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Abstract

MYRRHA is a flexible fast-spectrum pool-type research reactor cooled by lead bismuth eutectic (LBE), under development at the Belgian Nuclear Research Centre (SCK CEN). The research and development program (R&D) supports both the design and the safety assessment of the reactor in view of pre-licensing. The R&D activities aim to bridge the knowledge gap in several areas like fuel behaviour, LBE chemistry, radiological release, material-coolant compatibility, and thermal-hydraulics. It is needed to increase the confidence in the prediction of the reactor response in different scenarios.
In this context, thermal-hydraulic experiments are necessary at different scales. Separate-effect tests allow the investigation of basic phenomena like turbulent heat transfer in liquid metals. Prototypical tests provide a direct confirmation of the thermal-hydraulic behaviour of a given component. Integral tests represent the dynamic evolution of the system accounting for the interaction between components. Thus, a complete study requires many experimental facilities that focus on specific features and need specific instrumentation, supported by numerical simulations. Apart from the experimental and simulation work at SCK CEN, MYRRHA also relies strongly on collaboration with partner research institutions worldwide.
This article covers the main achievements from in-house thermal-hydraulic experiments in recent years and outlines further needs identified for the near future. Examples of completed experiments on fuel assembly and pool thermal-hydraulics and ongoing activities related to key components such as the primary heat exchanger and primary pump are presented. 
1. INTRODUCTION
The Belgian Nuclear Research Centre (SCK CEN) is developing the MYRRHA research infrastructure in Mol, Belgium. This facility will demonstrate the concept of an accelerator-driven system (ADS) at an industrially relevant scale. A high-level requirement for the power is to be no less than 50 MW. The three main components are a proton accelerator, a spallation target and a subcritical nuclear reactor. The coupled operation of these systems will, among others, allow the study of efficient transmutation of high-level nuclear waste, and provide relevant operational experience for upscaling to an industrial system. MYRRHA is a research facility that can provide irradiation services to a broad range of applications, including testing of components, materials qualification and production of radioisotopes for medical and industrial applications.
In September, 2018, the Belgian government formally decided to support the construction of MYRRHA, with a total financial commitment of 558 Million Euros, in a phase approach [1], as follows.

Phase 1 entails the construction of the first part of the proton accelerator up to 100 MeV, including a proton target facility and a system for Isotope Separator On-Line (ISOL). This first facility is called MINERVA and will be available in 2026.
· In phase 2, the accelerator shall be extended up to 600 MeV
· Phase 3 covers the reactor facility, and the coupling with the accelerator

This phased approach allows to spread the investment cost, reduce the technical risk and to have a first testing infrastructure operational by 2026. In this context, a new baseline for the MYRRHA Reactor Facility is being implemented. A description of the baseline primary system from a thermal-hydraulic perspective is given in section 2, and an overview of the associated R&D program for thermal-hydraulic studies is presented in section 3. Selected experimental campaigns are described in section 4 and 5, and concluding remarks are summarized in section 6. 
2. THE MYRRHA PRIMARY SYSTEM desigN
[bookmark: _GoBack]Following new scientific insights provided by the supporting R&D program and changes in top level requirements as per the reactor scope definition, the design of MYRRHA evolved over time, as summarized in Table 1. The current revision 1.8 is at the conceptual design stage, expected to be completed in 2024. 

