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Abstract

To achieve in-vessel retention for mitigating the consequences of core disruptive accidents (CDAs) of sodium-cooled fast reactors, controlled material relocation (CMR) has been proposed as an effective safety concept. CMR is not only aiming at eliminating the potential for exceeding prompt criticality events that affect the integrity of the reactor vessel, but also enhancing the potential for the in-vessel cooling of degraded core materials during CDAs. Based on this concept several design measures have been studied, and, to evaluate their effectiveness, experimental evidences to show relocation of molten-core material were required. With this background, a series of experimental program called EAGLE (Experimental Acquisition of Generalized Logic to Eliminate re-criticalities) has been carried out collaboratively over 20 years between Japan Atomic Energy Agency and National Nuclear Center of the Republic of Kazakhstan (NNC/RK) using an out-of-pile and in-pile test facilities of NNC/RK. The EAGLE program is divided into three phases, they are called EAGLE-1, EAGLE-2 and EAGLE-3, to cover whole phase after core-melting begins. The subject for EAGLE-1 and the first half of EAGLE-2 is CMR in the early phase of CDA in which the core melting progresses rapidly driven by positive reactivity insertions. The subject for the latter half of EAGLE-2 and whole EAGLE-3 is CMR in the later phase of CDA in which the gradual core melting by decay heat and relocation and cooling of degraded core materials occurs. In the paper, the major achievement of the EAGLE program and future plans are presented.
1. INTRODUCTION
[bookmark: _Hlk69464379][bookmark: _Hlk70417037]Since the reactor core of sodium-cooled fast reactors (SFRs) is not designed in the most reactive configuration under the normal operation condition, sodium boiling in the core central region and compacting motion of degraded fuel have potential for positive reactivity insertions. Because of such core characteristics, in safety evaluations of SFRs for licencing, consequences of core disruptive accidents (CDAs) have been assessed from the early phase of SFR development. In the past licencing in Japan, CDA was categorized as “beyond design basis”, and energetic sequence and consequence driven by exceeding prompt criticality under conservative assumptions were assessed and integrity of the containment was confirmed [1]. In the demonstration fast breeder reactor (DFBR) program, which was conducted from the late 1980s to the 1990s by the Japan Atomic Power Company (JAPC) and Japanese electric power companies, a similar methodology assuming energetics sequence and consequence was applied [2]. On the other hand, instead of this methodology, a concept of controlled material relocation (CMR) was proposed [3], [4]. CMR is effective safety concept for increasing reliability of achieving in-vessel retention (IVR) by eliminating factors leading to exceeding prompt criticality, and therefore, several design measures to promote CMR have been studied. Since effectiveness of design measures for CMR is evaluated through CDA analyses [5], computer codes have been developed and experimental studies addressing dominant phenomena of CDA progression have also been performed both to obtain phenomenological knowledge and database for validation of the computer codes [6]. With regard to experimental studies, a series of experimental program called EAGLE (Experimental Acquisition of Generalized Logic to Eliminate re-criticalities), which is collaborative experimental study between Japan Atomic Energy Agency (JAEA) and National Nuclear Center of the Republic of Kazakhstan (NNC/RK) using an out-of-pile and in-pile test facilities of NNC/RK, has been carried out as one of comprehensive experimental studies addressing accident sequence after core melting of the fuel assembly scale. In the paper, the major achievement of the EAGLE programs and future plans for IVR achievement are presented.
2. Sequence of Core Disruptive Accident and Role of EAGLE Programs
Sequence of core disruptive accident and design measures for CMR
Event progression in CDA is generally analysed by dividing the entire accident sequence into several phases. This is because the dominant physical phenomena, the models required by the computer codes and experimental knowledge vary in accordance with accident progression. An accident sequence in case of unprotected loss of flow (ULOF), which has been considered as one of representative initiators leading to CDA, is shown in FIG. 1. The accident sequence inside the reactor vessel is divided into the initiating phase, the transition phase, the core expansion phase and post-accident material relocation (PAMR) and heat removal (PAHR) phases. Design measures for CMR are adopted according to features of each phase as described below, and the sequences toward the core expansion phase are eliminated by CMR. 
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[bookmark: _Ref474425344]FIG. 1. Definition of each accident phase in case of ULOF (adapted from[7]).
