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a b s t r a c t

During the late phase of severe accidents of light water reactors, a porous debris bed is

expected to develop on the bottom of the flooded reactor cavity after breakup of the melt in

water. The geometrical configuration, i.e., internal and external characteristics, of the

debris bed is significant for the adequate assessment of the coolability of the relocated

corium. The internal structure of a debris bed was investigated experimentally using the

DAVINCI (Debris bed research Apparatus for Validation of the bubble-Induced Natural

Convection effect Issue) test facility. Particle sedimentation under the influence of a two-

phase natural convection flow due to the decay heat in the debris bed was simulated by

dropping various sizes of particles into a water vessel with air bubble injection from the

bottom. Settled particles were collected and sieved to obtain the particle mass, size dis-

tribution in the radial and axial positions, and the bed porosity and permeability. The

experimental results showed that the center part of the particle bed tended to have larger

particles than the peripheral area. For the axial distribution, the lower layer had a higher

fraction of larger particles. As the sedimentation progressed, the size distribution in the

upper layers can shift to larger sizes because of the higher vapor generation rate and

stronger flow intensity.

Copyright © 2016, Published by Elsevier Korea LLC on behalf of Korean Nuclear Society. This

is an open access article under the CC BY-NC-ND license (http://creativecommons.org/

licenses/by-nc-nd/4.0/).

1. Introduction

Severe accidents of light water reactors involve significant

melting of the core material and reactor fuel. The hot corium

mixture can threaten the integrity of the boundaries of

defense-in-depth barriers, which prevent the release of

radioactive materials to the environment. As witnessed in the

Fukushima accidents, corium can be relocated into contain-

ment after the failure of the reactor vessel as the accident

progresses. When the corium breaches the reactor vessel,

cooling of the relocated corium determines the accident pro-

gression, its termination, and the mitigation of accidental

results. Therefore, flooding of the reactor cavity with coolant

water is necessary to cool the relocated corium, mostly in the
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cavity floor, and keep the integrity of the containment build-

ing against the molten coreeconcrete interaction.

There are two kinds of strategy for reactor cavity flooding:

postflooding, which spreads the melt on a large core-catcher

structure prior to filling the spreading compartment with

coolant; and preflooding, which intentionally fills the reactor

cavity with coolant prior to the reactor vessel melt-through

[1]. In the preflooding strategy, it is expected that the deep

coolant pool, with the moderate melt release rate, will allow

the corium to break up into small debris particles and create

porous debris beds on the bottom of the water pool in the

reactor cavity. To conduct an adequate coolability assessment

and devise a reasonable accident management plan, it is

necessary to thoroughly understand the relevant processes of

debris bed formation, including melt jet breakup and particle

sedimentation, and the structural characteristics of the

resulting debris bed. For the coolability assessment, the

configuration of the debris bed, including its internal and

external structure, is important, because it provides the

boundary conditions for simulations.

Because most previous studies of ex-vessel severe acci-

dents have concentrated on the fuelecoolant interaction [2e5]

and the molten coriumeconcrete interaction [6] against the

structural integrity of containment, there has been relatively

little attention on the realistic debris bed formation process

and the characteristics of the resultant debris bed. Accord-

ingly, most experimental and simulation studies of debris bed

coolability have been conducted based on simplified geomet-

rical assumptions. For the external geometry of the debris bed,

the 1-dimension-flat shape [7,8], the cylindrical and Gaussian

shape [9], and the cone shape [10] have been usedmostly with

a homogeneous internal structure assumption. And, for the

internal geometry, two or three layers in the axial and lateral

direction [11,12], and the triangular shape [13] have been

studied within cylindrical and rectangular test facilities.

Therefore, inherently, there could exist a nonnegligible

discrepancy with the coolability of a realistic corium debris

bed.

