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a b s t r a c t

Studies on debris bed formation behavior are of crucial importance for the improved evaluation of Core
Disruptive Accidents (CDA) that could occur for Sodium-cooled Fast Reactors (SFR). In this work, to clarify
the mechanisms underlying this behavior, a series of experiments was performed by discharging solid
particles into two-dimensional rectangular water pools. To obtain a comprehensive understanding,
various experimental parameters, including particle size (0.256~8 mm), particle density (glass, alumina,
zirconia, steel and lead), particle shape (spherical and irregularly-shaped), water depth (0e60 cm),
particle release pipe diameter (10e30 mm), particle release height (110e130 cm) as well as the gap
thickness of water tank (30e60 mm), were varied. It is found that due to the different interaction
mechanisms between solid particles and water pool, four kinds of regimes, termed respectively as the
particle-suspension regime, the pool-convection dominant regime, the transitional regime and the
particle-inertial dominant regime, are identified. The performed analyses in this work also suggest that
under present experimental conditions, the particle size, particle density, particle shape, particle release
pipe diameter and water depth are observable to have remarkable impact on the above regimes, while
the role of particle release height and gap thickness of water tank seems to be less prominent. Knowl-
edge and data from this work might be utilized for the improved design of core catcher as well as an-
alyses and verifications of SFR severe accident analysis codes in China in the future.

© 2016 Elsevier Ltd. All rights reserved.
1. Introduction

The disaster in March 2011 at the Fukushima Dai-Ichi nuclear
power plant in Japan has caused many people to realize that severe
accidents, including the Core Disruptive Accidents (CDAs), might
occur, even if their probability is extremely lower (Cheng et al.,
2014a, 2015). During a postulated CDA in a Sodium-cooled Fast
Reactor (SFR), possibly as a consequence of rapid quenching and
fragmentation of core materials, a multiphase flow system can form
that could be composed of a mixture of liquid sodium, molten fuel,
molten structure, refrozen fuel, solid fuel pellets, fission gas, fuel
vapor, and othermaterials (Tentner et al., 2010). A deposition of this
system will lead to the formation of debris beds over the core-
support structure and/or in the lower inlet plenum of the reactor
vessel, as depicted in Fig. 1 (Zhang et al., 2010, 2011).
eng).
To prevent the penetration of the reactor vessel by molten fuel,
and distribute molten fuel or core debris formed in a CDA into non-
critical configurations, in-vessel retention devices (e.g. the core
catcher) are used in some SFR designs (Tentner et al., 2010; Waltar
and Reynolds, 1981). Although the detailed structure of the core
catcher (e.g. single-layer or multi-layer) might be different
depending on the reactor-type in different countries (Nakai et al.,
2010; Ren, 2015; Vasilyev et al., 2013), it is expected that during a
hypothetical CDA, after being quenched and fragmented into fuel
debris in the lower plenum region, discharged molten fuel should
be accumulated on the layers of the core catcher. To stably remove
the decay heat generated from the debris bed on the core catcher,
thus, the size, retention capability and structure of the catcher
should be carefully designed.

Unfortunately, over the past decades, although extensive studies
on debris bed hydrodynamics and heat transfer were performed
(Cheng et al., 2010), most of them generally assumed that the upper
surface of debris bed is level. Noting the importance of debris-bed
geometry (e.g. height) in the heat removal capability, recently by
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Fig. 1. Debris bed profile.
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assuming that a conically-shaped debris bed might be initially
formed, Cheng et al. (2011a, b; 2013a, b, c; 2014b, c) performed
several series of experiments on the so-called debris bed self-
leveling behavior (see Fig. 2). Overall, as illustrated in Fig. 3, their
experiments can be generally divided into two categories, namely
the macroscopic leveling experiments and microscopic flow-
Fig. 2. Debris bed self-

Fig. 3. Constitution of leveling-related experiments performed by Cheng et al. (2013a, 2014b
regime investigations. Due to the nontransparency of particle
beds, the macroscopic leveling experiments were mainly con-
ducted with the purpose to clarify the overall characteristics of
leveling (Cheng et al., 2013a, b; 2014b, c), namely the role of
experimental parameters (such as particle properties and bubbling
rate) on the leveling onset and evolution. As for the microscopic
flow-regime series (Cheng et al., 2010, 2011a, 2013a), which also
consists of several well-organized tests performed at various
bubbling conditions (as shown in Fig. 3), was specifically carried out
to ascertain the flow characteristics within particle beds, thus
providing convincible visual evidence (esp. bubble-particle inter-
action) for supporting the overall understandings. It has been
confirmed that by combining the knowledge from flow-regime
investigations the observed overall leveling characteristics can be
understood more effectively (Cheng et al., 2013a).

