because it allows providing a quadratic double well potential form when evaluating the sources coming from phase change ( ′ = -) [START_REF] Plapp | Unified derivation of phase-field models for alloy solidification from a grand-potential functional[END_REF]. Note that = , so that = = , since none of the latent energy has been liberated when the system is in liquid state.

Similarly, = , so that = = , since all the latent heat energy has been liberated once all the liquid has solidified.

On the other hand, the energy stored in the interfaces comes from two different sources. First is the potential energy stored in the elastic deformation of the interface ( ). Then, there is the reduction of the configurational entropy in the system due to the presence of this interface ( ). These ones are modeled following the approach taken by Hötzer and colleagues (2015) for phase field methods.

The potential energy stored at the interface is modeled as follows:

= = -
where is a parameter related to the length of diffuse the solid-liquid interface and can be related to the solid-liquid interface tension. Note that this potential energy stored at the interface is described by a double-well quadratic potential function . The reason for using this function is that it allows confining the potential energy into the interface region. Hence, this term will be zero in the bulk of the liquid and solid phase. In addition, the usage of quadratic potentials presents favorable properties in the numerical solution of the evolution of the system

The formulation of the entropy reduction appearing in the system due to the presence of interfaces is modeled as follows:

, = , | | (4-22)
where , is a function introduced for describing the anisotropy at the interface. This function is used for systems in which the growing tendency is larger in one direction, for example, in dendritic growth. In the present case, stable eutectic solidification growth is studied for molten salts; hence, in this conditions the solidification growth is regulated by the solute concentration and the surface stresses (as shown in Figure 4-5) which do not present any preponderant behavior in a specific direction. Therefore, it will be assumed that , = . Hence, the anisotropy reduction term can be written as follows:

, = | | (4-23)
Note that the gradient of the phase is used since the larger the gradient, the sharper the transition between the solid and liquid phase and the larger the reduction in the configurational entropy [START_REF] Plapp | Phase-field models[END_REF].

Introducing the expressions (4-20),(4-21)and (4-23)into the definition of the phase energy (4)(5)(6)(7)(8)(9)(10)(11)(12)(13)(14)(15)(16)(17)(18)(19) the following expression is obtained:

, ℎ = + + | | (4-24)

Thermodynamically consistent evolution of the coupled system

The idea of the present formulation is to put together the total specific energy of the coupled system and then to derivate and equation of evolution for the entropy. With this equation, the form of fluxes, stresses, sources and phase-evolution can be obtained in a way that there is no entropy destruction in the evolution of the system. This is called the thermodynamically consistent derivation of the coupled model. The key ideas of the method are expressed here and a complete demonstration is provided in the Appendix III.A.

The rate of change of the total energy of the system in the present formulation can be expressed by replacing the expressions for the internal energy (4)(5)(6)(7)(8)(9)(10)(11)(12)(13)(14)(15)(16) the mechanical energy (4)(5)(6)(7)(8)(9)(10)(11)(12)(13)(14)(15)(16)(17) and the phase energy into the total energy equation (4)(5)(6)(7)(8)(9)(10)(11)(12)(13)(14)(15) and taking the rate of change of these expressions. This gives the following expression:

= + ∑ N + • + : [ + ℎ + ] + ′ + ϕ + • ( ϕ ϕ ) - ϕ • ϕ (4-25)
An equation for the rate of change of the internal energy can be derived from the energy conservation equation. In addition, an equation for the conservation of mass of component by multiplying the component conservation equation (4)(5)(6)(7)(8) by the mass conservation equation (4)(5). Finally, an equation for the rate of change of kinetic energy can be derived by multiplying by the velocity the linear momentum conservation equation (4)(5)(6). Note that the formalism is derived in an Eulerian frame. However, note that the Lagrangian formulation (4-10)-(4-13) can be obtained by performing appropriate linear push-forward transformation in the Eulerian system (4-5)-(4-8). Hence, both formulations are equivalent from the thermodynamic point of view.

The key idea of the present method is that the rate of change of the volumetric specific entropy in the fixed control volumes can be expressed by an advection-diffusion process with a constant positive source that is the entropy production ( ̇ ).

+ • + • = ̇ > (4-26)
Where the advective transport has been considered in developing the material derivative and in the entropy generated by expansion/contraction of the material inside the control volume ( • ). Furthermore, is the flux of entropy generated molecular transport mechanisms. This one is considered as the sum of the heat, mass, phase change, deformation and interface anisotropy fluxes. In order to construct a thermodynamically consistent model ̇

. By introducing the rate of change of the entropy and the rates of change of energy, components density and kinetic energy into the general coupled equation , an equation can be derived for the rate of entropy production ̇

. By carefully studying the resulting terms and demanding them to be positive an expression can be obtained for the energy source, the stresses, the mass and energy fluxes and the phase evolution equation. These ones are expressed in the next paragraphs.

Thermodynamically consistent heat source

̇= ′ + • ( , + , ℎ (4-27) 
The meaning is that heat sources are produced by the phase change mechanics and by the advective transport of the gradients of the deformed and phase energy. The first term in the RHS of the equation is simply the release or absorption of latent heat at the phase changes. The second term in the RHS of the equation results from the Eulerian description. It represents net amount of energy stored in the deformation of the body or in the latent heat of the phase that flows into the fixed computational cell due to advection. Note that for a Lagrangian description this term is zero.

Thermodynamically consistent stresses

= + ℎ + (4-28)
This means that the stresses in the Eulerian reference frame are expressed by mapping the real stresses in the material reference frame to the ones obtained in a fixed Eulerian reference frame. The first term in the right hand side is Fourier's law of heat conduction, where ℝ × is the positively defined thermal conductivity tensor. Furthermore and ℎ are the energy fluxes observed in the computational cell due to the advection of the energy stored in the deformed body and the phase. The flux of mechanical energy generated by the advective transport of mechanical energy has been defined

Thermodynamically consistent mass fluxes

= -

as defined as = [( -: + ℎ + ]. Furthermore, the flux of the energy due to the advective transport of the energy contained in the phase have been defined as ℎ = . Note that the deformation and phase fluxes are not physical molecular fluxes. They are artificial fluxes due to advective transport inside or outside of the fixed volumes utilized in the Eulerian formulation. For instance, these fluxes are zero when adopting a Lagrangian formulation for the mesh.

Thermodynamically consistent evolution of the phase field

These equations states that the rate of change of the phase in time should be proportional to the relaxation of the energy stored in the bulk of the phases ( ), the potential energy in the interfaces ( ) and the energy due to the anisotropy of the system ( ):

= - + • - (4-31)
The above expression is analogous to similar expressions used for phase field models [START_REF] Plapp | Unified derivation of phase-field models for alloy solidification from a grand-potential functional[END_REF].

Up to this point, the conservation laws for the liquid and solid phases have been developed. In addition, a thermodynamically consistent coupling of the sources, stresses, fluxes and phase evolution have been obtained for the phase changing system. Note also that this coupling is flexible in the sense that the thermodynamic consistency is maintained when adding new sources that do not depend on the evolution of the phase, for example, the heat transferred by thermal radiation. However, the system described is not closed yet since constitutive models for the volumetric force, stresses and thermo-physical properties have not been specified. Furthermore, simplifications can be introduced for simplifying the numerical solution of the system of equations. These two developments are the focus of the next to section. This is done separately for the solid and the liquid phases due to considerable differences in the physical behavior and treatment of these phases.

Models for the liquid phase

The objective of the present section is the development of a constitutive models for the molten salt. As previously mentioned, the fluid in the present case is described by an Eulerian approach. The present approach is focused in modeling the liquid eutectic FLiNaK system, but it could be directly extended to other molten salts or multi-component systems.

Model for the conservation of mass in the liquid phase

The equation for the conservation of mass in the liquid is (4)(5). Note that the dependency of the liquid density , on the concentration of components ( ) and temperature ( ) has been assumed. The dependency on the concentration can be particularly important next to the solid-liquid interface, where the solute redistribution process takes place. The density can be also depend on the pressure ( ) if a considerable amount of gaseous phase is dissolved in the liquid phase, but this dependency is neglected here.

In order to evaluate the effects of the changes in the density due to changes in the concentration of components and in the temperature, the density is expanded with a Taylor series around a reference density . This is done as follows: Chapter 4: Solidification and melting modeling in salts

, = , - - -∑ ( - = + - , - (4-32) 
where is a reference temperature, taken as the melting temperature of the eutectic system in this case = , , and is a reference concentration, defined as the concentrations in the eutectic point in this case . = . Furthermore, the thermal volumetric expansion coefficient at the eutectic point has During the solidification process, the temperature in the liquid phase will decrease due to the heat extraction that is causing the solidification process. Similarly, the composition of the liquid next to the interface will change because to solute trapping and rejection during the solidification process. Therefore, a parametric analysis was performed by changing the temperature of the molten salt and the concentration of its components. This analysis allowed evaluating the impact of these changes in different thermal a solute expansion term of the Taylor expansion .The results are presented in During the experiments performed with the FLiNak molten salt, the temperature variates above the eutectic temperature at the most. Therefore, the error introduced by considered the density to be constant with temperature changes is of about 1% at the most. Similarly, detailed mesoscale studies of the solidification process of the FLiNaK molten salt (Tano et al., 2018) showed that the variation in the composition of components in front of the interface is of .

at the smaller scales resolved in the studies. Hence, the error introduced in considering the density constant should not exceed 2%. Therefore, the assumption of a constant density is considered reasonable in our applications and the fluid is treated as incompressible. A more detailed study on the differences observed by using an incompressible model against a compressible Low-Mach model is included in the Appendix III.C. It is observed that the errors in the computed velocity and temperature fields is of 5% at the most. Hence, by considering the density constant, the equation of conservation of mas in the liquid phase (4)(5) simplifies to the zero divergence equation:

• = (4-33)

Model for the conservation of linear momentum in the liquid phase

The equation derived for the conservation of linear momentum in the liquid phase is (4-6).In the present formulation the fluid flow is assumed to be laminar, since the Reynolds numbers involved in the experiments performed in molten salts used to validate the models are below the onset of turbulence ( ~ [ , ]). The volumetric and surface forces in equation (4)(5)(6) have to be modeled in order to close the linear momentum equations.

Concerning the volumetric forces present during the solidification of the molten salt, the gravity acceleration is considered in the present case. However, note that other volumetric forces or pseudo-forces can directly be modeled with this term. The volumetric force is in this case:

= , (4-34) 
As in the previous case, the density can be expanded into Taylor series around a reference value. To second order this expansion this is:

, = , - - -∑ ( - = + - + ∑ ( - - = + ∑ ∑ ( - - = = + - , - (4-35) 
The classical buoyant Boussinesq approximation keep only the first order of this expansion and discard the second order terms [START_REF] Tritton | Physical fluid dynamics[END_REF]. However, this approximation is valid for liquids with small variations in temperature. Therefore, a more detailed analysis is necessary in the present case, since in molten salts temperature and concentration gradients can be large. Repeating the previous analysis, the significance of the different terms in the Taylor expansion are evaluated against the one of first order linear variations in temperature (retained in the classical thermal buoyancy Boussinesq hypothesis) for the typical values of the experiments performed with FLiNaK. The results are presented in Table 4 Two conclusions can be draw from Table 4-3. In the first place, the solute buoyancy terms are generally larger than the thermal buoyancy terms. However, during the solidification process, the scales of variation of the solutes' concentrations are in the order of the size of the segregated phases in the solid (~ -

). Going further away from the interface into the liquids, these gradients are rapidly smeared out. On the contrary, the thermal gradients can extent over the whole domain. Hence, the effective influence of solute buoyancy in the velocity field generated in the domain is usually much smaller than the one of thermal buoyancy. A second interesting point is that the second order variations in the concentration are meaningful in comparison with the first order thermal variations. Whether to keep them or not depends on the problem being studied, since this terms will be smeared out much faster than the first order terms in the bulk of the fluid. For example, if a micro-solutal problem for a molten salt wants to be studied, then these terms could play an important role. Therefore, the final form of the volume force term in the bulk of a solidifying molten salt is formulated as follows:

≈ , [ - - -∑ ( - = + ∑ ∑ ( - - = = ] (4-36)
The mechanical stresses have been obtained in the thermodynamically consistent form as in . Since the volumes of the liquid phase are fixed in space the then = . Since the liquid molten salt cannot resist stresses without generating a rate of deformation, the elastic and plastic moduli are is equal to zero = and = ℙ. Hence, only viscous stresses are present in the molten salt. This means that

= ̇ = , ̇ : ̇ (4-37)
In order to close the formulation for the shear stresses in the molten salt, the viscous moduli need to be formulated as a function of the temperature and the rate of deformation. For doing so, first the stress tensor is decomposed in the following two terms: = / c( + -/ c( . The first term in the RHS of the equation acts in the direction normal to the boundary of the control volume. Furthermore, since the control volume is non-deformable, this term should be mechanical equilibrium with the pressure existing inside the control volume. Therefore, due to Newton's third law in the boundary of the control volume c = -. The second term, takes into account the forces exerted over the boundary of the control volume that do not act normal to this boundary, i.e. the shear forces ( ). In the domain of fluid mechanics is usually known as the viscous stress tensor, since the shear stresses in the fluid are caused by the viscous stresses produced due to the rate of deformation in the fluid. This term can be expressed by subtracting the isotropic part to the stresses in the liquid = -/ c( . Note that the divergence of this tenor ( • ) expresses the net viscous forces produced inside a control volume as a product of the interactions in its boundary. Furthermore, assuming small share rates in the fluid, the general Green-Cauchy tensor ( ) can be linearized to the Green-Lagrange tensor, which is generally used for describing the deformation in the fluid elements ( ̇= ̇= + .

-( ) c( = = ( , ̇ -. ) : ̇= ̃ , ̇ ∶ ̇

(4-40)
As was discussed in Chapter 2 a fluid is called Newtonian if a linear relationship exist between the strain rate tensor ( ̇) and the share stress tensor (). This means that the modified viscosity can be expressed by ̃ , ̇ = + ⨂ , where and are the first and second viscosity coefficients respectively also known as share and dilatational viscosity respectively. Molten salts have been observed to present Newtonian behavior up to deformation gradients of , where a pseudo-plastic behavior starts to appear due to a reduction in the effective polarization moments in the ionic fluid (Delhommelle & Petravic, 2003). Therefore, for the conditions expected in the SWATH solidification experiments and in molten salt reactors, the Newtonian hypothesis should be enough accurate. Note also that even though it has been assumed that the shear rate and normal stresses are proportional at each point, the coefficients of proportionality may change due to the temperature ( and the composition ( ) of the fluid. In the ab-initio studies performed it has been observed that if the mean collision time increases, the average dipolar moments generated in the cations and the anion will decrease and, therefore, the liquid will flow with less hydraulic resistance. For this reason, a shear-thinning behavior is observed in molten salts as temperature increases. Furthermore, the average ionic and dipolar potentials of each of the components in the fluid will not be the same. Therefore, if the composition changes, the average "entanglement" of the ionic system will also change and, hence, the viscosity will change. Introducing these observations in the Netwonian hypothesis, the viscous stress tensor can be expressed by the following equation:

= , ̇ + , ( ̇ (4-41)
The share viscosity related directly the shear tensions to the share deformation. The dilatational viscosity models the correction for the volume expansions or contractions in the deformation tensor. In the present case, = • = , due to the incompressibility hypothesis. Hence, the shear stress tensor ca be expressed as Introducing these hypothesis, the final model for the energy conservation equation is as follows:

= , ̇ = , + ( 
, ,

= ′ + • , ℎ + ̇ -• - + ℎ (4-46)
where the phase energy (4-24), the phase flux ( ℎ = ) and the phase change source term are only non-zero in the diffuse interphase. This equation can be solved for the temperature in the liquid .

Model for the conservation of species in the liquid phase

The equation derived for the conservation of species in the system is the expression (4-8). Furthermore, the consistent component fluxes should be expressed according to . Note that the system for the conservation of species is constrained in the sense that ∑ N = . Hence, for a system with components, onlyindependent equations are obtained. Therefore, when solving for the solidification of the FLiNaK system in the present case, the concentrations of , and are solved explicitly and the concentration of is used for satisfying the above constraint. This choice can be justified by the fact that in the ionic liquid, the Fluor acts as a dissolving agent and, hence, it surrounds each of the cations in the ionic liquid. Hence, the migration by diffusion of each of the cations is approximately independent of the present of Fluor.

As the thermal conductivity, the mobility of the component is a function of the concentration of the species and the temperature. Physically, this is because during the migration process the solutes will search for the configuration that minimizes their potential energy in the liquid. When working at the macroscale level, it can be assumed that the interaction of a cation with the other cations in the ionic liquid is zero in average and, hence, the migration flux of a cation is a unique function of the chemical potential of that cation (Fick's hypothesis). Therefore, the mobility tensor should be independent on the direction in which it is observed, since the minimization of the energy of the cations in a ionic system will always give rise to an isotropic structure. Accordingly the mobility tensor of each component can be expressed by ( , = , ( , L , where ( , is the concentration independent volumetric mobility constant. Therefore, the diffusion flux of a species in the system can be expressed as follows:

= -( , L , This relationship envelopes the facts that the diffusion flux searches to minimize the total chemical potential in the system and that the magnitude of the flux is related to the amount of solute available at a Chapter 4: Solidification and melting modeling in salts point in the system. Furthermore, the proportionality constant is called the mobility of component in the liquid phase. This relationship can be further developed by expanding the gradient in expression as follows:

= - , ∑ , L = + , L (4-48) 
The second term is called the Soret effect (also called thermodiffusion effect) and represents the effect of a temperature gradient causing solute diffusion. These effects can be important for gases, where mobility (mean free path) is high. However, this term is not considered in liquid systems where the mobility is much lower and the temperature gradients are smaller. The first term in the right hand side accounts for the flux of species produced by each of the gradients of the species in the system and, hence, defines a so

called diffusivity matrix = = ∑ , L =
. However, as previously mention, when dealing with macroscale interactions, it can be assumed that the average diffusion of each of the cations in the system is a unique function of the interaction with atoms of the same species. Hence, the diffusion matrix is defined as the diagonal matrix

= = , L
. Therefore, the form for the diffusion flux of species can be put as follows:

= - , , (4-49) 
The coefficient above are called the self-volumetric diffusion coefficients for species . By introducing this definition for the species flux into the transport equation (4-8)and considering the incompressibility hypothesis, the following equation is obtained for the conservation of the species:

= • [ , ] (4-50) 
This consist in a set ofindependent equation to which the constraint ∑ = is added for closure purposes. The volumetric diffusion coefficients of the cations in FLiNaK have been measured [START_REF] Umesaki | Self-diffusion of lithium, sodium, potassium and fluorine in a molten LiF+ NaF+ KF eutectic mixture[END_REF][START_REF] Iwamoto | Self-diffusion of fluorine and lithium in molten flinak[END_REF].

Models for the solid phase

Two main challenges have been identified when considering the modeling of the solid phase in the SWATH experiments or in MSRs. In first place, as the solidification process occurs, each of the solid phases will decrease their temperature from the solidification temperature until room temperature. During this process elastic, plastic and thermal deformations will take place. Furthermore, the mechanical properties of the solid salt for each of the segregated phases have been observed to be a strong function of the temperature. Figure 456789shows the results of the true stress vs true strain curves obtained from ab-initio calculations performed with the Quantum Expresso software (see Appendices III.A.2 and III.G), for , and crystals. It is observed that the crystals are ductile at high temperature and the ductility is largely reduced as the temperature is decreased. Furthermore, the yield and ultimate stresses increases as the temperature decreases. The solidification models have to be able to deal with these phenomena if precise results are envisioned.

In second place, as shown in Figure 4-10, the solid formed during a directional eutectic solidification process in a highly anisotropic structure. The mechanical and thermal condutivity properties of this layered structure will evidently be different according to the direction in which the load and the heat flux are applied. Therefore, the models proposed for the solid evolution should also to be able to capture and model this characteristic. A complete bibliographic research on the deformation of ionic crystals is presented in the Appendix III.A.1. Furthermore, a complete set of calculations from first principles has been developed in this appendix in order to compute the elastic moduli () and the plastic moduli (ℙ) as a function of the temperature for each of the , and crystals. As a summary of this work, the PIRT chart presented in Table 4-4 provide an overview of the phenomena investigated and ranks these phenomena from 1 (low importance) to 10 (high importance) according to their impact in the shape of the solid formed in the SWATH experiments. Note that the creep and fracture mechanics have not been included in the simulations presented in the present work. However, a simplified model developed for creeps in salts is also discussed in the Appendix III.A.2.

Phenomenon

Description Importance (1-10)

Reduction in the yield strength with temperature

It is observed that the yield strength uniformly reduce with temperature for ionic crystals. This reduction can be very important as the temperature approaches the melting point of the crystal. The reduction is explained principally because dislocations in the crystal migrates easier at higher temperatures. For a solidification experiment, this effect will sensibly change the deformation in the solid during the solidification process.

Non-uniform ultimate strength as a function of temperature

It is observed that the ultimate tensile strength in the crystals first decreases and then increases as the temperature goes higher. This is explained because diffusional processes leading to dislocations glide increases with temperature, but the recrystallization (which blocks dislocation glides) also increases with temperature. This effect will be important principally if the failure of the material wants to be predicted.

Non-uniform behavior of the ductility of the material with temperature

The ductility of the solid first increases and then decreases with temperature. This phenomenon is explained by the diffusion and recrystallization processes both increasing with temperature. It is important to model this phenomenon accurately if the failure of the material want to be predicted.

Decrease of the elastic Young modulus with temperature

The elastic Young modulus is slightly reduced by the increase in temperature. This is explained since atomic vibrations with temperature causes the atoms in the crystallographic lattice to be further away and therefore the average potential energy governing the deformation of the crystal is reduced. Nevertheless, the added thermal vibrational energy is usually very small in comparison with the energy of the ionic bonds in the crystal. Hence, this effect is second order with respect to the ductility transitions.

Fracture dynamics

The failure mechanisms of ionic crystals can be explained due to nucleation, growth and propagation of crystallographic fractures inside the material. It is important to model this phenomenon if material failure wants to be predicted.

Creep

At high temperatures a continuous glide of dislocations is produced in the ionic crystal, giving to a power-law creep at temperatures between . -. of the melting temperature and to diffusional creep at temperatures above .

. In the present studies, eutectic mixtures are used, which largely reduce the temperature in the bulk of the crystal phases. Furthermore, the times involved are usually small for creep deformations to have a significant effect.

Table 4-4 : PIRT analysis of the mechanical behavior of a solid FLiNaK system during deformation.

Finally, in the literature review it has been observed that the model proposed by Aubertin, Gill & Landayi (1991) have become the reference model when dealing with the deformation of solid salt systems. In this model, they proposed a viscoplastic approach for studying the flow deformation of alkali halides. The main idea is to decompose the total deformation in an elastic, plastic and creep deformation and similarly for the deformation rates. Then, a set of constitutive relationships for the deformation rates as a function of the stresses is proposed and the system can be integrated over time. These constitutive relationships are a function of the bulk elastic parameters and the some closure correlations that are generally measured experimentally. These have been the research lines that have oriented the development of models for the mechanical study salts until the present date [START_REF] Tang | A new rock creep model based on variableorder fractional derivatives and continuum damage mechanics[END_REF]. Nevertheless, these models are very limited in the sense that they do not allow to treat the anisotropy of the solid structures, the changes in the mechanical properties with temperature, hyper-elastic phenomena and the development of the plasticity in a 3D domain with its attached consequences, for example, kinematic hardening, temperature thinning, etc. Therefore, an alternative model is proposed as an improvement to the current models dealing with the mechanical deformation of salts.

Model for the conservation of mass in the solid phase

The equation of the conservation of mass for a deformable Lagrangian volume have been obtained in the expression (4)(5)(6)(7)(8)(9)(10).This equation is used in the present section. In the macroscale description case, it is assumed that the solid is isotropic as regarding its composition. Therefore, the mass conservation equation can be approximated by the following expression:

[ ℎ -( ℎ ℎ ] , = (4-51) 
This equation states that the density inside a control volume should be updated according to the difference in the relative thermal dilatation at its boundaries with respect to the one in the bulk of the control volume. If small computational cells are used, this correction becomes almost negligible. In the present case, due the large thermal gradients existing in the solidification process, very small computational cells should to be used in order to be negligible. However, in large deformation problems, using very small cells in the computational domain may cause convergence issues and problems in the continuity of the computational domain [START_REF] Schillinger | Small and large deformation analysis with the p-and B-spline versions of the finite cell method[END_REF]. Therefore, large computational cells are used in the present domain (with lengths scales significant with respect to the characteristic lengths of the thermal gradients) and this correction is kept.

Model for the conservation of linear momentum in the solid phase

The equation that have been obtained for the conservation of linear momentum in the solid is (4)(5)(6)(7)(8)(9)(10)(11). As in the liquid case, the body forces existing in the solid body are considered to be produced by the acceleration of gravity , = , . Furthermore, the thermodynamically consistent stress configuration for the solid body according to should be:

, = ( , + ℎ , + ,
The viscous stresses in the solid salt may arrive due to creep mechanisms. However, for the pressures and timescales of the solid salt in the SWATH experiments, the influence of creep should be almost negligible. Therefore, these stresses are neglected in the present work. Hence the total stresses are computed as follows:

- , = ( , + ℎ , (4-52) 
In the model (4)(5)(6)(7)(8)(9)(10)(11)(12)(13)(14)(15)(16)(17)(18) the elastic, plastic and thermal stresses have been defined. Furthermore, the elastic and plastic moduli have been computed with ab-initio calculations and the thermal expansion coefficients have been computed using the linear binding energy curve proposed by [START_REF] Abel | Calculation of thermal expansion coefficients of pure elements and their alloys[END_REF]. However, a plasticity criterion and the equivalent stress field in the solid phase still have to be defined. Furthermore, the constitutive model for the solid should to be defined by taking into account the anisotropy of this solid. Finally, a complete thermo-elasto-plastic constitutive model has to be generated based in the plasticity treatment and the anisotropic description of the solid. A complete derivation of this model is discussed in the Appendices III.A.3, III.A.4 and III.A.5. However, for clarity some of the key results are provided here.

First, it is convenient to deal with the stresses in the deformed configuration of the solid body, since these ones will be responsible for generating the plastic flow in the deformed configuration. The stresses in the deformed configuration can be represented via the Piola-Kirchhoff stress tensor ( ) that is related to the Cauchy stress tensor ( ) via a push-forward and volume correction transformation:

= d [ --]
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The deviatoric part of the Piola-Kirchhoff stress tensor can also be projected into the isotropic planes as ̃= ̃: , where ̃ is a mapping operator that takes the deviatoric part and then maps into the isotropic planes ( ̃= : -⨂ : ). This allows redefining the yield criterion in the anisotropic body as follows:

= ‖ ̃‖ + √ [ - ] (4-57)
Then by taking the rate of change of this yield surface, the evolution of the coupled thermal-elasticplastic stresses can be computed by the following equation:

̇= ℂ : ̇+ ̃ ℎ ̇ (4-58)
where ̇ is the deformation rate, ℂ is the equivalent elastic-plastic moduli and ̃ ℎ is the equivalent thermal stress tensor in the anisotropic structure. This last two are defined as follows:

ℂ = : ( - : ‖ ̃‖ ‖ ̃ ‖ : + √ ‖ ̃‖ ‖ ̃‖ : ) ̃ ℎ = : [ ‖ ̃‖ : : ℎ -√ ( + ) ‖ ̃‖ : + √ ‖ ̃‖ ‖ ̃‖ : ] (4-59)
where ‖ ̃‖ is the equivalent plastic deformation. Chapter 4: Solidification and melting modeling in salts And the total heat source as:

̇= ̇

In addition, as in the liquid phase, the bulk force considered is due to gravity acceleration. However, that since the velocities in the solid are very small, the rate of work performed by the gravity is negligible with respect to the stored thermal energy. Replacing these observations, the following equation is obtained for the conservation of energy:

, , = ̇+ • , + ( , , , , (4-64) 

Modeling the conservation of species in the solid

The equation (4)(5)(6)(7)(8)(9)(10)(11)(12)(13) states the conservation of species in the solid phase. Furthermore, the thermodynamically consistent form of the mass fluxes has also been obtained by the expression (4-29). However, even though the mobility coefficients of other components impurities in solid , and have not been yet measured, it is expected that the mobility coefficients in ionic solid crystals are from to order of magnitude smaller than those in the liquid phase [START_REF] Shewmon | Diffusion in solids[END_REF]. Hence, the concentration diffusion in the solid phase is extremely slow and it should not play a role in the validation of the models proposed. Therefore, this term is neglected in the present work and the final form for the conservation of components in the solid phase reads as follows:

= (4-65)
This equation simply states that the variation in the component mass inside its control volume is equal to the mass bring in or out by the difference of composition between its surface and its center while the solid element compresses or expand. Note that for a system with components, there are onlyindependent components, since the constraint ∑ = should hold.

Models for the interface

In the present section, the models developed for the solid-liquid interface are described. The key idea is to describe the diffuse interface as a porous medium of variable permeability [START_REF] Hills | A thermodynamically consistent model of a mushy zone[END_REF] [START_REF] Pequet | Modeling of microporosity, macroporosity, and pipeshrinkage formation during the solidification of alloys using a mushy-zone refinement method: applications to aluminum alloys[END_REF] [START_REF] Kumar | Study of the influence of mushy zone permeability laws on macro-and meso-segregations predictions[END_REF], also called mushy zone. In this sense the permeability will be described by the solid fraction at the interface. This solid fraction is described by the thermodynamically consistent evolution of the phase parameter (4-27). In the following subsections, the evolution of the phase field is analyzed. Then, the homogenization of the mushy zone is developed. Finally, a complete study of the permeability of the mushy zone is developed in order to obtain accurate values for the velocity at the interface used in the multiscale coupling.

Evolution of the phase field

The equations governing the evolution of the solid phase are obtained here. The thermodynamic consistent evolution of the phase field have been obtained from the equation in . The objective of the present section is to model the constant parameters in this equation in order to obtain realistic solutions for the phase field equation. Expanding the dependencies of equation the following equation is obtained:

= - [ϕ -ϕ ] - (4-66) 
A simplification can be made by noting that for the diffuse interface the specific volumetric energy due to phase change is much larger than the rest of the specific volumetric energy considered ≈ , . In this conditions the phase evolution equations can be written as follows:

= - [ϕ -ϕ ] - , ′ (4-67) 
where the stars indicate the values of the concentration and the temperature at the interface. Note that in these conditions, this equation for phase evolution is the same treated by [START_REF] Plapp | Phase-Field Models[END_REF] In order develop realistic simulations for the phase field evolution, the parameters , and need to be fixed.

By proposing a 1D profile for the phase field , , taking the model to the thin interface limit by a matched asymptotic analysis and integrating over the diffuse interface, it can be demonstrated that corresponds to the width of the solid-liquid interface and σ is / of the solid-liquid surface tension [START_REF] Plapp | Phase-Field Models[END_REF]. Therefore, the evolution of the phase field is regulated by a diffusion equation with a diffusivity parameter that is directly proportional to the surface tension of this interface and to its width. Furthermore, the time constant for the system can be expressed as = σ sl , where is parameter related to the kinetic undercooling ( ≈ / ), which govern the evolution of the interface (Levitas & Warren, 2016). In the present case, without losing any generality it is assumed that the kinetic undercooling is not important in the dynamics of the solidification phenomena. Therefore, one can approximate ≈ so the equation for the evolution of the phase becomes:

̃= -[ϕ -ϕ ] - ϵ , ′ (4-68) 
Note that if the diffusion coefficient in equation (4-68) is . Therefore, if the parameter epsilon is fixed to the length of the experimental measured value of interface ≈ , then the diffusion term will be almost negligible in equation . This leads to numerical stability problems when solving the phase evolution. Therefore, the idea in the present work is to fix the parameter as large as possible for improving numerical stability, but small enough in order not to affect significantly the dynamics of the solidification process. For this purpose, a 1D numerical study was performed on equation . The results of this study are presented in Figure 4-14. It was observed that using a value = . the numerical stability is largely improved and the shape of the solid liquid interface still resembles the sharp analytical solution of the classical Stefan problem [START_REF] Plapp | Phase-Field Models[END_REF]. Hence this value has been adopted for during the calculations. The reader is finally directed to the review work of Plapp (2012) for more details on the approximations done when using a phase field model phase field models.

Homogenization of the mushy zone

The present section deals with the technique utilized for building a model for the diffuse solidliquid interface. The key ideas are given in here and a complete demonstration is left for the Appendix III.F. By definition, in the bulk of the liquid phase ( = ) and the solid phase ( = ) the phase parameter is constant. However, there is a diffuse zone between these regions two that is governed by the diffusion equation of where the phase parameter change between zero and one ( < < ). This zone is called the mushy zone. These three regions (solid, liquid and mushy) are schematically presented are shown in Figure 4-15. Next to the liquid region, the mushy zone is mainly a liquid, with the presence of some solid structures, which in the case of a eutectic solidification process may be eutectic colonies. On the contrary, next to the solid region, the mushy zone is mainly solid with some segregated or continuous pores of liquid that have not yet solidified. Considering this observations, the mushy zone is modeled as a liquid in a porous medium of variable permeability. The permeability is high next to the liquid region and low next to the solid region.

In order to determine an appropriate model for the mushy zone, the transport equations have to be homogenized with the phase parameter. This is done by implementing a volume average technique (Dantzig & Rappaz, 2009, Chapter 4). This technique consists in multiplying the laws of conservation of the liquid phase (4-5)-(4-8) by the phase parameter and integrating over the computational cells. Then, the homogenized equations for the liquid phase in the mushy zone are obtained with a set of additional terms that appear due to the coupling with the phase parameter. These terms are , and . The first term, , represent the effects of the coupled fluctuations between the field and the phase parameter. In the present work, this term can be neglected since laminar flows were obtained in the solidification cases analyzed [START_REF] Beckermann | Mathematical modeling of transport phenomena during alloy solidification[END_REF] [START_REF] Nield | Convection in porous media[END_REF]. The second term, , represents the advective transport due to a difference in the velocities between the liquid in the interface region and the velocity of this interface. The velocity of the interface can be expressed as = ̅̅̅ -̅̅̅ , where the stars represents the values next to the interface and the overbar (•̅ ) denotes the homogenized value over the reference volume (Dantzig & Rappaz, 2009, Chapter 5). In the present cases the velocities of the liquid phase are significantly more important that the velocities caused in the solid due to the thermal deformation rate as discussed earlier. Therefore, ≈ ̅̅̅ and, consequently, ≈ . The third correction term, , deals with the diffusive transport occurring between the liquid and solid phases inside the reference volume. This term requires a deeper analysis.

radiation heat transfer at the interface can be neglected. In addition, note that the mean free path of neutrons at the solidification temperature of FLiNaK (computed in Chapter 3) are for the low absorption bands, for the medium absorption band and for the case of the high absorption band. These mean free paths are large compared with the dimensions of the interfaces that should be in the order of the order of the micrometers (even the diffuse interface should be below the millimeter of thickness). Hence, only little radiative heat transfer is expected at the interface. Then, since interface does not practically absorb thermal radiation and the reflection effects at the interface can be practically neglected [START_REF] Biehs | Thermal heat radiation, near-field energy density and near-field radiative heat transfer of coated materials[END_REF], the solid liquid interface has been assumed as transparent to thermal radiation in the present model.

Model for the permeability of the mushy zone

The objective of the present section is to obtain a correlation for the permeability in the Darcy term (4-69) by using CFD techniques. In particular the pyDNSMS tool developed in Chapter 3 was used for the study of molten salt flows at the scales of the microstructure. For this purpose, the model developed for the liquid phase in equations , , and and implemented pyDNSMS, by adding the transport of the concentration of the components and the solutal buoyancy terms, is applied in the present chapter. This configuration consists in a set of solid structures, such as the ones that could be obtained when forming eutectic colonies during the solidification process.

One of the main limitations of the classical Blake-Kozeny law for the present cases is that the length of the solid arms formed in eutectic colonies (see Figure 4-18) are much smaller than those of dendrites for which this law was derived. In the classical Blake-Kozeny law only the friction against the side surface of the dendrites is considered, since this surface is much larger than the one against the baseline of the solid liquid interface. Nevertheless, some corrections exist for taking into account the effects of the friction against this interface such as the ones accounted in the Darcy-Brinkman correction (Valdes-Parada et al., 2007). Nevertheless, the accuracy of these closure laws is tested for the present work for the eutectic colonies. Two main effects are studied, the presence of a non-slip wall boundary conditions in the inferior wall and the effects of a variable viscosity due to temperature changes in the domain.

The simulation domain is shown in Figure 4-16. This one consists in a liquid phase entering at constant velocity a porous medium in the stream-wise -direction at a temperature . This porous medium have a set of periodically prismatic solid structures partially blocking the liquid passage, representing the solid structures. These solid structures are considered to be rigid, fixed in space and adiabatic. This means that they are not moved or deformed by the fluid flow and no heat exchanges are considered between the solid structures and the liquid. Furthermore, the bottom wall of the domain in the -direction is assumed to be the baseline of the solid-liquid interface. This wall is assumed to be at the eutectic solidification temperature of FLiNaK in the present case ( = ) and its boundary condition for the hydraulic fields can either be a slip or no-slip wall boundary condition depending the studies performed. Furthermore, the top surface in the -direction is assumed to be adiabatic and slip boundary conditions are imposed in this wall. This is approximately the case in the real solidification process since the velocity of the fluid is much larger than the growth velocity of the solid. Both left and right sides of the simulation domain in thedirection are considered periodic. The inlet profile consist in a uniform velocity profile at a temperature , whereas the outlet gauge pressure is assumed to be for every cell. The domain dimensions are

[ × ×
] . The dimensions in the -axis are similar to the ones expected from eutectic colonies.

components is present. However, in the present case,segregated solid phases are considered in the solid. For the case of FLiNaK, these ones will be the LiF, KF and NaF phases. Hence, considering the liquid phase and the segregated solid phases, a total of phases are present in the system. A phase parameter , is introduced for modeling each phase . If , = , then the phase is not present in position and time . On the contrary if , = the phase is solely present in that time and position. Note that onlyphase parameters are independent since the constraint ∑ , = = must hold for every time and position.

In first place the specific volumetric energy defined in equation (4)(5)(6)(7)(8)(9)(10)(11)(12)(13)(14)(15) have to be recomputed considering the energy of the multiple phases in the domain, i.e.

, , , , → , , , , , where = [ , , … , ] ℝ is a vector with the densities of the components and = [ , , … , ] ℝ is the vector with the phases of the components. Note that the internal energy ( , ) and the kinetic energy ( , ) are equivalent to the macroscale model. However, in the present case, the deformation energy is not considered in the mesoscale model ( , = ). This means that the solids are assumed to be rigid. The deformation of the solids in the microstructure has been observed in the numerical simulations to produce very small differences in the final configuration of the segregated phases and, on the other hand, it greatly increases the computational cost of the simulation. Since the objective of the mesoscale model in the present work is to obtain a configuration of the microstructure that is good enough for computing the parameters of interest for the macroscales model (thermal conductivity tensor and effective mechanical properties), the deformation energy is neglected. Finally, the phase energy has to be recomputed considering phases present in the domain.

In first place, the latent energy can be considered as the sum of the latent energy over all phases. This can be expressed as follows:

= ∑ ( = (4-71)
where is the latent heat of melting of phase and ( is the same interpolation function that in the macroscale model. Note that = if is the liquid phase. The potential energy in the interfaces is modeled by taken into account the multiple interaction existing in all the interfaces in the domain. Note that the interfaces are binary if two phases are present and ternary if three are present. Higher order interfaces are not considered because they have not been observed in experiments. The formulation of the potential energy then is

= ∑ , , = < + ∑ , , , = < < (4-72)
Note that a double well quadratic potential has been implemented for the potential energy in the binary interfaces, equivalent to the macroscale model (4)(5)(6)(7)(8)(9)(10)(11)(12)(13)(14)(15)(16)(17)(18)(19)(20)(21), and a triple well quadratic potential has been implemented for the ternary interfaces. The model taken anisotropy for the multiple phases is:

, = ∑ [ ( ] | | , , = < (4-73)
where = | -| is the generalization of the gradient vector for multiple phases.

This vector is normal to theinterface and the function ( describes the form the anisotropy for the evolving phase boundary. As in the macroscale model no anisotropy is assumed, so that ( =

. By taking this model to the interface limit, it can be observed that is approximately of the surface tension between the phases and . Furthermore, is a parameter related to the length of the interface and is taken as = . in the present case due to similar reasons that those of the macroscale model.

The process of development the numeric model is then analogous to the macroscale model. The formulation of the phase energy has to be inserted into the total energy and an equation for the rate of change of the energy is the obtained. This equation can then be simplified for the entropy production rate ( ̇

) and a thermodynamically consistent model can be derived by requiring all the terms in this equation to be larger or equal than zero. By following this procedure, the following expressions can be obtained for the energy and mass fluxes, the stresses and the evolution of the phases:

Thermodynamically consistent heat source ̇= ∑ ′ = + • , ℎ (4-74) 
The heat sources are produced by the solidification or melting of each of the phases and the advective transport of phase energy into the control volumes. This second term is approximately zero in the present model since the solid phase is considered rigid in the present model and, hence, none of the solid phases is transported by the surrounding flow.

Thermodynamically consistent stresses

= + + -∑ = ⨂ (4-75)
In the present formulation, the stress field is produced by the pressure, the viscous stresses in the Newtonian fluid and the interaction of the anisotropic energy with the gradient of the phases. This last term is different respect to the macroscale model. Note that the anisotropy takes into account the distribution of interfacial stresses in the domain. By multiplying the anisotropy by the gradient of the phases in the domain a net stress is obtained due to this anisotropy. This stress is very small for the interface between the liquid and the solid phases, but it plays a role in the solid-solid interfaces.

Thermodynamically consistent mass fluxes

= -(4-76)

This is Fick's law, where ℝ × is the positively defined mobility tensor for component .

Thermodynamically consistent heat flux

= ( ) + ℎ = - + ℎ (4-77)
The first term in the right hand side is Fourier's law of heat conduction, where ℝ × is the positively defined thermal conductivity tensor. Furthermore ℎ is the energy fluxes due to the advection Chapter 4: Solidification and melting modeling in salts of the phase through the faces of the computational cells. This one is defined as ℎ = ∑ = .

Note, however, that ℎ is zero in the present model due the consideration of motionless solids.

Thermodynamically consistent evolution of the phase field

= -• - - (4-78)
This equations states that the rate of change of each if the phase in time should be proportional to the relaxation with respect to the changes in the phase of the total energy stored ( ), the potential energy in the interfaces ( ) and the energy due to the anisotropy of the system ( ). This expression is analogous to the one used in the macroscale model.

Closure of the coupled model

A problem in this formulation arrives because the internal energy depends explicitly on the concentration of components in the domain. Hence, when modeling the solidification process with the diffuse interfaces, the amount of solute in the interface will change and, hence, the energy accumulated in the interfaces will change. This will evidently affect the dynamics of the solidification process. A solution for this problem is using a source term that does not depend explicitly in the concentration. This can be done by the introduction of the grand potential as follows [START_REF] Plapp | Phase-field models[END_REF]):

= = ( + ) = + = + (4-79)
The free energies have been obtained by models generated by CALPHAD modeling using the existing thermodynamic data on the FLiNaK system (Tano et. al., 2018). This energy = , is a function of the concentration of the components in the domain = [ … ] and of the temperature . In the present work, for simplicity, this free energy is fitted by quadratic functions as follows:

, = + + (4-80)
where the matrix , the vector and the scalar are temperature coefficients describing the free energy in the surroundings of the initial composition of the system and the eutectic solidification temperature. The chemical potential can be directly computed from this function as

, = = + (4-81)
And hence the concentration can be expressed by = - -. The Grand potential is related to the free energy by a first order Legendre transformation in the concentration of the system which is = -. Therefore, in the present case, the grand potential can be expressed by the following equation:

, = , - + (4-82)
The grand potential is calculated directly at each step by introducing the appropriate values for the concentration of the components and the temperatures. Introducing these expressions in the source term of the transport equations for the phases, the following relationship is obtained:

= , + [ - ( - ]
(4-83) Chapter 4: Solidification and melting modeling in salts Hence, by performing this transformation, the source term depends only on the chemical potentials of each of the components = [ … ] ℝ . This potential should be approximately constants across the interfaces and, hence, the artificial diffusion of the interface should not considerably affect the solidification dynamics. Furthermore, in order to solve the phase evolution equation, it is convenient to solve a transport equation for the chemical potential, avoiding the artificial trapping of the solutes in the dilute interfaces (this decreases the errors of not introducing a solute anti-trapping current (Hotzer at. Al., 2016)). This is done by introducing the definition of the concentration from the chemical potential in the equation for the conservation of the concentration of the components. This equation is obtained from the previous derivation as follows:

= -- • + • (4-84)
Replacing the concentration by the chemical potential,

[ - - ] = --[ - - ] • + • (4-85)
For completeness, the final thermodynamic consistent set of equations describing the dynamics of phase segregation during the solidification process in vector form are finally:

= ∑ ′ = + : - • + • + • ℎ [ - ( - ] = -[ - - ] • + • = -+ • ( + + • ( ⨂ ) + = -( -• ) - - [ - ( - ] - (4-86)
The first equation describes the conservation of the internal energy in the system. The second one the conservation of components in the system in an implicit form through the chemical potential. The third the conservation of linear momentum. The fourth one is the equation for the evolution of the phases. Note that the physical interpretation of this system is similar to the one performed in the macroscale approach, but looking in detail at the phenomena happening in the region of the interface between the solid and the liquids in the domain. When looking in detail at these effects, the fluid cannot be assumed incompressible since large variations of temperature and concentration are present next to the interface that will sensibly affect the linear momentum conservation. Similarly, the specific heat cannot be assumed constant, mainly because the concentration gradients will cause sensible changes in the specific heat next to the interface. Furthermore, a new term appears in the conservation of linear momentum, which accounts for the extra stress that needs to be introduced for the evolution of the anisotropy of the system. In addition, even though a diffuse interface model is implemented, no specific homogenization is applied for the equations in the mushy zone. This is because, physically, the coupled fluctuations, interface transfer and molecular fluxes between the phases are zero at the interface when looked from the mesoscale.

