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a b s t r a c t

To ascertain the characteristics of pool sloshing behavior that might be encountered during a core
disruptive accident of sodium-cooled fast reactors, in our earlier work several series of experiments were
conducted under various scenarios including the condition with mono-sized solid particles. It is found
that under the particle-bed condition, three typical flow regimes (namely the bubble-impulsion domi-
nant regime, the transitional regime and the bed-inertia dominant regime) could be identified and a
flow-regime model (base model) has been even successfully established to estimate the regime transi-
tion. In this study, aimed to further understand this behavior at more realistic particle-bed conditions, a
series of simulated experiments is newly carried out using mixed-size particles. Through analyses, it is
verified that for present scenario, by applying the area mean diameter, our previously-developed base
model can provide the most appropriate predictive results among the various effective diameters. To
predict the regime transition with a form of extension scheme, a correction factor which is based on the
volume-mean diameter and the degree of convergence in particle-size distribution is suggested and
validated. The conducted analyses in this work also indicate that under certain conditions, the potential
separation between different particle components might exist during the sloshing process.
© 2019 Korean Nuclear Society, Published by Elsevier Korea LLC. This is an open access article under the

CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
1. Introduction

Due to the potential risk of radioactive release from nuclear
power plant, the evaluation of severe accidents is regarded as a
crucial part in the research and development of Sodium-cooled Fast
Reactors (SFR), although their frequency of occurrence is extremely
low [1,2]. Over the past decades, with the accumulation of experi-
mental evidence and improvement of computer codes, it becomes
gradually known that during a postulated Core Disruptive Accident
(CDA) of SFR, under the assumption of extremely pessimistic con-
ditions (e.g. minimal fuel release from reactor core), the accident
might proceed into a transition phase in which the reactor core
melts and a large-scale molten fuel pool containing sufficient
amount of fuel to potentially exceed the prompt criticality is
formed (see Fig. 1) [3e6]. It can be easily imagined that for such a
pool, a local neutronic power excursion or pressure generation in
the pool would drive the liquid fuel away from core center towards
the peripheries, and then the gravity impels it back to the pool
center (as also illustrated in Fig. 1) [5,7]. Since unlike Light Water
eng).

by Elsevier Korea LLC. This is an
Reactors (LWR), SFRs can be sensitive to the dimensional changes or
relocation of core materials as the intact SFR core is not in its most
reactive configuration; therefore the energetic nuclear power
excursion can be theoretically expected to occur, due to the prob-
able fuel compaction involved in such centralized inward sloshing
motion [4e6].

Local Fuel-Coolant Interaction (FCI) in the molten pool is
believed to be one of the various initiators that could lead to the
pressure buildup and resultant sloshing motion [5,6], considering
the possibility that during the enlargement of molten-fuel pool a
certain volume of liquid coolant would be entrapped within the
pool (e.g. caused by the failure of control rod guide tubes) [5e7]. To
clarify the characteristics of pressurization from local FCIs in the
pool, in recent years severe series of simulated experiments were
conducted based on the PMCI (Pressurization characteristics in
Melt-Coolant Interaction) facility developed at the Sun Yat-sen
University (SYSU) [8]. Through analyses, value knowledge and
experimental database such as the effect of various experimental
parameters (e.g. melt temperature, water subcooling and the liquid
volume delivered into the pool) along with the interaction mode
(melt injection or water injection) on local FCIs have been accu-
mulated [8], as a result stimulating us to accelerate and enhance
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Fig. 1. Schematic drawing of molten-fuel pool formation and centralized sloshing motion during SFR severe accident.
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our understandings on the sloshing motion that follows the local
FCI.

Noticing the importance of pool sloshing motion for evaluating
the progression of reactor severe accident (esp. the energetic
recriticality issues), in the past generations several pioneering
studies have been conducted in the field of fast reactor safety,
particularly within Two-Dimensional (2D) or cylindrical water
pools [5,9,10]. For instance, a series of laboratory-level dam-break
experiments was conducted by Maschek et al. through the release
of liquid water from a smaller inner cylindrical container to a larger
outer transparent vessel [5]. In their work, the influence of different
experimental parameters (such as the diameters and heights of the
water column in the inner cylinder as well as thewater depth in the
outer vessel) on the sloshing intensity was analyzed. Although their
experiments can capture some key features of the sloshing motion
(e.g. pileup of liquid fuel at the pool peripheries and the gravity-
driven inward sloshing), it should be pointed out that their exper-
imental conditions are still quite far from the scenario in an actual
reactor accident inwhich as described-above, the outward sloshing
is initiated by a rapid vapor generation and expansion around the
pool center (see Fig. 1) [5]. By using their experimental database,
some numerical calculations were carried out by Yamano et al. at
the Japan Atomic Energy Agency (JAEA) using the SIMMER-IV, an
advanced Three-Dimensional (3D) fast reactor severe accident code
[9]. It was demonstrated that the SIMMER-IV code could reasonably
reproduce the experimental results (esp. the compaction rate) for
both symmetric and asymmetric conditions [9]. Following their
work, the overlaying (augmenting or mitigating) effect of different
hydraulic disturbances was recently studied by Morita et al. at
Kyushu University through injecting nitrogen gas into a 2D rect-
angular pure water pool at different instants of the sloshing process
[10]. Since as indicated-above, the main target of our researches is
to understand the mechanisms of the sloshing motion induced by a
local FCI, it is therefore natural that with comparison to the over-
laying effect of multi-pressure disturbances, it would be of prior
importance for us to ascertain the characteristics of the pool
sloshing motion that is triggered by a single pressure event at a
variety of reasonable parametric scenarios as possibly encountered
during a typical CDA [7,11,12].