In this paper, motivated by acquiring some evidence to verify
whether the initial particle bed formed is conical or not, a series of
experiments on the debris bed formation behavior is conducted
within a variety of conditions including much difference in particle
size (0.256~8 mm), particle density (glass, alumina, zirconia, steel
and lead), particle shape (spherical and irregularly-shaped), water
depth (0e60 cm), particle release pipe diameter (10e30 mm),
particle release height (110e130 cm) and the gap thickness of water
tank (30e60 mm). The experimental apparatus and procedures are
described in Section 2, while the obtained results and their in-
terpretations are discussed in detail in Section 3. Knowledge and
leveling behavior.

). (a) Schematic view of experimental system (b) Detailed view of the main apparatus.
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data from this work might be utilized for the improved design of
core catcher as well as verifications of computer models (e.g. the
particle-liquid interaction model) developed in Chinese SFR severe
accident analysis codes in the future.
2. Experimental apparatus and procedures

Fig. 4 (a) depicts the schematic diagram of the whole experi-
mental system used in this work, while Fig. 4(b) further shows a
detailed view of the main apparatus. To facilitate the visual obser-
vation and quantitative measurement, two-dimensional (2D)
viewing tanks made of transparent acrylic resin with the
Fig. 4. Experimental setu

Table 1
Physical properties of solid particles.

Material Density (kg/m3) Size (mm)

Glass 2600 0.25
0.5
1
2
2.5
4
6
8

Alumina 3600 0.5
0.8
1
2
4
6
0.5e0.6
0.9e1.0
1.5e1.6

Zirconia 6000 0.4
2
4

Steel 7900 0.6
1
2
4
6

Lead 11 340 2
4
6

a Estimated in water using Stokes's Law for small particles, and Heywood Tables for l
b Estimated based on the volume-equivalent diameter without considering the partic
dimensions of 1000 mm in height, 700 mm in width and
30e60 mm in gap thickness were utilized. Water, which was
poured into the tank from the top of the viewing tank, is employed
to simulate the coolant. Before the commencement of each exper-
imental run, water-depth was adjusted to target values. At the
bottom of the viewing tank, a drain valve allowing water and solid
particles to drain out of the tank after experiments is designed.

To simulate the fuel debris, five kinds of particles (namely glass,
alumina, zirconia, steel and lead) with different sizes and shapes
were used, the properties of which are listed in Table 1. It is believed
that such a range of physical properties (for example, the particle
size and density) might be possibly broad to cover the entire range
p used in this work.

Shape Terminal velocity (10�2 m/s) a

Sphere 3.32
7.51
15.29
27.34
32.21
44.55
57.31
66.05

Sphere 10.54
16.95
20.89
36.28
58.22
73.26

Non-sphere 10.54b

19.91b

29.30b

Sphere 13.04
52.55
82.52

Sphere 24.31
38.13
63.07
97.44
117.98

Sphere 79.13
119.01
142.82

arger particles (Fan and Zhu, 1998).
le-shape effect (Cheng et al., 2014c).
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of physical properties of actual debris generated during CDAs of a
typical SFR (e.g. mean debris size of several hundreds of microns
and amaximum density of fuel (MOX) pellets up to about 11 g/cm3)
(Cheng et al., 2013a; IAEA, 2016).

Before the start of each experimental run, a fixed volume (10 L)
of solid particles is carefully weighed and delivered into the particle
release device which is actually a conical funnel made of stainless
steel. To avoid the potential dispersion of solid particles out of the
water tank during their free-falling, cylindrical pipes with appro-
priate lengths and inner diameters (10e30 mm) were connected at
the bottom of the particle release device. By pulling the plug up-
wards with a string, particles initially accumulated in the funnel
will be released and fall into the water tank due to the gravity. The
whole experimental process is recorded by a video camera which
can record tens of frames per second (fps). To obtain a high-quality
recording, for most cases back-lighting was applied along a vertical
distance. By using image analysis software, stills extracted from the
video recording after experiments were used for further qualitative
observation and quantitative measurement.
Table 2
Experimental parameters.

