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Abstract 

  

Metallic fuel has been proposed as one of fuel types in sodium-cooled fast reactor (SFR). The metallic 

fuel has advantages in terms of safety issues. Especially, it has been known that severe accident for 

metal-fueled SFR might be terminated earlier due to its safety characteristics. Hypothetical core 

disruptive accidents (HCDA) are considered as the accident which causes fuel melting and cladding 

failure in SFR. When cladding bleach occurs in initiating phase of HCDA, molten fuel is relocated 

debris is formed in fuel assembly. Severe accident consequences are determined depending on these 

phenomena. Thus, it is necessary to study fuel behavior and solidification phenomena in severe accident.  

However, the studies related to the metallic fuel in severe accident condition were partly performed. 

There is still a lack of fundamental knowledge about the severe accident phenomena and related physics. 

Therefore, the present study focuses on fuel relocation behavior and debris formation phenomena, 

which is in specific accident scenario, with experimental approaches. 

The fuel relocation behavior has been not studied clearly, especially in initiating phase of HCDA. To 

understand the phenomena and provide physical insights, there were visual studies for various 

experimental conditions. The studies were performed as a parametric study so key parameters affecting 

the fuel relocation behavior were selected. The parameter discussed in the experiment are coolant 

boiling, channel condition, initial melt temperature, and initial melt ejection pressure etc. In the fuel 

relocation experiments, simulants were used instead of metallic fuel. Wood’s metal and gallium were 

used as the simulant for the metallic fuel in most of experiment. Since the fuel behaviors are driven by 

force balance, Froude and Weber numbers were compared to investigate similarity. High speed video 

camera was used to observe the fuel relocation behavior and visual analysis methods were applied on 

the parameter study. There were two steps to conduct the visualization experiments. Firstly, possible 

fuel relocation behaviors were observed in small-scaled experimental facility. The experimental facility 

is called UNIST molten core and coolant interaction experimental facility (UNICORN)-B (baby). From 

the experiments, it was found that sodium boiling could be powerful driving force for fuel dispersal 

regardless of channel condition. Then, there were additional visual studies using UNICORN-C (child) 

which was established considering actual scale of fuel assembly in metal-fueled SFR. As a result, it was 

clarified that debris bed formation was highly dependent on the fuel relocation behaviors. 

Although fuel is ejected into coolant channel, core could be cooled from hydrodynamic point of view. 

If high porous debris bed is formed, decay heat would be removed using natural circulation flow. 

UNICORN-A (adult) was established to simulate actual fuel ejection condition in HCDA. Simultaneous 

occurrence of unprotected transient over power (UTOP) and unprotected loss-of-flow (ULOF) event 

was selected as a target scenario. A severe accident code SAS4A was used to calculate initial 

experimental conditions. Radiographic images were obtained to analyze melt relocation behavior. The 
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experimental results show that melt was not swept out from active core region. Mass fraction of frozen 

melt was investigated along axial distance. It showed melt was radially dispersed rather than the axial 

melt dispersal. In addition, most of melt was frozen near cladding failure point where the melt was 

directly ejected out. Debris bed seemed like agglomerated shape leading to local flow blockage. Since 

debris bed porosity affects to pressure drop and flow rate of fuel assembly, the porosity was evaluated 

after the experiment. The porosity was measured with two methods; classical method and post-

processing method of radiograph image. The classical method was performed using volume fraction of 

test section before and after the fuel relocation experiment. Debris bed was measured 0.89 of its porosity 

with these methods. It could ensure that core has coolability by natural circulation. Thus, it was verified 

that there was a possibility of early termination of severe accident.    

The characteristics of debris bed are mainly determined from physical form of individual debris. 

Especially, debris bed porosity is affected by debris morphology. In severe accident condition in SFR, 

metallic fuel had ligament-like shape of debris. This morphology made characteristics of debris bed 

porosity. The metal fuel had relatively high debris bed porosity. In previous research group, quenching 

experiments were conducted using molten metal droplet. The debris morphology was analyzed 

quantitatively. It was insufficient to qualitatively investigate the debris morphology. The present study 

was performed with experimental works based on theoretical model regarding rapid solidification. It is 

suggested that debris morphology is attributed to freezing point and instantaneous contact interface 

temperature between melt and coolant. From rapid solidification experiments, it was shown that high 

porous debris bed would be formed above porosity of 0.83 based on the reactor accident conditions in 

ULOF. 
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Chapter 1. Introduction 

1.1 Background 

Metallic fuel has inherent safety characteristics for the mitigation of the accident consequences under 

design extension conditions (DECs). However, the advantages of the metallic fuel in the transient state 

have not been enough to solve licensing issues of metal-fueled sodium-cooled fast reactors (SFRs). 

Although the hypothetical core disruptive accidents (HCDAs) for SFRs with the metallic fuel rarely 

occur due to its inherent safety and design features, it is needed to clearly evaluate the possibility of an 

early termination of the transient accident induced by molten metallic fuel-sodium coolant interaction 

under an initiating phase of the HCDAs, as a part of risk assessment for SFRs. To predict how such 

accidents progress, the coupled thermal-hydraulic and neutronic phenomena should be identified, but 

in this study the molten fuel-sodium interaction in terms of only thermal-hydraulics was considered. If 

the molten metallic fuel is well fragmented by its interaction with the sodium, passive cooling could be 

expected with guaranteeing effective flow paths for the natural circulation flow. That is a reason why it 

is should be examined whether the fragmentation of molten metallic fuel occurs inside the subchannel 

or not1-15. 

After cladding failure, overall severe accident mitigation strategies should be prepared. The metal 

fueled SFR severe accident scenario needs to be categorized and their mitigation strategies should be 

established for each phase. As shown in Fig. 1-1, severe accident sequences could be categorized in 

metal-fueled SFR. 

In the initial phase of metal fueled SFR severe accident scenarios, melting of metal fuel and cladding 

failure are induced with power excursion. After cladding failure, the molten metal fuel shows 

fragmentation behavior in the core region, which is called the Ex-pin phenomena. Thus, the key safety 

strategy to mitigate accident progression at this phase, is to discharge melt upwards out of the core. This 

upward discharge of melt is called as melt levitation. Such melt levitation could ensure early termination 

of accident progression.  

If the early termination of severe accident is not induced in the initial phase, there are two possible 

explanations. One is that the driving force for the melt levitation is not sufficient, and the other is that 

the melt falls into a base plate even though the melt was temporarily levitated. In these conditions, the 

melt may move downward to inlet plenum structure. There could be eutectic reaction between molten 

metallic fuel and core structure, leading to successive core degradation by eutectic penetration. At 

UNIST, the eutectic penetration phenomena were visualized using simulants such as gallium and indium 

as shown in Fig. 1-2. The melt is solidified depending on its behavior and the debris is formed, which 

is a molten fuel and structure material relocation phase. In general, it is known that debris bed coolability 
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of molten metal fuel is determined by its conductivity and porosity. There is an experimental database 

for thermal conductivity of metal fuel and structure materials. On the other hand, the experimental DB 

for porosity of molten metal fuel debris is insufficient since this debris is formed from unusual reaction, 

metal-metal reaction. The porosity of molten metal fuel debris is determined by porous structure and 

this structure depends on quenching of molten fuel and materials properties. Preliminary fragmentation 

tests in open pool were conducted using simulants at UNIST. In wood’s metal-gallium(as a melt and 

coolant, respectively) reaction, debris surface was somewhat rough, while the debris shape was round 

and rather smooth in wood’s metal-water(as a melt and coolant, respectively) reaction. It showed that 

the molten material debris was different from the material characteristic. If the coolability of debris bed 

could be eusured with its high voidage, core decay heat would be removed by natural circulation cooling 

of sodium. This means that the metal-fueled SFR has coolable geometry even in severe accident 

scenarios. However, such lab-scaled experiments did not provide reliable data on material characteristic 

of actual metal fuel.  

At the molten fuel and structure material relocation phase, the debris bed could block subchannel 

exceeding coolability limit. In this case, the relocated molten fuel and structure material would make 

corium pool locally at the bottom of the reactor vessel, which could threat the integrity of the reactor 

vessel. This is a long-term cooling phase. To prevent and mitigate these severe cases, innovative passive 

decay heat removal systems (PDHRS) is required. Korea Atomic Energy Research and Institute 

(KAERI) has proposed a design measure to mitigate these severe cases, reactor vessel auxiliary cooling 

system (RVACS). It is a final means to mitigate severe accidents where core region does not have 

sufficient coolable geometry by any chance. It could passively remove core decay heat by chimney 

effect during such accident progression.  

Fig. 1-3 shows a configuration of initiating phase of HCDA for metal-fueled SFR during an Ex-pin, 

where pressurized molten metallic fuel is ejected and dispersed into the sub-channel after the fuel pin 

failure. It is depicted taking into account an unprotected loss-of-flow (ULOF) accident scenario. 

Fig. 1-4 represents free body diagram for fuel relocation behavior. The driving forces for melt 

levitation could be pressurized fission gas in a pin cavity, rapid boiling of sodium bond, coolant sodium 

boiling caused by a fuel-coolant interaction, and sodium coolant flow. The sodium coolant flow could 

be neglected in the equation because the severe accident could occur only when unprotected loss-of-

flow event should be caused for the metal-fueled SFR. The pressurized fission gas is a key factor in the 

driving force for the melt levitation among them. The maximum force of each parameter is determined 

according to accident scenario. If the driving force for melt levitation is less for fully melt levitation 

which means that all molten fuel is discharged out toward the fuel assembly. The molten fuel which 

could not be fully levitated fall in fuel assembly, leading to the debris formation. The debris formation, 

which directly determine coolability in the fuel assembly, is different with the molten fuel behavior. 

Thus, it is important to obtain physical insight and understanding for molten fuel behavior. After a pin 
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failure, the molten fuel is fragmented and dispersed with active collision with surrounding structures. 

The molten fuel behavior includes the successive phenomena and it is highly affected by internal pin 

pressure which is determined from fission gas and rapid boiling of sodium bond. 

1.2 General literature review 

A few investigations have been performed to evaluate and investigate fuel relocation phenomena. 

Extensive studies regarding fuel relocation behavior in case of the HCDAs under both in-pile and 

out-of-pile conditions were conducted for metal fuels in the 1960s–1970s, while only few studies of 

metal fuel relocation behavior were performed because of concerns that the metal fuel could not achieve 

high burnup due to the irradiation induced swelling problem16-35. Following the new metal fuel design 

development that overcame the swelling problem, experiments regarding thermal hydraulic interaction 

of molten metallic fuels and liquid sodium have been conducted by several researchers. Nishimura et 

al.36, 37 carried out a series of fragmentation experiments using molten metallic simulants in a sodium 

pool. The simulant materials with quantities ranging from 20 g to 300 g were melted in a crucible with 

an electrical heater and were dropped into a sodium pool with temperatures from 206 °C to 500 °C. It 

was reported that the thermal fragmentation originated inside the molten simulants and a solid crust was 

observed. It was verified that the fragmentation of the molten simulants was attributed to the internal 

pressure build up by the boiling of sodium, which was locally entrapped inside the molten simulants 

due to turbulent mixing of the molten simulants and sodium. It was concluded that the superheating and 

the latent heat of fusion of a molten metal jet were dominant factors governing the thermal 

fragmentation. The effect of the initial temperature of the coolant sodium on the fragmentation of the 

simulants was found to be negligible. Most studies that were conducted using metallic simulants in 

sodium concluded that the molten metals were heavily fragmented after liquid contact and the dominant 

factors governing the fragmentation were superheating and latent heat of fusion of the simulants38-44. 

Gabor et al.45-47 conducted experiments using kilogram quantities of various molten uranium alloys in 

an open sodium pool configuration. They found that the metal fuel fragments created from their pour 

stream in the open sodium pool were in the form of filaments and sheets with a high bed voidage on the 

order of 0.9. Their calculation indicated that the debris beds formed by relocated metal fuels in the open 

pool which is for the coolant outlet. The open sodium pool would be largely coolable by conduction 

heat transfer. Even under a convective and boiling heat transfer condition, the debris beds were to form 

for coolable geometry in subchannel. It was found that the debris size was well distributed but the mean 

size of the debris is about 2-3 mm. That showed the debris size was determined from the experimental 

condition which means initial melt ejection conditions. Although Gabor et al.’s experiments are useful 

in evaluating the coolability of relocated metal fuels during the HCDAs in a SFR, they focused on the 

late phase relocation behavior in which the core material relocates downward through the core support 
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plate into the inlet plenum where the structures are more open and thus consistent with the open pool 

configuration. There is still a knowledge gap regarding the initial phase of metal fuel relocation behavior 

within the core structures in case of the HCDAs. On the other hand, the lead-cooled fast reactor, called 

LFR, used oxide fuel in general. The characteristics of oxide fuel seem to be different with that of metal 

fuel. In the steady state, the metal-fueled SFR has asymmetrical temperature profile axially due to the 

sodium coolant, while there was symmetrical temperature profile in the oxide-fueled LFR. That made 

the difference of fuel ejection position when the fuel is melted. In transient condition, it is expected that 

there would be molten fuel behaviors with reactor types. When considering unprotected loss-of-flow 

(ULOF) event, the fuel dispersion is up to density difference between the fuel and the coolant. The 

metal fuel is quietly heavier than the sodium, which would lead to its dispersion upward and downward. 

The fuel motion is more affected the drag force rather than the buoyant force, so the fuel would be 

levitated and traveled with natural circulation of the LBE, shows the accident mitigation strategy should 

be prepared to prevent the severe accident.  

 

1.3 Objectives and scope 

 

This manuscript concentrates on 1) direct observation of fuel relocation behavior using simulants like 

gallium and Wood’s metal and 2) investigation of effect of cooling rate on melt solidification. 

 

1) To provide physical insights in fuel relocation phenomena  

2) To conduct the parameter study for fuel relocation behavior on melt ejection condition 

3) To develop experimental platform to study initiating phase of severe accident for SFR 

 

Chapter 1 introduces fuel relocation phenomena and reviews some studies which were performed for 

fuel behavior in severe accident. 

Chapter 2 shows visual studies for fuel relocation phenomena are described. Using simulant for 

metallic fuel was introduced to study fuel relocation behavior and its fragmentation phenomena. Melt 

behaviors was directly observed to investigate the effect of each parameter affecting the relocation 

phenomena. The dimensionless number such as Froude and Weber were used to compare hydraulic 

similarity between actual transient condition and experimental condition. 

Chapter 3, parametric studies were conducted to assess what parameter is crucial for the fuel 

relocation behavior. The levitation height of melt, which means melt dispersed upward, was evaluated 

for predicting a possibility in early termination of accident.  

In chapter 4, advanced fuel relocation experiment was conducted considering actual transient 

condition in metal-fueled SFR. The melt was not swept-out outward active core and frozen in fuel 

assembly structure. Debris bed porosity after the relocation experiments was analyzed to evaluate core 
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coolability. The high porous debris bed was formed when the molten metal was rapidly solidified. 

Debris bed porosity was different depending on debris morphology, especially debris size. Debris size 

model was developed based on results of quenching experiments. 

The conclusions and recommendations are described in chapter 5. 
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Fig. 1-1 Sequence of severe accident for metal-fueled sodium-cooled fast reactor 
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Fig. 1-2 Optical images of eutectic penetration experiments using gallium and indium 
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Fig. 1-3 Configuration of initiating phase of HCDA for metal-fueled SFR 

 

 

 

Fig. 1-4 Configuration of free body diagram for fuel relocation behavior 
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Chapter 2. OBSERVATION OF EX-PIN PHENOMENA 

2.1 Introduction 

In general, ex-pin phenomena stands for physical phenomena of molten fuel after cladding failure. 

