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Safety issues are particularly crucial for sodium-cooled fast reactors (SFRs). Data
obtained from SFR safety analyses over recent years have shown that a specific
type of sloshing motion probably occurs in the molten pool during core
disruptive accidents (CDAs) of SFRs due to local neutronic power excursion
or pressure developments, thereby significantly influencing recriticality.
Recognizing the importance of improving the evaluation of CDAs of SFRs,
extensive knowledge about this phenomenon has been garnered through
experimental studies of their thermal-hydraulic mechanism and
characteristics. Based on these studies, simulations using various numerical
approaches, such as SIMMER code, the finite volume particle method, and the
smoothed particle hydrodynamic method, have attempted to reproduce the
sloshing motion under various experimental conditions to verify their
reasonability and applicability, thereby promoting the development of SFR
safety analysis. To provide useful references for future SFR safety analyses
and assessments, we have systematically reviewed and summarized these
experimental and numerical investigations into the thermal-hydraulic aspect
of molten-pool sloshing motion. In addition, to enhance deeper and more
comprehensive research into sloshing motion, we have also discussed future
prospects. Knowledge gained from experimental and numerical investigations
into molten-pool sloshing motion is valuable not only for improving and
verifying SFR safety analysis codes but also for providing reference data for
studies of sloshing motion in other fields of engineering.
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FIGURE 1
Molten pool formation and sloshing motion.

1 Introduction

Sodium-cooled fast reactor (SFRs) are considered to be
predominant among Generation IV nuclear reactor systems
due to their outstanding breeder characteristics and the
considerable experience accrued in their construction and
operation (Raj et al., 2015). Nevertheless, for the nuclear
power industry, safety is always an important issue for its
developments, and SFRs are no exception. Therefore, to
accelerate SFR developments and applications, analysis of
their safety is crucial, particularly for severe accidents such
as core disruptive accidents (CDAs) (Tentner et al, 2010;
Ohshima and Kubo, 2016). In the initiation phase of CDA,
due to the specific core design of SFRs, the nonenergetic initial
power transient could be generally brought by the negative
reactivity effect as a result of fuel dispersion with pin disruption,
which would be superior to the positive reactivity effects such as
void reactivity (Maschek et al., 1992a; Suzuki et al.,, 2014). In
such nonenergetic case, the accident scenario may proceed
from the initiating phase to a transition phase (Maschek
et al., 1992a; Suzuki et al., 2014; Suzuki et al., 2015). In this
phase, due to the melting of the reactor core, a large molten pool
at the whole-core scale can be formed, with an adequate molten
fuel spatial configuration to exceed prompt criticality (see
Figure 1). Within the molten pool, a complex system with
multiphase flows is believed to form, including molten fuel,
molten structure, refrozen fuel, liquid coolant, fission gas, fuel
vapor, solid fuel pellets, and other materials (Liu et al., 2006,
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2007; Tentner et al., 2010). Results calculated using SIMMER-II
code (a Euler-based code for fast-reactor safety analysis)
revealed that in the large molten pool, a specific flow pattern
might exist that could trigger the central compacting fluid
motions (Bohl, 1979; Maschek et al, 1982; Kondo et al,
1985; Theofanous and Bell, 1986). As shown in Figure 1,
during the extension of the molten pool, portions of liquid
coolant may be entrapped in the pool, thereby leading to a local
fuel-coolant interaction (FCI), which could cause bubble
expansion and pressure development, disturbing the stability
of the pool by pushing the liquid fuel away from the central core
region toward the peripheral regions, then impelling it back to
the center through gravity (Maschek et al., 1992a; Yamano et al.,
2009; Zhang et al., 2018; Cheng et al., 2019d). Therefore, taking
into consideration the sensitivity of SFRs to dimensional
such  bubble
expansion and subsequent centralized, inward sloshing

variations or core-material relocations,
motion could potentially promote recriticality and lead to an
energetic power excursion due to fuel compactions in the
molten pool (Theofanous and Bell, 1986; Maschek et al,
1992a; Yamano et al, 2009; Tatewaki et al., 2015). This
could lead to the accident progressing to the core expansion
phase, thereby threatening the structural stability of the reactor
vessel. It should be noted that although the sloshing motion is
also of great importance and has attracted great attention in
fields other than nuclear energy (e.g., the steel industry,
volcanology, Earth sciences, and fluidized beds) (Sakai et al,

1984; Bi, 2007; Hatayama, 2008; Namiki et al., 2016; Thaker
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et al., 2020), this review will concentrate on investigations into
molten-pool sloshing motion in relation to CDAs of SFRs due
to its special pattern and mechanism compared with those seen
in other science and engineering fields.

In recent decades, it has become clear that an understanding
of molten-pool sloshing motion is very important for the
improved evaluation of SFR severe accident scenarios,
particularly regarding energetic recriticality. A series of
experimental investigations was carried out at Karlsruhe
Institute of Technology (KIT), Kyushu University, and Sun
Yat-Sen University (SYSU) that considered various conditions,
such as dam-break, fluid-step, and gas-injection conditions
(Maschek et al., 1992a; Maschek et al., 1992b; Morita et al.,
2014; Cheng et al., 2018c; Cheng et al.,, 2018d; Cheng et al,,
2019a; Cheng et al., 2019b; Cheng et al., 2019¢; Cheng et al,,
2020; Xu et al, 2022). Basic mechanisms (e.g., peripheral
pushing of molten fuel and gravitation-induced inward
centralized sloshing) and important sloshing characteristics
(e.g., the maximal inward and outward sloshing liquid
heights) were phenomenologically observed via dam-break
and fluid-step experiments (Maschek et al., 1992a; Maschek
et al, 1992b), in which the outward and inward sloshing
motions were both triggered by gravity. However, it should
be pointed out that in an actual scenario of a CDA in an SFR, as
the molten pool forms and enlarges (e.g., as a result of the
failure of control rod guide tubes), and due to the possibility for
a portion of the liquid sodium coolant to be entrapped in it,
outward sloshing motion could be initiated by rapid vapor
generation and pressure buildup around the central pool region
through local FCI (Cheng et al., 2014; Cheng et al., 2015; Zhang
etal., 2018). Therefore, it is reasonable to assume that the use of
the gas-injection method for simulating vapor expansion can
achieve more realistic conditions for the molten-pool sloshing
motion triggered by local FCI. Furthermore, the vaporization of
fuel or structural materials in cases of large power depositions
may also contribute to the sloshing motion. In a preliminary
study of molten-pool sloshing motion while taking into
consideration thermal-hydraulic or neutronic disturbances,
Morita et al. (2014) carried out gas-injection experiments to
investigate the overlaying (i.e., mitigating or augmenting)
effects
Furthermore, aimed at a deeper and more comprehensive