Case no. Material dp
(mm)

Shape Hw

(cm)
Dpipe

(mm)

1 Glass 0.25 Sphere 60 30
2 0.5
3 1
4 2
5 2.5
6 4
7 6
8 8
9 Alumina 0.5 Sphere
10
11
12
13
14 45
15 25
16 0
17 60 20
18 10
19 0.8 30
20 1
21 2
22 20
23 10
24 4 30
25 6
26
27
28
29
30 30
31 0.5e0.6 Non-sphere 60
32 0.9e1.0
33 1.5e1.6
34 Zirconia 0.4 Sphere
35 2
36 4
37 Steel 0.6
38 1
39 2
40 4
41 6
42 Lead 2
43 4
44 6

a The particle release time is defined as the total time that all 10 L particles need to relea
particle release pipe.

b In this column, the numbers I, II, III and IV represent respectively the particle-suspen
particle-inertial dominant regime.
To obtain the general characteristics of debris bed formation
behavior, a variety of experimental parameters including particle
size (dp), particle density (rp), particle shape, water depth (Hw),
particle release pipe diameter (Dpipe), particle release height (Hp) as
well as the gap thickness of water tank (Wtank), were taken. Table 2
summarizes the specific conditions of all experimental runs
currently performed.

3. Experimental analyses and discussion

3.1. Identification of regimes

Based on the observations from experimental process as well as
the stills recorded, characteristics of the debris bed formation
behavior were elaborately analyzed and compared for all the runs
listed in Table 2. It is found that due to the different interaction
mechanisms observed between solid particles and water pool, four
kinds of regimes, termed respectively as the particle-suspension
regime, the pool-convection dominant regime, the transitional
Hp

(cm)
Wtank
(mm)

Release time (s) a Regime identification b

110 60 29 I
29 II
36 II
39 III
46 IV
55 IV
71 IV
100 IV
29 II

45 30 II
30 29 II

120 60 29 II
130 29 II
110 29 II

31 III
30 IV
79 III
460 IV
32 III
34 III
38 IV
86 IV
617 IV
55 IV
71 IV

45 75 IV
30 73 IV

120 60 74 IV
130 73 IV
110 72 IV

38 III
41 III
44 IV
30 II
38 IV
50 IV
34 IV
34 IV
39 IV
53 IV
64 IV
37 IV
50 IV
67 IV

se, namely the time span between the first particle and last particle flowing out of the

sion regime, the pool-convection dominant regime, the transitional regime and the



Fig. 5. Transient debris bed formation behavior. (Glass beads, Hw ¼ 60 cm, Dpipe ¼ 30 mm, Hp ¼ 110 cm, Wtank ¼ 60 mm).
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Fig. 5. (continued).

S. Lin et al. / Progress in Nuclear Energy 96 (2017) 118e132 123
regime and the particle-inertial dominant regime, could be iden-
tified. A summary of the regime identification is given in Table 2.
Since from our previous experimental studies on the debris bed
self-leveling behavior (Cheng et al., 2011a, 2013a), it has been well
understood that compared to other parameters (e.g. particle den-
sity), the particle size seems to play a more evident role in deter-
mining the transition of bubbling behaviors, therefore in this
Section, experimental cases No. 1e8 which were conducted using
glass beads with a larger range of sizes (0.25e8 mm) are selected
for interpreting the characteristics of each regime:

(1) Particle-suspension regime. For glass beads, this regime could
be observed with dp � 0:25mm. As shown in Fig. 5(a), par-
ticles in this regime, due to their lighter weight, are quite
susceptible to being ejected by the particle flow. The ejected
particles tend to be suspended comparatively uniformly
around the water pool and sediment gradually on the pool
bottom, especially after the completion of particle release.
Since the suspended particles are distributed very uniformly,
a final flat bed is formed.

