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Abstract

The propagation of fuel-coolant interactions in the event of molten fuel discharge to the lower plenum of a sodium cooled fast reactor is under investigation as part of a French-Japanese experimental collaboration on severe accidents. The MELT facility enables the X-ray visualisation of the quenching of molten fuel jets in sodium at kilogram-scale. The FCINa-30-1 experiment presents the interaction of a molten stainless steel jet with sodium, demonstrating the formation of a solid outer crust at the melt-coolant interface which subsequently undergoes spontaneous thermal fragmentation. Planned upgrades to the MELT facility and X-ray imaging system are detailed to observe the expansion of vapour clouds, produced in the immediate aftermath of the crust fragmentation, on a larger scale. The large thermal effusivity of sodium necessitates extremely high melt temperatures to avoid crust formation and to observe violent boiling at the melt-coolant interface during these kilogram-scale experiments. The SERUA facility, currently under preparation, is presented for the investigation of boiling heat transfer at elevated melt-coolant interface temperatures. An induction furnace is used to heat a tantalum sphere to surface temperatures in the order of 2400°C prior to its submersion in liquid sodium. The installation is being designed with a narrow support rod, to avoid undesired flow perturbations, small sphere dimensions and the possibility of inducing forced convection in order to provide boiling heat transfer characterisation consistent with the demands of the SCONE severe accident code for SFR designs.
1. INTRODUCTION
In the aftermath of a core disruptive accident in a sodium-cooled fast reactor (SFR), molten core material (corium) may be discharged as a coherent jet to the lower plenum via corium discharge tubes, designed to reduce the core reactivity and mitigate the possibility of subsequent re-criticality [1]. The progression of the subsequent fuel-coolant interaction (FCI) is under investigation as part of a French-Japanese experimental collaboration on severe accidents in SFRs [2]. The nature of the FCI is determined in large part by the magnitude of the fuel-coolant interface temperature, which dictates the coolant boiling regime or, alternatively, potential crust formation at the outer jet layer [3], and thus determines the contact model between melt and coolant. Interface temperatures below the freezing point of the melt tend to resist hydrodynamic fragmentation and have been shown to exhibit thermal fragmentation of the melt crust, characterised by a complex jagged debris morphology [4,5]. Many factors may contribute to the spontaneous destabilisation of a molten jet with a frozen crust layer. The severe temperature gradient across the crust imparts a significant thermal stress and local pressurization [6], while the densification of the outer jet layer on freezing can lead to thermal shrinkage cracking [7]. Local volatilisation of sodium entrained within the melt jet may also contribute to the fracturing of the crust [5]. Elevated melt-coolant interface temperatures associated with a molten outer jet layer are more likely to exhibit hydrodynamic fragmentation. The violent growth and spontaneous collapse of vapour pockets during nucleate or transition boiling may be a predominant driver of molten fuel fragmentation at these elevated interface temperatures [7,8].

Kilogram-scale FCI experiments between sodium and various molten fuel analogues are being undertaken at the JAEA’s MELT facility [5,9], using high-speed X-ray video imaging to visualise the interaction. The first FCI experiment performed under this French-Japanese collaboration between a jet of stainless steel and sodium (FCINa-30-1)  was introduced in Johnson et al. 2021[5], presenting a novel routine of image analysis techniques for the characterisation of frozen jet fragments using the CEA’s SPECTRA (Software for Phase Extraction and Corium Tracking Analysis) software. This study will take a second look at these X-ray images to consider which improvements can be made to the MELT facility to better demonstrate the thermal fragmentation phenomenon in future experiments. 

In conjunction with the MELT experiments, sodium film boiling experiments are planned at the CEA’s proposed SERUA (Sodium boiling Experimental Rig for Understanding of fuel-coolant interAction) facility. This facility, inspired by the Farahat experiments [10], whereby a high-temperature tantalum sphere is submerged into a pool of liquid sodium, is aimed at improving understanding of film boiling heat transfer in sodium, which is essential for the modelling of vapour production and pressure build-up during boiling and for the modelling of the droplet fragmentation process. In addition to the refinement of the Farahat experimental procedure, to meet the demands of contemporary severe accident models, SERUA should enable more extensive exploration of film boiling in forced convection environments and for smaller ‘melt’ particles. This experimental program will provide crucial data for the validation of SCONE [11] (Software for COrium-Na interaction Evaluation), the CEA’s fuel-coolant interaction code for SFR configurations. 