of various modes of hydraulic disturbance.
understanding of the sloshing motion initiated by local FCI,
a series of experimental investigations using the gas-injection
method without hydraulic disturbances in pure liquid pools was
conducted by Cheng et al. (2018¢), to investigate the flow-
regime patterns of sloshing motion in more detail. While
observing that it is possible to find the co-existence of
molten structural materials and fuel under actual accident
(2020)

experimental investigations into sloshing motion in pools

conditions, Cheng et al performed  further

with liquid stratification. In addition to experiments in
liquid pools without solid phases and considering the fact

Frontiers in Energy Research

03

10.3389/fenrg.2022.893048

that, in an actual reactor accident, solid phase materials may
be present in the pool as a result of incomplete melting of
structural materials and fuel pellets (Liu et al., 2006, 2007),
experiments in liquid pools with solid phases (such as solid
particles and solid obstacles with rod-shaped structures) have
also been performed under dam-break and gas-injection
conditions to accumulate valuable knowledge concerning the
effects of solid phases on sloshing characteristics (Maschek
et al., 1992a; Maschek et al., 1992b; Cheng et al., 2018d; Cheng
et al,, 2019a; Cheng et al., 2019b; Cheng et al., 2019¢; Xu et al,,
2022). These previous experimental investigations into sloshing
motion are summarized in Figure 2.

In recent decades, however, to better reproduce sloshing
motions and thereby improve the assessment of the evolution
of severe SFR accidents, in addition to experimental
investigations, numerical simulations and validations of
molten-pool sloshing motion have been developed and
greatly progressed by employing various computational
fluid dynamics (CFD) codes and methods. Based on the
dam-break and fluid-step experiments performed by
Maschek et al. (1992a, 1992b), SIMMER-II, AFDM, and
IVA3 codes were used by Munz and Maschek (1992) and
Maschek et al. (1992a) to create a preliminary simulation of
sloshing motion. Then, to improve the reliability and accuracy
of SFR safety analysis, Pigny (2010) and Yamano et al. (2012)
employed SIMMER-IV
simulations at the Commissariat a I’Energie Atomique et

code to perform numerical
aux Energies Alternatives (CEA) and the Japan Atomic
Energy Agency (JAEA), respectively. It was verified that
experimental sloshing characteristics (such as compaction
velocities) can be rationally reproduced by SIMMER-IV for
both dam-break and fluid-step cases. The applicability of
particle methods for simulating sloshing motion was also
validated in accordance with dam-break experiments. For
instance, the simulation rationality of the finite volume
particle (FVP) method was demonstrated by Guo et al.
(2010, 2012) at Kyushu University through simulations for
dam-break sloshing with/without solid particles. Vorobyev
et al. (2010, 2011) and Vorobyev (2012) at KIT, Buruchenko
and Crespo (2014) at South Ural State University (SUSU) and
University of Vigo (UVigo), and Jo et al. (2019, 2021) at Seoul
National University (SNU) confirmed the reliability of
simulation results obtained using the smoothed particle
hydrodynamic (SPH) method. Furthermore, Morita et al.
(2014) carried out SIMMER-III numerical simulations
related to gas-injection experiments with hydraulic
disturbances. These numerical investigations into sloshing
motion are also summarized in Figure 2, where a brief
introduction of each simulation code/method is provided.
Understanding and knowledge obtained from experiments
and numerical simulations about the mechanisms and
characteristics of molten-pool sloshing motion are of great

importance for improving the safety evaluations of SFRs (e.g.,
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Investigations in liquid pools without solid phases . Institutions . Investigations in liquid pools with solid phases
U U
Dam-break experiments - N Dam-break & fluid-step experiments with ring/rod obstacles
(clarify the sloshing characteristics and mechanism) e A (simulate the sloshing with nonfuel elements (e.g. a ring in R-Z geometry,
= i KIT ' trol-rod surviving locally in the molten pool)
Fluid-step experiments - M?T;‘;‘; E‘)“] . Dam-break experiments with cylindrical solid particles
(clarify the sloshing characteristics and mechanism with different modes) 1 1 (simulate the sloshing motion with solid particles due to the insufficient
. . melting of fuel pellets and structural materials)
} 1
Gas-injection experiments with hydraulic disturbances ; KyushuU | — - —— - -
(clarify the behaviors of pool sloshing motion against neutronic or Morita et al. | with sing] spherical solid
thermal-hydraulic disturbances around the pool center) 2 (2014) " — particles
(study the sloshing with solid particles accumulated on the bottom of pool)
1 p/l dy the sloshing with solid particl lated on the b f pool
Gas-injection experiments without hydraulic i ; Gas-injection experi with singl i
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study the sloshing motion triggered by a local SYSU M study the effect of particle shape on the sloshing motion)
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the co-existence of molten structure and molten fuel) =| 2019ab.c, 2020), |- (study the mixed-size particle effect on the sloshing motion for more
1 Xuetal, (| realistic particle-bed it
o (2022)
i\ \ Gas-inj i With mixed-density spherical
. . solid particles
Note: Red boxes are for dam-break & fluid-step 1 1 (study the mixed-density effect on the sloshing motion for more realistic
Green boxes are for gas-injection investigations. . s particle-bed conditions)

verifications and validations Attain more detailed information

D o .
Numerical Investigations Apply to SFR severe accident analysis

KIT

Provide evidences, ( DO NTTEVR DRTTEETION B ™\ Reproduce experimental results
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(Numerical method/code: SIMMER-II, AFDM and IVA3) Masciik for dam-break . with ring ob N
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Simulation for fluid-step experiments Maschek et al |