(2) Pool-convection dominant regime. For glass beads, this regime
exists with 0:25mm<dp � 1mm. As shown in Fig. 5(b) and
(c), forced by the continuous particle flow released into the
pool, in this regime evident pool convection is observable.
However, since compared to the particle-suspension regime,
the mass of a single particle is much increased; it seems that
in this regime particles become quite difficult to be sus-
pended, particularly in Fig. 5(c) with a size up to around
1 mm. It is found that at the early stage, because of the vi-
olent pool convection, particles are driven away and form
two mounds at the bottom. With the ongoing of particle
transporting, more and more particles are observable to be
accumulated, leading to the formation of a final concave bed
with two apexes.

(3) Transitional regime. For glass beads, this regime is observed
with 1mm<dp � 2mm. As shown in Fig. 5(d), similar to the
pool-convection dominant regime, at the beginning two
mounds at the bottom of water tank are formed. However,
possibly due to an increased inertial of a single particle as
well as the particle-particle frictions (as compared to the
frictions between particles and the tank bottom), particles in
this regime are observed to become more difficult to be
pushed away by the subsequent pool convection. As a result,
more and more particles will sediment around the center of
the tank, leading to the formation of a final quasi-trapezoid
bed.
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(4) Particle-inertial dominant regime. For glass beads, this regime
is found to exist with dp >2mm. It is imaginable that, due to a
much larger size, the probability of particle-particle colli-
sions within the particle-release device as well as the con-
necting pipe is supposed to be largely enhanced, thereby
leading to quite diminished particle release rate (see the
measured data of particle release time in Table 2). As a result,
unlike the above regimes, as shown in Fig. 5(e)~(h), in this
regime evident pool convection seems difficult to be formed.
At the beginning, particles tend to form a single bed at the
Fig. 6. Diagram of defined angles. (a) Base angle (b) Vertex angle.

Fig. 7. Effect of particle size on measured angles. (Glass beads, H
bottom center. With the ongoing of particle delivering, the
latter particles are observed to slide down the slope, result-
ing in a final convex bed.
3.2. Analyses of experimental parameters

As indicated in Section 3.1, the final bed geometry (flat, concave,
quasi-trapezoid or convex) is a key indicator to distinguish different
regimes. However, motivated to acquire more information for un-
derstanding the debris bed formation behavior, in addition to the
final bed geometry, in this Section two additional quantities,
namely the base angle and vertex angle, are also defined (see Fig. 6).
It is evident that according to their definitions, for all regimes
mentioned above, a non-negative value of base angle should be
obtained. As for the vertex angle, a minus value should be attained
for the pool-convection dominant regime, which is different from
others.
3.2.1. Effect of particle size
Fig. 7 shows the variation with particle size of measured angles

for glass beads. From Fig. 7(a), it can be clearly seen that with the
increasing of particle size, the base angle tends to increase initially
(from 0�) and then approach constant values. Actually, it should not
be surprising since as mentioned-above, under present experi-
mental conditions, as particle size increases from 0.25mm to 8mm,
the transition of 4 regimes occurs. In the particle-suspension
regime (e.g. dp � 0:25mm), a flat bed, namely a base angle of
around zero, is attained; while for the pool-convection dominant
regime (e.g. 0:5mm � dp � 1mm), a concave bed with two apexes is
obtained, thereby resulting in increased base angle. As for the
transitional and particle-inertial dominant regimes
(e.g. dp � 2:5mm), as pointed-above, the base angle is governed by
the particle sliding process (see Fig. 5(e)~(h)), in which a critical
angle (or the angle of repose) tends to appear (Barabasi et al., 1999).

From Fig. 7(b), it is seen that with increasing particle size, the
vertex angle is firstly decreasing (from zero), then increases and
finally tends to approach constant values, which evidently should
be caused by the transition of regimes as well. According to the
definition shown in Fig. 6, it is easily seen that for both the particle-
suspension regime and the transitional regime, a vertex angle of
around zero should be obtained. The reasonwhy the absolute value
of vertex angle in the case using 0.5 mm glass beads is smaller than
the case using 1 mm particles is because in such a case the particle-
w ¼ 60 cm, Dpipe ¼ 30 mm, Hp ¼110 cm, Wtank ¼ 60 mm).



