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Abstract
The identification of the Research and Development (R&D) priorities and needs is a necessary step to complete the development, up to the qualification and demonstration, of the solutions envisaged for Lead Fast Reactor (LFR) technology. In particular, this is of paramount importance to allow the design, licensing and construction of industrial systems. In the present paper, starting from the key scientific aspects (including lead chemistry monitoring and control, thermal hydraulics in large pools, components qualification and integral system operation), the necessary experimental activities are identified in support of the Advanced Lead Fast Reactor European Demonstrator (ALFRED) safety demonstration program. According to the identified R&D needs and considering the current status of the ALFRED conceptual design as well as of the research infrastructures’ implementation in Romania, a prioritization of activities is also proposed, which takes into account also the actual worldwide level of knowledge on the LFR technology. Finally, by taking advantage of the experimental activities, the needs for Verification and Validation (V&V) of the computational tools to be used for safety demonstration are also aligned.
1. INTRODUCTION
The aim of Generation IV (GEN-IV) nuclear system development is to excel in safety and reliability, having a very low likelihood and degree of reactor core damage and finally to eliminate the need for offsite emergency response. There is a reasonable expectation to demonstrate that Lead Fast Reactors (LFRs) are able to cover these two fundamental design objectives. Indeed, even if some drawbacks exist – like the presence of high corrosion/erosion effects and the high freezing temperature of Lead with respect to Sodium –, the choice of lead as primary coolant has a number of positive aspects with regard to safety and in simplifying the design [1][2], including but not being limited to the absence of exothermic reactions between lead and water, the characteristics to have high boiling point and heat of evaporation as well as a large retention capability of volatile radionuclides (i.e. I, Cs), and its self-shielding capability against radiation.
The goal of any LFR design is to gain advantage from the use of this innovative coolant. Notwithstanding this, a comprehensive R&D program is necessary because of:
the use of a new coolant and associated technology, properties, neutronic characteristics, and compatibility with structural materials of the primary system and of the core.
innovations which require validation programs of new components and systems (the bayonet Heat Exchanger, and its integration inside the reactor vessel, the reactor coolant pump, the passive heat removal system, the fuel handling machine, Oxygen Control System, …)
the use of advanced fuels (at least in a further stage).
Within this scenario, the Advanced Lead Fast Reactor European Demonstrator (ALFRED) was addressed as mandatory in the European framework to foster the LFR commercial deployment, with the main goal to fill the gap from basic research to market penetration typically suffering from lack of investment. ALFRED was conceived, leveraging on the promising outcomes of previous and ongoing projects devoted to the Heavy Liquid Metal (HLM) technology, to ease the licensing of a first example of the LFR technology in Europe and to gain operational experience in support to the development of an industrial LFR.
With this background, a set of experimental infrastructures, here depicted in Fig. 1, has been defined and scheduled in Romania [1] with the main goal to speed-up the design, safety assessment and licensing process of ALFRED reactor:
ATHENA (Advanced Thermo-Hydraulics Experiment for Nuclear Application) will be a pool facility for large-scale testing of prototypic components and operating procedures in representative conditions;
CHEMLAB will be a broad-scope laboratory on the chemistry of HLMs and materials science, for the characterization, qualification and calibration of solutions in support of the Research Infrastructure;
ELF (Electrical Long-running Facility) will be a pool facility for long-term (endurance) experiments, to characterize the components and systems for use in real reactors from a performance point of view;
HANDS-ON will be a facility devoted to the testing and qualification of systems and procedures for the handling of core elements from the reactor to the containment and vice versa;
HELENA2 (Heavy Liquid Metal Experimental Loop for Advanced Nuclear Applications 2) will be a loop facility, capable of operating in forced and natural circulation, for full-scale testing of core elements and their complete thermal-hydraulic characterization;
MELTIN’POT will be a hot facility to characterize the behaviour of fresh/irradiated fuels and radioactive elements upon interaction with Lead in postulated accidental conditions.
This Research Infrastructure will be then devoted to address the main items of the R&D program: corrosion and irradiation, coolant chemistry, component and systems qualification, Thermal-Hydraulics and Fuel Assembly design. These topics are covered in the following.
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FIG. 1 – Siting of the elements of the ALFRED Research Infrastructure at the Mioveni platform (Romania).
2. [bookmark: _Ref46829548][bookmark: _Toc47110019]THE Research and Development Needs
Extensive R&D efforts are ongoing worldwide (and in Europe notably), addressing issues related to lead technology concepts. Research activities are ongoing and are expected to continue in the future aiming at designing and constructing an LFR prototype. 
R&D efforts are necessary for completing the design, support the pre-licensing and starting with the construction of ALFRED, as hereafter explained by topics.
[bookmark: _Ref46655012][bookmark: _Toc47110020]Material Studies and coolant chemistry
The chemistry of liquid lead is a key topic to be addressed for the development of LFRs. Two main issues have to be considered: (1) coolant oxidation and coolant oxides deposition (mainly PbO) when oxygen is dissolved up to the solubility limit, and (2) corrosion of structural materials. Corrosion is influenced by oxygen dissolved in lead and a sufficient level of oxygen is usually preferred and required to have the formation of a protective oxide layer (i.e. spinel oxide and magnetite) above steel surfaces. According to these issues, oxygen concentration in lead coolant have to be controlled in a proper range to avoid coolant oxidation and minimize steel corrosion via formation of magnetite above steel surface. The strategy for ALFRED about coolant chemistry and oxygen control aims to work with an oxygen concentration (CO) in lead coolant much lower than the saturation at the minimum operating temperature (about 380°C, refuelling temperature). Specifically, as shown in Fig. 2, the CO set for the operation is between 10-6 and 10-8 % wt. to reduce the chance of PbO formation even in case of local heterogeneities and potential deviations [1]. There is no experience in large pools about these operations and their feasibility has to be first assessed in large pool systems in order to define a suitable oxygen control system for ALFRED. For this aims, ELF and ATHENA, supported by CHEMLAB will play a fundamental role.