Since the accident consequence is highly dependent on fuel relocation behavior including its 

fragmentation and dispersal, the ex-pin phenomena should be clarified. Fuel relocation behaviors, 

which occurs after cladding failure in metal-fueled sodium-cooled fast reactor (SFR), are complex 

phenomena with multi-physics and multi-phase flow. To investigate safety characteristics in the severe 

accident condition, it is crucial to understand fuel dispersion and fragmentation behavior in channel. In 

addition, these fuel behaviors would determine coolability in active core. If fuel is not swept out without 

its fragmentation, local fuel blockage might occur. In that case, reactor safety could not be ensured and 

the accident could be proceeded48-56. 

There are previous studies for the fuel behavior in severe accident for SFR. Most studies focused on 

the phase where large amount of fuel stream is relocated to reactor vessel. In the present study, the 

phase is called disassembly phase. The previous research groups conducted fragmentation experiments 

with pouring fuel or simulant into coolant pool. Nishimura et al.36, 37 performed the fragmentation 

experiments using copper, silver, and aluminum. The simulants for simulating fuel were poured into 

the sodium pool. They revealed the thermal fragmentation as a fragmentation mechanism for metal 

fuel. In the thermal fragmentation procedure, solid crust at fuel surface is firstly formed and built-up 

pressure driven by sodium boiling fragmented the fuel particle. Matsuba et al.57-59 also studied melt 

fragmentations using aluminum and sodium. It was found that molten aluminum was intensively 

fragmented due to rapid expansion of sodium vapor and frozen after the fragmentation phenomena. 

When the mass median diameters of debris were compared to classical fragmentation theory which 

commonly used in cases of light water reactor, the particle sizes were not well agreed with the 

theoretical values.  

Research interest in initiating phase of severe accident is relatively lower than that of disassembly 

phase. However, the study for the initiating phase is important since the fuel swept-out could lead early 

termination of severe accident. In research groups in Japan, fuel assembly with an inner-duct structure 

(FAIDUS) has been proposed as a mitigation strategy against initiating phase of hypothetical core 

disruptive accident (HCDA) for oxide-fueled SFR. They performed fuel relocation experiments using 

horizontal melt ejection. Kamiyama et al.60-61 conducted fuel relocation experiments using simulant. 

The alumina was used as the simulant for oxide fuel. To test a design option of FAIDUS, they evaluated 

driving forces to affect the fuel behavior. Matsuba et al.57-59 evaluated movement relocated fuel in 

arbitrarily fuel discharge structure. They showed experimental approach to the fuel relocation behavior 

in the coolant channel. However, it was There have been not much experimental results about the fuel 
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relocation phenomena in fuel assembly. It is still insufficient to understand and provide physical 

insights for the phenomena.  

In this chapter, fundamental phenomena in ex-pin for metal-fueled SFR was directly observed. An 

experimental facility for horizontal melt ejection was designed and established. The experimental 

facility was used for preliminary experiments, so it was optimized for direct observation of the fuel 

relocation behaviors. From these experiments, physical understanding of the phenomena was achieved. 

Finally, the driving force for the fuel swept-out was analyzed from the visual study. 
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2.2 Experimental setup and procedures 

The visual studies were performed with simulant instead of actual fuel and coolant. Gallium, water, 

and freon were used as simulants, respectively. In the present experiment, possible fuel relocation 

behaviors were observed in small-scaled experimental facility. The experimental facility is called 

UNIST molten core and coolant interaction experimental facility (UNICORN)-B (baby). The melt 

relocation characteristics including its fragmentation and dispersal were clearly observed. Based on the 

visualization results, anticipated accident consequence was evaluated and driving force to determine 

the melt behavior was discussed.    

2.2.1 Experimental facility 

Fig. 2-1 is a schematic diagram of UNICORN-B for simulating fuel relocation behavior. It consists 

of a coolant channel and a melt injection system. The distance between the upper end of the coolant 

channel and the melt inlet is 260 mm. The coolant channel was designed as a square channel to 

maximize the visualization of the melt behavior with 15 mm of its internal equivalent diameter. The 

melt ejection point was set at 1/3 of the reference point of the lower end of the coolant channel, and the 

inner diameter of the melt ejection point was 3.7 mm. The melt was ejected from the melt injection 

system into the coolant channel. The melt injection control was achieved by a ball valve. The injection 

amount of melt was obtained by hand calculation of the mass flow rate of the melt. The initial 

temperature and pressure of the melt were measured with a thermo couples and pressure transmitters in 

the melt injection system. The melt injection system was designed to determine the pressure of the melt 

with controlling noble gas. The melt behavior was observed through a transparent window, and 

visualization results were obtained using a high-speed camera (800 fps). The high-speed camera used 

was Phantom's v9.1 model and the time resolution during visualization was 0.02 s. 

2.2.2 Test procedure and experimental methods 

The visual experiments for ex-pin phenomena were manually conducted. The experimental pro

cedures are as follows. 

 A certain amount of melt is injected in the melt injection system. 

 Initial melt temperature and pressure are set in the melt injection system using induction heater 

and noble gas. 

 Fill the coolant channel with coolant depending on experimental conditions. 

 Pressurized melt is continuously ejected into channel with open of ball valves. 
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 During the process, the melt relocation behavior and fragmentation phenomenon are obtained 

using a high-speed camera. 

 Repeat the procedures depending on the experimental conditions and investigate what 

parameters affects the relocation behavior and the fragmentation. 

 

In the fuel relocation experiments, simulants were used instead of metallic fuel. Gallium was used as 

the simulant for the metallic fuel. In the experiments using UNICORN-B, gallium was selected as a 

simulant with a low melting point, and water and R-123 were used as the coolant. There were two 

coolant materials to simulate accident sequences caused by coolant boiling condition. R-123 is a kind 

of freon which has a boiling point of 28 °C which is very low at atmospheric pressure. The coolant 

boiling condition can be simulated using R-123. On the other hand, in the case of water, the boiling 

point was 100 °C under the atmospheric pressure condition. In this experiment, the water condition was 

used as coolant non-boiling condition. The gallium has melting point of 30 oC and it was ejected with 

the temperature of 50 oC in the experiment. Thus, the coolant boiling condition could be simulated using 

R-123 and water. Table 2-1 shows the physical properties of the melt and coolant materials in the 

experiments. 

In initiating event for HCDA in SFR, there are some events like unprotected transient over power 

(UTOP) and unprotected loss-of-flow. The accident sequence is highly dependent on conditions of the 

initiating event. It means that the fuel could be relocated in voided or un-voided coolant channel. When 

sodium boiling occurs before the fuel relocation, the channel would be occupied with sodium vapor as 

voided condition. On the other hand, the fuel is directly contacted with the liquid sodium if sodium is 

not boiled. The fuel fragmentation and solidification are affected by these channel condition. Coolant 

boiling is also considered in the experiments. The metal fuel is relatively low melting point and the 

eutectic alloy between metal fuel and structures might have more lower temperature. Especially, sodium 

would not be boiled when the fuel is interacted with remaining in bottom of voided channel. In addition, 

coolant boiling could be one of promising force to discharge the fuel outward from core. The structure 

of fuel assembly is so compact and complex. The fuel rod has wire-wrapped structure unlike a typical 

fuel rod structure. The fuel movement might be disturbed by the structural characteristics. Finally, the 

critical phenomena where the fuel is relocated without its fragmentation were visualized. It might be 

occur when fuel is loaded with significant crack on cladding. With these parameters discussed so far, 

the ex-pin phenomena which might occur in actual transient condition were observed. The test matrix 

for ex-pin phenomena experiment is listed in Table 2-2.  

To conduct the melt injection experiment using the simulants, it is necessary to evaluate hydraulic 

similarity between actual and simulant materials. Since the fuel behaviors are driven by force balance, 

dimensionless numbers related to physical force balances were compared to investigate similarity. If 

the hydraulic similarity is satisfied between two materials, the melt behavior under actual SFR transient 
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condition will be evaluated quantitatively. In the experiment, the Froude and the Weber number are 

considered for the similarity analysis. The Froude number represents the ratio of the inertial forces to 

the gravity forces, and the Weber number represents the ratio of the disruptive hydrodynamic forces to 

the stabilizing surface tension force. These dimensionless numbers indicate which forces are dominant 

for the behavior of melt dispersion. Also, these dimensionless numbers yield insight into the underlying 

physical phenomena. Thus, it is possible to satisfy the hydraulic similarity with the Froude and Weber 

number. The Froude number and Weber number are respectively defined as 

 

              𝐹𝑟 =
𝑉𝑚

2

𝑔𝐷𝑚
                                  (2-1) 

 

           𝑊𝑒 =
𝜌𝑐‖𝑉𝑚⃗⃗ ⃗⃗  ⃗−𝑉𝑐⃗⃗⃗⃗ ‖

2
𝐷𝑚

𝜎𝑚
                   (2-2) 

 

where Vm and Vc are the melt and coolant velocities, respectively; g is the gravitational acceleration; 

Dm is the diameter of the melt injection nozzle; σm is the surface tension of the melt; and ρm and ρc are 

the melt and coolant densities, respectively.  

To calculate the Weber number, it is necessary to evaluate the interfacial velocity between the melt 

and the coolant. However, the interfacial velocity is difficult to measure and control under the 

experimental conditions. Thus, the interfacial velocity is assumed to be the initial relative velocity 

between the melt jet and the coolant. The initial relative velocity is determined by the velocity difference 

between the melt and the coolant which means the vector difference between the two velocities. The 

initial relative velocity between the two fluids is directly related to the interfacial momentum of the 

materials determining the melt behavior and fragmentation. 
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Table 2-1. Physical properties of melt and coolant for fuel relocation experiments using 

UNICORN-C 

 Actual materials Simulant 

 
Metallic fuel 

(U-10Zr) 
Sodium Gallium Water R-123 

Density 

[kg/m3] 
14100 966 6095 998 1460 

Surface 

tension 

[N/m] 

0.57 0.20 0.74 0.07 0.02 

Viscosity 

[mPa∙s] 
5∙10-3 1.13 1.89∙10-3 1.00 0.45 

Melting / 

Boiling point 

[oC] 

1077 / - - / 881 30 / - - / 100 - / 28 
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Table 2-2. Experimental conditions for fuel relocation experiments using UNICORN-C 

Test no. 1 2 3 4 5 6 

Melt / Coolant 

material 

[-] 

Gallium / 

Water 

Gallium / 

Water 

Gallium / 

Water 

Gallium / 

R-123 

Gallium / 

Water 

Gallium / 

R-123 

Melt temperature 

[oC] 
50 50 50 50 50 50 

Coolant temperature 

[oC] 
22 22 22 22 22 22 

Melt injection mass 

[g] 
1170 1310 1220 1610 1240 1360 

Initial melt pressure 

[bar] 
1 1 1 1 1 1 

Coolant flow velocity 

[m/s] 
0.5 0.5 0 0 0 0 

Coolant saturation 

[-] 

Unvoid 

(coolant-

occupied) 

Unvoid 

(coolant-

occupied) 

Unvoid 

(coolant-

occupied) 

Unvoid 

(coolant-

occupied) 

Void 

(air-

occupied) 

Void 

(air-

occupied) 

Froude number 

[-] 
165 165 165 243 165 243 

Weber number 

[-] 
174 174 173 255 173 255 

Remark 

Single-

pin 

structure 

Multi-pin 

bundle 

structure 

- - - - 
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Fig. 2-1 Schematic diagram of UNICORN-C 
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2.3 Experimental results 

The ex-pin phenomena where the fuel is ejected into coolant channel were observed. The experiments 

were carried out with experimental facilities called UNICORN-C. The melt behavior was investigated 

on rod bundle structure effect, coolant boiling, channel condition (voided and un-voided condition), and 

melt ejection velocity. The phenomenological study was performed from the visual results and physical 

insight to predict accident sequences was discussed.  

2.3.1 Physical insights in ex-pin phenomena 

  In initiating phase of HCDA for metal-fueled SFR, the fuel behavior in fuel assembly is dependent 

on driving force. There are some dominant forces to determine the fuel behavior; force caused by 

pressurized fission gas, vaporization of sodium bond, coolant boiling, coolant flow, friction of structure, 

and gravitational energy. The force balance equation is given by 

𝐹𝑓𝑢 = 𝐹𝑓𝑖 + 𝐹𝑠𝑜 + 𝐹𝑏𝑜 + 𝐹𝑐𝑜 + 𝐹𝑓𝑟 + 𝐹𝑔                 (2.3) 

  If unprotected loss-of-flow event was considered as an initiating event for severe accident, the coolant 

flow could be excluded in the experiment. Thus, it is rearranged by  

  𝐹𝑓𝑢 = 𝐹𝑓𝑖 + 𝐹𝑠𝑜 + 𝐹𝑐𝑜 + 𝐹𝑓𝑟 + 𝐹𝑔                    (2.4) 

When fuel stream is assumed as a shape of droplet, energy balance is used to calculate how fuel 

droplet is swept-out from ejected position.  

    𝑊𝑓𝑖 + 𝑊𝑠𝑜 + 𝑊𝑐𝑜 + 𝑊𝑓𝑟 = ∆𝐸𝑔                (2.5) 

The pressurized fission gas and vaporization of sodium bond are factors in pin cavity. Thus, the work 

by these factors defined by 

       𝑊𝑓𝑖 𝑎𝑛𝑑 𝑠𝑜 = (𝑃𝑉)𝑓𝑖 𝑎𝑛𝑑 𝑠𝑜                      (2.6) 

The force by coolant boiling was considered as buoyance force by the sodium vapor.  
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  𝑊𝑐𝑜 = (𝜌𝑙𝑖𝑞,𝑠𝑜 − 𝜌𝑠𝑜,𝑣𝑎𝑝)𝑔𝑉𝑠𝑜,𝑣𝑎𝑝∆ℎ                (2.7) 

There is frictional force caused by inner structure. The work by frictional force is given by   

𝑊𝑓𝑟 = −
1

2
𝑐𝑑,𝑙𝑖𝑞,𝑓𝑢𝜌𝑙𝑖𝑞,𝑓𝑢𝑣𝑙𝑖𝑞,𝑓𝑢̅̅ ̅̅ ̅̅ ̅̅ 2𝐴𝑠𝑢𝑏∆ℎ               (2.8) 

The potential energy by gravitational force is dependent on position of fuel droplet. 

∆𝐸𝑔 = 𝑚𝑙𝑖𝑞,𝑓𝑢𝑔∆ℎ                        (2.9) 

The height where the fuel droplet moved is calculated by energy balance equation using Eq. 2.5-2.9.  

 

(𝑃𝑉)𝑓𝑖 𝑎𝑛𝑑 𝑠𝑜 + (𝜌𝑙𝑖𝑞,𝑠𝑜 − 𝜌𝑠𝑜,𝑣𝑎𝑝)𝑔𝑉𝑠𝑜,𝑣𝑎𝑝∆ℎ 

−
1

2
𝑐𝑑,𝑙𝑖𝑞,𝑓𝑢𝜌𝑙𝑖𝑞,𝑓𝑢𝑣𝑙𝑖𝑞,𝑓𝑢̅̅ ̅̅ ̅̅ ̅̅ 2𝐴𝑠𝑢𝑏∆ℎ = 𝑚𝑙𝑖𝑞,𝑓𝑢𝑔∆ℎ         (2.10) 

 

Figure 2-2 shows the visualization results for melt behavior in a rod structure. During initiating phase 

of metal-fueled SFR severe accident, the fuel is directly ejected and dispersed into small gap between 

fuel rods. Since design of SFR fuel rod has wire spacer, the fuel fragmentation and dispersion might be 

disturbed by the structural characteristics. To observe ex-pin phenomena with rod structure, the 

experiments were conducted by inserting a wire-wrapped pipe simulating a single rod. The outer 

diameter of the pipe used was 6.33 mm, and the outer diameter of the wire was 1 mm. The melt is 

ejected from the left wall which was directly connected to the melt injection system. In the test section, 

the wall structure stands for cladding in fuel assembly. The melt was continuously ejected to the channel 

but was not dispersed in the form of a jet breakup. It was broken due to collisions with surrounding 

structures. Since solidification effect was not considered in the experiment, the melt was repeatedly 

fragmented and agglomerated. In addition, there was a melt flow which was shifted to the right side. 