In the first equation, the thermal conductivity ( ℝ + ) is considered constant in each of the phases. Hence, the thermal conductivity in each computational cell is considered as the weighted average with the phase parameters of the conductivity of each phase, i.e. , , = (∑ , = . In the second equation, is the mobility matrix for the components in each of the phases. Generally, the Soret effect can be neglected for the solidifying domain, leading to the approximation ≈ = , where is the diffusivity matrix. It is assumed that the diffusivity coefficients are zero for all solid phases. In reality, they are not, but they are so small that they will not play a significant role in the time-scales involved in the solidification process. The significant diffusion coefficients arrive in the liquid phase, in which molecular agitation is higher and, consequently, the mobility of the components is higher. The mobility coefficients for , and in the molten have been measured [START_REF] Umesaki | Self-diffusion of lithium, sodium, potassium and fluorine in a molten LiF+ NaF+ KF eutectic mixture[END_REF][START_REF] Iwamoto | Self-diffusion of fluorine and lithium in molten flinak[END_REF] and their values are reported in In the third equation, in the kinematic viscosity as in the macroscale model. In the present case → ∞ for the solid phases. In the fourth equation, similarly is a vector where the time relaxation constants are stored. Note that the previous system is subjected to two constraints. At a certain time, the sum of the concentrations and phases for every point in the domain should be equal to one. This means that ∑ , = = and ∑ , = = . The first constraint is satisfied automatically due to the conservative nature of the transport equation for the concentration of the components (4-85). However, this is not the case for the equation for the evolution of the phase, since a source term appears in the equation. In order to impose the constraint in the phase evolution equation, different procedures have been tried. The most effective one was imposing a local constraint in the phase evolution equation given by the Lagrange multiplier = , . The objective of this multiplier is to correct the equation systematically in order to avoid non-physical sources or sink of phases. In the present case, the Lagrange multiplier was imposed with a time-lag with respect to the evolution of the phase, i.r.

, = ∑ - , = -,
where is the Lagrange multiplier in the current time step and -are the phases in the previous time step. In this sense, if the phases from the previous times step are slightly larger than a phase sink will appear to correct this behavior and vice versa when the phases are smaller than . Finally, the values of the surface tensions between the phases necessary for modeling the interface terms have been computed with ab-inition modeling techniques (Appendix III.G) and can be found in our paper: Tano et al. (2018).

Nondimensionalization of the problem

It results simpler dealing with the system (4-86) in non-dimensional form. The general diffusion coefficient is defined as the average of the diffusion coefficients in the liquid = ∑ = . In a similar form, the average thermal conductivity for the liquid and the three solid phases is defined as = ∑ = .

Assuming a growth velocity for the system , the characteristic length in the interfaces of the system can be defined as ℒ = / . Using this quantities, the physical variables of the system can be nondimensionalized as = /ℒ, = ℒ, = /ℒ , = / , = /ℒ , = / and = ℒ / . Additionally, defining the average density of the phases can be defined as = ∑ = and the average latent heat of melting/solidification as = ∑ = . This allows defining the non-dimensional internal energy as = / , the non-dimensional latent heat as = / , the non-dimensional specific gran potential as = / , the non-dimensional anisotropy as = / and the non-dimensional interface potential as = / The concentration and the temperature can be non-dimensionalized as = -/ and = -/ , where is the eutectic concentration of species and is the temperature of the eutectic point. Similarly, the chemical potential can be taken to non-dimensional form as = -/ and the vector term in the description of the free energy as = / , where = ( + . Finally, the pressure in the momentum equation can be taken to nondimensional form by the dynamic diffusive pressure as = ℒ/ and the stresses in the temperature equation by the specific accumulate energy = /

. Performing these operations the final system obtained is:

+ ρc Dρc D = ∑ ′ = + : - • + • [ - - ] = --[ - - ] • + • = - + • Sc( + + A • ( ⨂ ) + ℎ + = -( -• ) - - [ -( - ] - (4-87)
where the non-dimensional Lewis vector have been defined as = / , the Schmidt number as = / and the anisotropy number as A = / . Note that a new term appears in the LHS of the first equation that accounts for the correction in the density and specific heat due to compressibility or temperature changes during the system evolution. Furthermore, in the right hand side of the momentum equation the Bossinesq approximation has been introduced considering the density changes due to thermal expansion by the thermal expansion coefficient ℎ and the changes in the density due to the solutes via the solute expansion vector . These coefficients have been non dimensionalized as ℎ = ℎ and = .

As a final remark, the value of is variated between . and in order to improve the numerical convergence in the phase field, while trying to minimize the artificial time-lag imposed in the evolution of the phase fields.

Numerical solution of the nondimensional problem

The domain and the boundary conditions used for the simulations are shown in Figure 4-23. In the and direction periodic boundary conditions are assumed, the length of the domain is nondimensional units in both directions. Since the solidification process have been observed to be diffusion limited this would allow to obtain approximately 10 phases in each direction, but 6 or 7 are obtained in the simulations. A constant velocity perpendicular to the -faces can also be imposed for simulating the effect of forced convection. Note that this velocity is the one at the solid-liquid interface calculated with the macroscale domain (

). In the direction, a uniform heat flux (extracting heat from the system) is assumed at = . This flux correspondw to the heat flux at the solid-liquid interface in the macroscale domain. Far field boundary conditions are used at = . An initial gradient in the phase field variables is imposed at = for initially perturbing the system. No concentration gradient is assumed in the direction at = and, therefore,

= = = = .
Far field boundary conditions on the gradient along the direction are as well

Solidification in the mesoscale without convection in the external fluid

In the present case, the fluid phase is considered stationary ( = ). Furthermore, all the phases in the system are assumed to be incompressible and the work performed by the internal stresses is not considered. Under these conditions, the system of equations reduces to:

= ∑ ′ = + • [ - - ] = • = -( -• ) - - [ -( - ] - (4-88)
This system consists in a set of two diffusion equations for the temperature and the chemical potential, coupled to the equation for the evolution of the phase. Although this system may be seen as too simplified with respect to the original system, the main physical phenomena of the coupled solidification process producing the microstructure of the system are still present in the description. The reasoning of the system goes as following. In first place, the system is assumed liquid with heat being extracted in the bottom wall. This heat extracted will decrease the temperature field according to the first equation in . This lower temperature will increase the stability of the solid phases with respect to the liquid phase, hence, a positive derivative of the grand potential with respect to the solid phases appears in the third equation of . Therefore, the solid phases start developing, whereas the liquid phase reduces. This in turn introduces a change in the free energy, which depends on the phases, causing a source term in the left hand side of the second equation in . In physical terms this means that the solute migrates as the solid phases develop to the positions of higher stability. All these mechanisms are permanently coupled during the evolution of the system.

The results for the obtained solidification field are shown in Figure 4-24. A cooperative growth is observed between the three solid phases. It is found that, once in steady grow conditions, the (LiF) and (KF) phases solidifies as plates of variable length, whereas the (NaF) phase grows as oval-shaped columns between the other two phases. During the solidification process, fibers of the solid phases are formed in the direction of grow. Going forward in the direction, the fibers merge due to a reduction in the interface gradient energy or split due to a reduction in the bulk free energy (the driving force of solidification). The formed structure is continuous, i.e. there are no branches that suddenly stop growing or are suddenly created. In order to understand the dynamics of the growing process, it is proposed to study the process from the point of view of the individual phases. The grow process for the → phase is shown as an example in Figure 4-25. Initially, when the equilibrium have been reached with the 2D phase model in the base plane, the phase is distributed in small clusters with convex shape. This sort of shapes is formed because the diffusion process in the 2D plane is overestimated with respect to the real one occurring in three-dimensions, which have not been yet considered. The system searches, therefore, to minimize the driving force of solidification. This situation is similar to what occurs during the coarsening of solid nuclei next to a wall, since the diffusion processes are helped by the adsorption and desorption of solute in the walls and the presence of the wall limits the influence of the surface tension.

As the system grows in the direction, the initial reduction in the driving force of solidification caused by the presence of small nuclei occludes initially the effect of the reduction in the gradient and potential. This is, for reducing the gradient and potential energy, the fibers of the phase will tend to merge and coarse as they grow in the direction. Nevertheless, this coarsening increases the driving force of solidification. Since, initially, the driving force and the chemical potential are low for the system in equilibrium; the system has a significant inertia for changing its configuration. However, as the solidification progress further in the direction, the chemical potential rises as the initial equilibrium distribution is perturbed. This results in the system actively minimizing its interfaces and going to the previously observed thin-plate structure.

While the system grows further in the direction, it is observed that perfect plates are not formed, as expected by the reduction in the interface energy. The phenomenon is originated by the presence of oscillatory instabilities in the growing process. While growing upstream, the fiber may reduce its diameter, while reducing the driving force, due to high differences in the concentration fields in the liquid in front of the fiber with respect to the liquid that surrounds it. As the fiber thins, the sink of solute is reduced with the size of the fiber, causing the external solute field to be more rapidly homogenized by diffusion processes. Therefore, afterwards, the fiber coarses back. This type of oscillatory behavior is present over the whole domain of the FLiNaK in the present case.

Note that the effect of the retarded merging of the branches due to the high concentration gradients next to the interface near the bottom surface and the oscillatory behavior shown by the plates are a direct product of a small diffusion in the concentration field caused by the small diffusion coefficients in the liquid. Therefore, significant changes are expected in the shape configuration with the external fluid flow. These cases are analyzed in the next section. in the domain shown in Figure 4-23 with adiabatic boundary conditions. This allows calculating the effective thermal conductivity tensor that is defined as follows:

, = ∫ ∑ , = ( + ℎ Ω (4-90)
Where is the volume of the domain in which the microstructure was simulated.

For homogenizing the mechanical properties of the microstructure, several techniques exist in the domain of micromechanics [START_REF] Charalambakis | Homogenization techniques and micromechanics. A survey and perspectives[END_REF]. In the present case a similar procedure than the thermal problem is applied: the mechanical problem is divided into a large and a small fluctuation scale. The mechanical problem for the small scale is:

• • {ℂ , } = -• ℂ , (4-91)
where the elastic-plastic moduli have been defined as ℂ , = , + ℙ , .This problem may seems a little bit complicated at first, but can be largely simplified by noting that when orienting the direction of growth with one of the principal axis the elastic-plastic moduli has only three independent components. The local elastic-plastic moduli can be defined depending to each phase as ℂ , = ℂ , = ∑ ℂ = . Note that non-linear mechanical interactions at the binary interfaces have not been considered. The homogenized elastic-plastic moduli can be defined as follows:

ℂ , = ∫ ∑ ℂ = ( + Ω (4-92)
By projecting the homogenized elastic-plastic moduli into the homogenous planes in Figure 4-11 an expression can be obtained for the , , mechanical projection coefficients in equation . The expressions obtained are:

= + [ ] (4-93) = {[ ] -[ ] -} = + [ ] + [ ] -[ ]
Where the subscripts indicates the gradient of the components in the fluctuating field ℝ × . Note that the homogenization is completely similar for the thermal stresses since they are considered to be proportional to the elastic moduli. Finally, viscous effects are not considered in the solid. Note that for the isotropic case = and, hence, , , = , , leaving the elastic-plastic moduli unchanged as expected.

Finally, the thermal radiation transport problem in the microstructure can be divided in three independent radiation transport problems for each of the phases, considering the phases as homogeneous. This method is based in two key ideas. First, the thermal radiation absorption coefficient is redefined by taking into account the shadowing between the phases. Then, the reflection and refraction at the interphases of the segregated solid phases is homogenized by integrated over all angular directions at the interface boundaries. Hence, the solution of this problem is a function of the surface over volume ratio for each of the phases.

Once a procedure has been built for homogenizing the microstructure, the final step is using this procedure in order to generate a surrogated model that can rapidly predict the thermal and mechanical properties of the microstructure. This is developed in the next section.

Surrogated model for the microstructures

In the present section, a surrogate model is developed for the effective thermal conductivity tensor, the mechanical projection coefficients and the surface over area ratio based in a set of mesoscale simulations performed for solids generated with different cooling heat fluxes and external convection rates. Given the large computational costs of the mesoscale simulation, only 64 simulations have been done in the present work for calibrating the surrogate model. All the simulation have been performed with FLiNaK at the eutectic composition. This simulations have been performed with interfaces velocities of = [ . , , , , , , , ] / and with interface heat fluxes of ′′ = [ , × , , × , × , × , × , ] / . All the combinations between interface velocities and interface heat fluxes in these sets have been performed. The values in these sets have been defined for the SWATH experiments. Likely larger values of interface velocities and heat fluxes would be needed for covering t~~he ranges of solidification in MSRs conditions. The surrogated model built in the present case is simply a fitting of the different components of the thermal conductivity tensor, the projection factors for the elastic-plastic moduli and the surface over volume ratio for each of the phases (needed for calculating the effective refraction in the homogenized radiation problems). The results obtained are the following:

Surrogated model for the thermal conductivity tensor

In the principal axis, the homogeneous thermal conductivity tensor can be computed as 

Surrogated model for the surface over volume ratio

The fitted values for the ratios of the surface over the volumes for the phases are

( ) [ ] = [ . + . - - [ / ] . + . ( --[ / ] . )] -[ ]- ( ) [ ] = [ . + . - - [ / ] . . ( --[ / ] . )] -[ ]- ( ) [ ] = [ . + . - - [ / ] . + . ( --[ / ] . )] -[ ]- (4-97)
The average error in the fitting by these correlation is of ~ %, which is quite high for the precision required. The present fitted models have been observed to be effective for improving the results in the SWATH experiments. Nevertheless, the number of simulations against which they were calibrated is quite small. It is considered that much better results could be obtained by using a larger set of calibration points coming from a larger amount of simulations.

Section summary

Context:

 Solidification studies have historically been developed in the materials industry.  The techniques for modeling solidification have evolved from empirical correlations for the energy balances, to macroscale numerical simulations for the solidification extent prediction, to mesoscale techniques for predicting the microstructure formed during solidification.  Some macroscale models have heuristically been applied for modeling solidification in molten salt related technologies.  A complete study of the solidification phenomena and modeling in molten salts is not yet available.  High precision in modeling the solidification phenomena is necessary for MSRs since many passive safety systems rely upon the solidification of a salt.

Topics addressed:

 The section begins with an introduction to solidification models in ternary systems (such as FLiNaK 

Research questions:

 What is the multiscale phenomenology occurring during the solidification of a molten salt and how can it be modeled?  How can a high precision model be developed for taking into account the macroscale description of the solidification phenomena in a thermodynamically consistent form?  How can a high precision model be developed for taking into account the mesoscale description of the solidification phenomena in a thermodynamically consistent form?

Key developments:

 High precision solidification models of molten salts have to be tackled with multiscale approaches.

 An Arbitrary Lagrangian Eulerian model has been developed for the macroscale, which solves the conservation laws in the fluid in an approximately fixed Eulerian mesh and the thermal-elastic-plastic deformation on the solid in moving Lagrangian mesh (using an Updated Lagrangian formulation). This model have been derived in a thermodynamically consistent way, reducing the risk of non-physical results.  A thermodynamically consistent model has been developed for resolving the microstructure during the solidification of a molten salt subjected to an external flow.  These models have been benchmarked against experiments available in the literature.

Chapter 5: The Salt at WAll: Thermal excHanges (SWATH) experiments

The Salt at WAll: Thermal excHanges (SWATH) experimental platform is one of the research activities of the European H2020 SAMOFAR project. The main objectives of SWATH are to: I.

Improve molten salt numerical models used for design and safety studies of the MSFR II.

Demonstrate the working principles of the cold plug device that allows the draining of the MSFR and study various design options

In this thesis, the SWATH platform was used for implementing dedicated thermalhydraulic experiments that allowed testing the numerical models developed for molten salt flows. In particular, the experiments designed for testing the turbulence and solidification/melting modeling are described in this manuscript.

Physical phenomena studied in the SWATH experiments

Since the possible accidental configurations of the Molten Salt Fast Reactor (MSFR) reactor (geometries and conditions) are not completely known yet, it was not possible to design experiments to study these accidental configurations. Hence, the SWATH experiments have been rather focused on understanding the underlying physical phenomena occurring in molten salt flows and on testing the mathematical models developed for describing these phenomena. Once these models have been validated, they can be used in the future for the design of more accurate experiments for studying the accidental configuration of the MSFR. Furthermore, many of the experimental techniques developed during the SWATH experiments can be transposed to the experiments for studying the accidental configurations in the reactor.

A methodic analysis was performed for the determining the experiments that will be designed and implemented in SWATH. The first task was to identify all the thermal-hydraulic phenomena that will be interesting to study in the MSFR. Each phenomenon is then classified according to its impact in the MSFR, the current level of scientific knowledge in understanding and modeling the phenomenon and the feasibility to design and implement experiments in SWATH for studying the phenomenon in a molten salt flow. This last aspect is critical, since the uncertainties in the experimental data acquired in the SWATH experiments have to be significantly lower than the effects of the phenomena that are being studied in these experiments. Otherwise, the models developed cannot be properly tested.

For illustrative purposes, let us take for example the phenomenon of the migration of neutron precursors in the molten salt flow. According to the previous classification, this phenomenon has a large impact in the MSFR, since it significantly changes the effective delayed neutron fraction, and the current level of knowledge on the mechanisms affecting the transport of neutron precursors is low. Therefore, it is potentially interesting to study this phenomenon in the SWATH experiments. However, the specific mechanisms affecting the transport of the neutron precursors in molten salt flows (turbulent mixing, Ludwig-Soret effects, etc.) will only cause differences between 5-10% in the concentration profiles observed. With currently available experimental techniques [START_REF] Konz | Comparison of experimental methods to determine solute concentrations in porous media flow tank experiments[END_REF] and the ones that could be developed in the short-middle term, it is not possible to measure the concentration profiles in a molten salt flow with a precision greater than 10%. Hence, for the validation of the models, it made no sense to perform this experiment.

As a summary, the main thermal-hydraulics phenomena that were selected for studying in SWATH are:



Turbulence,

The SWATH test facilities

The development of the SWATH test facility has been performed by the collective work of the engineering (led by Eng. Julien Giraud) and research (led by Dr. Veronique Ghetta) teams at the Reactor Physics group of LPSC [START_REF] Tano | Development of solidification models for molten salts coolants[END_REF]. The main challenges when developing a facility working with molten salt flows are the high temperatures involved and the risk of unexpected chemical reactions. In particular, this makes hydraulics measurements very challenging, since molten salt flows have to be confined inside of closed sections built of stainless steel for minimizing thermal and chemical hazards. In these conditions, the implementation of classical flow visualization techniques such as PIV (Particle Image Velocimetry), is virtually impossible. To overcome these problems two geometrically identical experiments were built:  two liquid storage tanks,  the pipes for carrying this liquid,  a gas pressurization system for generating the flow,  a pressure control mechanism for regulating this flow, and  other control instrumentation of the experiment.


In addition, the SWATH-S experiment has a heating system and thermal insulation to control the temperature of the salt in all parts of the system (not shown in the Figure 5-2) and a glovebox where the test sections are placed in an argon atmosphere for avoiding the hazard of potential interaction between the salt and the atmospheric air.

The operation of both experiments is based on a discontinuous working principle. The flow is established by regulation of the pressure difference between the upstream and downstream tanks, rather than using a pump. The test section is included in the outward flow line, after a long enough development length in the pipe. A development length of two meters was carefully defined for achieving approximately fully developed hydraulic (SWATH-W and SWATH-S) and thermal (SWATH-S) flow profiles at the inlet to the test sections. The experiments are performed until all the liquid in the upstream tank has circulated through the test-section. Afterwards, the liquid is returned to the upstream tank through the return pipe in order to perform another experiment.

Two measurement techniques for the flow rate have been implemented. Firstly, a technique based in measuring the level of liquid in both tanks. Then, a technique based in measuring the pressure drop in a carefully designed section in the passage line of the flow. The second one was observed to be more effective for controlling the flow rate. Both techniques have been validated in SWATH-W against ultrasonic flowmeter measurements. Furthermore, a set of thermocouples has been fixed on the walls of the pipes and the molten salt storage tanks of the SWATH-S experiments. These ones allow controlling the temperature of the molten salt. 

The SWATH test sections

The test sections for the SWATH-W and SWATH-S facilities have to be designed for providing meaningful test cases for the numerical models developed.

The main problem when trying to validate numerical models for molten salt flows is that different physical phenomena are coupled in this flow (conduction, convective and radiative heat transfer, turbulence, solidification/melting, etc.). Hence, isolating a particular phenomenon for performing a detailed study is virtually impossible. This is problematic when trying to validate a numerical model for a particular physical phenomenon. Therefore, the main challenge is to design the test sections where the observed differences between the numerical models and the experiments are principally produced by the phenomenon being studied and not by the rest of the fields coupled in the molten salt flow. For example, the solidification test sections should be designed so that the observed differences between the numerical model (developed in Chapter 4) and the experimental measurements are principally produced by the phase change part of these models and not by the errors in modeling the external flow field and the convective and radiative heat exchanges, among others.

For this reason, two design principles have been applied when designing the test section. First, the impact of the physical phenomenon being studied tried to be maximized. For example, in the solidification test sections, the heat transfer due to solidification was designed to be much larger than the ones due to convection, conduction and thermal radiation. Then, the numerical modeling of the fields coupled in the molten salt flow was aimed to be as simple as possible for avoiding introducing errors. For example, in the solidification test sections, a laminar flow is generated in a simple geometry for avoiding the modeling errors introduced by turbulence.

A second problem appears in the location of temperature measurement instrumentation. In the glove box, the temperature field of the test section can only be measured with thermocouples at a small number of points (usually no more than 10). Furthermore, to avoid disturbances due to the change of flow, the thermocouples cannot be placed inside the molten salt flow. In the present work, an inverse technique was developed in order to optimize the locations of the thermocouples. Briefly, this technique consists in placing the thermocouples so that the global sensitivity of the numerical model is maximized in the locations where the thermocouples are placed. For more information on this technique, the reader is referred to our paper (Tano et al., 2018). numbers used for validating the hydraulic models in the SWATH-W experiment. Hence, the validity of the hydraulic model should not be challenged by the thermal exchanges. Note that the procedure described is just the ideal objective. In practice, the situation may be different.

For instance, many of the experiments tested in SWATH-S were not previously measured in SWATH-W. If the flow field in the test section is very simple or a large amount of measurements on similar test sections is already published, it makes no practical sense paying the cost of implementing the same section in SWATH-W to gain very little information. An example of this case are the solidification experiments described in Chapter 7. In this case, the hydraulic field that could be measured in the SWATH-W experiment is a Couette flow in a cylindrical crucible. Since a very large amount of measurements already exists for this type of flow and numerical models can provide accurate solutions of it, it made no real sense to measure the velocity field in the SWATH-W experiments.

Furthermore, in other cases, the interest in studying a test section may be in accurately predicting the velocity field without regarding in detail the thermal exchanges. An example of this case is the backward facing step section (BFS) described in Chapter 6. This section allows studying the turbulence field produced after a boundary layer detachment into a large cavity. This section was implemented in the SWATH-W facility and the velocity fields were measured. The accurate modeling of the phenomena in this section is also important for the MSFR. This is because the turbulent phenomena will significantly modify the advective transport and mixing in the neutron precursors and temperature fields, changing the effective neutronic parameters and the distribution of maximum temperatures in the MSFR. Nevertheless, when studying the implementation of the BFS section in the SWATH-S experiments, it was observed that the temperature readings at the walls of the section were not very informative since the turbulent mixing after the boundary layer detachment was very high. Therefore, from the practical point of view, the study of this section in the SWATH-S experiments is not significative.

Section summary

Context:

 In the framework of the SAMOFAR project, in Working Package 3, experimental studies of molten salt coolants are being performed.  In particular, at LPSC (Grenoble, France), the SWATH experiment has been developed which allows studying molten salt flows over different geometries.

Topics addressed:

 The section begins with the description of the key physical phenomena that has been selected for studies in the SWATH experiments.  Then the assembling of the numerical and experimental activities performed in the SWATH experiments is described.  Finally the dimensional similarity between the SWATH-S and the SWATH-W platforms is explained along with the principles used for measuring thermal-hydraulic phenomena using both platforms.

Research questions:

 What is the key phenomena of interest for the MSFR that can be studied in SWATH?  How can experimental and numerical activities performed around the SWATH platform produce a synergy?  How can the speeds of the flows be measured in molten salt flows?

Key developments:

 After a complete PIRT analysis the phenomena of turbulence, solidification/melting, thermal radiation heat transfer, multiphase flows, boundary layer developments and the effects of changes in the concentration and the internal energy sources were selected to be studied in the SWATH experiments (the first three are addressed in the present manuscript and the fourth one is treated with less detail in Chapter 8).  At first mechanistic models have to be developed controlling the hypotheses made when deriving the models, these models can then be used for designing meaningful experiments that will challenge the model on critical aspects, finally, improved models can be obtained, which allow defining more refined experiments.  Developing specific velocity measurement techniques was too expensive and complex. Hence, a mockup of the molten salt experiment was built in water, where the velocities can be more easily measured and, then, by maintaining the geometric and dynamical similarity, the velocity field obtained in water can be transposed to the molten salt flow. This is an indirect way to measure the velocity field.

Chapter 6: Studies of a backward facing step

(BFS) section in SWATH-W

Introduction

The present chapter describes the activities performed around the implementation of a BFS section in the SWATH-W experiment. This section was implemented in order to test the thermalhydrulics models, presented in Chapter 3, in a section in which the accurate turbulence modeling is critical for predicting the velocity profiles. The BFS is a section widely studied in the fluid mechanic literature (Abu-Mulaweh, 2003) [START_REF] Barri | DNS of backward-facing step flow with fully turbulent inflow[END_REF]. This section consists of a sudden enlargement or step in an inlet flow. An example of this section profile is shown in Figure 6-1. Even though the geometry of the section is very simple, very rich turbulent phenomena are generated between the tripping and reattachment of the boundary layer. In general, in the literature, the objective is to study the flow structures generated in the tripping of the boundary layer and the mechanisms leading to its final reattachment. Therefore, the complete and detailed study of the dynamics leading to the downstream evolution of the turbulent phenomena after tripping is generally avoided (Togun et.al., 2014).

In the entrance region of the MSFR, a tripping of the boundary layer is produced when the flow stream enters the reactor cavity. This abrupt expansion generates a tripping of the boundary layer that develops downstream in the reactor cavity. The complex flow phenomena generated, interact with the nuclear power production in the nuclear chain reaction by affecting the temperature field and the transport of neutron precursors. This coupling demands an accurate prediction of the velocity field downstream the sudden expansion.

In order to study the turbulent phenomena after the tripping of the boundary layer, a BFS section with an expansion ration of was designed, constructed and implemented in the SWATH-W experiment. The velocity profile was measured using Particle Image Velocimetry (PIV) techniques. Some novel postprocessing techniques were implemented in order to increase the accuracy of the PIV measurements (Appendix IV.A). Even though the expansion ratio is different between this BFS and the MSFR, the phenomenology produced after the boundary layer detachment is similar. Hence, the results obtained in this experiment should be extrapolated to some degree to the core cavity of the MSFR. In particular, the large expansion ratio in the BFS implemented allows for the development of the turbulence and vorticity production mechanisms downstream the tripping of the boundary layer (vortex rolling mechanism, vortex sharing, etc.) that are acting in the MSFR core cavity and have not been carefully analyzed in the literature.

In summary, the challenge in this experiment is to accurately model the turbulent velocity field produced downstream in the BFS after the tripping of the boundary layer. In particular, there were four main objectives in this experiment: 1.

To compare the performance of the different turbulence models presented in Chapter 2 in the BFS section 2.

To assess the performance of GEATFOAM for generating a non-linear eddy viscosity model for describing the turbulent field in the section 3.

To test the Direct Numerical Simulation (DNS) methodology implemented in pyDNSMS in the BFS section 4.

To assess the accuracy and steadiness of the flow field produced by the flow generated with the discontinuous principle The first three objectives are addressed in this chapter, whereas the fourth one is presented in the appendices (Appendix IV.B).

Furthermore, the Particle Image Velocimetry (PIV) measurements have been made at three different regimes (Re= 222, 1111 and 3889) and with the flow field generated using either a pump or the pressure control system. This allows to study the BFS section in diverse flow conditions. Very different turbulence phenomena are observed according to the Reynolds numbers studied. In particular, at = the flow is mainly laminar. At = a stationary turbulence phenomenon is produced downstream the BFS. At = vortex shedding is produced after the tripping of the boundary layer and a periodic turbulence phenomenon is observed downstream. The turbulent fields generated at = and = have been used for the comparison between the measured fields and the ones predicted with the numerical models. Hence, the laminar field generated is not analyzed in detail in this manuscript.

In the following sections, the hydraulic phenomena occurring in the BFS is first described. Then, details on the experiment conception and on the PIV measuring technique are provided. Afterwards, the details of the implementation of GEATFOAM in this section are addressed. Following, the experimental measurements are compared against the prediction of turbulence models (RANS and LES) and the RANS model optimized with GEATFOAM. Next, the house code developed for performing DNS (pyDNSMS) is successfully compared with the measurements. Finally, this code is used to produce a set of numerical experiments, against which the extrapolability of the model produced with GEATFOAM is tested.

Hydraulic phenomena in the BFS

All the hydraulic phenomena that could be developed in the BFS are shown in the left frame of Figure 6-1. A developed hydraulic profile arrives to the expansion point where the tripping of the boundary layer occurs. After the tripping of the boundary layer, a shear layer is generated due to the interaction between the detached jet and the fluid in the down part of the BFS. This shear is the main factor of turbulence production in this region. As the flow moves downstream, the vortex generated by the shearing mechanism merges, expanding the width of the shear layer. Furthermore, since the fluid in the free stream moves faster than the one in the inferior part of the BFS, the vortices generated will rotate clockwise, producing a net lift force towards the inferior wall of the BFS. This force causes the shear layer to descend and to finally reattach in the inferior wall of the BFS. Furthermore, between the detachment and reattachment points, the interaction of the shear layer exerts a net force in the fluid in the inferior part of the BFS. This causes a main recirculation zone, also called "separation bubble". Furthermore, due to the interaction between this rotational structure with the expansion wall, a second rotational structure is produced next to this expansion wall. Finally, if the vorticity generated by the shear layer is strong enough, the eddies generated are not dissipated by the interaction with the wall in the reattachment point. Hence, a vortex shedding mechanism may be observed in which vortices are periodically emitted after the detachment point.

Rich turbulent phenomena are generated by the boundary layer detachment. In order to partially characterize this turbulent state, the invariants of the anisotropy tensor generated in the boundary layer detachment are mapped into the Lumley triangle [START_REF] Emory | Visualizing turbulence anisotropy in the spatial domain with componentality contours[END_REF]. This is shown in Figure 6-1 (right).

In the free stream before the boundary layer tripping point, the symmetry of the inlet channel causes the turbulent phenomena to approach the 2D limit. This means that the anisotropy in the turbulent processes is mainly independent of the direction perpendicular to the paper. In the shear layer, strain rate in the stream-wise direction produces a high rate of vorticity. The preferential shear in the share layer originates the shifting of the turbulent anisotropy towards the oblate limit. A similar phenomenon happens after the reattachment point, in which the preferential stresses exerted by the wall, causes the turbulent anisotropy to migrate towards the oblate limit.

 Tripping of the hydraulic boundary layer after the expansion  Width of the shear layer  Turbulence production inside the main shear layer  Production of coherent vortex structures in the shear layer  Vortex merging rate in the main shear layer  Anisotropy of the turbulent structures in the shear layer  Reattachment point and width of the boundary layer  Turbulence diffusion rate from the shear layer to the bottom part of the BFS  Centre of rotations in the location of the main recirculation bubble  Centre of rotation in the location of the secondary recirculation bubble

The complete PIRT analysis is shown in the appendices (Appendix IV.C). In the experiments, the velocities over the middle vertical plane of the BFS are only measured. Therefore, once the PIRT analysis was performed, the sensitivity of the middle vertical plane velocities with respect to each identified phenomenon has to be evaluated. The objective is to design the BFS so that the sensitivity of the middleplane velocities is maximized. This should allow evidencing the effect of the phenomena when taking the experimental measurements in the velocity field. Nevertheless, there were also some key limitations in the experimental design. The main ones are:

 The length should be of a maximum of due to the size of the glove box  The height of the channel should not be too large since it will reduce the resolution of the experimental measurements (see the next section) and will increase the development length downstream the expansion  The dimension should be large enough in order to limit the influence of the viscous damping of the side walls on the velocities observed in the middle plane, but it should be small enough in order to reduce the flow rate requirement for the SWATH-W experiment.  The back exit wall of the BFS section should not influence the turbulent phenomena studied after the boundary layer detachment.  Maximize the flow time over the BFS section with the SWATH-W pressure system, in order to avoid problems with transient flow phenomena.  Because of the volumes of the SWATH-W tanks, the maximum pressure that they could hold and the precision of the sensitivity of the pressure control system were limited. It was determined that the operational flow ranges for the SWATH-W system were between . / and / . The upper limit could have probably been pushed slightly forward, but in order to have enough flow circulation time between the tanks, avoiding transient effects and for the purposes of the studied phenomena, this flow rate was considered sufficient.  The inlet length before the expansion of the BFS should be long enough in order to decrease the uncertainties in the inlet profile before the expansion and, if possible, arrive to the expansion with a fully developed flow profile.  The sensitivity of the velocities measured in the middle-plane should be reduced with respect to the errors made in the construction of the section. After a complete evaluation of these criteria, a constrained sensitivity analysis was performed. This one consisted in a set of numerical simulations using the LES multi-gradient model (Lu and Porte-Agel, 2010) for modelling the turbulent phenomena. This turbulence model was selected since it has been observed to be accurate in modelling the phenomena generated after a boundary layer detachment. The final configuration obtained for the BFS after this analysis is the one shown in Figure 6-2. One fact that is not shown in Figure 6-2 is that the BFS section inlet tube is in-diameter and has a development 

Meshes and boundary conditions used in the simulations

Numerical simulations have to be performed using the different turbulence models described in Chapter 3 to be compared with the experimental measurements. The present section gives some details about the mesh and the boundary conditions used in the numerical simulations performed.

The BFS domain in Figure 6-2 was discretized in three dimensions with a regular structured hexahedral mesh generated with the snappyHexMesh utility in OpenFOAM (SnappyHexMesh, OpenFOAM-Wiki). The sizing of the meshes varied for each one of the different RANS, hybrid RANS-LES, LES and DNS models used. Classical wall refinement techniques have been used when generating these meshes. Each mesh was refined until the solutions did not appreciably change with further refinements. This is the standard mesh convergence procedure (Lim and Chaos, 2008). The final meshes have about . × computational cells for the RANS simulations, . × for the hybrid RANS-LES simulations, . × for the LES simulations and . × for the DNS simulations. In all this meshes, an inflection layer of 5 to 8 cells of thickness was implemented so that the dimensionless wall distance ( + ) varies between 0.5 and 1.5. This allows implementing the enhanced wall treatment procedure near the walls. This means that no wall functions were implemented, avoiding artificial effects in the tripping and reattachment of the boundary layer. For LES and DNS simulations, artificial noise is added in the inlet applying the Klein's digital turbulence generator, as proposed by Kempf and colleagues (2012). At Reynolds of , the flow profile obtained after the boundary layer detachment is turbulent. The main objective of this experience is to test turbulence models in stationary turbulent conditions. The results of the simulations obtained for = are shown in Figure 6-9. Simulations using a laminar model, the -, -, -SST and the optimized GEATFOAM model have been performed. Furthermore, transient simulations using the IDDES and the MGLES models have been conducted and the average fields over time have been computed. When performing the simulations, it has been observed that after a certain time the partial averages of the mean fields arrive to a steady state, agreeing with considering the turbulent phenomena in this section as stationary. Qualitatively, a good agreement is observed among all the simulations, with the exception of the laminar case that shows erratic and unsteady non-physical fluctuations in the velocity fields. Since the errors obtained when using the pressure difference between the tanks as impulsion device are quite high, only the measurements obtained with the pump are used for imposing the reference velocity in the present case. The results of the laminar simulations are not presented since a non-physical periodic variation in time of the velocity field was detected, and differences between simulations and measurements were too large. Themodel is observed to produce large errors in the velocity fields near the walls, while somehow smaller errors in the bulk region. The exactly inverse behavior is observed for themodel. The average of the error functions for these two models is of more than %. The differences observed between the numerical simulations using themodel and the measurements are approximately constant for the wall and the bulk region. These differences are of about %, which is still too large for the required precision in the SWATH experiments. The numerical simulations performed using the optimized turbulence model shows an average difference of . % with respect to the measurements. This is not surprising, since this turbulence model has been deliberately fitted to this experience. Note that these differences could have been made as small as desired using the previously described procedure. Nevertheless, for avoiding the possible over-fitting of using large terms in the turbulence models, and since the systematic errors in the comparison between the PIV chain and the numerical procedures were already estimated to be around %, this difference is deemed reasonable. Furthermore, due to the limited computational time required to run the RANS models to convergence, it is reasonable to use these models in a design context.

Additionally, the IDDES model provides results similar to themodel in the bulk region, but provides better results next to the walls, where LES computations are performed. Nevertheless, it is observed that this model is about 10 times more computationally demanding than the previously analyzed RANS models. Statistically, LES formulation near the wall require very small time-steps and the convergence of mean velocities is quite long.

Finally, the precise MGLES model shows very good results, both in the bulk region and near the walls. The errors that have been obtained are of less than %. However, its computational cost has been observed to be a factor to times greater than RANS models', mainly due to the high resolution needed for the mesh and the small time steps associated. Hence, the computational cost limits further applicability of this models for routine use in the SWATH experiences of the MSFR.

As a conclusion to this section, it can be stated that in this situation, in which RANS turbulence models are not precise enough in predicting the mean velocity fields and more detailed turbulent models are too computationally expensive, GEATFOAM seems like a good compromise solution.

Turbulent periodic profiles: flow rate . / , =

The final experience, consisted in increasing the flow rate by a factor of . , leading to a Reynolds number of approximately . At this Reynolds number, the speeds are large enough to affect the pressure gradients in the bulk of the BFS, after the turbulent jet detachment. This results in a periodic change in the vertical pressure gradients behind the expansion zone, leading to a periodic fluctuation in the turbulent jet. This phenomenon is known as vortex shedding. The objective of performing the present experience is not to resolve the fluctuating frequency of shedding or the characteristics of the vortex shedding mechanism, but to evaluate the accuracy of different turbulence models on periodic detachment conditions. This means to determine how well the different turbulence models can predict the mean velocity field, even in conditions in which the turbulent field is subjected to periodic actions (which are in principle not solved by the RANS models). The results of the numerical simulations are presented in Figure 6-10 and they differ qualitatively from those obtained in the previous case ( §2.7.2). To keep comparable conditions, the pump measurements are used, even though in this case the good agreement obtained in the PIV measurements when generating the flow with the pump and with the tanks, would allow to indifferently use the measurements obtained by both mechanisms.

The comparison of the simulations with the flow fields obtained with the pumps are performed using the two error functions ( , ) defined using the two weight functions ( , ) previously established. The results are presented in Table 6-3. It is observed that the errors produced by the turbulence models are on average larger than those in the previous case. This is understandable, since the shedding effects on the mean fields are not taken into account by these models. For instance, average errors for theandmodels are of about % , and these models present the same bulk-wall behavior than in the previous case. Furthermore, the errors in themodel rises to about % on average. The main reason for these large errors is that when the vortex shedding is produced, a large amount of turbulent kinetic energy is transferred to the liberated vortex. However, the current rotation rate is not taken into account by these models when evaluating the turbulence transport. Chapter 6: Studies of a backward facing step (BFS) section in SWATH-W

The same optimized anisotropy model developed in the previous case is used for modeling the current experience. The idea is to determine if the previous fitting could be extrapolated to another flow configuration, generated by a different Reynolds number. One particularity of the previously fitted anisotropy model is observed when analyzing the second term in the right hand side of the anisotropy model:

, = , ( • • -• • (6-8)
This term takes into account the unbalance in shear strains produced by the fluid rotation ( • • -• • ) weighted with the amount of shear strain over the amount of rotation . In this sense, this term is modeling the turbulence production due to the conversion of rotation into shear strain in the fluid, normalized by the amount of strain deformation over rotation at each point. Therefore, when the detached eddy is liberated, this term is able to represent the conversion of this eddy into shear strain and the conversion of this one into a source term for turbulence. Hence, the energy of the shedding is not lost for the optimized model. Therefore, good results are obtained when using the fitted anisotropy model.

Once again, the results of the IDDES model are observed to be better than the RANS turbulence models (with the exception of the model optimized with GEATFOAM). It is particularly remarkable that the errors predicted in the bulk velocities by this turbulent model are much better than themodel, even though the IDDES model uses this last one to solve the bulk velocities. This difference exists because a LES model solves the boundary layer tripping in the IDDES model, whereas in thethis one is solved by RANS approaches. The fact that a large difference is observed between these two models should be taken as an indication of the importance of the boundary layer tripping in the velocity field in the downstream part. Furthermore, the computational times required for this model have increased again from the previous case, since the velocities are larger and a smaller time step is needed to maintain a stable CFL number.

Finally, the MGLES model once again yields very accurate results. This should not be surprising since the resolution of the LES model has been taken to solve most of the inertial range and, hence, it is almost sure that in the modeled scales the turbulence should be approximately isotropic. Nevertheless, the computational resources needed to perform this simulation have also risen from the previous case, because a smaller time-step is needed. This simulation took a little bit more than four days until the statistical convergence of the velocity profiles when using the computational resources available and the penalization strategies implemented in OpenFOAM. The computational resources necessary for performing this type of simulation in the MSFR will be much higher, considering that the volume and the mean velocity of the fuel salt is higher than in the present case. Hence, the resources required to perform a LES which solves most of the inertial range, as in this case, are probably exclusive of a super-computer.

In this context, once again, the model calibrated with GEATFOAM seems to be a good compromise between precision and numerical efficiency.

Comparison of Direct Numerical Simulations with experiments

At this point, it has been observed that the results obtained when constructing the anisotropy tensor with GEATFOAM show high accuracy and require low computational power. Furthermore, the extrapolation of the model generated for = has presented good behaviour at = . Nevertheless, a question rises about the extrapolability of the models generated with GEATFOAM to different Reynolds numbers and to different geometries. However, due to time, cost and equipment limitations, no more PIV measurements have been made. Hence, in order to produce more data points, the BFS section has been studied via direct numerical simulation (DNS) using the pyDNSMS tool.