In addition to the corrosion modes, several studies report evidence of Liquid Metal Embrittlement (LME) from testing of ferritic/martensitic (F/M) steels in lead bismuth eutectic (LBE) in the temperature range 200-450°C. For this reason, F/M steels have been excluded from the list of candidate materials for the realization of ALFRED. LME strongly depends on the chemistry and dedicated experiments are needed for an assessment in pure lead, but preliminary data seem to indicate that LME is not an issue for austenitic steels. These experiments are necessary and must be conducted in testing machines where the specimens are exposed to the liquid metal effect, both static and flowing tests. CHEMLAB will serve for this aim, together with a mechanical testing laboratory equipped to perform tests in lead under oxygen control.
Full development of GEN IV programmes also foresees the future increase of reactors operating temperatures (beyond 550 °C). This challenging goal requires, to test “new” materials such as FeCrAl and FeCrAl ODS steels, AFA steels, refractory alloys (Mo), SiC composites, Nb alloys, “MAX” phase materials, as well as coated materials as Al-based surface alloying and Alumina Coatings. The requested testing conditions are 650-800°C lead temperature and 1 – 2 m/s lead velocity. Currently test can be performed by the CHEMLAB with these conditions in stagnant Lead.
The reactor vessel, the structural materials, the internals and the fuel cladding are subjected, to different extent, to several degradation mechanisms such as neutron irradiation, thermal ageing and corrosion. The current knowledge is not complete, and more experimental investigations are needed, providing high quality data on the material behaviour. The following main issues on irradiation performance of candidate materials are of primarily importance for LFR systems development: corrosion in HLM under irradiation (coated and uncoated material), irradiation embrittlement of selected materials, irradiation creep, swelling. The effects of irradiation on materials is a critical issue for LFR system development. The experimental infrastructure needed to address these issues are currently available irradiation machines and research reactors (e.g., BOR-60 in Russia) and they will be investigated also in ALFRED.
It is also essential to control the concentrations of impurities, because of the potential for activation and because of the possible effect on corrosion, mass transfer and scale formation at heat transfer surfaces. Therefore, coolant chemistry control includes oxygen, but also pollution source term studies, mass transport and filtering and capturing techniques. The following specific issues shall be considered: 1) coolant control and purification during operation (i.e. oxygen control, oxygen sensor reliability, coolant filtering, HLM purification, HLM cleaning from components), 2) cover gas control (i.e. radiotoxicity assessment of different elements, migration flow path into cover gas, removal and gettering).
Finally, it is known that the relatively high speed and momentum change between structural material and HLM implies that the pump impellers are subjected to severe corrosion-erosion conditions that might not be sustained in the long term.  Tests are planned on specimens of materials, mainly MAX phase or AISI series coated. The materials of the pump impeller have to satisfy demanding requirements which deserve specific experimental installation. The available infrastructure will be CHEMLAB, HELENA2. ATHENA and then ELF, being able to test the capability to withstand to an exposure to high temperature lead (up to 520°C, and higher for long term perspective), the capability to withstand to corrosion/erosion effects due to high relative coolant velocity (10 m/s, and up to 20m/s) as well as to demonstrate the reliability and performances of the pump for a long-term application.
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FIG. 2 – General CO range (dashed black box) and set CO (full black box) for ALFRED.
Studies of core integrity
One of the most critical issues in designing fuel assemblies for innovative fast reactors cooled by heavy liquid metals is the correct evaluation and design of spacer grids against Flow Induced Vibration (FIV). Indeed, simulation experience and validation of fluid structure interaction in fuel assemblies are still limited. An engineering experiment is foreseen aiming at providing accurate data set for the validation of numerical approaches, both for design support and safety assessment. For the FIV experiment a not-heated fuel assembly with 61-pins will be designed, instrumented and installed in HELENA2.
Two events represent the loss of the FA coolability: the flow blockage and the deformation of the pin bundle. The flow blockage can happen both internally of the spacer grid and externally, if the blockage is in the spike of the FA. Concerning the loss of coolability induced in a deformed fuel bundle, it can be experimentally studied in a deformed grid spaced rod bundle representing a part of the planned ALFRED FA. To perform the experiment a test section will be designed and manufactured for the HELENA2 loop facility. Using a rotatable deformed central rod, several positions can be experimentally studied, including a deformation with a pin-to pin contact.
Studies on core integrity and main phenomena related to the fuel dispersion after postulated accidental scenarios are carried out also in the MELTIN’POT research infrastructure. One of the foreseen systems aims at studying the chemical interaction between the fuel and the lead coolant. A second system is conceived to investigating the fuel dispersion and relocation in the coolant after a severe accident. Another system is dedicated to the study on the dispersion of fission products. A dedicated system is conceived to inject radioisotopes inside the main vessel, and the main goal is the investigation on retention/dispersion in lead of polonium isotopes.
Finally, the investigation of physical phenomena at relevant scale for the ALFRED reactor is possible thanks to the ATHENA facility, allowing the simulation of the impact of sloshing on the inner structures.
[bookmark: _Toc273892463][bookmark: _Ref291063126][bookmark: _Toc291168841][bookmark: _Toc419150733][bookmark: _Toc47110037]Steam generator/heat exchanger functionality and safety experimental studies
LFR designs are pool type reactors benefitting from the elimination of intermediate circuits (typical of, e.g., Sodium-cooled Fast Reactors), thus having the steam generators directly immersed in the primary coolant inside the reactor vessel. This solution helps the simplification of the design: neither loops in primary system, nor intermediate loops (such as in sodium fast reactor designs).
The rupture of one steam generator (SG) tube constitutes one of the key safety issues of the plant. Such a postulated accidental scenario is referred to as Steam Generator Tube Rupture (SGTR) and could affect the geometry and structural integrity of the plant, as a consequence of vessel pressurization, pressure wave propagation, possible domino effect, sloshing effects, reactivity feedback due to vapor reaching the core and slug/plug formation. The Lead-water interaction on large scale to be simulated in ATHENA facility will permit: to asses a reliable representation of safety parameters at reactor scale; to improve the knowledge of the phenomena / processes, in geometrical and operating conditions more representative of the real reactor; to address the scaling issue in connection with code applications for design and safety analysis purposes.
The SG is of overall importance and deserves accurate studies and evaluations to be qualified. The main qualification studies regard: design validation (unit isolation on demand); pressure drop characteristics; component behavior in normal operation (e.g. forced, mixed and natural convection) as well as operational transients and, as stated above, accident conditions (primarily, the SGTR event and the pressure wave propagation).
