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1. Introduction 

 
A cavity pre-flooding strategy is adopted as a 

mitigation measure for Korean PWRs (pressurized water 

reactors) [1]. Based on the recent inspections of the 

operating Korean PWRs as one of the follow-up actions 

after the Fukushima accident, a few meters of deep pool 

can be typically secured in the cavity. Even though deep 

pool is obviously favorable for ex-vessel corium cooling, 

debris agglomeration and cake formation may be formed 

due to incomplete jet fragmentation and non-coolable 

geometry of the debris bed with high decay heat, which 

deteriorate the long-term debris bed coolability [2-5]. It 

was found that the multi-dimensional infiltration of 

coolant into the bed enhances the long-term debris bed 

coolability, which depends on the two-phase pressure 

drop in the bed associated with its geometrical 

configuration [6-12]. Two-phase flow in the bulk pool 

(‘convective flow’) disperses the falling particles to 

affect the initial debris bed shape [13-16]. After the 

settlement at the cavity, the final bed shape is determined 

after spreading or flattening of the bed induced by steam 

escaping the bed, so called ‘self-leveling’ [2, 17-21]. 

This paper describes a test facility and introduces 

similarity analysis to perform the debris bed formation 

experiments using debris simulant particles, and 

represents some preliminary test results. 

 

2. Experimental Setup  

 

A schematic of the experimental facility, called 

DEFCON (DEbris bed Formation and COolability 

experimeNt) is shown in Fig. 1. It consists of a particle 

delivery system, water tank, air supply system, data 

acquisition system and visualization system. A hopper on 

the top can accommodate about 1000 kg of simulant 

particles of corium debris, which is connected with a 

particle delivery nozzle and gate valve. Once a gate valve 

is opened, the particles in the hopper fall down into the 

water pool by gravity and are accumulated at the bottom 

of the water tank (2 m2 m4 m). It has several pieces 

of polycarbonate windows at the sidewalls for 

visualization and 49 air-supply block assemblies at the 

bottom for simulating the steam generation from the 

debris bed. More air-supply block assemblies can be 

installed according to the test conditions and debris bed 

shape. Each assembly consists of an air-supply block and 

a load cell at the bottom for the particle mass 

measurement. The particle mass is recorded in real time 

by data acquisition system, and the volumetric steam 

generation rate (�̇�g) under the assumption of saturation 

condition is estimated by 

 
Fig. 1. A schematic of experimental setup (DEFCON). 

 

�̇�g =
𝑚p𝑞‴

d

𝜌g𝜌p(1−𝜀)ℎfg
                               (1) 

 

where mp is particle mass, 𝑞‴
d
 volumetric decay heat 

rate or decay heat power density of a debris bed, ρg steam 

density, ρp particle density, ε porosity of a debris bed, and 

hfg latent heat of vaporization of water. The volumetric 

decay heat rate (𝑞‴
d
) of a debris bed for typical LWRs 

(light water reactors) ranges from 1 to 4 MW/m3 [16]. 

Based on the same Reynolds numbers between steam and 

air, the volumetric air flosw rate for the corresponding 

steam flow rate (�̇�a) is evaluated by  

 

�̇�a =
𝜌g𝜇a

𝜌a𝜇g
�̇�g                              (2) 

 
where ρa air density, μa air viscosity, and μg steam 

viscosity. That is, if the particle mass (mp) is measured 

by a load cell, the volumetric steam generation ( �̇�g ) 

according to the mass and air flow rate (�̇�a) to have same 

inertial force of the steam to spread of flatten the debris 

bed is calculated. Then, the air flow rate is controlled by 

a mass flow controller, and dry air is supplied to each air-

supply block through the air-pressure tank, two mist 

separators and manifold, whose outlet pressure is set to 5 

bar by a pressure regulator. The steam explosion and its 

effect on the debris bed formation are considered in this 

study. 

Six LED lights and diffusion sheets are installed at 

the backside of the water tank for backlighting, and 

several camcorders and high-speed cameras are installed 

at the front side for visualization of the particle 

sedimentation and debris bed formation.  
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In the present preliminary experiments, 3 mm 

spherical STS (stainless steel) particles were used as 

simulant corium debris particles and the porosity of the 

STS bed was measured 0.385. 
 

3. Similarity Analysis  

 

In order to determine the experimental conditions of 

ex-vessel debris bed formation for typical Korean 

operating power plants, the initial and boundary 

conditions of RPV (reactor pressure vessel) failure and 

ex-vessel corium release into the reactor cavity for 

OPR1000 were evaluated by a severe accident scenario 

analysis using MELCOR 1.8.6 code. Six accident 

scenarios were considered in the MELCOR analysis; two 

SBOs (station black out), TLOFW (total loss of feed 

water), SGTR (steam generator tube rupture), SBLOCA 

(small break loss of coolant accident), LBLOCA (large 

break loss of coolant accident). In addition, we referred 

to the ex-vessel corium release conditions in the 

SERENA (Steam Explosion Resolution for Nuclear 

Applications) FCI (fuel-coolant interaction) research 

report [22] and some references [23, 24]. Based on the 

MELCOR code analysis and references for the RPV 

failure and ex-vessel corium release conditions, the 

ranges of main parameters were determined and 

summarized in Table 1, where mm is released melt mass, 

Tm released melt temperature, Tc water pool temperature 

in a cavity, Di,m met jet diameter at the failed RPV hole, 

and Pc cavity ambient pressure.  