Focusing on the above aspects, a systematic research project
regarding the pool sloshing behavior, which contains both experi-
mental analyses and predictive-model development, has been
launched at SYSU [7,11,12]. Overall, our research on this topic is
divided into three steps [7,11,12]. In Step 1, our aim is to ascertain
themechanisms of the pool sloshing behavior under idealized basic
conditions (i.e. in a pure water pool within narrow 2D conditions).
In Step 2, lots of 2D investigations will be further conducted over
various complicated (or extended) situations (e.g. in a condition of
particle bed, stratified liquids, high-density liquids and rod struc-
ture). As for the Step 3, large-scale 3D investigations are inten-
tionally planned with the purpose to validate the findings from 2D
experiments and develop predictive models that are directly
applicable for fast reactor safety analyses. Regarding the Step-1, in
our earlier work [11], a series of small-scale experiments, in which
nitrogen gas is injected into a 2D rectangular pure water pool from
a nozzle installed at the center of pool bottom, has been success-
fully conducted. Owing to the experimental observation and
quantitative data obtained, much of valuable information regarding
the sloshing motion within a single-phase liquid pool (e.g. effect of
gas-injection pressure, initial water depth, gas-injection duration
and nozzle size) has been accumulated; therefore our present in-
terest is mainly confined on the Step-2 studies.

It can be easily speculated that in a hypothetical fast reactor
severe accident, due to the insufficient-melting and refreezing of
fuel pellets and structural materials, themolten fuel pool is possibly
formed with a multi-phase system in which a mixture of molten
fuel, molten structure, solid fuel pellets, refrozen fuel, control par-
ticles, steel particles, fuel vapor, fission gas and other materials
would exist [13]. Therefore, compared to the pure single-phase
molten pool [5,8,10,11], it is probable that in an actual reactor ac-
cident a certain volume of solid particles would be accumulated on
the bottom of the molten fuel pool. Motivated to attain some evi-
dence for understanding the effect of such solid particles on the
sloshing motion, in our recent publication a large number of ex-
periments (up to 231 cases) primarily using single-sized spherical
particles were conducted under the varied parametric conditions
such as the difference in particle size (0.125~8mm), particle density
(beads of glass and alumina), particle bed height (~30 cm) along
with the gas-injection pressure (~4.2 bar) [7]. On the basis of
experimental observation and parametric analyses performed,



Fig. 2. Schematic view of experimental system used in this work.
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three types of flow regimes (namely the bubble-impulsion domi-
nant regime, the transitional regime and the bed-inertia dominant
regime) have been identified, due to the significant difference in
interaction mechanisms between solid particles and the gas bubble
injected [7].

On the other hand, as for the predictive-model development,
some progress has been also achieved for the sloshing behavior. For
example, owing to the knowledge and quantitative data obtained
from the above-mentioned pool sloshing experiments with solid
particles, by applying the dimensional analysis technique a semi-
empirical model (regime map) has been successfully established
to predict the regime variation with solid particles [12]. Although it
was possible to achieve good agreement between experiments and
the model predictions, we must point out that so far this model
(hereafter referred to as the “base model”) has been only validated
for the application of particle bed packed with single-sized spher-
ical particles [12]. Even if further elaborate experimental in-
vestigations and confirmation would be preferable, it is naturally
conceivable that during an actual reactor accident, instead of
single-sized spherical particles, the refrozen/unmelted core mate-
rials formed with a variety of complicated shapes and a mixture of
multi-sizes and multi-densities should be more commonly
encountered. Therefore, there is a pressing need to examine
whether our base model can cover (or extendable to cover) such
realistic particle-bed conditions. The current article is dedicated to
the issue of mixed sizes. A series of sloshing experiments using
binarily mixed-size solid particles is newly performed with
different parameters including particle size, particle density, par-
ticle bed height, volumetric mixing ratio and the gas-injection
pressure. In Section 2, the conditions of our present sloshing ex-
periments using mixed-size solid particles, which support the
modeling studies in this work, are described; while in Section 3,
after a briefing of the results from previous regime identification
and parametric analyses, the performed modeling studies
(including the analyses using the base model with various effective
diameters and the base model coupling with a certain extension
scheme) are discussed in detail. Knowledge and experimental data
from this work is supposed to be beneficial for understanding the
actual sloshing motion in a reactor accident as well as for the
improved verifications of SFR severe accident codes in China.

2. Experimental details

As noted above, to facilitate the accumulation of useful knowl-
edge and evidence, our sloshing experiments in Step 1 and Step 2
are purposely conducted within 2D conditions, due to its much
better performance for visual observation and regime identifica-
tion, as compared to the 3D larger-scale experiments in Step 3. A
schematic view of the experimental system used for present
sloshing experiments with mixed-size solid particles is depicted in
Fig. 2. To ensure the quality of visual observation, a 2D viewing tank
made of transparent acrylic resin, with the effective dimensions of
1000 mm in length, 1000 mm in height, and 60 mm in width (gap
thickness), is utilized.

Purified water (obtained from a laboratory-level water purifier)
is employed to simulate the liquid fuel in the molten pool. Water is
poured into the tank from the top of the viewing tank and before
the start of each experimental run the water depth is adjusted
carefully to target values. To simulate the vapor phase generated
from local FCIs, nitrogen gas at room temperature is used. To import
nitrogen gas into the tank, a circular nozzle, with adjustable inner
diameters (Dnozzle) (10e50 mm), can be installed at the bottom of
the tank. Here, similar to our previous experiments using mono-
sized spherical particles [7], to concentrate on the effect of solid
particles, an identical inner diameter of around 50 mm is employed
for the circular nozzle in present experiments using mixed-size
particles. To temporarily store the nitrogen gas delivered from the
high-pressure industrial gas vessel, under the viewing tank, a rigid
gas container made of stainless steel (SS) is equipped. Before any
gas injection, the gas pressure in the container is measured and
controlled at specific values. The volume of the gas container is
designed to be sufficiently large, thereby guaranteeing that the gas
pressure is constant throughout each injection.