(Numerical method/code: SIMMER-II and AFDM) (1992a)

for fluid-step
(Numerical method/code: SIMMER-IV)

for dam-break il JAEA Simulation for dam-break experiments with solid particles

(Numerical method/code: SIMMER-IV) "“"('j‘(‘]‘;f)' al (Numerical method/code: SIMMER-IV)

3 ™
for dam-break Kyushu U imulation for dam-break with solid particles
(Numerical method/code: FVP method) (2‘3‘1'5’ *7‘;]'7) T (Numerical method/code: FVP method)
I
———\
KIT 1
Vorobyevetal [
eo0,201n & |
Vorobyev (2012) ),
|
Simulation for dam-break experiments SUSU s Simulation for dam-break experiments with rod obstacles
(Numerical method/code: SPH method) & UVigo 1 (Numerical method/code: SPH method)
and |*
\_ Crespo(2014) JI
|
Joetal =
(2019, 2021) |
( 1
Simulation for gas-injection experiments with hydraulic KyushuU |,
) disturbances Moritactal. |y Note: Red boxes are for dam-break & fluid-step i
(Numerical method/code: SIMMER-IIT) (2014) B Green boxes are for gas-injection investigations.
Remark: Brief description of each simulation code/method
Code/Method Description Characteristics
SIMMER-IT Code developed to predict the coupled neutronic and fluid-dynamics behavior of 2D, Eulerian, multicomponent,
(Smith, 1978; Bohl and Luck, 1990a) Liquid-Metal Fast Reactors (LMFRs) during CDA transients multiphase
SIMMER-III An evolution of SIMMER-II to alleviate some of deficiencies and limitations of 2D, Eulerian, multicomponent,
(Kondo et al., 1992; Yamano et al., 2003b) SIMMER-IT multiphase
SIMMER-IV An evolution of SIMMER-III as the three-dimensional version of SIMMER to 3D, Eulerian, multicomponent,
(Yamano et al., 2003a) some limitations and physical probl in the 2D si i Itipk
AFDM C.O e ;with mp .m.\merlcal Bk of hydrody as well as 2D, Eulerian, multicomponent,
(Bohl etal., 1990b) improved mathematical modelling of the exchange terms as compared to multiphase
N SIMMER-II
VA3 Code for accident simulation in the Light Water Reactor (LWR) field- especially 3D, Eulerian, multicomponent,
(Kolve et al., 1993) for Pressurized Water Reactors (PWRs) multiphase
] P - - -
FVP A ‘melhod for ; fluid flows byj ning lhvaI one particle 2D/3D, Lagrangian,
(Zhang et al., 2007) oceupies a finite volume, g g are using the approach multicomponent, multiphase
hd g of the finite volume method :
SPH A meshless method based on integral interpolation and firstly developed to solve 2D/3D, Lagrangian,
(Gingold and Monaghan, 1977) articular astrophysical problems multicomponent, multiphase

FIGURE 2
Previous experiments and numerical investigations regarding sloshing motion.
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|_Particle bed\

Hy,

Main devices used for dam-break and fluid-step experiments under different conditions (containers that are open at the top). (A) Symmetrical
dam-break condition. (B) Asymmetrical dam-break condition. (C) Fluid-step condition. (D) Dam-break condition with symmetrically distributed rod-
shaped obstacles. (E) Dam-break condition with asymmetrically distributed rod-shaped obstacles. (F) Dam-break condition with ring-shaped
obstacles. (G) Dam-break condition with a particle ring. (H) Dam-break condition with a central particle bed.

improvement and verification of SFR safety analysis codes with
proper neutronic models) and providing reference data for
fields of
engineering. Considering these aspects, we aimed to carry out

investigations into sloshing motion in other
a comprehensive systematic review and discussion of previous
experiments and numerical simulations of molten-pool sloshing
motion in cases of CDAs in SFRs. In Section 2, the experimental
and numerical investigations for dam-break and fluid-step
sloshing are introduced, while investigations involving gas-
injection conditions are discussed and summarized in Section
3. In Section 4, conclusions are described, and some future
prospects are discussed to provide a valuable reference and
guidance for encouraging deeper and more comprehensive

investigations on this topic in the future.
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2 Dam-break and fluid-step sloshing
motions

2.1 Dam-break and fluid-step sloshing
motions in pure liquid pools

2.1.1 Description of experiments

To provide experimental evidence for the numerical analysis
of sloshing motion, Maschek et al. (1992a, 1992b) conducted
several dam-break and fluid-step sloshing experiments. Figures
3A~-C show the main experimental devices, which included two
Plexiglas containers of cylindrical shape. For the dam-break and
fluid-step experiments, the inner container was filled with water
and rapidly pulled up to release this water so that the subsequent
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FIGURE 4

Typical dam-break and fluid-step sloshing motion (Maschek et al., 1992b; Yamano et al., 2012; Jo et al,, 2021). (A) Symmetric dam-break
sloshing motion (D;, = 11 cm, H;, = 20 cm). (B) Asymmetric dam-break sloshing motion (D, = 11 cm, H;, = 20 cm, off-centeredness = 8.25 cm). (C)

Fluid-step sloshing motion (D, = 11 cm, Houe = 5 cm, Hip = 20 cm).