The wire spacer led to melt movement to the right side, which means that the fuel could be intensively 

fragmented due to the melt dispersal with the rotation direction of the wire wrap. The contact area 

between the melt and the coolant increased, which could accelerate to disperse and fragmentation of the 

melt. However, the local flow blockage might occur due to this flow characteristic when the fuel is 

rapidly frozen in fuel assembly. The experiment was carried out considering coolant flow to clearly 

observe the melt behavior affected by SFR fuel rod structure. 

Figure 2-3 represents the melt fragmentation and dispersion in the channel with multi-rod structures. 
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It was performed to visualize the effect of multi-rod structure on the melt behavior. The gap between 

the pipes and pitch was 0.89 mm and 7.22 mm, respectively. The outer diameter of the pipes was 6.33 

mm. The values were selected considering design parameters from prototype generation-IV sodium-

cooled fast reactor (PGSFR). The molten gallium was ejected from the left wall like previous case. The 

melt ejected to the gap between the pipes and the melt dispersal occurred instantaneously. The fragments 

were observed in initial phase after the melt ejection. It seemed like the size of fragment was lower than 

gap between pipes and its shape was like a sphere. However, as the melt was continuously ejected and 

dispersed, it was mixed again with a form of stream. The gallium had low melting point compared to 

temperature of water pool in the experiment. During the melt dispersion, there was not solidification in 

melt. The melt was discharged with rotational movement according to flow mixing. There were chances 

to increase contact area between melt and coolant, thus the local coolant could be entrapped by melt. If 

the coolant boiling was considered, the melt fragmentation would occur by intense vaporization of the 

local coolant62-69. The melt movement behaved uniformly without its shifting. Since the melt was 

ejected horizontally, the melt flowed initially in radial direction. The inertial force of melt made the 

most of melt radially distributed. However, the molten gallium eventually dispersed upward due to the 

coolant flow.  

Figure 2-4 and 2-5 show the molten gallium behavior in a channel occupied with coolant. These 

behaviors could stand for accident situations when sodium is not boiled before cladding failure. Whether 

or not coolant boiling occurs before the cladding failure is dependent on accident scenarios. In the visual 

study, there were two experimental conditions to simulate possible ex-pin phenomena; coolant non-

boiling and boiling condition. To apply each condition, water and R-123 were used as coolant. R-123 

is a kind of freon, which was appropriate to simulate boiling condition because the initial temperature 

of molten gallium was 50 oC. 

Figure 2-4 reveals the melt behavior in water-occupied channel. The water is fully filled in the test 

section to reflect un-voided coolant channel. As molten gallium collided against wall standing for 

surrounding cladding, it started to spread in vertical direction. The fragmented particle was formed 

around the collision region due to molten gallium spreading by horizontal flow. A melt-coolant mixing 

zone was formed in the region near the melt ejection point as the melt was continually ejected from the 

melt injection system into the channel. There was no driving force for discharging the melt to the top 

side in coolant non-boiling conditions. The coolant boiling phenomenon did not occur at the melt–

coolant interface, because the boiling point of water was higher than the melt temperature. However, 

thereafter the melt was just moved in the direction of gravity. Since gallium is a liquid metal with a high 

density, the melt fell down in lower part. During the melt injection, the melt was continuously injected 

into the coolant channel, so a part of the melt seemed to move upward by its inertia. However, most of 

the melt moved downward without the occurrence of refreezing phenomena, owing to its good 

fragmentation. The fragmented particles were of various shapes, from sphere-like to flat-sheet-like. The 
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shapes of the particles were determined by surface solidification and the contact conditions between the 

two fluids. The fragmented particles were not agglomerated, and so, the coolant channel was not 

blocked by the fragmented particles. In this test, 1.22 kg of the melt was injected in the coolant channel, 

which was equal to the total weight of six fuel pins. 

Figure 2-5 shows the melt behavior in the coolant boiling condition. In this experiment, it was 

observed that void volume of coolant was generated. There was a two-phase flow regime where the 

melt fragments were dispersed upward along with the coolant vapor. The void volume increased with 

continuous melt ejection. In addition, the vapor columns were created by this process and grew enough 

to fill the inside of the coolant channel at a certain time. The melt was fragmented and discharged to the 

upper side of the channel with the growth of the vapor column, leading to melt sweep-out. It is deduced 

that the driving force of the melt dispersal is due to accumulation of the vapor pressure. When the melt 

was ejected into the coolant, an interface between the melt and the coolant was formed and a coolant 

vapor pressure was created through the interface. The growth of the vapor column caused the buildup 

of the vapor pressure, and the melt was discharged to the upper part of the channel when the vapor 

pressure exceeded. Although the coolant flow velocity was zero, the melt was dispersed upward against 

gravity. This implies that the melt will move toward the outside of the core region even under a zero 

flow condition if sufficient vapor pressure is built up within the coolant channel. Through the 

experiment, the possibility of the melt sweep-out was examined even in the absence of the coolant flow. 

In addition, it was confirmed that the driving force of melt sweep-out mechanism is the accumulation 

of the coolant vapor pressure due to the active reaction between the melt and the coolant. The amount 

of melt injected in this experiment is 1.61 kg, which corresponds to mass of 8 fuel pins based on 

prototype generation-IV sodium-cooled fast reactor (PGSFR) fuel. 

In the initiating phase of ULOF event, the voided coolant channel could be formed in the inner core 

region. This indicates that the melt fragmentation caused by reaction of the melt with the coolant did 

not occur. Figure 2-6 shows the visual observation results of the behavior of melt injected into the 

coolant channel, under the voided coolant condition. The voided coolant region formed around the melt 

injection point, and the coolant was filled at the bottom of the coolant channel. With the injection of the 

melt from the melt injection system, the injection pressure in the injection system reduced gradually. 

The initiating behavior of the melt injection was similar to that in un-voided condition. The melt collided 

with the wall of the coolant channel. A part of the melt seemed to move upward in the voided region, 

but most of it moved downward without occurrence of the refreezing phenomena, owing to its high 

density. When the melt fell to the coolant, which was submerged at the bottom of the channel, melt–

coolant mixing occurred on the boundary surface between the melt and the coolant. Through the 

intermixing of the melt with the coolant, the coolant boiling occurred only in test 6 owing to the low 

boiling point of R-123. This led to the void development of a coolant from the intermixing point, where 

the melt and the coolant interacted with each other. The coolant void can be developed only after the 
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formation of a stable void by a sufficient reduction of coolant subcooling in the coolant channel. Since 

the vapor pressure was accumulated in the coolant channel, the melt at the bottom of the coolant channel 

was discharged upward. In addition, the void developed by the coolant vaporization occupied the voided 

coolant region, and so, the melt in the voided coolant region moved to the upper region of the coolant 

channel. After the coolant channel was dominated by the void development of the coolant, most of the 

melt fragments were dispersed upward along with the coolant vapor. Figure 2-6 shows that the melt was 

discharged upward beyond the coolant voided region, in which the additional driving force was 

generated by the built-up vapor pressure. It seems reasonable to suppose that the melt can be discharged 

upward after its dispersion in the voided coolant region. 

 On the other hand, Figure 2-7 shows the experimental results for the melt behavior under the non-

boiling condition, in which 1.24 kg of the melt was injected into the coolant channel. In this test, coolant 

boiling did not occur when the melt came into contact with the coolant, because of the boiling point of 

water (100 °C). Because no coolant boiling phenomenon occurred, there was no driving force for 

moving the melt upward. After the injection of the melt, it was not fragmented and was accumulated at 

the bottom of the coolant channel owing to its high density. This indicates that the recriticality event 

may occur if the melt is refrozen and agglomerated in such a case.  

Figure 2-8 shows the melt relocation behavior according to the initial melt velocity. Concerning 

severe accident condition in beginning of cycle (BOC) where the fuel is loaded with cracked cladding, 

the range of the melt velocity was arbitrarily selected; 5 mm/s, 18 mm/s, 72 mm/s, and 144 mm/s. Figure 

2-6 (a) and (b) represent the melt behavior at the initial melt velocity of 5 mm/s and 18 mm/s, 

respectively. Under these conditions, the melt behavior moved downward without colliding with the 

inner structure of the channel. The melt is likely to fall directly toward the lower plenum, which has 

potential leading to flow blockage and recriticality. When the melt was ejected at an initial melt velocity 

of 72 mm/s, melt was contacted to the channel wall. However, the melt relocation behavior still moved 

downward. On the other hand, when the initial melt ejection velocity was 144 mm/s, it was observed 

that the melt fragmentation partially occurred due to the collision between the melt and the channel 

walls. As a result, it could be concluded that if a melt is ejected into the coolant at a low melt velocity, 

this would proceed severe accident sequence without early accident termination. To predict actual melt 

behavior in the metal-fueled SFR severe accident, the present study applied the Froude number and 

Weber number to evaluate the hydrodynamic similarity. As a result, Froude number in the actual reactor 

case was found to be considerably larger than that in the experimental case. It is considered that the 

metallic fuel does not move downward immediately to the lower plenum in actual transient cases. 

The upward dispersion of melt as observed visually and evaluated by considering the molten fuel 

discharge under several experimental conditions was discussed. The built-up vapor pressure is proposed 

as a major cause of the upward dispersion of the melt. Sufficient reduction of the coolant subcooling 

can be achieved under contact with the coolant. As a result, the void development of the coolant can be 
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achieved at an earlier stage under the coolant boiling condition. From the viewpoint of thermodynamics, 

the magnitude of buildup of the coolant vapor pressure is related to the coolant vapor generation rate, 

which in turn is dominated by the mixing ratio of and the contact interface area between the melt and 

the coolant, as well as their temperature difference. The visual observation results showed that the 

coolant pressure buildup occurred under the coolant boiling condition both in the voided and the 

unvoided coolant channels. In addition, the upward dispersion of melt occurred under the zero flow 

condition of the coolant. Here, it should be noted that when it is assumed that the coolant pressure can 

be built up in the coolant channel, the melt is dispersed to the outside of the core region even in the 

ULOF initiating phase scenario. Therefore, if the reactor condition is a certain condition similar to the 

experimental condition in the present study, it will be possible to generate sufficient coolant vapor to 

lead to coolant pressure buildup under the reactor conditions. In other words, in such a situation, the 

molten metal fuel can be dispersed upward toward the outside of the core by the coolant pressure. 

Consequently, the experimental results provide the critical physical insight of fuel relocation where 

accumulation of the coolant vapor pressure would be one of the driving force for fuel sweep-out.  

To conduct the melt injection experiment using the simulants, it is necessary to evaluate hydraulic 

similarity between actual and simulant materials. Since the levitation height and debris bed porosity are 

determined from the behavior of fuel stream, the hydraulic similarity should be secured. If the hydraulic 

similarity is satisfied between two materials, the melt behavior under actual SFR transient condition 

would be evaluated quantitatively. In the experiment, the Froude and the Weber number are considered 

for the similarity analysis. The Froude number represents the ratio of the inertial forces to the gravity 

forces, and the Weber number represents the ratio of the disruptive hydrodynamic forces to the 

stabilizing surface tension force. These dimensionless numbers indicate which forces are dominant for 

the behavior of melt dispersion. Also, these dimensionless numbers yield insight into the underlying 

physical phenomena. Thus, it is possible to satisfy the hydraulic similarity with the Froude and Weber 

number. The Froude number and Weber number were used to represent the overall behavior of fuel 

stream and the fragmentation of molten fuel, respectively. 

Table 2.3 shows comparison of Froude and Weber number between actual transient condition and 

experimental conditions. The ranges of the Froude and the Weber number in experimental conditions 

were included in the actual transient condition for metal-fueled SFR. It means that the actual fuel 

behavior and fragmentation in beginning of equilibrium cycle (BOEC) was simulated in the present 

study. It was found that the powerful driving force for the fuel levitation was built-up vapor pressure by 

instantaneous coolant boiling in the BOEC. Especially, the melt was strongly discharged upward and 

swept-out regardless of coolant channel condition like void and un-void condition. The physical insight 

could give severe accident mitigation strategy for the metallic fuel in SFR. 
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Table 2-3. Comparison of Froude and Weber number 

between actual transient condition and experimental conditions 

 

Actual transient 

condition for metal-

fueled SFR 

Experimental condition 

Froude number 435.3 – 10278.6 165 – 2130 

Weber number 562.6 – 10962.1 173 – 2253 
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Fig. 2-2 Optical images of melt relocation behavior in a channel with a wire-wrapped rod 
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Fig. 2-3 Optical images of melt relocation behavior in a channel with multi-rod bundle  
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Fig. 2-4 Optical images of melt relocation behavior in an un-voided channel under coolant boiling 
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Fig. 2-5 Optical images of melt relocation behavior in an un-voided channel under coolant non-boiling condition 
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Fig. 2-6 Optical images of melt relocation behavior in a voided channel under coolant boiling 
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Fig. 2-7 Optical images of melt relocation behavior in a voided channel under coolant non-boiling condition 
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Fig. 2-8 Optical images of melt relocation behavior with initial melt velocity of 

 (a) 5 mm/s, (b) 18 mm/s, (c) 72 mm/s, and (d) 144 mm/s  

 

 

  

(a) (b) 

  

(c) (d) 
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Chapter 3. FUEL RELOCATION EXPERIMENTS 

3.1 Introduction 

A hypothetical core disruptive accident (HCDA) of sodium-cooled fast reactor (SFR) has been 

considered as one of the critical issues associated with its inherent safety. In case of metal fuel under 

this HCDA condition, it has been known that fuel is well discharged upward from core. With axial fuel 

elongation, the fuel sweep-out would give negative reactivity feedback and eliminate possibility of 

recriticaility. In addition, it could prevent flow blockage caused by melt agglomeration and debris bed 

with low porosity. The melt fragmentation behaviors are closely related to a formation of debris shape. 

The debris shape is formed through the fragmentation and solidification. If the coolant channel does not 

sufficient coolability by the melt debris, the early termination of accident would not be expected. Thus, 

it is important to examine the extent of fuel relocation behavior and levitation height of fuel after 

cladding bleach.  

The issue of negative reactivity insertion by fuel relocation was experimentally discussed in Transient 

Reactor Test Facility (TREAT)-M series tests. In the TREAT-M tests, overall fuel relocation 

characteristics before and after cladding failure were investigated. The 4 times of overpower was 

exponentially inserted for 8 seconds under normal flow condition. After the tests, the transient 

conditions were terminated to analyze failure shape on cladding and debris shape. In the TREAT-M 

series tests, the five fuel pins in the fifteen pins was broken and the molten fuel was ejected into the 

coolant channel. The molten fuel at transient state where the fuel has high pressure and temperature is 

intensively ejected into coolant channel of low temperature and low pressure as soon as the cladding 

failure occurs. The ejection timing of fuel is the same as that of the cladding failure, so the ejection 

timing is dependent on fast neutron, coolant temperature, and flow rate. The amount of fuel ejected into 

the channel was analyzed using axial mass distribution of fuel and fuel relocation behavior. The axial 

mass distribution was measured using hodoscope. Since the purpose of the TREAT-M series tests were 

to observe fuel relocation before cladding failure which is called in-pin phenomena, there was few 

experimental database for ex-pin phenomena. The reactivity feedback by fuel relocation was calculated 

from axial mass distribution. The amount of fuel mass which was ejected was determined from pressure 

difference between inside of fuel pin and coolant channel. The pressure difference was dependent on 

fuel type and burnup. In case of high burnup condition, a large amount of molten fuel corresponding to 

2/3 of the initial mass was relocated into the coolant channel. On the other hand, about 1/2 of the initial 

mass was ejected in the case of the low burnup case. That is, the fuel relocation motion in which the 

molten fuel is ejected into the coolant channel has advantageous in the high burnup condition, leading 

to insertion of significant negative reactivity feedback. In addition, binary fuel generated relatively 

small amounts of fission gases compared to ternary fuel. It also affected to pressurize the inside of fuel 
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pin. The tests were meaningful to conduct in-pile tests for transient condition of metal-fueled SFR. 