Recently, for the particle settling and sedimentation pro-

cess, the importance of the heat generating characteristics of

corium particles on the development of a large natural con-

vection flow and particle sedimentation in the flooded cavity

has been considered [9,14,15]. Simulations performed by

Yakush et al [9,14] showed that two-phase natural convection

affects the particle settling trajectory and changes the final

arrival location of particles, resulting in a more flattened

debris bed. These simulation results are supported by exper-

imental studies using simulant particles and air bubble in-

jection [16,17].We simulated particle sedimentation under the

bubble-induced natural convection flow condition to examine

the spreading of the settled debris using the DAVINCI (Debris

bed research Apparatus for Validation of the bubble-Induced

Natural Convection effect Issue) test facility at Pohang Uni-

versity of Science and Technology, Pohang, Korea [16]. The

experimental results showed that the debris bed develops

with a larger radius under the influence of a bubble flow and

exhibits a constant height/radius ratio over the sedimentation

process. Based on the experimental results, an analytical

model, which considers the kinetic interactions between the

debris particles and the bubble-induced coolant flow, was
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Fig. 1 e Conceptual figure of ex-vessel severe accident and

the scope of this study (DAVINCI test). DAVINCI, Debris bed

research Apparatus for Validation of the bubble-Induced

Natural Convection effect Issue.
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Fig. 2 e Schematic diagram showing the Debris bed

research Apparatus for Validation of the bubble-Induced

Natural Convection effect Issue (DAVINCI) test facility. (A)

Funnel. (B) Funnel rack. (C) Test pool. (D) Particle catcher

plate (PCP) module. (E) Water drain valve. (F) Filter. (G)

Pressure regulator. (H) Flowmeter. (I) Rotameters with

needle valves.
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suggested to describe the growth of the debris bed and its

external geometry.

In addition, there have been few studies investigating the

realistic characteristics of the internal structure of debris

beds. The FARO tests [2] reported cake formation inside the

resultant debris bed in many cases, including L-24 and L-28,

and reported the particle size distribution at three different

elevations for the L-31 case, which showed a small mean

diameter in the upper side. However, the fuelecoolant inter-

action tests, including the FARO tests, havemelt release times

too short for a fully developed two-phase natural convection

flow inside the test pools, and there is still a lack of detailed

information available to predict the internal structure of

prototypic corium debris beds.

This study investigated the development of the internal

structure of debris beds for a more realistic coolability

assessment. We focused on the effect of the interaction be-

tween the settling corium particles and the bubble-induced

natural convection flow on the local particle sedimentation

(see Fig. 1) under a moderate melt release rate and a deep

flooding condition. Local information about the internal

structure of the particle bedwasmeasured under various two-

phase flow intensities, and the development of in-

homogeneity was analyzed. However, there must be a non-

negligible contribution of melt jet and falling debris particles

to the development of a large convection flow in the flooded

cavity, because the continuously growing debris bed will

become a dominant vapor source in the long term. In this

study only the contribution of corium particles in the debris

bed was considered by injecting air bubbles from the particle

catcher plate (PCP) on the bottom of the pool. Stainless steel

simulant particles in 14 different sizes were used for single-

Fig. 3 e Photograph of the DAVINCI facility and the particle catcher plate (PCP) module. (A) The DAVINCI facility. (B) Square

grid on top of PCP. (C) Radial locations of the particle sampling catchers. DAVINCI, Debris bed research Apparatus for

Validation of the bubble-Induced Natural Convection effect Issue.

Table 1 e Specifications of the test facility condition.

Particle injection system Nozzle diameter 23.5 mm

Free fall height 95 mm

Test pool Material Acryl

Height 1.0 m

Diameter (internal) 0.58 m

Wall thickness 0.010 m

Free surface to PCP top 0.76 m

PCP Diameter 0.40 m

Bubble hole diameter 1.5 mm

No. of bubble holes/square 16

No. of air chambers 32

Particle sampling catcher Cross section 40 � 40 mm

Height 160 mm

Wall thickness 2 mm

PCP, particle catcher plate.
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size and multiple-size mixture tests. Sampling catchers were

installed in the predefined radial positions on the bottom of

the pool to figure out the local characteristics of

sedimentation.

