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Abstract

Liquid metal fast reactors have a prominent role in the roadmap of the Dutch nuclear stakeholders. As nuclear service provider in the Netherlands, the Nuclear Research and consultancy Group (NRG) has established an elaborate program on liquid metal thermal hydraulics. This paper describes the thermal hydraulic design and safety support activities of NRG with respect to liquid metal cooled reactors. First, the development of a tool allowing thermal hydraulic system analyses will be presented. For this, the SPECTRA code, developed and maintained at NRG, has been adapted to facilitate to application of various liquid metals. After a short description of the tool, some examples of liquid metal applications will be shown. Since liquid metal reactors typically employ large liquid metal pools in which 3-D effects are unavoidable, a generic multi-scale modelling approach is under development coupling the SPECTRA code to CFD codes. The status of this coupling development is described. After that, more detailed analyses employing CFD codes for liquid metal pools, including important components like pumps, heat exchangers, and the core will be presented. For the core, past and ongoing activities are shown related to validation of CFD approaches based on assemblies as they are designed on the drawing board, but also application and where possible validation of deformed and blocked fuel assemblies. Finally, the fundamental activities on understanding and pragmatic engineering model development for turbulent heat flux are presented. 
1. INTRODUCTION
Nuclear reactors are low CO2 emitting energy sources and contribute significantly to the decarbonisation of the energy production system. Extrapolation teaches us that there should be sufficient uranium for the coming 100-150 years, based on the current reserves of uranium in the world and their application in the present-day light water reactors [1]. In order to make nuclear energy production more sustainable in the future and enlarge the horizon of 100-150 years significantly, two major options are considered in the roadmap [2] issued by the Dutch nuclear stakeholders. The first option is to keep using the uranium-plutonium fuel cycle and deploy fast neutron reactors. The second option is to switch to the thorium fuel cycle and deploy molten salt fuelled reactors. Being a nuclear service provider, NRG initiated research and development activities in both directions and has established an elaborate program on liquid metal thermal hydraulics. Activities are often being performed in international collaborative projects, like EU framework programs or coordinated research projects from the IAEA, supplemented by internal activities. In 2019, an elaborate textbook on liquid metal thermal hydraulics was published by the author from NRG together with European and US co-authors [3].
Chapter 2 will elaborate on activities with respect to thermal hydraulic system analyses, introducing the SPECTRA code development and application and addressing the myMuscle multi-scale coupling tool under development. Chapter 3 deals with Computational Fluid Dynamics (CFD) applications for pool and core thermal hydraulics as well as the more fundamental aspect of turbulent heat flux modelling.  
2. SYSTEM THERMAL HYDRAULICS
SPECTRA Code
SPECTRA [4] is a thermal-hydraulic system code developed at NRG, designed for thermal-hydraulic analysis of nuclear power plants. The code was originally developed, validated and used for Light Water Reactors. However, the flexible code set-up also allows application to High Temperature Reactors,  Molten Salt Reactors, and Liquid Metal Fast Reactors (LMFRs). The code can be used for thermal accident scenarios involving loss-of-coolant accidents (LOCAs), operational transients, and other accident scenarios in nuclear power plants. Models include: 
· multidimensional two-phase flow, 
· non-equilibrium thermo-dynamics, 
· transient heat conduction in solid structures, 
· and a general heat and mass transfer package with built-in models for steam/water/non-condensable gases, including natural and forced convection, condensation, and boiling. 
For liquid metal and molten salt reactor applications, the fluid properties and heat transfer correlations can flexibly be defined by the user. A point reactor kinetics model is available, with an isotope transformation model to compute concentrations of important isotopes. The radioactive particle transport package in the code deals with radioactive fission product chains, release of fission products, aerosol transport, deposition, and resuspension.
For liquid metal applications, especially the flexible input of fluid properties and heat transfer correlations is an important feature. This is facilitated in SPECTRA by providing the option of providing tabular user input replacing the standard water properties and correlations. Simulations in which liquid metals are used, e.g. in the primary system, but also water in the energy conversion system, can be performed by synchronized parallel simulations.