The large pool type facility ATHENA is conceived to host a 1:1 scale (in length) mock-up of the ALFRED steam generator. The number of the tubes is then scaled to the electrical power installed in the facility. The experiment will be devoted to the study of the performances in terms of heat removal and pressure drops.
[bookmark: _Toc47110042]Finally, in ALFRED two separate safety heat removal systems are currently provided, the Decay Heat Removal (DHR) system, here shown in Fig. 3, and the Emergency-DHR (E-DHR) system, whose interfaces with the reactor coolant system (RCS) are made by means of heat exchangers immersed in lead: the SGs or the Dip Coolers (DCs) respectively. One of the main goals of the ATHENA facility is to provide, in a further stage,  a full characterization and performance assessment of the IC DHR, providing also experimental data for code validation, and the features of the ALFRED’s E-DHR & Dip-Coolers, together with associated performances, will be tested, addressing their viability and supporting the related licensing process, both with a technological qualification and numerical tools validation.
[image: ]
FIG. 3 – ALFRED DHR conceptual design.
[bookmark: _Toc47110043]FA Transport System & Spent fuel element transport and cooling system
The HANDS-ON facility is conceived to test the new approach proposed for the fuel handling process of the ALFRED reactor. The concept foresees the use of a transfer cask. The procedure consists in the removal of the Dummy Assemblies (DAs), the introduction of a transfer cask in the core, the displacement of the FA inside it and, finally, the removal of the transfer cask together with the FA from the reactor. 
The transfer cask is a cylindrical structure, having a basis able to engage the lower core plate. The upper part of the transfer cask foresees a lateral window, to allow the FA to enter. The lower part of the cask has to be closed for a height sufficient to allow that the spike, the bundle and the outlet are immersed in lead. The cask is sealed before removing it from the reactor.
The new concept of the fuel handling system is characterized by different benefits: being continuously immersed in lead, the FA is safely and reliably cooled by recirculation of lead inside the transfer cask, and the latter through its outer surface by natural circulation of the containment atmosphere; the cask, being stably cooled, allows the elimination of the spent fuel pool in favour of a dry storage area; the cask can be equipped with instrumentation for a continuous monitoring of the FA; the examination of the irradiated FA is one of the goals of ALFRED reactor; the design of the transfer cask allows recovering the stored FA, at any time. If this is required after a very long time, electrical heaters can be integrated to re-melt the lead.
The objective of the HANDS-ON facility is the simulation of the approach described above in order to test and to qualify both the procedures defined and the components and the designed systems. For this purpose, the facility hosts FA mock-ups with the same shape and size of one of ALFRED; moreover, the transfer cask used for the FA handling has the same dimensions of the corresponding item to be used in ALFRED. In such a way, it will be possible to simulate in a reliable way the FA handling, its transport system and the cooling system. Both the FA mock-ups and the cask are instrumented in order to allow the control of FA and cask temperatures, to check the correct cooling during the handling operation (including simulation of accidental scenarios).
[bookmark: _Ref24459244][bookmark: _Toc24642936][bookmark: _Toc47110044]Thermal hydraulics
The investigation about the thermal-hydraulics phenomena occurring in an HLM pool during normal operation, operational transient and accidental scenarios is an important topic for a complete knowledge of an LFR behavior. Nowadays, the only European facility suitable to address this topic of investigation is CIRCE (ENEA, Italy) [4],[5]. Anyway, the refurbishment and upgrade of the CIRCE facility is not sufficient, and new facilities have to be envisaged for pool thermal hydraulics studies. For this aim the construction and operation of experimental infrastructures as ELF is mandatory. 
The ELF facility hosts in fact a Core Simulator (CS) which is a representative mock-up 1:1 in height of the ALFRED core. ALFRED will have 3 operating conditions (staged approach) with the inlet and outlet core temperature ranging from 390 to 400 °C and from 430 and 520 °C, respectively, a core thermal power ranging from 100 to 300 MW, a steam pressure ranging from 170 to 180 bar and a steam temperature ranging from 420 to 450 °C. The ALFRED’s core is composed by 134 Fuel Assemblies (FAs); within each FA, a bundle of 126 fuel rods are arranged in a triangular lattice, and the core is completed by 12 control rods, 4 safety devices and 102 Dummy Assemblies (DAs). In particularConsidering this scenario of ALFRED, the CS in ELF is composed by a total of 31 Sub-Assemblies (S/As) arranged in a triangular lattice to form a pseudo-cylinder: 16 assemblies electrically heated, representing the Fuel Assemblies (FAs), 1 in-pile section (IPS) and 2 control rods (CRs), which are surrounded by 12 Dummy Assemblies (DAs). The ELF FA reproduces the Spike region, the bottom shroud and the outlet holes. Furthermore, each FA is composed by a central dummy pin and 36 electrical pins with an active length of 810 mm (the same of ALFRED), placed in a hexagonal lattice for a total of 576 electrical pins. The core simulator is surrounded by a baffle following the perimeter of the external assemblies, reproducing in this way the ALFRED core baffle.
Finally, the integral tests represent a key point in the R&D activities dedicated to the development of LFRs. From the execution of such tests it is possible to gather important data concerning the facility operation during steady state normal operation, operational transients and postulated accidental scenarios. ELF is the most suitable facility for the run of integral tests, thanks to its relevant dimensions and the representativeness of the components with respect to the ones of ALFRED, including but not being limited to phenomena and processes of interest at system level and connected with design, safety and operation issues; simulations and analyses of a broad spectrum of accident scenarios; accident management procedures; component testing; scaling issue; generating databases for supporting licensing process; codes assessment and validation.
[bookmark: _Toc47110050]HLM pump and corrosion/erosion studies
ALFRED will be equipped with a vertical Lead pump, here illustrated in Fig. 4. In terms of its main data, the nominal head will be 1.5 m, the nominal flow rate will be 1908 m3/h, the lead velocity will be ~10 m/s at maximum and the rotational speed will be ~290 rpm; the bulk material will be AISI316L or AISI321, protected by alumina coating. Thus, corrosion/erosion studies are envisaged in terms of the reactor coolant pump performance, material and long termlong-term assessments. A prototypical vertical pump is to be tested into the ATHENA facility placed inside the riser duct pumping lead from the heater to the steam generator distributor. The experimental test is devoted to characterizing hydraulic performances in terms of pressure head and mass flow rate, addressing efficiency. The tests will be performed as function of the rotating speed. Moreover, an assessment of the pressure drops through the impeller, casing and duct with pump shut down will be investigated as a relevant parameter for the natural circulation characterization. Experiments investigating pump cost down will be performed to support the transient analysis. In terms of design validation, the tests are devoted to investigating a) sealing performances; b) bearing characterization; c) vibrations along the pump shaft and c) characterization of pump impeller materials (coupled with the preliminary results gained by the experiments in CHEMLAB).