sloshing motion could be initiated through the gravitation. From
symmetrical dam-break experiments, it was observed that the
liquid would first slosh out toward the peripheral area of the
outer container and then slosh inward to pile up in the central
region, finally resulting in a central liquid peak (see Figure 4A). It
was confirmed that, due to gravity, an inner container of larger
diameter (D;,) or higher initial water height (H;,), which resulted
in greater inertia of the liquid, increased the sloshing intensity, as
characterized by the maximal water heights of peripheral
outward and centralized inward sloshing motion (Maschek
1992b). if the
asymmetric, not only did the inward sloshing motion become

et al, However, sloshing system was
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chaotic with no centralized sloshing peak observed but the
maximal peripheral sloshing heights were also observably
different between the left and right sides due to the different
lengths of the propagating liquid waves (see Figure 4B). This
difference in peripheral sloshing heights increased when an
asymmetric system with greater off-centeredness (R.g) was
employed.

addition to dam-break

experiments were performed to more comprehensively clarify

In experiments, fluid-step
the sloshing characteristics, by introducing additional liquid of
various heights within the outer container (H,y,) (see Figure 3C)

and coloring the inner water to visually distinguish it from the
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TABLE 1 Comparison of sloshing characteristics for experiments and numerical simulations under dam-break conditions with water at room
temperature (D;, = 11 cm) (Maschek et al., 1992a; Maschek et al., 1992b; Munz and Maschek, 1992; Guo et al., 2012; Yamano et al.,, 2012;

Buruchenko and Crespo, 2014; Jo et al,, 2021).

Case® Hy, [cm] Ry [em]  Outward sloshing motion® Inward sloshing motion®
Arrival time [s] Time of max H [s] Max H [cm] Time of max H [s] Max H [cm]

Case 1: Symmetric dam-break
Experiment 1 20 0 0.20 + 0.02 0.42 + 0.02 16 £1 0.88 + 0.04 40 £ 5
SIMMER-II 20 0 0.18 - 9.0 0.62 16.0
AFDM 20 0 0.18 - 13.0 0.61 50.0
SIMMER-IV 20 0 0.19 0.40 15.3 0.89 42.0
SPH 20 0 0.20 0.42 15.5 0.87 41.0
Experiment 2 10 0 0.21 + 0.02 0.36 + 0.02 9+1 0.84 + 0.04 25+5
FVP 10 0 0.20 0.36 13.6 0.88 21.0

Case 2: Asymmetric dam-break
Experiment 20 8.25 - 0.36 + 0.02 14 +2 0.48 + 0.02 24 +2
SIMMER-IV 20 8.00 - 0.36 17.25 0.48 21.0
FVP 20 8.25 - 0.34 16.0 0.47 23.0
SPH 20 8.25 - 0.36 145 0.48 215

“Although for one specific method (such as the SPH method) many simulations have been carried out for the numerical analysis, in this table the simulation cases were chosen by

considering the most accurate simulation results in comparison with experimental data.

PFor symmetric dam-break cases, outward sloshing motion means the sloshing at the wall of outer container, while for asymmetric ones it means the sloshing at the left wall (the wall closer

to the inner container, as shown in Figure 3).

“For symmetric dam-break cases, inward sloshing motion represents the sloshing at the pool center, while for asymmetric ones it signifies the sloshing at the right wall (the wall closer to the

inner container, as shown in Figure 3).

outer water. As shown in Figure 4C, experimental results showed
that the inner colored water pushed the clear, outer water to the
peripheries of the outer container after being discharged, before
being compressed by the inward sloshing clear water to form a
water hump. This would then collapse due to gravity, resulting in
a second, outward sloshing motion in the deeper region,
subsequently leading to a second inward sloshing motion that
extruded a centralized sloshing peak. It was found that a higher
H,y can lead to more repeats of sloshing as a result of less energy
being dissipated in the deeper water region (Maschek et al,
1992b). Furthermore, a similar effect of a liquid’s inertia on the
enhancement of sloshing intensity was observed in experiments
conducted under fluid-step conditions.

Briefly, based on the dam-break and fluid-step sloshing
experiments using pure liquid pools, it was concluded that the
symmetricity and the overall inertia of the liquid in a sloshing
system noticeably affects the characteristics of the sloshing
motion.

2.1.2 Numerical simulations

To reproduce the symmetric dam-break and fluid-step
sloshing motions, three CFD codes, SIMMER-II (Smith, 1978;
Bohl and Luck, 1990), AFDM (advanced fluid-dynamics model)
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(Bohl et al., 1990), and IVA3 (Kolev, 1993), were examined first
(Munz and Maschek, 1992). However, although the basic
sloshing process could be rationally reproduced, relatively
inaccurate results were obtained, especially for the methods
with a first-order differencing scheme (i.e., SIMMER-II and
IVA3).
technology, in recent years a SIMMER-IV code with a higher-

With developments in computing science and
order differencing scheme (Yamano et al, 2003a), the FVP
method (Zhang et al, 2007), and the SPH method (Gingold
and Monaghan, 1977) were used to simulate dam-break sloshing
and obtain more accurate simulation results (Guo et al., 2010,
2012; Vorobyev et al., 2010; 2011; Vorobyev, 2012; Yamano et al.,
2012; Buruchenko and Crespo, 2014; Jo et al., 2019, Jo et al.,
2021). The SIMMER-IV code was also used in an attempt to
simulate fluid-step sloshing motion (Pigny, 2010). Tables 1 and 2
summarize the results of simulated sloshing characteristics using
different numerical methods for dam-break and fluid-step cases,
respectively.

Simulation snapshots for the SIMMER-IV and SPH methods
under dam-break conditions are shown in Figure 4A. It can be
seen from these figures that the sloshing motion could be
rationally reproduced by the simulations. The simulation

results shown in Tables 1 and 2 further validate the
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TABLE 2 Comparison of sloshing characteristics for experiments and numerical simulations under fluid-step conditions (D;, = 11 cm, H;, = 20 cm,
Hout = 5 cm) (Maschek et al., 1992a; Maschek et al.,, 1992b; Pigny, 2010).