2. Materials and methods

2.1. Test facility and particle simulants

Figs. 2 and 3A show the DAVINCI test facility designed to

simulate particulate debris sedimentation behavior in a floo-

ded reactor cavity together with two-phase natural convec-

tion by a heat-generating debris bed. DAVINCI consists of

three major parts: a particle injection system, a test pool, and

a PCPmodule that equips an air injection system. The particle

injection system is composed of a funnel and funnel rack to

isolate the particle feed from the vibration of the convection

flow in the pool. The particles were released by gravity after

removing a rubber plug from the nozzle. The test pool was

fabricated from a transparent acrylic cylinder to allow visu-

alization. Fig. 3B shows the PCP, which was placed at the

bottom of the pool and had a grid of 40 mm � 40 mm squares

on the top of the plate. The squares on the top plate of the PCP

were connected to air chambers beneath the catcher plate.

Vapor generation from the hot debris bed was simulated with

32 air chambers in a predetermined air flow rate distribution.

Particle sampling catcherswere prepared to investigate the

local characteristics of the internal structure of debris beds.

Seven catchers were placed in predetermined positions in

regions a, b, c, and the center (see Fig. 3C). A stainless steel

mesh with an aperture of 0.1 mm was attached to the bottom

of the particle sampling catchers to collect all of the settled

particles while allowing air bubble penetration. Table 1 lists

the detailed specification of the test facility conditions for this

study.

Fig. 4 shows the simulant particles, which have an equi-

lateral cylindrical shape. The particles were made of stainless

steel 304, and the density was measured to be about 8,000 kg/

m3, which is similar to the prototypic condition [18]. Table 2

provides the mass fraction of 14 particles of various sizes for

each test condition. The test DAV-SG1 used single-size parti-

cles. The test DAV-MT1 used 10 different particle sizes, and

the test DAV-MT2 used five different particle sizes. The mass

fraction of particles in the test condition was designed to

simulate corium debris particles from the breakup and frag-

mentation of the melt jet, using the particle size distribution

model of Moriyama et al [3].

2.2. Instrumentation and measurement

To measure the particle size distribution along the radial and

axial directions of the particle bed, particleswere separated by

size using standard test sieves, and weighed with an elec-

tronic scale (EK-4100i, A&D Weighing, USA) with a measuring

Fig. 4 e Simulant particles in various sizes.

Table 2 e Particle size distribution for test cases.

Diameter
(mm)

Height
(mm)

dv
(mm)

Mass fraction (%)

DAV-MT1 DAV-MT2

0.2 0.2 0.23 2.3

0.4 0.4 0.46 2.6

0.6 0.6 0.69 4.8

0.8 0.8 0.92 15.0

0.9 0.9 1.03 4.5

1.2 1.2 1.37 6.8

1.7 1.7 1.95 12.1 20.0

2.3 2.3 2.63 19.1

3.0 3.0 3.43 30.0

4.0 4.0 4.58 27.4

5.0 5.0 5.72 20.0

6.0 6.0 6.87 13.3

7.0 7.0 8.01 15.0

8.0 8.0 9.16 7.3

Sum 100 100

Mass mean diameter, dm (mm) 3.77 3.90

dv, equivalent volume sphere diameter.
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uncertainty of ± 50 mg. Sampling along the axial position was

conducted at height intervals of 30 mm using a spoon and a

precision tweezer. The total air flow rate was measured by a

mass flow controller (PFM511S, SMC, Japan), and air flow rates

for the 32 air chambers were adjusted using rotameters with

needle valves (RMA14e26; Dwyer Instruments, USA). All tests

were recorded using a digital camcorder (30 frames/s; HDR-

PJ790; Sony, Japan) and a high-speed camera (200 frames/s;