However, fuel relocation behavior and levitation height of fuel after cladding bleach was not analyzed 

in detail38-44.  

Recently, ANL has resumed experimental research on severe accident for metal-fueled SFR. T. Kim 

et al.43-44 carried out fuel relocation experiments using metallic fuel. They dropped vertically molten 

uranium to single-pin core structure filled with sodium. They found that the cladding was deformed and 

sodium boiling occurred during the fuel relocation. There were numerous voids in frozen debris, which 

means that local sodium entrapped by the fuel stream was instantaneously vaporized. The fuel fragments 

formed during the fuel relocation, but the shape and morphology was irregular. To compare their results 

with other researches, they used instantaneous contact interface temperature between fuel and coolant. 

T. Kim et al. also performed fuel relocation experiments in multi-pin bundle core structure. There were 

19 fuel cladding tubes with wire wrapped spacer. The depleted uranium was ejected vertically to the 

test section filled with sodium. The initial uranium temperature was 1374 and 1537 oC and the initial 

sodium temperature was 635 and 676 oC, respectively. The ejected mass of uranium was 768.3 and 

772.5 g. As a result, the uranium was fragmented due to local sodium boiling. They discussed that the 

freezing point of fuel was crucial to determine its dispersion behavior. From these fuel relocation 

experiments conducted in ANL, it was observed that the fuel was frozen in the core structure without 

fuel discharge outward. 

In the chapter 3, behavior characteristics of fuel relocation and height where fuel is discharged 

upward were investigated using a simulant like Wood’s metal. It was conducted as parametric studies 

using some parameter which were selected from previous ex-pin experiments. New experimental 

facility was developed for the experimental study. Fundamental understanding of the fuel behavior 

characteristic was achieved and levitation heights of melt which was measured in the experiments was 

discussed with comparison of theoretical results.  
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3.2 Experimental setup and procedures 

The key parameters which could affect to fuel relocation behavior were deduced from lab-scaled ex-

pin experiments; initial fuel temperature, initial coolant temperature, fuel mass, initial fuel pressure, 

and coolant condition (voided or un-voided channel). To understand physical effect of the parameters 

on fuel relocation behavior and assess levitation heights of fuel, the fuel relocation experiments were 

conducted. More advanced experimental facility than the one introduced in previous chapter was used. 

In this part, the advanced experimental facility was introduced. In addition, simulant material used in 

the experiments and test matrix are explained. 

 

3.2.1 Experimental facility 

Fig. 3-1 shows a schematic diagram of UNIST molten core and coolant interaction experimental 

facility (UNICORN)-C (child). It is also composed of a melt injection system and coolant channel. The 

height of the coolant channel was 2230 mm, reflecting the core height of metal-fueled SFR including 

gas plenum and active core region. The hydraulic diameter of the UNICORN-C without the rod bundle 

structure is 50 mm. It is quite different from hydrodynamic diameter of design values for actual reactor. 

However, the experiments are expected to reflect the phenomenological characteristics of melt 

relocation in detail. To investigate the melt behavior and observe its dispersal and fragmentation, most 

of experiments were conducted without rod bundle structure. However, the structure effect which affects 

melt relocation phenomena was also evaluated. The hydraulic diameter of melt ejection point was 10.4 

mm. The operating method to control pressure is same in between UNICORN-B and UNICORN-C. 

The melt ejection system was designed to control the temperature of the melt and the melt ejection 

pressure to achieve the experimental conditions. Here, the ejection pressure of the melt was controlled 

by pressing or depressurizing noble gas. The initial temperature and pressure were measured with 

thermocouples and pressure gauges, respectively, before the melt injection. The dispersion behavior of 

the molten wood’s metal in the coolant channel was observed using a high-speed video camera (1000 

fps). 

3.2.2 Test procedure and experimental methods 

The fuel relocation experiment focused on fuel ejection and its spreading and fragmentation in 

channel. To simulate the physical phenomena, there was a coolant channel where the coolant was 

ejected and crucible. To control experimental conditions, the melt was pressurized and heated in the 

melt crucible. The experimental procedures in detail are as follows. 
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 A certain amount of melt is injected in the melt injection system. 

 Initial melt temperature and pressure are set in the melt injection system using induction heater 

and noble gas. 

 Fill the coolant channel with coolant depending on experimental conditions. 

 Pressurized melt is continuously ejected into channel with open of ball valves. 

 During the process, the melt relocation behavior and fragmentation phenomenon are obtained 

using a high-speed camera. 

 Repeat the procedures depending on the experimental conditions and investigate what 

parameters affects the relocation behavior and the fragmentation. 

 

Table 3-1 lists the physical properties of the employed molten materials and coolants in the 

experiments. The experiments were conducted to observe the fundamental fragmentation behavior of 

the melt in the coolant channel. Molten wood’s metal was selected as the simulant material of the metal 

fuel. The molten material was injected into water which was used as simulant of the coolant. The 

physical properties of the metal fuel are used based on the composition of U-10Zr. The materials were 

selected appropriately because the present study considers the melt fragmentation. Since the experiment 

is conducted by using the simulants, similarity analysis is crucial to obtain the reliability of the 

experimental data. To calculate the Weber number, it is necessary to evaluate the interfacial velocity 

between the melt and the coolant. However, the interfacial velocity is difficult to measure and control 

under the experimental conditions. Thus, the interfacial velocity is assumed to be the initial relative 

velocity between the melt jet and the coolant. The initial relative velocity is determined by the velocity 

difference between the melt and the coolant which means the vector difference between the two 

velocities. The initial relative velocity between the two fluids is directly related to the interfacial 

momentum of the materials determining the melt fragmentation behavior.  

Table 3-2 shows experimental conditions for fuel relocation experiments using UNICORN-B. To 

investigate effect of initial melt temperature on fuel relocation behavior, the initial melt temperature of 

90 and 550 oC were selected. The coolant temperature might affect fuel fragmentation and dispersion 

as well as the fuel temperature. Thus, initial coolant temperature 22, 42, and 52 oC were considered as 

experimental conditions. Since the melt and coolant temperature changes with interaction between melt 

and coolant, the experimental conditions were selected considering initial states. Single or multiple pins 

could be failed and relocated under actual reactor conditions. The fuel relocation experiments were 

performed depending on melt mass, especially 180 and 1400 g. When fuel is ejected into coolant, the 

burnup determines the pressure in the fuel cavity. The initial melt pressure of 10 bar was considered to 

confirm changes of melt relocation behavior with initial melt pressure. Finally, void channel condition 

was simulated using air and vapor-occupied channel.  
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Table 3-1. Physical properties of melt and coolant for fuel relocation experiments using 

UNICORN-B 

 Actual materials Simulant 

 Metallic fuel 

(U-10Zr) 
Sodium Wood’s metal Water 

Density 

[kg/m3] 
14100 966 9383 998 

Surface 

tension 

[N/m] 

0.57 0.20 ~ 1.00 0.07 

Viscosity 

[mPa∙s] 
5∙10-3 1.13 1.90∙10-3 1.00 

Melting / 

Boiling point 

[oC] 

1077 / - - / 881 72 / - - / 100 

 

Table 3-2. Physical properties of vapor properties 

 Sodium vapor Water vapor Air 

Density 

[kg/m3] 
0.39 0.59 1.19 

Thermal 

expansion 

coefficient 

[10-3/K] 

1.44 2.68 3.37 

Viscosity 

[μPa∙s] 
1.13 1.90∙10-3 1.00 

Specific heat 

[kJ/kg/K] 
2.51 2.07 1.01 
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Table 3-3. Experimental conditions for fuel relocation experiments using UNICORN-B 

Test no. 1 2 3 4 5 

Melt / Coolant 

material 

[-] 

Wood’s 

metal / 

Water 

Wood’s 

metal / 

Water 

Wood’s 

metal / 

Water 

Wood’s 

metal / 

Water 

Wood’s 

metal / 

Water 

Melt temperature 

[oC] 
90, 550 

250, 256, 

248 
250, 252 252 251 

Coolant temperature 

(air or vapor 

temperature) 

[oC] 

24, 22 22, 42, 52 22, 21 25 (48, 46) 

Melt mass 

[g] 
180 180 180, 1400 180 180 

Initial melt pressure 

[bar] 
1 1 1 10 10 

Coolant flow velocity 

[m/s] 
0 0 0 0 0 

Coolant saturation 

[-] 

Unvoid 

(coolant-

occupied) 

Unvoid 

(coolant-

occupied) 

Unvoid 

(coolant-

occupied) 

Unvoid 

(coolant-

occupied) 

Void 

(air, vapor-

occupied) 

Froude number 

[-] 
248 248 248 2130 2130 

Weber number 

[-] 
262 262 262 2253 2253 

Remark 
Initial melt 

temperature 

Initial 

coolant 

temperature 

Melt mass 
Initial melt 

pressure 

Air and 

vapor-

occupied 

channel 

 



37 

 

 

 

 

 

 

 

 

 

Fig. 3-1 Schematic diagram of UNICORN-B 
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3.3 Experimental results 

There are key parameters affecting fuel relocation behavior, which is deduced from visual study using 

UNICORN-C. They are as follow; (1) initial melt temperature, (2) initial coolant temperature, (3) 

amount of melt mass, (4) melt pressure, and (5) void channel condition. To understand the fuel 

relocation phenomena in metal-fueled SFR, the parameters should be investigated. In the present 

experiment, parametric studies were carried out using Wood’s metal in UNICORN-B.   

3.3.1 Fuel relocation behavior 

The initial melt temperature was determined by considering superheat temperature of the U-10Zr fuel 

in hypothetical core disruptive accident (HCDA) condition for metal-fueled SFR. The melt relocation 

experiments were performed with the initial melt temperature of 90 and 550 °C.  

Fig. 3-2 and 3-3 shows the melt relocation behavior at the initial melt temperature of 90 and 550 °C, 

respectively. The melt reacted immediately with the coolant to promote its dispersion and fragmentation. 

It is known that melt jet fragmentation occurs due to the relative velocity difference between the melt 

and the coolant. However, the gap between the melt ejection point and the channel wall is 50 mm. Thus, 

in the present experiments, the melt collided with the channel wall immediately after melt ejection and 

melt was fragmented during the procedures. The hydraulic diameter in subassembly for metal-fueled 

SFR is about 3 mm. The smaller the gap where the melt is relocated, the more the melt fragmentation 

would occur due to the collision between the melt and the wall surface of the channel. In addition, it 

was observed that coolant was boiled in a local region due to continuous melt ejection and vapor column 

was partially generated. However, there was little difference in the fuel relocation and fragmentation 

behavior with change of initial melt temperature.  

Fig. 3-4 represents the debris which was formed after the experiment. The debris shape seemed like 

ligament-like shape overall. There was no significant difference in the shape and characteristics of 

debris according to the initial melt temperatures.  

Then, the fuel relocation experiments were conducted in initial coolant temperature of 22, 42 and 

52 ℃. The initial coolant temperature applied to the experiment was chosen based on the temperature 

range of sodium considering transient conditions for initial phase of HCDA in metal-fueled SFR.  

Fig. 3-5 shows the visual observation results of melt fragmentation behavior with initial coolant 

temperature of 22 oC. The condition was highest subcooling compared to other conditions. In early 

phase of the experiment, gas mushroom dominates the behavior of melt injection. The gas mushroom 

was composed of air and nitrogen gas in crucible. The air was supplied from the intermediate pipe tubes 

between the crucible and the test section. After injected in the channel, the gas mushroom moved 

upward due to pressure difference. Thus, the backflow of melt may not occur at the melt injection point. 
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The melt was continuously injected into the coolant channel and collided to the channel wall. With 

multi-combined combined physical mechanisms, the melt was fragmented in the channel. Melt 

fragmentation occurred partly at the channel wall. It was driven by the inertia force of the melt. The 

inertia force of the melt activated the melt fragmentation and dispersed the melt debris. In addition, 

these physical phenomena generated vorticity in specific area around the melt jet. With the continuous 

melt injection, the vorticity grew strong and made the melt to be fragmented. Also, this vorticity stirred 

and collapsed the lower end of gas-occupied region. In these procedures, there were evaporations of 

coolant locally. The generated vapor made the melt to be in instable state. However, such vapor build 

was insufficient to discharge upward the melt. On the other hand, other melt fragmentation occurred 

due to hydrodynamic breakup. The breakup was induced by the relative velocity difference between the 

melt and coolant. Before the collision between the melt and channel wall, the hydrodynamic breakup 

was shown at the interfacial surface between two ambient fluids. The debris was formed after several 

combined melt fragmentation and moved downward owing to its high density.  

Fig. 3-6 reveals the behavior of melt fragmentation with initial coolant temperature of 42 oC. Before 

the melt injection into the channel, the gas mushroom was formed in the channel. The gas mushroom 

did not affect melt to be fragmented. With continuous melt injection, the lower part of the gas mushroom 

was collapsed. A part of the melt moved upward in the air-occupied region, but most of it moved 

downward generating vorticity. This bi-directional dispersion was developed due to the inertia force of 

melt. However, all melt moved downward after several seconds. It means that there was lack of melt 

levitation. Although there were evaporations of coolant in the channel, the vapor was not built up 

sufficiently. The generated vapor was concentrated at the channel wall because the melt moved left side 

continuously. Thus, the melt was more actively fragmented and dispersed at the channel wall.  

As shown in Fig. 3-7, there was the fragmentation behavior of melt with initial coolant temperature 

of 52 oC. Like previous cases, the gas was injected into the coolant channel in early phase of the melt 

injection. The melt was injected to coolant channel after the air injection. The melt fragmentation 

occurred at the interfacial surface between the melt and the coolant. This fragmentation behavior was 

clearly observed in Fig. 3-7. The inertia force of the melt dominated the instantaneous movement of the 

debris. In addition, the inertia force kept the collision of the melt jet with the channel wall. Through this 

collision with the wall surface, the melt fragmentation was accelerated. The fragmented melt was 

redistributed by the vorticity without the melt solidification. This melt redistribution phenomenon 

prevented the melt from taking place flow blockage and induced downward dispersion of the debris. 

There were two potential possibilities to examine this experimental result. One was the melt 

redistribution phenomenon, which circulated the flow to agglomerate the melt. The other was that the 

subcooling of the coolant was different. The different subcooling of the coolant caused the different 

quenching mechanism so that the debris would increase. In this case, the built-up vapor pressure was 

also insufficient to levitate the melt upward.  
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Fig. 3-8 shows debris after melt relocation experiments in initial melt temperature of 22, 42, and 52 

oC, respectively. In case of initial temperature of 22 oC, there was a melt agglomeration to channel wall. 

Most melt were fragmented, solidified and dispersed through the collision between the melt and channel 

wall. The melt with superheat of 150 oC was instantly quenched in the interfacial surface. The debris 

bed which was stacked on the bottom plate of test section. The debris did not have consistent shapes 

and sizes. The debris shape was various from flat sheets to droplet. The debris size also was different in 

wide range. After the melt injection, a part of melt was agglomerated to the channel wall. Some melt 

were agglomerated not dispersed. This melt agglomeration was cooled and solidified at the channel 

wall. The surface of melt agglomeration was like a cluster of fragmented melts. In addition, overall 

shape of the agglomeration was long and narrow. However, under the actual PGSFR subchannel 

structure, these agglomerations could prevent the core region from forming a coolable geometry.  