To simulate the unmelted/refrozen core materials, as indicated
above, for all our experimental runs a certain volume of solid par-
ticles are deposited onto the bottom of the viewing tank to form a
particle bed of certain heights (Hpb). As noted previously, in our
earlier work [7], extensive experiments using single-sized spherical
particles have been conducted. The physical properties of those
particles are elaborately determined based on holistic consider-
ation from several aspects, including the economic cost, potential
values in typical CDA conditions, requirement of experimental data
for validation of differentmodels in computer codes, as well as their
value for clarifying the effect of separate parameters [7]. For
instance, to attain a relatively comprehensive understanding, a
quite large range of particle sizes (0.125e8 mm) is varied [7]. As for
the particle density, comparatively lighter particles such as glass
and alumina beads are intentionally employed because the density
ratio between those particles and water is comparable to the solid/
liquid density ratio of some nuclear fuels, especially if we assume
that the liquid structural materials (such as molten SS with a
density of around 6000 kg/m3) exist within the pool simulta-
neously. In this work, to ascertain the characteristics of pool
sloshing behavior using mixed-size particles, six kinds of spherical
particles with some difference in particle size and density are used
to form the particle mixtures. To attain a particle mixture with a
desired composition, before mixing the volume of each component
in the mixture is carefully measured according to the pre-set
volumetric mixing ratio (a). Then, those measured solid particles
are loaded into an electric mixer for stirring more than 1 h, thereby
ensuring that the different components are mixed uniformly.

Table 1 lists the physical properties of particle mixtures involved
in this work. It can be clearly seen that presently three typical a
values (namely 3:1, 1:3 and 1:1) are employed with the intention to
represent respectively the dominant role of larger particles, smaller
particles as well as the equivalent role between the two-sized
components. In addition, it is also known that, for particle bed
packed with mixed-size particles, there exist several mean di-
ameters (dp) such as the number mean diameter (dn), length mean
diameter (dl), area mean diameter (da) and the volume mean
diameter (dv) depending on which size distribution function



Table 1
Physical properties of particle mixtures packed with multi-diameter spheres in this work.

Material Density [kg/m3] dpi[mm] a Porosity ε Effective diameter [mm] f * (or U)

dn dl da dv d
0
v

Glass 2600 6:2.5 3:1 0.333 3.129 3.707 4.453 5.132 3.724 0.887
1:1 0.331 2.738 3.022 3.537 4.259 3.082 0.822
1:3 0.362 2.583 2.693 2.931 3.382 2.732 0.840

2.5:0.5 3:1 0.329 0.545 0.707 1.232 1.985 0.780 0.572
1:1 0.302 0.515 0.574 0.823 1.481 0.624 0.551
1:3 0.323 0.505 0.525 0.621 0.986 0.548 0.642

Alumina 3600 6:2 3:1 0.357 2.393 2.986 3.981 4.986 3.053 0.706
1:1 0.351 2.140 2.393 2.998 3.981 2.482 0.757
1:3 0.362 2.047 2.140 2.393 2.986 2.189 0.853

2:0.5 3:1 0.337 0.568 0.741 1.150 1.630 0.785 0.790
1:1 0.326 0.523 0.589 0.804 1.253 0.629 0.845
1:3 0.351 0.508 0.531 0.617 0.880 0.550 0.794

* In this column, f (or U) denotes the physical quantity of effective particle sphericity (or degree of convergence) for the multi-diameter particle mixture, which is estimated
from the back-calculation of Ergun Equation (see Section 3.3).
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(number, length, area, volume, etc.) is chosen [14,15]:

dp ¼
P

drþ1
pi npiP
drpinpi

(1)

where r denotes the type of distribution (r¼0, 1, 2, 3 for number,
length, area and volume mean diameters, respectively), and npi and
dpi signify respectively the number and diameter of the i-th size
particles in the mixture.

In addition to the four statistical mean diameters, we also notice
that in the recent studies regarding the debris-bed-related phe-
nomena with mixed-size particles, another volume-equivalent
diameter (d

0
v) has been utilized by some investigators [16,17]:

d
0
v ¼

" P�
Vpi
�
1� εpi

��
Ph

Vpi

�
1� εpi

�.
d3pi
i
#1=3

(2)

where εpi and Vpi express respectively the porosity andmacroscopic
volume of the particle bed packed with the i-th size particles.

To describe the modeling process in Section 3 more smoothly,
the above five effective diameters (namely dndl, da, dv and d

0
v) are

calculated for all our particle mixtures employed and the obtained
results are listed in Table 1 as well. It is easily seen that, irrespective
of the particle material and mixing ratio, the following relationship
can be always found:

dn � dl � d
0
v � da � dv (3)

Prior to the initiation of a specific case, similar to our previous
sloshing experiments with single-sized particles [7,12], the initial
particle bed height and water depth are elaborately adjusted to
given values. Since the impact of water depth (~60 cm) on the
sloshing process has been well understood in our Step-1 studies
[11], here similarly, to focus on the effect of mixed-size effect and be
comparable/consistent with previous experiments using single-
sized spherical particles [7], a constant water depth of around
50 cm is employed for all the cases in this work. Again, we believe
that, with the variation of particle bed height, to some degree the
effect of water depth can be represented simultaneously as well
[7,12].

For each case, nitrogen gas is injected into the pool only once
with a duration of 0.1s. Such a value is specifically determined to be
close to the time duration of vapor generation and expansion phase
as observed from our recent experiments regarding local FCIs in a
molten pool [8]. To control the gas-injection process as accurately
as possible, as shown in Fig. 2, a high-precision electromagnetic
valve is installed between the gas container and the circular nozzle.
The whole sloshing experimental process is recorded by a video

camera which is capable of recording at 100 frames per second
(fps). To improve the quality of recording, rear light is equipped
behind the viewing tank. After experiments, the movies recorded
will be used for the qualitative regime observation as well as the
potential quantitative analyses required [7].