Fig. 8. Effect of particle density on final bed geometry for small particles. (Spherical particles, dp ¼ 0.5e0.6 mm, Hw ¼ 60 cm, Dpipe ¼ 30 mm, Hp ¼ 110 cm, Wtank ¼ 60 mm).
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suspension effect remains to some degree, although as compared to
the particle-suspension regime its intensity has been much
diminished (see Fig. 5(b)). By making comparisons between
Fig. 7(a) and (b), one more point that can be understood is that for
the particle-inertial dominant regime, the base angle seems to be
comparatively larger than the vertex angle (about 5�). Again, it
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Fig. 9. Effect of particle density on measured angles for small particles. (Spherical
particles, dp ¼ 0.5e0.6 mm, Hw ¼ 60 cm, Dpipe ¼ 30 mm, Hp ¼110 cm, Wtank ¼ 60 mm).

Fig. 10. Effect of particle density on final bed geometry for big particles. (Spherical pa
should be reasonable since the collisions from the falling particles is
supposed to have a certain compressing impact on the vertex re-
gion of particle beds.
3.2.2. Effect of particle density
Since the mechanisms underlying different regimes are quite
rticles, dp ¼ 6 mm, Hw ¼ 60 cm, Dpipe ¼ 30 mm, Hp ¼ 110 cm, Wtank ¼ 60 mm).

Fig. 11. Effect of particle density on measured angles for big particles. (Spherical
particles, dp ¼ 6 mm, Hw ¼ 60 cm, Dpipe ¼ 30 mm, Hp ¼110 cm, Wtank ¼ 60 mm).



Fig. 12. Effect of particle shape on final bed geometry. (Alumina particles, Hw ¼ 60 cm, Dpipe ¼ 30 mm, Hp ¼ 110 cm, Wtank ¼ 60 mm).
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different, from this part comparative analyses will be made ac-
cording to the two main regimes, namely the pool-convection
dominant regime (small particles) and the particle-inertial domi-
nant regime (big particles), respectively.

Figs. 8 and 9 depict respectively the effect of particle density on
final bed geometry and measured angles for around 0.5 mm-sized
small particles. From Fig. 8, it is clear that as particle density in-
creases, the observed regimes have been changed from the pool-
convection dominant regime (concave bed) to the particle-inertial
dominant regime (convex bed). Evidently, the measured angles in
Fig. 9 can support this point very well. In addition, from Fig. 9 we
may further find that the measured absolute values of base angle
and vertex angle in the case using alumina particles are relatively
larger than the case using glass beads, which again should be owing
to the much suppressed effect of particle-suspension as particle
density increases.

Figs. 10 and 11 illustrate respectively the effect of particle den-
sity on final bed geometry and measured angles for larger 6 mm-
sized particles. From Fig. 10, it is seen that no transition of regimes
has occurred, even if the particle density is much increased. In
addition, from Fig. 11, we may further find that both the base angle
and vertex angle are confirmable to be varied within a rather
limited range. The above points can be well understood since as
aforementioned, the mass of 6 mm glass beads is verified to be
already large enough to enter the particle-inertial dominant
regime.
3.2.3. Effect of particle shape
The effect of particle shape on final bed geometry for both

0.5 mm and 1 mm alumina particles are shown in Fig. 12. It is found
that when the particle shape changes from sphere to non-sphere
(or more accurately we call it “irregularly-shaped”), for both sizes,
the transition of regimes is observable to occur. Again, it should not
be surprising since as confirmed in our previous studies regarding
the debris bed self-leveling behavior (Cheng et al., 2014c),
compared to the cases using spherical particles, in the cases using
non-spherical particles additional particle-particle collisions and
frictions caused by the shape-related parameters (such as rough-
ness and eccentricity) should exist, which inevitably will play an
enhanced role in inhibiting the pool convection to act.

Another finding that can be understood from Fig. 12 is that
although both the two cases using non-spherical particles might be
classified into the transitional regime, the final bed geometry
shown in Fig. 12(b) seems to be more close to the particle-inertial
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dominant regime, even if the particle size is comparatively smaller,
which may indicate that in such a case the effective sphericity of
non-spherical particles, as compared to the case shown in
Fig. 12(d), should be much lower (or closer to 0). For this reason, a
new facility measuring the effective sphericity of irregularly-
shaped particles by back-calculation of the Ergun Equation is be-
ing developed at the Sun Yat-sen University (Cheng et al., 2014c).
We believe, such a measured sphericity, is expectable to be quite
useful for our future empirical-model studies on the debris bed
formation behavior.