Fig. 3-8 (b) shows the debris on bottom of test section. Small debris was concentrated and stacked 

on center of the debris bed. However, the debris did not have consistent tendency in terms of its shapes 

and sizes. Melt was also agglomerated at the channel wall in initial coolant temperature of 42 oC. Overall 

shape of melt agglomeration was similar with case of initial temperature of 22 oC. The melt 

agglomeration was also long and narrow at corners of channel. However, this agglomerated melt was 

clearly different from the previous case. The agglomerated volume decreased as the coolant subcooling 

decreased. In addition, the blocked area occupied by melt agglomeration decreased. The agglomerated 

area blocked the coolant flow path in the channel, so the melt agglomeration could accelerate the 

accident progression under severe accident condition.  

Fig. 3-8 (c) the debris bed in initial coolant temperature of 52 oC which was stacked on the bottom 

plate of test section after the melt injection. The debris did not have consistent shapes and sizes. The 

debris size also was different in wide range. This agglomeration was formed through the quenching of 

center of the melt jet at the channel wall. Once the center of the melt was quenched, the melt 

agglomeration was expanded with continuous melt injection. The position of melt agglomeration was 

slightly higher than melt injection point. In this test section, it did not matter to remain coolability of 

coolant channel. If the pin structure had considered in the experiments, it may not be able to ensure the 

coolability of coolant channel.  

Fig. 3-9 shows the visual observation results of melt fragmentation behavior with 180 g of melt 

injection mass. This amount of melt injection means that the melt is injected into the coolant channel 

under single pin failure condition. The early behavior of the melt injection was dominated by air 

mushroom. The air mushroom made the coolant channel to the voided channel. The air was supplied 

from the intermediate pipe tubes between the crucible and the test section. After air injection, the melt 

was injected into the coolant channel and collided to the channel wall. During the melt injection process, 

the melt fragmentation behavior was determined from several combined physical mechanisms. Firstly, 

the melt fragmentation occurred in interfacial surface between melt and coolant. The melt with 150 oC 
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superheat was instantly quenched in the interfacial surface and fragmented from the melt jet. That is, 

the hydrodynamic breakup which was caused by the instability wavelength occurred. However, the 

center of the melt jet was not quenched and collided to the coolant channel wall as a liquid phase. This 

collision was caused by the melt inertial forces and it made impact force to fragment remaining melt 

jet. The impact force induced significant melt fragmentation and dispersed the debris which was formed 

through the melt fragmentation procedure. In addition, these physical phenomena generated vorticity in 

specific area around the melt jet. With the continuous melt injection, the vorticity grew strong and 

activated the procedure of the melt fragmentation. Also, this vorticity stirred and collapsed the lower 

end of air-occupied region. Due to the collapse of voided region, coolant inflow was accelerated from 

relatively high position to melt-coolant interaction zone. Though the initial temperature difference 

between the melt and the coolant was about 230 oC, the built-up vapor pressure was not sufficient to 

discharge the melt upward. The debris was formed after multi-combined melt fragmentation and moved 

downward owing to its high density. 

The visual observation results of melt fragmentation behavior with 1400 g of melt injection mass, as 

shown in Fig. 3-10. The melt amount of 1400 g was equal to the total weight of eight fuel pins based 

on the fuel requirement of the PGSFR. Like a case of single pin failure, the air was injected into the 

coolant channel in early phase of the melt injection. The amount of air was irregular so that size of air 

mushroom was different at each experiment. The melt was injected to coolant channel after the air 

injection. The melt fragmentation occurred at the interfacial surface between the melt and the coolant. 

This fragmentation behavior was clearly observed in Fig. 3-10, which was explained by hydrodynamic 

instability theory. With continuous melt injection, the debris formed by the hydrodynamic instability 

moved to the channel wall. The inertia force of the melt dominated the instantaneous movement of the 

debris. In addition, the inertia force kept the collision of the melt jet with the channel wall. Through this 

collision with the wall surface, the melt fragmentation was accelerated. A part of the melt moved upward 

in the air-occupied region, but most of it moved downward generating vorticity. The vorticity collapsed 

air-occupied region and activated the melt fragmentation procedure. Also, the vorticity made the coolant 

channel covered with the fragmented melt. This behavior seemed as if flow blockage occurred. However, 

the fragmented melt was redistributed by the vorticity without the melt solidification. This melt 

redistribution phenomenon prevented the melt from taking place flow blockage and induced downward 

dispersion of the debris. Also, the melt redistribution increased the debris size.  

As shown in Fig. 3-11 and 3-12, the debris formed in early phase of the melt injection was small than 

the debris formed in last phase of the melt injection. It was improved from that the debris was stacked 

on the bottom region of the test section. There were two potential possibilities to examine this 

experimental result. One was the melt redistribution phenomenon, which circulated the flow to 

agglomerate the melt. The other was that the subcooling of the coolant was different because the coolant 

was heated through continuous melt injection. The different subcooling of the coolant caused the 
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different quenching mechanism so that the debris would increase. In this case, the built-up vapor 

pressure was also insufficient to levitate the melt upward.  

In addition to the visualization test, additional experiments were carried out in a hexagonal channel 

to simulate the hexagonal duct of fuel assembly in metal-fueled SFR. The experiments were performed 

to ensure geometrical similarity to the SFR channel. The experimental results are shown in Fig. 3-13. 

Thus, the necessity of critical melt amount leading to the flow blockage was suggested, and the coolable 

capacity after the fuel relocation was discussed.  

Fig. 3-13 (a) represents frozen Wood’s metal in the hexagonal channel using X-ray measurement. 

After melt injection experiment under single pin failure condition, a part of melt was agglomerated to 

the coolant channel wall. This agglomeration was formed through the quenching of center of the melt 

jet at the channel wall. Once the center of the melt was quenched, the melt agglomeration was expanded 

with continuous melt injection. The position of melt agglomeration was slightly higher than melt 

injection point. This agglomeration area was 15% of inner cross section of the hexagonal channel, which 

means that the melt agglomeration partially blocked the coolant channel. In this test section, it did not 

matter to remain coolability of coolant channel. If the pin structure had considered in the experiments, 

it may not be able to ensure the coolability of coolant channel. The debris did not have consistent shapes 

and sizes. The debris shape was various from flat sheets to droplet. The debris size also was different in 

wide range. It was hard to get experimental repeatability because a few change of test conditions could 

make different results. It means that debris evaluation methodology is limited. To evaluate the debris 

coolability qualitatively, the noble evaluation methodology for debris coolability is required.  

Fig. 3-13 (b) shows debris in case of 1.40 kg melt injection mass using X-ray measurement. The 

debris was significantly agglomerated compared to the case of single pin failure. The melt was able to 

be agglomerated after melt the fragmentation because the amount of injected melt increased. The more 

melt injection mass increases the reaction time of the melt in a liquid phase so that blocked site by the 

melt agglomeration was different. The area agglomerated by the melt was 65% of inner cross section 

of the hexagonal channel, which mean that the melt agglomeration blocked most of the coolant channel. 

If multi-pins structure had involved to the experimental conditions, it would not ensure the coolability 

of coolant channel. The position of melt agglomeration was lower than melt injection point. The debris 

bed which was formed on the bottom plate of test section was also observed. The average debris size 

was larger than that of the case of single pin failure. In case of multi-pins failure, the debris did not also 

have consistent tendency in terms of its shapes and sizes. 

In actual metal-fueled SFR transient conditions, the pressure of the cavity in the molten fuel increases 

up to a maximum of 100 bar. It is also known that the driving force that induces the discharge of the 

outer part of the melt is the pressurized environment by the fission gas in the fuel cavity or the rapid 

evaporation of the sodium bonded inside the pin. To reflect this, parameter study for melt pressure was 

conducted. In order to understand the characteristics of the ejection behavior of the melt according to 
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the ejection pressure of the melt, UNICORN-B was used a horizontal melt relocation experiment on the 

melt at an initial ejection pressure of 10 bar. The selection criterion of 10 bar is the maximum melt 

ejection pressure that could be controlled by UNICORN-B.  

Fig. 3-14 and 3-15 show the melt ejection behavior and experimental conditions at a melt ejection 

pressure of 10 bar. Fig. 3-14 represents the molten Wood’s metal behavior with time. In the initial phase 

of melt ejection, the melt fragmentated into smaller particles compared to the previous experimental 

results was confirmed. It means that the physical fragmentation due to the inertial force of the melt 

during melt ejection is promoted. In addition, it was observed that the discharge of the upper part of the 

melt occurred at a pressure of 10 bar. It could be seen by accelerating the top discharge behavior of the 

melt in the later stage of melt ejection. The reason for this phenomenon is that the driving force enough 

to discharge the melt to the upper part is formed due to the accumulation of vapor pressure due to the 

locally generated vapors which was for mutual reaction between the melt and the coolant.  

As shown in Fig. 3-15, the non-visualization experiment using the hexagonal duct shows that the 

upper and lower ejection of the melt occurred more actively at the melt pressure of 10 bar than at the 

melt pressure of 1 bar. However, the melts discharged to the top dropped again to the bottom of the test 

section by gravity after a certain time. In addition, it was confirmed that the debris mean diameter 

decreases as the melt ejection pressure increases. 

When the fuel is ejected into the channel under conditions where the fuel is molten and relocated, the 

coolant near the region where cladding failure occurs is boiled and form a void channel region. It is 

dependent on the SFR severe accident scenario, but the situation of melt ejection in this void channel 

region would not be totally excluded from the point of view of nuclear safety. From analytical result of 

metal version of SAS4A (SAS4A-M), the fuel melting occurred within 7 seconds (in case of 

simultaneous occurrence of unprotected transient over power and unprotected loss-of-flow) with the 

metal-fueled SFR, and the horizontal ejection of the melt due to the failure of the cladding within 2 

seconds. This can lead to sudden increases in the fuel and cladding temperature and induce evaporation 

of the coolant. Therefore, it is likely that the environment is voided immediately before the melt 

relocation. To take into account the voided coolant channel, an air-occupied channel was used in the 

experiment.  

Fig. 3-16 shows molten material behavior in the air-occupied channel during continuous melt 

injection. The channel was filled with air before the melt injection. In early phase of the melt injection, 

molten wood’s metal was not directly fragmented. It was different with that in the coolant-filled channel. 

In case of the coolant-filled channel, the coolant actively interacted with the molten wood’s metal at 

their interface. It means that the melt was well fragmented, which could have good potential to be 

dispersed and discharged upward. However, the molten materials were not fragmented but just frozen 

in the air-occupied channel. Since the water was more viscous medium than the air, there are different 

interactions when the melt moves through them. The frozen fragments adhered to the channel wall, 
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which was like the melt behavior itself. Also, there was no air flow generated by a pressure difference 

between inlet and outlet position of the melt injection nozzle. If this air flow was strong, it may have 

induced the melt levitation. In actual SFR transient condition, the sodium vapor flow could be formed 

by its natural circulation or the pressure difference between the molten fuel cavity and the coolant 

channel. This sodium vapor flow is suggested as one of key factors to levitate the molten metal fuel. In 

the air-occupied channel, there was no significant driving force for the melt levitation. The melt 

relocation experiments were conducted in a channel occupied with water vapor as well as with air.  

Fig. 3-17 reveals molten material behaviors in the vapor-filled coolant channel. In the condition 

where Ex- Pin occurs, the sodium around damaged fuel may be rapidly evaporated. To consider such 

condition, the water in the test section was continuously evaporated using the cartridge heaters. In early 

phase of melt injection, the molten material was dashed against the channel wall. This behavior of 

molten material induced direct heat transfer between the molten material and the wall. Thus, freezing 

of molten material instantly occurred, because the wall temperature is quite lower than compared to that 

of the molten material. With continuous melt injection, frozen molten material was also added on the 

wall. This molten material just stuck to the wall, not fell. When considering the accident condition of 

actual reactor, this phenomenon in the experiment would be melt freezing. If the melt is frozen in the 

core region, subsequent accident could be induced. That is why the melt levitation is needed to mitigate 

the severe accident. In the test condition, some molten materials moved upward due to inertia force of 

the molten material. However, it was just temporary behavior. The molten materials, which were 

dispersed upward, moved downward after a few seconds. Since the liquid metal as well as the metal 

fuel has high density, the molten material would fall if there is insufficient driving force to levitate the 

molten material. The water vapor flow could be one of the driving forces leading the melt levitation. In 

this experiment, there is little impact on the melt levitation. The experimental results are different from 

the fact that the thermal expansion coefficient of air is larger than the thermal expansion coefficient of 

vapor. 

In Argonne National Laboratory (ANL), there were experiments which various molten materials were 

dropped into sodium open pool. They showed that the debris shape would be different depending on the 

material characteristics. However, if the debris is formed in the voided channel, related fragmentation 

mechanisms need to be re-examined and improved.  

As shown in Fig. 3-18, the debris had shape of the branches in the air-occupied and vapor-occupied 

channel, respectively. This debris was just solidified after the melt injection and moved downward to 

the base plate. Most fragments were stuck on the channel wall and others were stacked at the bottom 

plate. Figure 6 shows fragments frozen on hexagonal channel wall in the voided condition. These results 

are x-ray images to visualize the inside of stainless steel duct. The hexagonal channel was designed to 

reflect PGSFR duct shape. After the melt injection, the molten wood’s metal was continuously frozen 

due to cold channel wall. The overall shape of these fragments seemed like the melt behavior during 
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the Ex-pin phenomena. It could be proved from the visual observation. Most of molten wood’s metals 

were frozen around the melt injection nozzle. It means that the melt started to solidify after first collision 

with the channel wall. The cooling performance of the melt was dominated by the structure, rather than 

interaction between the melt and the air. In this case, molten wood’s metal was not actively fragmented 

to particle shapes. The fragments with the shape of branches were formed and stuck on the wall. In case 

of vapor-occupied condition, most molten material was instantly frozen and it stuck to surface of the 

hexagonal duct. In side view of the radiography image, it was shown that molten material moved 

downward due to its high density. When compared to those of coolant-filled channel condition, active 

melt fragmentation did not occur in the vapor-occupied channel condition. This clarifies that the melt 

fragmentation depends on phase of coolant. In addition, there is different amount of molten material 

frozen to the channel wall according to the extent of melt fragmentation. Consequently, there exist 

differences between un-voided and voided channel results for melt fragments size and shape. In the un-

voided channel, most fragments were stacked on a base plate, while they were stuck on a channel wall 

in the voided channel. 

It was appeared that there was not significantly changes of fuel relocation behavior depending on the 

initial melt temperature, initial coolant temperature, and void channel conditions. The larger amount of 

melt ejection increased the amount of agglomerated melt in the coolant channel, which could lead to 

flow blockage in actual accident conditions. It is necessary to acquire analytical technique to evaluate 

the channel cooling ability when melt agglomerate is formed in the experimental facility. As the melt 

ejection pressure increased, the average hydrodynamic diameter of the formed debris decreased. This 

means that debris bed porosity can be formed differently depending on the burnup condition under 

actual accident conditions.  

3.3.2 Fuel levitation 

In initiating phase of HCDA for metal-fueled SFR, the accident consequences would be highly 

dependent on the fuel behavior. However, it is not clear to predict how the fuel would be fragmented 

and dispersed. If the fuel dummy is frozen at the core, the debris bed would be formed. The local flow 

blockage might be induced according to porosity of the debris bed. In addition, the core might be under 

recritical state by relocated fuel in the core. The metallic fuel sweep-out after cladding failure has been 

proposed as one of physical phenomena for accident mitigation. It could reduce the possibility of 

occurrence of successive accidents like the flow blockage and recriticaility. In this part, levitation 

heights where molten Wood’s metal was discharged upward were evaluated. The theoretical results for 

the levitation height also were calculated from energy balance equation. The theoretical equations were 

induced not considering a function with time, thus average levitation height could be theoretically 

calculated. The theoretical results were compared with experimental results. 
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The fuel relocation experiments in the present study were conducted as a parametric study. The 

parameters which were selected were initial melt temperature, initial coolant temperature, melt mass, 

initial melt pressure and coolant channel condition. The reference case in the experiments was needed 

to evaluate effect of each parameter on the levitation height. The experimental condition for the 

reference case was as follows: initial melt temperature of 250 oC, initial coolant temperature of 22 oC, 

melt mass of 180 g, initial melt pressure of 1 bar, and coolant-occupied channel condition. In the fuel 

relocation experiments, there were 9 cases of experiments. To effectively compare the levitation height, 

the reference case was designated as case 1. The levitation height was measured after each experiment 

based on the visualization results.  