TABLE 1.	OVERVIEW OF THE MYRRHA DESIGN EVOLUTION UNTIL CURRENT REVISION 1.8

	
	Unit
	Rev. 1.6
	Rev 1.8
	Observations

	Year
	-
	2014
	2020
	

	Core external diameter
	mm
	1790
	1630
	

	Core height
	mm
	2500
	2500
	

	Core active length
	mm
	650
	650
	

	Vessel internal diameter
	mm
	10400
	8500
	

	Vessel total height
	mm
	16000
	12060
	Transport limitations

	Nominal power
	MW
	100
	64
	

	Shutdown temperature
	°C
	200
	200
	

	Core inlet temperature
	°C
	270
	220
	

	Core outlet temperature
	°C
	360
	306
	

	Max. clad temperature
	°C
	466
	400
	Cladding corrosion

	Hot plenum temperature
	°C
	325
	Max. 270
	

	Coolant velocity in core
	m/s
	2.0
	2.0
	

	Secondary coolant 
	-
	H2O 16bara
	H2O 16 bara
	

	Heat exchanger design
	-
	Single-walled
	Double-walled
	Prevent interaction 



Addressing technical issues identified for the immediately previous revision 1.6, the following key modifications are incorporated into revision 1.8.

All operating temperatures are reduced, mainly aiming to mitigate LBE corrosion in the core region. Based on the results of experimental corrosion studies for the cladding material 15-15Ti [2], it was decided to limit the peak cladding temperature during normal operation to 400°C.
Increased volatility of polonium (activation product from bismuth) was observed in tests including water interaction with contaminated LBE [3]. Aiming to exclude the water-LBE interaction by design, a double-walled design is developed for the primary heat exchanger, including online monitoring of the integrity of both barriers.
Due to transport limitations, and in view of reducing overall costs, the maximum height or width of individual components is limited to 11.25m. This aspect, in combination with the previous two, results in a reduction of the nominal core power to 64 MW, with the heat sink rated at maximum 70 MW.

A pool design is selected as the main architecture for MYRRHA, with all components of the primary system housed within the reactor vessel, and inserted from the top, penetrating through the reactor cover. This reactor primary vessel is surrounded by a safety vessel as shown in Figure 1.
In all conditions, the reactor core as assembled in the core barrel, is fully covered by LBE. The core consists of 163 hexagonal positions, 37 of which are multi-functional channels directly accessible from the top. These are reserved for the control and scram rods, the central spallation target assembly, instrumentation and surveillance capsules and in-pile sections for irradiation experiments. In the other positions, fuel and reflector assemblies are loaded from the bottom, and fixated by a core restraint system. 
A single in-vessel fuel-handling machine (IVFHM), is installed in the vessel for all fuel manipulations from below the core. Loading and unloading of fuel assemblies is performed by the IFVHM between the core and an in-vessel fuel storage, with a capacity to accommodate all assemblies necessary to complete three operation cycles of 90 days each. Two short maintenance periods of 30 days are foreseen for fuel reshuffling and installing experiments in the in-pile sections, followed by a longer maintenance period of 90 days for ex-vessel fuel loading and other activities, averaging an availability factor of 64%. 

[image: ]
[bookmark: _Ref474425344]FIG. 1. MYRRHA reactor assembly (rev. 1.8). Main components: A: primary vessel. B: safety vessel. C: diaphragm. D: reactor cover. E: core barrel. F: primary heat exchanger (4). G: primary pump (2). H: core restraint system. I: fuel transfer channel. J: decay heat removal valves. K: pump auxiliary lines. L: multi-functional channels (37). M: proton beam  