To understand the general characteristics of pool sloshing mo-
tion with mixed-size solid particles, aside from the experimental
parameters used in our previous studies (e.g. particle size, density
(rp), particle bed height (Hpb) and the gas-injection pressure (P)),
here an additional parameter of the volumetric mixing ratio (a) of
the two particle components is specifically added. Table 2 sum-
maries the detailed parametric conditions for all our sloshing ex-
periments conducted with the mixed-size solid particles.
3. Modeling studies

3.1. Briefing of regime identification and parametric analyses

As mentioned above, in our previous studies regarding the pool
sloshing behavior with mono-sized solid particles [7], based on the
observations from experimental process as well as the stills
recorded, the characteristics of flow regimes in all our experimental
cases performed is elaborately examined and compared. It is
recognized that, due to the significant difference of interaction
mechanisms between solid particles and the gas-bubble injected,
three typical flow regimes (namely the bubble-impulsion dominant
regime, the transitional regime and the bed-inertia dominant
regime), as illustrated in Fig. 3, can be identified [7,12]. Here, glass
spheres with varied parametric conditions are employed to
describe briefly the characteristics of each regime.

For experimental runs using glass spheres, the bubble-impul-
sion dominant regime (Regime I) is generally observed to exist at
a condition of quite smaller particle sizes, relatively lower particle-
bed heights as well as much higher gas-injection pressures [7].
Because in such a condition, with comparison to the bubble
impulsion, the resistance exerted from particle bed to the gas
bubble injected, is supposed to be rather limited, therefore, as
shown in Fig. 3(a), the gas bubble seems to surface from particle
bed very rapidly. Also, because of the lighter weight of a single
particle, a great number of solid particles are seen to be lifted up by
the rising bubble. With the uprising of gas bubble, similar to the
Step-1 investigations performed in a pure water pool [11], two
vortexes along with an upward trailing flow are found to always
appear, which provides a significant driving force to transport the



Table 2
Detailed conditions of all our cases performed using mixed-size spherical particles.

Case No. Material dpi[mm] a[�] Hpb[cm] P[bar] Regimea Bed shapeb

1e3 Glass 6:2.5 3:1 5 2, 3, 4 III ∧
4e6 10 2, 3, 4 III ∧
7e9 15 2, 3, 4 III ∧
10e12 20 2, 3, 4 III ∧
13e15 25 2, 3, 4 III ∧
16e18 30 2, 3, 4 III ∧
19e21 1:1 5 2, 3, 4 III ∧
22e24 10 2, 3, 4 III ∧
25e27 15 2, 3, 4 III ∧
28e30 20 2, 3, 4 III ∧
31e33 25 2, 3, 4 III ∧
34e36 30 2, 3, 4 III ∧
37 1:3 5 2 III ∧
38e39 5 3, 4 II ∧
40 10 2 III ∧
41e42 15 2, 3 III ∧
43 15 4 III/IIc ∧
44e46 25 2, 3, 4 III ∧
47e49 30 2, 3, 4 III ∧
50e52 2.5:0.5 3:1 5 2, 3, 4 II ∧
53e55 10 2, 3, 4 II ∧
56 15 2 III ∧
57e58 15 3, 4 II ∧
59 20 2 III ∧
60e61 20 3, 4 III/IIc ∧
62e63 25 2, 3 III ∧
64 25 4 III/IIc ∧
65e66 30 2, 3, 4 III ∧
67e70 1:1 5 2, 3, 4 II ∧
71e73 10 2, 3, 4 II ∧
74 15 2 II/IIIc ∧
75 15 3 II ∧
76 15 4 II ⊓d

77 20 2 III/IIc ⊓d

78 20 3 II/IIIc ⊓d

79 20 4 II ⊓d

80 25 2 III ∧
81 25 3 III/IIc ⊓d

82 25 4 II ⊓d

83 30 2 III ∧
84 30 3 III/IIc ⊓d

85 30 4 II/IIIc ⊓d

86 1:3 5 2 II ⊓
87e88 5 3, 4 II ∨
89 10 2 II ⊓
90e91 10 3, 4 II ∨
92 15 2 II ⊓
93e94 15 3, 4 II ∨
95 20 2 II/IIIc ⊓d

96e97 20 3, 4 II ∨
98 25 2 III/IIc ⊓d

99 25 3 II/IIIc ⊓d

100 25 4 II ⊓d

101 30 2 III ∧
102 30 3 III/IIc ⊓d

103 30 4 II ⊓d

104e106 Alumina 6:2 3:1 5 2, 3, 4 III ∧
107e109 15 2, 3, 4 III ∧
110e112 25 2, 3, 4 III ∧
113 1:1 5 2 III ∧
114e115 5 3, 4 II ∧
116e118 10 2, 3, 4 III ∧
119e121 15 2, 3, 4 III ∧
122e124 20 2, 3, 4 III ∧
125e127 25 2, 3, 4 III ∧
128e130 30 2, 3, 4 III ∧
131 1:3 5 2 III ∧
132 5 3 III/IIc ∧
133 5 4 II/IIIc ∧
134e135 10 2 III ∧
136 10 3, 4 III/IIc ∧
137e139 15 2, 3, 4 III ∧
140e142 20 2, 3, 4 III ∧
143e145 25 2, 3, 4 III ∧

Table 2 (continued )

Case No. Material dpi[mm] a[�] Hpb[cm] P[bar] Regimea Bed shapeb

146e148 30 2, 3, 4 III ∧
149e151 2:0.5 3:1 5 2, 3, 4 II ∧
152 10 2 III ∧
153 10 3 III/IIc ∧
154 10 4 II ∧
155e157 20 2, 3, 4 III ∧
158e160 30 2, 3, 4 III ∧
161e163 1:1 5 2, 3, 4 II ∧
164 10 2 III/IIc ∧
165e166 10 3, 4 II ∧
167 15 2 III ∧
168 15 3 III/IIc ∧
169 15 4 II ∧
170e171 20 2, 3 III ∧
172 20 4 III/IIc ∧
173e174 25 2, 3 III ∧
175 25 4 III/IIc ⊓d

176e178 30 2, 3, 4 III ∧
179e181 1:3 5 2, 3, 4 II ⊓
182e184 10 2, 3, 4 II ⊓
185 15 2 III/IIc ∧
186e187 15 3, 4 II ∧
188e189 20 2, 3 III ∧
190 20 4 II ⊓d

191e192 30 2, 3 III ∧
193 30 4 III/IIc ⊓d

a In this column, the numbers I, II and III represent respectively the bubble-
impulsion dominant regime, the transitional regime and the bed-inertia dominant
regime, as observed from experimental process. Characteristics of each regime will
be described briefly in Section 3.1.

b In this column, the symbols ∧, ⊓ and∨ signify respectively the convex bed, quasi-
flat bed and concave bed as observed from experiments.

c An in-between case containing the characteristics of two neighboring regimes.
The mark III/II means that for this case it has more characteristics of the regime III
with comparison to the regime II, and for the mark II/III vice versa.

d A case in which the separation of the two particle components is supposed to
occur, as inferred below in Section 3.1.
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lifted solid particles away from pool center toward the peripheries.
With the time elapsing, the widely distributed solid particles in the
pool will sediment gradually, resulting in the formation of a final
concave bed [7].