The initiating phase
The failure of the emergency reactor shutdown at the loss of the coolant flow in the core region under the normal operation condition leads to significant loss of balance between the heat generation of fuel and its cooling. As a result, coolant boiling in the core region and melting of fuel pins occur, and the core damage progresses from fuel assemblies with higher power to flow ratio. In this process, there is possibility to exceed the prompt criticality leading to the core expansion phase by insertion of a positive reactivity mainly caused by the coolant boiling. The design measure for CMR in the initiating phase is to set limitation of design parameters for the core fuel, which are limitations of the sodium void worth, the core height, the fuel smear density, and so on. These limitations enhance negative reactivity effects due to the fuel axial dispersion mainly before positive reactivity effects due to the void reactivity become excess [5], [8]. 
The transition phase
Since the core expansion sequence is eliminated in the initiation phase by CMR, most of the core fuel remains in the core region and the fuel melts while maintaining a nuclearly active state. In the initiating phase, the movement of the molten core materials is toward the axial direction because the wrapper tube of the fuel assembly is still intact, whereas in the transition phase, coupling and expansion of the core melting region due to melting of wrapper tubes enable large-scale motion of molten-fuel including the radial direction. This motion causes reactivity fluctuations. Since, in the transition phase, the liquid sodium is already excluded from the core region, the reactivity fluctuation is dominated by the molten-fuel motion. Especially large positive reactivity can be inserted at the compacting motion of molten-fuel toward the core radial center. One of design measure for CMR in the transition phase is to provide a dedicated duct for molten-fuel discharge inside the fuel subassembly as presented in FIG. 2. This concept called FAIDUS (Fuel Assembly with Inner-DUct Structure) intends to eliminate radial motion of molten-fuel in the core region by discharge of the molten-fuel in each fuel assembly [4]. Discharge of molten-fuel from the core region also decreases the core reactivity, and as a result, rapid progression of core melting terminates. 
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[bookmark: _Ref70104221]FIG. 2	Concept of early-fuel discharge by FAIDUS to eliminate power excursion (adopted from [5]).

The post-accident material relocation and heat removal phases
[bookmark: _Hlk97902656]After the core reactivity becomes subcritical state by CMR in the transition phase, depending on the balance between the decay heat of the residual fuel in the core region and its coolability by sodium which re-entries or flows around there, the fuel and structural materials gradually melt in the region where the heat removal is insufficient and the relocation of the degraded core material progresses. In this process, some factors for positive reactivity insertion can be considered [9]. For example, since the pressure in the core region decreases due to the molten-fuel discharge in the transition phase, the fuel dispersed in the upper part of the fuel assembly may fall together with the upper core structures and this may increase the core reactivity. Since superimposition of several positive reactivity factors has a potential to lead the core reactivity to critical state [9], design measure for CMR is improvement of a control rod guide tube (CRGT) so as to promote relocation of residual fuel in case of its melting. This CMR through GRGT will sequentially discharge molten residual fuel to the outside of the core region and reduce the nuclear activity of the core. This discharge process will continue until decay heat of fuel and its coolability by sodium are balanced. 
It should also be noted that the molten-core materials relocate toward the bottom of the reactor vessel. In order to retain the degraded core material in the reactor vessel, namely to achieve IVR, it is necessary to take a design measure for thermal effects on the reactor vessel. Introduction of a core catcher at the bottom of the reactor vessel is one of effective design measure to cool and retain the relocated core material. In addition, in order to mitigate the thermal load to the core catcher and enhance of debris-bed coolability on it, the depth and volume of the lower coolant plenum should be designed so as not to reach jets of molten-core materials to the core catcher.
The CMR concept was originally to eliminate energetic potential driven by the positive reactivity insertion. However, from the standpoint to achieve IVR, CMR should also enhance the potential for the in-vessel cooling of degraded core materials during CDAs. 
In the CDA caused by ULOF, only the core region is voided by mismatch of power to flow, and therefore, after the molten core material relocation through the CRGTs, sodium may flow back into the core region through it. This coolant re-entry enhances coolability of residual fuel in the core region and fuel relocation caused by melting terminates. 
[bookmark: _Ref70354549]The EAGLE programs
0. Subjects of the EAGLE programs
When FAIDUS was invented, whereas there are sufficient experimental knowledge and database for evaluating effectiveness of CMR in the initiating phase, they are not sufficient to evaluate molten-fuel discharge through the duct structure filled with sodium. Since IGR (impulse graphite reactor) of NNC/RK has a potential to melt the fuel assembly, the feasibility study for using IGR to study the molten fuel discharge through the duct structure was commenced between JAPC and NNC/RK in 1995. This feasibility study evolved to an experimental program using an out-of-pile and in-pile test facilities of NNC/RK. This experimental program was named EAGLE and was commenced by JAPC in 1998 to acquire experimental knowledge and database for evaluation of CMR function of FAIDUS. The EAGLE program was taken over to JAEA in 2000 and was continued for more than 20 years since then. 