2. Materials and methods
The MELT facility at the JAEA Oarai Institute consists of an induction furnace installed above a tip tray and a funnel, used to discharge a coherent jet of molten nuclear fuel analogue to a sodium pool. A debris catcher within the test section is used to recover solid melt debris following experimentation. The initial phase of research investigates kilogram-scale discharges of molten stainless steel 316 (SS-316), a common cladding and structural material in SFR designs. SS-316 is thus a good analogue for the metallic component of corium but is notably lower in melting point () than the oxidic fuel and cladding materials. A schematic of the MELT facility as configured for the first experiment under this JAEA-CEA collaboration (FCINa-30-1) is presented in Fig.  1a (adapted from Johnson et al. 2021[5]). The molten SS-316 is discharged at 1700ºC through a 28 mm nozzle to a 300ºC sodium pool. The interaction is visualised using a 1.8 kW rated X-ray source, image intensifier and high-speed CMOS camera to capture images at a frame rate of 1000 fps. X-ray image processing and analysis is performed using SPECTRA [5], a CEA software developed in Matlab 2021a (Mathworks, USA).

	A schematic of the proposed SERUA facility is presented in Fig.  1b. A tantalum sphere is suspended from a retractable support rod with thermocouples installed at its core and at the periphery. A remotely controlled drive mechanism lowers the sphere through the argon-filled ullage to the induction furnace and subsequently to the sodium pool. SERUA is targeting a more favourable ratio between the diameters of the support rod and sphere diameter of no greater than 0.06[12] in order to reduce flow perturbation around the sphere. Preparatory induction heating experiments to investigate the temperature distribution across a 25 mm tantalum sphere have been undertaken using the CEA’s VITI facility, employed for the high-temperature characterisation of solid and liquid samples[13]. Two bi-chromatic video pyrometers, a type-C thermocouple and an infrared thermal camera are employed to monitor the temperature distribution across the surface of the sphere and adjacent equipment.

(a)
(b)

[bookmark: _Ref97823586]Fig.  1: Schematics of (a) the MELT facility as configured for the FCINa-30-1 experiment (adapted from Johnson et al. [5]) and (b) the proposed SERUA facility.
3. Results and discussion
Fuel-coolant interaction experimentation at the MELT facility
An example X-ray image from the FCINa-30-1 experiment is presented in Fig.  2a. The images exhibit a number of artefacts common to X-ray image acquisition. There is a loss of intensity towards the border of the circular field of view, or vignetting artefact, some mild pincushion distortion resulting in a slight magnification towards the periphery, and considerable additive white noise. A number of pre-processing steps have been performed to generate the clean, normalised and cropped image in Fig.  2b. Subsequent to the image analysis in Johnson et al. 2021[5], improved denoising performance has been achieved using a combination of video block matching and 3D filtering [14] (V-BM3D) and non-local means[15] (NLM) filters. A checkerboard phantom was used to more precisely determine a transform matrix to correct for pincushion distortion and ensure a homogeneous pixel resolution of 116 µm across the image. A ‘flat field’ image was obtained from the initial frames of the sodium pool at rest, prior to melt arrival, and a ‘dark current’ image, acquired without X-ray illumination, were used to normalise and offset the image[16] in order to correct for the vignetting and the pattern noise of the camera dark current. Finally, the image was cropped to a region of interest between the boundaries of the thermal insulation cylinder and the thermocouple support rod below the original sodium line. A segmented image of the detected melt fragments, overlaid with a white outline of the sodium vapour cloud, is presented in Fig.  2c.
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[bookmark: _Ref97825194]Fig.  2: (a) An example X-ray image from the FCINa-30-1 experiment, (b) a pre-processed image which has been denoised, flat field normalised and cropped to a region of interest, and (c) a segmented image showing the melt fragments overlaid with a white outline of the vapour clouds.
The melt jet arrived at the surface of the sodium pool with a diameter in the order of ≈21 mm and an initial velocity of ≈2.3 m s-1. Minimal hydrodynamic fragmentation was observed within the imaging window due to rapid solidification at the melt-coolant interface on contact. Analysis of the characteristic initial interface temperature [4] (accounting for the latent heat of fusion below the freezing point) as a function of melt and coolant temperatures is presented in Fig.  3. The large thermal effusivity () of liquid sodium biases the fuel-coolant interface temperature closer to that of the coolant [4] than for interactions with water coolant. A melt temperature of 1700ºC and sodium temperature of 300ºC correspond to an estimated initial interface temperature of 1212ºC. The bulk temperature of the molten steel on arrival at the sodium pool will realistically be lower than the 1700ºC temperature in the crucible due to heat loss on contact with the tip tray and delivery nozzle and so the initial interface temperature is conservatively estimated in the 1102-1212ºC range, with the lower estimate corresponding to bulk melt temperature marginally above the melting point. Fig.  3 demonstrates the significant margin from the interface temperature to the freezing temperature of SS-316 of 1427ºC, which explains the formation of a solid outer jet shell on contact with the sodium. Given the order of melt temperatures required to achieve interface temperatures above the freezing point (), experimental investigation of FCIs between SS-316 and sodium are likely to pertain to this thermal fragmentation regime.