Fig. 3(b)~(d) illustrate the characteristics of the transitional
regime (Regime II). By comparing Fig. 3 (a) and (b), it is clear that
with increasing particle size (from 0.125 mm to 0.5 mm), although
the particle-lifting phenomenon remains to some degree, a certain
number of solid particles are observed to roll down along the
bubble edge when the bubble is detaching from particle bed. As a
result, comparatively less solid particles are transported away from
pool center. Similar to the Regime I, the driven-away solid particles
will start to sediment gradually and finally form a concave bed [7].

Comparing Fig. 3(b) and (c), it is evident that increasing the
particle-bed height (e.g. from 15 cm to 30 cm)will causemore lifted
particles to roll down during the bubble departure. As a result, less
and less particles are transported away. Because the majority of the
lifted particles have fallen back to the pool center, a quasi-flat bed is
formed finally [7].

Comparing Fig. 3(c) and (d), it is seen that for the experimental
run with a weaker impulsion (caused by a relatively smaller gas-
injection pressure), as the bubble is rising within the bed, the
bubble path is observed to become much narrowed. Further, it is
verified that for this case, the lifted particles tend to slide down
much earlier (e.g. even prior to the complete leaving of gas bubble
from the bed). Since most fallen particles have accumulated within
a rather smaller region around the center, a short convex bed is
finally formed [7].

For experimental runs using glass beads, the bed-inertia
dominant regime (Regime III) is found to exist with a condition of



Fig. 3. Transient frames of several typical cases showing the characteristics of different flow regimes (glass spheres) [7].

S. Cheng et al. / Nuclear Engineering and Technology 52 (2020) 925e936930
relatively bigger particle sizes, smaller gas-injection pressures and
higher particle-bed heights [7]. Due to the much enlarged inertia of
particle bed (e.g. caused by a greater particle size), as shown in
Fig. 3(e), the bubble seems to surface from the bed very slowly.
From the quasi-spherical shape of the rising bubble within the bed,
one may easily infer that the resistance exerted from the solid
particles to the rising bubble is supposed to have played a signifi-
cant role in restraining the upward rising of gas bubble. Because the
rising bubble is departing from particle bed very slowly, the lifted
particles will have sufficient time to glide down and accumulate
within the pool center, thereby resulting in a final convex bed [7].

A more detailed description of each regime is given in the work
done by Cheng et al. [7,12]. From the above regime description, it is
evident that the particle-bed inertia and the gas-bubble impulsion
are the two key factors that dictate the variation of flow regimes.
Despite the existence of a single bed geometry (convex or concave)
for the Regime I and Regime III, different bed shapes (such as
concave, flat and convex) may appear for the transitional regime
due to the slight competitive role between the bubble impulsion
and the particle-bed inertia. In addition, our past quantitative
parametric analyses performed also suggest that the particle
properties (e.g. size, density and shape), particle-bed height along
with the gas-injection pressure are confirmed to have a significant
impact on the regime transition and resultant sloshing intensity [7].
It is further verified that as the gas bubble is detaching from the
bed, increasing the particle size, particle density and the particle-
bed height can enhance the sliding-down of solid particles,
thereby causing the regime to shift from a smaller-numbered
regime (e.g. Regime I) to a larger-numbered regime (e.g. Regime
II) [7]. Since a higher gas-injection pressure means a greater
impetus provided by the rising bubble, it is therefore observed that
with increasing the gas-injection pressure, the regime boundary
line would be attained at a comparatively larger particle size [7]. It
must be emphasized that all the above findings have provided us
significant arguments for the derivation of our basemodel which so
far has been proven to be valid for the single-sized spherical par-
ticles [12]. In addition, although further elaborate investigations
and confirmation in Step-3 would be preferable, by referring to our
past work on the packed-bed phenomena [18], we do believe that a
similar regime classification should exist within the larger-scale
three dimensions, despite the potential variation of the regime-
demarcation line.

A consistent criterion and procedure of regime identification are
employed for present experiments with mixed-size solid particles;
the observed results are listed in Table 2 as well. It is easily seen that
the above knowledge regarding the effect of experimental param-
eters (e.g. particle size, density, particle-bed height and the gas-
injection pressure) on the variation of flow regimes is generally
valid for present experiments. In addition, one may also observe
that with decreasing themixing ratio (e.g. from 3 to 1/3), there is an
overall tendency for the regime to transit from a larger-numbered
regime (e.g. Regime III) to a lower-numbered regime (e.g. Regime
II). However, when we switch to the column of bed shape, an in-
congruity between previous single-sized solid particles and present
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mixed-size solid particles seems to exist. In previous experiments
with single-sized spherical particles [7], as noted above, the quasi-
flat bed should solely exist within the transitional regime (Regime
II), while for present experiments using mixed-size particles such a
bed shape seems to appear within a slightly wider range of regime
conditions (e.g. Regime II, II/III and III/II) (see the experimental runs
with a notation d in Table 2). According to the regime definition
described above, for the experimental runs within the strict Regime
II, the bubble impulsion and the bed inertia should be overall
equivalent with each other. Therefore, it is theoretically probable
that for present experiments using mixed-size particles, when the
regime (e.g. the Regime II/III or III/II) is deviating a bit from a strict
Regime II, although on the whole bed inertia has already slightly
surpassed the force of bubble impulsion, the impetus provided by
the rising gas bubble might be still larger than the inertia of
smaller-sized particles (even if it is lower than that of larger ones).
As a result, the performed analyses here might imply that due to
the difference in particle inertia, under some specific conditions
(e.g. the overall bed inertia is a bit stronger than the bubble
impulsion), the separation of different particle components in the
mixture is likely to exist (esp. around the center of particle bed). By
further checking the results of regimes and bed shapes in Table 2
(e.g. Cases #50e103, #149e193), it can be found that the above-
mentioned incongruity seems to emerge more frequently at a
smaller mixing ratio, which evidently should be owing to the much
larger fraction of smaller-sized particles in such a condition.
Therefore, the rationale of our judgment on the potential separa-
tion of different components to some degree has been confirmed.
3.2. Modeling studies using various effective diameters