Based on the mechanisms analyzed above, it is imaginable that
for the experimental cases using big-sized non-spherical particles
(such as 6 mm), the particle-inertial dominant regime is deemed to
occur under present conditions, although currently we are unable
to perform such investigations due to the shortage of larger non-
spherical particles.
3.2.4. Effect of water depth
The effect of water depth on the final bed geometry for smaller

0.5 mm alumina particles is shown in Fig. 13. Obviously, with the
decreasing of water depth, the transition of regimes, even from the
pool-convection dominant regime to the particle-inertial dominant
regime, has occurred, which might be explained by the fact that, as
illustrated in Fig. 14, higher water depth seems to promote the pool
convection. Again, this finding is consistent with our previous
studies regarding the debris bed self-leveling behavior in which
nitrogen gas was injected into a water pool for simulating the
decay-heat-induced coolant boiling (Cheng et al., 2013a, b). By
Fig. 13. Effect of water depth on final bed geometry (small particles).
making quantitative comparisons between Fig. 13(b), (c) and (d), it
can be further recognized that because of the less-violent pool
convection at lower water depths, both the measured vertex angle
and apex distance are decreasing.

Fig.15 shows the effect of water depth on the final bed geometry
for larger 6 mm alumina particles. It is evident that no significant
changes of final bed geometry are observable. This might be due to
fact that for the case with a water depth of 60 cm, the influence of
pool convection, as noted in Section 3.1, has been already suffi-
ciently weak. In addition, it might be also judged that the static
pressure of water pool seems to be limited.
3.2.5. Effect of particle release pipe diameter
The effect of particle release pipe diameter on the final bed

geometry for smaller 0.5 mm alumina particles is shown in Fig. 16.
Again, it is seen that with decreasing the pipe diameter, the
observed regimes transit from the initial pool-convection dominant
regime to the transitional regime and finally enter into the particle-
inertial dominant regime. As depicted in Fig. 17, it is evident that
compared to the case with a Dpipe of 30 mm, for the case shown in
Fig. 17(a) the pool convection is observable to be much diminished.
By checking the column “Release time” in Table 2, we can find that
in such a case the particle release time is about 16 times (460/29)
longer, even if its pipe diameter is just 1/3 times narrower. There-
fore, we can guess that in the case with a pipe diameter of around
10 mm, the resistance from the pipe (e.g. frictions and collisions) is
significantly strengthened (not just in a linear or quadratic pro-
portion to Dpipe), thereby leading to much reduced particle release
(Alumina beads, Dpipe ¼ 30 mm, Hp ¼ 110 cm, Wtank ¼ 60 mm).
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rate and less prominence of pool convection.
Although for the particle-inertial dominant regime it might be

more preferable to perform comparative analyses using larger
6 mm particles, through several trial tests with a pipe diameter of
around 10 mm, it is found that such larger particles become much
easier to block the releasing pipe or even interrupt the particle
Fig. 14. Effect of water depth on pool convection formed (small particle

Fig. 15. Effect of water depth on fin
delivering completely. For this reason, here the medium-sized
2 mm particles are employed for analyses. As shown in Fig. 18,
one may find that with decreasing Dpipe, no remarkable change of
final bed geometry has occurred, which might be due to the fact
that for the experimental case with Dpipe of 30 mm, the pool con-
vection has been already observed to be sufficiently weak (leading
s). (Alumina beads, Dpipe ¼ 30 mm, Hp ¼110 cm, Wtank ¼ 60 mm).

al bed geometry (big particles).



Fig. 16. Effect of particle release pipe diameter on final bed geometry (small particles). (Alumina beads, dp ¼ 0:5mm; Hw ¼ 60 cm, Hp ¼ 110 cm, Wtank ¼ 60 mm).

Fig. 17. Effect of particle release pipe diameter on pool convection formed (small particles). (Alumina beads, dp ¼ 0:5mm; Hw ¼ 60 cm, Hp ¼110 cm, Wtank ¼ 60 mm).