Phantom Miro M320S; Vision Research, USA). To calculate the

void fraction inside of the air bubble column in the center of

the pool, the velocity of rising bubbles was observed from the

images taken by the high-speed camera, and the diameter of

the bubble column, Dbc, was measured from the average

image of 10 still cuts using the MATLAB software. Fig. 5 shows

one of the still cuts from the DAV-MT202 test and the averaged

image for measuring Dbc. The local void fraction aLocal was

calculated from the relationship as follows:

_Qa ¼ aLocal

�p
4
D2

bc

�
vb; (1)

where _Qa is the total air flow rate and vb is the velocity of a

rising bubble in the pool. Fig. 6 shows good agreement be-

tween our calculated void fraction data for the test condition

and the curve fit of Konovalenko et al [17] in a 0.5-m-deep

pool.

2.3. Test procedure

The test procedure began after installing the particle sampling

catchers on the PCP module. The module with the particle

sampling catchers was then installed at the bottom of the

pool. While the pool was being filled, the funnel and funnel

rack were placed in position and a predetermined quantity of

simulant particle mixture was loaded in the funnel. After the

pool was filled, needle valves on each rotameterwere adjusted

to the target air flow rate to develop the two-phase natural

convection in the test pool. After the natural convection sys-

tem became consistent, the particle mixture was released and

recording started simultaneously. When the last particle

settled, the air supply and recording were stopped. After the

water was drained from the pool, particle sampling was con-

ducted for each radial and axial position. Fig. 7 shows the

settled particles in the sampling catchers on the PCP prior to

particle sampling and after water drainage.

Fig. 5 e Bubble column image from high-speed camera. (A) Still cut of a bubble column at an air flow rate of 32.1 L/min. (B)

Averaged bubble column image and definition of the bubble column diameter, Dbc.
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2.4. Test conditions

Table 3 lists the test conditions of DAV-SG1, DAV-MT1, and

DAV-MT2. The DAV-SG1 test was conducted with a single

particle size to investigate the behavior of each particle under

two-phase natural convection flow. The DAV-MT1 and DAV-

MT2 tests were conducted to determine the changes in

radial and axial distribution in the particle bed under two-

phase natural convection flow, with 10 and five different

particle sizes, respectively. Fig. 8 shows the sectional division

for the air flowdistribution, inwhich a ratio of 6:2:1.5was used

for the air chambers in the X/Y/Z zones, respectively; for

example, a total flow rate of 72 L/min was distributed as 6 L/

min in each air chamber in the X zone, and 2 and 1.5 L/min for

each air chamber in the Y and Z zones. Fig. 9 shows the still

cuts of DAV-MT201 to 205 with different total air flow rates at

805 milliseconds after entering the free surface.

2.5. Repeatability and uncertainty of the experiments

Table 4 lists the average and standard deviation of the mass

fraction of each particle size for the test cases of DAV-

MT101e103 for the quiescent pool condition and DAV-

MT104e106 for the two-phase flow condition. In the quiescent

pool condition, themaximumstandard deviation at the center

was 0.57% for the particle size of 9.16 mm, and the maximum

standard deviations at regions a and bwere 4.52% and 8.7% for

the particle sizes of 9.16 and 4.58 mm, respectively. By

contrast, in the two-phase flow condition, the uncertainties

largely increased because of the turbulent flow environment.

The maximum standard deviation at the center was shown to

be 4.98% for the particle size of 9.16 mm, and those at region a

and region b were 8.60% and 7.63% for the particle sizes of 9.16

and 6.87 mm, respectively. Table 5 lists the absolute particle

mass of each particle sampling catcher in the DAV-

MT201e205 test cases. Because of the turbulence of natural

convection flow, as the air flow rate becomes larger, the par-

ticle spreading also largely deviates from symmetry. In this

study, local data were used as an average value from the two

particle sampling catchers for regions a, b, and c. For an in-

depth investigation reflecting the symmetry of spreading,

more particle sampling catchers would be necessary. In this

study, the measurement uncertainty for the particle mass is ±
50 mg, and that for the total air flow rate is ± 3 L/min.