An experimental investigation has to be addressed also for the pumps of the primary system which are essential for the reactor reliability. In fact, such components work in a severe environment due to the operation with lead. For this reason, the experimental investigation is mandatory for testing of materials, characterizations of the mechanical parts, performance tests and reliability of the component. In particular, R&D activities are connected with the evaluation of the pump performance as well as their long-term reliability. For this purpose, ELF is equipped with three prototypes of the ALFRED vertical pumps in order to test their reliability and robustness during long run tests and transients.
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FIG. 4 – Lateral (left) and bottom (right) views of the ALFRED reactor coolant pump.
[bookmark: _Ref24459297][bookmark: _Toc24472636][bookmark: _Toc46697458][bookmark: _Toc47110053]Neutronics
The neutronic qualification of a reactor core design by prototypic mockups is an almost impossible task, in facts being practically the purpose of the commissioning tests anticipating the operation of any new reactor. Before these tests, it is responsibility of the neutronic analysts to acquire the soundest possible confidence on the simulation codes, also standing on any available representative real case. Since many codes exist worldwide, focus was oriented to those that have been successfully employed in the past in support to design and licensing of real reactors, so to rely on a sound basis for their full qualification. These codes, however, were applied mostly to LWRs (e.g., MCNP [10]) or SFRs (e.g., ERANOS [9]), so that the extension of their validity to the specific LFR domain remains the main open issue. Additionally, in the perspective of a commercial deployment and of fulfilling sustainability Gen-IV objectives (i.e., MA burning), reduction of nuclear data uncertainties is required.
The specific topics concerning neutronic issues related to LFR development are: Qualification of codes for LFR licensing & operation (validation of critical mass estimation, validation of absorbers worth estimation, validation of flux/power gradients prediction, validation of reactivity effects – Doppler, coolant density, geometry etc. – estimation, validation of neutrons transport prediction in lead, validation of spent fuel composition and decay power prediction, validation of neutron-induced structural damage prediction, 	validation of shielding design); measurements for nuclear data improvement (uncertainty reduction on main cross sections – Pb, 238U, 241Pu, etc. –, uncertainty reduction on MA cross-sections).
The experimental database for qualification comprises representative integral tests, which are mainly referred to experiments conducted on (zero power) reactors. The International Handbook of Evaluated Reactor Physics Benchmark Experiments (IRPhE) database [6], maintained by the OECD/NEA, is the main source of information about relevant experiments to serve the qualification of neutronic codes. However, among the fast-spectrum experiments, almost all targeted the qualification of SFR designs, so that a gap in representativeness can still be identified for the LFR application domain.
[bookmark: _Toc47110054]Fuel Irradiation Testing
For ALFRED development, the material qualification under irradiation and the qualification of advanced fuels are open issues. For the assessment of such issues, material testing reactors, transient testing reactors and hot labs are needed. In the following R&D needs are outlined, considering that for ALFRED the reference fuel is standard FR MOX cladded by 15-15 Ti Steel (AIM-1) with/without coating. It is necessary to complement the database on irradiation performance of candidate materials on the following aspects: coolant-clad interaction (corrosion in lead under irradiation, behavior of degraded cladding, irradiation embrittlement of selected materials – e.g. AFA, 15-15 Ti, AISI316L); irradiation creep (mechanical load, fission gas, in principle covered by the use of proven technology except for the coating); irradiation swelling (in principle covered by the use of proven technology except for the coating); coating coolant interaction; coating integrity.
Moreover, a notional Technology Implementation Plan (TIP) for the development, testing, and qualification of a prototypic fuel element to support design and licensing of an innovative fuel assembly for ALFRED (e.g. UN fuel with AFA cladding) is being currently depicted [7]. This TIP outlines a generic methodology for the progression from non-nuclear out-of-pile (OOP) testing through nuclear in-pile (IP) testing, at operational temperatures, flows, and specific powers, of a FA element in an existing test reactor. Subsequent post-irradiation examination (PIE) will occur in existing radiological facilities.  The goals of OOP and IP testing are to provide confidence in the operational performance of fuel system concepts, as well as to provide data for the licensing.
THE NEEDS FOR CODES’ VERIFICATION AND VALIDATION
Experimental data are fundamental for supporting the development and demonstrating the reliability of computer codes in simulating the behaviour of an NPP, or its systems and components, during normal operation or a postulated accident scenario: in general, this is a regulatory requirement. However, the user always has the responsibility of the appropriate use of such codes. The following main categories of codes are identified as explained hereafter.
2. Reactor physics and radiation shielding codes
These codes are used for physics design and safety analysis. The objectives are: to model the core in steady-state conditions and to determine its reactivity, as well as the global flux and power distributions; to determine the reactivity feedbacks and the core response to different perturbations; to define the configuration and features of control and emergency shutdown rods; to analyse the behaviour of the core in transients, from in normal operation to accident conditions; to investigate the core depletion, the refuelling schemes, the discharge burn-up as well as its distribution; to ensure that the radiation-induced damage to the reactor structures remains below acceptable limits; to ensure that the radiation levels in all the premises of the reactor remain below the limits set by the regulation for radiation protection. In case of LFR technology, codes available to fulfil the objectives above are: ERANOS [9] and MCNP [10] (or Serpent [11]) codes for (static) deterministic and stochastic neutron transport calculations; the SCALE package [12] for cross-section generation. It is required to enhance and to validate multi-group and continuous-energy neutron and photon nuclear cross section libraries, dedicated respectively to deterministic and stochastic (e.g. Monte Carlo) transport codes.
Fuel and Sub-channels behaviour codes
[bookmark: OLE_LINK62][bookmark: OLE_LINK63][bookmark: OLE_LINK64][bookmark: OLE_LINK65]Fuel Performance Codes [13] are developed for predicting the fuel rod behaviour of nuclear power reactors in normal operation and accidental conditions. The issues to be investigated in the LFR technology related to the fuel pin may be preliminary classified as follows [54]: high burn-up performance in normal operation; Fission Gas Release (FGR) and inner pin pressurization in steady state and transient conditions; cladding performance with respect to fuel-cladding mechanical interaction “FCMI” and fuel-cladding chemical interaction “FCCI” phenomena (steady state and transient); fuel and cladding nuclear qualification in lead environment. 