The diaphragm is a complex geometrical structure separating the cold and hot plena, essentially defining the flow path of the LBE coolant during normal operation, show in Figure 2.
Each primary pump (PP) sucks LBE directly from the outlet of two primary heat exchangers (PHXs) at the bottom, and discharges it into the cold plenum at a higher position. Cold LBE flows upwards from the bottom part of the cold plenum through the core, where it is heated up. In the hot plenum downstream of the core, horizontal pipes connect directly to the inlet of the four PHXs. A difference in LBE level between cold and hot plena is established, corresponding to the pressure drop across the core and above-core structure. The lowest LBE level corresponds to the free surface at the inlet of the PHX. The pumps impose an upward flow and discharge in the pool. In this arrangement, the hot plenum is limited to the region directly above the core. An in-vessel fuel storage (IVFS) is also placed in the cold plenum, but it is not in the main flow path (in line with the pump). Cooling is only provided by natural circulation, within the cold plenum.
Two decay heat removal (DHR) systems are considered, always assuming that the primary pumps are not operational and sufficient cooling must be provided by natural circulation. In DHR1, cooling is provided at the PHX where at least 1 of 4 is assumed to be operational. The flow path established by natural circulation between the heat source (core) and sink (PHX) is analogue to the one in normal operation, albeit at lower velocities. The current design reserves the option to incorporate additional valves to bypass the primary pumps, thus improving the natural circulation. In DHR2, the reactor vessel auxiliary cooling system (RVACS) is activated in the gap between the primary and safety vessels. The heat sink is thus placed at the outer wall of the primary vessel. If necessary, the flow path through the PHX could be bypassed, discharged directly into the pool for optimizing the flow. Numerical simulations are ongoing to evaluate whether these bypass valves are strictly necessary. 
3. OVERVIEW OF THE MYRRHA THERMAL-HYDRAULICS R&D PROGRAM
The thermal hydraulic behaviour of heavy liquid metals such as Lead Bismuth Eutectic (LBE) or pure lead, is not necessarily the same as that of other well-known heat transfer fluids such as water, oils or even light liquid metals like sodium. As a result, an extensive experimental and numerical thermal-hydraulics research effort is needed in support of the design of MYRRHA and its safety assessment. 
[image: ]
FIG. 2. Flow paths in the MYRRHA primary system during normal operation 

In general, several types of thermal hydraulic R&D experiments can be distinguished. Firstly, there are fundamental thermal-hydraulic (FT) experiments that are usually done in relatively small, well instrumented set-ups. The objective is to study a single phenomenon where the geometry of the experiment is optimized for that purpose. Validation tests (VT) are performed to “calibrate” numerical models that will be applied to components or the reactor as a whole. For these experiments, detailed instrumentation is also important while moreover, the geometry, the experimental conditions and coolant should be as representative as possible for an optimal validation. However, often a compromise is required between the achievable detail of instrumentation and representativeness. The third type of experiments are proof of concept (POC) tests. In these, a simplified mock-up of a component or sometimes the full reactor is used to verify a design concept or procedure. Representativeness gains importance relative to the previous two types. The final type are the so-called full-scale tests (FST) where a full size copy of a component is tested. Representativeness is optimized. 
Experiments are planned as needed for the different stages in the development of MYRRHA. An overview of completed and ongoing thermal-hydraulic experiments supporting MYRRHA is given in Table 2. It is clear that in a later stage in the design and pre licensing more focus is put on POC and FST while in earlier stages more fundamental and validation experiments are done albeit that the need for the latter may always show up depending on the scenarios that are encountered in the safety assessment. 
4. SELECTED EXPERIMENTAL ACHIEVEMENTS AND ONGOING ACTIVITIES
4. Pool thermal-hydraulics
The use of passive systems to achieve safety functions is one of the guiding principles of the MYRRHA design. Natural convection in the primary system is the chosen option in terms of decay heat removal. The demonstration that this is viable, is indispensable to support this approach. Also, the understanding of the thermal hydraulic phenomena occurring in the upper and lower plena of the reactor pool and a good knowledge of convection patterns, thermal mixing and stratification in operational and accidental conditions (e.g. partial or complete loss-of-flow, loss-of-heat-sink etc.) are a critical issues in the design process. It is therefore mandatory to perform experiments that simulate the expected pool-type environment as closely as possible, to gain the necessary knowledge as well as to create a body of experimental data to be used for the validation of the thermal hydraulic models used in design and licensing.
The E-SCAPE (European SCAled Pool Experiment) facility is a thermal hydraulic 1/6-scale model of the primary system of the MYRRHA reactor (design version 1.2), with a 100 kW electrical core simulator, cooled by LBE [17]. Replicas of all main components of MYRRHA are placed in the main vessel (outer diameter: 1400mm) in order to maintain a geometric similarity. The total LBE inventory is 2.5 m³.
TABLE 2.	COMPLETED AND ONGOING THERMAL-HYDRAULIC EXPERIMENTS FOR MYRRHA

	Type
	Experiment
	Facility / Institution
	Ref. 