As noted above, to predict the variation of flow regimes un-
derlying the pool sloshing behavior with single-sized spherical
particles, in our earlier publication an empirical model (base
model) has been successfully developed based on a larger experi-
mental database covering various parametric conditions [12].
Actually, such a model is constructed based on a regime judgment
indexI, which is defined to represent the competitive role between
the pool convection and the particle-bed inertia [12]:

I¼K1
IImpulsion

IInertia
(4)

where K1 is an empirical constant, IImpulsion and IInertia are dimen-
sionless physical quantities used to express respectively the in-
tensities of gas-bubble impulsion and the particle-bed inertia.

By combining the knowledge and evidence from performed
parametric analyses [7,12], Eq. (4) becomes:

I¼K1*

 
P�P0�rlgðHl�εsHpbÞ

rpgHpb

!A1

 
Hpb

Hl�εsHpb

!A2�
rp�rl
rl

	A3
�
mlVT
sl

	A4

(5)

Where P and P0are the initial gas-injection pressure and the at-
mospheric pressure respectively; rl, ml, sl and Hl denote respec-
tively the density, viscosity, surface tension and the depth of the
liquid phase; rp,εs and Hpb signify respectively the density, solid
holdup and the particle-bed height of the solid phase, g is the
gravitational acceleration, VT is the terminal velocity of a single
particle, and A1, A2, A3 and A4 are empirical coefficients. Overall, the
termP�P0�rlgðHl�εsHpbÞ

rpgHpb
in the numerator, which is estimated by

dividing the effective gas pressure exerting on the solid phase to the
gravity of solid phase, represents the impact of gas-injection
pressure. On the other hand, for the denominator, it is easily un-
derstood that, the term Hpb

Hl�εsHpb
, which is defined as the ratio of

particle-bed height to the effective depth of the liquid phase, ex-
presses the impact fromparticle-bed height, and the remaining two
terms rp�rl

rl
and mlVT

sl
are specifically employed to represent respec-

tively the buoyancy impact and the interaction between particles
and the surrounding fluid [12,19e21].

After rearranging Eq. (5) into logarithmic form, based on our
past experimental database using single-sized spherical particles
[7,12], the value of the obtained dimensionless terms
(i.e.log

ðP�P0�rlgðHl�εsHpbÞÞ=ðrpgHpbÞ
10 , logHpb=ðHl�εsHpbÞ

10 , log
ðrp�rlÞ=rl
10 and

logðmlVTÞ=sl

10 ) can be calculated. Then, by conducting statistical ana-
lyses using a self-developed computer code, the most suitable
values for the empirical constantsK1, A1, A2, A3 and A4 can be
estimated. As a result, for spherical particles, the following equation
(final form of the base model) is achieved [12]:

I¼K1
IImpulsion

IInertia
¼3:2 *10�5*
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where

8:96�
P � P0 � rlg

�
Hl � εsHpb

�
rpgHpb

� 227:16

0:106� Hpb

Hl � εsHpb
� 0:938

1:60� rp � rl
rl

� 2:60

Based on Eq. (6), a regime map (base map) could be established
for the estimation of flow-regime characteristics in pool sloshing
behavior with single-sized spherical particles [12]. Validation of
this map along with the suggested regime boundaries (I¼3.35 and
0.25) has been well confirmed over a much larger scope of exper-
imental parameters including the difference in particle size, parti-
cle bed height, particle density and the gas-injection pressure [12].

To predict the flow-regime characteristics with mixed-size solid
particles, it is natural to expect that the overall hydraulic perfor-
mance of such a particle mixture might be represented by a certain
kind of effective diameters. For this reason, here the five effective
diameters (namely dndl, da, dv and d

0
v) as mentioned in Section 2 are

employed for testing. After the calculation of the particle terminal
velocity using the effective diameter [22,23], based on Eq. (6) the
values of I1, I2 and I for each case can be estimated. Therefore, in a
similar way, five regime maps, as illustrated in Fig. 4, in which the
regime boundaries are kept the same as compared to the previous
study using mono-sized spherical particles, are drawn according to
the corresponding effective diameters.

From Fig. 4, it is easily seen that our base model, by applying the
area mean diameter (da), can provide the overall best predictive
results among the five effective diameters. In addition, from
Fig. 4(a), (b) and (e), one can further observe that our base model
seems to underestimate the particle-bed inertia, when the number
mean diameter (dn), length mean diameter (dl) and volume-
equivalent diameter (d

0
v) are employed. In other words, for those

figures, if the particle-bed inertia is appropriately enlarged, the



Fig. 4. Regime map developed using base model with various effective diameters.
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predictive performance is expectable to be improved. On the con-
trary, from Fig. 4(d), it seems that when the volumemean diameter
(dv) is applied, our base model tends to overestimate the particle-
bed inertia, which is evidently different from others. Actually, it
should not be surprising because the above findings are consistent
with the order of the five effective diameters (see Eq. (3)).

It is well-known that, over the past decades, to predict the
pressure drops (DP) over packed beds, the Ergun equation has been
utilized extensively by many researchers [23e25]. For single-sized
spherical particles, Ergun equation is written as following [23e25]:
DP
Hpb

¼150
ð1� εÞ2

ε
3

mf�
dp
�2Uf þ 1:75

ð1� εÞ
ε
3

rf
dp

U2
f (7)

where Hpb and ε are respectively the packed-bed height and voi-
dage, and mf , rf and Uf are respectively the viscosity, density and
superficial velocity of the fluid phase.