The EAGLE program is divided into three phases, they are named EAGLE-1, EAGLE-2 and EAGLE-3, to cover important phenomena for CMR evaluation in whole phase after fuel assembly scale core-melting begins. The subject for EAGLE-1 and the first half of EAGLE-2 was CMR in the early phase of CDA, especially they addressed key phenomena involved in molten-fuel discharge through the inner duct of FAIDUS. In case of elimination of energetic potential in the transition phase, it is foreseen that, in the post-accident material relocation phase, the degraded fuel in the core region could be melted by its own decay heat and thus gradually relocated with molten structural materials mainly through CRGTs into the lower coolant plenum by way of the inlet coolant plenum. Molten fuel relocation through CRGT is one of key processes that dominates the termination of CDAs from both the neutronic aspect and thermal aspect, since fuel removal from the core region contributes to the achievement of both deeper subcriticality in the degraded core and formation of coolable debris bed [5], [9]. Cooling of molten fuel discharged into the inlet coolant plenum and the lower coolant plenum is a key process as well from the aspect of long-term decay heat removal. Moreover, in order to reinforce the attainment of IVR, it is important to evidence permanent decay-heat removal of the disrupted core (remaining fuel in the degraded core region after the material relocation). Based on these interests, the subjects in the latter half of EAGLE-2 and the whole EAGLE-3 are defined to clarify three issues; molten fuel relocation through CRGT, coolability of discharged fuel in the inlet and lower coolant plenums and coolability of residual fuel in the degraded core region. 
0. Test procedure of the EAGLE programs
The EAGLE programs consist of out-of-pile tests and in-pile tests. The basic configuration of test device for the out-of-pile tests is shown in the left of FIG. 3 [10]. The device can be divided into a melting section and a test section. The melting section is designed to produce approximately 5 liters of molten fuel simulant (Alumina: Al2O3) by induction heating. The test section consists of an upper vessel, a discharge duct and a lower vessel, which simulate a degrading core region, an in-core structure channel and a coolant plenum, respectively. In experiments, molten core states are generated by pouring melt into the upper vessel by chipping off a plug at the bottom of a crucible in the melting section. 
The basic configuration of test device for the in-pile tests is shown in the right of FIG. 3 [11]. The basic components of the test device for the in-pile test are common with those for the out-of-pile test, namely consisting of two vessels and a duct which simulate the degrading core region, the coolant plenum and the inner duct, respectively. The fuel-pin bundle made of uranium dioxide and steel cladding is loaded in the core-simulating vessel, and the test device is installed in the central experimental channel of IGR  of NNC/RK [12]. Energy insertion into uranium dioxide of the pin bundle by high neutron flux from IGR melts the fuel-pin bundle rapidly and generates the molten-core state. 
Although melting process of pin-bundle in the in-pile test is similar to the real accident condition, the size of the in-pile test device is restricted by the size of the central hole of IGR, especially, the amount of sodium is limited and this affects coolability of the discharged fuel. On the other hand, the out-of-pile tests have an advantage of its flexibility in spatial restriction compared with the in-pile tests although fuel-simulant material is used in the out-of-pile test. This advantage allowed availability of sufficient sodium amount. In the EAGLE programs, by compensating for the shortcomings of the out-of-pile test and the in-pile test, it is possible to obtain high-quality experimental data on the basic principles and major phenomena related to CMR.
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	(a) Experimental device for the out-of-pile test (adopted from [10])
	(b) Experimental device for the in-pile test (adopted from [11])


[bookmark: _Ref70195289]FIG. 3	Schematic of the experimental devices for the out-of-pile and in-pile test.

3. Major outcomes and current statuS
3. The transition phase
Dominant phenomena to be studied for CMR of the FAIDUS concept are identified by constructing phenomenological diagrams [5], and through the EAGLE-1 and EAGLE-2 programs, sufficient knowledge was obtained, and efficiency of the FAIDUS concept for CMR was confirmed as described below.