Case Outward sloshing motion Inward sloshing motion
Time of Max H [cm] Time of First max H [cm] Time of Second max H [cm]
max H [s] first max H [s] second max H [s]

Experiment 0.36 + 0.02 11+1 0.62 + 0.04 15+3 1.24 + 0.04 242

SIMMER-I - 16.0 - - - 18.0

AFDM - 12.0 - - - 28.0

SIMMER-IV  0.34 115 0.61 16.0 1.22 220

simulation accuracy of SIMMER-IV, SPH, and FVP. According
to simulations performed by Yamano et al. (2012) using the
SIMMER-IV code, it was found that the sloshing characteristics
could be better simulated by using 3D R-6-Z geometry (see the
data in Table 1), while the centralized maximal height of sloshing
and its time were both overestimated in 2D R-6-Z simulations
due to the larger momentum of inward sloshing liquid resulting
from the lack of circumferential energy dissipation. On the other
hand, compared with simulations with X-Y-Z geometry, the R-6-
Z simulations can effectively avoid the non-smooth curved
boundary of liquid when sloshing outward (Yamano et al,
2012), thereby providing more reliable results for maximal
sloshing heights. Nevertheless, irrespective of the simulation
SIMMER-IV
simulation results regarding the times of maximum heights,

geometry, can generally provide reliable
which represent that the compaction velocities determine
significantly the ramp rates in CDA of SFR.

For simulations using particle methods (i.e., SPH and FVP
methods), more information about the flow shape and
fragmentation of the liquid was obtained (see Figure 4A). In
addition, it was confirmed that simulations with a higher
resolution showed greater agreement with experimental
results; this is because lower resolution would generally lead
to a lower particle number density for inward sloshing motion,
causing a diminished bulk flow of liquid piling up motion,
thereby underestimating the centralized sloshing height (Guo
etal,, 2010, 2012; Vorobyev, 2012; Buruchenko and Crespo, 2014;
Jo et al, 2019; Jo et al, 2021). Furthermore, by referring to
Richardson’s extrapolation and the grid convergence index
(GCI) (Roache, 1972, Roache, 1998), it was found that as the
resolution increased (i.e., a larger particle number (N,) was
applied in calculations), the maximal centralized sloshing
height tended to increase and converge to a maximal value
close to the experimental data when the particle number
the
resolution for accurately reproducing sloshing motion (Jo
et al, 2021). The FVP simulations conducted by Guo et al.
(2010, 2012)showed that the choice of cut-off radius, which is

a defined length characterizing the range of influence of each

became infinite, indicating necessity of sufficient
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particle in a simulation, seemed to only have a slight impact on
the simulation results. Additionally, it was determined that
simulations that considered air particles (i.e., two-phase
simulations) showed the best agreement with experiments due
to the prevention of local numerical errors from particle
deficiency in the free surface area, especially for the
centralized sloshing peak (Jo et al., 2021). Through two-phase
SPH simulations, it was found that gas might be entrapped in the
water during the centralized sloshing motion, revealing the
possibility of pressure buildup resulting from vapor trapped
during the sloshing motion. Overall, more accurate simulation
results were obtained using the SPH method.

2.2 Dam-break and fluid-step sloshing
motions with solid obstacles

2.2.1 Description of experiments

To study the influence of the presence of solid obstacles (due
to the possible incomplete melting of structural materials) on the
sloshing motion, two types of obstacles, namely, rod- and ring-
shaped obstacles, were employed. In the case of rod-shaped
obstacles, as shown in Figures 3D,E, symmetrical (12 rods)
and asymmetrical (half-symmetrical, 6 rods) distributions of
rods around the inner column were considered, with varying
distances from the centers of the rods to the center of the
container, while the diameter of the rods was geometrically
scaled down based on their blockage ratio (Maschek et al,
1992a; Maschek et al.,, 1992b). Figure 5B shows the sloshing
motions seen in some typical cases with rod-shaped obstacles. It
was found that the rod-shaped obstacles had no significant
impact on the outward sloshing characteristics, but greatly
dampened the inward sloshing (see Figures 4A, 5B, and
compare the data with those of experiment 1 shown in
Table 1 and experiments 1 and 2 shown in Table 3). This is
because rod-shaped structures may impact on the inward
centralized sloshing intensity to augment the inherent
unsteadiness of the converging liquid waves moving inward.
Such a dampening impact on inward sloshing intensity was
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TABLE 3 Comparison of sloshing characteristics for dam-break experiments and numerical simulations with solid obstacles (D;, = 11 cm, H;, =20 cm)
(Maschek et al., 1992a; Maschek et al., 1992b; Munz and Maschek, 1992; Vorobyev et al., 2011; Vorobyev, 2012).

Case R, Hying
[cm] [cm]
Arrival
time [s]
Case 1: Symmetrical distribution, rod-shaped obstacles
Experiment 1 9.9 0 0.22 £ 0.02
SPH (without extra wall 9.9 0 0.19
friction)
SPH (with extra wall 9.9 0 0.19
friction)
Experiment 2 17.6 0 0.20 £ 0.02
SPH (without extra wall 17.6 0 0.20
friction)
SPH (with extra wall 17.6 0 0.20
friction)
Case 2: Ring-shaped obstacles
Experiment 0 3 -
SIMMER-II 0 3 -
AFDM 0 3 -

Outward sloshing motion®

Inward sloshing motion

Time of max Max H [cm] Time of max Max
H [s] H [s] H [cm]
0.44 + 0.02 15+1 0.90 + 0.04 342
0.39 185 0.78 45
0.38 15.5 0.78 5.0
0.42 + 0.02 15+ 1 0.88 + 0.04 15+3
0.42 21.0 0.82 17.0
0.41 18.5 0.84 15.5
0.32 + 0.02 14+1 060 + 543

0.06
- - - 13.0
- - - 10.0

“For cases of ring-shaped obstacles, the data for outward sloshing motion was recorded for the upward deflection of the ring-shaped obstacles, as indicated in the third photo of Figure 5A.

restrained to some degree when a longer R, (i.e., greater distance
between the rods and the center) or asymmetrical distribution of
rods was employed. For fluid-step cases, the effect of rod-shaped
obstacles restricting inward sloshing motion seemed to be less
evident. This is because in general, based on fluid-dynamics
theory (Stoker, 1957), in such an oscillating sloshing system,
most of the damping is relevant to the surface waves, and the
kinetic energy is mostly stored in these wave packages. Therefore,
compared with the dam-break cases, there was less energy
with
interactions between surface waves and deepwater waves
(Maschek et al., 1992b).