SPECTRA Liquid Metal Reactor Applications
In the past decade, an ever increasing number of liquid metal facilities has been analysed using the SPECTRA code. Next to verification of the implemented models, various comparisons were carried out with other codes, and experimental as well as real reactor data. Table 1 provides an overview of the simulations carried out with SPECTRA for liquid metal applications. The table shows that for non-existing reactor designs code-to-code comparisons were carried out because no other means of comparison was available at the time. However, with participation to IAEA coordinated research projects (EBR-II [8], and FFTF [14]) and to European collaborative projects in which experimental ([12] and [13]) or reactor data [10] was used, also more substantial means of comparison became available.   

TABLE 1.	Liquid metal applications studied with SPECTRA
	Facility
	Metal
	Comparison
	Focus
	Year
	Reference

	ELSY
	Pb
	Code-to-code
	Reactor Start-up and Shutdown
	2010
	[5] 

	ALFRED
	Pb
	Code-to-code
	Unprotected Transient OverPower
	2013
	[6]

	ESFR
	Na
	Code-to-code
	Unprotected Loss-of-Flow
Unprotected Transient OverPower
	2014
	[7]

	EBR-II
	Na
	Reactor data
	Shutdown Heat Removal
	2017
	[8]

	ASTRID
	Na
	Code-to-code
	Unprotected Loss-of-Flow
	2018
	[9] 

	Phénix
	Na
	Reactor data
	Dissymmetic Loss-of-Flow
	2019
	[10]

	SEALER
	Pb
	Code-to-code
	Unprotected Transient OverPower
	2019
	[11]

	CIRCE
	PbBi
	Experiment
	Protected Loss-of-Flow
	2021
	[12]

	TALL-3D
	PbBi
	Experiment
	
	2022
	[13]

	FFTF
	Na
	Reactor data
	Unprotected Loss-of-Flow
	ongoing
	[14]