Fig. 7 e The debris bed and the particle sampling catchers. (A) DAV-MT102. (b) DAV-MT203.

Table 3 e Test cases and conditions.

Test Case No. dv
(mm)

Particle
mass (kg)

Total air flow rate
(L/min)

DAV-SG1 01e05 0.92 2.0 0/30.7/53.0/70.6/93.8

06e10 3.43 2.0 0/32.2/52.0/74.5/93.3

11e15 5.72 2.0 0/29.1/52.5/72.7/91.8

16e20 8.01 2.0 0/29.9/51.0/71.7/92.0

DAV-MT1 01e03 Table 2 2.0 0/0/0

04e06 2.0 70.6/69.8/68.6

07 8.0 70.8

08 10.0 71.5

09a 12.0 70.0

DAV-MT2 01 Table 2 2.5 0

02 2.5 32.1

03 2.5 52.9

04 2.5 72.9

05 2.5 93.2

No., number.
a Particle sedimentation exceeded the capacity of the catcher at

the center.
Fig. 8 e Sectional division of the PCP for the air flow rate

distribution. PCP, particle catcher plate.
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3. Results and Discussion

3.1. Experiments with a single-size particledbase case

The single size particle experiments, DAV-SG101e120, were

conducted as the reference cases to compare the test results

with the particle size distribution to investigate the effect of

two-phase natural convection on particle sedimentation for

particular particle sizes. Fig. 10 shows the relative particle

sedimentation in terms of the total air flow rate, which is the

ratio of the absolute mass of settled particles to the mass of

settled prattled particles at 0 L/min at each sampling location.

Table 6 lists the absolute mass quantity of each baseline case

at 0 L/min. In the center region, far fewer smaller particles

were settled at the relatively low flow rate, whereas the larger

particles decreased more slowly with an increase in the air

flow rate. In region b, the farthest position from the center

with a meaningful quantity of settled particles for the given

air flow rates, the settlement of smaller particles displayed a

quick rise with increasing air flow rates and reached satura-

tion, whereas the settlement of larger particles increased

more slowly and only reached saturation at the larger air flow

rates.

3.2. Experiments with a particle size distributiondlocal
mass of settled particles

To investigate the internal structure differences in the radial

and axial positions during the debris bed formation, particle

sedimentation testswere conducted usingmixtures of various

particle sizes under two-phase natural convection flow con-

ditions. Fig. 11 shows the total mass of settled particles at the

relative radial locations for a given air flow rate. As the air flow

rate increased from 32.1 L/min to 93.2 L/min, the particle

sedimentation decreased at the center by 85.6% and increased

at the periphery up to 1,587%. This shows the similar general

trend of particle spreading observed in the single-size particle

experiments, and it is possible to expect different particle size

distributions along the radial and axial directions based on the

different effects of two-phase natural convection on particle

sedimentation for particular particle sizes in Fig. 10. By

contrast, the increase in air flow rate was shown to lead a

debris bed to have a flatter shape with a lower center height

owing to less sedimentation. A debris bed with a flatter shape

is reported to have better coolability because of the lower

probability of dryout [10].

Considering the characteristics of corium particles as a

heat source (the decay heat), the difference of injected air flow

rate, which simulates the vapor generation from the imagi-

nary presettled debris bed on the bottom of the pool, can be

interpreted in two ways. First, the larger air flow rate means

the imaginary debris bed contains corium particles with a

larger decay heat generation rate. Second, under a constant

decay heat generation rate, the larger air flow rate represents

a larger debris bed volume, which is another expression of the

passage of time under successive particle sedimentation

condition. In the aspect of the second interpretation, Fig. 11

Fig. 9 e High-speed camera image at 805 microseconds after entering the free surface. (A) DAV-MT201. (B) DAV-MT202. (C)

DAV-MT203. (D) DAV-MT204. (E) DAV-MT205.