For the experiments using ring-shaped obstacles, as shown in

dissipation in such oscillating sloshing systems

Figures 3A,G, Plexiglas rings of a specific height (Hying = 2 or
3 cm) were placed at the bottom of the pool between the outer
container and the inner liquid column. As can be seen from the
dam-break sloshing motion with ring-shaped obstacles that is
shown in Figure 5A, due to deflection by the ring-shaped
obstacles, a bowl-type liquid structure formed first during the
outward sloshing motion, and the intensity of the outward
sloshing at the peripheral area of the outer container and the
inward sloshing at the pool center was observably diminished.
Similarly, the diminishing effect of ring-shaped obstacles on
sloshing intensity could also be seen in fluid-step experiments.
In summary, the dampening influence of solid obstacles on the
intensity of pool sloshing motion was confirmed, suggesting it
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might be difficult to achieve an intensive, centralized sloshing
motion in cases where solid obstacles were present in a molten
pool under accident conditions.

2.2.2 Numerical simulations

To simulate sloshing motions in the presence of solid
obstacles, the SIMMER-II, AFDM, and SPH methods were
employed. As shown in Figure 5B, the dam-break sloshing
motion with symmetrically distributed rod-shaped obstacles
was rationally reproduced by the SPH method, and the
dampening effect of these obstacles could be well described by
SPH simulations (Vorobyev et al., 2010; Vorobyev et al., 2011;
Vorobyev, 2012; Buruchenko and Crespo, 2014; Jo et al., 2019; Jo
et al,, 2021). In particular, Vorobyev et al. (2011) found that the
effect of wall friction caused by rod-shaped obstacles, which is
related to momentum dissipation, played an essential role in the
sloshing motions. in Table 3,
the lead to
overestimate of sloshing intensity. On the other hand, Munz
and Maschek (1992) determined that SIMMER-II and AFDM
can provide reasonable phenomenological simulations of dam-

Generally, as shown

underestimating wall  friction would an

break sloshing motions with ring-shaped obstacles. Nevertheless,
an obvious overestimate of sloshing intensity (e.g., maximal
sloshing height) was observed (see Table 3), which may have
been due to the 2D simulation conditions, although the
dampening impact of ring-shaped obstacles on the centralized
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TABLE 4 Comparison of sloshing characteristics for dam-break experiments and numerical simulations with solid particles (D;, = 11 cm) (Maschek
et al., 1992b; Guo et al,, 2012; Yamano et al., 2012).

Case Hyy, H; Outward sloshing motion Inward sloshing motion
[cm] [cm]
Arrival Time of max Max Time of max Max
time [s] H [s] H* [cm] H [s] H [cm]
Case 1: Particle-ring condition
Experiment 1 1 20 0.28 + 0.02 0.40 £ 0.02 10/8 £ 1 0.80 + 0.04 25+5
SIMMER-IV (without a momentum diffusion 1 20 0.21 0.36 11/11 0.82 32
term)
SIMMER-IV (without a particle viscosity model) 1 20 0.21 0.35 10/10 0.83 36
SIMMER-IV (with a momentum diffusion term 1 20 0.21 0.36 10.5/10.5 0.82 27
and particle viscosity model)
FVP 1 20 0.22 0.38 14/3 0.85 38
Case 2: Central particle condition
Experiment 7 23 0.24 + 0.02 0.40 £ 0.02 1501 0.84 + 0.04 30+ 8
FVP 7 23 0.20 0.41 19 0.92 65

“In this column, the maximal sloshing heights shown in the case of particle-ring conditions were identified for liquid and solid particles, respectively (e.g., 10/8 means the maximal sloshing

height for liquid was 10 cm, while for solid particles it was 8 cm).

sloshing intensity could be effectively reproduced through

comparison with the simulation results for dam-break

sloshing motions in pure liquid pools.

2.3 Dam-break sloshing motions with
one-sized cylindrical solid particles

2.3.1 Description of experiments

To investigate the influence of solid particles dispersed in
the liquid pool, Maschek et al. (1992a, 1992b) carried out
several dam-break experiments using cylindrical acrylic
particles (p, = 1130kg/m’) of height and diameter 3 and
2.5 mm, respectively, to form particle beds with a porosity of
40% (see Figure 3H). In the experiments, two types of initial
particle location conditions (namely, particle-ring and central
particle conditions) were applied. For the particle-ring
experiments, a particle bed with a height (Hy,) of 1 or 2 cm
was initially located in a ring, of which the inner diameter was
29 cm and the outer diameter was the same as D;. As for the
central particle experiments, a particle bed with a height of 7 or
22 cm was located on the bottom of the inner container. Figures
5C,D show the typical dam-break-sloshing motions under
particle-ring and central particle conditions, respectively.
According to Figure 5C, it can be observed that in case of
particle-ring conditions, the released liquid would first push the
particles outward and then slosh inward together with the
particles to form an asymmetric multiphase centralized peak,
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which involved gas, liquid, and solid particles, thereby
destroying the coherent sloshing motion and weakening the
intensity of inward sloshing. Similarly, asymmetric multiphase
centralized sloshing motion occurred in the central-particle
experiments using a particle bed with a low height (7 cm), so
that the inward sloshing intensity was diminished (see
Figure 5D). However, it was found that if the particles
dominated the pool (e.g., if the inner column was composed
of water and a particle bed of the same height), the multiphase
flow would slosh outward but no inward sloshing motion could
be observed (Maschek et al., 1992b), indicating the complete
dampening of centralized sloshing motion. Hence, based on
these findings, it can be concluded that greater particulate
domination plays a crucial role in diminishing the intensity
of sloshing.