The code can flexibly be applied to different kinds of liquid metals as depicted in Fig. 1. At the top of the figure, snapshots are shown taken from various SPECTRA models which used sodium as working fluid. At the bottom, applications using pure lead or lead bismuth eutectic are shown. 
The benchmark on the ASTRID-like reactor dealt with the heterogeneous core behaviour in the most representative design basis accident, i.e. the unprotected loss of flow accident (ULOF) before sodium boiling [9]. Within that collaboration, nine participants from eight organizations participated using eight different system codes. As a general conclusion of the benchmark, it was shown that the system codes used were able to simulate the heterogeneous ASTRID-like reactor core. However, it was also concluded that the difference of about 50 seconds in the calculated ULOF sodium boiling on-set time between the various codes was still considered to be rather large. Using the flexibility of the SPECTRA code, it could be concluded that the modelling of dynamic gap expansion between the fuel and the cladding is important to predict the sodium boiling on-set time [9]. SPECTRA allowed to model the gap conductance constant through a user defined value, or alternatively to use a dynamic gap expansion model. The gap conductance changes by roughly a factor of three during the analysed transient, which has an important effect on fuel temperature and thus through the Doppler effect finally on the core power and the time to reach the sodium boiling point. Due to the difference in the gap modelling alone, the sodium boiling is predicted nearly 40 s later.
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[bookmark: _Ref474425344]FIG. 1. Graphical impression of liquid metal application SPECTRA models. Sodium applications (top) and lead(bismuth) applications (bottom)  
myMuscle: Multi-scale Thermal Hydraulics Coupling Tool
For decades, the work-horse of nuclear safety analyses has been system thermal hydraulic simulation. However, such codes fail to deal with 3-dimensional effects which play an important role in liquid metal cooled reactors. Increasing computer power enables nowadays to simulate such 3 dimensional phenomena with CFD codes. Although these codes are very powerful, they also require significantly more computer power and development to include physical phenomena which have already been implemented and validated in system thermal hydraulic codes. For such challenges, coupling of different simulation tools operating at different scales may provide a solution. Therefore, coupling of dedicated simulation tools for different physical phenomena is an approach that is currently worldwide under development. This includes phenomena related to structural mechanics, fluid dynamics and reactor physics amongst others. 
Some years ago, NRG gained experience with coupling the system thermal hydraulics code SPECTRA to the CFD code CFX [15]. Based on this experience, NRG has a code coupling tool under development which is called myMuscle: MultiphYsics MUltiscale Simulation CoupLing Environment. myMuscle is an independent, external, code which arranges the correct communication between different codes, allows selection of various coupling algorithms and performs coupling specific tasks. The coupling tool under development aims at being flexible with respect to the codes being coupled, i.e. commercial and open source codes. This is graphically shown in Fig. 2 in which it is shown that a total of 4 different CFD codes have been coupled now to SPECTRA through the myMuscle tool. At the same time, a single coupling tool should enhance quality assurance and should eventually facilitate approval by safety authorities. The proof-of-principle and first validation of this new myMuscle tool have recently been presented in [16]. Future expansions of the tool are foreseen by integrating multi-physics coupling interfaces with reactor physics and computational structural mechanics solvers, but also by integrating allowing the user to choose between various coupling methodologies and algorithms, i.e. domain overlap vs. domain decomposition and explicit coupling vs. (semi) implicit coupling. 
Apart from the development of the coupling tool myMUSCLE, NRG also started the development of a multi-physics code MUSCLE-Foam based on the open source OpenFOAM CFD code. MUSCLE-Foam will include several reactor physics solvers as well as computational structural mechanics solvers. First publications of this tool are being planned towards end of 2022.
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FIG. 2. Graphical representation of the myMuscle coupling tool (status spring 2021) indicating available and tested coupling possibilities and future expansions.
COMPUTATIONAL FLUID DYNAMICS
2. Pool Thermal Hydraulics
With increasing computer power, 3 dimensional flow and heat transport analysis within the primary system of a liquid metal cooled reactor becomes feasible and may include an increasing amount of details. Such simulations still include approximations for the main technical components in the primary system, such as the core, the cover gas, the heat exchangers, and the pumps. Recent examples of such simulations performed at NRG are listed shortly below. It is not easy to validate such simulation approaches. Water models may be used for partial validation. However, recently detailed experimental data from the ESCAPE lead-bismuth eutectic facility, which is a 1 to 6 scale representation of the MYRRHA reactor at SCK CEN in Belgium, has become available [17]. CFD analyses for different forced flow conditions using a model of nearly 20 million cells are presented and compared with experimental results [18], showing that the predicted temperature distribution in the pool, core and plena (cold and hot) agrees well with the temperature measurements in the ESCAPE facility.
Lessons learned from the ESCAPE analyses were directly applied in the simulations of the SEALER UK demo reactor design [19]. Obviously, the core model is completely different. For ESCAPE, the electrically heated core was modelled explicitly, while for SEALER UK demo, the core was modelled with a porous medium approach and a volumetric heat source. More details on the modelling aspects as well as results for nominal operating conditions can be found in [20]. Currently, simulations for asymmetric reactor operation with one or two pump-heat exchangers sections failing, and simulations on a protected loss of flow are in progress and results should be available well before the conference.
In parallel, a 3 dimensional simulation approach was developed for the ALFRED lead cooled reactor design [21]. The strategy of modelling the various components of a liquid metal hot and/or cold pool is explained in Fig. 3. On the left, the CAD model which was created based on the ALFRED descriptions is shown. The various modelling approaches for ALFRED components are indicated in this figure as well. The cover gas is modelled as an adiabatic slip wall. The internals of the reactor in the primary pool are modelled as no-slip walls and allow heat transfer using a conjugate heat transfer model. The heat exchanger is modelled as a porous medium with a volumetric heat sink, whereas the pump is modelled through an imposed mass flow rate. The core is also modelled as a porous medium, in this case including a volumetric heat source. Finally, the lead coolant is modelled using temperature dependent properties and the constant turbulent Prandtl number has been adapted to take into account the effect of liquid metal heat transfer [22]. The steady state CFD simulations (Fig. 3 right showing the velocity field) NRG performed at nominal conditions showed that a thermal stratification develops in the pool of ALFRED with relatively high temperatures of up to 450°C close to the pool surface. It was demonstrated that this stratification can practically be removed by imposing a by-pass flow from the top of the pool to the top of the core.