	Fuel assembly

	VT
	Heat transfer in forced convection (19-pin in LBE)
	THEADES / KIT, Germany
	[4]

	VT
	Heat transfer in natural convection and transition regime (19-pin FA in LBE)
	NACIE / ENEA, Italy
	[5]

	FST
	Pressure drop characterization 127-pin in LBE
	COMPLOT / SCK CEN, Belgium
	[6]

	VT
	Heat transfer with blocked channels (19-pin in LBE)
	THEADES / KIT, Germany
	[7]

	VT, FST
	Fluid structure interaction 127-pin in LBE: vibration amplitude and frequency as a function of flow rate
	COMPLOT / SCK CEN, Belgium
	[8]

	VT
	Influence of inter-wrapper flow (3x7 pins in LBE)
	THESYS / KIT, Germany
	[9]

	VT
	Heat transfer with deformed fuel pins (7-pin in LBE)
	THESYS / KIT, Germany
	n.a.

	Safety rods

	POC, VT
	Buoyancy driven control rod (upward travel) - insertion time experiment in flowing LBE
	COMPLOT / SCK CEN, Belgium
	[10]

	POC, VT
	Pneumatic driven safety rod (downward travel) – insertion time experiment in flowing LE
	COMPLOT / SCK CEN, Belgium
	n.a.

	Pool thermal-hydraulics

	VT
	Steady-state forced-convection and natural circulation conditions representative of decay heat
	E-SCAPE / SCK CEN, Belgium
	[11]

	VT
	Sloshing tests in a scaled water pool
	SHAKESPEARE / VKI, Belgium
	[12]

	VT
	Flow field in a scaled water pool
	MYRRHABELLE/VKI, Belgium
	[13]

	VT, POC
	Transition from forced to natural convection in different heat sink configurations
	CIRCE / ENEA, Italy
	[14]

	Turbulent heat transfer

	FT
	Low Prandtl number gas mixture experiments: backward facing step and free jet
	He-Xe Gas tunnel / VKI, Belgium
	[15]

	Primary pump

	POC, VT
	Performance of a scaled pump in LBE in steady-state and transient conditions
	PULSAR / SCK CEN, Belgium
	n.a.

	VT
	Cavitation tests in LBE
	CARAT / SCK CEN, Belgium
	n.a.

	Primary Heat Exchanger

	POC
	Feasibility of leak detection 
	LDS / SCK CEN, Belgium
	[16]

	VT
	Heat transfer resistance in a double-walled tube
	TABLETOP / SCK CEN, Belgium
	n.a.

	VT
	Heat transfer resistance in a double-walled tube
	HEXACOM / SCK CEN, Belgium
	n.a.



Two pumps, outside the vessel in auxiliary circuits, provide an LBE flow of up to 120 kg/s, in the temperature range 200°C-340°C. E-SCAPE is densely instrumented with over 300 thermocouples for detailed characterization of the thermal hydraulic phenomena for numerical codes validation. Possible stratification is identified and temperature distributions measured. Figure 3 presents a schematic and as-built view of the facility.
Experimental campaigns focusing on steady-state forced and natural circulation have been performed within the MYRTE project. First loss-of-flow transients have been performed as well. The experiments clearly demonstrated the viability of passive decay heat removal in MYRRHA. They also indicate the appearance of thermal stratification in the upper plenum at low forced and at natural convection flow rates [11]. 
In the PATRICIA and PASCAL projects, additional test campaigns will be performed on transient cases that are of particular interest and challenging for the validation of numerical models and codes. Specific focus will be on loss-of-flow and asymmetric transients, e.g. single pump failure, single heat exchanger failure, in forced and natural circulation conditions, respectively. The experimental data serve as input for the development and validation of computational models, performed within the projects [18][19] [20]. 
As an illustration, Figure 4 shows a comparison between the experimental and numerical results of the temperature distribution along a vertical line in the vessel for different flow rates for different temperature boundary conditions at the top free surface [18].