Fig. 5 shows the comparisons of the various effective diameters
with the diameter (dErgun) obtained from the back-calculation of
Ergun equation. It is clearly seen that, the area mean diameter (da)



Fig. 5. Comparisons between various effective diameters and the diameter calculated
from Ergun equation.
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is the one that is the closest to the diameter estimated based on the
Ergun equation, given our present range of particle properties (size,
density) and mixing ratio. Since when we employ the Ergun
equation to evaluate the pressure drops of packed beds, to some
degree the inter-particle interactions should have been already
incorporated; it is therefore reasonable to understand that our base
model, by applying the area mean diameter, can achieve the best
predictive results, as compared to the other four effective
diameters.
3.3. Modeling studies using the form of extension scheme

As indicated in Section 1, aside from mixed size, experimental
investigations and predictive modeling on the pool sloshing
behavior with solid particles at other complicated particle-bed
conditions (e.g. particles of non-spherical (or even irregular)
shapes and a mixture of multi-density particles) are also in prog-
ress. In order to successfully estimate a new scenario without
deteriorating the predictive accuracy of the existing scenarios (e.g.
the previous basic condition using single-sized spherical particles),
a way of extending the base model to cover the various realistic
particle-bed conditions, instead of repeatedly developing new
models, has been determined:
I¼Kc *

8>>>><
>>>>:
K1

IImpulsion

IInertia

9>>>>=
>>>>;

¼Kc *

8>>>><
>>>>:
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>>>>;

(8)
where Kc is a correction factor with its detailed functional form
determined according to the specific characteristics of a new sce-
nario. It should be stressed that the above modeling idea has been
proven to be quite effective throughout our past extensive
modeling studies on the debris bed formation and self-leveling
phenomena (esp. modeling the particle-shape effect) [2,26].

To quantitatively characterize the particle-shape property, in
our past work regarding the debris-bed phenomena [2,26], a
physical quantity of particle sphericity (f) has been generally uti-
lized. To estimate the particle sphericity, a method by back-
calculation of the Ergun equation using its form for non-spherical
particles is adopted [2,24e26]:

DP
Hpb

¼150
ð1� εÞ2

ε
3

mf

ðfdvÞ2
Uf þ 1:75

ð1� εÞ
ε
3

rf
fdv

U2
f (9)

Although the calculated sphericity from Eq. (9) is an effective
value that cannot characterize the accurate geometry of a non-
spherical particle, as verified by lots of past investigations
including our earlier work on the debris-bed phenomena
[2,26e28], for most engineering applications this deficiency would
not matter because such a quantity is capable of representing the
overall impact of shape characteristics on the hydrodynamic pro-
cess that interests us.

For present experiments with mixed-size particles, in a similar
way, based on Eq. (9) and the volume mean diameter (dv), the
effective particle sphericity f is estimated; the calculated f values
are listed in Table 1 as well. To reduce the potential mis-
understandings, in the following parts the obtained effective par-
ticle sphericity for present mixed-size particles is renamed as the
degree of convergence (U) in particle-size distribution.

As understood from Section 3.2, there is a general tendency for
our basemodel to overestimate the particle-bed inertial force, if the
volume mean diameter (dv) is applied. Therefore, in order to
improve the prediction performance using the base model, it is
evident that the introduced correction factor Kc in Eq. (8) should be
larger than 1.0 (i.e. playing a role in decreasing the effective force of
particle-bed inertia). In addition, similar to our past modeling
studies regarding the effect of particle shape on the debris-bed-
related phenomena [2,26], it can be realized that a higher gas
bubble rising rate means a much strengthened impetus (i.e. lifting
force), as a result facilitating the driving-away of larger-sized par-
ticles and causing the difference between the two-sized compo-
nents less prominent. For the above reasons, here after extensive
testing, the following functional form is tentatively suggested for
the estimation of Kc:

Kc ¼1:0þ c1
ð1� UÞc3�
Reg
�c2 (10)

where Reg is the gas Reynolds number (UgrgDnozzle

mg
), Ug, rg and mg

denote respectively the velocity, density and viscosity of the
injected gas phase, andc1, c2 and c3 are empirical constants. It is
easily seen that, whenU ¼ 1 or Reg/∞, Kc becomes close to 1.0 (i.e.
the value for single-sized solid particles). Besides, when the
particle-bed composition deviates from a state of single size
(namelyU<1:0), Kc is confirmable to be a positive value larger than
1.0, namely reducing the effective inertial force of particle bed,
which is in good agreement with our expectation. Therefore, the
rationale of the introduced functional form for Kc can be ensured, at



Fig. 6. Transient gas flow rate measured using the flow meter (P ¼ 2 bar).
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least qualitatively.
To calculate the gas Reynolds number (Reg), the average gas

velocityUg is estimated based on the transient data of gas flow rates
asmeasured using the gas flowmeter shown in Fig. 2. Fig. 6 shows a
measured example of the transient gas flow rates at the gas-
injection pressure of around 2 bar. It is evident that throughout
the injection, a constant gas pressure can be well maintained.

Similarly, after reconstructing the form of Eq. (10) into loga-
rithmic style, through conducting regression analyses using a self-
developed computer code, for our present sloshing experiments
with mixed-size solid particles, a best group of empirical constants
c1, c2 and c3 can be obtained and the following final form for
calculating Kcis achieved:

Kc ¼1:0þ 2:851
ð1� UÞ0:145�
Reg
�0:355 (11)

where

0:551�U � 1:0

12121�Reg � 71568

By coupling the base model (volume mean diameter) with
Fig. 7. New regime map using base model with extension scheme for both single-sized
and mixed-sized spheres.
present extension scheme (Eq. (11)), a new regime map could be
established for estimating the flow-regime characteristics under-
lying the pool sloshing behavior with both single-sized and mixed-
sized spherical particles. As displayed in Fig. 7, one may easily find
that with comparison to Fig. 4(d), a much better agreement be-
tween experiments and the model predictions on the variation of
flow regimes could be attained (e.g. even in a level comparable to
the base model using the area mean diameter (see Fig. 4(c)). As a
result, even if more elaborate validations and confirmation (e.g.
those checking the capability of interpolation and extrapolation of
our suggested scheme (esp. Eq. (11)), might be preferable, to some
extent the potential extension capability of our base model for
estimating the flow-regime transition in pool sloshing motion with
more realistic particle-bed conditions has been demonstrated.