Sub-channel analysis is devoted to the prediction of the flow, enthalpy and temperature distribution in the coolant flow channels and on the cladding outer surface as a minimum, and for this represent the most widely acknowledged methods for the thermal-hydraulic analysis of fuel and non-fuel assemblies. In the LFR domain, their development and effectiveness are enhanced with respect to (e.g.) Light Water Reactors (LWRs), being the coolant boiling excluded in the analysis. Nevertheless, their applicability is typically limited to steady-state and some transient conditions, while their use might be challenging if the freezing of the lead is considered. The sub-channel code ANTEO+ [14] could be efficiently used, since it has been specifically developed for this purpose. RELAP5 codes [15] are being up-dated and validated [16] in LBE for different fuel bundle configurations (i.e. ELSY and MYRRHA). Also the CFD codes (see the dedicated Section 3.6), thanks to the computational resources available and the level of detail of these analyses, are expected to play a relevant role as soon as they will be qualified for specific design justification purposes.
Structural Analysis codes
Commercial FEM codes can be used for the structural mechanics’ analyses. The challenge of the application is connected 1) with the proper evaluation of the loads, connected with the reliability of the working assumptions or the numerical predictions of other codes; 2) with the material properties and performances under irradiation in flowing Lead coolant; and 3) the codes and standards employed to assess the design criteria. In some cases, notably related to the analysis of special components where irradiation-induced effects are definitely not negligible, a different approach was historically followed, and is still pursued by large research organizations. Among the consolidated ad-hoc structural analysis codes, are worth mentioning the Japanese BAMBOO [17] and the French SOLO [18] FA analysis codes, as well as the French HARMONIE [18] and the US NUBOW-3D [19] core restraint codes.
System thermo-hydraulic codes
System thermo-hydraulic codes such as ATHLET [20], CATHARE2 [21], RELAP5 [22], [23], SASSYS-1/SAS4A [24], TRACE [25],[26], etc. are specifically designed for the system analysis. They model the systems with hundreds or thousands of components and have, in principle, suitable capabilities to support the development of the LFR. These codes have been developed to simulate thermal-hydraulic transients in reactor systems that use light water as the working fluid. Nevertheless, their general structure allows their development to simulate other working fluids. Considering the LFR, these codes have limited validation activities carried out during the last years. Largest part of these activities is carried out with RELAP5/Mod3 and RELAP5-3D. They are mainly based on experiments carried out at the ENEA, KTH, and SCK·CEN research centre. The data available and the validation are more extended, if sodium is also considered. Besides the general approach required to set-up and validate the code models prior the application to the analysis, two well-known phenomena challenging for System thermo-hydraulic codes can be postulated ex-ante. They are: the mixing and the thermal stratification, which cannot be accurately modelled; and the fluid conduction, neglected in the codes. These are evaluated depending upon the geometries and transients during the validation process.
Severe Accident codes
SIMMER-IV [27] a three-dimensional (3-D), multi-velocity-field, multi-phase, multi-component, Eulerian, fluid dynamics code system coupled with a structure model for fuel pins, hexcans and general structures, plus a space-, angle-, time- and energy-dependent transport theory neutron dynamics model. An elaborate analytical equation of state (EOS) model closes the fluid dynamics conservation equations. 
The fluid dynamics portion is interfaced with a structure model through heat and mass transfer at structure surfaces. The neutronics part provides nuclear heat sources based on time-dependent neutron flux distributions consistent with the mass and energy distributions. The SIMMER codes family was primarily developed for mechanistic analyses of transients and accidents in Liquid Metal Fast Reactors (LMFR) and is used as a reference tool for severe accident simulations. Pioneering applications of this code to the SA analysis of HLM reactors is conducted in Ref. [28]. R&D activities are conducted to investigate the fuel-coolant chemical interaction [8].
[bookmark: _Ref70519484]Computational Fluid Dynamics codes
Considering the Computational Fluid Dynamics (CFD), the challenges are connected with the pool based LFR design and the features of the HLM (i.e. high density, low Pr). Both commercial (e.g. ANSYS CFX [29], ANSYS Fluent [30], STAR.CCM+ [31]) and open source (e.g. OpenFOAM [32]) can be used for the simulations. The open-source fluid/thermal simulation US code Nek5000 is designed specifically for transitional and turbulent flows in complex domains. Nek5000 is based on the spectral element method (SEM), a high-order weighted residual technique that combines the geometric flexibility of finite elements with the rapid convergence and tensor-product efficiencies of global spectral methods. Nek5000 has been validated extensively both in Direct Numerical Simulation (DNS) and LES mode. CFD simulations can investigate the thermal-hydraulic behaviour of components or local zones in steady state and transient conditions, providing high level three-dimensional detail of the thermal and flow fields. It is expected their applications for simulating, to different extent, the fuel assembly (including sub-channel analysis); the hot and cold pools, the hot pool free level surface, the heat exchanger outlet. Validation activities will play a key role in order to reduce the uncertainty in the prediction, to define procedures for proper code application, thus ensuring the results are not affected by the user, and to demonstrate the reliability and the accuracy of the numerical results.
Coupled codes
More realistic simulations of complex phenomena and transients may require the coupling of different codes. This coupling techniques include mainly thermal-hydraulic system and reactor kinetics codes, as well as specific codes for the containment thermal-hydraulics, structural mechanics, and CFD. Given the implicit assumption that the codes are qualified for the specific application, the employment of the coupled codes requires the V&V of the coupling technique and of the coupled code, and then the qualification. Different types of coupling tools are postulated relevant for the simulation of the LFR, like SYS-TH/3D-NK [8] (simulating the reactivity-initiated accidents (RIA) and the unprotected transients), SYS-TH/CFD [8] (simulating a system analysis, including integrated, detailed mechanistic calculations of the pool or of the fuel assemblies, or of the steam generator primary system) and SYS-TH/SA [33] (simulating multi-fluid, multi-dimensional system).
SUMMARY AND CONCLUSIONS
In the present paper the R&D needs for the LFR technology, considering in particular the current status of the ALFRED conceptual design as well as of the research infrastructures’ implementation in Romania, have been presented. A comprehensive summary is here proposed in Table 1, including a prioritization of activities as well as the foreseen facilities of the ALFRED Research Infrastructure being able to address the specific R&D need. The priority level was associated to each R&D need considering the lack of completeness and/or full applicability of the already existing experimental results for the LFR technology as well the key importance role that it is expected to play in support to the licensing phase of ALFRED.