As an example, the results of the simulations performed with pyDNSMS at = and = are shown in Figure 6-11 and Figure 6-12 respectively. For the smallest Reynolds number it is observed that the free jet is rapidly down deflected and the reattachment point is quite close to the expansion wall. This is because of the low inertia of the free stream jet relatively to the high level of rotation that is introduced in the shear layer after the boundary layer tripping. This causes the lift forces introduced by the rotation of eddy structures in the shear layer to rapidly pull down this shear layer. This fact can be observed in the contour plot for the vertical velocities in which a strong descending current is presented at some distance away from the detachment, once the free jet inertia has been dissipated. Furthermore, from the contour plot of the stream-wise velocities, it can be observed that the thickness of the shear layer does not expand much as the free jet is deflected towards the inferior wall. This is the result of a low turbulent diffusivity present in the shear layer. This low turbulent diffusivity is produced due to a small rate of turbulence production in the shear layer, caused by the small amount of inertial available in the free jet. In this sense, these results suggest that the influence of the different turbulence models should come second order to the prediction of the inertial and lift forces in the fluid. This allows to explain the somehow low errors found by the different approximated turbulent models when predicting the mean velocity profiles in the BFS. The phenomenology observed at = is very different. For instance, a lot of inertia is available in the free jet due to higher velocities. Therefore, the lift force generated in the boundary layer tripping does not significantly deflects the shear layer, as can be observed in the stream wise velocities contour plot. Furthermore, due to the high shear rates produced in the jet of considerable speed, a large amount of turbulent kinetic energy production is present in the shear layer. This results in a large amount of turbulent diffusion in the shear layer, causing its expansion downstream of the BFS, as can be observed in the contour plot of the stream wise velocity. Additionally, this large turbulence diffusion rapidly dissipates the rotation rates imposed after the boundary layer tripping. Hence, there is not a net vertical flow current in this case, but alternating ascending and descending, as observed in the contour plot for the vertical velocities. Since the turbulent phenomena play a more important role for this higher Reynolds number, it is expectable that large errors will be introduced when using different approximated turbulent models for predicting the mean velocity profiles. This agrees with the observations of the previous section. Since the results obtained from the DNS simulations seems qualitative reasonable, the next step is to compare them to the results obtained in the PIV measurements. As in the previous section, the PIV results obtained when generating the flow with the pump are taken as the reference values.

As in the previous cases, the error function for comparison is defined as:

- = ∑ ∑ ( - ) = = (6-9)
Where is the magnitude of the velocity at line and point as measured when generating the flow with the pump, and is the analogous velocity resulting from the direct numerical simulation. The results obtained for this error function are shown in Table 6-4. It is observed that the DNS calculated and PIV measured results are in very good agreement. This fact allowed the validation of the DNS methodology in order to construct more data-points for testing GEATFOAM.

--= 1.7% 1.6% = 1.2% 1.4% 

Evaluation of the extrapolability of the anisotropy model produced

The previously validated DNS methodology was used in order to construct more data points over which the GEATFOAM methodology could be applied. For computational limitations reasons and for maintaining the accuracy in the DNS simulations, the maximum Reynolds number that could be studied was 7000. This is mainly because the Kolmogorov scale reduces with the Reynolds number to the power of and hence the computational requirements increases with a power of of the Reynolds number. The simulations performed using the DNS methodology are listed in As a first study, the extrapolability of the previous anisotropy model generated with GEATFOAM over the PIV measurements at = is evaluated. The comparison error functions, following the previous sections, are defined as:

- = ∑ ∑ - = = (6-10)
Where is the magnitude of the velocity at line and point predicted by DNS, and is the analogous velocity predicted using the model generated with GEATFOAM. The results obtained for this definition of error as a function of the Reynolds number are shown in Figure 6-13. It may be noted that a very good extrapolability of the model is observed in the [ , ] Reynolds number range. This behavior was quite unexpected, since, as previously observed, the phenomena governing the averaged . It can be thought that the model generated with GEATFOAM is able to predict the turbulence phenomena inside the orange region with approximately % of precision (as it was determined from the comparison of the model against the experimental measurements for = ). Hence, the behavior of the model for a larger Reynolds number can be thought as composed by two components: a component inside the orange region which is modeled by the turbulence model generated and a complement outside the orange region but inside the bonds of the outer region which is, in principle, not modeled by the turbulence model generated. For example, for = , all the turbulent structures inside the orange region will be modeled by the turbulent model generated, whereas all the structures in the red region will not be. Some of the turbulent structures in the complementary region may be captured by the regular eddy viscosity model used as the base of GEATFOAM (model) or by some of the correction terms in GEATFOAM. This is the reason why for the BFS, the model generated with GEATFOAM will always work better than other RANS models.

Based on this idea, a different strategy can be taken for the implementation of GEATFOAM. Since it has been suggested that the loss in accuracy in turbulent models come from the fact that only a part of the turbulent structures are modeled by the generated turbulent model, what if the GEATFOAM model were generated for the highest Reynolds number? This seems to be a good idea, since as augmenting the Reynolds number it has been observed that each new generated region in the Lumley triangle approximately contains the ones generated for lower Reynolds numbers. Therefore, the model generated for the highest turbulent number will in principle be valid for all the Reynolds number range analyzed. Therefore, a model for a Reynolds number of 7000 was generated using the DNS available datapoints. The error function was defined as before, as:

= ∑ ∑ - = = ((6-11)
Where is the velocity magnitude computed for line and point in this line for a flow with Reynolds number of over the BFS section, and is the analogous velocity computed by DNS. Additionally, the Leverque correction is introduced in order to privilege the appearance of shorter terms in the anisotropy models

< >= ∑ ∑ - = = ((6-12)
In the present case, the anisotropy model generated has been obtained by applying the GEATFOAM optimization technique for 5 cycles, with a population of 10 individuals and using = and = . in the error function. Note that a smaller control parameter has been used since short terms could not achieve the desired precision of around % in the fitting. The fitted model was then applied to the different set of turbulent data-points constructed by DNS. The results are shown in Figure 6-15.

Section Summary

Context:

 Several backward facing step geometries have been studied in the literature, mainly for studying the boundary layers detachment and reattachment.  One of the key features of the Molten Salt Fast Reactor is a large open core cavity, where the right prediction of the turbulent mixing is key for accurately modeling the neutron flux and temperature fields.  In the present case, a backward facing step section with a high expansion ratio (4:1) is proposed in order to study the mixing process after the boundary layer detachment towards a large open cavity.

Topics addressed:

 The objectives of the BFS in SWATH-W and the experimental conception are explained.

 The results of the PIV measurements are briefly analysed.

 A detailed explanation of the motivation and application of GEATFOAM for the present problem is provided.  Different turbulence models are compared for the flow in this section with laminar, turbulent and turbulent with vortex detachment conditions.  A Direct Numerical Simulation house code (pyDNSMS) is tested against the PIV measurements and subsequently used for producing more artificial data points.  These data points are used for evaluating the extrapolability to different flow conditions of the model developed with GEATFOAM.

Research questions:

 How well do classical turbulence models perform when predicting a highly mixing turbulent flow after a boundary layer detachment?  Can GEATFOAM produce a more accurate RANS model for these flow conditions?

 Is the turbulence model produced with GEATFOAM extrapolable to different Reynolds numbers?

Key findings:

 RANS models do not achieve the required precision of % is modeling the velocity field in the section. LES-MG model produce good results, but the computational cost is too high.  GEATFOAM is able to produce RANS turbulence models that produces an error of approximately % for the flow over which the turbulent model was fitted. Good extrapolation capacities are nonetheless shown by GEATFOAM, since errors of ~ % were observed when applying the modeling developed for simulating a flow field with a higher Reynolds number.  The pyDNSMS code developed shows a satisfactory comparison with the PIV measurements.

 The model produced by GEATFOAM could be sufficiently extrapolable in a Reynolds number range from to for the precision required in the turbulence models.

Chapter 7: Solidification experiments in SWATH-S 7.1. Introduction

One of the main limitations of the models developed for eutectic and near eutectic solidification of molten salts was that no experience existed in the literature for their validation or contrasting. Therefore, the SWATH-S solidification experiment was designed in order to compare the results of solidification models developed in Chapter 4 with experiments done with the ternary system LiF-KF-NaF (FLiNaK). These experiments were designed to produce directional solidification of the molten salt under carefully controlled external conditions. Two different solidification scenarios can be imagined in molten salt. First, the salt can freeze in "isolated conditions", i. e. with no forced external convection. The motion of the molten salt next to the solidifying interface is then governed by the natural convection due to thermal and solute convection. Secondly, the solidification of the molten salt can be induced with forced external convection. This second case can happen in the molten salt next to the walls of the MSFR or in the the cross-flow pipes of the heat exchangers, among others. The presence of the external flow convection is expected to have a significant effect on the shape of the solidification front. Hence, both conditions were investigated in the SWATH-S solidification experiments: (a) natural convection and (b) forced convection.

The following chapter is organized as follow. First, the experiment design is described with explanation of the measurement procedures. Then, in the following section, the mechanics of the solidification process, with and without rotation of the interior device, are addressed. Finally, the results obtained are compared with the results of the solidification model presented in the Chapter 4.

Experimental design

In order to reduce the uncertainties associated with the numerical modelling of the velocity field, a relatively simple geometry (and flow field) was adopted for the experiment. A simplified sketch of the geometry of the SWATH-S solidification experiment is shown in Figure 7-1. The molten salt is contained in a cylindrical graphite crucible, placed in a stainless steel tank (not drawn in the figure) inside an electric furnace. This tank is under the controlled atmosphere (O2 and H2O) of a glove box. In order to induce solidification, a cooled plunger is introduced in the liquid. This plunger is made of two concentric walls allowing the cooling gas (argon) circulation. Cold argon (approximately at room temperature) enters in the central tube and exits lapping against the wall in contact with the salt. As the gas coolant circulates in the cooling device, it decreases the temperature of the external wall of the device below the FLiNaK melting point, initiating the solidification process. Furthermore, this tube can be kept either in rotation or in fixed position, in order to develop the solidification process with and without forced external convection. Thermocouples inserted in the rotating system are connected to Wifi emitters since wired connections are no longer possible in this system. for avoiding to introduce errors that may affect capacity of testing of the solidification models in the experiment. Nevertheless, the boundary conditions for this internal FLiNaK have to be fixed as accurately as possible during the solidification process. In this sense, boundary conditions have to be developed for the molten FLiNaK in contact with the graphite crucible (bottom and external walls of the domain), in contact with the cooled plunger (internal wall of the domain) and in contact with the gas in the interior of the furnace (top surface of the domain).

The graphite crucible temperature can be measured at different points by thermocouples. Since the thermal conductivity of the graphite is much higher than the one of the molten salt and the argon gas, only very small temperature gradients were present in this crucible. Hence, it was enough to measure the temperature at only 3 points in the crucible. Once these temperatures have been measured, two Dirichlet boundary conditions can be imposed in the energy equation at the bottom and the external walls of the simulation domain.

The boundary conditions for the internal wall and top surface are more complex:

For the top surface, the top surface of the crucible is opened to the interior of the cylindrical heated tank, although metallic screens, welded to the cooling device, are present above the crucible to limit convection and thermal exchanges (see Figure 7-2). Hence, heat is extracted at this surface by the convection of the wxternal argon and by thermal radiation exchanges with the screens and the upper parts of the cooling system. A CFD study of the internal cavity has been performed in order obtain the convection coefficient and the effective radiation temperature at the top surface. Afterwards, using the results of the simulaitons, a surrogate model has been derived for the boundary condition at the top surface. This one allows obtaining the convection coefficient and the effective radiation temperature as a function of the flow rate of the gas in the cooled plunger. Details on the construction of the model and descriptions of the simulations obtained are presented in the Appendix V.B.

For the internal boundary (surface of the plunger), the thermocouples are not in direct contact with the molten salt, but are located in tight contact with the internal first wall of the plunger in order to protect them from any damage. Therefore, Dirichlet boundary conditions could not be guaranteed in the internal wall of the domain in contact with the cooling system.

Then, since the thickness of this tube is small enough to depreciate axial heat conduction, the first approach was to estimate the temperatures that should be measured by the thermocouples by performing a small correction due to the radial heat conduction in the pipe. However, in practice, it was observed that in the onset of solidification at the internal wall, when the temperature measured should have been the eutectic solidification temperature of the salt, the thermocouples measurements were of less than the eutectic temperature. These measurements were not physical.

It was determined that the problems in the thermocouples readings were due to an overcooling of the thermocouples by the cold argon flow circulating in the cooling device. Correcting for this undercooling is difficult since it is very sensible to the compressibility of the argon gas circulating in the cooling device and to the turbulent phenomena in its interior, among other factors. Hence, a different approach was taken. This approach consisted in imposing a Neumann boundary condition for the internal wall, which means that the heat flux at the interior wall has to be calculated. This heat fluxes were calculated through numerical simulation using the precise LES model with multiple-gradients (Lu and Porte-Agel, 2013) for modeling the turbulent phenomena of the gas in the interior of the cooling device. This model has been validated by comparing the predictions obtained in the temperature field by numerical simulation with the ones measured by the thermocouples. In order to reduce the computational cost required by this model, a set of simulations has been performed, that allowed for the calibration of a surrogate-model for the convection coefficient in the internal wall as a function of the argon flow rate in the cooled plunger and the internal readings of the thermocouples. The procedure for the derivation of this model is described in the Appendix V.C. Once all the boundary conditions for the molten FLiNaK in the crucible have been derived, the solidification simulations could be performed for the cases with and without rotation of the cooled plunger. However, once the internal device rotates, the possibility of the development of Taylor -Couette instabilities appears. These instabilities should ideally be avoided since they can cause errors in the simulations of the solidification, which are not due to errors in the solidification model itself. The Taylor-Couette instabilities are induced by the radial "pumping" of molten flow from the center of the crucible towards the external graphite wall because of the rotation of the cooling device. If the extent of these instabilities is too large, they may actively influence the solidification process. The classical theory of stability regimes in Taylor-Couette flows focuses in wall bounded type flows. However, some studies also consider the presence of the superior free surface when computing the stability limits for the flow. The present case exceeds the configuration of the classical studies because the heat extraction profile in the experiment generates also a natural convection profile that may affect the stability of the flow. Hence, a detailed CFD numerical study of the present experiment has been performed using the house developed Direct Numerical Simulation code (pyDNSMS). Studies were performed in order to assess the stability of the flow as a function of the rotation speed of cooled planger and temperature differences between the cooled plunger and the crucible. It has been found out that Taylor-Couette instabilities will develop very early on, at a rotation speed of approximately . However, at higher rotation rates a pseudo-stable region exists. This one is instable in the proper hydrodynamic sense, but the extent of the instabilities developed are not large enough to affect significantly the convection profiles in the molten salt crucible. Hence, the solidification process should not be significantly affected by this instable flow. For the temperature ranges analysed, the pseudo-stable region extents to approximately . Hence, a rotation speed of was imposed in the interior plunger for the experiments with rotation The complete studies and the results obtained are presented in the Appendix V.D.

Finally, the question arrives on the maximum heat flux that can be extracted by the cooled plunger. It is limited by two factors. First, if the heat extraction flux it too large, a strong natural convection will be generated in the salt. The strong natural convection loop will significantly interact with the graphite crucible producing undesired effects in the flow. In order to determine heuristically this maximum flux, a complete CFD study of the natural convection in the interior of the FLiNaK domain as a function of the heat flux was performed. This study is presented in the Appendix V.E. The second factor limiting the heat extraction flux is the growth stability of the solid during the solidification process. Too large heat fluxes may cause an instable growth condition. The problem of unstable growth lies beyond the solidification models developed, since the influence of the kinetic parameters on the solidification process have to be considered. Therefore, it will be desirable for the validation of the present models to have stable growth conditions. A study of the growth stability of the solid was performed using experimental correlations. This one is presented in the Appendix V.F.

On the contrary, heat flux in the cooling device cannot be too small at the risk of very long experiment duration. In this case, some spurious cooling mechanisms may play a significant role on the experiment.

For concluding this section, a complete CAD model of the solidification experiment is presented in Figure 7-2. More details about the experimental implementation of this design are provided in the next section. 

Experiment implementation

Once the experiment had been designed and the different usable parameters well defined, the technical implementation of the experiment was managed by J. Giraud at LPSC. In the following section, some important details of the implementation are summarized. Furthermore, the instrumentation and the measuring procedure are described. Finally, the testing chain for the models developed is addressed.

Details in the experiment construction

The final experiment design is still relatively complex due to the high temperatures, the corrosive nature of the hot salt in exposure to air and the liberation of toxic gases. Therefore, it requires to be installed inside a glove box with an inert atmosphere. The top part of the experiment when introduced in the glovebox is shown in Figure 7-3. In this picture the superior rotary joint, the emitters of the WIFI thermocouples and the motor with the reduction system for rotating the device are shown.

The rotary system was implemented in the top, to allow the argon gas to circulate while rotating the device. It consists in a mechanical system constructed on two pieces. A superior static part with an axial gas inlet and a radial gas outlet and an inferior part with a static interior tube and a rotating exterior one. The challenging of the system relies in the joint between the superior and inferior parts of the outer tube, since this joint have to enable the rotation of the inferior part of the tube while maintaining gas tightness. A commercial solution was finally implemented in the experiment. This solution consists of a double bolted ceramic sealed joint.

The system is coupled to a small motor by a belt-pulley system. The power of this motor has been limited for reasons of space and mass. Hence, the maximum attainable speed of rotation was of . For measuring the speed of rotation of the gear, a set of magnets are sticked to the motor pulley and a magnetic inductor is placed fixed to the motor housing. Then the rotation speed can be inferred by the analysis of the magnetic signals over time. Chapter 7: Solidification experiments in SWATH-S Special attention was given to the design of the thermal radiation shielding (heat screens) above the molten salt cavity to avoid excessive heating on the upper structure and to limit the radiative heat losses through the upper surface of the salt crucible. Once the cooling system has been immerged in molten salt, a time lapse is awarded without cooling gas flow in order to reach the temperature profile equilibrium in the whole system (crucible, salt and plunger). After equilibrium, solidification experiment is started with opening the cooling argon circuit and with (or without) rotation of the system. These conditions are then maintained for all the previously planned duration of the experiment. Once this time has been covered, the system is hot-extracted of the salt bath in order to stop the solid growth. The system is first extracted to an intermediate position, for avoiding thermal shock and too high temperatures inside the glovebox.

Instrumentation

The readings of six thermocouples are recorded during the solidification experiments. Three of these thermocouples are located in the walls of the graphite crucible and are used for fixing the Dirichlet boundary conditions in the side and bottom walls of the crucible. The other three are located in the interior of the external walls of the cooling device. They are used to calibrate the heat profile extracted by the interior cooling device.

The readings of the thermocouples during an experiment are shown in Figure 7-5. Initially, before cooling, the system is at thermal equilibrium, and all the thermocouples have approximately the same temperature. In this case, this temperature is around . Then, the argon flow in the cooling system is started. A rapid decrease of the signal of the thermocouples located in the cooling device takes place. Furthermore, temperature differences are observed between these thermocouples, due to the convectioncooling rate induced by the argon flux. Since the argon in the external annulus heats up when approaches the height of the top surface of FLiNaK, the cooling rate is smaller for this thermocouple and, therefore, the temperature it measures is higher. A correction model for this effect is provided in the Appendix V.G. The temperature readings further decrease during the experiment, as the solid is formed on the cooling device creating a higher thermal resistance. The temperatures in the crucible also decrease during the time required to establish the new thermic equilibrium. They stabilize then to a new value, once the convection profiles have been stabilized.

At

, the solidification time pre-stablished for the experiment is over and the device is taken out of the FLiNaK bath to the intermediate position. At his point the temperature readings in the pipe thermocouples goes abruptly down, since the main heat source, that was the exterior molten FLiNaK, has been suppressed. Furthermore, a new transient configuration is established inside the crucible. 

Measurement of the solid shapes

Once the solid ingot has been extracted from the furnace, it is let to cool down to room temperature before the shape of the solid is measured. Two sorts of measurements are performed. First, the maximum and minimum diameter of the solid formed are measured using a caliper, as well as the diameter of the superior crust formed during the solidification experiment. Then, the shape of the solid is recorded by taking high-resolution pictures. For each solid, three pictures are taken at 120° apart. Chapter 7: Solidification experiments in SWATH-S In order to obtain the mean shape of the resulting solid, the following procedure has been applied. First, a threshold is applied to the pictures and outlines are extracted. The three pictures taken at 120° each from the others, so that 6 half-outlines of the solid profiles are obtained with of separation in the circumference of the solid formed. Then, the 6 half-outlines have been averaged to get the mean solid shape. The comparisons with the simulated cross sections are based on this average. The solids formed are not always perfectly symmetrical. Hence, a mean value of the deviation is also evaluated with the calculation of the maximal gap between each half-outline. The result obtained is shown in Figure 7-6 .

A second method has also been tested for obtaining the information on the shape of the solid formed. The images taken have been processes by 3D image reconstruction techniques (Koutsoudis et al., 2014). The idea is to reconstruct the shape of the solid formed by the six available outlines, while applying Bayesian statistics for learning the shape of the 3D solids formed. The challenge relies in implementing an accurate technique for interpolation in the angular direction the outlines for obtaining a precise representation of the 3D solid formed. In the present case, the technique developed by Moriya and colleagues (2015) has been implemented in a dedicated code developed in the MatLab software. The idea is to model the most probable shape between the gap-angles as a probability function for the different experiments. First, a linear interpolation function is assumed as the prior distribution for the interpolation between the solid outlines, but, then, this prior is updated when adding the information from the contours obtained in the experiments (Bayesian learning). Once the outlines of all the solids obtained in the experiments have been analyzed, a posterior distribution is then obtained, which represents the most probable interpolation function in the angular direction ( ) for the profiles obtained. This method allowed to detect common defects in the 3D solids formed. In particular, a non-uniformity in the solids generated, which extent about in the angular direction and that is larger in the bottom of the plunger than in its top part was observed with this method. It was then determined via numerical simulations that this one could represent the effect of a non-uniform cooling in the walls of the plunger An example of the 3D object reconstruction obtained by this method is shown in Figure 7-7. 

Description of the numerical simulations performed

The simulations of the solidification process were performed using the numerical models developed in Chapter 4. The complete simulation of the solidification experiment is divided in three steps as described in Figure 78(i) Simulation of the initial stationary temperature field (ii) Simulation of the solidification process (iii) Simulation of the cooling down to room temperature of the solid formed

The first and the second steps are performed with the same model, in the same geometry and with similar boundary conditions. For completeness, the models and boundary conditions used in the present simulations are presented in Figure 7-11. The only difference between the simulations in step (i) and (ii) are in the boundary conditions implemented for the internal and top wall of the domain. In the internal wall of the domain in step (i) the convection coefficient in the cooling device is assumed to be zero, i.e. ℎ ̅̅̅ = , whereas in step (ii) the convection coefficient in this cooling device is assumed to be the one computed by the surrogate model (see Appendix V.C). Furthermore, for the top surface, in step (i) the argon temperature and the radiation temperature are assumed to be equal to the solidification temperature of eutectic FLiNaK, i.e. ̅ = ̅ = = , whereas in step (ii) they are assumed to be equal to the values provided by the surrogate model (see Appendix V.B).

The simulations of the steady state temperature field are first performed. The results obtained are then compared with the measurements of the thermocouples in the cooling device before the solidification starts. In general, very good agreement is obtained. However, for some experiments a very fine-tuning in the radiation temperature in the top surface had to be used. This fine-tuning, even though small, allowed to predict with high precision the readings of the thermocouples. This procedure is performed for avoiding to introduce spurious errors in the solidification models due to errors in modeling the temperature field.

Nevertheless, numerical stability problems in the coupled deformation of the solid and fluid meshes, blocked further developments in this ground. Therefore, a new procedure was developed in which the computational cells belonging to the solid were extracted into a new purely solid mesh. The solid points were taken in the cells where the phase parameter is equal to 0.5. It is worth mentioning that a sensitivity study showed a very small dependence of the solid extracted to this parameter for the present mesh configuration (the volume of the extracted solid changed less than % when variating the phase parameter between 0.3 and 0.7).

An example of the solid cells extracted from the solidification simulations is shown in Figure 7-13. The cell structure is adequate in the bottom part of the solid, but it presents some small asperities its top part near to the free surface. These ones are produced since the diffusion of the phase parameter is high in this zone due to the lack of the stabilizing diffusion in the axial direction. Once the solid has been extracted, the mesh density is increased in order to achieve higher precision in the simulation of the deformation process. This is done because the solid deformation process in the present case is not very computationally demanding when compared with the solidification simulations. Meshes are transformed into polyhedrons in order to avoid numerical instabilities on hard cells occurring during the deformation process. The mesh used for this example is also shown in Figure 78910111213. experiments with rotation. However, it gets larger as bigger solidification times are analyzed in the experiments without rotation.

After trying different hypothesis in the numerical simulations, it was determined that the most probable explanation was that solute convection is playing an important role during the solidification process. In this sense, it is probable that while performing experiments the local composition of the salt was slightly affected. This local change in the composition would not affect considerably the thermo-physical properties of the salt, but it will affect the flow profile next to the interface. This effect plays a more important role in the experiments without rotation. This is because the rotation of the interior cooling device rapidly homogenizes the concentration profiles. Another problem observed in the solidification cases with rotation, that is more evident when analyzing the 3D profiles for the solidification of Figure 7-12, is that the concavity of the external surface of the solid next to the maximum diameter region is different between the experiments and the numerical simulation. As observed in Figure 7-15, this difference decreases after the solid is cool down to room temperature. However, the concavity is still different between the experiment and the simulations. Different hypothesis have been tried out to explain this effect. Two final explanations were the most probable ones. In first place, it was believed that the mesh for simulations the FLiNaK flow was too coarse and, hence, the hydrodynamic field for the liquid FLiNaK was not correctly predicted. Nevertheless, further refinements in the meshes did not significantly changed these results. In addition, the hydrodynamic solver has been implemented in the tested OpenFOAM libraries and it is not very probable that a systematic error can exist in the solutions. The second more probable explanation is that some porosity is present in the solid formed. Hence, when it solidifies it compresses more of what is predicted by the thermal-elastic-plastic models, changing the convexity in the maximum diameter region. This last hypothesis is more probable and is currently under evaluation.

A second particularity observed in the comparison process was that in general the difference between the solidification and the experiments is larger in the top part of the solid formed. This is due to the coupled effect of two phenomena. First, because the exact flow effects happening at the top free surface (gravity waves, sloshing, etc.) is not modeled in the present case. In addition, some errors are introduced when computing the boundary condition at this surface. The second effect is that when extracting the solid Chapter 7: Solidification experiments in SWATH-S from the coupled mesh for performing the deformation studies, some imperfections are observed in the top part. This imperfections have a small effect during the deformation process.

In spite of this problems, the results obtained in the present section are satisfactory on the precision limits required for the SWATH experiments.

Experiences performed with a flow rate in the cooling device of

The average solid half profiles obtained for the larger flow rate are shown in Figure 7-18. Once again, a very good agreement is obtained between the multiscale solidification models proposed and the experiments. The difference is equal to . % for the case of the experiments without rotation of the cooling device and of . % for the others. Hence, once again, it is concluded that in the present solidification conditions, the models proposed are able to describe with the necessary precision the solidification process. However, as in the previous case, some possible points for improving the precision of the models are analyzed below.

Note also that in this case, the inflexion in the convexity of the external solid surface at the maximum diameter region is more accurately predicted. This is because the impact thermal-elastic-plastic deformation in the solid ingot during the cooling down process is larger for the present case. In particular, the relative deformation between the solid in the maximum diameter and the region immediately on top is larger for the solids ingot produced with the flow rate of / than the ones produced with / . Hence, the changes in the convexity of the outer profile during the deformation process are larger for the present case.

The difference between this series of experiments and the previous ones is that the higher flow rate in the cooling device introduces a higher growth speed of the solid front and higher natural convection phenomena inside the crucible. The fact that good results have also been obtained for this model, gives an indication of the extrapolability of the model used to different flow rates and solidification growth speeds. The validity limit in the flow rate should be until unstable growth conditions are obtained in the solid front. The limit of validity in the rotation speed should be until turbulence phenomena develops in the crucible.

Finally, a similar behavior in the differences between the profiles with and without rotation to the previous case are observed. Furthermore, the error in the top part is still slightly larger than in the rest of the solid section. However, the differences generated are within the experimental precision and, hence, are acceptable for the SWATH experiments. 

Section Summary

Context:

 Planned eexperimental studies for the solidification phenomena of molten salts are not available in the literature.  An experiment for studying the solidification process in a FLiNaK system have been developed.  This experiment serves as a test base for the solidification models developed in Chapter 4.

Topics addressed:

 The objectives of the experiment are described.

 A review of the carefully designed experiment is presented, as well as the key studies for estimating the boundary conditions and operation conditions during the solidification process.  The experiment implementation and measurement techniques developed are explained.

 The experimental results are compared to the ones of the simulations.

Research questions:

 How can a solidification experiment for testing the previously derived solidification model in Chapter 4 be developed?  How can the experimental uncertainties in the boundary and operating conditions in this experiment be reduced?  How accurate can the multiscale solidification models predict the experimental results?

Key developments and findings:

 A solidification experiment with carefully controlled boundary conditions has been derived.

 A simple natural convection and a mixed natural convection-Couette flow was implemented for reducing the uncertainties in the flow conditions and studying the solidification process with or without an external convection rate.  Furthermore, the boundary conditions in the experiments were carefully studied by high-fidelity CFD tools in order to reduce the impact of the uncertainties in the boundary conditions on the differences observed between the solidification models and the experiments.  The agreements observed between the solidification model and the experiment, once the external experimental uncertainties have been reduced as much as possible, are between -% in the average shape and volume of the solid formed, depending on the flow condition and the solidification time.  This precision is already accurate enough for imagining the utilization of the turbulent models developed in developing new technologies based in the phase change principle of the molten salt.  However, different improvements can yet be made to the models developed in Chapter 4, for including effects such as porosity migration, crack propagation or inter-crystal stress development, between other, that may allow obtaining better solutions in future applciaitons.

Chapter 8: Study if the draining transient in the MSFR

Introduction

The objective of this chapter is to illustrate the use of some of the models discussed in the previous chapters through an application case consisting on a draining transient in the Molten Salt Fast Reactor (MSFR). The purpose of the study is to provide an example of utilization of the models rather to perform a rigorous safety study for the MSFR. The later would require a better definition of the reactor systems and components involved in the transient and the use of more accurate thermo-physical properties of the molten fuel salt. The reference MSFR concept is a 3000 MW(th) reactor with three different circuits: the fuel circuit, the intermediate circuit and the power conversion system (Merle-Lucotte, 2013). The fuel circuit of this reactor as assumed in these studies is shown in Figure 3-24. The main components of the fuel circuit important for this study are:

 the fuel salt which serves as both fuel and coolant,  the core cavity,  the fuel heat exchangers (HXs),  the pumps,  the draining pipes and  the pressure relief valve (dimensioned in the present work according to ASME VIII, Division 1, Pressure Relief Devices, 1992 Edition).

The fuel salt of the MSFR fuel salt is a mixture of a lithium fluoride, thorium fluoride and actinides fluorides (LiF-ThF4-233 UF4 or LiF-ThF4enr UF4-(Pu-MA)F3), with the proportion of LiF fixed at approximately 77.5%. The total fuel salt volume in the fuel loop is about 18 m 3 and the mean core salt temperature is approximately . As shown in Figure 3-24, during normal operation conditions, the fuel salt flows from bottom to top in the interior of the core cavity. After exiting the core, the fuel salt is fed by the pumps into the heat exchangers (HXs) located radially around the core. The fuel salt completes a circulation loop in about 4 seconds.

The fuel circuit includes a salt draining system that can be used for a planned reactor shut down or in case of incidents/accidents such as a station blackout leading to an excessive increase of the temperature among others incidents/accidents. In this condition, the liquid nuclear fuel can be passively drained using gravity forces into dedicated fuel salt draining tanks. During this process, a pressure relief valve is opened by the suction generated by draining salt, allowing the entrance of the gas phase through the top of the reactor to avoid underpressuring the core cavity. The draining tanks are designed such as the fuel salt can be cooled down and maintained subcritical with adequate temperature and reactivity margins. In order to improve the working principles of the draining system, the design of the freeze plug has been investigated during the SAMOFAR project. In particular, the use of active heating and cooling devices associated to the cold plug has been studied as a mean to improve the cold plug reliability during operation and also to decrease the opening time. The last parameter is key since the cold plug has melt fast enough to avoid a too large molten fuel salt temperature rise that can jeopardize the structural integrity of the fuel circuit of the MSFR. At the same time, the freeze plug should be reliable since they should resist the stresses imposed by the fuel salt on top and not melt accidentally during routine operation. While a detailed design of the freeze is currently being performed in the project, only a simplified version is studied here for simplicity.

The use of the multiphysics models developed in this work has already been documented for the case of a MSFR reactor shutdown following the sudden draining of the fuel salt (Tano et al., 2018). In the chapter, the focus is given to the study of a draining transient in the case of a station blackout leading to an uncontrolled temperature rise of the fuel molten salt contained in the fuel circuit of the MSFR. This sort of incident will occur in case of the simultaneous occurrence of a loss of offsite power (LOOP) and the unavailability of the onsite emergency alternating current power generation systems. Hence, no more electric power is available to feed the pumps. Therefore, all the pumps in the reactor are assumed to stop and the forced circulation of the salt in the primary circuit will rapidly decreases while the secondary circuit will also stop cooling-down fuel circuit (thermal isolation condition). Consequently, a steady temperature rise will occur in the fuel circuit. Due to this temperature rise, the reactivity of the reactor will fall below zero and the chain reaction producing the nuclear power stops. However, the nuclear decay heat will continue heating the molten salt fuel. To avoid an excessive temperature rise that could exceed the structural material limits, the freeze plugs are designed to melt and thus allowing the draining of the fuel salt in the reactor core cavity towards the fuel salt draining tanks. The sequence of events during this transient can be divided in three stages:

1. STAGE 1: routine operation: The reactor is operating in routine conditions when an incident of type station blackout occurs (or other equivalent event leading to an uncontrolled temperature rise).

2. STAGE 2: steady molten fuel salt temperature rise: The temperature of the reactor rises continuously due to the nuclear decay heat being deposited the fuel salt and the absence of fuel salt cooling (no significant heat transfer to the intermediate circuit).

STAGE 3: fuel draining:

The freeze plugs melt and the fuel-salt is passively drained by gravity into the draining tank.

Since the fuel draining system of the MSFR is not fully defined yet, only the core cavity of the MSFR has been studied during this transient. Once the design of the draining will be completed, this component should be added into the analysis.

In the current MSFR design, 16 draining pipes placed in the lowest part of the core cavity (to avoid any fuel salt left after the draining). Due to the multiplicity of the draining paths, three different scenarios were considered in the study: (i) Opening of only one cold plug, (ii) Opening of eight or sixteen freeze plugs melt; (iii) Case were some of the cold plugs do not melt or when some of the draining pipes are blocked (both are equivalent for the core cavity perspective). The main parameter that will be use to evaluate the transient is the maximal fuel temperature. This parameter is useful to check whether the criterion of ensuring the core cavity integrity during the transient can be fulfilled.

The first tasks when performing a safety study is to perform a Phenomena Identification Ranking Table (PIRT) and the next is to select the adequate numerical models that are needed for the analysis. These critical tasks (identification of key phenomena for the transient and models) are discussed first in this chapter. Then the conditions used in the transient numerical simulations in each of the three phases are described and the results discussed. Chapter 8: Study if the draining transient in the MSFR During STAGE 2 the temperature of the fuel-salt in the core cavity rises as the fuel is no longer cooled (fuel pumps and intermediate circuit pumps stop as results of the station blackout). Consequently, the reactivity of the reactor falls below zero because of the thermal expansion of the salt and the Doppler feedback effects on the nuclear reactions cross-sections. As the chain reaction is stopped, the energy production will continue at a lower level as results of the radiative decay of the instable nuclei in the fuel. The continuous decay of these nuclei, into a more stable state form, produces a power source known as decay power or decay heat. At the same time, the cooling of the freeze plugs is also stopped because of the failure of the power supply. Melting process of the cold plug starts. This stage lasts until the molten fuel salt starting flowing through the cold plugs. Once this happens, the draining process of the fuel salt starts. Fuel temperature will rise aver the whole stage.

During STAGE 3 the fuel salt of the reactor drains from the core cavity. Once the salt start flowing inside the cold plug, the heat capacity will quickly cause the total melting of the cold plug and thus the full valve opening. The pressure reduction in the core cavity cause by the salt draining, produces the entrance of argon gas from the pressure relief valve. A stratified two-phase flow condition with a free surface will then exist in the core cavity during draining process (gas phase on top and molten salt on bottom). While draining occurs, the decay power will continue heating the molten fuel salt and thus the fuel temperature will continue to rise. However, the potential of solidification will also exist in some specific zones of the reactor due to potential cooling sources created the draining process. For example, the cold gaseous phase entering the reactor can cause the solidification of the draining fuel salt starting from its top free surface if its temperature is not adequately controlled. Solidification may also occur in the heat exchangers in some cases. The third stage is therefore probably the most complicated stage to model because of the coupled physical phenomena that exist such as complex conductive-convective-radiative heat transfers, 3D turbulent two-phase flows, decay power deposition and fuel salt solidification and melting, between others.

During the phenomena identification a rank based on two criteria was given to each phenomenon in order to arrange them in a typical PIRT table. The first criterion was its impact in the temperature and velocity fields during the draining process. The second criterion was the capability of the current models to correctly predict the phenomenon. In this sense, it is logical to concentrate the modeling efforts in phenomena that have an important impact in the results of the draining process so they can be numerically modeled without too large efforts. The identification effort has been done of course before developing the models presented in this manuscript. In this section, a summary of the main phenomena is provided in Table 8-2. As can be seen, this table contains three parts. In the first part, there are the phenomena considered and introduced in the models used for obtaining the results presented in the present chapter (in green). Then, the second part contains the phenomena that are potentially important for the draining process but that have not been considered in the present work due to limitations in the current models (in yellow). These are clearly points that will have to be addressed in the future model development activities. Finally, the last part of the table contains the phenomena that were initially considered in the models but then were disregarded because of their low impact (in red). This table is not expected to be complete. It is anticipated that in the future new phenomena would have to be added and novel models developments will be required. Given the nature of the phenomena and events listed in the table that are not considered, the draining process during STAGE 3 can be considered as occurring under ideal conditions. Examples of these accidental events or phenomena that are not considered but may occur are: (i) The presence of a foreign elements blocking if the draining pipes, (ii) The appearance of cooling sources causing the solidification of the fuel salt and (iii) the appearance of coupled effects in the draining flow due to the thermomechanical deformation of the reactor. In this ideal scenario, accidental solidification of the fuel salt during draining process was not predicted. Furthermore, the predicted fuel temperatures were relatively low so the radiative heat transfer does not play a role as important as it could be in other situations such as the one when there is a malfunctioning of the draining system. Hence, as it will be shown in the next sections, the radiative and solidification heat transfer models developed in chapters 3 and 4 respectively were not crucial for modeling. New safety studies involving the case of an accidental solidification during the draining process or when problems in melting delays the opening of the freeze plugs (and thus cause very large temperature rise in the fuel) are currently being studied. In these ongoing studies, the accuracy of the solidification and radiative heat transfer models will be key for study.

Phenomena

Modeling of STAGE 1: routine operation of the MSFR

The objective of this section is to the model the MSFR in routine operation condition. This will constitute the initial condition before the incident occurs. For this purpose, the equations for the nuclear power production (neutron flux and neutron precursors transport) have to be resolved coupled to the equations of thermal-hydraulics (conservation of mass, linear momentum and energy and thermal-radiation heat transport) and thermal-mechanics (phase change) shown in Chapter 3.

The fuel-salt is assumed to have the same composition as the one used in the neutronic studies in Chapter 2. For solving the neutron flux, the approximation was used. This one allows obtaining results The boundary conditions used for simulating the routine operation of the MSFR are shown in Figure 8-3. For instance, classical wall boundary conditions are assumed for all the walls of the reactor. Note that a correction in the normal pressure in the top and bottom walls of the reactor due to buoyancy is introduced. For the thermal problem all the walls are assumed to be adiabatic, except walls of the heat exchangers that are assumed to be at a constant temperature of . All walls are assumed to have an emissivity equal to one for the thermal radiation transport problem. For the neutron flux in the walls of the core cavity, partial diffusive reflection is assumed. The albedo coefficient in the reflection condition is finetuned so that the reactor is critical when the mean temperature is , which is the expected averaged operating temperature. For the rest of the walls in the MSFR (pumps, heat exchangers and draining pipes) vacuum boundary conditions are assumed in the solution of the neutron flux. Furthermore, the derivative of the neutron precursors concentration with respect to the normal of the walls is assumed to be zero for all walls. This means that there is no flux of neutron precursors through the walls of the reactor. Finally, note that the solicitation field is directly computed from the temperature equations and, hence, no particular boundary conditions are introduced for the transport of the solid fraction.

Property

In order to stablish the flow circulation in the reactor, an artificial volumetric momentum source has been introduced in the pumps (

). This momentum source is meant to represent the impulsion in the rotor of the pump. The source term is adjusted for fixing the recirculation time in the MSFR in . (Note that the real pressure losses of the fuel circuit are not modeled so the pump power is not necessary realistic). The final computed value for this term during the present study is = -. × , where is the unit vector in the vertical direction. Furthermore, the heat exchangers are modeled as a porous medium. These ones are modeled by introducing a momentum term of the form

= • + | | • .
The first coefficient is the Darcy viscous loss term and the second one the Forchheimer inertia loss term. Since the heat exchangers has not yet been defined, it is difficult to define the coefficients of the and matrices. Therefore, in the present case, an isotropic model was used for these matrices using some typical values of commercial heat exchangers = × and = [START_REF] Mohamad | Heat transfer enhancements in heat exchangers fitted with porous media Part I: constant wall temperature[END_REF]. In addition, the cooling of the fuel circuit in the heat exchanger is modeled via a heat sink term. This heat sink is fixed so that the exit temperature in the heat exchanger is of , respecting the design conditions of the MSFR [START_REF] Allibert | Molten salt fast reactors[END_REF]. The value of this heat sink is ,ℎ ′′′ = -. × .

rapidly decrease (negative reactivity feedback effect from the Doppler and fuel density effects). Moreover, after approximately second it is completely negligible with respect to the decay power. The calculations performed showed that the total energy deposited by fissions during this transient will be responsible for changes of approximately in the mean temperature of the fuel salt. Therefore, the power produced by fission could be neglected in the results of this particular transient.

The fission power has been calculated using the coupled model presented in STAGE 1 with the appropriate boundary conditions. However, a calculation methodology has been developed during this PhD work for calculating the decay power. First, it is considered that the operation time in the MSFR has been large enough for the fuel salt achieving its equilibrium composition. The calculations of the equilibrium composition due to burn up and the decay heat have been performed with a house developed burn up module implemented in the OpenMC Monte Carlo code (Romano & Benoit, 2013). This module has been successfully compared with the widely tested SMURE code developed at LPSC [START_REF] Méplan | SMURE, Serpent-MURE[END_REF]. In the calculations performed the ENDF/B-VIII Neutron Data library [START_REF] Chadwick | ENDF/B-VII. 1 nuclear data for science and technology: cross sections, covariances, fission product yields and decay data[END_REF] has been used for the nuclear cross sections and the ENDF/B-VIII Decay Data library [START_REF] Chadwick | ENDF/B-VII. 1 nuclear data for science and technology: cross sections, covariances, fission product yields and decay data[END_REF] has been used for obtaining the decay constants, decay mechanism and decay yields of the nuclei involved. This code allows solving the Bateman equations coupled with the neutron-nuclide interactions for tracking the concentration of nuclides in the MSFR. The productions rate for a nuclide due to neutron induced transmutations and decay of other nuclides is considered, as well as the destruction rate in the nuclide due to neutron captures and due to its natural decay [START_REF] Bell | Nuclear reactor theory[END_REF]. Hence, once the initial inventory for the nuclides in the MSFR is fixed, as the one in the equilibrium composition of the MSFR (Aufiero, 2014), the decay heat produced after the reactor shutdown can be solved. This allowed keeping track of the evolution of the decay power after the initial incident occurs at time = . Furthermore, the capacity to track the fraction of the decay power produced in the form of the kinetic energy of gamma rays, beta particles, alpha particles and positrons has also been implemented in the code. The evolution of the decay power, as well as the fraction of the decay power emitted by the different decay mechanisms, during the first 300s after the incident occurs is shown in Figure 8-7. It is observed that the decay power rapidly decreases over the first seconds because of the short-lived activated nuclei. Then it evolves more gradually for larger times. In addition, it was found that most of the decay power is emitted in the form of gamma rays and electrons. For practical purposes, it was convenient to use a fitting function for the decay power. This one was computed by fitting by minimum squares the decay heat function obtained in the right frame of measurements performed by Sohn and colleagues (2009) for the draining of a cylindrical tank. The geometry that have been measured consists of a cylindrical tank, with a pipe place in the center of its bottom wall through which the draining flow is generated. The work performed by Sohn and colleagues was selected since it was the measured draining transient most similar to the draining of the MSFR available in the literature. The RANS anisotropy tensor generated with GEATFOAM for these set of measurements is = .