4. Discussion

To further enhance our confidence on the modeling studies in
this work, the effect of experimental parameters is examined (as
shown in Fig. 8). From Fig. 8(a), it is seen that for the two modeling
methods (namely the base model using area mean diameter and
the base model using volume mean diameter but coupling with an
extension scheme), whatever the particle type, mixing ratio and the
gas-injection pressure is, increasing the particle size is observable
to result in an evident decrease of index I and the variation of a
lower-numbered regime (e.g. Regime II) to a larger-numbered
regime (e.g. Regime III). This point can be easily understood
because as pointed out previously, as the particle size increases, due
to an strengthened particle inertia, particles will become easier to
slide down to the pool center (e.g. along the bubble edge) when the
bubble is departing from the bed. In other words, less and less solid
particles will be driven away by the subsequent gas-liquid flow
(caused by the rising gas bubble), thereby leading to the variation of
different regimes. The influence of particle size can be well re-
flected, to some degree demonstrating the capability of our two
modeling methods in predicting the transition of flow regimes in
pool sloshing behavior with realistic particle beds.

From Fig. 8(b), it seems that although the present change of
particle density is relatively limited, irrespective of the particle size,
bed height and gas-injection pressure, with increasing particle
density, the value of index I tends to be decreasing, thereby
resulting in the change of different regimes. In our previous para-
metric analyses [7], it has been concluded that as the particle
density increases, the solid particles will become heavier (i.e. a
larger inertial force), thereby causing them much easier to glide
down to the pool center when the gas bubble is detaching from the
bed. Again, the impact of particle density on the variation of flow
regimes can be reasonably represented by our two modeling
methods, which provides further confirmation on their validity and
applicability.

From Fig. 8(c), it is seen that, regardless of particle properties
(size, density) and gas-injection pressure, increasing the particle
bed height is confirmable to generally result in smaller I values and
the change of flow regimes away from a smaller-numbered regime
(e.g. Regime II) to a larger-numbered regime (e.g. Regime III). This
can be reasonably explained by the fact as mentioned above that, a
higher particle bed heightmeans an elongated bed resistance to the
rising of gas bubble, thereby leading to a larger particle-bed inertia.
Therefore, the rationale of our two modeling methods seems to
have been well displayed again.

From Fig. 8(d), it is found that whatever the particle type,
component diameter, particle bed height and the gas-injection
pressure is, increasing mixing ratio is confirmable to overall
result in reduced I values and cause the flow regime to transit from
a lower-numbered regime to a larger-numbered regime. Actually, it



Fig. 8. Effect of experimental parameters on regime transition.
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should not be surprising because a larger mixing ratio means a
greater proportion of larger-sized particles, as a result facilitating
the rolling-down of solid particles to the pool center and leading to
the transformation of flow regimes. Evidently, the reasonability of
our two modeling methods can be verified again, which further
enhances our degree of confidence for their future application.

As stressed repeatedly [7,12], higher gas-injection pressure
would result in much enhanced lifting force to the rising of gas
bubble, thereby facilitating the driving-away of solid particles and
causing the flow regime to transit from a larger-numbered regime
(e.g. Regime III) to a lower-numbered regime. It is obvious that, the
results shown in Fig. 8(e) can support this tendency very well, as a
result increasing our confidence in utilizing the developed models
for future predictive analyses.

5. Concluding remarks

Studies on the pool sloshing behavior in a molten pool are
important for the improved evaluation of core disruptive accidents
for sodium-cooled fast reactors. In this work, motivated to further
understand the mechanisms of this behavior with the accumula-
tion of unmelted/refrozen core materials at the pool bottom, a new
series of simulated experiments is performedwithmixed-size solid
particles. Based on the observation and modeling studies over a
larger experimental database (193 cases) involving the difference in
particle size, particle density, particle bed height, volumetric
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mixing ratio and the gas-injection pressure, we find that our base
model, which was originally developed for the prediction of pool
sloshing behavior with single-sized spherical particles, can provide
overall reasonable predictive results if the area mean diameter is
employed. On the other hand, if other effective diameters (such as
number mean diameter, length mean diameter, volume mean
diameter and volume-equivalent diameter) are utilized, there is an
overall tendency for our base model to underestimate or over-
estimate the particle-bed inertial force according to the difference
between those diameters and the area mean diameter.

To estimate the flow-regime characteristics in pool sloshing
behavior with mixed-size solid particles using the form of exten-
sion scheme, a correction factor which is based on the volume
mean diameter and the degree of convergence in particle size
distribution, is suggested and analyzed. It is verified that, our base
model, by applying the volume mean diameter and coupling this
extension scheme, can provide satisfactory predictions (in a level
comparable to the method of base model with area mean
diameter).

The followed examination of the influence of experimental pa-
rameters such as particle bed properties (particle size, density,
particle bed height, volumetric mixing ratio) and the gas-injection
pressure confirmed the reasonability of our modeling studies in
this work and thus provides us further confidence on modeling
studies at other realistic particle bed conditions (e.g. particles of
irregular shapes and a mixture of mixed-density particles). The
performed analyses in this work also suggest that under certain
conditions (e.g. the overall bed inertia is a bit stronger than the
bubble impulsion), the separation of different-size particle com-
ponents in the mixture is likely to exist and results in the emer-
gence of a flat bed even in a non-strict Regime-II conditions.

Current study provides a large palette of experimental database
and valuable knowledge for understanding the actual sloshing
motion in a reactor accident and would be beneficial for the
improved analyses and verifications of SFR severe accident codes in
China.
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