TABLE 1.	R&D NEEDS AND ASSOCIATED PRIORITIES
	Topic
	R&D Needs
	Priority Level
	Research Infrastructure

	Material Studies and coolant chemistry
	Coolant Chemistry and Corrosion in lead
	High
	CHEMLAB
ATHENA
ELF

	
	Embrittlement and degradation of structures by liquid metal
	High
	CHEMLAB

	
	High temperature materials for long term perspectives
	Low
	CHEMLAB
ELF

	
	Irradiation effects on materials
	Medium
	ALFRED

	
	Impeller pump materials
	High
	CHEMLAB
ATHENA
ELF

	Studies of Core integrity
	Fuel Manipulator Assessment 
	High
	HANDS ON

	
	Fuel Assembly Structure and Support
	Medium
	HELENA2
HANDS ON

	
	Fuel Assembly Characterization
	Medium
	HELENA2

	
	Fuel Assembly Coolability
	Medium
	HELENA2

	
	Core Arrangement integrity and safety systems
	High
	MELTIN’POT

	
	Control Rods
	Medium
	ATHENA

	Steam Generators / Heat Exchanger functionality and safety experimental studies
	Lead-Water interaction and SGTR event
	Medium
	ATHENA

	
	Steam generator
	Medium
	ATHENA
ELF

	
	Auxiliary nuclear systems
	High
	ATHENA
ELF

	Fuel assembly transport system & spent fuel element transport and cooling system
	Remote fuel assembly handling, cask transfer in spent pool
	High
	HANDS ON

	Thermal hydraulics
	HLM pool thermal hydraulics
	High
	ATHENA
ELF

	
	Core thermal hydraulics
	High
	ELF

	
	Integral tests
	High
	ELF

	
	Long run tests
	Medium
	ELF

	
	Fuel assembly thermal hydraulics
	Medium
	ATHENA
ELF

	HLM pump and corrosion/erosion studies
	Reactor coolant pump performance and material assessment
	High
	HELENA2
ATHENA

	
	[bookmark: _Hlk70517138]Reactor coolant pump long term assessment
	Medium
	ELF

	Neutronics
	Measurement for nuclear data improvement
	Low
	Zero Power EU Reactors (like TRIGA in Pitesti)

	Fuel Irradiation Testing
	Irradiation effects on cladding materials
	High
	ALFRED