1. [bookmark: _Ref70330429][bookmark: _Hlk70328911]The duct wall failure
Discharge of molten fuel commences by the failure of the inner duct wall due to heat-transfer from molten core to the duct. Data obtained through the EAGLE-1 program were evaluated and the duct heat-up behavior was summarized using the heat flux [8]. It was revealed that, in case of mixture of molten fuel and steel under the nuclear heating condition, the heat flux to the wall was so high that sodium existence behind the heated surface did not affect the wall coolability. This means that the wall heat up is dominated by the thermal inertia of the wall, and therefore, the wall failure time can be controlled by the wall thickness. The thicker wrapper tube compared with the inner duct thus assures earlier duct failure in each fuel assembly than the wrapper tube failure under the reactor condition, and as a result, the dominant factor leading to exceeding prompt criticality, that is large-scale radial motion of molten-fuel caused by coupling and expansion of the core melting region due to melting of wrapper tubes, can be eliminated.
Fuel discharge through the inner duct
The feature of molten-fuel discharge through the sodium-filled duct was investigated in the EAGLE-1 program [10], [13]. It was presented that in the initiation of fuel discharge, a part of sodium vaporizes by heat exchange with molten-fuel and liquid sodium was entirely evacuated from the channel by vapor development towards the end of the channel, followed by massive discharge of fuel through the voided channel. Therefore, effect of sodium on the discharge of molten fuel is limited and the possibility of plugging inside the discharge paths is highly dependent on its hydraulic diameter. This sodium vaporization also increased the pressure of molten fuel pool which acted as a driving-force of discharge. Since the discharge direction in the EAGLE-1 program was downward, in the EAGLE-2 program, a series of experiments was performed for the upward discharge [11] in accordance with options of FAIDUS as shown in FIG. 2. It was confirmed that the characteristics of molten fuel discharge was common with knowledge obtained through the downward case in EAGLE-1 and that sodium vaporization after the inner-duct failure could increase the driving force of molten-fuel discharge against gravity. 
3. [bookmark: _Hlk70417208]The post-accident material relocation and heat removal phases
2. Heat transfer from the residual core materials to the CRGT wall
The relocation of degraded core material through CRGTs is one of essential subjects to achieve IVR. The CRGT is available as the discharge path by its failure in the core region, and therefore, the heat-transfer from the core-materials to CRGT is one of dominant factors in its failure. In case of a core design with FAIDUS, a mixture of solid-fuel and liquid-steel is supposed to remain in the core region since FAIDUS could effectively eliminate fuel in liquid-state from the core region. Therefore, in addition to knowledge obtained through experimental studies for the transition phase described in the session 3.1.3, it is required to obtain experimental knowledge for the evaluation of heat-transfer from the mixture of solid-fuel and liquid-steel to CRGT. Based on this background, in the latter half of EAGLE-2, in-pile tests were conducted. In the tests, the mixture of solid-fuel and liquid-steel was generated by a low-power nuclear heating of fuel and transferring its heat to steel, and then, data to consider the heat-transfer characteristics from the mixture of solid-fuel and liquid-steel to the CRGT were obtained [14]. The heat-transfer characteristic evaluated by thermocouple responses suggested that the heat transfer from the mixture to the CRGT simulator was governed by heat conduction of liquid steel. This knowledge will be used to evaluate failure time of the CRGT wall. 
2. Fuel relocation through CRGT
Unlike the dedicated duct for molten-fuel discharge in FAIDUS, CRGT originally has an internal structure to control the sodium flow rate in the control rod assembly and to absorb its insertion energy. Therefore, the effects of the inner structure on fuel relocation are investigated in EAGLE-3 [15], [16]. The series of out-of-pile tests represented that the elimination of liquid-phase sodium from the channel by void development at the initiation of fuel discharge could minimize cooling of molten fuel by the liquid-phase sodium and could prevent molten fuel from forming a blockage around the inner structure of channel. As a result, massive fuel-relocation can be achieved. The larger the elimination rate of liquid-phase sodium becomes, the less the thermal effects of the inner structure become. This means that it is preferable to decrease the pressure loss by the internal structure. However, because of low heat generation of the control rod assembly, the sodium flow rate in it should be lower by setting the structure with high-pressure loss. In order to confirm the range where the early-elimination of liquid-sodium and the design realization are compatible, the experimental study is continued in EAGLE-3. 