2.3.2 Numerical simulations

Regarding the simulations for dam-break sloshing
motions involving solid particles, SIMMER-IV (for particle-
ring cases) and FVP (for both particle-ring and central particle
cases) were applied (Guo etal,, 2012; Yamano et al.,, 2012). For
the Eulerian-based SIMMER-IV code, the solid particles were
represented by the volume fraction with a porosity of 40%, and
their size was specified so that the same volume-equivalent
diameter could be ensured in accordance with that of the
particles used in the experiments. However, for this reason,
the differences in the maximum sloshing height between solid
particles and liquid were not identified. From the SIMMER-IV

frontiersin.org


https://www.frontiersin.org/journals/energy-research
https://www.frontiersin.org
https://doi.org/10.3389/fenrg.2022.893048

Xu and Cheng

A 1000 mm

10.3389/fenrg.2022.893048

Back Lighting
7N

wuw 000T

(® Pressure Sensor

High Speed
Video Camera

Nitrogen Gas Vessel

| Viewing tank

Back light

v

@ Pressure Sensor

K e P)
|

B
Hj.
S {
= )
Digital
Camera
Video
Monitor Nozle
Magnetic valve
C 60 mm
P
=3
3
e
Digital
Camera
M r" Nozzle
Monitor
Gas flow meter-
Magnetic valve

Gas container

Magnetic valve

Nitrogen gas vessel

:,, Viewing tank

Back light

1=

T Water (simulant material of molten fuel)

@

Gas container

FIGURE 6

~{ _ Particlebed

Bubble @ Pressure Sensor

Magnetic valve

Nitrogen gas vessel

Experimental system for gas-injection experiments in liquid pools (Morita et al,, 2014; Cheng et al., 2018c; Cheng et al.,, 2019b). (A) Pure liquid
pool with hydraulic disturbances. (B) Pure liquid pool without hydraulic disturbances. (C) Liquid pool without hydraulic disturbances and with a solid

particle bed.

Frontiers in Energy Research

frontiersin.org


https://www.frontiersin.org/journals/energy-research
https://www.frontiersin.org
https://doi.org/10.3389/fenrg.2022.893048

Xu and Cheng

10.3389/fenrg.2022.893048

600
550 Augmenting effect — Center
. = ~
E €
< E E
H 2 2
g o o
P -4 -
5 5 VL E
1 «© \ h/ o
2 1 g vy =
] 350 [ Timing of gas injection
5 \ \ \ﬂ ﬂm- 025T R\ \ <—o015T ]
300 300 1 ! A - S|
e 2 @& & © U 92 43 16 o 2 4 6 8 10 12 14 16 I 6 8 10 12 14 16
Time (s) Time (s) Time (s)
600 600 : . . 100 T T
Timing of disturbance
Augmenting effect
850 Augmenting effect ssol L ( % Type1  Type2
; (i g 50 - -
T 500 / Mitigating effect E s00l Mitigating effect <
£ < E < =
= = N 3
2 450 2 ss0f \ 5
= 3 £
E T o
T 400 £ 400} E
= = g
350 [ | Type 1 350 | Type 1 5
--------- Type 2 e Type 2
300 L s L L L L 300 i i ¢ : . ; -100 , L L N
50 60 70 80 90 100 110 120 %0 B0 '70° &0 80 100 110 420 75 8 85 9 95 10
Time (s) Time (s) Time (s)
FIGURE 7

Water-level variations indifferent areas of the pool for gas-injection conditions with hydraulic disturbances (Morita et al., 2014). (A) Type

0 experiments: no disturbance. (B) Type 1 experiments: disturbance at 0.25 T (7.955 s). (C) Type 2 experiments: disturbance at 0.75 T (8.385 s). (D)
Central water-level variations in experiments. (E) Central water-level variations in simulations. (F) Lateral momentum variations in simulations (a
negative lateral momentum means an overall outward sloshing motion of liquid, while a positive one means an overall centralized inward

sloshing motion of liquid).

simulations, the necessity for implementing the particle
viscosity model and the momentum diffusion term in the
momentum conservation equation (utilized to model the
increase in fluid viscosity following the increment of
particle volume fraction) was validated, so that the effect of
solid particles on sloshing motions can be better reproduced
(Yamano et al., 2012). As shown in Table 4, it was found that if
the momentum diffusion term and the particle viscosity
model were not involved in the calculations, the centralized
sloshing intensity would be significantly overestimated due to
the larger compaction of the multiphase sloshing mixture. On
the other hand, although the sloshing motion could be
qualitatively reproduced in the FVP simulations (see
Figures 5C,D), it should be highlighted that, as shown in
Table 4, the sloshing intensity was overestimated by FVP,
which was probably due to the lack of models for the
interaction of solid particles (Guo et al, 2012). In short,
the lack of consideration of multiphase interactions, which
may induce momentum and energy dissipation, seems to lead
to the overestimation of sloshing intensity. Therefore, to
better reproduce the experimental sloshing motion and
achieve more accurate calculations under actual reactor
conditions, multiphase interactions should be modeled
more appropriately.
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3 Sloshing motion under gas-
injection conditions

3.1 Gas-injection sloshing motion with
hydraulic disturbances in pure liquid pools

3.1.1 Description of experiments

Aimed at preliminarily studying the effect of thermal-
hydraulic or neutronic disturbances on sloshing motions,
Morita et al. (2014) conducted several experiments that
involved introducing hydraulic disturbances by injecting
nitrogen gas into a 2D water pool. Figure 6A shows the
experimental devices. Before each experiment, the water level
and the nitrogen gas pressure and flow rate were initially set at
400 mm, 56 kPa, and 230 L/min, respectively. In the experiments,
gas was injected into the pool within 0.2 s through a square
nozzle with a side length of 10 cm located at the bottom of the
tank. This was performed 10 times with a fixed period (T) of
0.86 s. Then, additional gas at a similar flow rate and pressure
(230 L/min and 56 kPa, respectively) was injected at different
times (0.25 T or 0.75 T) after the 10 periodic injections, to induce
hydraulic disturbances in the liquid pool.