Table 4 e Average and standard deviation of mass
fractions for the test cases from DAV-MT101e106.

DAV-MT101e103 (0 L/min)

dv (mm) Center Region a Region b

Avg. (%) Std. (%) Avg. (%) Std. (%) Avg. (%) Std. (%)

0.23 0.61 0.12 2.14 0.08 3.81 1.44

0.46 0.94 0.12 3.12 0.14 2.83 1.09

0.69 2.33 0.21 5.90 0.17 4.79 1.32

1.03 2.61 0.22 5.62 0.23 3.80 0.82

1.37 4.48 0.18 7.86 0.19 5.33 1.79

1.95 10.91 0.21 13.01 0.67 6.91 0.50

2.63 19.23 0.20 17.78 1.51 12.80 1.77

4.58 31.51 0.56 25.42 3.82 25.46 8.70

6.87 17.49 0.24 13.93 1.36 14.79 4.56

9.16 9.88 0.57 5.22 4.52 19.49 4.55

DAV-MT104e106 (70.6, 69.8, & 68.6 L/min)

dv (mm) Center Region a Region b

Avg. (%) Std. (%) Avg. (%) Std. (%) Avg. (%) Std. (%)

0.23 0.13 0.12 0.13 0.15 0.57 0.31

0.46 0.59 0.13 0.82 0.36 1.58 0.27

0.69 1.34 0.40 2.18 1.06 4.68 0.88

1.03 1.37 0.35 2.12 1.05 4.58 0.28

1.37 2.55 0.75 4.09 1.64 9.45 1.97

1.95 8.68 2.34 11.11 2.74 15.20 1.53

2.63 16.60 1.21 20.09 4.14 22.48 0.78

4.58 32.79 3.19 31.13 2.30 26.74 3.62

6.87 21.38 1.79 20.26 2.47 12.67 7.63

9.16 14.55 4.98 8.07 8.60 2.03 3.52

Avg., average; Std., standard deviation.
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can be read as a steep conical debris bed in the earlier phase

(0 L/min) growing into a flatter shaped debris bed, with

decreasing particle sedimentation at the center and a growing

periphery region.

3.3. Experiments with a particle size distributiondtwo-
phase flow effect

Fig. 12 shows the change in the particle size distribution as a

function of the total air flow rate at the center and in region b.

As the air flow rate increased, the particle size distribution

became skewed toward large particles. This pattern was also

observed at the other radial positions. Fig. 13 shows the

change in the particle size distribution of each test case using

a representative parameter, mass mean diameter, as a func-

tion of the void fraction for the given air flow rate at each

radial position. The mass mean diameter displayed a

generally increasing trend as the void fraction increased. As

the bubble generation or void fraction increased, the size

distribution of the particles settling in a specific location

became skewed toward large particles.

With regard to the passage of time under successive par-

ticle sedimentation condition in Section 3.2, this could also be

interpreted as newly settled upper particle layers tending to

have a larger mass mean diameter than the particle layers

that were developed earlier. For coolability, because the

temperatures of solid particles and vapor fraction increase in

the axial position [19], the largermassmean diameter of upper

layers of the debris bed can have positive effects on the vapor

escape and coolant penetration.

3.4. Experiments with a particle size
distributiondradial distribution

Fig. 14 shows the particle size distribution at the different

radial positions under the given cavity pool flow condition.

Closer to the center, the particle size distribution tended to be

skewed toward large particles. This also supported the ten-

dency for differential spreading, with different particle sizes

observed in single-size particle experiments. This could also

be interpreted as particle group settling near the center having

a larger mass mean diameter than that of the particles in

other areas at any moment in the formation of the debris bed.

With regard to coolability, as the center region is most prone

to dryout with the highest heat flux and void fraction, this

inhomogeneity could provide a positive effect on the delay of

dryout near the center region of the debris bed.