-. + . + .

(8-2)

Note that the base terms ( , , ) gives model sensitivity to anisotropy flow conditions. In addition, the term I / has been observed to be key in predicting the modulation of the vorticity by shear strain in the entrance to the draining pipes. This model allows predicting the results of the velocity field measured by Sohn and colleagues (2009) with -% more precision than other classical RANS turbulence models. It addition, it was found that it allows predicting the draining times for the same set of measurements with -% more precision than classical models for this experiment. Since the some of the relevant turbulence phenomena produced during the draining process are expected to be similar between the cylindrical tank measured and the MSFR (Tano et al., 2018), this model could provide a better prediction than other classical RANS models for describing the draining process in the MSFR.

Draining phenomena in the MSFR

The boundary conditions during the draining transient are shown in Figure 8-10. Note that the subscripts in these conditions refers to the mixture quantities in the two-phase model. All walls are assumed adiabatic (except of the draining pipe walls) and the emissivity equal to one. Regular wall conditions are applied for the walls in the pressure and the velocity field. Moreover, inlet/outlet boundary conditions are assumed for the pressure and velocity field in the top inlet through the pressure relief valve. Argon gas is assumed to fill the free surface at an atmospheric temperature (300K) and also to enter the core cavity by the top inlet. The Argon temperature may not be realistic but since no information is available at this time on the reactor system, then this temperature was taken to increase the heat transfer effects. Besides, for the bottom faces of the draining pipes where the fuel-salt exits the domain, regular outlet boundary conditions are considered. This conditions suppose a constant pressure in the outlet and no variation of the velocity normal to the outlet face. Only if a bottom face is assumed to be blocked in the scenarios analyzed in STAGE 3, then wall boundary conditions are assumed for this face. Furthermore, due to the sudden contraction in the draining holes, a set of localized vortex structures are formed in their immediate surrounding. In addition, due to the suction of the bathtub vortex and natural convection effects in the gas phase, a set of coherent vortex rings are formed around the pressure relief valve. All these phenomena is important since it will greatly affect the anisotropy of the flow and, hence, the turbulence field generated. This allows also explaining why classical RANS turbulent models presented larger errors when modeling the velocity field, since the anisotropy field in the turbulence phenomena is not considered at all in those models. The values for the turbulent kinetic energy and the specific turbulent dissipation rate are shown in Figure 8-13. The turbulent kinetic energy is high in the central superior region of the MSFR core cavity. This is because of the large suction generated by in the gas phase by the draining process in the fuel salt. This turbulent kinetic energy is also partially transferred to the fuel-salt. Furthermore, the turbulent kinetic energy rises in the draining pipes. This is caused by a high rate of turbulent production in these pipes, generated by the high shear rates imposed by the large draining velocities in the pipes. The turbulent dissipation rate follows the turbulent kinetic energy in the bulk of the reactor cavity. This effect is explained by the advective transport of the turbulent kinetic energy which is small relative to its rate of production and dissipation. In addition, turbulent dissipation increases in the bottom wall as the fluid is accelerated Chapter 8: Study if the draining transient in the MSFR towards the draining holes. Finally, high turbulent dissipation rates are caused in the draining holes due to the large shear stresses involved. As a consequence, in order to accurately predict the draining times, the turbulence phenomena needs to be accurately modeled over the superior inlet and in the draining pipes. Hence, from the hydraulic point of view, the draining process is independent of the shape of the MSFR core cavity. This allows to partially justify the calibration of a model with GEATFOAM for the draining cylinder. 

Analysis of draining scenarios in the MSFR

The MSFR have 16 cold plugs located in the draining pipes, which allow the draining of the fuel salt. However, due to external reasons or because of problems in melting the cold plugs, some of these plugs may not open to allow for the draining of the fuel salt. Therefore, in the present work, three different draining scenarios were studied:

 Scenario 1: all the 16 draining pipes are opened for allowing during the draining process.  Scenario 2: 8 out of the 16 draining pipes are opened for allowing during the draining process.  Scenario 3: 1 out of the 16 draining pipes are opened for allowing during the draining process.

The results obtained for the draining times and the temperature fields while draining are presented in the next sections.

Draining scenario 1

The evolution for the temperature of the fuel-salt for different times is displayed in Figure 8-14. During the draining process, the fuel-salt is drained through 16 inferior orifices. This causes the level of fuel-salt in the core cavity to rapidly decrease. At the same time, the void generated by the salt leaving the cavity sucks the cold argon phase through the relief pressure valve. Note that after of draining time, the flow of argon generated is already strong enough to cause sloshing effects in the superior free surface of the fuel salt.

The temperature of the free surface of fuel-salt reduce due to the inlet of the colder gas. Approximately % of the heat exchanged between the free surface of the salt and the gas is because of 

Draining scenario 3

In this scenario, only 1 out of the 16 draining orifices are assumed to open at time = . The evolution for the reactor level and temperature is shown in Figure 8-18. Furthermore, the evolution of the mean and maximum temperature during the draining process is presented in Figure 8-19. The draining phenomena is similar to the previous cases. However, since the draining surface is much smaller than the previous cases, the draining time to rise to approximately . In addition, the natural convection currents generated due to the asymmetric cooling process have more time to develop. This contributes also to some extent to the results obtained during the draining process. Since the draining time increases, a larger amount of energy is deposited in the fuel salt in due to the decay power. For this reasons, the maximum temperature obtained in the reactor cavity during the draining process is ( higher than the maximum temperature during routine operation). This may pose some issues in the future selection of the materials for the MSFR and deserves some deeper analysis.

Section Summary

Context:

 The main passive safety system in the MSFR consists is a cold plug placed in its bottom that can melt allowing for the draining of the reactor in case of an uncontrolled temperature rise in the MSFR's core cavity.  Different physical phenomena are involved during the draining process.

 It is important to insure that the maximum temperature in the MSFR during the draining transient does not exceeds a top limit that can damage the components of the reactor in this core cavity.  Even though many uncertainties exist for the draining of the MSFR, a first study is necessary in order to estimate the requirements and order of magnitudes expected during the draining process.

Topics addressed:

 The phenomena taking place during the draining transient of the fuel salt in the reactor is studied and the states of the reactor during the draining process are separated in three stages.  Stage 1 (routine operation) is studied, obtaining the initial fields (velocity, temperature, nuclear power, etc.) before the uncontrolled temperature rise occurs.  Stage 2 (uncontrolled temperature rise) is studied, obtaining the fields in the reactor (temperature, velocity, solid fraction and pressure) as the cold plugs melts.  Stage 3 (draining of the fuel salt) is studied, giving special attention to the temperature of the fuel salt in the core cavity during the draining process. Three scenarios are analysed considering the opening of 1, 8 and 16 cold plugs of the total 16 cold plugs places in the draining pipes. Chapter 8: Study if the draining transient in the MSFR

Key developments and findings:

 The initial state of the reactor has been computed with a coupled neutronicthermal-hydraulicsphasechange model following the current design of the MSFR.  A design of cold plug has been studied and it was observed that a design of a cold plugs that melts in approximately 60 seconds can be achieved.  A simplified model for the cold plugs was developed consisting of a volumetric heat sink in the draining pipes of the MSFR with appropriate boundary conditions.  During the draining process, the nuclear decay heat is the main mechanism increasing the temperature of the molten salt. The heat source due to nuclear fissions is of second order (~ % of the total heating)  With a design of a heat plug melting in 61 seconds the mean temperature of the fuel salt in the reactor increases approximately before the draining starts. Nevertheless, the maximum temperature in the reactor increases less (~ ) due to the mixing generated in the reactor once the circulation stops.  Different RANS turbulence models were observed to produce average differences of -% in the velocity field during the draining process and of -% in the draining times of a draining case analysed. In particular, a non-linear eddy viscosity model was fitted with the GEATFOAM tool for the present draining case.  For the approximated design of the pressure relief valve that allows the inlet of gas phase at the top of the reactor and considering a hypothetical inlet temperature for the gas phase of , the cooling of the molten salt due to this phase is significantly smaller than the heating produced by the nuclear decay heat.  In the worst case scenario analysed (only 1 out 16 plugs opened) the maximum temperature in the reactor increased by with respect to the maximum temperature in routine operation.

Conclusions

The energy markets are currently facing the challenge of increased social pressure in providing more efficient, flexible, safer and environmentally friendly solutions for energy production. In this context, the nuclear community proposed to study the fourth generation of nuclear reactors. These reactors have been suggested as a technological solution to surpass the performance of the current nuclear reactor generation. Among the reactors of Generation IV, the Molten Salt Reactors (MSR) exhibit one of the most original (but not new) design concepts, thanks to the use a liquid nuclear fuel, based on a molten salt. This feature enables new possibilities in term of design solutions that have the potential to revolutionize the industry by significantly improving the safety standards and the costs of nuclear power production. However, several critical technical challenges, or showstoppers, have been identified regarding the development of this technology. Various research initiatives, led by academic and industry partners, are currently being developed in Europe, the USA, China and India to study potential solutions to address these technical challenges. Among these initiatives, the EURATOM H2020 SAMOFAR project is leading the activities in Europe oriented to the design of the Molten Salt Fast Reactor (MSFR), which is a type of Molten Salt Reactor. One of the tasks of the SAMOFAR project is to develop more accurate thermal-hydraulics numerical models and experiments for high-temperature molten salts, which are needed to confirm the required safety standards in the design of the MSFR. For this purpose, the Salt at Walls Thermal Exchanges (SWATH) experiments were built at LPSC Grenoble, as a part of these activities. The objective of the SWATH experiments was to measure the heat exchanges of a molten salt flow over different geometries. The expected outcome from the numerical and experimental activities developed was to produce new thermal-hydraulics molten salt models, which allows us to improve the current numerical reactor multiphysics models. The work produced in this Ph.D. thesis is part of the efforts to address this specific challenge. The objectives of this work are to: (i) propose novel and enhanced numerical models that address some of the current modeling challenges on molten salts and (ii) contribute to the development of the experiments needed to investigate these new numerical models.

Because of the initial objectives of this work, numerical modeling, and experimental design tasks have been carried out in parallel. For this reason, the choice has been made to organize them in three parts: (i) numerical modeling, (ii) experiments design and results analysis and (iii) an example of the models application for a transient analysis of the MSFR. Given the diversity of subjects studied in this work, and for clarity purposes, the conclusions maintain the same structure.

Neutronics modeling

Before the beginning of this Ph.D., an important work had already been achieved on neutronics modeling of the MSFR. As a result, different numerical models were already available and could be used for describing with good precision the neutronic field in the MSFR. Hence, in the present work, two possible contributions were identified to complement the previous efforts. First, to develop a critical study on the performance of different neutronics models for solving the neutron in the MSFR. Then, this study can be used to compare the precision and the computational cost of each method, which allows us to produce insights and recommendations on whether the method can be used for routine calculations, or should rather be left for detailed design.

Among the different methods addressed in Chapter 2, two were studied in further detail. First, the method was studied, since it allows us to have a more complete description of the neutron flux anisotropy and, hence, in principle, it should be more suitable for fast spectrum reactors, like the MSFR. Moreover, this characteristic of the method is desirable in the MSFR, because the relatively large mean free path of neutrons leads to anisotropic neutron fluxes, especially near the core reflector. Numerical developments were made during this work in order to improve the behavior of the transient solution of the equations for the case of the MSFR. The second method that was investigated in further detail was a multi-group Lattice Boltzmann method developed to predict the neutron fluxes in the reactor. This method was investigated since it potentially offers significant numerical advantages, such as a very large computational speed, the capacity to use a grid of nodes instead of a mesh (hence enabling its application for arbitrarily complex geometries) and very favorable parallelization capabilities. An important question, before initiating the development efforts on the numerical implementation of this method, was on whether this method could provide accurate solutions for the neutron flux in the MSFR.

The performances of the methods and Lattice Boltzmann methods were compared to those of two reference neutronics methods: Monte Carlo and the diffusion approximation, for the case of the criticality problem and a transient study of the MSFR behavior. In all cases, it was observed that the neutron energy discretization grid, the treatment of the boundary conditions and the handling of the spatial discretization order were key aspects for obtaining accurate solutions. For the criticality problem, it was found that the method allowed gaining about of precision in the prediction of the reactivity with respect to the diffusion solvers, while augmenting the computational times by a factor of 1.2 to 2. Furthermore, in the criticality problem, the method was observed to have a difference of approximately with respect to the Monte Carlo methods taken as the reference solutions. Hence, for this type of problems, it was concluded that the models could offer a good compromise between accuracy and computational cost. Nevertheless, it was also found that the predictions of the diffusion methods are accurate enough for most applications. Contrary to expectations, it was found that the multigroup Lattice Boltzmann method could only provide approximately reasonable precision for the neutron flux shapes that had an energy close to the one used to develop the equilibrium density function in this method. For the rest of the energy groups, this method provided very deceiving results. Interestingly, the predictions in the reactivity were not as inaccurate as one could expect: about of error. This was explainedby the fact that the neutron energy groups with the largest fluxes were correctly predicted. It is also remarked that the multi-group Lattice Boltzmann method presented a low computational cost, since the simulations speeds were about times faster than the method. Hence, this method could be used for performing a rapid set of calculations in order to optimize reactors geometries or components in which the uncertainties are still very large and computational speed is preferred over high precision.

Two potential ways of improvement were identified for these methods. First, some empirical approximations were made in order to improve the behavior of the numerical solutions of the transient method. These approximations were based on the physics observed in the MSFR. It would be desirable to analyze the extrapolation of this approximation to other reactors or radiation transport applications. In addition, for the Lattice Boltzmann Method (LBM), it was found that the inaccuracy of the solutions was caused by the constant sound speed in the mesh, which was then used for calculating the equilibrium density function. The problem was that this approximation lead to over streaming for the groups that had a speed lower than the sound speed of the mesh. The experience gained on this method during this work, indicates that the results can be significantly improved by using different sound speeds in the mesh for each of the energy groups. However, this approximation have not yet been defined. Hence, it is believed that the application of the Lattice Boltzmann Method (LBM) to nuclear reactor applications will benefit considerably with the development of a stronger theoretical ground for this method. Finally, as a future perspective, it will be practical to have a versatile application in which one can select different numerical models for solving the neutron flux in the reactor according to the precision required for each of the zones of the reactor.

Molten salts thermal hydraulics

The preliminary coupled thermal-hydraulics and neutronics analysis of the MSFR at normal operation, presented in Chapter 3, allow us to conclude that the errors arising from the turbulence models have a non-negligible impact on some of the key neutronic key parameters (such as the reactivity and delayed neutron fraction) and on the thermal-hydraulics margins (such as maximal fuel or wall temperatures). Another source of errors in the thermal-hydraulics calculations in the reactor are the uncertainties on the Conclusions thermal-hydraulics properties of the molten salt. These uncertainties also apply to the numerical simulations presented in this manuscript for the SWATH experiments, although the salt composition is better known. A sensitivity study, presented in Chapter 3, indicates that the effect of the uncertainties of these properties is relatively small. Indeed using constant averaged properties for the fluid (i.e. not temperature dependent) is acceptable for the range of temperature used in the SWATH experiments and induces an error (of about -. %) that is smaller than the effects of the phenomena that are being investigated. A similar conclusion (i.e. acceptable errors given the other model uncertainties) could be drawn for most of the numerical simulations of the reactor at nominal conditions if the temperature variations in the fuel circuit do not exceed 50-100 °C.

In this work, the turbulent phenomena have been studied with three different techniques: Direct Numerical Simulation (DNS), Larger Eddy Simulation (LES) and the Reynolds Average Navier-Stokes (RANS) methodology. Due to the large scale of the MSFR and the need of integrating the thermalhydraulics model into a larger multi-physics platform, precise turbulent modeling techniques, such as DNS and LES, are not practical, due to their expensive computational cost. At present, these methods can be used for individual reactor components or to very specific reactor calculations. Hence, only RANS techniques can be applied for routine numerical calculations in the MSFR. The challenge with RANS techniques is to maintain the modelling errors affecting the velocity and temperature fields below a reasonable target (errors < -%) required for the MSFR design and safety studies. Some of the reasons leading to important errors in RANS models have also been analyzed in Chapter 3. It was observed that, for wall-confined flows, the main problem was the turbulence anisotropy, which is not accurately predicted by most RANS models. Therefore, a method to develop a RANS non-linear eddy viscosity model (NLVM) that can take into account the turbulence anisotropy with a reasonable computational cost has been presented. In particular, it has been shown that this model can be calibrated from a set of measured flows in order to decrease the predictions errors below the 5% target. Nevertheless, it was observed that the quality of the model's results quickly deteriorates as the model is used to evaluate flow conditions outside of the fitting range. A more robust approach was therefore proposed based on the principles of genetic algorithms, which lead us to the development of the GEATFOAM tool during this work. This tool allows calibrating arbitrary non-linear turbulence models by using a deterministic variant of genetic algorithms (Prioritizes Grammar Tensorial Regression).The GEATFOAM tools introduces a set of invariants to weight the terms of the NLEVMs, in order to provide an improved spatial description of the influence of these terms in the turbulent field. It was found that the models developed with this tool presents better extrapolation capabilities than classical non-linear models, without decreasing the precision in resolving the turbulent velocity field or adding significant additional computational cost (beside the calibration effort). Flow experiments investigated with GEATFOAM shows that the errors in the prediction of the NLEVMs generated with the tool are below 5%, which is reasonably close to the experimental errors that are between 1-2%. In addition, in the experiments over which GEATFOAM has been applied it was observed that the GEATFOAM model provides some useful key physical insights on the turbulence fields. However, a larger and more detailed data set of applications is still required in order to assess if GEATFOAM can accurately capture the core physical phenomena in a flow. In conclusion, for the turbulence applications in molten salts, it has been observed that non-linear RANS turbulence models allowed providing a good compromise between accuracy and computational efficiency. However, the main limitation for improving the accuracy of RANS models is that they have to be calibrated with experimental data sets obtained from similar flow conditions to those where the model will be used. The GEATFOAM tool serves for effectively automatizing this calibration process, but it still does not compensate for the fact that this process requires precise calibration data. It is possible that, in the future, if the mechanisms by which GEATFOAM captures the flow physics were better understood, then the development of non-linear models would require a less broad data set for the calibration. Finally, it was found that for the turbulent heat transfer processes, once the turbulent Prandtl number have been fitted, LES models can provide a reasonably decent precision in Conclusions modeling the heat fluxes < % . Nevertheless, less expensive RANS anisotropic models could, after adequate calibration, provide similar precisions (but with not the same level of details).

The thermal radiation transfer in molten salt flow was also studied in Chapter 3. At high temperatures, molten salts can be considered as a semi-transparent participating medium. It has been estimated that radiative heat transfer should represent form . -% of the total heat transfer for the SWATH experiments and in the routine operation conditions in the MSFR. However, this mechanism of heat transfer will be far more important when the temperature of the molten salt are higher such as in accidental configurations of the MSFR. This is particularly true in regions in which the convection rates are low (regions with low flow velocity). These facts justified the development of the thermal radiation models for the thermal-hydraulics calculations. The literature review shows that the pure molten salts can be considered in many cases as edge absorbers. This means that they practically do not absorb radiation for the most probable wavelengths of the thermal radiation spectrum in the temperature ranges analyzed. However, they start to absorb exponentially more radiation as the wavelength increases. This gives the molten salts studied a semi-transparent behavior when evaluating thermal radiation transport. In particular, for molten salts containing lithium fluoride (LiF) most of the absorptions are originated by this salt component. This is the case, for example, of the FLiNaK salt used in the SWATH experiments and of the LiF fuel salt proposed for the MSFR. According to the typical spectral behavior of salts, a three spectral regions model has been developed for modeling the absorption/emission of thermal radiations in molten salt coolants. For the optical lengths of the geometries studied in this work, the absorption of thermal radiation in these three regions is respectively: opaque (optically thick medium modeled as a black band), semi-transparent (optically thin modeled as gray band model) and transparent (surface-to-surface exchange). Different models have been implemented in each of these three regions, since using general transport models for the three would lead to significant errors in the transparent region and to a waste of computational resources in the opaque bands. Another interesting effect observed in the semi-transparent molten salts is that the thermal radiation transfers reduce the temperature variance in a turbulent molten salt flow (turbulencethermal-radiation coupling). This in turn causes a reduction in the turbulent convective heat transfer in the flow. Direct numerical simulations of a molten salt channel with FLiNaK shows that this effect has a little impact in our applications, but more studies are still required to confirm this statement.

Solidification/melting of molten salts

The idea of the phase change models developed in Chapter 4 is to improve the description of the solidification of molten salts and the information available on the properties of the resulting solid phase. For this purpose, a multi-scale model have been developed for studying the solidification phenomena in the molten salts. This modeling approach is required since the solid structures formed by the solidification process are highly anisotropic as result of the phase segregation mechanism during solidification. For instance, the thermal conductivity and some of the mechanical properties of the solid salt are tensors with values depending on the direction considered. In a first attempt, a macroscale model that could capture the growth of the solid microstructure was developed. The difficulty with this approach was that the effects affecting the development of the microstructure are in the scales of nanometers, whereas the solidification at the macroscales is in the order of centimeters. Hence, the computational cost of this approach was completely unaffordable. To overcome this difficulty, two different solidification models for macroscale and the mesoscale were developed and coupled, following the similar mechanistic principles. The computational cost of the mesoscale models is still too high for using them in a full coupling numerical schema when performing routine calculations. Therefore, a data base approach has been used for accounting for the effects of the microstructure. Accordingly, a metamodel (or surrogate model) was built from the mesoscale approximations. In this sense, for the present applications and using an eutectic FLiNaK, it was determine that the metamodel used to predict the shape of the microstructure (and its effective thermal and mechanical properties) could be determined as a unique function of the heat flux extracted at the interface and the velocity of the flow at this interface. Hence, the effective mechanical and Conclusions thermal properties of the microstructure have been fitted for the heat flux and velocity ranges expected for the SWATH experiments, based in a set of simulations performed with the full mesoscale model. It is expected that a similar procedure could be developed for the MSFR using the compositions of its fuel salt and the expected heat fluxes and velocities in solidification conditions. With this metamodel of the mesoscale solidification, the multiscale coupling technique simply consists in resolving the macroscale model while obtaining the effective properties of the microstructure coming from the fitted metamodel. This allowed obtaining accurate simulations on reasonable computational times.

The SWATH experiments

In order to investigate the accuracy of the numerical models developped during this Ph.D., a set of experiments have been carried-out in the SWATH platform at LPSC (CNRS, Grenoble). This platform has been built as part of the SAMOFAR project activities. A key aspect of the work performed was to develop jointly the numerical models and the design of the experimental activities required by the models. Accordingly, the models were developed from mechanistic principles in order to challenge its underlying hypothesis as much as it was allowed by the experimental limits. This mutual feedback was very productive both for the model and experiments development.

One of the important limitations found in the molten salt experiments was that it was not possible to collect information on the molten salt flows temperature and velocity fields for practical reasons: cost and time constraints. For reliability and safety purposes, only measurements of the temperatures at the walls of the sections and the global flow rates could be performed. When trying to validate a thermal-hydraulic model this limitation is very challenging. This is because if a deviation between the model predictions and the temperature reading from thermocouples on the walls is observed, various explanations have to be analyzed. The deviation could be caused by the model used to predict the flow field, or by the experimental setup, or the flow properties uncertainties, among others. Hence, a direct comparison between the detailed mechanistic model predictions and the averaged experimental results is difficult.

Two options to avoid this challenge were explored. First, the use of very simple flow configurations, such as laminar flows, where the accuracy of CFD models is better proven. This was the approach used for the solidification experiments. The limit of this approach is that most flow conditions in the MSRs are turbulent. Hence, using simple laminar flow will limit the application of the SWATH experiments for studying the flows found in the MSFR. This first approach is, nevertheless, very useful to investigate the accuracy of some specific models. A second approach was also adopted in the experiments. This one consisted in splitting the SWATH experiments into two facilities: one using water as working fluid (SWATH-W) and a second one using a FLiNaK molten salt (SWATH-S). This strategy was complemented by the use of similar test sections in both facilities, thus allowing us to test the hydraulics models in SWATH-W and its thermal aspects in SWATH-S. By using similarity laws, the hydraulic model calibration carriedout in the SWATH-W experiments can be extrapolated to SWATH-S, with reasonable confidence. In addition, the use of water at room temperature in SWATH-W allowed us to measure the velocity profiles in the flow using a Particle Image Velocimetry (PIV) technique and, thus, a better comparison between these measurements and the mechanistic models could be performed. Note that the ratio of inertial over diffusion forces (i.e. the Reynolds number) are maintained between the water and the molten salt experiments, so the experiments can be dynamically equivalents (i.e. same non-dimensional velocity field), which partially justifies using a similar hydraulic model for the sections in both experiments. Nevertheless, some differences in the flow field will arise in SWATH-S due to the viscosity changes (especially near the wall) produced by the temperature gradients. These differences were estimated by a DNS study performed outside this Ph.D. work, which suggested that the errors are below the experimental uncertainties for the SWATH experiments.

A large part of the work in this Ph.D. have been devoted to the SWATH experiments and the design of experiences that allowed to validate the mechanistic models developed. In particular, two experiences were discussed in detail in this manuscript: a Backward Facing Step (BFS) experiment implemented in SWATH-W (Chapter 6) and a solidification experiment implemented in SWATH-S (Chapter 7).

The Backward Facing Step experiment

The BFS experiment was designed for investigating the turbulence models developed for highly anisotropic flows. Such models are needed for the region near the inlet of the core cavity of the MSFR, as results of the flow anisotropy produced by boundary layer detachment. Note that this experience does not keep dimensional similarity with respect to the MSFR core cavity, but still some of the physical phenomena are similar to the one of the core cavity of the MSFR (such as the development of turbulence anisotropy). Due to the large spectra of turbulent structures generated in the BFS, the predictions of standard turbulence models usually have too large errors that are incompatible with the target experimental precision (< % error). In fact, from simulations presented in Chapter 6 show that the predictions generated using standard RANS approaches (k-epsilon, k-omega, etc.) present mean errors ranging from 5 to 20% for the velocity fields. On the contrary, classical LES models produce better results, but at a much higher computational cost. Indeed, the necessary mesh resolution for producing accurate results with LES models is not affordable for the scale of the MSFR. Furthermore, direct numerical simulations (DNS) have been performed. This ones show good agreement with the experimental measurements, but, once again, their computational cost made them not practical for the reactor scale. Concerning the model developed with the GEATFOAM tool, the non-linear eddy viscosity model optimized with this tool for the BFS provided an excellent compromise solution between precision and reasonable computational times. Moreover, it has been observed that the functional dependences in the fitting constants of the GEATFOAM model are key for producing accurate turbulent models with good extrapolability to different flow conditions. Extrapolability is a key point, since models generated with GEATFOAM could be used for other conditions besides of the calibration set. This point has been investigated by comparing the GEATFOAM generated model predictions against data points constructed with direct numerical simulations for a set of Reynolds numbers between 1000 and 9000.

Solidification expeirments

In Chapter 7, a solidification experiment has been described. This experiment was developed to investigate the accuracy of the solidification models for the molten salts with and without an imposed external convection. The experiment and its boundary conditions have been set to be as simple as possible, thus reducing the potential errors associated to the numerical modeling. Moreover, some of the boundary conditions of the experiments were calculated (in particular the heat flux on the cooling device) through detailed numerical simulations in order to reduce the boundary conditions uncertainties. As expected, it was found that in the solidification experiments without the internal cooling device rotation, the natural convection played a key role in determining the shape of the solids formed. Nevertheless, if an external forced convection by the rotation was imposed, then the flow profiles generated by the interaction of the forced convection and the natural convection defined entirely the shape of the solids formed. However, this may not be the case if larger solidification rates are used. In addition, for larger heat fluxes, the growth rate of the solidification front could easily become unstable, leading to far more complex solidification conditions. The comparison between the model predictions and the experiments shows in general good agreements. However, there are still some deviations observed when comparing the numerical simulations and the experiments, which would require further investigation. For instance, the deviation between the model and the experiments increases for longer the solidification times. Another example is that different curvatures of the solid ingot are predicted by the model and measured in the experiments for the experiments with rotation, when the amount of solidified salt is small. This problem may be due to the presence of porosity in the solids phase, but further data will be needed to identify the cause. Nevertheless, the precision obtained in the predictions with the models developed ( -%) is already good enough for the requirements of most phase change applications envisioned in the MSFR. Conclusions The draining transient An example of the models and tools developed in this work for the study of the draining transient in the MSFR produced by an incidental station blackout (SBO) has been provided in Chapter 8. The draining transient has been separated in three stages: (i) reactor in routine operation, (ii) reactor isolation after the incidental initiating event, (iii) reactor draining. It has been observed that the accurate modeling of the three stages was necessary to guarantee temperature limits that could ensure the structural integrity of the MSFR during this transient. Hence, a PIRT analysis was developed to identify the fundamental phenomena that the models should capture for each of the three stages.

The initial stage of the reactor has been computed with a coupled neutronicthermal-hydraulicsphase-change model, modeling the development of the bottom cold-plugs that stop the liquid fuel from draining via a metamodel. It was observed that the results obtained were not significantly affected by the coupling scheme used for the neutronicthermal-hydraulics -phase-change schemes, as long as reasonable time steps and convergence criteria were used for solving each of these fields. Furthermore, the heat transfer process is dominated by convection in the turbulent flow.

Once the incident occurs, the circulation in the reactor stops and the temperature field rapidly becomes uniform. This aspect is positive for safety purposes since it decreases the maximum temperature in the reactor cavity, which may damage the structural materials. Besides, after the initiating event, the heat deposition in the fuel salt is mainly due to the decay nuclear heat and the heat produced by nuclear fissions could approximately be neglected. Also, the effect of the leakage of the decay radiation in the reactor's core cavity temperature field could also be neglected. A cold-plug configuration was proposed for the present case, which melts after 61s. So, after this time, the draining transient starts.

During the draining transient, the draining time and, hence, the temperature rise in the reactor, is strongly dependent on the pressure drop during the draining transient. Consequently, a turbulent model was calibrated with GEATFOAM that could improve the predictions in the turbulent field and the pressure drop during draining. Furthermore, the heat transfer process during the draining transient is still dominated by convection in the turbulent flow in the bulk of the fuel salt, but also radiative heat transfer becomes significant close to the top free surface (molten saltargon interface), produced due to the fuel salt draining. Three different scenarii were analyzed for the draining transient, trying to account for the potential failure of the cold-plug melting. In these ones 16, 8 and 1 out of the 16 cold plugs in the bottom of the reactor were considered to melt. It was observed that the cases of 16 and 8 cold plugs melting, will probably not cause a problem for the limiting temperature admitted during the transient. However, the scenario of only one plug melting results in a maximum temperature rise of 88K with respect to the one in the routine operation of the reactor. Hence, this case should be studied in further detail in the future; once more advancements have been produced in the design of the MSFR.

General summary

The following key remarks could be draw if one tries to summary the key points learned during this work and the perspectives for future work:

 High precision solutions generally come with a high computational cost associated. Hence, it is important to define the precision target required in the models. If the precision required is prohibitive due to the high computational cost, then an alternative approach with good precision can be obtained by using a hybrid method. For example, by framing the range of applications of the models (non-linear RANS models) or by artificially splitting the coupling between physical phenomena involved (multiscale model solidification).  It was found that when developing numerical modelling activities along with experiments design the outcome is more robust, in the sense that better numerical models and more physically meaningful experiments are obtained.

 Points that would be addressed by future research are, not exhaustively, the following: o development of a hybrid multi-region neutronic models to standardize the precision and minimize the computational resources in solving the neutron transport problems in nuclear reactors, o improvement of the multi-group Lattice Boltzmann formalism for neutron transport, o in-depth study of the capacity of GEATFOAM in capturing the physical mechanisms in different flow conditions, o further studies of the effects of viscosity changes due to temperature and turbulent radiation interaction phenomena in the molten salt flows, o application of the solidification models developed for the design of improved passive safety systems in MSRs and for decreasing the materials constraints, o improvement of solidification models by accounting for porosity and inter-phase stresses, o development of experiments that allows to contrast the thermal-radiation heat transfer process (possibly by the presence of a free surface in the molten salt flow) and the solidification development at higher Reynolds numbers and o accounting for different unexpected conditions during the draining transient, between others.

Finally, two recommendations can be made regarding the numerical modeling on Molten Salt Reactors. First, the current progress made on the development of physical models for neutronic, heat transfer and phase change are sufficient for developing the next generation of experiments that are required for validating the physical principles on which rely this technology. Further work is required both from numerical models developments and experiments perspectives for other issues such a material behavior and corrosion. Secondly, the state of art of some of these models (solidification, heat transfer, etc.) is already sufficient to perform a conceptual design of these reactors and could be integrated into the current studies.

I. Appendices Neutronics I.A. Derivation of the SPN method

In general, solvers for the equations have been used as replacements for diffusion solvers. Hence, solvers have commonly been developed for powering the existing diffusion platforms, by introducing the moments in a diffusion like way. In this study we derive the equations using a single monolithic approach, by constructing the full matrices involved. By explicitly storing these matrices, state of the art linear algebraic methods can be applied. The heuristic derivation is applied. Although, similar derivations following an asymptotic formalism can be found in the work of Larsen and colleagues (2002) and following the variational principle in the one of Brantley and colleges (2000). In addition, an excellent survey of the various formulations and derivations of the SPN equations can be found in (McClarren, 2011).

In the heuristic approximation followed in the present approach, first, the Boltzmann Transport Equation (BTE) is projected in 1D. Then, a set of transport equations for the different orders of the Legendre polynomials are derived in 1D. Following, the Marshak boundary conditions are evaluated in 1D. Then, the set of equations are projected back to 3D using the heuristic approximations and the boundary conditions are reevaluated. The derived system is then passed to matrix vector form in order to provide elliptic or parabolic behavior to the system of equations.

First, assuming symmetry in the zenith angle, the transient multi-group Boltzmann Transport Equation (BTE) for an energy group can be projected into one dimension in the following form:

∂ , + ∂ , , + , , = ∑ ∫ ′ → , ′ , ′ , ′ - ′ = + ∑ ′ ′ ∫ ′ , ′ , ′, ′ - ′ = + ∑ , (I-1)
Where the inlet angular flux needs to be fixed in the boundary due to the hyperbolic character of the problem. This is , = -, , for . The projection of the spherical harmonics, describing the angular direction, into are the Legendre polynomials, this is ′ → • ̂= . In this projection, the angular flux can be expressed in the following form:

, = ∑ + = (I-2)
Furthermore, the scattering cross section may be expressed by

, = ∑ + = (I-3)
Where ′ is the inlet direction to the scattering interaction, is the outlet direction and is the angle between both. Considering azimuthal symmetry, the Legendre polynomials describing the scattering term can be simplified to = ′ in a second order degree approximation. Introducing these expansions, problem (I-1) can be simplified to:

∑ + = + ∑ + = + ∑ + = = ∑ ∑ + = ′ = + ∑ ′ ′ ′ = + ∑ , (I-4)
Multiplying this equation by , integrating in the angular direction and using the Rodrigues formula for approximating the term , the following equation set is obtained for the transient equaitons:

+ [ + -+ + + + ] + ∑( ′ - ′ = = [ ∑ ′ ′ ′ = + ] (I-5)
Note that the fission neutrons and delayed neutrons are assumed to be emitted isotopically. This equation defines a system of N+1 equations for the N+2 moments of the Legendre; thus a closure relationship is required to achieve a well-posed system. For steady-state problems, the most common and straightforward method for closing the equations is to set the highest order moment to zero, i.e. + = .

For some applications, it has been observed that this closure for the equations potentially results in non-physical wave propagation speeds. In reactor applications, we are generally concerned with either eigenvalue or quasi-static applications of this model, so that this simple closure is sufficient. Furthemrore following a similar procedure, the critically problem in the system can be expressed as follows:

[ + -+ + + + ] + ∑( ′ - ′ = = [ ∑ ′ ′ ′ = + ] (I-6)
Once the two 1D systems for the transient problem (I-5) and the criticality problem (I-6) have been posed, the next step is deriving appropriate boundary conditions for this system of equations. In this work, we have consider both vacuum and reflective boundaries. For vacuum both type of boundaries, we will employ the Marshak boundary conditions. The Marshak conditions approximately satisfy the angular flux equation at the boundaries and are consistent with the approximation. The generalized Marshak boundary condition for a moment can be written as follows:

∫ , = ∫ - , (I-7)
Where -, is the inlet current at a point in the boundary, in an angular direction and for the enrgy group , which will be equal to By using the orthogonality properties of the even and odd Legendre polynomials, the coefficients of the integral in the left hand side = = yield the following coefficient matrix to ℎ order: These coefficients allows defining the boundary conditions for the problems with diffusive reflection and with vacuum boundary conditions according to equation (I-8). So far, these problems have been developed for one dimension. Note also, that up to this point, the and problem are completely equivalent. In order to formulate the equations for a three dimensional case, an heuristic approximation is applied. In this one, the odd moments of the neutron flux are replaced by neutron currents, which are represent by the vectors = , , . Furthermore, the space derivatives in the streaming term are replaced by a gradients or the divergence according to the dimension of the neutron flux. This lead to a set of equations for the criticality problem that is slightly different for the odd and even terms and can be written as following:

M/N 0 1 2 
Even moments:

∂ ∂ + • [ + -+ + + + ] + ∑( ′ - ′ = = [ ∑ ′ ′ ′ = + ] = , , , … (I-9)
Odd moments:

∂ ∂ + [ + -+ + + + ] + ∑( ′ - ′ = = = , , , … (I-10)
Similarly, for the criticality problem the set of 3D equations is written as:

Even moments:

• [ + -+ + + + ] + ∑( ′ - ′ = = [ ∑ ′ ′ ′ = + ] = , , , … (I-11)
Odd moments:

[ + -+ + + + ] + ∑( ′ - ′ = = = , , , … (I-12)
Note that this is just a fast way to derive the simplified equations, but the same equations could have been derived using asymptotic expansions (Larsen et al., 1993(Larsen et al., , 1996) ) and variational principles (Brantlet and Larsen, 1997[START_REF] Brantley | The Simplified P3 Approximation[END_REF]. In a similar form, the Marshak boundary conditions previously derived can be expressed in three dimensions by making a distinction between the odd and even moments. The generalization Marshak boundary condition to three dimensions read as following (McClarren, 2011):

∑ + = ∫ • • • > + ∑ + = ( • ∫ • • • > = ∫ • - , • > (I-13)
The boundary conditions for the even fluxes can be find in a straightforward way, by projecting the odd moments into its normal. Hence, for a step in the solution, the boundary condition for the even fluxes is

∑ + = ( ∫ • • • > ≈ ∫ • - , • > -∑ + = ( • -∫ • • • > (I-14)
However, for obtaining the boundary conditions for the odd moments the boundary condition equation have to be multiplied by the normal . Then, the product

• obtained for the odd moments can be expanded by • = × × + which allows obtaining the following relationship for the boundary conditions in the odd moments

∑ + = ( ∫ • • • > ≈ ∫ • - , • > -∑ + = ( -∫ • • • > -∑ + = × ( × - ∫ • • • > (I-15)
Note that the boundary conditions have been obtained by the linearization of the fluxes in the boundary, i.e. assuming that the fluxes in the boundaries can be approximated as the ones in the previous time step. Since the main contribution to the fluxes in the boundaries in the cases of the MSFR analyzed comes from the inlet current -rather that from other fluxes, this approximation was observed to yield accurate results in the present case. However, the problem with the system of equations derived in this form, is that the streaming terms in both the even and the odd moments depends directly in the neutron currents, which gives the problem hyperbolic character and can lead to problems in the numerical solution. Hence, it is desirable to rearrange this system of equation, so that the transient problem can behave like a parabolic problem and the critically problem like an elliptic one. This is generally known as taking the system to second order in the literature. The rearrangements that are made in the system are simpler if this system is expressed in matrix-vector form. Hence, in order to take the system to matrix-vector form, the energy groups should be grouped inside a vector. For an even term of order , this is done as follows: = , , … , and for the odd term of order this is done in the following way:

⃗ ⃗⃗ = , , … ,
In a similar form, the transport terms can be defined through a transport matrix in the following way:

= [ - - - - - - ⋱ - - -]
Similarly, the fission matrix can be defined as follows:

= [ ⋱ ]
and the delayed fission vector as follows:

= ∑ [ ⋱ ]
,

Using this notation, the transient system can be expressed by: Even moments:

∂ ∂ + • [ + ⃗ ⃗⃗ -+ + + ⃗ ⃗⃗ + ] + = + = , , , … (I-16)
Odd moments:

∂ ⃗ ⃗⃗ ∂ + [ + -+ + + + ] + ⃗ ⃗⃗ = = , , , … (I-17)
In a similar form the criticality problem can be expressed as Even moments:

• [ + ⃗ ⃗⃗ -+ + + ⃗ ⃗⃗ + ] + = + = , , , … (I-18)
Odd moments:

[ + -+ + + + ] + ⃗ ⃗⃗ = = , , , … (I-19)
The criticality can be taken to an elliptic form by simplifying the neutron fluxes form the odd terms (I-19) as follows:

⃗ ⃗⃗ = --[ + -+ + + + ] = , , , … (I-20)
Then, this expression can be replaced back into the even moments (I-18) for obtaining an elliptic form for the even fluxes, which reads as following:

-

• [ + - - ( - - -+ - ) + + + + - ( + + + + + + )] + = + = , , , … (I-21)
The set of equations (I-21) constitute a set of + / equations that can be solved for the even moments of the neutron flux. The boundary conditions for these equations are obtained by replacing the definition of the odd moments into the Marshak boundary conditions according to equation (I-14).

For transient problems, the system needs to be solved for the N odd and even moments of the neutron flux, since it cannot be linearized in a straightforward way. Hence, a linear approximation is introduced, similar to the one that was performed with the boundary conditions. This one is performed by approximating the time derivative of the neutron currents

∂ ⃗ ⃗⃗ ∂ ≈ ∂ ⃗ ⃗⃗ ∂ - (I-22)
Hence, the odd fluxes can be simplified from equation (I-17) as

⃗ ⃗⃗ = --[ + -+ + + + ] --∂ ⃗ ⃗⃗ ∂ - = , , , … (I-23)
Then, by replacing these equations into the even moments (I-16), the following equation set is obtained

∂ ∂ -• [ + - - ( - - -+ - ) + + + + - ( + + + + + + )] -[ • + - - ∂ ⃗ ⃗⃗ - ∂ - + + + + - ∂ ⃗ ⃗⃗ + ∂ - ] + = + = , , , … (I-24)
The system of N equations (I-16) and (I-24) presents approximately parabolic character, since the time corrections coming from the neutron currents in equations (I-24) are small compared to the streaming terms in this equation in the present applications.

I.B. The diffusions equations

The diffusion approximation can be derived by taking the zeroth-order of the equations described above. For the criticality problem this is

-• [ + - ] + = + (I-25)
Note that the diffusion matrix is defined as = + in this equation. For the boundary conditions, the Marshak boundary conditions can be applied to zero order to yield

= ∫ • - , • > (I-26)
Similarly, the transient problem can be formulated as

-• [ + - ] + = + (I-27)
With similar boundary conditions.

I.C. The Lattice Boltzmann Method

The lattice Boltzmann method (LBM), originated from a mesoscopic approach for simulating fluid dynamic. Even though sometimes judged as too approximated, the numerical efficiency of this technique is undeniable. Owing to its attractive advantages such as simple construction, easy treatment of complex boundary conditions and nature parallel characteristic, this method has attracted a lot of attention in different kinds of physical phenomena and a large number of engineering applications, including multiphase flow, heat and mass transfer, magnetohydrodynamic, electroconvection, phonon transport, combustion, and others. In order to adapt to different complex geometries, the finite-volume lattice Boltzmann method has been developed. More recently, some lattice Boltzmann models have been developed for radiative and neutron transport problems (Wang, 2017). Also recently (Yi and Yao, 2016) regarded the steady-state BTE as a pure convection equation with a source term. By introducing the artificial isotropic diffusion term, a convection-diffusion format of steady-state BTE is formed. They presented a lattice Boltzmann model for the two-dimensional steady-state radiative transfer equation and the solutions agree well with zonal method solutions. With the same process, however, the lattice Boltzmann model for transient BTE can be difficult to obtain. Therefore, from a strict point of view, there is still none of the lattice Boltzmann model that can be applied to simulate the transient BTE accurately, flexibly, and stably.