Table 3-4 shows levitation heights which were measured in the fuel relocation experiments. The case 

numbers in the table are classified with the experimental conditions. Case numbers were assigned 

according to applied parameter based on the reference case. Case 2 and 3 are experiments which 

decreased and increased the initial melt temperature compared to the reference case. The experiments 

for effect of initial coolant temperature on the fuel relocation were designated 4 and 5. The effect of 

melt mass and initial melt pressure on the fuel relocation were also considered in the experiments. They 

were assigned to case 6 and 7, respectively. Finally, case 8 and 9 means the fuel relocation experiments 

which were conducted in air and water vapor-occupied channel. From the table 3-4, the levitation height 

of the case 1 which was reference case was 110 mm. It was already observed that the melt fragments 

which were dispersed upward fell due to its high density. Thus, there might be uncertainty to measure 

the levitation height based on the visualization results. The uncertainty was minimized through repeated 

experiment. The levitation heights were within a similar range in some experimental cases, except for 

case 7, 8, and 9. Since the thermodynamic effect on the levitation height was not significant, there was 

little change of the levitation height with initial melt and coolant temperature. In addition, it could mean 

that effect of coolant boiling on melt sweep-out was negligible in the experiments. The coolant boiling 

is proposed as one of driving forces to the fuel discharge, but vapor pressure generated by the coolant 

boiling was insufficient in this case. The flow area is considered as one of factor to determine vapor 

pressure. To perform visual study of the fuel relocation phenomena, the hydraulic diameter of test 

section was 50 mm in UNICORN-B. The effect of the coolant boiling on the levitation height was not 

observed because of relatively large flow area. In case 6, the levitation height was measured as 103 mm. 

The melt mass also did not significantly affect the movement of melt stream. On the other hand, there 

was increase of the levitation height with initial melt pressure. The levitation heights for case 7, 8, and 

9 were 154, 220, and 218 mm. The melt pressure which stands for pressurized force by fission gas in 

fuel cavity provided inertial force that allows the melt to be dispersed upward and downward. It was 

confirmed that main driving force determining melt motion is inertial force of melt itself which was 

generated by the melt pressure. However, there was difference of the levitation height depending on the 

coolant channel conditions. The case 7 was performed in coolant-occupied channel, but the other cases 
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were conducted in air and vapor-occupied channel. The height where the melt traveled upward varied 

depending on the medium through which the melt passed. There was the height difference of about 65 

mm. In case 8 and 9, the air and vapor were used to occupy the channel. The experimental results 

regarding the levitation were almost same. To measure the average levitation heights in the experiments, 

the contributors for the melt levitation were investigated from the visual studies. The main contributor 

was revealed as total ejected volume by the melt relocation. The volume occupied the channel and 

vigorous mixing was observed in the volume, which induced levitation of debris in the volume. It was 

reflected total ejected volume and volume addition by evaporation was expressed as volume of air, 

evaporated steam and debris volume with its porosity. This volume occupied the channel with upward 

and downward bidirectional expansion. Therefore, total ejected and increased volume were divided by 

2 times of the channel area. It was assumed that the debris was homogeneously filled in the channel. 

To compare the levitation heights from between experimental and theoretical results, the forces which 

were applied to melt were investigated. Fig. 3-19 represents free body diagram of melt during fuel 

relocation phenomena. In the experiment, the initial melt pressure was key driving force to determine 

the height where the melt was traveled. It was observed that the levitation heights were dependent on 

the medium. However, the frictional force by structure could be negligible in the study. Since the flow 

area was relatively large, the melt behavior was not disturbed by the inner structure. When the melt 

moved upward, the drag forces by the medium was involved in the melt motion. The buoyant force also 

affected the melt behavior. Finally, the gravitational force should be considered. The force balance 

equation for the melt is given by 

𝐹𝑚 = 𝐹𝑝𝑟𝑒 + 𝐹𝑑𝑟𝑎𝑔 + 𝐹𝑏𝑢𝑜 + 𝐹𝑔                       (3.2) 

 When the shape of melt was simply assumed as sphere, energy balance is derived by each force term.  

    𝑊𝑝𝑟𝑒 + 𝑊𝑑𝑟𝑎𝑔 + 𝑊𝑏𝑢𝑜 = ∆𝐸𝑔                   (3.3) 

The kinetic energy of the melt is generated from the initial melt pressure. Considering vertical 

velocity of melt, the work by the initial melt pressure is defined by 

       𝑊𝑝𝑟𝑒 =
1

2
𝑚𝑣𝑚̅̅ ̅̅

2
                             (3.4) 

The drag force by medium is regarded with drag coefficient, coolant density, coolant velocity, and 

surface area of melt. The coolant velocity is equal to the melt velocity due to no flow condition in the 

experiment. The work by drag force is defined as the product of the drag force and the levitation height.  
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𝑊𝑑𝑟𝑎𝑔 = −
1

2
𝑐𝑑𝜌𝑐𝑣𝑚̅̅ ̅̅

2𝐴∆ℎ                      (3.5) 

where 𝑐𝑑 is drag coefficient. The average particle size is calculated from Eq. 3-1 where the shape of 

melt was assumed to be spherical. Most of fuel relocation experiments were conducted in coolant-

occupied channel. Since the melt was submerged, the buoyant force was considered and the work by 

buoyant force is given by. 

        𝑊𝑏𝑢𝑜 = 𝜌𝑐𝑉𝑚𝑔∆ℎ                          (3.6) 

The potential energy of melt was changed by melt mass and levitation height. The change of the 

potential energy is defined by 

         ∆𝐸𝑔 = 𝜌𝑚𝑉𝑚𝑔∆ℎ                          (3.7) 

By using Eq. 3.3-3.7, the energy balance equation is rearranged by  

 

1

2
𝑚𝑣𝑚̅̅ ̅̅

2 −
1

2
𝑐𝑑𝜌𝑐𝑣𝑚̅̅ ̅̅

2𝐴∆ℎ + 𝜌𝑐𝑉𝑚𝑔∆ℎ = 𝜌𝑚𝑉𝑚𝑔∆ℎ        (3.8) 

 

The height where the melt discharged upward could be calculated from the melt velocity, physical 

properties of melt and coolant. 

 

∆ℎ =
1

2
𝑚𝑣𝑚̅̅ ̅̅ 2

(
1

2
𝑐𝑑𝜌𝑐𝑣𝑚̅̅ ̅̅ 2−𝜌𝑐𝑉𝑚𝑔+𝜌𝑚𝑉𝑚𝑔)

                      (3.9) 

 

Fig. 3-20 shows the levitation heights from between experimental and theoretical results. The 

theoretical results were calculated using Eq. 3.9. In the void channel, the levitation height was over-

estimated since the frictional force was not considered in the theoretical model. However, overall the 

theoretical model showed good agreement with the experimental results. With increase of initial melt 

pressure, the levitation height of melt was increased in both experimental and theoretical results. In 

HCDA condition for metal-fueled SFR, the pressure by fission gas and vaporization of sodium bond is 

dependent on burnup. The difference of melt ejection pressure in between beginning of end cycle 

(BOEC) and end of equilibrium cycle (EOEC) has been predicted up to 50 bar depending on accident 

scenarios. It means that possibility of early accident termination is greater in EOEC than that of BOEC.  
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Table 3-4. Levitation heights in fuel relocation experiments 

Test no. 

Initial  

melt 

temperature 

[oC] 

Initial 

coolant 

temperature 

[oC] 

Melt mass 

[g] 

Melt 

pressure 

[bar] 

Coolant 

saturation 

Levitation 

height 

[mm] 

1 250 22 180 1 
Coolant-

occupied 
110 

2 90 24 180 1 
Coolant-

occupied 
108 

3 550 22 180 1 
Coolant-

occupied 
120 

4 256 42 180 1 
Coolant-

occupied 
86 

5 248 52 180 1 
Coolant-

occupied 
98 

6 252 21 1400 1 
Coolant-

occupied 
103 

7 252 25 180 10 
Coolant-

occupied 
154 

8 251 48 180 10 Air-occupied 220 

9 251 46 180 10 
Water vapor-

occupied 
218 
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Fig. 3-2 Optical images of melt relocation behavior with initial melt temperature of 90 oC  

 

 

 

Fig. 3-3 Optical images of melt relocation behavior with initial melt temperature of 550 oC
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(a) 

 

(b) 

Fig. 3-4 Optical images of debris after melt relocation experiments in initial melt temperature of  

(a) 90 and (b) 550 oC 
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Fig. 3-5 Optical images of melt relocation behavior with initial coolant temperature of 22 oC 

 

 

 

 

Fig. 3-6 Optical images of melt relocation behavior with initial coolant temperature of 42 oC 
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Fig. 3-7 Optical images of melt relocation behavior with initial coolant temperature of 52 oC 
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(a) 

 

(b) 

 

(c) 

Fig. 3-8 Optical images of debris after melt relocation experiments  

in initial melt temperature of (a) 22, (b) 42, and (c) 52 oC
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Fig. 3-9 Optical images of melt relocation behavior with melt mass of 180 g 

 

 

 

 

Fig. 3-10 Optical images of melt relocation behavior with melt mass of 1400 g 
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Fig. 3-11 Optical images of melt agglomerate and debris after melt relocation experiment in melt mass 

of 180 g

 

Fig. 3-12 Optical images of melt agglomerate and debris after melt relocation experiment in melt 

mass of 1400 g
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(a) 

 

(b) 

Fig. 3-13 Radiography images of melt relocation behavior in melt mass of (a) 800 g and (b) 1400 g 
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Fig. 3-14 Optical images of melt relocation behavior in melt pressure of 10 bar 
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Fig. 3-15 Radiography images of melt relocation behavior in melt pressure of 10 bar 
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Fig. 3-16 Optical images of melt relocation behavior in air-occupied channel 

 

 

 

Fig. 3-17 Optical images of melt relocation behavior in vapor-occupied channel 
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(a) 

 

(b)  

Fig. 3-18 Radiography images of melt relocation behavior in (a) air and (b) vapor-occupied channel 
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Fig. 3-19 Free body diagram of melt during fuel relocation phenomena 
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Fig. 3-20 Comparison of levitation heights between experimental and theoretical result  

in fuel relocation experiments 

(Exp. #1 - Tm: 250 oC, Tc: 22 oC, mm: 180 g, Pm: 1 bar, coolant-occupied 

Exp. #2 - Tm: 90 oC, Tc: 24 oC, mm: 180 g, Pm: 1 bar, coolant-occupied, 

Exp. #3 - Tm: 550 oC, Tc: 22 oC, mm: 180 g, Pm: 1 bar, coolant-occupied, 

Exp. #4 - Tm: 256 oC, Tc: 42 oC, mm: 180 g, Pm: 1 bar, coolant-occupied, 

Exp. #5 - Tm: 248 oC, Tc: 52 oC, mm: 180 g, Pm: 1 bar, coolant-occupied, 

Exp. #6 - Tm: 252 oC, Tc: 21 oC, mm: 1400 g, Pm: 1 bar, coolant-occupied, 

Exp. #7 - Tm: 252 oC, Tc: 25 oC, mm: 180 g, Pm: 10 bar, coolant-occupied, 

Exp. #8 - Tm: 251 oC, Tc: 48 oC, mm: 180 g, Pm: 10 bar, air-occupied 

Exp. #9 - Tm: 251 oC, Tc: 46 oC, mm: 180 g, Pm: 10 bar, water vapor-occupied) 
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Chapter 4. DEBRIS BED POROSITY EXPERIMENTS 

4.1 Introduction 

Sodium-cooled fast reactors (SFRs) with metallic fuel have inherent reactivity feedback mechanisms 

and high thermal conductivity. They provide advantages for an accident mitigation even in an initiating 

phase of severe accident. The initiating phase means when cladding failure occurs and molten fuel is 

ejected into coolant. There are complex physical phenomena in the phase. The molten metallic fuel 

could be swept out above the core or dispersed in subassembly, depending on accident scenarios. In the 

latter case, the fuel might be fragmented and frozen in the core, leading to local flow blockage70-79. It 

depends on debris bed porosity whether the core has a coolable capability from a natural convection. 

Since there is a lack of fundamental understanding for the accident consequences, it is necessary to 

investigate the debris bed porosity in hypothetical core disruptive accident (HCDA) for metal-fueled. 

The pour stream experiments were conducted in Argonne National Laboratory (ANL). The purpose 

of the experimental study was to evaluate the metallic fuel behavior in severe accident of liquid metal 

reactor (LMR). The key parameters which were considered in the experiments were as follows; Melt 

superheat, melt ejection velocity, ejection diameter, sodium pool depth, and melt material. They 

investigated the fragmentation and interaction behavior of the metallic fuel with sodium. In addition, 

the debris size, shape, and porosity of debris bed were analyzed. From the pour stream experiments, 

most of the debris shapes were formed in the ligament-like and sheet-like shape. The average size of 

the debris was about 10 mm, and the debris was stacked on as a debris bed on bottom of interaction 

vessel. The debris bed porosity was measured using radiography image and there was a high porous 

debris bed with debris bed porosity of 0.9. The experiments were performed with melt ejection 

velocities. The experiments at high melt ejection velocities of 10 m/s resulted in small debris formation 

compared to experiments with low ejection velocities. In addition, the small debris formed the debris 

bed porosity of 0.84. In the experiment, thermal equilibrium was reached within 2 to 3 seconds 

immediately after the fuel-sodium interaction. The thermal equilibrium was determined by the energy 

balance between (1) the temperature rise of sodium in the fuel-sodium interaction and (2) the 

temperature decrease of the melt including the fuel freezing in which the melt solidified. They 

concluded that debris shape for the metallic fuel was like ligament and sheet and the debris bed with a 

high porosity was formed. Even if a debris bed with a thick layer is formed, a debris bed with a high 

voidage is likely to provide a flow path. Thus, the decay heat could be removed by convection and 

boiling heat transfer to mitigate the severe accident. In addition, they revealed that debris with high 

thermal conductivity was also advantageous for decay heat removal. 

There were researches to analyze debris characteristics like its morphology and size. Most of studies 
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focused on the disassembly phase of HCDA. In the phase, significant amount of fuel is ejected into the 

lower plenum of reactor vessel because the disassembly phase assumed that core is already degraded. 

Thermal fragmentation has been proposed as one of mechanism to predict the debris shape and size 

during the physical phenomena. The research groups regarding to the thermal fragmentation performed 

the experiments where the melt stream or droplet dropped vertically into coolant pool. After the 

experiment, the debris analysis also was carried out with its size distribution.  

The chapter 4 includes two experimental study for debris bed porosity and quenching for debris 

formation. Firstly, the debris bed porosity experiment was conducted. Using new developed 

experimental facility, the ex-pin experiments were performed in 19-pin bundle structure. The test 

section was designed by referring to design parameters of Korean typed sodium-cooled fast reactor 

(SFR). To simulate actual transient condition, the experimental conditions were deduced from analysis 

results of SAS4A. The accident scenario was selected with simultaneous occurrence of unprotected 

transient over power (UTOP) and unprotected loss-of-flow (ULOF). From the ex-pin experiment, the 

debris bed was observed using radiography image. In addition, the debris shape forming the debris bed 

was visualized using micro-CT in detail. The debris bed porosity was evaluated from the experiment. 