3.5. Experiments with a particle size distributiondaxial
distribution

To investigate the particle size distribution along the axial

position, elaborate sampling was conducted at 30-mm height

intervals (see Fig. 15). Fig. 16 shows the particle size distribu-

tion along the axial position at the center. Generally, more

Table 5 e Mass of settled particles of each particle sampling catcher in DAV-MT201e205.

Case No. dv
(mm)

Total air flow rate
(L/min)

center
(g)

Region a (g) Region b (g) Region c (g)

Heavy Light Heavy Light Heavy Light

DAV-MT201 Table 3 0 1,064.5 28.9 26.5 4.6 2.8 0.9 0.6

DAV-MT202 Table 3 32.1 495.6 85.2 73.0 7.0 5.9 12.9 3.0

DAV-MT203 Table 3 52.9 367.1 124.5 78.9 53.2 26.5 7.1 2.3

DAV-MT204 Table 3 72.9 275.8 211.7 50.8 61.3 13.2 8.9 2.6

DAV-MT205 Table 3 93.2 153.8 146.1 77.4 48.4 18.7 17.3 6.5

No., number.
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100

 DAV-SG101~105, d = 0.92 mm    DAV-SG106~110, d = 3.43 mm
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1
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l, 
0
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Fig. 10 e Particle sedimentation pattern for single size

particles with an increasing air flow rate.

Table 6 e Mass of settled particles in singe size particle
experiments at 0 L/min.

(g) dv (mm) Center Region a Region b Region c

DAV-SG101 0.92 453.2 54.7 0.5 0.0

DAV-SG106 3.43 1,074.9 40.4 4.6 1.3

DAV-SG111 5.72 968.8 39.6 3.8 0.0

DAV-SG116 8.01 421.4 88.1 8.8 1.0
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large particles were observed at the bottom than at the top.

This observation agrees with the depth-dependent size dis-

tribution of the L-31 case of FARO [2]. This tendency can be

more easily seen with the decreasing mass mean diameter

along the axial position (see Fig. 17). It can be explained by the

different terminal velocities associated with particle size and

also the fast-falling large particles in the still cut from Fig. 9.

For the debris bed coolability, this particle size distribution

trend provides a negative effect, because it can narrow the

vapor escape or water ingression paths.

3.6. Experiments with a particle size distributiondbed
porosity and permeability

As representative parameters that express the porosity char-

acteristic of a particle debris bed, porosity (ε) and permeability

(K) were calculated. From the definition as a fraction of the

volume of voids over the total volume, the porosity is given by:

ε ¼ 1� εs ¼ 1�
�mp

.
rp

VPB

�
; (2)

where εs is the solid fraction, mp is the particle mass, rp is the

particle density, and VPB is the volume of the particle bed.

Because permeability is a measure of the ability of a porous

medium to allow fluids to pass through it, it is related not only

to the porosity, but also to the shapes of the pores in the

medium and their level of connectedness. In this study, we

followed the permeability expression of the BlakeeKozeny

equation [20], which can be expressed as:

K ¼ ε
3ð4dÞ2

150ð1� εÞ2; (3)

where 4 is the shape factor, d is the particle diameter, and 150

is the Ergun constant. For the equivalent particle diameter 4d,

the mass mean diameter dm was used. The porosity of a
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Fig. 11 e Mass of settled particles along the radial position

under various air flow rates.
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single-size particle bed was ~0.369, and the permeability was

~0.0128.

Fig. 18 shows a slight increase of porosity and a more

distinct increase of permeability with respect to the total air

flow rate at the center. Fig. 19 shows the porosity and

permeability changes along the axial position at the center

and in region a. A decreasing tendency of both parameters

was observed along the axial position. These results follow the

trend of the particle size distribution andmassmean diameter

with the total air flow rate and along the axial position, with

relatively large error ranges. To reduce the uncertainty and

clarify the nature of the phenomenon, a low-temperature

melt-jet test facility, Melt jet breakup Analysis with Thermal

Effect, has been constructed, and an extended study to

investigate this effect is in progress [21]. In the tests, a suffi-

cient falling height will fully determine the different terminal

velocities and consider the ratio between the particle column

diameter after jet breakup and the depth of the flooded cavity

pool.