To improve this condition, this paper presents a lattice Boltzmann model to efficiently resolve the multidimensional transient BTE.

The initial step is to think of the angular direction to be discretized in a set of spatial directions { α }. Next, the discrete spatial direction α can be imagined to be represented by an artificial velocity for that group and direction. This artificial velocity can be expressed in three dimensions as

= [s cs , s s , cs ] (I-28)
Where is the velocity for the energy group. Substituting this one into the multigroup NTE, the following relationship can be obtained

+ • ( = (I-29)
Where the source term in the right hand side takes into account the neutron remotion, scattering and production by fission and precursors decay. This source term is

= ℛ + + ℱ + (I-30)
Where the terms in the RHS are

ℛ = - , = ∑ ∑ ′→ , α′ → α ′ ′ , ′ ′ ′ ′ = ℱ = ∑ ′ ′ , ′ ∑ ′ ′ , ′ ′ ′ ′ = = ∑
The space is assumed to be composed by a set of points, representing a set of lattice directions . Furthermore, it is assumed that the angular neutron flux for an energy group can be represented by the summation of a density function , over the lattice directions. This is = ∑ , (I-31) Also, once the angular fluxes have been solved, the scalar neutron flux can be determined by

= ∑ = ∑ ∑ , (I-32)
By decomposing the flux in the summation of the density functions, the lattice Boltzmann formalism can be directly applied to the advection equation to obtain present case, the D3Q15 discretization scheme is used. In this one the 3-dimensional space is discretized into a set of points. Each point contains 15 lattice directions = , , . The lattice directions and the weights are shown in Table I The lattice velocity can simply be expressed as = , where = / is a characteristic speed determined by the distance between the points and the time step in the simulation. Furthermore, the lattice sound speed is defined as a function of this velocity = / , for all the speeds in the point mesh (Wang et al., 2017).
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The relaxation time is a measure of how fast the neutron distribution will achieve its equilibrium value once the external perturbations are taken away from the system. This value will evidently depend on the velocity of the neutrons and, hence, in the energy group. Furthermore, it will also depend in the angular direction in which the neutron is transport. This is because the neutrons moving in the angular directions that have large projections normal to the boundaries, will have on average more collisions and leakage, hence, the density function will go faster to equilibrium. As is noted at this point, this parameter is crucial for accurately modeling the NTE, since inside this parameter are all the physical phenomena playing a role in the transport process. Therefore, it would be convenient if the Boltzmann lattice discretization does not strongly depend on this parameter.

In order to evaluate the relaxation parameter, the microscopic behavior of the transport equations need to be addressed. This is done by using a proper Chapman-Enskog expansion. They idea is to expand the density function and source term as a function of a very small parameter . This parameter is taken as the Knudsen number in the domain, which can be thought of as the neutron mean free path divided by the size of the domain. The expansions to second order are

, = , + , + , + , = , + (I-37)
Furthermore, the time derivative and space gradients can be scaled with the Knudsen number as

= + + = + (I-38)
Furthermore, the covariant derivative can be defined as = + • and therefore the current rhythm of variation for the density function in a point in time can be decomposed as

= + + (I-39)
In order for the discretization to represent the NTE, the following moments are required to be satisfied by the density functions (Chai and Zhao, 2013) 

II. Appendices thermal hydraulics

The present set of appendices deals with the details of some of the classical RANS models used in this thesis, the computational implementation of the GEATFOAM tool, the calculation of the absorption coefficients of thermal radiation in the molten salt and the phenomena of turbulence radiation interaction.

II.A. RANS turbulence models

For completeness, theand themodels that have been widely used in this work are covered in the present section. For more information about the classical RANS models the reader is referred to the book of [START_REF] Wilcox | Turbulence modeling for CFD[END_REF].

The beginnings of theturbulence model are found in the work of Chou (1945) and Davydov (1961). However, the popularity of the model comes from the work of Jones and Launder (1972); Launder and Sharma (1974). The 1974 version of the model is often cited as the standard k -ε model and is by far the most popular version. By transporting the turbulent kinetic energy ( ) and the turbulent dissipation rate ( ), the turbulent or eddy viscosity ( ) can be found by dimensional analysis as following:

= (II-1)
This allows closing the RANS equations once and are known. Furthermore, = . is a constant that governs the proportionality between the diffusive ratio imposed by and and the turbulent diffusivity in the fluid. The modelled quantities k and ε are found via the following transport equations,

+ ̅ = -+ [( + ) ] + ̅ = - + [( + ) ] (II-2)
In the production term = √ , with equal to the shear strain. The values of the closure constants for this model are given in Table II The main problem of the k-ε model is its treatment in the near-wall region of the flow where the destruction-of-dissipation term is singular. To avoid this the flow layer close to the wall has to be treated separately by a wall function. The resolution of the grid close to the walls has to be sufficiently fine for the wall functions to yield reasonable results, meaning additional care needs to be taken when solving a problem using this model. This generates problems with the stability of this model in the near-wall region [START_REF] Menter | Two-equation eddy-viscosity turbulence models for engineering applications[END_REF]. Further, [START_REF] Menter | Two-equation eddy-viscosity turbulence models for engineering applications[END_REF] discusses insensitivity to adverse pressure gradients and strong streamline curvature. In order to solve the bad behavior of the turbulent dissipation rate near the wall, Kolmogorov

II.C.1. Thermal radiation absorption coefficients in alkali-halide salts

The effect of thermal radiation heat transfer can be thought of as photons leaving, on average, form the hot zones of a domain to the cold ones. During their transfer process, mainly two effects attenuate the energy of a photon in path-line. In first place, the energy is absorbed by the material. Then, the energy may be scattered away from the path-line. Generally, in thermal equilibrium conditions, considering an isotropic and energy independent scattering cross section (which is the case of most alkali-halides) and neglecting the effects of disperse particles in the salt that may change the refraction indexes leading to radiation scattering, the scattering effects can be neglected. This means that the amount of energy scattered away from a pathline should be approximately equal to the one scattered into that path-line. Furthermore, for molten alkalihalides salts it has been proposed that the effects scattering cross sections are negligible in comparison with those of radiation absorption (Chaleff, 2016). Therefore, online absorption effects will be considered in the present models.

The absorption phenomena in alkali-halides salts can be broadly separated in three regions. These absorption coefficients are schematically represented for a FLiNaK salt in Figure II-3. For instance at high energy and low wavelengths, the energy of the photos travelling through the media may coincide with the energy of the electronic bands in the medium. Therefore, photons will strongly interact with electrons promoting them to higher energy levels and the absorption coefficients in this region are high. Then, for larger wavelengths, the energy of the photons is below the ones of the bands in the medium and, hence, the interaction effects are mainly dominated by scattering processes. The absorption coefficients are generally small in this region and, for real materials, this absorption effects are mainly because of impurities existing in the salt. At higher wavelengths, the energy of the photons become similar to the resonant vibrational wavelengths of the liquid or solid structure of the alkali-halide salt. Therefore, in this region, the energy of the photons is said to be converted into phonons, which account for long-range vibrational effects on the lattice or for localized vibrations with short-range ordering in the structure. The absorption coefficients are hence high in this region.

There are mainly four different phenomena determining the shape of the absorption coefficients. Namely, they are the Urbach absorption and Brillouin scattering, occurring at high energies, and the Rayleigh scattering and the multi-phonon absorption, occurring at lower energies. The first two effects, Urbach absorption and Brillouin scattering, occur due to the interactions of the photons with the outer-shell electrons of the atoms in the salt. As observed in Figure II-3, the radiation energy spectra for the temperatures considered lies approximately out of the Urbach tail, which means that the high-energy absorption effects can be neglected in the radiation transport models developed in the present work. The Rayleigh scattering phenomenon accounts for the elastic interaction between the photons and the particles in the molten salt (such as outer shell electrons or the impurities) that are much smaller than the radiation wavelength. The cross section for the Rayleigh scattering decreases with the wavelength to the power of four ( ∝ / ) and, hence, the Rayleigh scattering is normally not observed for wavelengths above ≈ in small experiments (with sizes of the order of centimeters). Furthermore, the cross sections of this effect is much smaller than the other effects for relatively pure substances with a small amount of impurities (Pecora, 2000). Therefore, the principal effect playing a role on photon absorption for the present study is the multi-phonon absorption (Bendow, 1991). and are fitting constants. The values of these constants for and , as fitted by Li (1980) and computed in this work are presented are presented in Table II-3. The values for have not been measured yet in the literature to the authors knowledge. It is observed that an average mean square difference of . % is presented between the absorption coefficients fitted and the ones measured over the temperature range of 273K to 727K. This kind of errors were expectable considering the large amount of hypotheses made in the calculation of these coefficients. Nevertheless, they provide the bases for the study of the thermal radiation phenomena in salts, with the perspectives of developing more precise studies in the future.

The results of the thermal radiation absorption coefficients as a function of the wavelength and the temperature for the LiF, NaF and KF phases, as fitted in this work, are provided in Figure II-5. It is observed that the multiphonon absorption mechanisms is more performant at larger wavelengths and at larger temperature. Nevertheless, the variations observed with the temperature comes to second order with respect to the ones observed with the wavelength. The spectral absorption coefficients calculated for different temperatures are shown in Figure II-5. Two phenomena are remarked from this graphical representation. In first place, the absorption coefficients for are much larger that those of , or, what is equivalent, the absorption edge for is placed at a lower wave number than the one of . As explained by Li (1980), this effect is produced since the absorption frequencies are directly dependent of the harmonic (spring-like) and anharmonic (non springlike) photonic absorption in the crystalline structure, which are inversely dependent on the spacing between the crystalline networks. This means that the closer the ions and cations are, the smaller the wavelength of the photons needs to be for start exiting the crystalline structure. Since cations are smaller than cations, their equilibrium position in the crystalline structure is closer to the anions. In consequence, the smaller the wavelength needs to be for converting the energy of photons into multi-phonon vibrations. The second interesting effect is the fact that the absorption coefficient slightly augments with the temperature. Considering the previous phenomenon, the highest the temperature is, the lowest the density should be and, hence, the lowest the absorption coefficients as temperature rises. However, there is a second effect playing a role as temperature rises, which is the Doppler broadening of the absorption cross sections due to the thermal agitation of the atoms in the medium (see Howell et al., 2010, Chapter 9). This effect increases the absorption cross sections with temperature largely than the decrease caused by the reduction in density.
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Even though the optical measurements for are not available, their influence in the absorption of thermal radiation in can be estimated following the previous reasoning. As observed, the biggest the cation in the ionic crystal, the largest the spacing between the cation and the anion in the crystalline structure and the biggest the wavelength of the absorption edge. Therefore, it is expected that the absorption edge of lies beyond the one of . Hence, for a fixed wavelength, the absorptions will be produced predominantly in the phase, a significant less amount will be produced in the phase and an almost negligeable amount should be produced in the phase. For example, for a crystal with segregated phases of , and at , such as the one produced during an eutectic solidification process, neglecting boundary and Fresnel effects in the interfaces, if of thermal radiative power is absorbed in the phase, then .

will be absorbed in the phase and a significant less effect should be absorbed in the phase. Furthermore, as observed in Figure II-3, for the temperature ranges envisioned, the blackbody radiative spectrum lies mainly inside the transparent region of these ionic crystals, with some tails of the spectrum going into the absorption edge. Consequently, the effect of thermal radiation absorptions in the phase is neglected in the present work for the solid phases.

When examining the physics behind the multi-phonon absorption mechanism (Li, 1980), two interaction mechanisms are distinguish. First, as the photon deposit the energy in the media, it will excite phonons that are not generally precisely in the resonant modes of the ionic structure. However, this 'anharmonic' excitation can be expressed as a function of these fundamental modes of the crystals (Sievers & Takeno, 1988). Due to the large ionic forces in the crystal, the vibrations of each of the modes will electromagnetically couple between each other, introducing a non-negligible electric and magnetic field that will further excite different regions of the lattice that where not excited before. This phenomenon and the dissipations existing in the vibrations of the lattice lead to a phonon energy decay in the crystalline network. The other phenomenon playing a role during the photon absorption process is the generation of electric moments (dipoles, quadrupoles, etc.) induced by the ions displacements as the photon deposits the energy in the medium. This means that some of the energy of the photons will also be dissipated in generating an electric moment as the ions are moved away of its equilibrium position. The energy dissipated in generated this moments, will be proportional to the polarizability of the medium. In solid state, alkali-halide salts show low polarizability. Therefore, this phenomenon should be of second order.

Once the absorption coefficients have been computed for each of the individual phases (LiF, NaF and KF) it would be desirable to obtain an effective absorption coefficient for the solid eutectic FLiNaK. In general, the two phenomena governing the dissipation of the energy of photons in a multi-phonon absorption process depend on the ionic bonds. Furthermore, the density of these ionic bonds should be important when considering absorptions in a real crystal. Associated to this density will be the resonant vibrational modes of the crystalline structure and the average polarizability of the ionic crystal. The first effect will govern the an-harmonic response and phonon dissipation in the crystalline structure, whereas the second one will be associated to average electric moment generation due to ionic displacement. Hence, assuming as an approximation that the absorption coefficients for the phase are zero in the wavelength ranges analyzed and neglecting the Fresnel diffraction effects occurring at the phases' interfaces due to the difference in their refraction indexes, the average absorption coefficients for solid FLiNaK can be approximated as 

II.C.4. Band model for the absorption coefficients

The absorption coefficients for FliNaK in the solid and molten phases are presented together in Figure II-8. The absorption coefficients in the solid and liquid phases does not present large differences, independently of the phase change. This is mainly because the redistribution of the liquid molecules in the system, compensates for the average increase in the distance between atoms when melting and, finally, the eigenstates states of energy in the system (and hence the absorption coefficients) were not observed to change largely during melting. It has not been determined yet if this is a numerical artifact or if this will be the results obtained when the experimental measurements are performed. The spectral distribution of the radiated energy was originally calculated by Plank in 1901. The spectral emissive power of a blackbody, assuming an isotropic emission, was defined as The values obtained for the relative amount of the absorbed thermal radiation are presented in Table II-4. This merit figure is representing the locally absorbed amount of thermal radiation when the volume of a material element is approximately a differential. For example, for a temperature of , . % of the thermal emitted radiation will be locally absorbed in the differential volume, whereas . % will be transmitted away from the volume. Therefore, as previously observed graphically in Figure II-9, the total amount of locally absorbed radiation in the solid is small for the temperature ranges analyzed. Furthermore, the effective emissive power deposited in fluid is also small with respect thermal fluxes expected to take place in experimental or reactor conditions. The absorption phenomena observed for the solid can be divided in three absorption bands, similar to what has been done by Briegleb (1992) for climate models. In this sense, the absorption bands can be defined as = , , , (II-15)
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In the present case, by inspection, three bands are defined with the cutoff wavelength limits of and . First, an almost transparent band is defined, going form -, where the absorption coefficient is low. This mainly because the Rayleigh scattering is small in this region (except if some impurities are present in the salt). Also it is because the Urbach absorption and Brillouin scattering cross sections are almost negligible above .

and for wavelengths smaller than this one the spectral emissive power is almost zero ≈ - / ) for the temperatures considered. The second band is a semitransparent band, which goes between and . In this band the multi-phonon absorptions start becoming significant and the blackbody emissive power is still high. The absorption coefficient of this band is not high enough to consider the medium opaque and, therefore, a specific transport method needs to be applied for solving the radiation transport in this region. A second absorption coefficient is defined between and infinity. In this regions the value of the absorption cross section is mainly determined by the shape of the tails of the blackbody emission spectrum beyond the multi-phonon absorption edge.

The results obtained for the effective absorption coefficients are presented in Table II-5 and presented graphically in Figure II-9. As previously stated, the first band of low wavelength is approximately transparent to thermal radiation and the band of high wavelength is approximately opaque to thermal radiation, since its absorption coefficient is very large ( % of the thermal radiation intensity will be absorbed within ≈ .

). In the band between these two the coefficient is moderately high and the absorption process for the radiation intensity will take place in distances of the order of the millimeters. Since many of the geometries in the experiments performed and molten salt reactors are in the order of some few centimeters, then the salt in this band will behave as a semitransparent medium. Finally, it is observed graphically in Figure 3-18, that even though the absorption coefficients increases with the temperature, the band absorption coefficients decreases with temperature. This is because the blackbody spectrum used for the condensation of the absorption bands, increases the average spectral wavelengths as temperature decreases and, what is similar, there is a larger part of this spectrum in the high absorbance region as temperature decreases. 

II.D. Turbulence radiation interaction phenomena

This section aims to present the complete derivation of the transfer function between temperature and radiative flux fluctuations and to elaborate in the studies performed for the trubulent molten salt flow in the parallel plate channel.

The derivation of the turbulence filtering relationship found in expression (3-91) goes as following. For simplification purposes, the domain is assumed to be infinite in all directions, so that the scattering term in the radiation transport equation (II-9) can be neglected and all the coefficients are assumed to be independent of the wavelength of thermal radiation. In these conditions, the transport equation for a photon beam reads as The real part in the RHS is related to the frequency coupling of the fluctuations produced by the temperature (via the blackbody emissions) on the radiative field. The imaginary part is related to the damping of these fluctuations during the transport process. Furthermore, is the wavenumber vector in space defined by = ( , , = , , , where , and are space windows in the , and directions respectively. The radiative flux in the frequency space can then be formulated by averaging the irradiance over the solid angle as
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′ ̂ , = ∫ ′ ̂ , = ′ ̂ ∫ + • - • + • Ω (II-19)
The analytic solution and properties for the integral in the RHS can readily be found in the work of Soufiani (1991). Note that this integral expresses the radiative is expressing the transfer between the fluctuations introduced by the temperature and the fluctuations appearing in the radiation field. Hence, solving when solving this integral in can be stated that For the turbulence radiation interaction phenomena in the channel flow, once the scale reduction phenomena have been identified, a second question arrive on the extent in which these fluctuations affect the heat transfer process in the hypothetical molten salt flows of the example. By taking the temperature equation and performing the Reynolds average technique, the equation describing the temperature field in fully developed flow conditions reads as ̅ -′ ′ ̅̅̅̅̅̅ + ̅ = (II-21)

In particular, the radiation source can be expressed from the gradient of the heat flux transported by radiation as ̅ = -̅ / . Introducing this expression in the previous equation (II-21) and integrating once in the following relationship is obtained

̅ -′ ′ ̅̅̅̅̅̅ -̅ / = ℎ (II-22)
Where ℎ is a constant equal to the total heat flux transferred between the plates. In this equation different heat transfer mechanisms are identified. In order this ones are diffusion, turbulent and radiation heat transfer.

The results for these heat transfer mechanism are plotted along the -axis. The zero value corresponds to the hot plate and the height value indicates the cold plate. The results obtained for the different heat transfer mechanisms over this axis are shown in Figure From the total heat transfer flux Figure, it can be observed that the total heat flux between from the hot to the cold plane transferred in the channel flow, decreases as the optical thickness of the medium increases. Furthermore, it can be observed from the rest of the figures that the principal heat transfer mechanism in the channel analyzed is the convective heat transfer. Hence, the decrease in the heat flux is explained because the average temperature turbulent transport in the molten-salt decreases with the optical thickness because the small turbulent scales in the temperature field are dissipated due to thermal radiation. Therefore, a continuous reduction in the heat transferred between the inferior and superior plates is observed when augmenting the optical thickness.

The diffusion heat flux plays an important role in the heat transfer near the wall regions, where the thermal gradients are high. If a strong turbulence mixing is happening in the bulk of the fluid, the bulk temperatures are more uniform and the average temperature gradient between the wall and the bulk is larger. Therefore, there is a higher diffusion of heat flux at the walls. In the present case, since the turbulent intensity decreases as the optical thickness increases, the diffusion heat flux decreases at the optical thickness increases. In the bulk region, the diffusion heat flux is small since low temperature gradients exist. The value of the diffusion heat flux slightly increases as the turbulent mixing decreases, but the differences observed in the present case are almost negligible.

The turbulent heat transport is directly related to the turbulent intensity existing in the bulk of the molten salt. According to the previously addressed turbulence modulation phenomena in the temperature field by radiative exchanges, it is observed that the turbulent heat transport significantly decreases for increasing optical thickness. In addition, the amount of the decrease observed should be proportional to the irradiance and temperature field. This is because larger temperature, leads to larger emissions that lead to a higher temperature fluctuation sink that dissipates the temperature fluctuations faster. In addition, a higher irradiance will increase the temperature value, leading to the same mechanism. As observed in Figure II-11, the reduction in the turbulent heat transfer is large next to the hot wall and gradually decreases as the emitted radiation is absorbed and the temperature decrease towards the cold plate. For very high optical thickness, it is observed that the turbulent transport may present a local minimum value in the bulk of the fluid as turbulent production decreases and the temperature fluctuations are progressively more modulated by the radiation transport phenomena. This phenomenon, may lead to a hot stripe zone in the bulk of the molten salt that have been observed in numerical simulation. In the present model, the hyper-elastic behavior is considered low with respect to the kinematic hardening. The hyperelastic behavior of ionic crystals have not been studied yet, to the author's knowledge.
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This may be because once the gliding mechanism in for an ionic crystal is activated, the energy dissipated in the elastic distortion of the crystalline structure becomes small in comparison with the energy dissipated in primary and secondary plane-gildings (Chipot, 1990). Therefore, it is assumed that once the load of the material achieve its yield stress, all the energy in the material is dissipated by plastic deformation. Furthermore, the necessary increased in the applied load to further deform the material comes from its plastic kinematic hardening, which is a product of the dislocation produced blocking further gliding of parallel planes. In mathematical terms this mean that = (( , -[ -( ] + ℙ( , : ( -

(III-11)
Where is the yield stress as a function of the temperature, is the equivalent stress (for example the Von-Mises stress) and is a Heaviside function defined as

= { > < (III-12)
The plastic hardening for the ionic crystals is considered to be a uniform function of the plastic deformation energy. Nevertheless, this is an approximation since have been observed that the Peierls force causing the plane gliding is different in the {100} and {001} crystallographic planes and the interaction between the dislocations produced during gliding and the point defects are also different for these planes (Haasen et al., 1985). In addition, it have been observed that the effect of cross slip (screw dislocation changing gliding planes) is an important factor affecting the material ductility and it is a mechanism occurring in a preferential perpendicular direction to the gliding direction of the planes. Finally, it have been experimentally observed that the plastic properties of ionic crystals may change according to the size of the crystal, a phenomena usually known as size-effect (Zou & Spolenak, 2015). However, when dealing with a complex system like several phases in different orientations size and shape will be present. Furthermore, due to their high Peierls potential, the gliding anisotropy and the size effects play a small role in alkali halides (Budworth & Pask, 1963). The effect of plasticity in ionic crystals in nevertheless non-linear (Figure 456789), since as the material deforms plastically point defects will interact with dislocations and linear and screw dislocation will interact with each other causing a non-linear behavior. It has been observed that the effect of this non-linearity becomes significant at high temperature where the plastic deformation of the crystals is larger (approximately above 300°C as observed in Figure 456789). Therefore, the functional form chosen for the plastic deformation tensor in the present work is
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In this case, the first term in the right hand side accounts for the linear plastic hardening, whereas the second one accounts for the non-linear effects in the hardening. A Heaviside function was introduced for avoiding spurious non-physical effects of the fitting at low temperatures. Note that the non-linear correction effects are generally positive, which means that the material becomes progressively hardening due to point-dislocation and dislocation-dislocation interaction. The results obtained for the fitting coefficients for each of the phases are shown in Finally, the thermal expansion factors should be included in order to predict the thermal stresses. In the present case, an isotropic compressibility will be assumed for each of the crystalline phases. This means that ℎ = ℎ . In fact, it have been observed that the thermal expansion factors are approximately isotropic for alkalide halides (Srivastava & Merchant, 1973). Furthermore, as the temperature increases, the average potential of the crystalline network becomes larger and the thermal expansion coefficient increases. This behavior is approximately linear for the thermal expansion coefficients between ° and ° (FLiNaK melting temperature). The fitting function proposed for the thermal expansion coefficients is 
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IV. SWATH-W Appendices

IV.A. Particle image velocimetry techniques in the SWATH-W experiments

The PIV method (Particle Image Velocimetry) is a nonintrusive measurement technique based in the diffusion of light by tracer particles in a fluid. The technique allows measuring the two components of the velocity field in a flow over a plane. The principle of the technique is to light tracer particles in the fluid flow and to take two photographs at two different times. If the times are close enough, each particle will move a few pixels between both photographs and its 2D displacement in the photography can be computed. The displacement in the photography can be related to a displacement in the physical system by calibration. By fixing the time difference of both photographs to a known value, the velocity of each particle can be computed as

= (IV-1)
where is a 2D vector that belongs to the plane where velocity is measured, is the particle displacement between photographs 1 and 2 and is the timespan between the two photographs. Assuming that particles are tracers, this means that they move with the fluid without affecting its velocity, the average velocity of the fluid between times 1 and 2 is then known at the position of each particle. The velocity field in the 2D plane can then be reconstructed.

The experimental setup for PIV measurements in SWATH-W is shown in Figure IV-2. The measured experimental section was a backward facing step built in Plexiglas (1). A laser source (3) generates a laser pulse, which is transmitted by an optical arm (4) of a set of cylindrical lenses (5). The lens produced a laser sheet, which enters the measured section from the bottom and exits it by the top. Regulation mechanisms were implemented in the lenses frame and control mechanisms were employed above the test section for guaranteeing the correct position and orientation of the laser sheet. A double frame high-speed camera with a charge-coupled sensor (6) was placed in front of the measurement section. The calibration of the distances in the image of the camera to the distances in the measured section was done using a scope (2). The scope consists in a rectangular grid printed in a steel plate that is placed on top of the measured section in its mid-plane. By carefully placing the focal point of the camera, the scope also allowed to correct for the deformation of its lens. A synchronizer (7) is used for coordinating the pulse generated by the laser and the images taken by the camera. An acquisition unit (8) allows storing the images taken by the camera in real time. SWATH-W Appendices For post-processing the obtained images, the procedure is slightly more complicated than the previous explanation, but then again is based on the same principle. A laser sheet was chosen for lighting the tracer particles since it allows for precisely controlling the measured plane. Because the laser sheet is thin (≈ ), the particles not moving parallel to the lighted sheet will move away from it and disappear in the image taken by the camera. This method then guarantees to measure particles, and hence velocities, in the lighted plane. However, it brings associated some complications in the post-processing methodology. This is because between two images taken by the camera, some particles will leave the lighted sheet and disappear from the image, but some others will enter the light sheet and spontaneously appear in the second image. Therefore, the method of following individual particles is generally not applicable in real situations. For the laminar case, at = , different velocity profiles are obtained when using the pump or the tanks as mechanism for flow circulation. In particular, the results obtained with the pump are observed to be qualitatively in agreement with the numerical simulations, whereas a significantly different velocity field is obtained when using the tanks as impulsion device. In particular, after numerical studies, it have been observed that the most probable reason of the fluctuations was due to a possible external periodic perturbation introduced in the flow. In order to validate this hypothesis, an average Gaussian periodic sensor (similar to the one used in the filtering strategy proposed in Cadieux and Damaradzki -2016-) was introduced in a point just before the sudden expansion. The velocity field was extracted in the filtered region as a function of time and then the power spectral density transformation of this signal was performed as
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where is the frequency for performing the Fourier transform and is simply a time shift for evaluating the autocorrelation in the time function. Note also that since the definition of the specific kinetic energy (period of approximately . seconds) with periodic ripples at higher frequency. It is believed that these fluctuations come from the action of the control system controlling the pressure in the water tanks, since its occurrence in the pumps has not been observed. In the present fluid flow, the speeds are very low, leading to an average time of approximately between the boundary layer detachment and attachment. While the fluid is detached from the walls, the main mechanism for supporting the pressure gradients imposed by the external fluctuations are the generation of shear strains and the curvature of the flow jet. In particular, since the shear strains are very low in the laminar fluid, the second mechanism dominates. If the fluctuation period was much longer than the time between detachment and reattachment, then the jet will only see some small pressure fluctuations during the free path and the curvature will be low. However, in the present case, since the fluctuation period is shorter, the effects are evident. Note finally that the energy spectrum of the turbulence fluctuation could not be obtained in the present measurements since a maxim of 6 pair of images a second could be taken, leading to a maximum resolution in frequency of , much below the characteristic frequencies of turbulence. Finally, the average size of the velocity fluctuations in the peak can be obtained as Therefore, these fluctuations represent approximately % of the velocity in the entrance. Hence, the differences in the flow field product of these ones are too large and the results obtained cannot be directly compared against the simulations for the present case.

IV.C. PIRT analysis Backward Facing Step

The PIRT chart developed for the BFS is presented in Figure 3-18. The phenomena identified in over the BFS is presented in the first column. A total of 16 different hydraulic phenomena have been identified, which is important for both the BFS and the core cavity of the MSFR. This phenomena have been ranked according the our estimation of its current knowledge in the literature and the capacity of currents models to capture this phenomena. Then, the influence of these phenomena over the main observables that can be measured in the BFS is analyzed, by means of numerical simulations. The main observables selected are the position of the center of circulation in the main and secondary recirculation bubbles, the reattachment position of the boundary layer, the frequency of vortex seeding for the high Reynolds numbers and the vertical and horizontal velocity profiles in vertical and horizontal lines. A good experimental design would be the one in which the observables are highly sensitive to the phenomena identified. In this scenario, the phenomena will be indirectly observable in the experiments through these observables. The final configuration of the BFS was designed by maximizing these sensitivities, while taking into account the experimental constraints presented in Chapter 6. The sensibilities of the observables with respect to the different phenomena, in (%/%), for the design of BFS exposed in Chapter 6 is also presented in Figure 3-18. It is observed that, in general, the current design of BFS is moderately sensitive to the different phenomena studied. Hence, the turbulent models adapted for the BFS, could, in principle, reproduce some of the key phenomena produced in the core cavity of the MSFR. The external boundary conditions for the problem are shown in Figure V-2. As a common characteristic, when modeling the radiation transfer, all the surfaces are assumed diffuse. Furthermore, to model the thermal-hydraulic phenomena next to the walls, an enhanced wall treatment procedure have been implements. This means that the centers of all fluid meshes next to the walls have been refined so that + < so that the linear velocity law could be applied for each wall. The procedure followed in the present model was to calculate the velocity of the transient problem in the center of each cell next to the wall as = -

, where is the distance to the wall, -is the velocity in the previous time-step and is the velocity in the current time step. This allowed reducing the errors coming from the dilatation with temperature of the velocity wall functions. Transient simulations were performed in order to capture the fluctuating effects of the natural convection presented in the furnace cavity. The whole system is considered to be operating at atmospheric pressure when the simulation is started.

The inferior wall of the crucible the temperature is fixed as the measured values of by the thermocouples, taken during the initial experimental essays. The emissivity of the inferior wall is considered equal to , meaning that all the radiative heat flow arriving to the surface is absorved by this surface. The bottom surface of the cavity is generated due to an axial cut of this cavity, which continuous down about from this cut. The hermetic bottom part of the cavity is assumed at approximately the same temperature that the bottom wall of the crucible. Hence, it can be assumed as a black-body for practical purposes. Furthermore, it can also be assumed to be in permanent baric equilibrium with the bottom part of the cavity. For this reason regular inlet-outlet boundary conditions are imposed in the bottom surface.

The side wall of the cavity is in contact with the exterior electrical furnace. Hence, the external furnace introduces a permanent heat flux into the cavity. The magnitude of this heat flux is fixed to match the temperatures measured at the external wall of the crucible. This heat flux variates with the flow rate imposed in the internal cooling device. For the hydraulic condition regular wall conditions were assumed. It was considered that the ceramic walls of the electric furnace presented no reflectance to thermal radiation.

In the top of the cavity, the inlet temperature of the argon to the cooling device is taken as the one indicated by the measurements performed with the inlet thermocouples. The inlet velocity is calculated considering the inlet flow rate, as well as the pressure and the temperature of the inlet gas. Classical pressure outlet boundary conditions are imposed in the external tube, fixing the outlet gauge pressure to . In case of back flow in the outlet, the backflow temperature in the gas is taken as the one in the outlet surface. Furthermore, since argon is transparent to thermal radiation for practical purposes, no radiative flux is assumed to the absorbed in the inlet or outlet faces of the pipe. The complete thermal hydraulic model for the cooling system is described in the following sub-section.

Finally, rotationally symmetric boundary conditions are imposed in the left and right walls of the present model. Symmetric conditions were privileged over periodic boundary conditions for avoiding artificial angular flow currents coming from the compressibility of the gas and the lack of dissipation structures in the angular direction.

For the internal walls in the domain the polishes stainless steel walls (in the thermal screen and the pipes) are assumed to have a reflectance of . , as the value reported for polished stainless steel. Furthermore, the top and side walls of the compressed graphite crucible are assumed to have an emission coefficient equal to one. This means no reflectance.

For the case of the FLiNaK free surface on top of the crucible, a dedicated radiative law needs to be derived. For the FLiNak molten salt the refractive index is calculated as the weighted molar average of the one of its components, obtaining = .

. The angular reflectance can then be calculated using convection coefficients. Finally note that it may be possible that the flux coming from the exterior furnace will also affect these convection coefficients. Nevertheless, the heat flux in the furnace is constantly adjusted for maintaining the temperatures in the graphite crucible. Hence, the heat flux of the furnace is directly dependent of the mass flow rate in the cooling device. Therefore, the convection coefficients calculated for the superior FLiNaK surface are dependent on the mass flow rate of the interior pipe and its rotation speed.

The results obtained for argon flow rates of / , / and / and for rotation speeds of and are shown in .Figure V-7. This ones where the actual flow rates and rotation speed used in the experiments. It is observed that on average the convection coefficients augment as the radial distance from the interior cooling device increases. This is not surprising, since there are less obstructions for the free convection flows in the outer part of the crucible. Next to the cooling device, where the pressure drops are large, the convection coefficients are approximately between -/ depending on the flow rate in the internal tube. Furthermore, in the outer part of the crucible where the pressure drop are small, higher convection velocities are obtained and the convection coefficients rises to values between -/ depending on the internal flow rate in the cooling device. Furthermore, the convection coefficients are approximately constant in the middle part of the crucible since the argon speed next to the surface in this region is approximately constant. The profiles obtained where fitted by minimal square regression on the three independent variables, which are radial distance from the internal cooling device --, volumetric flow rate in the internal cooling device --and angular velocity of the cooling device --. In particular, a cubic fitting was used for the radial profile, whereas a linear fitting was used for the flow rate and the rotation speed. A global Pearson's index of .

was obtained in the fitting. The fitting relationship ℎ ̅ = ℎ ̅ , , is then used as a surrogated model for computing the heat extraction in the superior FLiNaK surface. A similar procedure was developed in order to compute the average temperature of argon next to the top surface of FLiNaK. The results are presented in Figure V-8. As expected it is observed that the temperature of argon decrease when approaching the cooling device in the internal radius. Furthermore, it increases towards the external radius when providing heat with the external furnace. Furthermore, it is observed that the temperature in the outer radius is approximately constant for all cases, since the heat fluxes in the furnace were fixed for keeping constant the temperature of the external walls of the crucible. Finally, as expected, it is observed that the coldest temperatures decrease as the flow rate in the internal cooling device augments. One further remark, is that it is observed for this case that the temperature profiles obtained for the argon next to the FLiNaK wall are approximately independent of the angular velocity of Following this reasoning, total average heat flux emitted by the free surface at the top of the crucible can be put as

̅ ′′ = ϵ ̅ -̅
Hence, in order to fix a boundary condition for the superior free surface of FLiNaK it will be sufficient to calculate the external radiation temperature. Note that the assumption here is made that the temperature of the free surface of FLiNaL will not affect the radiation temperature. This is clearly not true since the temperature of the free surface of FLiNaK, actively participates in the heat exchanges process, affecting the temperature fields in the region and, hence, effecting the radiation temperature at this surface. Nevertheless, it was observed by numerical studies that the radiation temperature profiles are mainly dependent of the interior cooling device and the external furnace. Only some very small changes in the radiation temperature at the free FLiNaK surface were observed when variating the temperature of this one.

The results obtained for the radiation temperature in the free FLiNaK surface are shown in Figure V-10. The results are presented for the three different flow rates in the cooling device analyzed. The dependence on the radiation temperature on the angular velocity of the cooling device was observed to be approximately negligible and, hence, it is not presented here. It is observed that as the flow rate increases both the minimum and the maximum radiation temperature increases. This is logical since the larger the flow rate, the coldest is the cooling device and the smaller the radiation temperature next to the cooling device. Furthermore, the higher the heat flux in the cooling device, the larger the heat flux introduced by the furnace for compensating the heat extraction and the larger the radiation temperature next to the furnace. From this results it can be observed that when the superior surface of FLiNaK is at the eutectic temperature (

) only the outer of this surface will be receiving radiation heat, whereas the rest of the surface is losing heat by radiation emissions. Hence, thermal radiation will play a key role in determined the shape of the solid "crust" formed in the superior surface. The geometry of the cooling system was a critical point in the present experiment. This is because this device will be the mechanism extracting the heat form the molten salt in the crucible and generating the solidification of this one. Hence, the role that the heat extracted by this device plays in the solidification process is key. Hence, during the design phase, several iterations were performed in its design. The principles of design taken were:  capacity to achieve high convection coefficients, in order to increase the cooling performance,  simple geometry, in order to facilitate the study of the cooling device by CFD models,  decrease the amount of turbulence in the interior of the device, in order to make the CFD estimations of the heat fluxes less sensible to the turbulence models use,  achieve an approximately constant heat flux over the device in constant with FLiNaK, in order to simplify the boundary conditions when modeling the solidification process,  avoid potential blockages for the rotation of the system during the design,  make the system robust to the construction tolerances.

After considering this issues, the final geometry of the system designed is shown in Figure V-11. The system consists of an interior concentric array of two tubes. The tube in the interior is called interior tube and the one in the exterior is called exterior tube. Furthermore, the annulus formed between the interior and exterior tube is referred to as outer annulus. A bottom plug is placed in the bottom of the tube in order to avoid solidification in the down part of the tube. It was observed by numerical studies that this sort of solidification might originate detached material, complexifying the simulation processes. During the operation of the device, cold argon comes into the device from the top, descending through the inner tube, until it arrives to the bottom part of the tube. At this point, the argon exits the internal tube, it expands into the outer radial direction and it changes its sense of circulation. Then, it goes back up through the outer annulus until the exit that is located laterally in the superior part. The exterior tube and bottom plug of the device can rotate via a dedicated mechanism located in the top. The system is constructed in stainless steel. zone by % in the plus case and 12% in the negative case. This are acceptable sensitivities for the present problem.

The results for the total heat flux as a function of the axial position predicted by the simplified model are shown in Figure V-18. For this correlation model a large approximately constant heat flux region is predicted in the bottom part of the cooling device. The factors leading to a not exactly constant profile is that the resistance condition for the constant temperature profile was developed regarding the approximation series of the exponential functions. This criteria is not valid for the inferior part of the profile in which the exponential behavior becomes more abrupt. Furthermore, the expansion dynamics in the inferior parts should be considered for regarding the heat exchanging process in this part.

The main mechanism leading to a constant temperature profile is the compensation between the heat extraction by the two system tube. This means that in the entrance of the bottom part of the cooling device the coldest argon is located in the inner tube, while the hottest one is located in the exterior annulus. As going down through the tube the temperature in the inner tube raises as this one is heat and the temperature of the outer annulus decreases since less heat have been added at the system at this point. If the behavior of the heat transfer process was linear, then a constant heat extraction will be observed. Nevertheless, since the extracted profiles follow exponential laws, then the average heat extracted is the sum of these two exponential functions. This ones can approximately be made constant in the middle and top part of the domain, but the exponential behavior is clearly observed in the inferior part where the cool gas in the outer annulus dominates the heat extraction process with respect to the gas in the interior annulus that is almost at the same temperature.

CFD Design

Once the physical intuition on the working principles of the cooling device have been developed, the next step is to perform a complete CFD study of the cooling device. The objective of this study is to validate the design hypotheses proposed by the previous analysis. Nevertheless, the detailed study if this geometry proved to be very challenging.

For instance, this cooling system have a high aspect ratio, since the lengths in the -axis are much larger than the lengths in the radial direction. Furthermore, a large number of mesh points are needed in the radial direction in order to be able to resolve the heat extraction profiles at the walls. Normal meshing procedures (Delaunay tessellation, Steger and Chausse cell volume schemes, etc.) will tend to generate larger elements in the axial direction, while implementing smaller cell sizes in the radial direction. However, a sensitivity study have been performed, where it have been observed that if the aspect ratio of the cell elements (quotient of the lengths of the cell in the axials and radial directions) was more than for this problem, artificial diffusion effects in the stream-wise directions are obtained, faking the heat profiles extracted at the walls. Hence, the mesh for the geometry had to be carefully design using the commercial package ICEM CFD meshing.

A cut of the mesh in the inferior part of the cooling device is shown in Figure V-13, with some of the main features carefully worked in this mesh. For instance, a five layer inflation have been imposed at the walls for performing enhanced wall treatment in the simulations. This is because due to the high thermal gradients existing in the heat exchange process and due to the high dilatation factor of argon, classical wall function could not be imposed since their values were too far away from the ones obtained in the present case. Furthermore, in order to avoid the artificial blockage of the gas produced next to the walls of the interior pipe (happening due to the high curvatures the gas should take at this point), the boundary layer have been gradually reduced when approaching the trailing edge of the pipe. Finally, the mesh in the inferior part of the domain have been carefully worked since in this zone the main turbulent mixing is produced for this domain. Furthermore, the convection coefficient in the exterior annulus once the argon rises back from

The results obtained for the heat flux in the wall of the domain in the present section are compared to those obtained for the correlations models using no thickness of molten salt. The results are presented in Figure V-18. Considering the simplicity of the correlations models, the agreements obtained between the heat flux profiles is quite good. However, among the profiles calculated by the two methods. First, the size of the peak in the heat extraction flux is unpredicted by the correlations models, then, the slope of the heat profile in the middle region is observed to be different than the one optimized with the correlations method.

Both difference can be explained by considering the turbulent mixing in the inferior part of the cooling device. First, this large turbulent mixing significantly increases the convection coefficient in the inferior part. This effect is not taken into account in the correlations model and, hence, an under-prediction of the heat flux in the inferior part is made. This explanation is also sustained in that the difference of the prediction increases with the flow rate, since the turbulent kinetic energy generated in this region is larger for larger flow rates. As the cooling gas rises through the exterior annulus, two different effects take place. First, the turbulent kinetic energy is advecting, increasing the heat transfer coefficients, and then the gas heat-up and dilates, decreasing the heat transfer coefficients. Next to the inferior wall, the turbulent kinetic energy amount is larger, so an over-prediction of the heat flux by the CFD methods is observed. When moving upwards in the tube, the second effect becomes more important and an under-prediction is observed in the heat fluxes by the CFD models.