[bookmark: _Ref97825258][bookmark: _GoBack]Fig.  3: Analysis of melt-coolant interface temperatures for interactions between stainless-steel and sodium. A crude indication of the anticipated nucleate boiling regime of sodium [7,10] is shaded in grey for reference.
Minimal sodium vapour production is observed at the melt-coolant interface during the initial stages of the interaction since the contact temperature is close to, or possibly marginally below, the onset of nucleate boiling temperature[7,10] (see the shaded area of Fig.  3), although small quantities of argon are entrained from the ullage in the wake of the melt jet. Vapour generation is only observed in the aftermath of a series of mild and spontaneous thermal fragmentation events which fracture the frozen outer shell of the jet. The most significant of these thermal fragmentation events occurs between the images presented in Fig.  4a and b. The fragmentation event originates from a locus of diminished density within the melt jet, which initially spans the length of the imaging window, indicating that sodium entrainment within the jet prior to crust formation and localised sodium vaporisation is likely to a role in the fragmentation mechanism. The subsequent expansion of the vapour cloud is restricted to the bounds of the thermal insulation cylinder and the visible portion of the vapour cloud within the field of view is estimated to correspond to a volume no greater than 0.15 L. The stress imparted by the fragmentation event was insufficient to cause internal components of the test section to oscillate in this instance. Initial evidence suggests that these spontaneous thermal fragmentation events occur with high frequency and probability for at melt-coolant interface temperatures below the freezing point of the fuel. However, this investigation does not appear to demonstrate an energetic interaction, as postulated for the violent boiling, fine melt fragmentation and vapour film destabilisation fragmentation mechanism associated with significantly higher melt-coolant interface temperatures.
(a)
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[bookmark: _Ref97825308]Fig.  4: X-ray images of FCINA-30-1 (a) immediately preceding the fragmentation event, (b) shortly after fragmentation and (c) once the vapour cloud expands to fill the thermal insulation cylinder.
Given that the scale of vapour cloud expansion and melt fragment propulsion is contained to the dimensions of the thermal insulation cylinder, upgrades to the MELT facility are planned for the three components indicated in bold italics in Fig.  1a ahead of future experiments. The test section has since been replaced by a larger diameter vessel, increasing the capacity of the sodium pool to 60 kg. The larger thermal mass of coolant will offer a greater margin to temperature limit of the equipment, allowing for a greater tolerance in the thermal mass of melt discharged to the pool to offer greater flexibility in experimental design. The increased thermal mass of coolant in turn enables the removal of the thermal insulation layer used to protect the existing vessel, facilitating vapour cloud expansion on a larger scale. Subsequently, the image intensifier may be replaced to increase the dimension of the field of view projected onto the camera. Enabling vapour cloud expansion on a larger scale however will increase the extent of liquid sodium displacement from the field of view in the aftermath of a fragmentation event, diminishing attenuation and increasing the incident photon flux at the scintillator. Given the potentially broader range of photon fluxes incident on the camera, care will have to be taken in optimising the X-ray energetics to maintain good contrast between melt and coolant while avoiding over-exposure of the camera.

Preparation of the SERUA facility for boiling heat transfer characterisation
Key considerations for the characterisation of boiling heat transfer at the surface of a tantalum sphere concern the precision to which the surface temperature and heat flux can be determined from measurements and achieving a comprehensive understanding of the thermal behaviour of the sphere. Another important design consideration in the preparation of the SERUA experiments concerns the extent of cooling of the sphere between the end of the heating phase and its submersion into the liquid sodium. To address these issues, dedicated experiments have been conducted at the VITI facility for the validation of magneto-thermal simulations used in the development of the SERUA design.