3.7. Conclusion

An experimental investigation was conducted to determine

the effect of two-phase natural convection on the
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flow conditions.

Fig. 15 e Sampling guideline and naming in the axial

position of sampling catcher.
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sedimentation of particles having a size distribution. The

characteristics of radial shift of the particle mass, size distri-

bution, and axial stratification of the size distribution in the

resulting particle bed were examined. Air bubbles were

injected from the pool bottom to simulate vapor generation by

the decay heat of the corium debris bed in a saturation tem-

perature water. Single- and multiple-size particle mixture

tests were conducted at various air flow rates.

� As the air flow rate increased, particles spread out further

from the center region. This result suggests that the

external structure of the debris bed develops toward a low-

sloped mound-shaped bed rather than a steep-angled

heap-like pile.

� In the single size particle tests, it was observed that the

smaller particles were more sensitive to the agitation by

the bubble flow and more widely spread out.

� In the multiple-size particle tests, the two-phase flow ef-

fect changed the particle size distribution, which became

skewed toward large particles with an increase in air flow

rate at specific locations.

� The different spreading for different particle sizes also led

to a shift in the particle size distribution in the radial po-

sition, a higher mass fraction of larger particles, and a

larger mass mean diameter near the center at a constant

air flow rate.
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� For the axial variation, stratification of the particle size

distribution was observed with a higher mass fraction of

larger particles in lower positions at a given air flow rate.

� However, in the long term, the stratification of the particle

size distribution along the axial position is expected to go

in the opposite direction. Under successive particle sedi-

mentation condition for a long duration, the bubble

induced two-phase flow rate increases gradually along the

timewith the increase in bed volume. Thiswould affect the

axial variation of the particle size distribution: smaller

mean diameter in the bottom layer and larger mean

diameter in the top layer, according to the intensity of the

upward flow working at the time of the arrival of those

particles, stronger flow for the particles arriving later.

� The porosity and permeability of the particle bed were also

compared in local positions along the radial and axial di-

rections, and showed good agreements with other results.

This study showed the establishment of inhomogeneity in

the internal structure of debris beds under realistic sedimen-

tation conditions of two-phase natural convection, and also

suggested the implications of such inhomogeneity on the

debris bed coolability. On the basis of the findings from this

study, we recommend attention on the interactions between

the falling debris particles and the large natural convection to

understand the geometrical configuration of the prototypic

debris bed. For futurework, it is required to conduct larger size

tests with longer time durations for scaling this phenomenon

up to reactor conditions.
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Nomenclature

CD Drag coefficient (�)

Dbc Diameter of bubble column (m)

d Particle diameter (mm)

dm Mass mean diameter (mm)

dv Equivalent volume sphere diameter, dv¼ (6Vp/p)
1/3

(mm)

K Local permeability (mm2)

Kavg Average permeability (mm2)
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Fig. 19 e Porosity and permeability changes. (A) Porosity changes along the axial position at the center. (B) Porosity changes

along the axial position at region a. (C) Permeability changes along the axial position at the center. (D) Permeability changes

along the axial position at region a.
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mLocal Local mass of settled particles at specific position

(kg)

mLocal,0 Local mass of settled particles at specific position

under an air flow rate of 0 L/min (kg)

mp Particle mass (kg)

m* Ratio of the local mass of settled particles to the total

loading mass (�)
_Qa Total air flow rate (L/min)

r Radial position from the center (mm)

r* Radial position normalized by the funnel nozzle (�)

VPB Volume of particle bed (m3)

Vp Volume of particle (m3)

vb Velocity of a rising bubble (m/s)

Greek letters

aLocal Local void fraction at a bubble column (�)

ε Local porosity (�)

εavg Average porosity (�)

4 Shape factor (�)

rl water density (kg/m3)

rp particle density (kg/m3)
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