At this point, considering the differences observed between the CFD and correlation models, the dimensions of the cooling device tried to be re-optimized using the CFD models. Nevertheless, very similar dimensions that the previous design were obtained. This is because in the CFD modeling the system is very sensible to the turbulent kinetic energy production in the inferior part. Hence, augmenting the size of the exterior annulus decreased the advection of this turbulent kinetic energy, letting to a more rapid dissipation of this one and, hence, to a less flat profile. Furthermore, reducing the size of the exterior annulus increases the turbulent kinetic energy production and its advection rate in the external annulus, leading to a decoupling between the laminar interior tube and the turbulent exterior one. This also lead to a less flatten heat flux profile. Once the phenomenology of the cooling device have been analyzed, the next step is to construct a simple surrogate model for the convection coefficients at the inferior wall of the cooling device. The objective is to use this simple model for the boundary condition in the inferior wall when resolving the solidification phenomena in the FLiNaK crucible. In the present case, for the temperature range analyzed, it was observed that the heat exchanges by thermal radiation inside the cooling device comes to second limits or the flow phenomena. A detail of the mesh used for the simulations is presented in Figure V-22. The mesh consists in and hexahedral non-skewed mesh, with a maximum aspect ratio of . next to the surface of the walls and with . × computational cells in total. The equations solved are the incompressible Navier-Stokes equations coupled to thermal radiation transport (as described in the Radiation Heat Transfer chapter). Basically the same procedure that the one developed for studying the channel flow have been followed. The difference is that in this case the angular direction have been treated by spectral methods in this case, following the efficient algorithm proposed by Housiadas and Beri (2004). The results of this code have been validated with the results obtained in the work of [START_REF] Teng | Direct numerical simulation of Taylor-Couette flow subjected to a radial temperature gradient[END_REF]. Three different cases are presented in detail, introducing a rotation rate of 1rpm, 9rpm and 90 rpm in the interior device. The classical expected radially hyperbolic profile is obtained for the velocity magnitude. The flow velocity field is a combination of two flows, the flow generated by the motion of the interior rotating tube and the flow generating by the natural convection due to the temperature differences at the walls. For the flow generated by the interior cylinder, the speeds are larger next to the rotating device and get hyperbolically to zero when approaching the side wall of the crucible. Furthermore, a small boundary layer profile is generated next to the bottom wall, due to the friction with this one. In the second natural convection flow, a rising plume is observed next to the hot side wall and a descending plume is observed next the interior cooling device. The extent of this two plumes can be observed in the temperature profiles, in which coldest temperatures are produced in the internal bottom region of the device, while the hottest ones are produced in the external top region. No that in this laminar conditions the flow superposition hypothesis is valid and, hence, the fluid flow phenomena can be treated as the superposition of the convection and Couette flow. Finally, a small convection loop is observed next to the inferior wall due to the shear stress produced by this ones. Nevertheless, this loop is small enough and its velocities are low enough for depreciating its influence in the solidification process.

There is nothing particularly surprising about these experiment. The flow conditions are laminar and the magnitude of the velocities introduced by the forces convection about the same than the currents generated by natural convection. Hence, the amount of external forced convection that will be introduced during the solidification process are too small and larger rotation speeds should be analyzed. In this case the velocities introduced by the rotation device are in the same order than the velocities generated due to natural convection. Without the natural convection effects, an unstable flow condition will be obtained, but since the momentum carried by the Couette flow and the natural convection are in the same order, some stabilizing interactive effects are observed. The contour plots obtained for the present simulation are shown in Figure V-24. An interaction effect between the natural convection flow and the radial streams generated by the Couette flow is observed in the mean velocity profiles. However, this streams are advected by the external natural convection. This increase the mean dissipation length of the radial fluxes leading to a higher stability range. Note that even though there are radial fluxes in the present experiment, they do not considerably affect the temperature field. Furthermore, when observing the mean axial velocity profiles they correspond to the classical natural convection profile that will be obtained without considering the internal tube rotation. This happens despite some fluctuations are observed in the instantaneous axial velocity profiles. Finally, it is observed that there is a high advection rate on in the radial fluxes generated by the internal device rotation in the radial contour plots. This is because the natural convection fluxes generated in these conditions are larger than this radial fluxes.

Even though the flux is not stable as observed in the velocity snapshots, this type of flow have been called pseudo-stable in the present study. This is because for the practical purpose of the SWATH experiment the mean temperature and the axial velocity profiles correspond to the ones that would have been obtained without considering the rotation of the interior cooling device. Furthermore, there is an appreciable increase in the velocity magnitudes. This is because the velocities introduced by the rotation of the cooling device are larger than the ones generated by natural convection (close to the cooling device). This angular velocity is therefore a good operation point for the experiment, since the small instabilities introduced in the flow are not appreciable in the mean velocity fields and there is a large amount of external convection introduced by the rotation of the internal cooling device. Finally, a very large rotation speed is introduced in the rotation device. The idea is to actively produce turbulence in the interior of the crucible, in order to evaluate if a good homogenization of the temperature and velocity fields could be obtained by turbulence mixing. In this case, it will be simple to model the external average velocity and temperature field next to the solidifying interfaces. The results obtained for the present simulation are presented in Figure V-25. As observed in the mean velocity magnitude, the velocity is high next to the cooling device because of the very large speed of rotation of this device. The stabilization mechanism that was previously observed in the natural convection flow is not observed in the present case. An approximately classical turbulent Couette Taylor profile is obtained. This can be directly observed when watching the mean radial velocity. Since this condition is difficult to model and large numerical precision is required in the fluid flow modeling for obtaining an acceptable precision, high rotation speeds are discarded in the present experiment.

In the previous analysis, it have been observed that there is a range for which the flow can be treated as stable when regarding the mean fields and where the external convection is large with respect to the interior natural convection. The question now arises in deciding the rotation speed to use in the interior device for the temperature difference expected in the experiment. Therefore, a number of simulations using the previous method have been performed changing the rotational speed of the interior cooling device and the temperature of the side and bottom walls. Changing the temperature of these walls is basically the overcooling with respect to solidification since the temperatures in the interior and top surface are approximately in the onset of solidification. An stable flow limit is defined as the points in which no back radial flow is emitted from the side wall. Furthermore, a pseudo-stable flow limit is defined as the points in which the mean axial velocity field changes less than % when introducing the rotation of the cooling device. Note that this criterion is capturing the fact that the Couette flow does not affect the natural convection profiles, in terms of the means. Hence, the hydraulic modelling of the liquid in the exterior part of the solid formed can be performed in coarse mesh laminar simulations. The results obtained for these limits are shown in Figure V-26. Note that the pseudo-stability criteria is just a concept that is practical for the present experiments. This definition does not intend to be at all a new approach to study fluid stability in Couette flows.

As observed, the angular speed for the pseudo-stable limit in the temperature ranges analysed is slightly above . Nevertheless, the rotation speed of was selected in the present experiment due to experimental limitations during the experiment implementation. mean permeability, , is calculated according to Blake-Kozeny equation [Dantzig and Rapaz, 2009] as = -. Where is the reference permeability calculated as = and is the mean space between the dendrites. Furthermore, following Suzuki and Miyamoto [1978], the characteristic length of the mushy zone , is of the order of ≈ / ̇, where ̇ is the growth rate of the interface. As the solid fraction of the zone mushy zone decrease, the destabilization energy is less transported away from the interface, therefore, the growth tend to be unstable. In a similar manner, as the growth rate increases, the interface width is smaller and this one is further stabilized. The following table shows the stability region for a solid fraction = . and variating dendrite spacing and grow velocity of the interface.

The stability results are shown in Table V-2. From the microstructure studies in the solidification chapter, it has been observed that the separation between the solid phases is usually below - for the heat fluxes envisioned in the present experiment. Hence, stable grow conditions will always arrive in the present case. 

V.G. Thermocouples correction

Finally, the bias observed in the thermocouples due to cooling in the cooling plunger is analyzed. For this purpose, the simulation of the argon flow inside the cooling plunger is repeated, but considering this time the thermocouples in the internal pipe. During the simulations, it is assumed that the wall of the external pipe of the cooling plunger is at the eutectic solidification temperature ( = ). Then the simulations are performed using an argon flow rate of = / , = / and = / in the cooling plunger, which corresponds to the values used in the SWATH experiments. Following, the temperatures profile generated in the thermocouple's tip is analyzed, since the temperature indicated by the measuring junction in the thermocouple will correspond to some of the temperatures present in this region.

As an example, the results obtained for the top thermocouple in the cooling plunger are presented in Figure V-29. When plotting the temperature in the thermocouple's tip, it is observed that this one corresponds to the eutectic temperature in the external wall and it gradually descends while approaching the point of the thermocouple in contact with the flow stream. The larger the flow rate in the cooling plunger, the larger the decrease in the temperature. Note, that it is not possible to know which will be the temperature that the thermocouple will indicate, since it will depend of the position of the junction inside the thermocouple's frame, which is not known a priori. Nevertheless, in the present case, it is assumed that the
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ℎ containing a volume of

  fuel salt of and an average molten fuel salt operation temperature of ° . Like the MSBR, this reactor operates in a breeding configuration with fertile external blanket, achieving a breeding ratio of . (Nuttin et al., 2005). The liquid fuel consists of molten fluoride mixture. Two mixtures have been proposed for the fuel salt: LiF-ThF4-(233UF4-233UF3) ( . --. %) and LiF-ThF4-(enrUF4-enrUF3)-(TRU)F3 ( . -. -. -. %), where the molar enrichment of Uranium /

  (a) Challenges related to the numerical modeling of the MSR phenomena, (b) Challenges related to the development of experimental techniques adapted to molten salts.

Figure 1 - 6 .

 16 Figure 1-6. Left: salt solidification in the inside a pipe of a FLiNaK experiment in FFFER. Right: example of corrosion damage in a loop component in the FFFER experiment.

2. 1 . 1 .

 11 The neutron transport equationThe neutron transport equation (also referred to as linear Boltzmann Transport Equation (BTE) describes the distribution of neutrons in terms of their position in space ( ) and time ( ), their energies ( ) and their flight directions ( ). This equation is obtained by considering the change in the neutrons distribution in time and supposes that the neutron population is sufficient large to define continuous parameters such as the neutron density or the neutron flux. The distribution of neutrons is usually characterized by the neutron density function , , , . The neutron density function is the number of neutrons per unit volume at position ℝ and time ℝ + that have a kinetic energy ℝ + and flight direction along the solid angle (where represents unit sphere in ℝ ). These dependences (space, time, energy and flight direction) are said to represent the space of phases of the neutron transport equation Chapter 2: Neutronics ( , , , ), which is schematically is shown in Figure 2-1. The derivation of the linear Boltzmann equation can be found in various books, with a particularly good one in the one of Bell and Glasstone (1970).

Figure 2 - 1 :

 21 Figure 2-1: phase space for neutron transport

Figure 2 - 4 :

 24 Figure 2-4: Condensation of the fission cross section of 235 U to 64 groups.

Figure 2 - 6 :

 26 Figure 2-6: geometry of the MSFR interior (left), fertile blanket (center) and complete geometry simulated(right).

Figure 2 - 7 :

 27 Figure 2-7: Top: detail of the mesh used for the deterministic codes. Bottom: Computational grid used for the Lattice Boltzmann method in the MSFR, the interior points are shown in grey, while the boundary points are shown in pink. Left: 2D axial cut of the grid. Right: angular clip of the grid.

Figure 2 -

 2 Figure 2-12: Top: neutron fluxes profiles for the groups 2 and 5 in the radial direction. Bottom: neutron fluxes profiles for the same groups over the axial direction.

Figure 2 - 13 :

 213 Figure 2-13: Reactivity and power predicted for a reactivity insertion of a reactivity of (top) and (bottom).

Figure 3 - 2 :

 32 Figure 3-2: Number of elements required in the mesh as a function of the Reynolds number for a molten flow in a square channel FLiNaK channel.

  ′ ′ ̅̅̅̅̅̅ ≈ . By making a series of simplifications into the RST transport equation (3-63) and taking into account the definition of the anisotropy tensor given by equation (3-59) (Grundestam et al., 2005), an explicit equation can be obtained for the anisotropy tensor as follows:

Figure 3 -

 3 Figure 3-10: Top-left: Results for the normalized steady state stream-wise component of the velocity for the lines / = . . Top-right: / = . . Bottom-left: / = . . Bottom-right: / = . . Different turbulence models compared against the DNS simulations (LES with multiple-gradients, RANS standardmodel, RANS Wilcoxmodel, NLCM fitted in this chapter and RANS RSS transport model)

Figure 3 -

 3 Figure 3-11: Top-left: Results for the normalized stream-wise steady state velocity for the lines x/H = 0.5. Topright: x/H = 4.0. Bottom-left: x/H = 8.0. Bottom-right: x/H = 20.0. Different turbulence models compared against the DNS si ulatio s sta dard k-ε odel a d the opti ized o li ear odel ge erated ith GEATOFOAM)

  Furthermore, these results are also compared with the experimental results obtained byBin and colleagues (2009) for the molten salt flow in a pipe. The results obtained are presented in Figure3-15

Figure 3 -

 3 Figure 3-15: Comparison of the Nusselt number as a function of the Reynolds number for a pipe flow between the LES Smagorisnsky-Lilly model, LES multiple-gradient model, DNS and experimental measurements.

Figure 3 - 18 :

 318 Figure 3-18: Spectral absorption coefficients and homogenized absorption coefficients for the proposed bands for FLiNaK.

  Another phenomena that have is being studied in the semi-transparent molten salt flows is the interaction of radiation with temperature. In fact, recent studies (Sakurai et al. -2010-; Zhang et al. -2013-; Vicquelin et al. -2014-; Ghosh & Friedrich -2015-; Silvestri et al. -2018-) have demonstrated that for semi-Chapter 3: thermal-hydraulics of molten salt coolants when evaluating two-phase flows with an open surface in the SWATH experiments. Hence, the principal errors in modeling the molten salt flows in these conditions appear due to the approximated models used for the description of the turbulent field.

oo

  The laws of conservation for thermal-hydraulics in molten salt flows have been reviewed and the approximations made in the present work are addressed.  The turbulence phenomena and turbulent scales in molten salt flows have been described.  The description of the turbulent molten salt flow has been performed in two steps: (i) dynamic (or hydraulic) description and (ii) description of the thermal exchanges in the flow.  Among the dynamic aspects the following ideas have been explained: o Core concepts of a house code developed for the Direct Numerical Simulation (DNS) of internal molten salt flows (pyDNSMS) -developed during this PhD-. o Filtering techniques for reducing the computational cost of the turbulent calculations o The Large Eddy Simulation (LES) approach and the models used during this work. o The Reynolds Average Navier Stokes (RANS) approach and most classical models generally used. oThe RANS non-linear eddy viscosity models (NLEVM) and the fitting of a model developed during this PhD. o The development of GEATFOAM tool developed during this PhD (tool that allows automatically producing data-driven high accuracy RANS models for a flow), o Comparison of the models and methodologies developed for a Backward Facing Step.  Among the convective thermal exchange aspects the following ideas have been explained: o Application of the DNS, LES and RANS approaches for modelling heat exchange processes. o Application of the methodologies for the heat exchange in a molten salt flow in a pipe. Among the radiative thermal exchange aspects the following ideas have been explained: Optical coefficients in the FLiNaK salt and construction of a three absorption band model for solving the radiation heat transfer. Study of the turbulent radiation interaction phenomena with a theoretical model and with a DNS simulation of flows between parallel plates.

  velocity of the external liquid minus this solidification velocity = -. For the SWATH experiments the characteristic solidification velocities are in the order of ~ / so that the solidification velocity is at most | | ~ . / . However, the minimum velocities obtained for the liquid in the SWATH experiments are in the order of | | ~ / . Hence, the relative velocity of the medium inside controlvolume can be accurately approximated as the velocity of the liquid ( ≈ ). The same hypothesis should be valid for MSRs given the typical velocities found in the reactor and near a possible solidification zone. Note finally that the properties and sources in the liquid are a function of the concentration field , and the temperature field , in the domain. Under these conditions, the conservation law in the liquid phase can be expressed as follows:

( 4 - 29 )( 4 - 30 )

 429430 This is Fick's law, where ℝ × is the positively defined mobility tensor for component . Chapter 4: Solidification and melting modeling in salts

4 - 42 )

 442 Chapter 4: Solidification and melting modeling in salts Note that the velocities in the bulk of the fluid are in the order of | |~ / , the maximum pressure differences in the flow in the order of | |~ and the length over which the bulk gradients are generated in the order of |ℓ |~ . Using the properties of molten FLiNaK at the eutectic temperature the order of magnitude for the terms in the RHS of (4-45) are | , in the SWATH experiments the heat fluxes generated for producing the solidification are in the order of | ̇ |~ × / . Hence, all the terms in the RHS of the equation (4-45) can be neglected in the energy conservation equation without significant effects. Finally, the specific volumetric energy can be modeled via the specific heat ( = , ) and the temperature of the liquid phase as ,
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 49 Figure 4-9 : Calculated values of the effective stress as a function the effective strain for different temperatures for the , and phases loaded in the <110> plane.

Figure 4 - 10 :

 410 Figure 4-10 : Microphotography of the solidification structure formed during a directional solidification process of eutectic LiF-KF.

Figure 4 - 14 :

 414 Figure 4-14 : Simulation of the phase field equation for different values of the interface thickness parameter .

Figure 4 - 24 :

 424 Figure 4-24 : Results of the simulation for the coupled growth of phases for the case not considering fluid flow.The → phase is shown in blue, the → phase is sown in green and theis shown in gray

4 :

 4 Solidification and melting modeling in saltsSurrogated model for anisotropic projection coefficientsThe fitted values for the projection coefficients , , are

  ) and the multiscale solidification technique developed.  The development of the macroscale solidification model is then addressed. The derivation and key hypotheses of the model are carefully explained, providing examples when possible.  The development of the mesoscale model is the addressed. A thermodynamically consistent derivation of the model is explained and some application cases to the FLiNaK system are provided.

  The SWATH-W experiment: which uses water as working fluid and serves to study the hydraulic phenomena and the control system performance  The SWATH-S experiment: which uses a fluoride salt (eutectic FLiNaK) and serves to investigate heat transfer in molten salt flows and solidification/melting phenomena These experiments are shown in Figure 5-2. In the left frame of Figure 5-2, the SWATH-W experiment is presented. In the right frame of this figure, a CAD model of the SWATH-S experiment is shown. Both facilities are composed by:

Figure 5 - 2 :

 52 Figure 5-2: Left: The SWATH-W experiment. Right: CAD model of the SWATH-S experiment.

Figure 6 - 4 :

 64 Figure 6-4: Magnitude of the velocity field obtained for the PIV experimental measurements at different Reynolds numbers (respectively 222, 1111 and 3889) using a centrifugal pump as flow impulsion mechanism.

Figure 6 -

 6 Figure 6-5 shows the boundary conditions used in the RANS simulations. Classical wall boundary conditions are imposed in the walls of the BFS (without considering rugosity effects) and pressure outlet conditions. Inlet velocities boundary conditions are imposed. The value and shape of the velocity profile imposed in the inlet varies for each Reynolds number. For instance, a laminar Poiseuille profile is imposed for the case = and a turbulent Poiseuille profile for the cases = and = .

6 . 7 . 1 .

 671 anisotropy tensor optimized with GEATFOAM (called GEATFOAM model for simplicity)  Improved Delayed Detaches Eddy Simulation (IDDES) model (Shur et al., 2008)  Multi-Gradient Large Eddy Simulation models (MGLES) (Lu & Porte-Agel, 2013) Turbulent steady profiles: flow rate . / , =
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 69 Figure 6-9: Velocity contour plots and streamlines obtained for the simulation of the backward facing step
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 610 Figure 6-10: Velocity contour plots and streamlines obtained for the simulation of the backward facing step Computation Time (s) (@ × .

Figure 6 - 11 :

 611 Figure 6-11: Results of the Direct Numerical Simulations performed at = . Top: stream wise velocity contour plot. Middle: vertical velocity contour plot at a given time-step. Bottom: contour plot of the average velocity magnitude.

Figure 6 - 12 :

 612 Figure 6-12: Results of the Direct Numerical Simulations performed at = . Top: stream wise velocity contour plot. Middle: vertical velocity contour plot at a given time-step. Bottom: contour plot of the average velocity magnitude.

Figure 6 -

 6 Figure 6-14 gives the reason of the extrapolability of the model. It is observed that the turbulent structures generated for = are a sub-set of the structures generated for = and =
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 72 Figure 7-2: Detailed CAD model showing the main components of the SWATH-S solidification experiment.

Figure 7 - 3 :

 73 Figure 7-3: Implementation of the SWATH experiment inside a glovebox. The bottom part of the experiment, not visible in the Figure , is shown in Figure 7-4. The picture has been taken just after a solidification experiment and extraction of the system from the tank.
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 74 Figure 7-4: Picture of the complete cooling system in the SWATH experiment.

Figure 7 - 5 :

 75 Figure 7-5: Example of the thermocouples readings during a 4-hours solidification experiment.

Figure 7 - 6 :

 76 Figure 7-6: Example of the contours extracted by threshold analysis of a solid formed with a cooling rate of / at in the interior cooling device and for a solidification time of hours. Top-left: Extraction of the solid profiles from the images by introducing a threshold criterion. Top-right: Determination of the outline of

Figure 7 -

 7 Figure 7-10: Temperature (left) and flow (right) fields during the solidification process. Top: Solidification experiments without rotation. Bottom: Solidification experiments with rotation.

Figure 7 -

 7 Figure 7-12: Temperature (bottom) and flow (top) fields during the solidification process in the solid and the liquids formed. Left: Solidification experiments without rotation. Right: Solidification experiments with rotation.

Figure 7 - 17 :

 717 Figure 7-17: Comparison between the experiment and the simulations of the solid profiles obtained at room temperature for a flow rate of / with no rotation (let) and with a rotation speed of (right).

Figure 7 - 18 :

 718 Figure 7-18: Comparison between the experiment and the simulations of the solid profiles obtained at room temperature for a flow rate of / with no rotation of the cooling device (let) and with rotation speed of in the cooling device (right).

Figure 8 Figure 8 - 7 :

 887 Figure 8-7: Left: evolution of the nuclear power produced due to fissions and the decay power after an uncontrolled temperature rise. Right: decomposition of the total decay power in the power emitted the different decay mechanisms analyzed.

Figure 8 - 11 :

 811 Figure 8-11: Velocity field streamlines during the draining process in the MSFR. During the draining process, a main recirculation vortex is formed surrounding the vertical axis of the cavity, as shown by the absolute vorticity (| × |) contour plot in Figure 8-12. This structure corresponds to a center of low pressure and is known under the name of bathtub vortex in the literature.Furthermore, due to the sudden contraction in the draining holes, a set of localized vortex structures are formed in their immediate surrounding. In addition, due to the suction of the bathtub vortex and natural convection effects in the gas phase, a set of coherent vortex rings are formed around the pressure relief valve. All these phenomena is important since it will greatly affect the anisotropy of the flow and, hence, the turbulence field generated. This allows also explaining why classical RANS turbulent models presented larger errors when modeling the velocity field, since the anisotropy field in the turbulence phenomena is not considered at all in those models.

Figure 8 - 12 :

 812 Figure 8-12: Vorticity contour plot for a center plane in the MSFR.

Figure 8 - 13 :

 813 Figure 8-13: Turbulent kinetic energy and specific turbulent dissipation rate for a center plane of the MSFR.

Figure 8 -

 8 Figure 8-16: Fuel-salt level and temperature distribution for different times while draining the MSFR with 8 out of 16 draining orifices opened.

Figure 8 - 17 :

 817 Figure 8-17: Mean temperature and maximum temperature during the draining transient for the MSFR for 8 out of 16 draining orifices opened.

  a vacuum boundary condition.Introducing the definition of the neutron flux and expanding this equation gives

Figure II- 5 :

 5 Figure II-5: Spectral absorption coefficients for different temperatures for and .

Figure II- 7 :

 7 Figure II-7: Effective thermal radiation absorption coefficients for molten eutectic FLiNak as a function of the wavelength and the temperature.

Figure II- 8 :

 8 Figure II-8: Homogenized absorption coefficients for a eutectic FLiNaK system.

   In the turbulent flow, the turbulence can be conceived as a chaotic process causing fluctuations in the temperature field and, consequently, in the radiation field. Hence, the radiation transport equation can also be decomposed by Reynolds average techniques in a mean and fluctuating component. Note that since the equation is linear, the averaging process is direct and the fluctuating and mean fields are, in principle, not coupled in the radiation transport equation. The fluctuating component of equation (II-16) is directly fluctuating component gives an idea about the scales of the turbulent transport equations and of the energy transfer between this scales. It is easier to analyze this scales in the frequency domain. Hence, a 3D Fourier transform in space of equation (II-17) yields

Figure III- 2 :

 2 Figure III-2 : Calculated yield stresses as a function of temperature for , and

Figure III- 14 :

 14 Figure III-14: Density (top-left), viscosity (top-right), specific heat (bottom-left) and thermal conductivity (bottom-right) of molten FLiNaK as a function of the concentration at .

Figure III- 15 :

 15 Figure III-15: Density (top-left), viscosity (top-right), specific heat (bottom-left) and thermal conductivity (bottom-right) of molten FLiNaK as a function of the concentration at .

Figure IV- 1 :

 1 Figure IV-1: Experimental setup for the measurement of the velocity profiles in the BFS.

Figure IV- 2 .

 2 Figure IV-2. Experimental setup of the PIV experiment in the SWATH-W facility (1. Measured section (backward facing step), 2. Scope for image calibration, 3. Laser pulse generator, 4. Optic arm, 5. Laser sheet generation lens, 6. High-speed camera, 7. Synchronizer, 8. To the acquisition unit).

  contained in the fluid is = and the density of the fluid is constant, this definition allows to estimate the amount of energy contained in the coupled fluctuations. The results obtained are shown in Figure IV-9. Note that a clear peak is observed at a frequency of .

Figure IV- 10 :

 10 Figure IV-10: PIRT chart developed for the Backward Facing Step experiment.

Figure V- 2 :

 2 Figure V-2: simplified CAD geometry for the interior of the furnace.

Figure V- 7 :

 7 Figure V-7: Average convection coefficient in the superior FLiNaK surface as a function of the radial distance measured from the wall of the cooling device to the internal wall of the cylindrical crucible. The results are presented for different flow rates and rotation speeds.

Figure V- 9 :

 9 Figure V-9: Radiation temperature in the argon cavity in zone between the top surface of FLiNaK and the inferior thermal screen.

Figure V- 10 :

 10 Figure V-10: Radiation temperature in the superior surface of the molten FLiNaK inside the crucible.For completeness, the final form of the surrogated model used for calculating the average heat flux in the superior surface is expressed as:̅ ′′ , , , = ℎ ̅ , , [ , -̅ , ] + , -̅ , V.C.Computing of the boundary condition in the internal wall

Figure V- 18 :

 18 Figure V-18: Heat fluxes profiles in the wall of the bottom part of the cooling device. Comparison of the CFD simulations against the results obtained with analytic correlations.

Figure V- 22 :

 22 Figure V-22: Detail of mesh used for the DNS studies of the Taylor-Couette flow in the SWATH experiments.

Case 1 :

 1 1rpm of angular speed (laminar stable flow) For this case, we have = and a laminar flow should be obtained in the interior of the graphite crucible. The results obtained in the present problem are shown in Figure V-23.

Figure V- 23 :

 23 Figure V-23: Contour plots of the results obtained for a rotation speed of in the cooling device. Left: Velocity magnitude and temperature profiles. Right: axial and radial velocity profiles..

Case 2 :

 2 9rpm of angular speed (laminar pseudo-stable flow)

Figure V- 24 :

 24 Figure V-24: Contour plots of the results obtained for a rotation speed of in the cooling device. Top: Mean velocity magnitude and mean temperature profiles. Bottom-left: Snapshot of the instantaneous profiles for the axial and radial velocities. Bottom-right: mean axial and radial velocity profiles. Case 3: 90rpm of angular speed (unsteady turbulent flow)

Figure V- 25 :

 25 Figure V-25: Contour plots of the results obtained for a rotation speed of in the cooling device. Top: Mean velocity magnitude and mean temperature profiles. Bottom-left: Snapshot of the instantaneous profiles for the axial and radial velocities. Bottom-right: mean axial and radial velocity profiles.

Figure V- 26

 26 Figure V-26: stability map for the FLiNaK flow inside the crucible when rotating the cooling device in its interior.

  

  

  

  

  

Table 1 -

 1 

1: Novel features proposed in the MSFR and modeling challenges generated by these features important for this PhD work.

Table 2 -

 2 

	1. The cross sections were taken according to

Table 2 -

 2 1: simulation parameters.

	ELEMENT	MOLAR
		FRACTION
	NP 237	0.062
	PU 238	0.027
	PU 239	0.458
	PU 240	0.215
	PU 241	0.108
	PU 242	0.068
	AM 241	0.034
	AM 243	0.019
	CM 244	0.008
	CM 245	0.001
	Table 2-2: Composition of nuclides in the
	transuranium vector.

Table 2 -

 2 

	3: Reactivity and simulation time for solving the criticality problem in the MSFR with the methods
	analyzed in the : present work.
	2.3.2. Application 2: comparison of the different methods for a
	transient problem in the MSFR

Table 3 -

 3 

1: summary of the techniques, models and computational platform used for their implementation in this PhD.

Table 3 -

 3 

2: Independent sets of basis for expressing the anisotropy tensor in the RANS formulation.

Table 3 -

 3 

3: Values of the fitting coefficients for a cubic model developed for the geometries of interest for the SWATH experiment. Chapter 3: thermal-hydraulics of molten salt coolants

Table 3 -

 3 4: Error and computational cost for the turbulence models analyzed over the backward facing step.

	CPU Time @	× .

  Chapter 4: Solidification and melting modeling in salts ℝ and the temperature inside the domain can be described by a continuous field = , . Note that the size of this domain can change in time due to the shrinkage (expansion) effects produced during solidification (expansion). This domain is composed by three subdomains =

. The global domain is named , , where ℝ is the spatial variable and ℝ + is the time. Inside this domain a set of components are present with a set of concentrations , = [ , , … , ] ,

Table 4 - 1and Table 4

 41and4 

		-2
	respectively.	
	( -	-( -
	10	-0,3%
	20	-0,6%
	30	-0,9%
	40	-1,1%
	50	-1,4%
	60	-1,7%
	70	-2,0%
	80	-2,3%
	90	-2,6%
	100	-2,8%

Table 4 -

 4 

	-	-	( -	-	-( -	-	-	(
							-	
	0,05		-2,2%	0,05	2,2%	0,05		-0,6%
	0,1		-4,4%	0,1	4,3%	0,1		-1,2%
	0,15		-6,5%	0,15	6,5%			
	0,2		-8,7%	0,2	8,7%			
	0,25		-10,9%	0,25	10,9%			
	0,3		-13,1%	0,3	13,0%			
	0,35		-15,3%	0,35	15,2%			
	0,4		-17,5%	0,4	17,4%			

1 : Relative variation of the density as a function of temperature for a FLiNaK molten salt.
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 4 

	2 : Relative variation of the density as a function of the components concentration for a FLiNaK molten
	salt.

  -3. Chapter 4: Solidification and melting modeling in salts

	-	-	( --	--	-	-	( -	( --
	20	0,05	382,9%	1,4%		0,1%	24,2%
	40	0,05	191,5%	2,8%		0,1%	12,1%
	60	0,05	127,6%	4,2%		0,1%	8,1%
	80	0,05	95,7%	5,6%		0,1%	6,0%
	100	0,05	76,6%	7,0%		0,1%	4,8%
	20	0,1	765,8%	1,4%		0,2%	96,7%
	40	0,1	382,9%	2,8%		0,2%	48,4%
	60	0,1	255,3%	4,2%		0,2%	32,2%
	80	0,1	191,5%	5,6%		0,2%	24,2%
	100	0,1	153,2%	7,0%		0,2%	19,3%

Table 4 -

 4 3 : Relative importance of the first order and second order terms in the Taylor expansion of the density.The values reported for the changes in the concentration are the average change of the three cations in the FLiNaK system.
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 4 5. 

	DIFFUSION	VALUE
	COEFFICIENT	
		. × -. × -. × -	/ / /

Table 4 -

 4 5: Diffusion coefficients for the cations in the eutectic FLiNaK molten salt.
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 6 2. 

	Computation Time (s)
	(@ × .

Table 6 -

 6 2: Results obtained with the different turbulence models examined for the BFS section at ≈

Table 6 -

 6 3: Results obtained with the different turbulence models examined for the BFS section at ≈

	-model	15.2%	24.3%	741
	-model	23.1%	10.2%	806
	-SST model	16.1%	10.4%	2018
	Optimized turbulence	4.1%	4.6%	1563
	model with GEATFOAM			
	IDDES Model	8.9%	6.3%	50583
	MGLES Model	1.7%	1.9%	386143

Table 6 -

 6 4: comparison of the results obtained for the velocity profiles by Direct Numerical Simulation with measured values by PIV.
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 6 5. 

	Simulation	Reynolds number	Number of elements	Simulation time (s) (@ ×
	Index		in the mesh	.	
	S1	1111	. ×		×
	S2	3889	. ×		×
	S3	2000	. ×	×	(≈ 1 day)
	S4	3000	. ×		×
	S5	5000	. ×		×
	S6	6000	. ×	×	(≈5 days)
	S7	7000	. ×	×	(≈1.3 weeks)

Table 6 -

 6 5: list of DNS studies performed for the Backward FacingStep section.
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 8 2: Phenomena occurring during the draining transient identified in this work.

Table 8 -

 8 3: Thermo-physical properties for the molten salt.

	Value			
	Density		/	
	Dynamic viscosity	. × -( [ ]	)	.
	Thermal conductivity	.	+ . × -[ ]
	Specific heat	.	[ ] -	
	Thermal expansion coefficient		× -/	

Table I -

 I 

1: Coefficients for the Marshak boundary conditions in the SPN calculations.

  -2.

	Component	0	1	2	3	4	5	6	7	8	9	10	11	12	13	14

Table I -

 I 2: Directions and weights for the D3Q15 scheme

Table I -

 I 

3: energy groups considered in the energy discretization.

Table II -

 II 1: Standard values for the k-ε odel as i ple e ted i Ope FOAMThe equation (II-2) is almost pure construction. It is based on a general assumption on the structure of the equation that models the turbulent length scale. A proper derivation of the equation would involve more modeling and require a sound understanding of the nature of turbulence, which, unfortunately, is not available.

Table II -

 II 

3: Experimentally fitted constants for the thermal radiation absorption coefficients in LiF and NaF

Table II -

 II 

5: effective absorption coefficients for the two bands proposed in solid FLiNaK as a function of temperature.

Figure II-10: Spectral absorption coefficients and homogenized absorption coefficients for the proposed bands for FLiNaK.

  Table III-1 : Fitting values for the elastic coefficient as a function of temperature for each of the phases. Table III-2 : Fitting values for the elastic coefficient as a function of temperature for each of the phases.

			A1	A2
	LIF	6,75E+01	-5,78E-02	7,21E-06
	NAF	8,05E+01	-5,91E-02	6,96E-06
	KF	3,21E+01	-2,46E-02	2,68E-06
		A0	A1	A2
	LIF	1,70E+01	5,34E-03	-9,39E-06
	NAF	2,03E+01	5,46E-03	-9,07E-06
	KF	5,38E+00	3,37E-03	-3,27E-06
		A0	A1	A2
	LIF	1,69E+01	-4,05E-03	-2,08E-07
	NAF	2,05E+01	-4,92E-03	-2,52E-07
	KF	4,90E+00	-9,27E-04	-6,80E-07

Table III -

 III 

3 : Fitting values for the elastic coefficient as a function of temperature for each of the phases.

  Table Fitting coefficients for the plastic hardening coefficients for each of the phases in the system.

			1,02E+02
	-5,38E-01	-8,13E-01	-3,82E-01
	3,56E-04	8,01E-04	3,61E-04
	-2,13E+00	-2,09E+00	-1,01E+00
	7,08E-03	6,82E-03	3,30E-03

Table V - 2 :

 V2 Rayleigh mushy zone number for different dendrite spacing and growth velocity, for a solid fraction of 0.1. The green values correspond to stable interface configurations and the red numbers correspond to instable ones.

The Molten Salt Reactors (MSRs) are the only Generation IV concept proposing the usage of a liquid nuclear fuel. This innovative aspect is advantageous since it enables proposing new passive safety mechanisms (for example the drainage by gravity of the liquid fuel into a safe configuration) and a potentially more advantageous technology to closure the nuclear fuel cycle (due the fast neutron spectrum and the

(4)(5)(6)(7)(8)(9)(10)(11)(12)(13)(14)(15)(16)(17)(18)(19)(20)(21) 

Table V-1: heat transfer resistances estimated during a reference configuration of the cooling system.

Chapter 4: Solidification and melting modeling in salts Therefore, the net force in the control volume due to the viscous forces in its faces can be expressed as follows:

The first term in the right hand side is the diffusion of momentum due to the molecular viscosity. The second term can be thought of as a volume force appearing in the fluid as the viscosity changes. An example of the interpretation of this second term for a simple flow configuration is provided in the Appendix III.D. For completeness, the final form of the linear momentum equation used in the liquid phase is given below:

Model for the conservation of energy in the liquid phase

The equation that have been obtained for the conservation of energy in the liquid phase is given by the expression (4)(5)(6)(7). Furthermore, the thermodynamically consistent form of the heat sources and the heat fluxes have been derived in and respectively. However, some simplifications and modeling hypothesis are still needed to be introduced in the present section. First, a volumetric heat source due to thermal radiation can be added in the liquid phase ̇ . Note that this source can be added to ̇ in without affecting the thermodynamic consistency of the models derived. The specific treatment of radiative heat transfer in the fluid was discussed in Chapter 3.

Then, note that the heat conduction tensor ( ) should be independent of the direction in which heat is conducted in the isotropic molten salt, but should be dependent of the temperature ( ) and concentration ( ) of this one. This means that , = , , where , is the thermal conductivity. As observed in some of the ab-initio calculation performed during this work (see Appendix III.G) for molten FLiNaK, the thermal conductivity is a strong function of the composition of the liquid and a less influenced by the temperature. For instance, it may vary around % when varying the concentrations of the components around the eutectic point by -% and it variates about % by varying the temperature of the liquid mixture by (a similar behavior was observed for the LiF-ThF4 were the thermal conductivity was calculated ab-initio calculation methods -Gheribi et al., 2014-). In addition, since the stress is independent of the total deformation in the fluid , then = and , = . Furthermore, by introducing the definition of the stresses in the liquid salt and and of the volume forces into the work term in equation (4)(5)(6)(7), the work of the volume forces and the stresses can be expressed by the following relationship:

Research questions:

 What are the conditions in the reactor before the incident that will lead to its draining occur?

 How long the cold plugs take to melt?

 Can the melting process of the cold plug be simplified for numerical purposes?

 What mechanisms lead to the temperature rise in the reactor?

 How much the temperature in the reactor increases before the draining occurs?

 Is the modelling of the draining process sensitive to the turbulence model used?

 Is the cooling of the molten salt due to the cold gas phase entering the reactor important during the draining process?  What is the maximum temperature that the fuel salt in the core cavity attains during draining?
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Substituting the expansion of , and as a function of the Kudsen number, and introducing the It is now reasonable to assume a scale separation in the transport equation. This means that the phenomena affecting the neutron transport in a very small scale are independent of those affecting the neutron in a larger scale . Physically this is logical, since if both scales were coupled, the equations describing the neutron transport will depend on the neutron path length and in the size of the domain. Therefore, the orders and in the previous equation can be regrouped independently to obtain a set of two separate equations The small-scale equation can be simplified by introducing the large-scale equation into the last term in the left hand side Appendices Neutronics Summing the small and large scale over all the lattice directions and using the definition of the moments of the density function, the transport equations for the neutron fluxes in the small and large scales can be obtained

From the transport equation for the density function in the large scale, the summation term in the second equation can be expressed as

Replacing into this equation the moments for the density function, the following relationship is obtained

Note that in virtue the equation for the transport of the angular neutron flux in the large scale, the first term in brackets can be removed leading to

Introducing this advection term into the transport equation for the neutron flux in the small scale

= [ --]

(I- 49) In order to make the neutron transport equations in the Boltzmann lattice second order accurate, the angular neutron flux in the discretization process must not depend in the small scale. This can be done by taking

= -

In the projection of the source term. Therefore, in the present formulation the relaxation time can be any real number larger than zero. In the present work it takes the value = .

Lastly, in order to close this system of equations, the boundary conditions need to be specified. In the present case, the non-equilibrium extrapolation schemes as proposed by Guo and Zhao (2013) are used. As it name indicates, the principle behind these schemes is to divide the density function into its equilibrium and non-equilibrium components, i.e. , = , + , . Then a point is introduced outside the (1941b) and then most notably Wilcox (1988[START_REF] Wilcox | Turbulence modeling[END_REF] transported the turbulent kinetic energy ( ) along with the specific rate of turbulent dissipation in unit volume and time, = (II-3) where = . . Even though, this model performs better next to the wall, a nonlinear term is introduced when trying to evaluate the dissipation rate of turbulent kinetic energy. Hence, in regions where the flow is very sensitive to the dissipation rate of turbulent kinetic energy, this model does not provide accurate results Garamond. Hence, [START_REF] Menter | Zonal two equation kw turbulence models for aerodynamic flows[END_REF][START_REF] Menter | Two-equation eddy-viscosity turbulence models for engineering applications[END_REF] combined the two models,and -, to construct a new mode that behave like themodel near the wall and theone in the free-stream. This model is generally known as the -Shear-Stress Transport (SST) model. A blending function is employed to achieve the blending between the wall and the free streams. This function is able to switch the behavior of the model in the edge of the boundary layer. Furthermore, the model also includes a limiter on the turbulence level to model accurately the separation points of the boundary layer, although reduced turbulence levels often lengthen the reattachment length. The transport equations are in their most recent form,

The terms in (II-5) are given as, Note that a fixed production limiter have been introduce. There is some discussion about the precise value of this limiter. In the present case the limiter is taken as Menter (2003), but if the limiting effects are leading to a large artificial dissipation in the turbulence kinetic energy, then the value of the constant in the zones of artificial dissipation is changed to → .This technique have been implemented to relax the production constraints in order to attain faster the local equilibrium between the turbulent kinetic energy dissipation. Even though, no proper mathematical derivations of this procedure have been developed to my knowledge, this technique is observed to yield excellent results in improving the convergence of themodel The values for the constants for this model are given in Table II These two examples are the two most used two equation eddy-viscosity models. However, lower and higher levels of complexity exist, from zero-equation models (or 'algebraic models' -see [START_REF] Wilcox | Turbulence modeling[END_REF]) up to 4-equation models (Durbin, 1991).

II.B. GEATFOAM

The core ideas of GEATFOAM has been presented in Chapter 3. In the present section, the implementation details of GEATFOAM are presented. The Genetic Evolutionary Algorithms for Turbulence modelling tool (GEATFOAM) is a library developed in C++ during this thesis that can be compiled with the OpenFOAM libraries (Jasak et al., 2007). The library implements symbolic regression and gradient optimization techniques for constructing a mathematical expression for the RANS anisotropy tensor . Symbolic regression techniques are a subset of regression techniques, which allow to search in the space of mathematical expressions a model that best fit the data. The theoretical lines and the procedures in the development of GEATFOAM are given in the present section, whereas the practical description and an application are provided in the SWATH-W Chapter, where the tool is applied to a backward facing step section.

Once the error function has been defined in GEATFOAM, the set of constant coefficients in each turbulent model can be optimized by using regular optimization algorithms. This set of coefficients can be optimized by following any convex optimization method. On proper mathematical terms, this is an unconstrained optimization problem for a fitness function ∶ ℝ → ℝ. Defining, = = ≈ as the finite difference approximated gradient of the fitness function at certain values of and = = ≈ / as the finite difference approximated Hessian, the iterative quasi newton optimization problem is defined as

At this point a limitation is founded, the optimization problem is not necessarily convex or, equivalently, the Hessian matrix is not necessarily positive defined. This implies that the previous system may not converge to a minimum. For solving this problem in a versatile manner, the Hessian is factorized Appendices thermal hydraulics by a Cholesky algorithm with row pivoting. Hence, the Hessian is factorized as = , replacing during the factorization process the negative values in the matrix diagonal by small positive values. Therefore, a descendent direction towards a minimum can be found independently of the convexity of problem. This technique is known as active set method.

Once the constant coefficients have been fitted, the error of each turbulent model is checked against an error acceptance criteria (developed in the following section). If no model is not satisfactory, a genetic like optimization process is performed for the models. This optimization consists in changing the order and combinations of bases and constants in the turbulent model. Initially, classical genetic algorithms were tried, but they presented the inconvenience that the turbulent models optimized for the flow changed slightly between different runs of the tool. Therefore, a new method has been developed called Prioritized Grammar Tensorial Regression (PGTR). This technique was inspired in a symbolic function optimization procedure recently developed by Worm Chiu (2013).