	
	Irradiation testing and qualification for innovative nuclear fuel
	Low
	ALFRED



FinallyMoreover, high priority is assigned to code Verification and Validation. In this regard, a dedicated program plan will be defined in parallel to the development of the ALFRED Research Infrastructure to determine the best physics modeling capabilities needed in system codes and will include assessments for the quantification of uncertainties in code predictions as well as for the scaling issues – Tthe needs for the experiments mentioned above shall also serve to to make available experimental database for code validation. 
In general, one of the main outcome of the whole experimental campaign will be the support to the deterministic approach forto t the license of the ALFRED reactor in Romania which for sure has issues, needs and constrains and, in parallel, to make available experimental database for code validation. In fact, the main foreseen need, currently being addressed, is to initiate a formal pre-licensing phase, because of the innovative nature of the LFR technology. This will allow to prepare the subsequent licensing on sound and comprehensive bases, as well as to setup early dialogues with the safety authority. The pre-licensing phase foresees the establishment of the normative framework, the preliminary validation of the reactor design and, finally, the agreement on a “Safety Demonstration Programme” providing the experimental evidence required to justify the safety claims of the proposed design on those areas not covered by the established normative framework. In this regard, the list of prioritized ALFRED R&D needs discussed in the present paper is a key element being now addressed.
References
[bookmark: _Ref70511781][bookmark: _Ref69726636][bookmark: _Ref69723077]Tuček, K., et al., 2016. Identiﬁcation and categorisation of safety issues for ESNII reactor concepts. Part I: common phenomena related to materials. Ann. Nucl. Energy 87, 411–425.
[bookmark: _Ref70511782]Toshinsky, G.I., et al., 2011. Eﬀect of potential energy stored in reactor facility coolant on NPP safety and economic parameters. ICAPP-11.
Diaconu, D., Constantin, M., Niţoi, M., Turcu, I., Gugiu, D., Apostol, M., Preduţ, R., Chirleşan, D., Plăiaşu, G., Dupleac, D., Drăguşin, M., & Purica, I. (2020). Pro ALFRED: Towards an Increased Romanian Participation in the ALFRED Infrastructure Development. Journal of Nuclear Research and Development, (19), 46-54. 
[bookmark: _Ref46327850]Lorusso P., Pesetti A., Tarantino M., Narcisi V., Giannetti F., Forgione N., Del Nevo A., 2019, Experimental Analysis Of Stationary And Transient Scenarios Of ALFRED Steam Generator Bayonet Tube In CIRCE-HERO Facility, Nuclear Engineering and Design 352 (2019) 110169, https://doi.org/10.1016/j.nucengdes.2019.110169. 
[bookmark: _Ref46327852]Lorusso P., Pesetti A., Barone G., Castelliti D., Caruso G., Forgione N., Giannetti F., Martelli D., Rozzia D., Van Tichelen K., Tarantino M., 2019, MYRRHA primary heat exchanger experimental simulations on CIRCE-HERO, Nuclear Engineering and Design 353 (2019) 110270, https://doi.org/10.1016/j.nucengdes.2019.110270. 
[bookmark: _Ref46835407]International Handbook of Evaluated Reactor Physics Benchmark Experiments. OECD/NEA, 2019. Available on request through the NEA at https://www.oecd-nea.org/science/wprs/irphe/handbook.html.
http://www.osti.gov/scitech/, ORNL/TM- 2017/376
[bookmark: _Ref532039529]A. Del Nevo, A. Cervone, G. Grasso, M. Tarantino, T. Barani, A. Cammi, M. Cerini, S. Cervino, L. Cognini, L. De Luca, L. Luzzi, M. Giola E. Macerata, M. Mariani, S. Lorenzi, D. Pizzocri, R. Bonifetto, D. Caron, S. Dulla, P. Ravetto, L. Savoldi, R. Zanino, L. Chirco, R. Da Vià, S. Manservisi, G. Caruso, M. Frullini, F. Giannetti, V. Narcisi, A. Subioli, M. Angelucci, G. Barone, N. Forgione, R. Lo Frano, A. Pesetti, C. Ulissi, Development of best estimate numerical tools for LFR design and safety analysis, AdP MISE-ENEA, ENEA rerpot, ADPFISS-LP2-144 Rev. 0, Dec. 2017, 300 pages.
[bookmark: _Ref531964750]J.M. Ruggieri, et al., ERANOS 2.1 : International Code System for GEN IV Fast Reactor Analysis, Proc. of ICAPP 2006, Reno, NV, USA, June 4-8, 2006, Paper 6360.
[bookmark: _Ref531964751][bookmark: OLE_LINK37][bookmark: OLE_LINK38][bookmark: OLE_LINK39][bookmark: OLE_LINK40]T. Goorley, et al., MCNP6 Release Overview, LA-UR-11-05198, Los Alamos National Laboratory, USA, 2011.
[bookmark: _Ref501011257]J. Leppänen et al., The Serpent Monte Carlo code: Status, development and applications in 2013, Ann. of Nuc. Energy 82 (2015) 142-150.
[bookmark: _Ref531964752]SCALE-4.4a: A Modular Code System for Performing Standardized Computer Analyses for Licensing Evaluation, ORNL/NUREG-CR-0200, Rev. 6, Oak Ridge National Laboratory (2000).
[bookmark: _Ref531968639]P. Van Uffelen, Modelling of Nuclear Fuel Behaviour. Publications Office, JRC Publications, Report EUR 22321 EN, European Commission, 2006.
[bookmark: OLE_LINK95][bookmark: _Ref501011238]F. Lodi et al. ANTEO+: A subchannel code for thermal-hydraulic analysis of liquid metal cooled systems. Nucl. Eng. Des. 301:128-152 (2016).
[bookmark: _Ref532120681]M. Memmott, J. Buongiorno, .P. Hejzlar, On the use of RELAP5-3D as a subchannel analysis code, Nuc. Eng. Des., 240 (2010), pp. 807-815.
[bookmark: _Ref532055281]N. Forgione, et Al, Blind Simulations of NACIE-UP Experimental Tests by STH Codes, Proc. of 26th Int. Conf. on Nuc. Eng. (ICONE26), London, England, July 22–26, 2018, Paper No. ICONE26- 81434, 10 pages.
[bookmark: _Ref46858425]T. Uwaba et al. Development of a FBR fuel bundle-duct interaction analysis code-BAMBOO. Analysis model and verification by Phénix high burn-up fuel subassemblies. J. Nucl. Sci. Technol. 42(7):608-617 (2005).
[bookmark: _Ref46858432]A. Bernard. Calculation of equilibrium configurations of a hexagonal array of deformed subassemblies. In Proceedings of Fifth International Conference on Structural Mechanics in Reactor Technology (SMiRT-5), Berlin, Germany, August 13-17, 1971.
[bookmark: _Ref46858442]G.A. McLennan. NUBOW-3D (inelastic): a fortran program for the static three-dimensional analysis of bowed reactor cores, including irradiation creep and swelling. Trans. Am. Nucl. Soc. 30:572-573 (1978).
[bookmark: _Ref532050525]M.J. Burell, D. Enix, E. Lerchel, J. Miro, V. Teschendorff, K. Wolfert, The Thermal-Hydraulic Code ATHLET for Analysis of PWR and BWR Systems, Fourth Int. Meeting on Nuclear Reactor Thermal-Hydraulics, NURETH-4, Proc. Vol. 2, pp. 1234-1239.
[bookmark: _Ref532050526]G. Lavialle, The CATHARE 2 V2.5 code: Main features, CATHARE-NEPTUNE International Seminar, Grenoble, May 10-12, 2004.
[bookmark: _Ref532050528]RELAP5/MOD3 Code Manual, Volume I: Code Structure, System Models and Solution Methods, NUREG/CR-5535, 1995.
[bookmark: _Ref498970960]INL, The RELAP5-3D© Code Development Team, RELAP5-3D© Code Manual Volume IV: Models and Correlations, INL/MIS-15-36723, Revision 4.3, October 2015. 
https://www.anl.gov/tcp/sas4asassys1-fast-reactor-safety-analysis-code 
[bookmark: _Ref532050530]TRACE-V5.0, Theory Manual, 2007.
[bookmark: _Ref532050531]TRACE V5.0 Assessment Manual, 2007.
[bookmark: _Ref532116625]H. Yamano, et al., SIMMER-IV: A Three-Dimensional Computer Program for LMFR Core Disruptive Accident Analysis, JNC-TN—9400-2003-070 (2003).
[bookmark: _Ref532122494]S. Buckingham, P. Planquart, M. Eboli, V. Moreau, K. Van Tichelen, Simulation of fuel dispersion in the MYRRHA-FASTEF primary coolant with CFD and SIMMER-IV, Nuc. Eng. Des., 295 (2015), pp. 74-83.
https://www.ansys.com/products/fluids/ansys-cfx 
https://www.ansys.com/products/fluids/ansys-fluent 
https://mdx.plm.automation.siemens.com/star-ccm-plus 
https://openfoam.org/ 
[bookmark: _Ref532137981]B. Gonfiotti, et al, Development of a SIMMER\RELAP5 coupling tool, Proc. of the 30th SOFT, Italy, 2018.
	