Fig. 18. Effect of particle release pipe diameter on final bed geometry (medium-sized particles). (Alumina beads, dp ¼ 2mm; Hw ¼ 60 cm, Hp ¼110 cm, Wtank ¼ 60 mm).
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Fig. 19. Effect of particle release height on final bed geometry for small particles. (Alumina beads, dp ¼ 0:5mm; Hw ¼ 60 cm, Dpipe ¼ 30 mm, Wtank ¼ 60 mm).

Fig. 20. Effect of particle release height on final bed geometry for big particles. (Alumina beads, dp ¼ 6mm; Hw ¼ 60 cm, Dpipe ¼30 mm, Wtank ¼ 60 mm).

Fig. 21. Effect of gap thickness of water tank on final bed geometry for small particles. (Alumina beads, dp ¼ 0:5mm; Hw ¼ 60 cm, Dpipe ¼ 30 mm, Hp ¼ 110 cm).
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Fig. 22. Effect of gap thickness of water tank on final bed geometry for big particles. (Alumina beads, dp ¼ 6mm; Hw ¼ 60 cm, Dpipe ¼30 mm, Hp ¼ 110 cm).
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to the emergence of particle-inertial dominant regime).

3.2.6. Effect of particle release height
Figs. 19 and 20 illustrate the effect of particle release height on

final bed geometry for both smaller particles (0.5 mm) and bigger
particles (6 mm). It seems that whatever the regime is, the particle
release height seems to have no remarkable influence (with a
variation of measured angles less than 2�).

Since theoretically speaking, higher particle release height
should result in larger relative velocities between particle flow and
the static water pool, leading to more violent pool convection;
therefore, it might be deduced that the current change of particle
release height (around 20 cm) is still comparatively limited, even
comparing to the distance between the particle release device and
the bottom of water tank (approx. 150 cm) (see Fig. 4(b)). Never-
theless, based on the mechanisms understood, we can imagine that
if the particle release height is sufficiently changed, some difference
in final bed geometry or even the regime should be observable,
although further elaborate analyses and confirmation might be
desired.

3.2.7. Effect of gap thickness of water tank
The effect of gas thickness of water tank on the final bed ge-

ometry for both smaller (0.5 mm) and larger particles (6 mm) is
depicted respectively in Figs. 21 and 22. It is evident that, except
some changes of average bed height caused by the difference in
cross-sectional area, no noticeable variation of bed geometry is
observable.

To facilitate the experimental operation (e.g. taking out parti-
cles), as listed in Table 2, most of our experiments were performed
using the water tank with a gap thickness of 60 mm. Even if such a
gap thickness is comparatively larger, as compared to others, cur-
rent analyses suggest that the observed experimental findings in
this work should be general characteristics within 2D conditions. In
other words, our adoption of water tank with a gap-thickness of
60 mm can achieve a good balance between experimental opera-
tions and the reliability of experimental results within 2D
conditions.

4. Concluding remarks

Studies on the debris bed formation behavior are important for
the improved evaluation of molten-fuel relocation and debris bed
coolability. To clarify the mechanisms of this behavior, in this work
a series of experiments was performed by discharging various solid
particles into two-dimensional water tanks. Based on the experi-
mental observations, it is found that due to the different interaction
mechanisms between solid particles and water pool, four kinds of
regimes, termed respectively as the particle-suspension regime
(flat bed), the pool-convection dominant regime (concave bed), the
transitional regime (quasi-trapezoid bed) and the particle-inertial
dominant regime (convex bed), are identified. The followed para-
metric analyses including the final bed geometry as well as the
characteristic angles measured suggest that under present experi-
mental conditions the particle size, particle density, particle shape,
water depth as well as the particle release pipe diameter are
observable to have significant influence on the regimes and final
bed geometry formed, while the role of particle release height and
gap thickness of water tank seems to be non-remarkable. For future
work, studies of empirical-models, especially those predicting the
regime transition, might be performed. In addition, in order to
provide more confidence for predictive analyses under reactor ac-
cident conditions, large-scale three-dimensional experiments
might be also conducted. Knowledge and evidence from our ex-
periments would be utilized for the improved design of core
catcher as well as the verifications of computer models (esp. the
particle-liquid interaction model) in Chinese SFR severe accident
analysis codes in the future as well.
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