The idea of PGTR is to replace the classical selection, survival and replication operations of genetic algorithms by deterministic operations. For this purpose, a grammar is defined. In linguistics, a grammar is the set of rules that govern the combination of different individuals composing a language. The grammar is fixed, immutable and constitute the basic set of rules for the development of a language [START_REF] Jackendoff | Semantic interpretation in generative grammar[END_REF]. In the present case, the individuals are the models proposed for the Reynolds Shear Stress tensor. The advantage of using a grammar is that when applied to an equal set of individuals, equal results should be obtained. This grammar is constructed in two building blocks: a mathematical set and an operator set:

The variable set contains the variables for describing the non-linear anisotropy tensor. In the present case, the variables are the basis tensors, a set of fitting constants and the 2 nd , 3 rd , 4 th and 5 th invariants of the strain rate and the vorticity tensors. The operator set ϑ contains the set of operations allowed over the set. For the present case, they are scalar-matrix multiplication ( ℝ ,ℝ ), scalar multiplication ( ℝ ,ℝ ) and division / ℝ ,ℝ ), matrix addition (+ ℝ ,ℝ ) and subtraction (-ℝ ,ℝ ) and scalars addition (+ ℝ ,ℝ ) and subtraction (-ℝ ,ℝ ). The idea is that in the PGTR technique The first step for the modification of the turbulent models consists in building a priority queue. This queue is a stack in which the different turbulence models are ordered from lowest error in the top to highest error in the bottom. The set of fitted turbulence models are ordered in this stack. An example of this is shown in Figure II-1. An initial anisotropy model based in the Boussinesq hypothesis = is built, where = , with being a constant and the first invariant of the invariant set. The constants in the fitting function are fitted with the definition of an error function . Then, the model is introduced in the priority queue according to the fitting error.

Once all the models have been introduced in the stack a deterministic set of well defined operations is applied in order to modify the anisotropy models in the stack. The operations applied consists in one point mutation, term mutation, point transposition, term transposition and recombination. Examples of these operations are presented in Figure II-2. Note that each of the operations introduced have to respect the regular construction rules of the turbulent models. This means that scalars can only be added with scalars, tensors with tensors, only scalars can divide and the multiplication have to be performed according to the types of the elements being multiplied.

II.C. Radiation heat transfer model for a molten salt

In general, alkali-halide salts can be considered isotropic media for thermal radiation interaction. There are mainly two sort of scattering interactions of thermal radiation taking place in molten salts: (i) Brillouin scattering (Zel'Dovich et al., 1995) and (ii) Rayleigh scattering (Bucholtz, 1995). The first one, is the recoil of the electromagnetic wave due to the coherent interaction with the lattice of atoms in the medium. This interaction can be a mechanical interaction generating vibrations (phonon-interaction), an electrical interaction generating mass displacement (polaron-interaction) or a crossed magnetic interaction generating coherent oscillations modes in the magnetic spins (magnon-interaction). Since the polarizability of salts is isotropic [START_REF] Janz | Molten Salts Handbook[END_REF], then this sort of scattering should be isotropic. Furthermore, the Reyleigh scattering coherent interaction phenomenon happening between an electromagnetic wave and a set of atoms or molecules, due to changes in the optical properties of the medium. Anisotropies in this sort of scattering may be due to a net polarization in the molecule on which the electromagnetic wave is interacting (anisotropic molecule) or due to a preferential impurity location direction in a material, between others (Bucholtz, 1995). Hence, this sort of scattering should be isotropic approximately negligible for pure alkalihalide salts.

Due to the motion of the charged particles in a hot body, electromagnetic radiation is emitted, this phenomenon is known as the thermal radiation emission due to temperature. As temperature increases in the medium, the particles in the medium will increase their kinetic energy, therefore increasing the amount of emitted radiation. The amount of electromagnetic energy emitted as a function of temperature is expressed by the Planck's function for radiation, which reads as following:

where is the Boltzmann constant and is the temperature in degrees Kelvin. Note that this source is isotropic and anisotropic radiation sources are not considered in this problems. In these conditions, the radiative transport equation in a. participative isotropic media, which emits, absorbs and scatter thermal radiation reads as following:

Where , is the spectral radiation intensity at a point , with an angular direction , with a wavelength at time , is the spectral absorption coefficient, Σ is the macroscopic scattering cross section (which should be approximately zero for the wavelengths of interest corresponding to the significant part of the Boltzmann radiative emission spectrums at the temperatures of interest -). Note that + • is the term accounting for the streaming of radiation, which gives the angular dependence in the present problem.

As it will be observed in the following section, salts are band absorbers in solid and liquid state. This means that for some wavelengths a salt medium will be optically, whereas for some others it will be almost transparent. Finding an analytical solution the radiation-temperature coupled system is not possible for most geometries. Therefore, approximation methods are generally used. These methods have been described in the main text of this manuscript.

Where ̅ is the means energy of the ionic bonds, is the number of atoms, is the molar fraction of species in the salt, is the density and is the molar mass. This model is approximated in the sense that it is assuming that the average energy of the ionic bonds of each of the phases in the system remains independent of the rest of the components. Since the , and phases are segregated during the solidification of (a similar behavior should be observed for all alkali-halide salt systems), this model remains valid as long as number of atoms in the interfaces between the phases remains small compared to the atoms in the bulk of the phases. The absorption coefficients obtained for solid using this homogenization coefficients are shown in Figure II-6. As predicted, most of the absorptions produced will be produced in the phases at low wavelength. The absorptions in the phase will be significant above approximately , which is in the tails of the radiation spectrum. 

II.C.3. Absorption coefficients for liquid systems

The absorption coefficients for molten FLiNaK has been calculated to be similar to the ones calculated for solid FLiNaK by DFT calculations with quantum expresso. These results agree with the recent published ab-initio studies of the thermal radiation absorption coefficients in molten salts [START_REF] Chaleff | Ab-Initio Calculation of Spectral Absorption Coefficients in Molten Fluoride Salts with Metal Impurities[END_REF]. However, different segregated phases are not present in the liquid mixture, as they are present in the solid phase. The results for the absorption coefficients in the amorphous eutectic molten FLiNaK system, as a function of the wavelength and the temperature, is presented in Figure II-7. A similar behavior that the one obtained for the solid phase is observed in these absorption coefficients. Appendices thermal hydraulics

Where ℎ is Plank's constant, is the speed of light in vacuum, is the refraction index, is the wavelength, is the Boltzmann constant and is the temperature in degrees Kelvins. During a radiative transport process happening in the solid, the bulk elements of this solid will absorb the radiation energy by the mechanisms previously identifies, but they will also emit thermal radiation following the spectral distribution of a blackbody at its temperature (II-12). The radiation emitted by an element, will be absorbed in the domain, leading to an increase in temperature and changing the further emissions of radiation.

The mathematical formulation of the radiation transport phenomenon is formulated in the following section. However, the normalize blackbody spectrum, as well as the normalized spectral absorption coefficients are presented in Figure II-9. On first instance, it is observed that most of the thermal emission spectrums lie before the absorption edge of . Hence, the solid should be transparent to most of the radiative energy, absorbing significantly only the tails of the radiation spectrum. By noting that is alkali-halide which have the smallest lattice parameter and hence the shortest wavelength absorption limit, this behavior should be similar for most salts analyzed for molten salt reactors. The total emissive power of the thermal spectrums considered can be calculated as

The values for the emitted power are reported in Where is the mass of the system and is a characteristic dimension of the system, which serves as the reference from which the deformation is measured. Similarly, a differential of specific stored mechanical energy by unit volume reads as ℎ = ( -: ( , -: ( -+ ( -: : ℎ -+ ( -: ℙ( , : ( -+ ( -: , ̇ : +

Where is the density of the material as a function of the temperature and is the material velocity. Note that the velocity of the each differential solid element can only be related to other elements by a rigid body motion with a velocity , or else a deformation different than the one considered will appear in the system. Hence, the specific internal energy associated with this kinetic energy

Therefore a differential of the internal specific energy of the system can then be expressed as For abbreviating the equations, the mechanical, thermal and viscous stresses are defined as

Generally, the deformation process in solid salts at high stresses and high temperature is subjected to creep deformations. Therefore, it has been customary to associate the viscous shear stresses to the different stages of creep deformation of the salt [START_REF] Aubertin | A unified viscoplastic model for the inelastic flow of alkali halides[END_REF] (Firme et al., 2016). Nevertheless, in the present case, due to the time-scales of the experiments performed for validating the solidification for molten salts, the creep deformation are neglected. However, thermal and elasto-plastic stresses should be considered, since they will affect considerably the shape of the solid structure formed and, hence, the results of the comparison of the models against the experiments.

III.A.2. Computing the elastic and plastic moduli and the thermal expansion coefficients

The general relationship between the elastic stresses and deformation of a solid is given via the fourth elastic tensor ( , -, which in proper mathematical terms have = independent coefficients. However the symmetry of and -, implies that only = coefficients are independent, this means that the elastic tensor can be put as

Furthermore, the crystalline cubic structure present in , and allows the number of independent coefficients. Fist the mixed coefficients should be zero, since by the symmetry the stresses normal to the surface will not induce shear deformations in the cubic structure. In particular, due to translational symmetry in the cubic structure, the compressive coefficients should be = = and = = = = = . Finally, due to the cubic symmetry in the crystalline structure, the shear stresses in a plane should only induce deformations in that plane, this means that = = = = = = . Furthermore, the proportionality between the shear stress and shear deformation should be independent of the direction of the shear plane, this means that = = . Therefore, the final form of the elastic tensor considered is

In thermo-elastic conditions, each of the independent coefficients should depend on the temperature. This means that = , = and = . In the present case the following formulation is used for fitting the temperature dependence of these coefficients (Sirdeshmukh et al., 2013)

(III-10)

The results obtained for the fitting coefficients for each of the independent coefficients and for each of the phases , and are shown in Table III-1, Table III-2 and Table III-3. These coefficients have been validated against the ab-initio simulations performed with Quantum Espresso. The variation of the yield stresses with temperature is shown in Figure III-2. As expected it is observed that the yield stresses decrease as a function of temperature since the plane gliding mechanism in the ionic crystal becomes simpler. The positive concavity shown by the yield strength is a product of the high Peierls potential, which tends to a constant at high temperature when the interatomic spacing becomes big enough. The results obtained for the fitting coefficients after the experimental data provided by Srivastava & Merchant (1973) Furthermore, since the thermal expansion coefficient for the FLiNaK, regarded as a solid mixture, should be a linear function of the thermal expansion coefficients of its components. Using the linear binding energy curved proposed in [START_REF] Abel | Calculation of thermal expansion coefficients of pure elements and their alloys[END_REF], the thermal expansion coefficient for solid eutectic FLiNaK as a function of the temperature should be

Note that the concentration dependence have not been considered in the mechanical properties. This is because the composition of each of the phases , and are well defined and no solute trapping is assumed during the solidification process. In the present case, the viscous stresses are neglected in the deformation of the solid, since the deformation rates during the solidification process are small. Therefore, the total stresses in a

In the present case, the viscous stresses are neglected, so that

In a previous section, a model for the elastic, plastic and thermal expansion coefficients for each of the phases in FLiNaK have been derived. That allows expressing the shear stresses as a function of the deformations. Nevertheless, there are still some open issues for developing a constitutive model for the solid material. These are the plasticity criterion used to determine the elastic-plastic transition in the solid, the integration of the kinematic hardening in this model and the development of a general constitutive relationship for the solid salt. These ones are addressed in the next sub-sections

III.A.3. Plasticity model

The present formulation is based in the plasticity theory following the ideas of [START_REF] Bergstrom | An advanced thermomechanical constitutive model for UHMWPE[END_REF]. The elastic domain, which is the stresses domain in which the material behave elastically can be defined as ≡ { , , : , , }

Where is the Cauchy stress tensor (representing the tensional state of the material), is the material temperature and is a vector of variables related to the accumulated plastic deformation in the material. This definition of the elastic limit is intended to represent the behavior that have been observed in the precedent section for ionic crystals. In this one it was observed that beyond a certain stress (yield stress) the material behaves plastically. Furthermore, this yield stress was observed to be a function of the temperature for each of the phases analyzed. Finally, if the materials are deformed plastically and the unload, it will be observed that in a following loading configuration, the apparent yield stress will have increased due to kinematic hardening, hence increasing the size of the elastic domain. This effect is represented by the accumulated plastic deformation vector .

Beyond the elastic limit, the material will behave plastically. This plastic behavior in ionic crystals was observed to be produced due to primary and secondary dislocation gliding. The first mechanism is the gliding of a crystallographic plane perpendicular to the direction in which the load is applied, whereas the former one in the gliding of screw dislocations perpendicularly to the primary gliding planes and, hence, parallel to the externally applied force. Therefore, an appropriate measure of the stress producing this gliding are not the stresses in the reference configuration of the control volume (represented by the Cauchy stress tensor ), but the real stresses which area causing the gliding in the deformed configuration (represented Piola-Kirchhoff stress tensor ). The former ones can be obtained from the latter ones by a push-forward and volume correction transformation as

This yields to the formulation of a Mises criterion for defining the elastic domain on a deformed configuration as

Where is the yield stress, function of the temperature and ‖. ‖ is the Von-Mises metric which allows converting the stress tensor into an equivalent stress (Hosford, 1972). Note that the elastic domain can also be expressed by

This means that as long as the effective stress in the deformed configuration is less than a certain value dictated by the yield stress and a plastic hardening correction, then the material will behave elastically. In proper terms, this expression means that as long as the stresses, strains and temperature lies inside a convex domain represented by the function , the material behaves elastically. If the solid material is not formed in a preferential direction, the randomness of the phases inside the material let the it to behave as isotropic on the macroscale point of view. Hence, if the material is isotropic, the objectivity criterion leads to the following relationship for any 3D rotational matrix , , = , ,

However, in case of a directional solidification process, the anisotropic structure generated in the solid will cause the material to behave differently according to the direction in which this one is loaded. Therefore, the deformation energy cannot be treated as isotropic a-priori. Hence, the classical theories of thermos-plasticity need to be revised in lights of the present problem. For the moment it will be assumed that the yield criterion is a general function of , which takes into account its norm and direction. A proper mathematical representation of the anisotropy is developed in the following section.

Once the stress of the material do not fulfil this criterion (called the 'yield criterion'), the material will start deforming plastically. Generally in plasticity theory, a flow rule is defined, which allows defining the plastic deformation rate as a function of the relaxation of a plastic potential energy , , (Kuhlmann-Wilsdorf, 1989) and the rate of change of a consistency parameter ̇ as

A deformation rhythm is generally defined, since, as long as the potential energy can be relaxed by the stress configuration generated in the material, the material will continuously deformed, obtaining a finite rate of deformation. This rule is called associative if the potential function is taken equal to the convex yield criterion , , = , , . Therefore, the associative plastic flow used in the present model can be defined by

Using the plasticity tensor ℙ( , defined in the equivalent mechanical model, the plastic strain can be related to the accumulated plastic hardening stress as = ℙ( , . Introducing this definition, the evolution rate for the plastic hardening stress with an associative law can be expressed by ̇= ̇ℙ:

, ,

Note that this expression is stating that the plastic stress evolution is perpendicular normal to the yield stress surface. This agrees well with the principle of maximum plastic work (Simo, 1988).

In the present work, the unidirectional solid formation during a solidification process is analyzed. This means that the tensions in the bulk of the material variates in a monotone manner and successive effects of loading and unloading affecting the stored plastic energy are not taken into account. In the following case, as it is a usual choice in plasticity theory, the kinematic hardening is assumed to be a nonlinear function of the equivalent plastic strain ‖ ̃‖. The fitting of these coefficients for the , and phases have been performed in the precedent subsection. Furthermore, the effects of the temperature in the kinematic hardening are also taken into account. Therefore the kinematic hardening can be modeled in the present case as

Where is a non-linear function of the equivalent plastic strain and the temperature.

III.A.4. Anisotropic description of an eutectic structure

The main idea for treating anisotropy in the present study, is to develop the constitutive laws for isotropic materials and then to build an operator that maps point-to-point the Cauchy stress tensor to a new configuration where the material can be treated as isotropic: ̃= • . Therefore, the present section deals with the development of this mapping operator ℝ × × × . Note that this approach is practical for materials with a small degree of anisotropy (such as directional solidification), but it may be quite cumbersome for highly anisotropic materials.

Since the mapping operator is defined as point-to-point and acting on a continuum medium, it should be positively defined and invertible [START_REF] Cirac | Matrix product density operators: Renormalization fixed points and boundary theories[END_REF]. Furthermore, it is required that this operator is norm preserving, which means that ‖ ̃‖ = ‖‖. This means that the principal stresses of the original and mapped stress tensor should be the same. If this is not the case, the stress state in the original and projected different will be different, yielding errors when dealing with the plastic description of the material Therefore, it is also required that the mapping operator maintains invariant the plastic yield criterion surface. This means that , , = ̃, , (III-27) Following these criteria, the mapping operator can now specified for the case of a directional solidification process as shown in Figure 4-11. Let the set , , be an orthogonal set of basis vectors in the directions of 1, 2 and 3 respectively. Note that in this description the material is isotropic in the plane Appendix solidification perpendicular to and anisotropic in the direction of . In mathematical terms, this allows to define a symmetry group of rotation matrices in the layered material which maintain the rotated vectors in the isotropic plane

The planes perpendicular to the direction can be expanded by the dyadic product of this direction as

Note that this tensor is rotationally symmetric with respect in the symmetric group, in the sense that = for all . The key idea for building an isotropic stress tensor is to project the general stress tensor into the isotropic planes defined by the invariant rotation transformation. The mapping back into the Cartesian coordinate system can then be done by the using the reference map of the mapping -. The following ansatz is proposed for projecting the tenor into a plane

Where , and are the three material coefficients of multiphase thermo-plasticity defined by Aichi and Tokunaga (2012).. Note that this transformation defines a fourth order mapping operator tensor as

Note also that if the coordinates system are aligned with the material planes, the transformation reduces to ̃= . Transforming the stress tensors ( ̃, ) into vectors of the six independent components ( ̃, ), this transformation reduces to the simple expression ̃= , where have three independent components that can be expressed as a linear combination of , and (see Semnani et al., 2016 for more information).

Following, the yield criterion should be analyzed in this anisotropic formulation. The Piola-Kirchoff stress tensor can know be split in its volumetric and deviatoric parts as = + . The volumetric term accounts for the pressure acting in the solid element. The deviatoric terms part takes into account the shear stresses acting into the solid element, which causes the distortions that ultimately derives in the plastic flow. There are mainly two families of yield criteria depending on whether the pressure acting on the solid element is taken into account. For instance, for materials highly compactable with pressure, it is logical to assume that the yield stress will depend on the degree of compaction of the material and hence on the hydrostatic pressure. Therefore, the yield surface is described as a function of the volumetric and deviatoric parts of the stress tensor. Examples of these criteria are the Rankine, Mohr-Coulomb and Drucker-Prager criteria [START_REF] Chaboche | A review of some plasticity and viscoplasticity constitutive theories[END_REF]. On the other hand, for less compactable materials, such as metals, plastics or ceramics, it is logical to assume that the yield stress is approximately independent of the hydrostatic pressure in the solid element. Therefore, the yield criterion is only a function of the shear stresses acting in the solid element. Some examples are the Tresca and the Von-Mises criteria [START_REF] Chaboche | A review of some plasticity and viscoplasticity constitutive theories[END_REF]. This last sort of behavior is assumed in the present work. Note however that if the solid presents a high level of porosity that renders it considerably compressible, this criteria will not be appropriate. Note also that the compressibility effects are almost independent of the anisotropy shown by the solid structure. Therefore, in the following work, the Mises type yield criteria is maintained, using the deviatoric part of the stress tensor for the yield criteria.

‖ ‖ + √ [ -]

(III-32)

The deviatoric part of the stress tensor can also be defined by means of the transformation operator

Where = = ( + / is a fourth rank identity tensor and is the second rank identity tensor. Using this transformation is directly to prove that

As the stress tensor was projected before into the isotropic planes, the transformation operation defining the deviatoric part of the strain tensor can be mapped into this isotropic planes by a fourth order push-forward transformation. This is done by ̃= : :

This lead to the definition of the modified deviatoric stress projected into the isotropic planes as

Using this definition the isotropic yield criterion can now be restated as a function of the projected stress in the form

Using this yield criterion the associative flow rule can know be derived as

III.A.5. Thermo-elasto-plastic constitutive laws in an anisotropic system

Up to this point, a plasticity criterion that allows dealing with the anisotropy of the solid material that is expected to be expected to form during solidification has been developed. Based on this criterion, a flow rule for the plastic deformation that maximizes the amount of plastic work have been derived, where a kinetic parameter ̇ expresses the relationship between the rate of plastic strain and the rate of kinematic hardening. The final step of the derivation process is to formulate in a continuum hypothesis the relationships that govern the evolution of the stresses in the material as a function of its deformation. This is the objective of the following section.

The starting point for the formulation is the yield criterion, described by the theory in the present case. The yield stress surface can be put as following:

In order for the system plastic formulation to be consistent, the yield criterion should be independent of time (Simo & Miehe, 1992). Otherwise, onset of plasticity could continuously change and the plastic evolution of the system will be a function dependent of the shape and rate in which the parameters describing the plasticity criterion change. In other words, the plastic phenomena developed for the material will be a function of the parameters used for representing this phenomena, which is evidently non-physical. Therefore, a consistent rate of change of the parameters describing the plastic phenomena can be derived by taking the derivative with respect to time in the yield surface and equating it to zero. This is done using the chain rule as

Note that the derivatives of the kinematic hardening function are dependent on the material properties in hand and the derivative of the projected stress with respect to the real stress is a function of the geometric phase configuration in the material. As it was done in the mechanical model, elastic stress in the deformed configuration can be expressed as a function of the total deformation, the plastic deformation and the thermal deformation. Noting that the stresses causing the distortions in the deformed element are the elastic stresses, then the rate of change of the elastic stress can be expressed by

Replacing the definitions of the rhythm of evolution of stress and of plastic deformation into the previous equation, a consistency condition can be derived for the rate of plastic deformation parameter as

The numerator in this expression can be interpreted as the total rate of stresses production by deformation in the system, minus the thermal deformations coming from thermal expansion and the thermal modifications in the kinematic hardening. The denominator can be interpreted as the relaxation of potential energy of the solid plus the elastic potential added from the kinematic hardening during the plastic deformation. The consistency equation states that the consistency equation states that the rhythm of plastic deformation in the solid material is equal to the rhythm of stresses production in the material divided by the rhythm of relaxation of the potential energy during the deforming process. In summary, that the rhythm of plastic stress production in the material should be such that plastic stress generated come from the relaxation of the yield criterion. Introducing this consistency equation back into the evolution of the stresses, introducing the definition of the thermal deformation and rearranging terms, the following equation is obtained for the evolution of the stress tensor.

In order to simplify the notation, the expression for the evolution of the shear stresses can be put as

Where ℂ is the elastoplastic constitutive tensor expressing the relationship between the elastic and plastic strains and the stresses generated. In addition, ̃ ℎ is the thermal expansion tensor corrected with the elastic work done during expansion and the thermal softening of the material. These tensors are defined as

This equation is finally used for the closure of the thermo-plastic system along with the equation for the conservation of energy and the flow rule. The system is stated here for completeness.

Finally, once the Piola-Kirchoff stresses are calculated at each time-step and introducing a pull-back transformation for the stresses, the balance of linear momentum in the solid can be expressed at each time step by

III.B. Thermodynamic consistent derivation macroscale model

The expression that have been derived for the rate of change in the internal energy is:

The idea is to introduce now the conservation laws that have been derived for the species, linear momentum and energy, in order to evaluate the entropy production generated by the coupled evolution of these equations. The formalism is derived in an Eulerian frame. However, note that the Lagrangian formulation can be obtained by performing appropriate linear push-forward transformation in the Eulerian system. Hence, both formulations are equivalent from the thermodynamic point of view.

The equation of conservation mass for each component can be obtained by noting that = c in equation, so that

Hence, simplifying the material derivative of the following expression is obtained

Similarly, simplifying the material derivative from the linear momentum equation, the following expression is obtained

By taking the dot product with the velocity vector ( ) and rearranging terms, an expression for the transport of the volumetric kinetic energy can be derived as

Note that the transport equations should describe the behavior of the system in the solid, liquid and interface region. Hence, a source term should be added in the Eulerian formulation of the energy equation in order to account for the rate of energy released of absorbed during the phase change process ( ̇). This term can be defined using the chain rule and the total rate of change of the phase

̇= ϕ ϕ
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Therefore, simplifying the material derivative from the energy, noting that = and introducing the source term (III-51) the following expression is obtained

Furthermore, note by subtracting the rate of change of the kinetic energy (III-50) from the rate of change of the total energy (III-52), the following expression is obtained

The expression for the rate of change of species (III-48), kinetic energy (III-50) and total energy (III-52) can be replaced now into the total variation equation . However, in order to obtain a closed system for the evolution of the intensive quantities, the rate of change of the deformation and the entropy still need to be discussed.

For the deformation, this can be done straight forward by developing the definition Green-Cauchy deformation tensor

For the rate of change of the entropy, is assumed that the entropy is transported in the fluid like any other intensive quantity. However, a source term is added to the equation of transport of entropy ( ̇ ) that should constantly increase the entropy during the transport process. Hence the transport equation for the entropy can be expressed as

Where • is the advective transport of entropy and is the flux of entropy generated molecular transport mechanisms. Developing the definition of the material derivative in , the following expression is obtained for the rate of change of the entropy

Replacing now expressions (III-48), (III-50), (III-52), (III-54) and (III-56) into the total variation equation , simplifying the rate of entropy production and regrouping terms it is direct forward to obtain the following expression

Note that the term between parentheses in the third term in the RHS of (III-57) can be expressed as the sum of the deformation and the phase energy

Where the definition of the internal energy has been used. Furthermore, the term related to the deformation energy can be expanded as

Where the flux of mechanical energy generated by the advective transport of mechanical energy has been defined as defined as = [( -: + ℎ + ]. In a similar form the term related to the phase can be decomposed as

Where the flux due to the advection phase have been defined as ℎ = . Introducing this terms back into the main expression (III-57) and rearranging terms the following equation is obtained for the entropy production rate Furthermore, note that the molecular entropy fluxes are generated by the molecular transport of energy, species and phase in the domain. However, there is not and specific principle to model these fluxes, since they are more a mathematical artifact than an actual transport mechanism. Hence, without losing generality, they can be defined as the sum of the heat, mass, phase, deformation and interface anisotropy fluxes, i.e.

= -

The final expression obtained for the entropy production in the phase change process is

By requiring the each of the terms between parentheses to be larger than zero, the thermodynamic consistent fluxes and stresses can be obtained

III.C. Low Mach vs incompressible model

The present section presents a comparison of Low Mach vs the incompressible models for a molten salt solidifying in front of a solid liquid interface. In chapter 3 it has been demonstrated that the molten salt could be treated as incompressible from the thermal point of view. The objective of the present study is to determine if this hypothesis could also be valid for the case in which the solute migration in the molten salt is included. The problem is that it is not so direct to account for the dilatational effects introduced by the migration of the solute, since the diffusivities are much lower than the thermal field and, in general, the effect is confined next to the solid liquid interface. Hence, the idea was to use Low Mach number that was programmed in OpenFOAM, which can account for the dilatational effects in the liquid. Then, by comparing the results against the incompressible model, the differences generated between the incompressible and the Low Mach number models could give an approximation of for the errors in the predictions of the incompressible model predictions. 

where is the density, the velocity, the pressure, is temperature, the specific heat at constant pressure, the thermal conductivity, the kinematic viscosity, the diffusivity of component and the heat capacity ratio ( ≈ . -. in the present case when considering the changes in in the concentration). Note that the thermo-physical properties of the molten salt (density, viscosity, thermal conductivity and specific heat) has been assumed to be a function of the concentration and the temperature. This values has been estimated via ab-initio calculations presented in the following section.

The problem is described in the Figure III-3. In this case, it is imagined that the solidification is being produced from top to bottom in the domain. A constant flux of / is extracted at the solid liquid interface. Therefore, the colder fluid will descend from the interface into the bulk of the liquid. At the same time, the three phases considered LiF, NaF and KF are solidifying as plates, with a thickness proportional to their composition in the eutectic system. Hence, a solute acceptance and rejection mechanism is happening in front of the interface. Each of the phases accepts the solute corresponding to this phase and rejects the others. This generates a solute convection in front of the solid-liquid interface. Then, as it descends, the temperature and the concentration will uniform and the buoyancy force will stop.

As a result of this process, a natural convection loop will be formed next to the solid-liquid interface. The size of the domain is of in the direction perpendicular to the solid liquid interface and of and in the other two directions. Since the solid liquid interface is assumed to be plane, surface tension effects are neglected in the present work. The objective is to study the convection currents with a dilatational and incompressible model using the Boussinesq models and to quantify the differences obtained in the velocity and the temperature fields. The differences obtained in the concentration fields is not regarded, since it is limited to the solid liquid interface and it will not have a significant impact in the macroscale description of the fluid.. The thermal-hydrulics problem is solved with the pyDNSMS tool. The boundary conditions in the faces perpendicular to the normal of the solid-liquid interface are assumed symmetric. In addition, in the bottom wall (opposite to the solid liquid-interface) a far field boundary condition is assumed. In this one, the derivative of the velocity normal to this wall is zero, the pressure in the wall is zero and the fluid entering back into the domain through this wall have a temperature equal to the one of the external liquid =

. Finally, wall, boundary conditions are imposed in the solid-liquid interface and a constant heat flux of / is extracted at the interface (similar to the ones extracted in the SWATH experiments).

In Figure III-3 the streamlines of the velocity are also shown. In is observed that the circulation dynamics in front of the interface are qualitatively different between both cases. However, both velocity fields presents . % of mean quadratic difference. These differences are in the order of uncertainty of the thermo-physical properties computed for the liquid and, hence, are acceptable in the present case. Furthermore, note that this difference are obtained close to the interface, the differences between both models will probably be significantly reduced when analyzing a larger extent of fluid from the solid-liquid interface.

distance as =

and the non-dimensional liquid velocity as = , the non-dimensional problem reads as

The non-dimensional quantity accounts for the total variation in the viscosity with respect to the initial reference bulk viscosity. In the present case, it is defined as the viscosity slope number = .

Note that the domain of the viscosity number is inferiorly bounded -, ∞ , or otherwise unphysical zero or negative viscosities will be obtained. This problem can be solved analytically by using standard techniques for integrating linear homogeneous ordinary differential equations, giving as a result

The results as a function of the viscosity slope number are presented in As a side remark, it is observed that the relative magnitude of the variation in the shear stresses is larger when decreasing the viscosity than when increasing it. For example, taking a viscosity slope of = | . |, the average shear stress will vary about % if the slope of the viscosity is positive and about % is the slope of the viscosity is negative. This is a consequence of the asymptotic behavior shown by the solutions when decreasing the viscosity. Physically, this means that the shear stress are rapidly reduced when the viscosity is approaching zero. This is important in the present analysis, since when increasing the temperature in the liquid side of the solidifying interface (or generally when varying the species concentration) the viscosity will be reduces. This will cause large changes in the transport of the species in the liquid phase, the heat extraction profiles at the interface and the shear stress distribution at the interface. 

III.E. Thermodynamic consistent derivation mesoscale model

The present section deals with the thermodynamically consistent derivation of the equations for the mesoscale model. In general, the internal energy in this case has been expressed as follows:

Where = [ , ] is a state vector indicating the phase distribution in the system. If = , then the phase is not present in position and if = the phase is fully present in that position.

Evidently, the restriction ∑ = must hold for every position and time during the system evolution.

In the present case, for simplicity, the effects of mechanical stress will be neglected in the phase evolution equations. Therefore, the differential form of the internal energy can then be expressed as

And the volumetric specific internal energy can be putted as

Considering the continuum formulation and noting that the variations of energy in a material volume may come from the internal variation or the flux of quantities coming through the faces, the material derivative of the volumetric specific internal energy will be

The transport equations for component's density, momentum and energy are

By equating the thermodynamic material derivative of the specific internal energy to that one of its transport, replacing the material derivative of the component's density by its transport equation, the following equation is obtained

Following, an equation for the transport of the entropy should be defined. In this case, the entropy have to be defined following a non-classical formulation, in which the entropy reduction by the presence of the interfaces should be taken into account. Therefore, the transport equation for the entropy generation is modified to be:

The non-classical entropy term is formulated so that the reduction of the anisotropy due to the partition of the system and the potential of the interfaces can be considered. In this sense, the total entropy of the system will be ,+ )

Where the formulation for the anisotropy is adopted as Inserting the non-conventional entropy formulation into the transport equation for the entropy the following results are obtained

In order to reduce the number of variables in the problem, the material derivatives of the anisotropy and the potential energy have to be worked out as a function of the phase. Since the anisotropy depends on and , the material derivative of the anisotropy can be expanded as
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The expression for the material derivative of the potential energy can be worked out in a simpler form to be

Inserting the expansion of the material derivatives into the entropy transport equation

And furthermore, inserting the material derivative of the specific entropy into the equation relating the transport and the thermodynamic variations of the internal energy

So that the entropy production can be expressed as

Grouping the fluxes and the terms containing the divergence of the velocity

By the definition of the specific volumetric energy

Then, dividing once again the stress tensor in its isochoric and deviatoric components = -+ , the term accompanying the divergence of the velocity cancels giving

In order to maintain the entropy production larger than zero for all possible configurations, the entropy flux has to be defined as = -+ ∑

. Then the entropy production can be expressed as

By requiring the each of the terms between parentheses to be larger than zero, the thermodynamic consistent fluxes and stresses can be obtained

III.F. Homogenization of the mushy zone

In order to determine an appropriate model for the mushy region, the transport equations need to be homogenized with phase parameter. This is done by performing the volume averaging technique introduced in the introductory section. In the present study, it will be assumed that the mushy zone can be modeled as a porous medium of variable permeability [START_REF] Hills | A thermodynamically consistent model of a mushy zone[END_REF]) [START_REF] Pequet | Modeling of microporosity, macroporosity, and pipeshrinkage formation during the solidification of alloys using a mushy-zone refinement method: applications to aluminum alloys[END_REF] [START_REF] Kumar | Study of the influence of mushy zone permeability laws on macro-and meso-segregations predictions[END_REF]. Since the velocity of the liquid is small, this imply adding a negative momentum source to the linear momentum conservation equation, in order to account for the extra pressure drop (Darcy friction term) [START_REF] Poulikakos | Forced convection in a channel filled with porous medium, including the effects of flow inertia, variable porosity, and Brinkman friction[END_REF]. No inertial momentum loss sources are considered in the mushy region, since for the present applications the velocities in these regions are generally small (≈ / ). Furthermore, it is assumed that the optical coefficients of the mushy zone can be calculated by the phase weighted average of the ones in the solid and liquid phases (as in the work of [START_REF] Zhang | The effect of ultrasonic processing on solidification microstructure and heat transfer in stainless steel melt[END_REF]. This implies the Fresnel effect for radiation heat transfer at the interface is neglected. Since in their solid and liquid state the components of the molten salt are optically thin media, this hypothesis could be partially justified [START_REF] Biehs | Thermal heat radiation, near-field energy density and near-field radiative heat transfer of coated materials[END_REF]. Furthermore, in the Appendix, an analysis of the thermal radiation heat transfer in the multimaterial region is performed, sustaining this hypothesis.

The homogenization procedure should then be applied for the equations of conservation of mass, momentum, energy and species in the liquid phase. The general transport equation for a generic intensive variable in the liquid phase is

Applying the homogenization procedure introduced in the first section of this chapter (similar to the one performed by Shyy et al., 1996), which consists in multiplying the equation by the phase parameter and integrating over the reference volume, the following equation is obtained for the homogenized intensive variable

The corrective terms to the average of the transport variables can be defined as

Where is the correction in the advective transport flux do to fluctuations in the velocity and the intensive variable from its mean vale. For the present applications, it will be assumed the fluid is laminar, so that velocity fluctuations can be approximated to zero. Hence, the effective transport due to fluctuations coupling should be approximately zero. Nevertheless, this term may play an important role when dealing with turbulent phenomena, in which turbulent fluctuations in the velocity are non-negligible [START_REF] Beckermann | Mathematical modeling of transport phenomena during alloy solidification[END_REF] [START_REF] Nield | Convection in porous media[END_REF].

The second correction term are the corrections due to the interfacial transfer occurring inside the reference volume. This term accounts for the transport between the solid and liquid phases inside the control volume if the liquid velocity is different that the interface velocity. According to the Stefan's jump condition for the velocity, the interface velocity can be expressed by = = -= -( , , which can be putted as = ̅ -̅ . For the solidification cases in the experiments performed and in the solidification conditions of a molten salt reactors the liquid velocities are of the order of -/ , whereas the solid velocities are in the order of -/ . Therefore, with small error the interface velocity can be approximated by ≈ ̅ . And, hence, the corrective term = .

The third correction term , deals with the diffusive transport occurring between the liquid and solid phases inside the reference volume. Since the diffusion coefficients in the solid phases are much smaller than the ones in the liquid phase, as seen in the previous section, a diffusion current of the solute species between the liquid and solid phases inside the reference volume can be neglected. Consequently, the mass diffusion fluxes between the phases can be neglected. The solid and liquid phases inside the reference volume are assumed to be approximately in thermal equilibrium, which means that the diffusion heat fluxes existing between both faces is much smaller than the ones generated during the solidification process. Note that this is implicitly assumed in the classical Stefan's jump condition. Therefore, the diffusion heat fluxes are also neglected for the energy transport equation. Finally, the diffusive transport of momentum between the liquid and solid phases inside the reference volume accounts for the viscous and inertial interactions between these phases. In the present case, as previously mentioned, this term is modeled by a Darcy-like momentum source term [START_REF] Gu | Simulation of convection and macrosegregation in a large steel ingot[END_REF] 

Where = , , where is the arm spacing of the solid structure, is a permeability measure usually modeled by the Blake-Kozeny law [START_REF] Gu | Simulation of convection and macrosegregation in a large steel ingot[END_REF]. This is the expression which form has been derived in the main text.

III.G.

Ab-initio calculations of the properties of the molten salt

Due to the high temperature and corrosive nature of fluorides, it is not simple to measure its thermophysical properties. However, the Molecular Dynamics (MD) technique provides an efficient method in order to get an estimation of these properties, which could later be validated by dedicated measurements. In the present case, the method proposed by Salanne et al. ( 2009) has been applied for calculating the properties of FLiNaK as a function of the temperature and the composition of its solutes. In this one, first, a model for the ionic and dipolar interactions between the atoms in FLiNaK is built, and the coefficients of this model are then fitted using ab-initio techniques. This model constitute the potential that will regulate the interaction between the atoms in the molten salt. With this potential fitted, the next step is to track the dynamics of the atoms in the molten salt, which allows computing the thermo-physical properties of interest in the molten salt the molten salt (density, specific heat, thermal-conductivity, viscosity and free energy). This last step is known as MD simulations. Once the thermo-physical properties are available, they could be used for the solidification models build. This section is meant only to show some of the qualitative details of the implementation of the techniques, hence, it is believed that the techniques still needs to be refined to provide quantitative meaningful results.

The three core steps of the simulation technique described in the present case are: (i) construction of a potential for the atoms in molten FLiNaK, (ii) fitting of the coefficients of this potential for FLiNaK using ab-initio calculations, (iii) calculation of some of the thermo-physical properties of interest for the FLiNaK system.

III.G.1. Construction of a potential

For different potentials have been proposed for accounting for the atomic interaction in molten salts (Salanne et al., 2009). First, charge-charge potential ( -) takes into account the electric interaction between the electrons and the atomic nucleii (Coulomb potential). Then, a dispersion potential ( ), which takes into account the Van-der-Walls forces appearing due to the deformation of the electronic clouds and accounts for the dipole-dipole and dipole-quadrupole interactions in the molten salt. Following, a repulsion potential (

) that takes into account the repulsion produced between two atoms due to the overlapping of their electronic clouds. Finally, since molten salts are ionic fluids, the electric charge existing in the fluid can cause the polarization of some of the atoms present in the medium, this will generate a second order interaction between the polarized atoms and the electric field in the medium. This interaction is taken into account by the polarization potential (

). The net potential over a specific atom follows the additive field principle and, hence, the net potential over an atom can be expressed by

This potentials will in general be a function of the distance between two atoms in the molten FLiNaK system. The distance between two atoms and can be put as . The same formulation for these potentials used by Salane et al. where and are fitting constants and

Where is the dipolar moment of ion generated by a charge , is the charge-dipole interaction tensor, is the dipole-dipole interaction tensor, is the total dipolar vector of ion , is the polarizability of ion and is a fitting constant.

In order to fit the constants, a set of first principle Carl-Parinello molecular dynamics simulations was performed using the Quantum-Espresso code. The systems that could be simulated in reasonable computational times, consists only of a set of 24 atoms in the present work. In this simulations, the electronic configuration of the system is solved by a plane-wave discretization of the Schrodinger equation. Once this configuration have been computed, the effective force on each of the ions in the system can be computed. Then, the position of these atoms are updated for one time step, considering their previous velocity and the acceleration imposed by the interaction. Following, the new electronic configuration of the system is computed and the forces are recalculated. During the simulation process, the charges, dipolar moments are forces in each ion are extracted in order to provide data to fir the constants proposed in the potentials (force fitting procedure -Salanne et al., 2009-). The Carl-Parinello molecular dynamics simulations are carried one until statistical steady values are obtained for the fitting constants. The values obtained for this constants are presented in Table III-6. The results obtained are in good agreement with the ones obtained by Salanne et al. (2009), with the exception of the constant including the + cations and the fitting constants of the dispersion potential. It is believed that the differences obtain could come from using a different set of ultra-soft atomic potentials when performing the ab-initio calculations. Nevertheless, as it will be presented in the following section, the differences obtained in the fitted constants do not affect significantly the predictions in the thermophysical porperties. 

III.G.2. Results of the Molecular Dynamics simulaitons

The problem of using ab-initio molecular dynamics methods is that only a small set of atoms can be simulated, which is not statistically significant for computing the thermo-physical properties of the liquid. Hence, once the potential are fitted, the molecular dynamics simulations can be performed using this potential, rather than calculating the forces by solving the electronic configuration of the system at each time step. For this purpose, the fitted potential has been introduced in the LAMMPS open-source software (Plimpton et al., 2007), which allows simulating molten salt systems of tenths of thousands of atoms in reasonable computational times.

The simulations in LAMMPS are performed in the NPT ensemble. This means that the number of atoms (N), the pressure (P) and the temperature (T) are fixed, by variating the volume of the system during the simulations. The volume of the system is updated according to the pressure and temperature fixed by a barostat and a thermostat respectively, with a relaxation time of 10ps. The density of the system is computed once the system have reached an equilibrium volume. The simulation time for reaching this equilibrium point was of approximately 10ns in the present case. Furthermore, note that the enthalpy of the system (H) can be computed by integrating the kinetic and potential energies of all atoms in the domain. Hence, in the NPT ensemble, the specific heat can be calculated by introducing small variations in the temperature as following:

= ≈ + -

. In addition, the configurational entropy in the system can be computed in LAMMPS, which allows computing the Gibbs free energy as following: = + -. In addition, following the Green-Kubo methods, the viscosity can be computed as = ∞

, where is the volume of the system, is the Boltzmann constant and is the stress tensor between the components of the molten salt. Similarly, using the Green-Kubo method, the thermal conductivity can be calculated as = ∞

, where is the net flow of charge in the system. Both methods for calculating the viscosity and the thermal conductivity were already implemented in LAMMPS.

In order to provide an initial validation set for the results, the density, specific heat, thermal conductivity and viscosity of binary systems (LiF, NaF and KF) are compared to experimental measurements. The results are presented in Figure III-8. In general, a good agreement is observed, with average errors ranging form . % for the thermal conductivity and . % for the specific heat. This errors are comparable to the experimental uncertainties reported in the measurements. Next, the results obtained for the molten FLiNaK in eutectic composition are compared to those reported in the literature in Figure III-9. In general, a good agreement is observed for the density (average error 3.8%) and the viscosity (average error 6.4%), but much worse results are observed for the specific heat and the thermal conductivity. For the specific heat, it is observed that the result obtained is within two of the results presented in the literature. Hence, the results obtained are acceptable considered the uncertainty by analyzing different published results. For the thermal conductivity, the results obtained are not only very different to the ones obtained in the literature, but also they show a different trend with temperature. Since the thermal conductivity of the binary systems decreases with the temperature, it should be logical that the thermal conductivity of the FLiNaK mixture decreases also with the temperature (as calculated in this work). Hence, it is believed that maybe some of the thermal radiation conduction has been included when performing the experimental measurements, but considering the analyses performed in the published results, it is not possible to accurately justify this observation. Therefore, the validation of the results obtained for the thermal conductivity are pending of further measurements performed for the thermal conductivity of molten FLiNaK. Appendix solidification As observed in the previous discussion, the implemented molecular dynamics methods can reproduce the thermophysical properties of the molten binary LIF, NaF and KF systems with differences that goes between 4-12% with respect to the experimental measurements until temperatures higher than the eutectic temperature. In addition, except for the problems with the thermal conductivity, the method implemented seems to also be effective in computing the thermophysical properties of molten eutectic FLiNaK. Hence, the method developed has been used in order to calculate the thermophysical properties of the binary systems LiF-NaF, LiF-KF, KF-NaF and the ternary FLiNaK system, as a function of the temperature and the composition. The results obtained are presented between Figure III-10 and Figure III-16. In the solidification models used in this thesis, the results obtained for the thermo-physical properties has been fitted in concentration and temperature. Then, these relationships have been introduced in the models when necessary. In the present case, it has been decided not to include these relationships in this Appendix and to limit the exposition to the contour plots obtained in the molten systems, which should be taken qualitatively. This is in order to avoid potential errors for future researchers who try to blindly use the fitted model, without considering that the molecular dynamics technique implemented is expected to be subjected to a large amount of future improvements and the relationships obtained can significantly change. 