	



Example paper.docx



13
image1.png
WHITE BOOK - Adobe Acrobat Reader DC

File Modifica Vista Fingstra 2

Home  Strumenti WHITEBOOK X @ Accedi
® B Q ® © =/ OO 6 m- T B 2 &
[3 Esporta PDF v
N CreaPDF v
E2 Modifica PDF
® B commento
ELF & HELENA-2 Meltin'Pot in PIEL
Combinate i file v
£[] Organizza pagine v
A Redigere
Proteggere
B ottimizza POF

Compila e firma
Adobe Sign
[ invia per revisione

/% Altri strumenti

Auxiliary Building

Figure 1.3 - Siting of the elements of the ALFRED Research Infrastructure at the Mioveni platform.

Along with the Romanian Government, the local authorities, consulted in the early stages of the
decision-making process so to enforce a sense of transparency and social participation, expressed Converts  modifica i POF

con Acrobat Pro DC





image2.png
Colwt. %)

1602 ¢

HLM oxidation

Gre = Cre,umt
teos | Pb/PO eq. t300°C {are <1}

il |
I

[ -

1606 |

Fe/Fe,0,eq.

1610 |
steel dissolution
1612 |
1614
200 300 00 500 600 700

LBE Temperature (°C)

Colwt.%)

1602

1604 ¢

1608 |

1610

1612 |

HLM oxidation
.56

Pb/PbO eq. o Cron
/Ph0 ¢ o<

| . N_--

steel dissolution

Fe/Fe,0, eq.

00
Pb Temperature (°C)

500 600




image3.png
Safety system
inlet valve

Isolation Noncondensable
Condensér Gas Tank

Safety system
outlet valve

Feedwater
isolation valve

Safety relief

valve \

Steamline
isolation valve

Bayonet
steam
generator




image4.png
ALFRED-PRO-REP-015_0.pdf - Adobe Acrobat Reader DC
File Modifica Vista Finestra 7

Home  Strumenti rdg-programme-o... ALFRED-PRO-REP-... X

® B8 HQ ®© s/ A MO O m- B

<f
o

7 &

Figure 4.7 — Lateral (left) and bottom (right) views of the ALFRED reactor coolant pump.

A4 Cafos..

H O scrivi qui per eseguire la ricerca

o w

=]
P

i
%

Esporta PDF
Crea PDF
Modifica PDF
‘Commento
Combinate i file
Organizza pagine
Redigere
Proteggere
Ottimizza PDF
Compila e firma
Adobe Sign

Invia per revisione

Altri strumenti

Converti e modifica i PDF

con Acrobat Pro DC

Attiva versione di prova