The temperature distribution across the surface of a 25 mm solid tantalum sphere was investigated through bichromatic pyrometry and infrared thermal imaging during induction heating. An image of the sphere within the induction furnace and the observed blackbody surface temperature distribution are presented in Fig.  5. Validating the induction heating of tantalum to blackbody surface temperatures in the order of 2200 K represents an important milestone in the development of SERUA.
Temperature (K)
(a)
(b)

[bookmark: _Ref97825371]Fig.  5: (a) An image of the 25 mm tantalum sphere in the VITI furnace and (b) the distribution of blackbody (ϵ=1) surface temperature (in kelvin) across the tantalum sphere during induction heating.
The blackbody surface temperature distribution in Fig.  5b corresponds to an emissivity of unity and thus under-represents the true surface temperature. Allen, Glazier and Jordan[17] determined emissivity values of 0.288-0.324 for polished tantalum surfaces in the 2300-3300 K range, increasing with temperature. However, more precise characterisation of the emissivity of the spheres under investigation is required due to the significance of the surface condition in dictating emissivity, which can vary considerably. To this end, a dedicated methodology is under development for the characterisation of emissivity. This methodology is summarized in Fig.  6 and may be divided into two main steps: (i) experimental data processing and (ii) adjustment of the numerical model.

[image: ]
[bookmark: _Ref97825399]Fig.  6: General description of the methodology developed to produce a validated model for the VITI-SERUA experiments.
The experimental data processing begins with the bichromatic pyrometer measurements, which monitors the colour temperature  and two luminance temperatures  and  at corresponding wavelengths  and  at a particular location on the sphere equator. If the spectral emissivity  is known at the wavelengths  and , the temperatures ,  or  may be calibrated to the effective temperature . For instances where  and  are unknown, using the assumption that ,  and  each correspond to the same effective local temperature , the values of  and  can be determined on the basis that the corrected temperatures converge to the same value. This constitutes a non-linear inverse problem which can be solved iteratively. By repeating this procedure for several heating power plateaus, the local effective temperature can be calibrated for the corresponding values of  and  providing an empirical law for the spectral emissivity of the tantalum sphere as a function of temperature and wavelength . This law is deployed in the second step of the experimental data processing to determine the effective surface temperatures observed by the thermal camera, , where  and  are the azimuthal and polar coordinates on the sphere surface, which provides reference data for the validation of the numerical simulations.

The numerical model of the experiment requires the total hemispherical emissivity of the tantalum sphere as a function of the temperature. The empirical law for the local spectral emissivity cannot be employed directly at this stage and so  must be determined iteratively for each heating power plateau by expanding the model predictions to the effective temperature fields. Ultimately, introducing the obtained law  into the numerical model enables predictive modelling of the transient thermal behaviour of the tantalum sphere in the SERUA furnace. Prediction of the cooling rate of the sphere following the termination of induction heating remains an important step in the design of the SERUA facility and the development of experimental procedures.