 

Table I: Main Parameters during Ex-vessel Corium 

Release for OPR1000 

Melt composition 

(mass fraction) 

Oxide : Metal = 70-85 : 15-30 

- Oxide: UO2 : ZrO2 = 80 : 20 

- Metal: Zr : STS = <50 : >50 

mm [kg] 70000-130000 

Tm [K] 
- Oxide: 2700-3000  

- Metal: >1700 

Di,m [m] 0.076-0.3 

Vm [m/s] 1-13 

Pc [MPa] 0.1-0.3 

Tc [K] 300-390 

 

Figure 2 represents the similarity between the real 

accident and experimental conditions. A similarity 

analysis was performed based on the results of MELCOR 

analysis and the initial and boundary conditions shown 

in Table 1. Three similarity parameters were selected; 

released mass flux of melt (wm), sedimentation time of a 

solidified melt particle from the melt jet breakup point to 

the cavity floor (tsed,m), and Reynolds number of steam 

generated in the debris bed as shown in Eq. (2). Table II 

represents the ex-vessel corium release conditions in a 

nuclear power plant and corresponding experimental 

conditions based on the similarity analysis when 3 mm 

spherical STS particles are used: Hpool is pool depth in a 

reactor cavity, vi,m melt release velocity at the failed RPV 

hole, Lfree,m melt freefall height, Dn diameter of a particle 

delivery nozzle, Hn height from the bottom of a water 

tank to the outlet of a particle delivery nozzle, and Hpool,F 

pool depth in a water tank. The eight experimental 

conditions in Table II were selected by considering the 

experimental limitations. 

 

 
Fig. 2. Similarity of ex-vessel corium release phenomenon. 

 

Table II: Results of Similarity Analysis for Ex-vessel 

Corium Release 

Plant conditions 

wm [kg/m2s] 20000 40000 20000 40000 

Hpool [m] 3.5 4.7 2.9 4.0 3.9 5.2 3.4 4.6 

Di,m [m] 0.15 0.2 

vi,m [m] 2.7 5.4 2.7 5.4 

Lfree,m [m] 3.5 2.3 4.1 3.0 3.1 1.8 3.5 2.5 

Experimental conditions 

Dn [mm] 37.5 50 

Hn [m] 3 4.1 4.1 5 3 4.1 4.1 5 

Hpool,F [m] 2.4 3.4 1.5 2.5 2.4 3.4 1.5 2.5 

 

4. Shakedown Test Results  

 

A preliminary test was performed using 400 kg of 3 

mm spherical STS particles. The experimental 

conditions were Dn=50 mm, Hn=4.1 m, Hpool,F=2.6 m, 

and 𝑞‴
d
 = 1 MW/m3. Figure 3 shows the snapshots of 

particle entry into the pool (Fig. 3(a)), initial stage of a 

particle bed formation (Fig. 3(b)), and end stage after the 

particle delivery (Fig. 3(c)).  

Even though large uncertainties of the particle mass 

measurement and accordingly the air supply control 

according to the particle mass was still not perfect, it was 

found that the debris bed has a widespread conical shape 

and hardly change once it forms a bed in spite of high 

airflow rate. Figure 4 compares the debris bed shapes 

when air was supplied in proportional to the measured 

particle mass (Fig. 4(a)) and then when the maximum air 

flow rate (~ 500 lpm) was supplied near the center of the 

bed (Fig. 4(b)). That means the ‘self-leveling’ was not 

clearly observed under the present experimental 

conditions. 
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Fig. 3. Visualizations of particle falling and bed formation of 

STS particles. 

 

 
Fig. 4. Debris bed shapes; (a) after the experiments and (b) after 

the maximum air supply 

 

5. Conclusions 

 

A DEFCON facility was constructed to perform the 

experiments of debris bed formation using debris 

simulant particles. The experimental conditions based on 

a similarity analysis were established, and a preliminary 

test was performed using 400 kg of 3 mm spherical STS 

particles. Even though it is necessary to improve the 

particle mass measurement and air supply control 

systems, we observed the axisymmetric conical debris 

bed shape and confirmed the possibility of debris bed 

formation and coolability experiments. The effects of 

‘two-phase convective flow’ and ‘self-leveling’ on the 

debris bed formation were not clearly observed under the 

preliminary test condition. Thus, a series of experiments 

based on the similarity analysis will be performed in the 

future using various sized non-heated and heated STS 

particles. The final goal of this study is to develop an 

empirical model of debris bed shape under the various 

conditions of corium release into the deep water pool. 
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