III.G.3. Calculation of the surface stresses between crystals

The surface tension between the crystals can be calculated using ab-initio methods. For this purpose, two crystalline structures of the segregated solid phases, are included next to one another, inside a bounding box, in the simulaitons performed in Quantum Espresso. An example of the crystalline structures included and the bounding box for computing the surface tension between the LiF and KF phases is presented in Figure III-17. The equilibrium distribution of the atoms in the two neighbor lattices is computed via Carl-Parinello molecular dynamics. This means, that for every time-step, the electronic structure in the lattice is computed, the resulting forces in the ions are computed and the atoms are moved according to the net acceleration caused by this force. The simulations are performed until all atoms have reached an equilibrium position. Then, the average force in the interface between two crystal structures can be computed, as well as the area of this interface. Dividing this force by the area allow us to find the average surface tension distribution. The simulations have been performed in the NPT ensemble, considering the temperature in the thermostat in the molecular simulations to be fixed and equal to room temperature and the barostat to be fixed at atmospheric pressure. Once the problem has been formulated, the homogenization of the temperature the conduction problem is described. First of all, the technique of two-scale asymptotic expansion is applied to the conduction problem. In general, the conduction of heat in a solid domain is regulated by the following equation set

In particular, the domain in the present case is divided in different phases . Over each of these phases, the heat conduction process can be considered isotropic, so that = . Therefore, the heat conduction process in the reference unit cell can be divided for each of the individual phases as

Note that a continuity in the heat flux is imposed at the interface between phases and . The global domain is assumed to have characteristic dimension . Therefore, the microscopic scale can be defined as the characteristic size of the phases in the domain with respect to the size of the domain, = / . The temperature field is proposed to be composed by different orders of the scale . First, a slow varying scale that variates with the size of the domain. Then different orders of are introduced to represent the fast varying scales associated with the size of the phases in the domain. In this sense, the scales associated to the size of the domain are named = and the ones associated to the size of the phases in the domain = , = and so on. Using this definition, the thermal conductivity of the domain reads as = , .

Higher orders in the dependency of the thermal conductivity in the scales of the domain are not considered, since the phase segregation structure can be fully represented by the first two scales and .

The key assumption of the scale separation is that the temperature field can be decomposed as a sum of different terms associated to the scales in which the temperature is fluctuating. This is

The first term in the right hand side is called the homogeneous solution and is associated with the temperature field in the homogenized domain. The second term is associated with the fluctuations imposed by the segregated phases in the domain. The expansion of the temperature is eventually truncated at order + , since as the order of epsilon augments, the very small scale fluctuations in the temperature field will eventually be negligible.

Note that the gradients in the system can be decomposed as = + + . The variations with respect to the second variations in are disregarded in the present case, since they consist in a mathematical artifact rather than a physical mechanism. The gradient of the temperature can then be expressed as

The first term in the right hand side, represent the fluctuations of the homogeneous temperature field with respect to the inhomogeneities in the domain. This term should be equal to zero by the definition of the homogeneous temperature. Hence, the gradient of the temperature can be expressed as

The conservation of the diffusion of heat can then be expressed as

Introducing the definition of the gradient on multiple scales and the expansion of the heat flux, then the equation of diffusion of heat reads as

In order to obtain a homogeneous flux , this means that the fluctuations in the flux due to the non-uniform structures are not resolved in , the condition This is a Poisson equation for the temperature , that is linear in . Therefore, the following functional form can be proposed for

Where is a solution for the generally called cell problem, since it characterize the fluctuations of the temperature in the small scale. Introducing this definition of the first order fluctuating temperature, the following equation is obtained for the cell problem

This problem can be then solved by analytic or numerical methods and the first order fluctuations in the temperature can be then obtained. In the present case, this problem is solved in a representative cell with periodic boundary conditions. A homogenization technique over the heterogeneous structure can be introduced as following:

Where s is a measure over a representative dimension of the system length, area or volume. In the present case, the homogenization over the area of a representative cell is used. Hence, the homogenization operation can be defined by

Introducing this homogenization procedure in the general equation of conservation of energy reads as

By definition of the periodicity in the small scale and the homogeneous behavior in this equation simplifies to

By introducing the definition of , this equation reads as

Introducing the definition for the first order fluctuations in the temperature, this problem reads as

The homogeneous thermal conductivity should be defined in the sense that the total heat flux due to thermal conduction is equal to the one obtained considering the different structures anisotropic solid. This let to the definition of the homogeneous thermal conductivity as ). Hence, the total heat flux conducted in the domain is equal to the value of the superior Neuman condition. This value is chosen so that the temperature change between the bottom and top wall is equal to approximately , which is large enough for neglecting the numerical errors of the numerical solution process. Note that the homogenization procedure in independent of the type and values of the boundary conditions in the top and bottom of the domain. However, in the present case some values are imposed for the purpose of this example. , and that compose the solid FLiNaK. The area assigned to each of these phases is proportional to their molar fraction in eutectic FLiNaK. This geometric configuration resembles the one obtained in the solidification of eutectic FLiNaK and the size of the phases are similar to the ones that would be obtained after solidification in laboratory experiments or in the conditions of Molten Salt Reactors. Therefore, this example illustrate the homogenization of solid eutectic FLiNaK with an approximately realistic geometry.

Two different heat transfer cases are studied in this geometry, as presented in Figure III-23. In the first case (called CASE A), the domain is assumed to be infinite in the y-direction, whereas the temperature is fixed in the bottom wall and a heat flux is extracted by the top wall. As in the previous example, the value of this heat flux is fixed so that the temperature differences over the domain are large enough to neglect the effect of numerical errors during the solution process. In the second case (called CASE B), the temperature is fixed in the left and right walls, while a heat flux is extracted by the top and right walls. The homogenization procedure developed in the present case should be independent of the boundary conditions the phase to the phase (since the thermal conductivity decreases), whereas a heat drag effect by the presence of the interface is observed when moving from the to the phase.

Figure III-24: Solutions for the cell problem, (left) and (right)

Using the definition (4-90), the homogeneous thermal conductivity matrix for the unit cell is computed as

In principle, since the structure is symmetric, the thermal conductivity matrix should be diagonal with equal values of and . In the present case it is observed that the cross elements and are non-zero. This is simply because of numerical errors and small asymmetries existing in the computational model of the microstructure. Nevertheless, it is observed that these errors are six order of magnitude less than the values of the thermal conductivity and, hence, can be neglected.

The contour plot obtained for the temperature field in CASE A is shown in Figure In the left side the temperature plot obtained for the anisotropic temperature case is displayed, whereas in the right the one corresponding to an homogenized thermal conductivity is shown. The effect of the anisotropic structure in the temperature field is observed in the fluctuations present in the lines separating the contours. This fluctuations are due to some of the phases conducing more heat than others, which lead to a nonuniform temperature distribution in the -direction. For the homogeneous temperature case, fluctuations are not observed since there are no irregularities present in the domain. The temperature file over the vertical line-xx (displayed in Figure for the anisotropic and homogenized temperature cases is observed in Figure III-26. A very good agreement in the temperature field is obtained for the homogenized case. The slope in the temperature is linear since, on average, this problem corresponds to a one dimensional heat conduction problem. The main idea behind the homogenization process is to be able to reduce the accuracy in the resolution of the temperature field, while increasing the computational cost in solving the model. In order to evaluate this hypothesis the density of the converged mesh for the anisotropic and homogenous cases is presented in Table III-8. The mesh is converged by the usual procedure, which means to successively reduce the size of the elements in the mesh until the results obtained for the temperature field are unchanged (within -of relative error in the present case). As observed in Table III-8, the number of elements necessary for a converged solution can be reduced by a factor of with the homogeneous procedure and the mean square differences obtained in the temperature fields is below %.

The objective of doing a second case with difference boundary conditions is to evaluate if the homogenization procedure works with different boundary conditions. The contour plot for the anisotropic and homogenous temperature fields of CASE B are shown in Figure III-27. Once again, a generally good agreement is observed between the two temperature fields, with the exception of the fluctuations in the contour plots in the anisotropic structure. In this case, the temperature fields over a diagonal line xy', as shown in Figure III-23, are analyzed, since they allow capturing most of the fluctuations existing in the domain. The results of the temperature over this line for the anisotropic and homogenized cases are presented in Figure III-28. The shape of the temperature field over this line corresponds to a fixed temperature condition in the left-bottom corner with a slope that continuously increases going closure to the heat sinks in the boundary conditions. A general good agreement is observed between the anisotropic and homogenized temperature field over the line. The fluctuations in the temperature field due to the anisotropic domain becomes greater towards the heat-sink boundary conditions and, hence, in this region larger differences are obtained between the anisotropic and homogeneous temperature fields. Finally, as in the previous case, the computational resources and the global mean squared difference between the anisotropic and homogenized temperature fields is evaluated in Table III-8. Similar to the previous case, the computational resources are reduced by a factor of , while the difference between both temperature fields is still below %. 

CASE A CASE B Number of elements in the converged anisotropic mesh (computational time @1.2x16GHz)

. × ≈ × ≈

Number of elements in the converged homogeneous mesh (computational time @1.2x16GHz)

. × ≈ × ≈

Mean quadratic error between the anisotropic an homogeneous solution

. % . %

Table Comparison in the computational resources and difference between the anisotropic and homogenized solutions.

III.I. Homogenizing of the radiative transfer problem

So far, a technique for homogenizing the temperature field using a two-scale analysis have been developed for the problem without thermal radiation. In the flowing paragraphs a technique for homogenizing the thermal-conductivity in the domain considering the effects of thermal radiation is developed.

Two scales are distinguished when homogenizing the radiation transfer. First, in the small scale, inside each of the phases composing FLiNaK ( = , , ) the detailed radiation intensity transport in steady state conditions can be put as

Where , is the spectral radiation intensity inside each of the phases , is the spectral absorsivity coefficient in phase , is the spectral emissivity of phase (which is equal to spectral absosivity in thermal equilibrium -Kirchhoff law -) and is the refractive index of phase . The general specific radiation , , transport should also take into account the scattering happening at the interfaces. The domain is assumed to be composed by different phases . During the radiation transport process, the energy flux due to thermal radiation will be transported through the surfaces of each of the different phases composing the domain. Hence, the thermal radiation can be surface averaged on each of this different phases as

Where is the reference surface on which the thermal radiation is being homogenized and , ,

is the specific radiation intensity being transported inside the domain. A phase parameter , which is equal to 1 (one) in phase and 0 (zero) in the other phases, have been introduced for describing the phase structure in the domain. Note that the surface phase fraction according to this definition is = .

By applying the homogenization technique to the specific radiation transport, the following phase homogenized radiation transport equation is obtained for each of the phases

Note that ′ → , Ω ′ → Ω is the probability for a radiation beam making a scattering interaction with a wavelength ′ and a direction Ω ′ to end up with a wavelength and a direction Ω. Note that in this case it is assumed that the scattering cross section Σ is isotropic. In order to be able to close the mathematical model the probability function needs to be computed. Note that by definition of this probability of transition, the probability function should be symmetric

As radiation is transferred through each of the individual phases, if the number of impurities in this phases is relatively low, the Rayleigh scattering can be neglected. Therefore, the radiation is principally absorbed by multi-phonon absorption when circulating through the medium. Nevertheless, when a radiation beam reaches the interfaces diffraction and reflection process will occur due to the difference in the crystallographic arrangements and, hence, in the refractive index (Fresnel law). Furthermore, the convex closed shapes presented by each of the individual phases in the solid cause a shadowing effect as thermal radiation is transported through the medium, as shown in Figure In order to be able to homogenize Note that and are the total volume and area of phase respectively. Furthermore, note the average of the homogenized integral among all directions have been assumed approximately equal to / . A small demonstration for this approximation is given below.

Proposition:

Given a domain ℝ , composed by a set of phases phases = , ,…, , each of them occupying a set of Lipschitz continuous domains of volumes of volume and area for = , , … , and with each of the boundaries of the phase volumes being convex functions, then homogenized integral of the shadowed boundary of the phase domain follows the following limit relationship

is the surface area of the volumes of phase in the domain.

Demonstration:

First, the volumes of the phases in the solid domain are convex due to mechanical equilibrium imposed by the Young-Dupre law during the solidification process (view solidification chapter). The shapes of the solid phases in the domain are primarily determined by the diffusive-mechanical equilibrium during the solidification process, which is approximately isotropic for the eutectic solidification process. The angle is named as the angle between the incident radiation and the normal to the solid boundary , i.e. = cs - • . For practical purposes, the cosine of the zenith angle is named = cs . Since the boundary normal with respect to the incident radiation are randomly distributed, the distribution of the cosine of the angles formed between the normal and the incident radiation should also be randomly distributed. In the following it is assumed that given a normal to the solid phase and a given incident radiation direction , the zenith angle between these two can be modeled as via a probability density function . This means that the angle between the interface normal and the incident radiation can be interpreted in a probabilistically way rather as a fixed deterministic angle. The probability density function is generically modeled via a -distribution, with most probable angle (associated to a most probable cosine of this angle ) and generic variance , named in the present case as = , ). The average probability density function over all solid interfaces of phase in the domain can be defined as

Where

, is the incomplete beta function coming from the integral of the beta distribution with most probable zenith cosine and variance . In the limit of an infinite number of interfaces in the solid domain, every angle between the solid normal and the incident radiation angle should be equally probable. Hence, should come from an homogeneous distribution and, therefore, the mean value of ̅ is ̅ = / . Note that by normalization of the cumulative probability function ( , = for arbitrary values of [ , ] and ℝ + . Then using the definition of infinite ensemble average, the following relationship is obtained

Using this relationship in the integral presented in the proposition, the following relationships are obtained Note that the reflectivity coefficient is just a coefficient correcting for non reflective or refracting phenomena happening at the interface. In the present case is taken equal to for simplicity, but is kept in the present theoretical simulation for simplicity. Since the interface are considered only to reflect and refract radiation in the present problem, then the refracted radiation from phase into phase should be

Note that the volume of phase has been introduced in the denominator since, the radiation refracted from phase is entering the phase for the future deposition.

By taking the limit as → , dividing the reflectance and reactance by the thickness of the slab, the specific radiation and refraction cross sections over the volume can be expressed by

By using this volume average reflection and reflectance and introducing the effects of the previously described shadowing in the absorption coefficient the transport equation for the radiation beam (III-122) in a phase can be expressed by

•

, ,

This equation states that the streaming of radiation in phase should the equal to the radiation removed by absorption or shadowing, plus the thermal emissions, plus the radiation reflected back into the bulk phases at the interface of the phase and plus the radiation being refracted from the other neighbor phases. The potentiality of this formulation is that it introduces a set of independent equations for the transport of thermal radiation in each of the phases. This allow treating the radiation in each phase as if the medium was homogeneous.

The angular probability functions for each phase is computed between the phase, the phase and the phase. The refraction index as a function of the wavelength for these phases is shown in Figure III-31. The angular probability functions are then calculated for the mean wavelengths of the bands proposed in Figure 3-18, weighted with the blackbody radiation spectrum at the solidification temperature of eutectic FLiNaK, using the Fresnel laws. In the present cased non-polarized radiation is assumed. The results for half of the probability functions where the radiation is incident from the phase with the larger refraction coefficient is shown in The model is now complete and the homogenized system can be used to solve the radiation transport of FLiNaK in an arbitrary domain with any configuration of phases in its interior.

Example 4: Homogenization of the radiation field in a 2D FLiNaK configuration

The geometric configuration traded in the present example is the one of Example 2. Similar boundary conditions that this example are applied in the temperature field. However, the thermal radiation transport phenomena is modeled in the present case and the previously derived homogenization model is tested in this simple numerical experiment. It is considered that the emissivity of all external surfaces is equal to one for simplicity in the present analysis.

The radiation intensity is first analyzed for CASE A. The radiation intensity plots are shown in Figure In the top-left frame, the radiation intensity solved using the anisotropy model is presented. The radiation intensity goes from the bottom part of the domain, where the wall is hot, to the top part of the domain where the heat flux is extracted at the wall. Approximately, % of the emitted radiation in the hot wall is absorbed in the domain. In the bottom part of contour plot, rays of emitted radiation in the vertical direction are observed. These rays traverse the phase next to the bottom wall and very little radiation is absorbed in the process. However, for the absorptions are much bigger in the phase next to this one, where the radiation transport seems to follow a diffusion process. Within the domain, different regions of high and low radiation intensity are observed. This regions appears because of the different in the absorption in the phases and due to the reflection in the phases. Specifically, the phase have a low absorption coefficient and a high refractive index (high reflectivity). Hence, radiation is partially trapped in this phase, leading to zones of high radiation intensity. When observing the homogenized radiation profiles, it is observed that rather small differences are obtained in the radiation intensities. This is the effect of the high refractivity existing at the interfaces, which causes an uniformization in the radiation profiles due to the incident radiation of the phases into each other. , where the are the molar fractions of the phases in the eutectic salt. This is in accordance to the development of the previous homogeneous model. It is observed that the homogeneous model is able to accurately reproduce the radiation intensity profiles in the FLiNaK salt. Note that some errors are produced next to the inferior radiation source and in the top part of the domain where the heat is extracted. This errors are due to large optical paths, specially in the phase, which causes mistakes in the homogenized radiation transport. This is because in the homogeneous model, the shadowing coefficients and the reflection and refraction processes are modeled in a volume average form, occluding the possibility to model this sort of phenomena. Nevertheless, once the photonic population have been homogenized due to the large absorbents, good results are obtained for the homogenized model.

The main phenomena affecting the anisotropic and homogenized profiles is similar than in CASE A. The difference in the present case is that since the main radiation sources are in the left and top walls, the radiation heat flux goes into the upper right direction of the domain. In this sense, a larger number of interfaces per unit path length are traversed by the transported photons. Hence, larger effects of the reflection and refraction at the interfaces will be observed, as well as a larger relevance of the shadowing factors. Furthermore, since the average angle between the incident radiation and the interfaces normal increases, larger reflections effects will occur, giving rise to larger fluctuations in the transported radiation profiles. The number of elements in the converged mesh and the computational time necessary for solving the steady state radiation problem in this mesh is presented in Table III-9. Furthermore, the average difference in the prediction between the anisotropic and the homogeneous model for the radiation intensity field is also presented in this table. It is observed that the homogenization procedure proposes a more than satisfactory tradeoff between numerical accuracy and computational resources involved. Furthermore, in real case in which thousands or millions of phases are present in the solid eutectic FLiNaK, the present homogenization procedure can render the radiation transport problem tractable from a computational point of view.

CASE A CASE B

Number of elements in the converged anisotropic mesh (computational time @1.2x16GHz)

. × ≈ × ≈

Number of elements in the converged homogeneous mesh (computational time @1.2x16GHz)

. × ≈ × ≈

Mean quadratic error between the anisotropic an homogeneous solution

. % . %

Table Comparison in the computational resources and difference between the anisotropic and homogenized solutions in the radiation transport process. The error introduced by using multiple HRWs is proposed to be analysed by working on the divergence of the velocity field. In principle, since the fluid is incompressible, the divergence of the velocity should be zero

• , = at every point. Since the measurements are taken in the middle plane of the section, then the symmetry in the direction transversal to the plane results in / = . Then, the continuity equation in the measured plane traduces to , , = , , + , , =

Integrating this expression in time and dividing by the integration period, the Reynolds Average divergence field can be obtained as

Since both this velocities ̅ and ̅ are measured in this plane, the divergence can be quantified for each measurement performed. By taking a point ( , ) centred in an interrogation window, the divergence at this point can be approximated to second order as ̅ ( , ≈ ̅ ( + , -̅ ( -, + ̅ ( , + -̅ ( -, - The heat flux exchanged at the top free surface of FLiNaK can be divided in two components. One component comes from the heat convection to the exterior argon in the cavity. A second component comes from the radiative exchanges between the top FLiNaK surface and the rest of the cavity. Hence the heat flux at this superior surface can be written at a given time

The convection heat flux can be expressed in the classical sense via the convection coefficient of the free FLiNaK surface ℎ . This is done as

Where , is the temperature of the argon in the top of the salt surface. Since the natural convection formed between the top FLiNaK surface and the inferior thermal screen is not stable, both the convection coefficient and the argon temperature will depend on time. Nevertheless, the times associated to this convection loops (≈ ) are much smaller than the characteristic times of solidification in the FLiNaK experiment (≈ -ℎ ). Hence, for the purpose of stablishing a boundary condition for the solidification experiments, the average of the convection coefficient and argon temperature are more interesting. The average of these quantities are taken by averaging in time the previous equations. In the present case, a total averaging period of = was taken, which is enough for the natural convection loop to complete approximately turns. The time average boundary condition in the superior wall can then be written as

Where ℎ ̅ = ℎ , is the average convection coefficient and ̅ = , is the average argon temperature next to the FLiNaK top surface.

The average convection coefficient will depend in the convection loop generated between the top FLiNaK surface and the inferior thermal screen. This convection loop will depend on the temperature in the interior cooling device, which in turn will depend on the mass flow rate in the interior tube. This is because the smaller the temperature in the cooling device is, the larger the speed of the cool jet descending next of the wall. Furthermore, since the rotation speed of the internal device may change during the convection experiments, the finite speed existing in the FLiNaK free surface will slightly affects the Appendix: SWATH-S the rotation device. This is because the speed generated by the device rotation are smaller than the one of the natural convection currents generated and furthermore the mixing introduce by this rotation on the gas is rapidly dissipated next to the cooling device's walls. Hence, in the present case, the surrogated model adopted for the cold source temperature is ̅ = ̅ , Finally, for a point at the FLiNaK free surface, the total heat source due to radiation is the power received by thermal radiation from the rest of the cavity minus the radiative power emitted. Hence, the net radiative power emitted by the FLiNak surface is the opposite of this source, this power can be defined as

The second term in the integral is the total radiation intensity received by the point in the free surface of FLiNaK at a time t. In order to obtain the average heat flux emitted by the surface, this expression can be averaged over a period , taken as for the present case, which enough for approximately 50 full convection loops to be completed. The average flux is then computed as

In order to simplify the second term in the right hand side, it is usual to introduce the equivalent radiation temperature. This temperature is defined as the temperature that a blackbody should have in order to produce the same radiation intensity. In the present case this one is

As an example the radiation temperature obtained for the present problem next to the superior FLiNaK surface is shown in Figure V-9. It is observed that the radiation temperatures are high next to the electric furnace and low next to the cooling device. This is because the points next to the furnace mainly receive the radiation of the furnace at a high temperature. Furthermore, next to the cooling device the thermal radiation is mainly directed to the cold walls of the cooling device that act as a radiative sink. Hence, the radiation temperature in this region is low. Appendix: SWATH-S achieve the solidification of the molten salt in a reasonable time, without arriving to unsteady flow conditions at the solid liquid interface, as it will be analyzed in one of the following sub-sections.

For the present study, an equivalent model for the inferior pipe in contact with the molten salt is proposed. This model is shown in Figure V-12. A uniform crust of solid salt is assumed to be formed next to the external wall of the cooling device. The hydraulic design is done taking into consideration the conservation of mass and momentum. As the inlet flux is fixed, a plug-flow mechanism is obtained. This means that the actual pressure drop in the system becomes no-important from the design point of view. The overall thermal resistance for the heat transfer from the molten salt to the interior cooling-gas of the system takes into account  the thermal conduction resistance of the layer formed next to the solid ( )  the thermal conduction resistance of the solid salt ( )  the thermal conduction resistance of the outer pipe of the cooling device ( )  the thermal convection resistance from the exterior pipe into the argon circulating in the exterior anulus ( ),  the thermal conduction resistance of the interior pipe ( ) and  the convection resistance from the inner pipe into the argon circulating in the interior pipe ( ) Some examples of the thermal resistances for this problem are shown in Table V-1. As observed, the two dominant resistances are the convection heat transfer resistance to the interior and to the exterior argon circulating in the device. For this reason, augmenting or diminishing the outer diameter do not have a significant effect on the axial profile in the heat transfer process. Hence, the outer diameter of the pipe is simply fixed for increasing the solidification distances in the crucible, having a heat extraction rate that did not render the experiences prohibitory long. The outer diameter chosen was .

. The evolution of the argon temperature can be describe by the following set of coupled linear ordinary differential equation:

Resistance

Where is the fixed solidification temperature for eutectic FLiNaK, is the temperature of Argon in the outer annulus and is the temperature of argon in the inner pipe. The solution of this coupled system of differential equations can readily be solved analytically to obtain

On a first order Maclaurin approximation of local small values for the exponential, it can be demonstrated that the axial heat flux tends to be uniform if + + + = + . Therefore, the releation between the diameter of the inner pipe and the outlet hydraulic diameter of the annulus should ideally been fixed in order for this relationship to be maintained. However, since the density and hence the Reynolds number and convection coefficients will change while the cooling-gas circulates, this solution will lead to a diameter of the interior pipe that changes along the axial distance. Furthermore, three different sections should have been constructed for the flow rates of envisioned in the experiment. Since this section was extremely difficult to construct with precision, a fixed diameter is imposed in the interior part at the expense of having a non-uniform heat flux in the external wall.

A further complication might come from the fact that as the solid exterior molten salt solidifies; the conduction resistance of the exterior solid layer becomes larger, changing the optimization results of the problem. However, the conduction resistance goes of when there is no solidified material to .

when the exterior molten salt in the mold of of diameter have solidified. Nevertheless, these values are yet still much smaller than the convection thermal resistances and, hence, should not significantly change the results of the optimization problem.

Since a constant diameter along the axial direction have been proposed for the interior tube, a nonuniform heat flux in the exterior wall of the cooling device will be present. The question now relies on defining a figure of merit for optimizing the shape of the heat flux. Two possible figures of merit were examined. First, decreasing the peak factor in the shape of the flux, this is the quotient between its maximum and mean values. Second, increasing the length of the region in the exterior wall of the cooling device that have an approximately constant heat flux. This second option was taken, since possible problems in the experimental conditions (for example, problems in the composition of the salt, unexpected radiation heat transfer properties, non-symmetric cooling in the constructed device, between others) would have been easy to determine if large difference between the solidification models and the experiments had been observed in the region of approximately constant flux.

The optimization procedure was carried out by numerically integrating the system of ODEs, calculating the thermal resistances point by point. As a final result of this iteration process, with the exterior diameter of the tube at , the diameter suggested for the tube was . As a sensitivity analysis it was observed that a change in the interior diameter of ± , will decrease the size of the "flat" heat flux turbulent kinetic energy generated is the dissipated while being advected in the interior annulus. Note that the larger the flow rate, the larger the advection velocity and the larger the shear strains (hence the turbulent production). Therefore, while the turbulent energy is rapidly dissipated for the flow rate of / , it plays an important role in the heat transfer process for the flow rate of / . This is the main reason why using a correct turbulent model is very important for this section. Where is the vector in the axial direction, is the flux rate in the interior device, ℎ is the effective convection coefficient, is the temperature of the exterior wall of the cooling device and is the mixture temperature in the interior of the cooling device. However, in the present this mixture temperature is inconvenient, since it will change when changing the temperature of the wall, complicating the surrogate model. Hence, the approach taken in the present case is to take this mixture temperature as a constant equal to the inlet temperature of argon , = . Then a set of simulations were performed for the different ranges of wall temperatures envisioned in the experiments while the solidification of FLiNaK is produced against the external wall of the cooling device. This range was taken between and . The effective convection coefficient when fixing the wall temperature in the present formulation can be defined as 

Radiation transport correction during draining

The decay heat module implemented in OpenMC allows keeping track of the power of the reactor once in accidental condition. At first, an inventory of nuclides is assumed in the MSFR at time = once the accident occurs. This set is { , , … , , … , } where is the atomic density of nuclides in the reactor and = is the total number of nuclides considered during the evolution. After the initial event, the evolution of the population of nuclides in the reactor can be described by the evolution equation

where → is the one-group neutron transmutation cross section from nuclide to nuclide , is the neutron flux to one group, is the decay constant for nuclide , → is the branching ratio from the decay of nuclide to nuclide , is the total absorption cross section of nuclide and is the decay constant of this nuclide. Note that the first term in the RHS captures the rate of production of nuclides produced by neutron transmutation and by the decay of other nuclides, whereas the second one captures the destruction of nuclides due to the interaction with neutrons and it natural decay. As observed, the power of the reactor and the neutron flux rapidly goes to zero after the initial event in the incident analyzed. Hence, after approximately two seconds, the evolution equation can be reduced to the Bateman equations:

Nevertheless, in the present case, in order to build a versatile code applicable to different sort of transients, the full equation (VI-1) is implemented. The neutron flux is calculated with OpenMC and condensed to one group at each time step in which the decay heat is evaluated. Finally, note that the redistribution of the nuclides due to the advection in the liquid fuel is captured by the material derivative = + • , where is the velocity of the fuel. This fact is important since it allows resolving for the redistribution of the decay power source after the initiating incident. Fuel reprocessing capacities have not yet been included in this code, but they are planned to be included in the future.

This procedure is used for simulating STAGE 2 of the draining transient. In order to perform the simulations for the MSFR draining transient, it is first assumed that the inventory of nuclides in the MSFR corresponds to the equilibrium composition during operation defined in the SAMOFAR project (SAMOFAR Project, Deliverable 1.1). This allows defining a uniform initial composition of the salt { } . Then, using the neutron incident cross-section libraries ENDF/B-VIII [START_REF] Chadwick | ENDF/B-VII. 1 nuclear data for science and technology: cross sections, covariances, fission product yields and decay data[END_REF], the neutron flux can be calculated in the MSFR using OpenMC. A nominal thermal power of can be assumed during the calculations. This conditions are maintained until the beginning of STAGE 1.

At time =

the initiating incident is assumed to happen and STAGE 2 begins. During this stage. the neutron flux in the reactor is resolved with a quasi-static model, in which the amplitude of the neutron flux and the precursors concentration is solved with the point kinetic equations

and the reactivity and the effective parameters , and Λ , are computed with OpenMC at each time step. Note that the destruction rate of precursors in family due to the capture of the nuclides composing this family has been added to the classical point kinetic equations, as well as the production of nuclides in this family due to neutron induced transmutations of nuclides that belong to all families . These effects have been observed to be non-negligible when resolving the neutron flux in the initial time steps. Furthermore, the mean one group velocity of neutrons has been added in order to transform the neutrons emitted by neutron precursors to the neutron flux. The shape of the neutron flux is solved with OpenMC. Furthermore, the evolution of the nuclides in the reactor is tracked by solving equation (VI-1). During this evolution the total power in the reactor can be computed as the power produced due to nuclear fissions, plus the decay power, i.e.

where is the average energy emitted in the fission of a nuclide and is the average one emitted in the decay of the nuclide . In addition, the decay heat is emitted in the form of gamma rays, electrons, positrons, alpha particles, neutrons or protons. In the module implemented in OpwnMC, this one can be tracked according to the following as

Where is the yield in producing a particle from the decay of a nuclide and is the energy of this particle in the decay. The absorption probability for a sufficiently large number of particles can be characterized by the attenuation coefficient = , . For the particles (i.e. = ) and positrons (i.e. = + ) this absorption coefficient is very high in the fuel salt for the rate of energies of interest. Hence, it can be readily assumed that all the kinetic energy emitted with these particles will be deposited in the fuel salt. However, this is not the case for the gamma rays and electrons. The attenuations coefficients for gamma rays [START_REF] Hubbell | Tables of X-ray mass attenuation coefficients and mass energyabsorption coefficients 1 keV to 20 MeV[END_REF] and beta particles [START_REF] Mahajan | Mass attenuation coefficients of beta particles in elements[END_REF] for different elements (with atomic number ) and as a function of their energy ( ) have been measured and calculated. The attenuation coefficients as a function of the energy for the fuel salt in the reactor can be calculated by performing a direct mol-weighted average. In this one, the attenuation coefficients of the elements composing the fuel salt are weighted their molar fraction in the salt. Hence, only the energy distribution of the gamma rays and beta particles is needed in order to compute the effective absorption coefficients for these particles. and

The energy spectrum for the gamma rays and beta particles has been computed by weighting the decay energy of the activated nuclei with the total decay rate of these nuclei. These is done as

Where refers to the type particles emitted (gamma ray or beta particle), represents each of the nucleii considered in the decay process, is the specific rate of emission of particles of type by the nucleii of type in the domain and is the energy of the particles emitted by the decay of nuclei . Furthermore, it is practical to average the energy spectrum over time-span analyzed and to normalize it with respect to the energy. This is done as

Where is the time span of interest. In the present, = has been selected since this allows to envelope the maximum draining times expected. The results of the decay spectrums averaged over time are shown in Figure VI-1. Each of the blue dots represent the contribution to the decay spectrum (VI-6) of each nucleii analyzed analyzed. In addition, the superior and inferior bin estimates for equal lethargy intervals have been computed (they serve to show the maximum and minimum values for the normalized energy spectrum over the time span espectively) and the decay energy spectrums have been calculated via a fitting function of this bins. Finally, these average attenuation coefficients can be used in order to perform radiation transport simulations in the MSFR. The equations for the transport of gamma rays and beta particles are equivalent to the ones of thermal radiation transport. The difference is that the blackbody emission sources and the absorption coefficients are replaced by the radiation emission sources and the attenuation coefficients. Therefore, these equations have been solved with the same method used for thermal radiation transport [START_REF] Ge | Implementation of high-order spherical harmonics methods for radiative heat transfer on OpenFOAM[END_REF] and assuming no backscattering of radiation at the walls of the MSFR. Furthermore, the radiation heat sources are first assumed to be have the same shape of the neutron flux and then they are uniformized as the fuel salt mixes after the initiating incident occur. As an example of the results obtained, the absorption probability (complement of the leaking probability) in the core cavity of the MSFR is shown in Figure VI-2. If this probability is at a position in the core cavity, then all the radiation emitted at that position will be deposited within the core cavity of the MSFR. On the contrary, if the probability is at a position , then all the radiation emitted at position leaves the MSFR core cavity. As shown in Figure VI-2, as expected, the gamma-rays leaks more probably on average than the beta particles. This is because the attenuation coefficient is smaller for the former one. In addition, it is observed that the absorption probability is higher towards the center of the core cavity, which is logical.

(gravitational flow, high shear flow, etc.) (Ref. 4). If one of the phases is present in a much larger amount than the other two cases are possible. If the liquid is the dominant phase, bubbly flows are obtained, whereas droplet flows are obtained if the gas phase is the dominant one. When the difference in the fraction of the phases is not large, the two-phase mode is strongly dependent on the flow conditions. For high shear flows, transient two-phase flow conditions are obtained and for low shear flows (e.g. gravitational induced streams); separated two-phase flows are obtained (Ref. 5). This last one is the case of the MSFR during draining.

In the present work, a methodology similar to the Volume of Fluid (VOF) one was followed for deriving the homogenized equations of conservation for the system. This approach is chosen since the underlying assumptions in the model derivation have strong physical bases and the artifices required for its computational implementation are less demanding (Ref. 6). The methodology followed in the present work, is in close relation with the one developed by (Ref. 7), adding the improvements for turbulence treatment developed in (Ref. 8). These equations are called Volume Averaged -Volume of Fluid (VA-VOF) equations and are suitable for numerical simulations of dynamic interface evolutions with the VOF method. A particularity of this method is that the grid itself does not resolve the precise position of the thin interface, which is calculated a-posteriori in the simulation. Nevertheless, some aspects of the classical methodology are revised and the energy conservation equation, which has not been derived in the classical approach, is derived following the assumptions of the VA-VOF methodology.

The methodology goes as following. First, a volume-averaged set of equations for each fluid phase is deduced. Then, these equations and the local instant jump conditions are used to write a single set of equations for the volume averaged values of the variables. Afterwards, by non-dimensionalizing the mixture equations and by analyzing the typical order of magnitude of the dimensionless groups obtained, some of the terms obtained during the condensation are neglected. By considering these arguments and going back to dimensional form, the equations for the evolution of the proposed two phase system (fuel-saltgas) describing the conservation of mass, momentum, energy and species during the draining transient are formulated as (see Ref. Where is the mixture velocity, the mixture density, the mixture pressure, the mixture viscosity and the mixture expansion coefficient. Furthermore, ℎ is the mixture enthalpy, is the mixture thermal conductivity, is the decay heat and is the liquid volume fraction. In addition, the turbulent coupling in the system is considered by the homogenized primed quantities. With the corresponding definition of the mixture quantities, the set (1-4) consists in a closed transient coupled system of equations. Once the boundary conditions and the initial values have been properly defined, the system is solved with a tight coupling scheme, using the Picard's linearization procedure for the convective term.

In the present work, the system of equations (1-4) is discretized using a 2 nd order finite volume method for the diffusion terms and a 4 th order Weighted Essential Non-Oscillatory (WENO) finite volume scheme for the convection term. The reason to use a WENO scheme, is to a-priori avoid the over dissipation in the convection term, which may have unknown impacts in the draining process of the MSFR. The model was computationally implemented using the OpenFOAM ® libraries and the 4 th order WENO discretization scheme was added in the OpenFOAM ® source files as a limited surfaceInterpolation scheme. The physical coupling of the system is performed with a block-coupled methodology. In this one, a single matrix-vector system containing all the unknowns , , ℎ is solved at each step. A tight coupling is then applied to solve the transient system. This means that for a given time step the matrix-vector system is iteratively solved until convergence (updating the linearization of the convective term of the momentum equation) and then the next time step is solved. The resolution of the block-coupled matrix-vector system is performed using a Gauss Algebraic Multi-Grid method. The time marching in the system is performed by a second order Crank-Nicholson scheme. The transients are carried on until there is no more fuel-salt in the MSFR primary loop.

Abstract French

D'importants efforts de recherche sont actuellement menés dans plusieurs pays pour étudier la possibilité d'utiliser des caloporteurs de type sel fondu dans divers systèmes de production d'énergie.

Dans l'industrie nucléaire, les Réacteurs à Sels Fondus (RSFs) sont le seul concept de réacteur nucléaire de quatrième génération (GEN IV) qui propose l'utilisation d'un combustible nucléaire liquide grâce à l'utilisation d'un sel fondu à haute température. Cet aspect innovant permet d'envisager de nouveaux composants dans le réacteur qui pourraient potentiellement améliorer la sûreté et la performance de la filière nucléaire de manière significative. Un consortium Européen dans le cadre du projet H2020 SAMOFAR est en train de coordonner la recherche autour de l'un des concepts de RSFs : le Molten Salt Fast Reactor (MSFR).

Le MSFR est un réacteur appartenant à la famille des RSFs à spectre rapide. Il a été proposé pour réduire les contraintes liées au retraitement du combustible nucléaire (contraintes assez lourdes dans les RSFs à spectre thermique) et aussi pour améliorer la sûreté en général de la filière nucléaire. L'un des aspects clés de la recherche dans le cadre des RSFs est le développement de modèles numériques et d'expériences de validation nécessaires pour mieux prédire les phénomènes spécifiques aux sels caloporteurs . L'objectif de ce travail de thèse doctoral est de contribuer à cet effort, en particulier en ce qui concerne la modélisation de la turbulence, le transfert radiatif et la solidification. Ce travail concerne aussi la définition des expériences nécessaires à la validation des modèles proposés. Les travaux expérimentaux discutés dans ce manuscrit ont été menés à la plateforme SWATH (LPSC, Grenoble) construite dans le cadre du projet SAMOFAR. Les modèles présentés dans ce travail ont été développés de la manière la plus générale possible afin d'être utilisables aussi dans d'autres applications énergétiques utilisant des sels fondus à haute température. La comparaison des prédictions de ces modèles aux résultats expérimentaux montre un bon accord. Même si des expériences complémentaires sont encore nécessaires pour réaliser une évaluation exhaustive, la performance des modèles semble très bonne. Un certain nombre de points d'amélioration ont été identifiés qui concernent principalement l'extension du modèle de solidification aux sels non eutectiques et l'amélioration de données encore insuffisantes comme les coefficients optiques par exemple. Enfin, la découverte de l'importance du développement simultané des travaux numériques et expérimentaux fait partie des conclusions essentielles de ce travail.

Le manuscrit de thèse est organisé en trois parties : La première partie présente le développement et l'implémentation numérique des modèles. Ces modèles incluent : (i) les modèles neutroniques pour déterminer l'évolution de la puissance du MSFR en situation transitoire, (ii) les modèles pour les écoulement turbulents (RANS, LES et DNS), (iii) une approche multi-échelle permettant de modéliser les processus de solidification/fusion d'un sel. Du fait de la complexité des phénomènes, certains des modèles doivent couvrir plusieurs échelles du réacteur (du niveau microscopique à l'échelle macroscopique). La deuxième partie de ce manuscrit est dédiée à la conception des expériences et à l'analyse des résultats expérimentaux obtenus pour étudier la précision des modèles proposés. Deux types d'expériences sont particulièrement discutées dans cette partie : (i) une expérience sur les écoulements dans une marche descendante pour évaluer la performance des divers modèles de turbulence et (ii) une série d'expérience de solidification pour tester la performance du modèle multi-échelle de solidification. La troisième partie du manuscrit présente l'implémentation des modèles physiques proposés dans un code multi-physique, développé sous OpenFOAM, permettant de représenter le réacteur. Enfin, l'exemple des phénomènes transitoires se produisant lors d'une vidange du combustible est développé pour illustrer le fonctionnement de ce code multi-physique.

Abstract in English

The use of molten salts is being widely investigated as a potential high-temperature heat carrier media for energy applications. In the nuclear industry, the Molten Salt Reactors (MSRs) are the only fourth generation concept proposing the utilization of a liquid nuclear fuel thanks to the use of a molten fuel salt. This innovative aspect opens the possibility of developing original improved safety and design features in this reactor concept but it leads to novel technical challenges. An European consortium is currently investigating the Molten Salt Fast Reactor (MSFR) design in the framework of the H2020 European project SAMOFAR. The MSFR is fast spectrum MSR concept that is being designed to allow for fuel breeding, reduce the fuel reprocessing requirements and high safety standards. An important aspect of the research efforts on molten salts is the development of more accurate numerical models and validation experiments that can account for some of the specific phenomena not found in other coolants. The objective of this PhD thesis is to contribute to this effort, in particular concerning the turbulence, the radiative heat transfer and the solidification modeling. This PhD work concerned also the definition of the experiments necessary to investigate the accuracy of these models. These experiments were performed in the SWATH facility at the CNRS (Grenoble) and are part of the SAMOFAR project activities. Models developed is this work are intended to be general and thus are appropriate for other MSRs and other energy applications using molten salts as heat carrier media. Generally speaking, the comparison between the proposed models predictions and the experiments carried-out in SWATH show a good agreement. Although more experiments would be required to perform a more exhaustive evaluation, the overall performance of the numerical models is judge to be very good. A certain number of areas form improvement have been identify and concern mainly the extension of the solidification model to non-eutectic molten salts and the development of more accurate values for some physical properties such as the optical coefficients. The benefice of jointly developing the numerical and experimental efforts is an important conclusion of the present work.

The PhD thesis manuscript is organized in three parts: The first part is devoted to the development and numerical implementation of the molten salts numerical models. These models include: (i) The neutronic models necessary to study nuclear power production in the MSFR, (ii) The turbulence models (RANS, LES and DNS) in molten salt flows and (iii) A multiscale approach that allows modeling the solidification/melting process in salts. Due to the phenomena complexity, some of these models cover various reactor scales ranging from microscopic to macroscopic. The second part of the manuscript is devoted to the design and the analysis of the results from dedicated experiments intended to investigate the accuracy of some of the proposed models. In particular, two key experiments are discussed: (i) An experiment involving the flow inside a backward facing step (BFS) is used to study the behavior of different turbulence models after a boundary layer detachment and (ii) An experiment designed to study the multiscale solidification models developed for molten salts. The third part of the manuscript deals with the coupling of these various models developed in the multiphysics platform developed in the code OpenFOAM. The multiphysics platform is used to study a molten fuel salt draining transient of the MSFR to illustrate an application case of the new molten salt models.