[image: ]
FIG. 3. Typical simulation set-up for an ALFRED primary system analysis 
Core Thermal Hydraulics
Liquid metal cooled reactor fuel assemblies may employ grids or wire-wraps as spacers. For both cases, intensive validation of engineering models based on a Reynolds Averaged Navier Stokes (RANS) approach is needed using a combination of isothermal and heated comparison data from experiments as well as high-fidelity CFD simulation employing Direct Numerical Simulation (DNS), quasi DNS (Q-DNS), or Large Eddy Simulation (LES) techniques. Finally, also non-ideal conditions such as deformed or blocked assemblies should be studied for thermal hydraulic core validation.
Table 2 provides an overview of the CFD simulations performed at NRG for the various coolants and conditions. For the comparison data, often collaborative work is performed with organizations that can perform experiments or high fidelity simulations. In a few cases, comparison data is created by NRG.

TABLE 2.	CFD simulations performed and planned by NRG for hexagonal liquid metal bundles. Simulations indicated with (plan) have not been performed yet but are planned in European collaborative projects.

	Bundle
	Fluid
	Condition
	Comparison
	Turbulence
	Reference

	∞-pin bare
	PbBi
	heated
	DNS
	RANS
	[23]

	∞-pin bare
	Pb
	heated
	n.a.
	LES
	[24]

	∞-pin bare
	Pb
	heated
	LES
	RANS
	[25]

	7-pin grid sp. (plan)
	water
	deformed
	Experiment
	RANS
	-

	19-pin grid sp.
	PbBi
	heated
	Experiment
	RANS
	[26]

	127-pin grid sp.
	Pb
	heated
	n.a.
	RANS
	[26]

	127-pin grid sp.
	Pb
	internal blockage
	n.a.
	RANS
	[26]

	∞-pin wire wrap
	PbBi
	heated
	n.a.
	Q-DNS
	[27]

	∞-pin wire wrap
	PbBi
	heated
	Q-DNS
	RANS
	[28]

	7-pin wire wrap
	Na
	isothermal
	LES
	RANS
	[29]

	7-pin wire wrap
	water
	isothermal
	Experiment
	RANS
	[30]

	19-pin wire wrap
	Na
	isothermal
	LES
	RANS
	[31]

	19-pin wire wrap
	PbBi
	heated
	Experiment
	RANS
	[32]

	19-pin wire wrap
	PbBi
	solid int. block.
	Experiment
	RANS
	[33]

	19-pin wire wrap (plan)
	PbBi
	porous int. block.
	Experiment
	RANS
	-

	61-pin wire wrap
	p-cymene
	isothermal
	LES
	RANS
	[30]

	127-pin wire wrap
	PbBi
	heated
	n.a.
	RANS
	[32]

	127-pin wire wrap
	PbBi
	deformed
	n.a.
	RANS
	[34]

	127-pin wire wrap
	PbBi
	eccentric
	n.a.
	RANS
	[34]

	127-pin wire wrap
	PbBi
	inlet blockage
	n.a.
	RANS
	[33]



[bookmark: _GoBack]Fig. 4 provides a graphical scheme of CFD simulations for an increasing number of pins from left to right. At the bottom, an LES simulation of a fully periodic domain with two sub-channels is shown [24]. Next to that, two 19-pin simulation results are shown for which results were compared to experimental data [26]. And to the right, a full 127-pin bundle simulation is shown applied to the actual design of an ALFRED fuel assembly [26]. 
At the top, simulations for wire-wrapped fuel assemblies are depicted, starting from an infinite bundle represented by a single centre pin surrounded by six partial pins to complete a fully periodic domain allowing high-fidelity simulation [27 & 28]. Next to that, a seven pin bundle simulation [30] is shown in which results are compared to PIV measurements in an isothermal bundle. Subsequently, a 19-pin simulation result is shown which has been compared to experimental results [32]. Increasing the number of pins further, the following picture shows a 61-pin bundle simulation which is compared to LES results which are themselves compared to matched-index-of-refraction experiments [30] and finally an application for a 127-pin bundle is presented for which comparison to the pressure drop could be made [32]. 
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FIG. 4. Graphical representation of LMFR fuel assembly simulations at increasing pin numbers for wire-wrapped (top) and grid-spaced (bottom) rod bundles.  