To understand how debris bed was formed in terms of debris bed porosity, quenching experiments was 

performed. As a result, characteristic length concept for debris was introduced and was investigated 

with instantaneous contact temperature between melt and coolant. 
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4.2 Experimental setup and procedures 

There were two type of experiments in this chapter; ex-pin and quenching experiment. The ex-pin 

experiment was conducted to evaluate the debris bed porosity after fuel relocation. To simulate fuel 

ejection from a cladding which are degraded, the fuel ejection method was newly developed. The fuel 

relocation behavior was investigated using radiography images. The debris bed porosity was analyzed 

both using classical method and micro-CT. The classical method means that the porosity was calculated 

using volume fractions. To obtain physical insights of characteristics of debris bed porosity in metallic 

fuel, the quenching experiments were performed. In the quenching experiments, the levitation coil 

which was a kind of induction heating was used. In this part, the experimental setup and procedures for 

the experiments were introduced.      

4.2.1 Ex-pin experiment 

To predict the debris bed porosity after fuel relocation in metal-fueled SFR, it is necessary to establish 

a test section simulating actual SFR fuel assembly. In addition, ex-pin experiment should be performed 

reflecting the actual fuel ejection conditions in initiating phase of HCDA.  

In the study, design specifications of fuel assembly in prototype generation-IV SFR (PGSFR) were 

referred. Table 3-1 shows the design parameters in between PGSFR fuel assembly and newly developed 

experimental facility. The adult version of UNIST molten core and coolant interaction experimental 

facility (UNICORN) was established, which is called UNICORN-A. In the test section of UNICORN-

A, diameter of fuel pin, pitch, and the spacing between the wire spacers of PGSFR were reflected. The 

test section is a 19-pin bundle structure and enable to eject melt from a damaged tube which stands for 

degraded cladding. 

In the case of severe accident conditions of PGSFR, it is also possible to derive the melt ejection 

conditions based on the result of the SAS4A code. The experimental result of the fuel relocation 

obtained from the melt ejection conditions could be used to validate the related phenomenon modeling. 

Thus, UNICORN-A was developed and its characteristics compared to the existing experimental facility 

as follows:  

 

 Reflection of design specification of active core in PGSFR fuel assembly (P/D, L/D) 

 Construction of multi-pin bundle structure with wire spacer 

 Ejection of melt from degraded rod structure 

 Actual melt ejection condition considering SAS4A results 
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Recently, ANL has been developing a metal fuel version of SAS4A, an early stage analysis code for 

SFR severe accidents. The existing SAS4A has been developed as an SFR critical analysis code for 

oxide fuel such as MOX fuel, but it is also developing a metal fuel version of SAS4A reflecting the 

physical and chemical characteristics of the metal fuel in transient conditions. In the study, the accident 

scenario was selected to deduce melt ejection condition from SAS4A results. The simultaneous 

occurrence of UTOP and ULOF event was considered as the accident scenario. It was reasonable from 

a conservative point of view. According to the safety analysis results using the SAS4A, it was confirmed 

that the cladding failure occurred in the simultaneous occurrence of UTOP and ULOF event and the 

fuel relocation phenomenon occurred.  

The SAS4A metallic fuel version mentioned above is currently in development and has limited use 

of non-developer code. Therefore, in this study, the range of experimental conditions is derived by 

adding the physical properties of the PGSFR metal fuel U-10Zr to the existing SAS4A. One of the 

major differences between the SAS4A metallic fuel version and the existing SAS4A version is whether 

or not the cladding failure is simulated by eutectic reaction and Zr migration. In the pin relocation series 

experiment conducted at the recent ANL, it showed that the metallic fuel was deeply penetrated to the 

side stream due to the eutectic reaction between the metal fuel and the cladding tube. From the 

viewpoint of the melt ejection condition, there is a relatively little change of temperature and pressure 

in the fuel cavity is not large when the cladding failure due to eutectic reaction is greater than the 

mechanical failure of the cladding tube due to the high pressure in the pin cavity. In other words, the 

SAS4A analysis using U-10Zr property could generate a larger boundary of melt ejection condition. 

In order to simulate the simultaneous occurrence of UTOP and ULOF event for analysis using SAS4A, 

a positive response of 0.1 $/s is inserted without scram, and half of the flow rate in 0.3 seconds due to 

the trip of two primary heat transport system (PHTS). The test matrix was selected to reflect the melt 

ejection conditions derived from the SAS4A analysis. 

Table 3-3 reveals the experimental conditions in the ex-pin experiments. The damaged diameter 

which means size of degraded cladding, melt ejection mass, and melt superheat during ejection were 

selected to be 3 mm, 15.26 g, and 15 °C, respectively, according to the analysis of the SAS4A for 

simultaneous occurrence of UTOP and ULOF event. In addition, in the SAS4A analysis, air was used 

as the coolant as a coolant in consideration of the fact that the portion of the water near the rupture 

portion of the melt was filled with sodium vapor. In most metallic fuel SFRs, the phenomenon of pin 

fracture following fuel fusion occurs by eutectic erosion. As a result, in the case of eutectic erosion, the 

melt ejection pressure is considerably less than the mechanical failure of cladding due to the increase 

in the pressure inside the pin cavity. Therefore, the melt ejection pressure obtained from the SAS4A 

analysis and the melt ejection pressure in the TREAT-M series experiment DB were selected as the 

upper and lower ranges of the melt ejection pressure, respectively. In this experiment, the experimental 

conditions were selected by selecting the melt pressurization pressure of 7 bar within the range of melt 
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ejection considering the structural limitations of the fuel relocation simulator. 

Fig. 3-1 represents preliminary experimental facility for experiment of debris bed porosity. The 

experimental facility consisted of 7-pin bundle structure. The fuel ejection method using damaged pin 

was tested. In addition, effect of the structure temperature on the melt behavior and the debris bed 

porosity was examined. In the experiment, the structure temperature means the temperatures of 

surrounding rods near the rod where the melt was ejected. When the fuel relocation occurs, the 

temperature surrounding fuel rods might be high as well as the fuel rod where the cladding bleach 

occurs.  

Fig. 3-2 shows UNICORN-A (adult) as experimental facility for fuel relocation phenomena. For 

multi-pin structures such as SFR fuel assemblies, they should be designed to have the same spacing 

between all pins and pins. At the lower part of the assembly, there is a grid which is fixed at a certain 

interval to support the structures. The various pins fastened to each grid are kept at the same spacing 

regardless of the axial direction by the wire spacers. In addition, a total of four cartridge heaters with a 

maximum output of 1.2 kW were installed at the lower part of the aggregate, so that the temperature of 

the coolant could be controlled in a future nuclear fuel reloading simulation. The height of the test 

section excluding the lower part of the aggregate is 1216 mm, which is designed to be higher than 900 

mm, which is the PGSFR active core region. This is for analyzing the melt discharge behavior and the 

axial distribution of the upper discharge. A total of 19 pins were inserted into the test section of the 

hexagonal duct, and the middle pin was selected as the broken pin to simulate the melt ejection. In 

addition, the hexagonal ducts were divided into several equal parts in order to easily repeat the 

experiments based on previous experience. Axial pressure gauges were installed to quantitatively 

analyze the melt dispersion behavior. The ex-pin experiment was conducted using Wood’s metal as 

simulant for metallic fuel. Table 3-2 shows physical properties of Wood’s metal. 

  There are two types of pin structures: intimate pins, damaged pin. The wire spacers were designed to 

be equal to the L/D of the PGSFR fuel pins for all pins. The wire was designed to have a diameter of 1 

mm and was also designed to simulate wire geometry with PGSFR. For damaged pins, it is designed to 

be 85 mm higher than unbroken pins. This is because the crucible and the broken pin must be fastened 

for melt ejection. In the simulation of nuclear fuel relocation, a line heater was installed in the melt 

injection line between crucible and broken pin to minimize heat loss during melt ejection. 

The ex-pin experiments using UNICORN-A were carried out as follows. 

 

 Make the damage pin where the melt would be ejected from crucible. 

 Connect the damaged pin to the pipeline connected to the crucible and insert it into the 19-

pin assembly. 

 Put the wood's metal into the crucible with the mass to be ejected. 

 Control the initial melt temperature and pressure in the crucible. 
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 Eject melt by controlling valves connected between the crucible and the damaged pin. 

 After the ex-pin experiment, cool the test section down sufficiently and take radiography of 

the test section to qualitatively analyze the melt distribution along the axial direction and 

debris bed porosity. 

4.2.2 Quenching experiment 

It is crucial to understand how high porous debris bed is formed in metallic fuel after the fuel 

relocation. In the present study, there was experimental approach to investigate the debris formation 

using quenching experiment. Fig. 3-3 shows schematic diagram of experimental facility for quenching 

experiment. The experiment was conducted by dropping the melt droplets into the coolant pool. Since 

the instantaneous contact temperature of melt and coolant was considered as key parameter on the debris 

formation, it was important to control the initial melt and coolant temperature. The melt temperature 

was varied using an induction heater with melt levitation. The copper coil for the induction heating 

could levitate the melt droplet in the coil. With oscillating electromagnetic fields in the coil, there was 

a force to levitate the melt droplet. Thus, proper frequency and power were required depending on melt 

materials. The quartz tube was used to oxidation of melt particle during the heating of melt droplet. 

After melt was reached at the desired temperature, the melt droplet was dropped into coolant pool which 

was designed as a rectangular channel with thermocouples. The temperature change of melt was 

measured in coolant channel. The coolant temperature was controlled with cartridge heaters inserted in 

the channel. There were two cartridge heaters to control the coolant temperature up to saturation point. 

In addition, the channel was designed with transparent windows to observe the quenching procedure. 

The quenching experiments were performed using following experimental procedures.  

 

 Make the melt droplet according to experimental conditions. 

 Control frequency and power in induction coil to levitate the melt droplet. 

 Put the melt droplet inside the coil and heat up the melt. 

 Drop the melt into coolant pool when melt temperature is reached at desired condition. 

 Collect the debris formed in the coolant channel to analyze the debris size and morphology. 

 Observe the debris shape and measure the surface area and volume of the debris using 

micro-CT. 

 

Table 3-4 represents the test matrix for the quenching experiment. The melt droplet was used with 

Wood’s metal since the Wood’s metal was eutectic alloy. In initiating phase of HCDA for metal-fueled 

SFR, the cladding was degraded with eutectic reaction between metallic fuel and cladding material. 

Although there was effect of hoop stress on the cladding failure, the eutectic reaction was critical 
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phenomena to degrade the cladding in metal-fueled SFR. When the metal fuel is ejected into coolant, 

the melt would be a eutectic alloy. To consider quenching performance in the eutectic alloy, Wood’s 

metal was selected as simulant for metallic fuel. The range of initial melt and coolant temperature was 

achieved for various instantaneous contact interface temperatures. The initial temperature of melt was 

varied from 100 to 500 oC. The range of instantaneous contact interface temperature was from 32 to 

110 oC. The range included the freezing point of Wood’s metal. Based on experimental results of fuel 

relocation experiment in chapter 3, it was found that the melt temperature gave significant effect on 

formation of the debris morphology. However, the effect of coolant temperature on the debris formation 

seemed to be negligible. Thus, initial coolant temperature was not considered as experimental parameter. 

The melt formed nominal at diameter of 10 mm spheres in the induction coil before its quenching. To 

analyze physical characteristics of debris, the debris size and morphology was observed using micro-

CT. The micro-CT is an equipment for computed tomography and it was optimized to observe debris 

shape in the experimental conditions.  
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Table 4-1. Design parameters between PGSFR fuel assembly and UNICORN-A 

 PGSFR UNICORN-A 

P/D 1.14 1.14 

L/D 29.86 29.88 

P [mm] 8.44 9.12 

L [mm]  221 239 

D [mm] 7.4 8 
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Table 4-2. Physical properties of melt and coolant for fuel relocation experiments using 

UNICORN-A 

 Metallic fuel 

(U-10Zr) 
Wood’s metal 

Density 

[kg/m3] 
14100 9383 

Surface tension 

[N/m] 
0.57 ~ 1.00 

Viscosity 

[mPa∙s] 
5∙10-3 1.90∙10-3 

Melting / Boiling point 

[oC] 
1077 / - 72 / - 
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Table 4-3. Comparison of SAS4A result and experimental condition 

 SAS4A results Experimental results 

Damaged diameter for 

melt ejection (mm) 
2.975 3 

Initial melt superheat 

[oC] 
15 15 

Melt mass 

[g] 
15.26 g/pin 

15.26 

(single pin failure) 

Initial melt pressure 44.47 44 
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Table 4-4. Test matrix for quenching experiment 

 Experimental results 

Initial melt temperature 

[oC] 
100 – 500 

Initial coolant temperature 

[oC] 
18 

Instantaneous contact  

Interface temperature 

[oC] 

32 – 110  

Melt diameter 

[mm] 
10 
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Fig. 4-1 Schematic diagram of experimental facility for fuel relocation in 7-rod bundle structure 
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Fig. 4-2 Schematic diagram and optical image of UNICORN-A 
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Fig. 4-3 Schematic diagram of experimental facility for quenching experiment 
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4.3 Experimental results 

In this part, debris bed porosity from the ex-pin experiment and characteristic length of debris were 

discussed. To evaluate the debris bed formation, the ex-pin experiment was firstly performed in 

UNICORN-A. The debris bed porosity was measured considering simultaneous occurrence of UOTP 

and ULOF event. Since there are quenching phenomena when fuel is relocated into coolant, the physical 

relationship between the instantaneous contact interface temperature and debris characteristic was 

investigated. 

4.3.1 Debris bed porosity 

Fig. 4-4 represents the test for ex-pin experiment in 7-pin rod bundle structure. In order to reflect the 

pin diameter and pin-to-pin spacing of the actual PGSFR, a test section considering the multi-rod bundle 

structure was constructed. In the transient condition, the middle pin among the seven pins with the 

highest probability of fuel ejection was designed as a damaged pin. A circular shape of 3.7 mm diameter 

was selected as a fracture shape, and the peripheral pins were designed as a temperature controllable 

cartridge heater. In addition, a pressure gauge was installed at the top and bottom of the test section to 

measure the pressure drop after the fuel relocation experiment. This is to measure the pressure drop 

change due to the melt debris dispersed in the secondary passages after nuclear fuel relocation. 

In the fuel relocation experiment, the melt in the crucible was instantaneously ejected into the side 

stream. Fig. 4-5 shows the change in pressure in the channel during the fuel relocation. From the graph, 

melt starts to be ejected around 1.4 seconds and has a maximum pressure of about 2.3 bar at 1.9 seconds. 

It means that all of the melt in the crucible has been ejected into the sub-stream within 0.5 seconds. It 

was observed that the equilibrium of pressure reached 3.5 seconds after melt ejection. 

Fig. 4-6 reveals the result of x-ray photographing of the shape of test part after melt ejection. In the 

case of Wood's metal, the damping coefficient difference with the surrounding structure is remarkable, 

so that the dispersion behavior and distribution of the melt in the fuel assembly can be grasped by x-ray 

photographing. In the case of the 7-pin assembly, it was possible to observe the atomized melt debris 

after melt ejection. The debris observed here was heterogeneous in shape, and concentrated in the 

vicinity of the rupture, not integrated, but distributed away from the rupture in several directions. 

There are several criteria for evaluating the cooling capacity of the core immediately after the ejection 

of the melt in the early stage of a serious accident. Here, a method of identifying the pressure drop 

change due to the debris bed is proposed as one of the criteria for evaluating the core cooling capability. 

According to previous research results, it is known that metallic fuel has a high porosity of 0.9. In this 

experiment, the pressure drop was measured on a 7-pin before and after the melt ejection. Fig. 4-5 

shows the change in pressure drop in the channel before and after the fuel relocation. The graph 
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including the debris shows the pressure drop change after the fuel relocation and the graph without the 

debris means the bare condition before the melt ejection. The graph shows that the debris of the metal 

type increases the pressure drop compared to the bare condition even if the porosity is high. This is 

because the pressure drop coefficient due to the debris bed is increased. This tendency was also revealed 

by CFD analysis. Flow-3D was used to construct the same geometry as the 7-pin assembly test section, 

and pressure drop experiment was performed by setting the porous media using the porosity and 

permeability obtained from the experiment. As a result, it is confirmed that the trend is consistent with 

the pressure drop experiment results. 