2. Fuel coolability
Coolability in the inlet coolant plenum
Molten core materials are relocated into the inlet coolant plenums beneath the core region through CRGTs at first. The inlet coolant plenums, which are generally called high-pressure plenum or low-pressure plenum depending on the reactor design, have quite limited heights and sodium inventories. Therefore, in the inlet plenums, molten core material with a jet-like shape would impinge on the bottom of the plenum before it breaks up into fragments. In the EAGLE-3 program, experiments have been carried out to clarify fragmentation behavior in a shallow sodium pool whose height and volume are so limited that jet impingement on the bottom is expected [17]. Results obtained through a series of out-of-pile tests suggest that molten core material can be fragmented and quenched even in a shallow sodium pool. In order to confirm this feature under the uranium dioxide condition, the experimental study is continued in EAGLE-3. 

(a) Coolability in the lower coolant plenum
After the amount of molten core materials relocated into the inlet coolant plenums exceeds a coolability limitation, molten-core materials penetrate into the lower coolant plenum. From the standpoint to design the lower coolant plenum so as to mitigate the thermal load to the core catcher and enhance of debris-bed coolability on it, it is required to establish a methodology for evaluating the distances for fragmentation of molten-core materials in the lower coolant plenum. 
Based on the above background, in the latter half of EAGLE-2, a series of out-of-pile experiments were conducted to obtain database for evaluating the fragmentation distance. Experimental knowledge suggests that the distances for fragmentation of molten alumina were evaluated to be approximately 60 % to 70 % below the values predicted using an existing representative correlation which regards hydrodynamic instabilities as a dominant fragmentation mechanism [18]. The stable vapor film of sodium does not form at the melt-sodium contact surface, and thermal phenomena such as local coolant vaporization and resultant vapor expansion significantly accelerate fragmentation. 
This knowledge suggests the prospect that the fragmentation and quench of molten-core materials can be achieved without the design modification on the lower coolant plenum. To evaluated the distances for fragmentation of molten-core materials quantitively, an empirical correlation is developing [19] and obtained experimental knowledge reinforces its validity. 

(b) Coolability of the degraded core
As mentioned in session 2.1.3, the coolant re-entry in the core region enhances coolability of residual fuel there and fuel relocation caused by melting terminates. This cooling of the residual fuel is called “in-place cooling”. In order to develop evaluation method for the in-place cooling, the general behavior of the in-place cooling was understood through analyses by a safety analysis code of SFRs, SIMMER-III [20]. Element phenomena in the in-place cooling were identified by method of phenomena identification and ranking table (PIRT), and several important phenomena which need to be studied more were extracted. Among these, sodium vaporization and condensation were one of priority subjects to be studied, and the experimental study to address these subjects were programmed in EAGLE-3 utilizing the out-of-pile test facility [21]. An experiment series has begun and the results will be presented and discussed in future.
ConclusionS
Design measures to promote CMR have been studied taking into account characteristics of each CDA phase of SFR to increase reliability of containing accident consequence by achieving IVR. CMR is not only aiming at eliminating the potential for exceeding prompt criticality events that affect the integrity of the reactor vessel, but also enhancing the potential for the in-vessel cooling of degraded core materials during CDAs. Since effectiveness of design measures for CMR is evaluated through CDA analyses, various experimental studies addressing dominant phenomena of CDA progression have been performed in parallel with development of computer codes. Among these, the EAGLE program, which is collaborative experimental study between JAEA and NNC/RK using the out-of-pile and in-pile test facilities of NNC/RK, has been carried out to obtain experimental knowledge over 20 years divided into three phases. They are called EAGLE-1, EAGLE-2 and EAGLE-3, to cover whole accident phase from fuel assembly scale core-melting begins to cooling of degraded fuel. Experimental knowledge on FAIDUS, which is molten-fuel discharge through the sodium-filled duct, was obtained and effectiveness of FADUS for CMR was confirmed through EAGLE-1 and the first half of EAGLE-2. Therefore, the major subjects for the CDA study are CMR in the later phase of CDA, especially the fuel relocation through CRGTs under the condition of gradual core melting by decay heat, and cooling both of relocated core material and degraded core, and they are the subjects of the latter half of EAGLE-2 and whole EAGLE-3. The latter half of EAGLE-2 provided the experimental knowledge to evaluate initiation of the fuel relocation through CRGTs and the fragmentation distance of molten-core materials penetrated into the lower coolant plenum. The EAGLE-3 program is under progress to provide experimental knowledge for fuel relocation through CRGTs and coolability both of relocated core material in the inlet coolant plenum and degraded core. 
Through the validation of the computer code SIMMER and CDA analyses, effectiveness of design measures for CMR against the post-accident material relocation and heat removal phases will be evaluated. 
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