Obviously, the cooling in fuel assemblies is an important application. However, apart from that, also the so-called inter-wrapper flow, the flow in the small areas between two fuel assembly wrappers is important. Especially because it may provide a significant contribution to the cooling of fuel assemblies in some reactor transients. Experiments and simulations performed on the inter-wrapper flow between three wire-wrapped bundles representative of the MYRRHA reactor design show a good comparison of the results [35]. 
Fig.5 shows the simulation domain of the CFD computations on the left with the three lobed inter wrapper region clearly visible as the region between the three 7-pin rod bundles. The rod bundles employ larger rods than in reality. They only serve to impose a similar swirling flow behavior near the assembly walls as would be encountered in a full rod bundle. The center figure shows a typical temperature distribution in the simulated domain. The inter-wrapper region is highlighted showing with red dots the positions of thermo-couples in the experiment. The graph on the right shows a comparison of experimental and simulation results for the temperature. The grey vertical bars depict the assembly walls. The symbols indicate the experimental thermo-couple readings, and the lines show the CFD results.

[image: ]
FIG. 5. Simulation domain respresentative of the MYRRHA reactor design (left), contour plot of temperature (middle), and comparison between CFD (lines) and experimental (symbols) results (right). Note that the MYRRHA fuel assembly normally employs 127 pins, while the experiment only employs 7 pins to simulate the swirling flow resulting from the wire-wraps.

Turbulent Heat Flux Model Development 
The state-of-the-art with respect to turbulent heat transfer model development for Computational Fluid Dynamics applications is summarized in [3] and [36]. Those summaries highlight that Algebraic Heat Flux Models (AHFM) provide a promising route to development of an engineering turbulent heat transfer model for RANS simulations. There is a vast number of AHFMs available. Among these, the implicit AHFM developed at NRG [37] is considered one of the most promising. However, this model needs further development. Fig. 6 summarizes the various modelling aspects that have to be considered in the development of a turbulent heat transport model.
The purple column on the left of the figure illustrates that the model should be able to deal with all convection regimes, since these may all occur in a liquid metal cooled reactor. Additionally, the turbulent momentum transport model should preferentially be anisotropic, since it is known that the flow in nuclear reactor fuel assemblies and pools is highly anisotropic. If the model is to be used for large domains such as reactor pools, expensive wall resolved mesh approaches may not be feasible. Therefore, approaches for wall modelled meshes need to be developed. Obviously, such approaches will be less accurate, but the intention should be that also wall modelled approaches provide reasonable results. As mentioned before, the model should be able to deal with all three convection regimes. Ideally, the model should be able to deal with these three convection regimes simultaneously, since in a reactor pool the three regimes may occur simultaneously. The developments discussed above are indicated in Fig. 6. The state-of-the-art is indicated in orange, while the final goals are indicated in green. 

[image: ]

FIG. 6. Turbulent heat transport model development directions
SUMMARY AND OUTLOOK
An overview has been provided of the liquid metal thermal hydraulic activities carried out at NRG in the frame of the national research program. The activities span a wide range of liquid metal applications, from detailed investigations to improve turbulent heat flux modelling to core and pool thermal hydraulics and eventually to complete system thermal hydraulics. In the upcoming years, the focus will be put on further development and validation of the multi-scale simulation platform myMuscle, on application and validation of CFD methods for liquid metal reactor pools and fuel assemblies in various conditions, ranging from nominal to accidental conditions. Finally, more effort will be put to the development of advanced methods to simulate turbulent heat transfer in liquid metal reactors, since this is in principle the core of every liquid metal nuclear reactor design and safety analysis.
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