4. Conclusions
Recent experimentation at the MELT facility has enabled the X-ray visualisation of a kilogram-scale interaction between a molten jet of stainless steel and liquid sodium. The melt-coolant interface temperature below the freezing temperature of stainless steel is observed to instigate solidification of the outer jet layer. The thermal gradient across the solid layer, combined with vaporisation of entrained sodium within the jet, drives a series of mild spontaneous thermal fragmentation events which fracture the jet shell and result in the expansion of sodium vapour clouds. The fragmentation event does not appear to be energetic in nature, producing vapour clouds in the order of 0.15 L in volume, however the extent of observed vapour expansion is curtailed by the dimensions of current MELT test section and internal components. A series of upgrades to the MELT facility are detailed for improved visualisation of the interaction during the remainder of the experimental program. The melt-coolant interface temperatures appear to be consistent with the lower end of the sodium nucleate boiling regime and so parallel experiments are planned for the investigation of boiling heat transfer in sodium at elevated surface temperatures. The plans for a new SERUA facility are presented whereby a tantalum sphere will be heated to surface temperatures in the order of 2400°C in an induction furnace prior to submersion in a liquid sodium pool. These experiments are designed to provide high-precision boiling heat transfer characterisation consistent with the demands of the SCONE fuel-coolant interaction code.
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    1     FRENCH - JAPANESE EXPE RIMENTAL COLABORATIO N  ON FUEL - COOLANT INTE RACTIONS IN    SODIUM - COOLED FAST R EACTORS     M. JOHNSON 1 ,2 ,  J. DELACROIX 1 ,   C. JOURNEAU 1 * ,  C. BRAYER 3 , R. CLAVIER 3 , A.  MONTAZEL 3 ,  E. PLUYETTE 4 ,   K. MATSUBA 5 ; Y. EMURA 5 ; K. KAMIYAMA 5       1 CEA, DES, IRESNE, DTN, SMTA, Severe accident experimental laboratory, France   2   Scalian, LAB, France   3 CEA, DES, IRESNE, DTN, SMTA, Severe accident modelling laboratory, France   4 CEA, DES,  IRESNE, DTN, STCP, Technology, Process and Sodium risk Laboratory, France   5 JAEA , Oarai Research and Development Centre ,   Japan     Abstract     The propagation of fuel - coolant interactions in the event of molten fuel discharge to the lower plenum of a sodium  cooled fast reactor is under investigation as part of a French - Japanese experimental collaboration on severe accidents.  The  MELT facility ena bles the X - ray visualisation of the quenching of molten fuel  jets   in sodium   at kilogram - scale. The FCINa - 3 0 - 1  experiment  presents the  interaction   of  a  molten stainless steel   jet  with sodium ,   demonstrating the formation of a solid  outer crust at the melt - co olant interface  which subsequently undergoes   spontaneous thermal fragmentation.   Planned upgrades  to the MELT facility and X - ray imaging system are detailed to observe the expansion of vapour clouds, produced in the  immediate aftermath of the crust fragment ation, on a larger scale.   The large thermal effusivity of sodium  necessitates   extremely  high melt temperatures to avoid crust formation and to observe violent boiling at the melt - coolant interface during these  kilogram - scale experiments. The SERUA facility , currently under  preparation , is presented for the investigation of boiling heat  transfer at elevated melt - coolant interface   temperature s . An induction furnace is used to  heat a tantalum sphere  to surface  temperatures in the order of 2400°C  prior to  its s ubmersion   in liquid sodium. The installation   is being designed with a narrow  support rod, to avoid undesired flow perturbations, small sphere dimensions and the possibility of inducing forced convection   in order to  provide   boiling heat transfer characteris ation  consistent with  the demands  of the SCONE   severe accident  code for  SFR designs .   1.   INTRODUCTION   In the aftermath of a core disruptive accident in a sodium - cooled fast reactor (SFR), molten core material  (corium) may be discharged   as a coherent jet   to the   lower plenum via corium discharge tubes, designed to reduce  the core reactivity   and mitigate the possibility of subsequent  re - criticality   [1] .   The progression of the subsequent  fuel - coolant interaction (FCI) is under investigation as part of a  French - Japanese experimental collaboration on  severe accidents in SFRs   [2] .   The  nature   of th e  FCI   is   determined in large part   by  the magnitude of the fuel - coolant interface temperature ,   which dictates  the  coolant boiling regime  or , alternatively,   potential  crust   for mation  at the outer jet layer   [3] ,   and thus determines the  contact model   between  melt and coolant .   Interface temperatures  below the freezing point of the melt tend to resist hydrodynamic fragmentation and have been shown to exhibit  thermal fragment ation of the melt crust, characterised by a complex  jagged   debris morphology   [4,5] .  Many factors  may contribute to the  spontaneous  destabilisation of a molten jet with a frozen crust layer. The severe temperature  gradient across the crust imparts a signific ant thermal stress and local  pressurization [ 6] , while the densification  of the outer jet layer on freezing can lead to thermal shrinkage  cracking [ 7] .  L ocal volatilisation of sodium  entrained within the melt jet may  also  contribute to the  fractur ing   of the  crust [ 5] . Elevated melt - coolant interface  temperatures associated with  a molten   outer   jet   layer   are more likely to exhibit   hydrodynamic   fragmentation . The  violent growth and  spontaneous  collapse of vapour pockets during   nucleate or   transition boiling  may  be a  predominant driver of molten fuel fragmentation at these elevated interface  temperatures [ 7,8] .     Kilogram - scale FCI experiments  between sodium and  various molten fuel analogues   are being undertaken  at the  JAEA’s  MELT facility   [5,9] , using   high - speed   X - r ay video imaging to visualise the interaction .  T he first  FCI experiment performed under this  French - Japanese  collaboration   between a jet of stainless steel and sodium   (FCINa - 30 - 1)    was  introduced   in Johnson  et al.   2021 [5] , presenting a novel routine of ima ge analysis techniques 