Figure 4-7 shows the experimental results of the fuel relocation experiment under simultaneous 

occurrence of UTOP and ULOF event. The visualization results were obtained by X-ray after the fuel 

relocation experiment. The X-ray damping coefficient difference between the test structural material 

and Wood's metal, the fuel material, can clearly distinguish the results of the fuel relocation behavior. 

According to the critical accident scenarios selected in this study, local coolant boiling occurs before 

nuclear fuel breakdown occurs. This means that the fuel is ejected under void channel conditions. As a 

result, the metal fuel with high thermal conductivity is quenched after it is relocated in the channel. 

Therefore, it is physically plausible to deduce the relocation behavior of nuclear fuel through X-ray 

after the experiment like this experiment. 

As shown in Fig. 4-7, the melt was radially dispersed around the rupture of the damaged pin. This is 

the same as the preliminary experimental results of the fuel relocation in the previously performed 7-

pin rod bundle structures. In addition, the following melt distribution and channel behavior can be 

deduced through the solidified melt distribution. The melt ejected through the rupture part lost its 

inertial force due to the collision between the pin and the surrounding structures such as the wire spacer, 

and the dominant melt behavior has the behavior of spreading to the region between the pin and the pin 

in the radial direction. X-ray photographs showed that the melt was distributed at the shear area of the 

19-pin fuel assembly. On the other hand, the melts spread in the radial direction are dispersed upward 

and downward in accordance with the rotation direction of the wire spacer as the melt ejection continues 

through the rupture part. Through this series of melt behaviors, the range of the melt discharged to the 

upper and lower sides of the fracture section was within a radius of about 43 mm and 67 mm. This can 

be understood in more detail in Fig. 4-8. Fig. 4-8 shows the mass fraction of Wood's metal per axial 

direction. From the analysis of mass fraction by axial direction, metal fuel has high density so the fuel 

falls down to solidify when the fuel is relocated. This applies only if there is no upper coolant flow as 

in simultaneous occurrence of UTOP and ULOF event. 

No particulate form of melt debris was observed and the solidified melt in the form of agglomerates 

could be identified. It is considered that the melt has solidified before the melt atomization due to the 

collision between the melt and the surrounding pins due to the inherent characteristics of the metal with 

a large cooling rate in the voided region. The pin shape and the gap between pins of the comprehensive 
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test apparatus are similar to PGSFR. This suggests that the same ejection behavior and axial distribution 

as the experimental results will occur under the same accident scenarios in PGSFR. 

The simulation results show that there is insufficient driving force to induce the top exhaust after the 

nuclear fuel breakdown without the coolant flow to the top. As a result, the melt in the nuclear fuel 

assembly is located in the atomized state. In order to induce the end of the accident after the initial stage 

of a severe accident, residual heat should be removed by core cooling by natural circulation. The debris 

bed porosity is an important variable in determining the extent of the accident, since the pressure drop 

depends on the porosity of the debris bed in the fuel assembly.  

Fig. 4-9 shows the debris bed visualization results formed after the experiment. Wood's metal debris 

bed shape was secured with Micro-CT and debris bed porosity was measured by post-processing. The 

porosity of Wood's metal debris bed was 0.89. In addition, the porosity also was measured with classical 

method using volume fractions. From the method, the porosity of 0.83 for the debris bed was measured. 

Since the debris bed porosity varies according to the accident conditions, the debris bed porosity 

experiments were conducted and measured the porosity range of Wood's metal debris bed. 

As a result, it was confirmed that the porosity was in the range of 0.82-0.89. It is included in the 

porosity range of the metal fuel debris bed formed after the quenching of the metal fuel (U-10Zr) in 

ANL's sodium pool in the 1960s. This means that even if the fuel is destroyed, the metal fuel has the 

safety of early termination of the accident. 

4.3.2 Characteristic length of debris 

  From previous fuel relocation experiments, it was found that the debris bed was formed in the 

subassembly. There was high porous debris bed when using metal-typed melt. In pouring stream 

experiment with the metallic fuel, the debris bed with high porosity of 0.8 was formed. It could be 

strong safety characteristics against HCDA for metal-fueled SFR. The possibility of occurrence of flow 

blockage would be removed and the core could have coolability by natural convection. However, there 

is a lack of fundamental knowledge why the metallic fuel has debris bed of debris bed.   

Since the fuel is relocated after cladding failure, the intensive heat is transferred from the fuel to 

coolant or core structure. In thermodynamic point of view, there is a quenching phenomenon when fuel 

is relocated. Fig. 4-10 shows transmission electron microscopy (TEM) and energy dispersive 

spectrometry (EDS) image of Wood’s metal in bare condition. The bare condition means Wood’s metal 

before quenching experiment. Wood’s metal is eutectic alloy with bismuth, lead, tin, and cadmium. The 

four materials were well mixed in the grain boundary. The microstructures of Wood’s metal were 

compared between before and after its quenching.  

Fig. 4-11 represents TEM and EDS image of Wood’s metal after its quenching. The initial melt 

temperature is 250 oC and coolant temperature was 18 oC. After the quenching, each material consisted 
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of the eutectic alloy was separated80-81. In aspect of classical crystallization theory, crystal growth and 

morphology formation would occur with separated material. It is a characteristic of eutectic alloy during 

quenching, which could affect the debris formation. Wood’s metal was used to consider this quenching 

performance of eutectic alloy. In the quenching performance, the surface of separation between the 

solid and liquid phases is affected by the instantaneous contact interface temperature. To determine the 

temperature history and rate of progression of the solidification front within the spherical droplet, the 

Fourier heat conduction equation is solved assuming constant thermophysical properties: 

 

𝛼 [
𝜕2𝑇(𝑟,𝑡)

𝜕𝑟2 +
2

𝑟

𝜕𝑇(𝑟,𝑡)

𝜕𝑟
] =

𝜕𝑇(𝑟,𝑡)

𝜕𝑡
           (4-1) 

 

𝑇(𝑟, 0) = 𝑇𝑚, 𝑇(𝑅, 0) = 𝑇𝑐               (4-2) 

 

At the liquid-solid interface (r = a), the two conditions to be satisfied are the energy balance and the 

continuity condition  

 

𝑘
𝜕𝑇(𝑟,𝑡)

𝜕𝑟
|
𝑟=𝑎

= 𝜌𝑐𝑝
𝑑𝑎(𝑡)

𝑑𝑡
              (4-3) 

 

𝑇(𝑎, 𝑡) = 𝑇𝑖                 (4-4) 

 

The instantaneous contact interface temperature could be calculated from the assumption where there 

is a no deformation between melt and coolant in semi-infinite geometry. In addition, it is solved as a 

one-dimensional heat conduction problem. The instantaneous contact interface temperature between 

melt and coolant is theoretically given by  

 

𝑇𝑖 =
𝑇𝑐+𝑇𝑚(

𝑘𝑚𝜌𝑚𝐶𝑝,𝑚

𝑘𝑐𝜌𝑐𝐶𝑝,𝑐
)1/2

1+(
𝑘𝑚𝜌𝑚𝐶𝑝,𝑚

𝑘𝑐𝜌𝑐𝐶𝑝,𝑐
)1/2

               (4-5) 

 

For a complete description of the problem, specific boundary condition is necessary which describes 

the surface heat transport process to the coolant. The surface boundary condition can be described in 

terms of either a heat transfer coefficient for boiling or a constant surface temperature if perfect wetting 

occurs. Based on a compilation of contact angle measurements between melt and coolant, it was 

concluded that the interface temperature at the surface of separation could be established like Eq. 4-5. 
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To investigate the debris size and morphology regarding the debris bed porosity, it is necessary to 

quantify the debris characteristics. In the present study, concept of characteristic length of debris was 

proposed. The concept is simply defined using debris volume and surface area. From previous 

experimental results, it was examined that the high porous debris bed was formed when most of debris 

had complex shape. The complex shape means ligament-like and flake-like shape. As the debris had 

complex shape, the surface area would be increased compared to simple debris structure. Thus, the 

characteristic dimeter of debris was defined by the debris volume over its surface area. When it was 

assumed that the shape of the debris is uniform as spherical shape with the characteristic length, the 

debris bed porosity in unit volume would increases as the diameter increases. 

The debris after quenching experiments were collected and they were distinguished with initial melt 

temperature. The instantly contact interface temperature also increased with increase of the melt 

temperature because the coolant temperature was constant. It was found that the debris morphology was 

relatively getting complex as the instantly contact interface temperature was increased. Radiograph 

images for the debris were measured to compare debris shapes in detail. It was clearly confirmed that 

the debris had ligament-like shape with increase of instantaneous contact interfacial temperatures from 

radiograph images. Especially, the debris shape was rapidly changed form after initial melt temperature 

of 300 oC. Since the instantaneous contact interfacial temperature was over the freezing point of Wood’s 

metal after initial melt temperature of 300 oC, the complex morphology of debris was formed. When 

the instantaneous contact interfacial temperature is larger than the freezing point of melt, there was 

relative long time until thermal equilibrium state between melt and coolant. Thus, the hydraulic force 

exerted on the melt could affect the shape of melt particle. This force formed debris of complex shape. 

In case of the melt ejection condition in simultaneous occurrence of UTOP and ULOF, the 

instantaneous contact interfacial temperature was lower than the freezing point of Wood’s metal. 

However, the debris bed had high porous structure. Although the debris had simple shape at low the 

instantaneous contact interfacial temperature, the debris for metal-typed melt had inner pore inside the 

debris. The inner pore was clearly observed from radiography image using micro-CT. Since the melt 

was frozen with local coolant vaporization inside the melt itself, the inner pore was formed. Therefore, 

it is expected that the debris bed of metallic fuel would have high porous debris bed even if the debris 

shape is simple or the melt is not fragmented. The physical characteristics of metallic fuel ensure 

coolable state of core with natural convection.  

The characteristics of debris bed are mainly determined from physical form of individual debris. 

Especially, debris bed porosity is affected by debris morphology. In severe accident condition in SFR, 

metallic fuel had ligament-like shape of debris. This morphology made characteristics of debris bed 

porosity. The metal fuel had relatively high debris bed porosity. In previous research group, quenching 

experiments were conducted using molten metal droplet. The debris morphology was analyzed 

quantitatively. It was insufficient to qualitatively investigate the debris morphology. The present study 
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was performed with experimental works based on theoretical model regarding rapid solidification. It is 

suggested that debris morphology is attributed to freezing point and instantaneous contact interface 

temperature between melt and coolant. As shown in Fig. 4-12, the characteristic dimeter of debris was 

decreased with decrease of difference between freezing point and instantaneous contact interface 

temperature between melt and coolant. That means more high porous debris bed was formed with 

decrease of difference between the two temperatures. Based on rapid solidification experiments, it was 

shown that high porous debris bed would be formed above porosity of 0.83 based on the reactor accident 

conditions in ULOF. 
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Fig. 4-4 Radiography image of test section after fuel relocation experiment             

 

 

 



85 

 

 

 

 

 

 

 

 

 

 

Fig. 4-5 Pressure in test section of preliminary experiment for fuel relocation with time  
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(a)         (b) 

 

Fig. 4-6 Radiography image of test section with temperature of intimate pins 

((a) Tintimate pin: 21 oC, (b) Tintimate pin: 90 oC)             
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Fig.4-7 Radiography image of melt relocation behavior in simultaneous occurrence of UTOP and ULOF event
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Fig. 4-8 Mass fraction along axial distance in melt relocation behavior 

concerning simultaneous occurrence of UTOP and ULOF event 
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(a) (b) 

Fig. 4-9 (a) Raw image and (b) radiography image for Wood’s metal debris bed using micro-CT 
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(b) 

 

Fig. 4-10 (a) TEM and (b) EDS image of Wood’s metal before quenching experiment 
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(a) 

 

 

(b) 

 

Fig. 4-11 (a) TEM and (b) EDS image of Wood’s metal after quenching experiment 

(Twood’s metal: 250 oC, Twater: 18 oC) 
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Fig. 4-12 Characteristic diameter of debris with difference between freezing point and instantaneous 

contact interface temperature between melt and coolant 
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Chapter 5. CONCLUSIONS AND RECOMMENDATIONS 

5.1 Conclusions 

In metal-fueled sodium-cooled fast reactor (SFR), molten metal fuel within a subchannel is suggested 

as an inherent safety strategy in the initiating phase of a hypothetical core disruptive accident (HCDA). 

This safety strategy provides negative reactivity driven by the melt dispersion, so it could reduce the 

possibility of occurrence of a severe recriticality. In the initiating phase, the melt could be injected into 

the subchannel horizontally by the internal pressure of the fuel pin. Complex phenomena occur during 

intermixing of the melt with the coolant after the horizontal injection of the melt. There is still a lack of 

fundamental knowledge about the severe accident phenomena and related physics. Therefore, the 

present study focuses on fuel relocation behavior and debris formation phenomena, which is in specific 

accident scenario, with experimental approaches.  

5.1.1 Fuel relocation behavior 

In the initiating phase of the HCDA, occurrence of the recriticality issue is the key safety issue in 

SFR design with metal fuel. A unique solution for preventing the recriticality issue can be upward 

dispersion of the melt aimed at an early termination of the accident. Since the melt dispersion conditions 

differ according to the core region, in the present study, the specific conditions necessary for the molten 

metal fuel to disperse well were discussed using simulant materials. Upward dispersion of the melt did 

not occur for a given melt and coolant temperature under the non-boiling condition. Over the range of 

conditions considered in the study, the behavior of the melt was so static that it was not dispersed at all 

in the coolant channel. Under the boiling condition, the coolant vapor pressure was built up after the 

melt injection, in both the coolant-filled and the air-occupied channels. Following the pressure buildup, 

the melt was dispersed upward sufficiently well. The built-up vapor pressure was one of the driving 

forces for the upward dispersion of the molten material.  

In addition, levitation height where melt was discharged upward was evaluated from experimental 

results. The experimental parameters as follows: initial melt temperature, initial coolant temperature, 

melt mass, initial melt pressure, and coolant channel condition. It was found that initial melt pressure 

was key parameter to determine the levitation height. From the force and energy balance equation, 

theoretical model for the levitation height was developed. The theoretical model showed well agreement 

with the experimental results. To consider some force parameter in the theoretical model like friction 

force of structure, the levitation height in actual metal-fueled SFR would be predicted in HCDA. 

 



94 

 

5.1.2 Characteristic length of debris 

There was high porous debris bed from ex-pin experiment in 19-pin bundle rod structure. The effect 

of instantaneous contact interface temperature between melt and coolant on debris morphology was 

investigated. The characteristic length of debris was proposed to represent the debris morphology. It 

was defined by debris volume over debris surface area. As the characteristic length of debris decreases, 

the debris bed would have high porous formation. From quenching experiments, it was investigated for 

physical relationships between the instantaneous contact interface temperature and the characteristic 

length of debris. That was used to explain the reason why high porous debris would be formed in ULOF 

condition. In case of metallic fuel, although the debris shape was formed as simple structure which 

could made low porous debris bed, it has a high porosity of debris bed due to formation of internal pore.     

5.2 Recommendations  

The fundamental understanding of fuel relocation in initiating phase of HCDA for metal-fueled SFR 

is important. To improve fuel relocation model in severe accident analysis code, the phenomenological 

study should be performed. Thus, the observation of fuel relocation behavior would give strong physical 

insight to study severe accident consequences. The experimental platform to investigate the fuel 

relocation was setup and it could produce validation data. In addition, the present study proposed simple 

theoretical model to predict the levitation height where the melt was swept out. The physical 

relationships were also investigated to account for the debris bed porosity of the metal fuel. Therefore, 

this study could be used for securing reactor safety for metal-fueled SFR. 
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