[image: ]	[image: D:\Conferenties\NURETH-16\Greco\foto\DSC01850.JPG]

[bookmark: _Ref105076231]FIG. 3. Schematic and picture of the E-SCAPE facility.
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[bookmark: _Ref105077461]FIG. 4. Experimental and numerical temperature distribution along a vertical line in the E-SCAPE vessel at different flow rates and for different temperature boundary conditions at the top free surface.
4. Primary pump (PP)
In MYRRHA, two mixed-type primary pumps, with partial characteristics of axial and centrifugal pumps, run in parallel. Their design requires the development of calculation methods or the validation of existing methods by testing under representative conditions. Therefore, the experimental development and testing of the pumps provides an important contribution for understanding and justification of the PP hydraulic performance. Furthermore, knowledge of the latter is important during accident scenarios, since this can affect the maximum core temperature during transients. An experimental facility called PULSAR, shown in Figure 5, is being developed at SCK CEN for testing a mock-up of the PP in nominal, transient and accident conditions. It is a closed LBE circulation loop containing a primary pump mock-up with a scaling factor of 1:2.4. The nominal operating parameters of the primary pump prototype and the scaled pump mock-up are presented in Table 3. The test facility also includes a booster pump to create an external pressure head across the model pump. Thus, PULSAR allows to obtain the hydraulic performance, cavitation characteristics, as well as the characteristics of the model pump in transient and accident operation modes. 
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FIG. 5. PULSAR (PUmp faciLity for ScAled experiment) test facility under development at SCK CEN


TABLE 3.	NOMINAL OPERATING PARAMETERS OF THE PROTOTYPE AND MODEL PUMPS

	Parameter
	MYRRHA (Prototype)
	PULSAR (scaled mock-up)

	Scaling factor
	1
	1:2.4

	Impeller diameter, mm
	~750
	~300

	Peripheral velocity, m/s
	8.3
	8.3

	Total head, m
	2.78
	2.78

	Mass flow rate, kg/s
	4908
	852

	Reynolds number
	2.9x107
	1.2x107



Cavitation testing is an important aspect of pump characterization to determine the required net positive suction head (NPSH), as well as the pump behaviour in the event of cavitation, which can have a significant impact on its hydraulic performance and durability. The combination of the physical and chemical properties of LBE, such as high density, high corrosive and erosive activity can significantly increase the damage effect of cavitation. Therefore, an experimental investigation of the cavitation phenomenon and its impact on structural materials under representative conditions of the MYRRHA reactor will be carried out using the CAvitation ultRAsonic Test facility (CARAT) developed according to the Standard ASTM G32-16 [21] at SCK CEN.
The unique design of the MYRRHA primary pump with a long vertical shaft and the specific operating conditions in the liquid lead-bismuth environment requires the development and experimental testing of the bottom radial pump shaft bearing. Hydrostatic bearings (HSB) are the most promising for this application due to the high corrosiveness and low lubricity of LBE. Currently, there is a large amount of theoretical and empirical data, on the basis of which design guidelines are elaborated (e.g. [22][23]). However, reliable recommendations are applicable only to conventional liquids like oil or water. LBE has physical and chemical properties that are significantly different from traditional fluids used in hydrostatic bearings, in particular a relatively low viscosity and high density [24], which makes it practically impossible to design HSBs for operation in LBE according to existing guidelines for laminar flow. Therefore, the hydrostatic bearing test facility is developed to validate the calculation methods and characterize the hydraulic design of LBE hydrostatic bearings.
4. Primary heat exchanger (PHX)
Every PHX in MYRRHA is constituted by a triangular pitch bundle of 500+ double wall bayonet tubes, each consisting of three concentric tubes. The feed-water flows downward through the down-comer and turns into the second concentric tube, the riser, where it removes the heat from LBE. The LBE flows downward in counter current through the shell side. The third concentric tube with inner-side helical cavities is placed between the second tube and the LBE, forming a double wall to separate the coolants. This configuration allows to monitor tube leakages by pressurizing the helical cavities with helium. This innovative concept has never been tested in the nuclear context and needs experimental investigation. To this purpose, SCK CEN is undertaking an experimental program in three phases, as described below.
First, a Leak Detection System was constructed [16], as shown in Figure 6 to investigate the minimum leak rate that can be detected. The experimental campaigns proved the detectability of small leaks up to 5 10-4 mbar l/s with an uncertainty of ±10%, which is much better than the specifications required for MYRRHA.

	[image: ]
	[image: ]

	a) Set up of the reference campaign
	b) Experimental vs calculated data


[bookmark: _Ref105140349]FIG. 6 – LEAK DETECTION SYSTEM FACILITY.

Secondly, the Table Top facility is a steam-water natural circulation open loop currently under hot commissioning [25], for estimating the thermal resistance of the double-walled bayonet tube in a scaled geometry without LBE, only with electrical heating. The Table Top facility, shown in Figure 7, consists of a 1m-long PHX pipe electrically heated from its outer diameter (2.5 kW). The steam water mixture generated into the PHX riser reaches the upper tank B101 where it is separated: the steam goes to a pressure control valve which keeps constant pressure (16 bara) and the saturated liquid water flows back to the PHX down comer. The facility will allow the estimation of the heat transfer resistance of the double wall bayonet tube and to collect the first operational experience at SCK CEN on steam water loops at 16 bara.

	[bookmark: _Ref105057526][bookmark: _Ref105057519][image: ]
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	a) Set up of the reference campaign
	b) Instrumented PHX test section


[bookmark: _Ref105148083]FIG. 7 – TABLE TOP facility.
Thirdly, the HEXACOM facility [26] is a steam-water forced circulation closed loop currently under finalization after a major design review occurred, sketched in Figure 8. The facility aims to test a single full scale PHX (36 kW) tube heated with LBE and to mimic the secondary and tertiary system of MYRRHA. It consists of two main vessels, two main pumps and an air cooler condenser. The water-steam mixture is generated in the PHX by the flowing LBE provided by COMPLOT [27], and is separated in the steam drum B710. 
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	a) Schematic overview of the facility
	b) Instrumented PHX test section


[bookmark: _Ref105167194]FIGURE 8 – HEXACOM facility.

The main parameters of Table Top and HEXACOM are compared in Table 4. The larger power in HEXACOM allows for a more accurate measurement of the heat transfer resistance across the double-walled tube.

TABLE 4.	MAIN OPERATING PARAMETERS OF THE TABLE TOP AND HEXACOM FACILITIES

	Parameter
	Table Top
	HEXACOM

	Design pressure and temperature
	25 bara / 250°C
	25 bara / 250°C

	Operational power in the test section
	0.5 – 2.5 kW
	Up to 37 kW

	Operational water pressure
	14 – 16 bara
	16 bara

	PHX water inlet / outlet temperature 
	184°C – 199°C (saturation)
	196.5 C / 200°C

	Water quality at PHX outlet (regime)
	<0.05 (slug)
	0.3 (annular)

	Feed water mass flow rate
	25 – 40 g/s
	61.9 g/s

	LBE mass flow rate, kg/s
	Not applicable
	4.609 kg/s

	LBE inlet/outlet temperature
	Not applicable
	275.0°C / 220.0°C


5. CONCLUDING REMARKS
The thermal-hydraulic R&D program in support of MYRRHA has a strong focus on experiments. These cover fundamental tests and validation tests (needed in early design stages), as well as proof of concept and full-scale tests (more relevant in later stages of design and pre-licensing). These tests are necessary for studying the behaviour of key components (pump, heat exchanger, fuel assembly) and of the general liquid metal pool circulation patterns. An overview of LBE experiments completed by SCK CEN and partners is given, and selected ongoing activities are presented. Open issues that might be the topic of future experimental projects include testing the performance of the RVACS, and the reliability of shutdown system in seismic conditions. 
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