Figures 7A—~C compare the central and peripheral water-level
variations in cases under different types of disturbance in the
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experiments. It can be seen that the sloshing motion without
disturbances (see Figure 7A) is relatively stationary, while
observable variations in the water level can be seen after
external disturbances were introduced (see Figures 7B,C). In
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more detail, it can be seen that the disturbance in Type 1 (see
Figure 7B) would strengthen (augment) the sloshing motion but
in Type 2 (Figure 7C) the sloshing intensity was weakened
(mitigated). This was because in Type 1, the gas was injected
at the moment when liquid sloshed out toward the wall, then the
reflected inward sloshing liquid moved to the central area and
joined with the upward gas, which subsequently detached from
the liquid and enhanced (augmented) the outward sloshing
motion to the peripheral areas (Morita et al., 2014). For Type
2, on the other hand, after being injected the gas reached the
liquid surface at the moment when the outward sloshing motion
occurred. As a result, the subsequent inward sloshing liquid wave
interacted with the wave resulting from the gas detaching from
the liquid, leading to a dampened (mitigated) sloshing motion.
According to these typical cases of sloshing motion with
hydraulic disturbances, the overlaying (namely augmenting or
mitigating) effect resulting from interactions between local liquid
flows was identified.

To sum up, although the thermal-hydraulic or neutronic
disturbances resulting from local expansion in the molten
pool could not be comprehensively represented through the
introduced external disturbances triggered by injected gas in
the experiments (e.g., the reactivity insertion resulted from the
fuel compaction caused by the sloshing motion), it was
confirmed that the timing of any external disturbances that
were introduced would determine the (mitigating or
augmenting) effects on the sloshing intensity.

3.1.2 Numerical simulations

Aiming to provide a deeper understanding of the effect of
external disturbances, Morita et al. (2014) applied SIMMER-
III codes to perform further analyses. The reliability of
SIMMER-III for simulating sloshing motion initiated by
injected gas with hydraulic disturbances was validated

through comparisons with experimental water-level
variations for different types of disturbance. The
augmenting and mitigating effects were reasonably

simulated as observed in the experiments (see Figures
7D,E).  To the
characteristics of the entire sloshing system, the lateral

more comprehensively  investigate
liquid momentum was focused on, which was equal to the
sum of the products of liquid velocity and liquid mass of all
mesh cells (Morita et al., 2014). As shown in Figure 7F, there
was generally good agreement between water-level and lateral
momentum variations. In addition, Figure 7F shows that the
introduction of external disturbances could augment the
outward sloshing motion but mitigate the inward sloshing
This that the of

augmented or mitigated sloshing motion following the

motion. may indicate occurrence
introduction of an external disturbance could depend on the
type of sloshing motion (i.e., outward or inward) at the timing
of the disturbance, although further investigations are required

to clarify this (e.g., Fourier analysis of signals collected from
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experiments along with an evaluation of the impulse of a single
bubble to obtain fundamental quantities of the oscillator for
such a quasi “forced oscillating system”). In addition, further
studies that consider neutronic feedback are necessary to
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rationally evaluate the energetic potential of the molten pool
and elucidate the sloshing motions in response to neutronic or
thermal-hydraulic disturbances.

3.2 Gas-injection sloshing motion without
hydraulic disturbances in liquid pools

Focusing on the sloshing motions induced by local FCI,
extensive experiments without hydraulic disturbances were
(2018¢, 2020), who injected
nitrogen gas into narrow 2D liquid pools (including pure and

conducted by Cheng et al

stratified liquid pools) to obtain better visualization (see
Figure 6B). To simulate the co-existence of molten fuel and
molten stainless steel, the stratified liquid was composed of
transparent oil and colored water, which possessed
comparable density and viscosity ratios to those expected to
be crucial parameters affecting sloshing characteristics (Fauske
and Koyama, 2002; Cheng et al., 2020). Various parameters, such
as the pressure of injected gas (P, 1.5-4.5 bar), the duration of gas
injection (AT, 0.06-0.1 s), nozzle size (D,,, 10-50 mm), and initial
liquid (water or cleaning oil) depth (H,, or H,, 10-60 cm), were
investigated in experiments to comprehensively study the
parametric effect on the sloshing motion. Typically, the gas-
injection durations were set with consideration of the durations
of vapor expansion triggered by local FCIs, according to past
investigations of FCIs (Cheng et al.,, 2014; Cheng et al., 2015;
Zhang et al., 2018; Cheng et al., 2019d).

The

conditions without disturbances are shown in Figure 8. From

transient sloshing motions under gas-injection
Figures 8A,B, it can be seen that the shape of the injected gas
bubble initially had a concave lower surface following its
detachment from the pool bottom, indicating a relatively
higher (lower) pressure inside the bubble in comparison with
the liquid static pressure at its upper (lower) surface. As the gas
bubble rose up, probably due to this difference in pressure, two
symmetric vortices with an upward trailing flow, as well as the
continuous enlargement and geometrical elongation of the
bubble, were observed. When the bubble arrived at the liquid
surface, it tended to break up immediately, possibly as a result of
the huge difference in pressure between the static water pressure
at its base and the atmospheric pressure. Due to this rapid bubble
bursting, the two symmetric vortices accelerated and moved to
the peripheral areas, simultaneously impelling the central liquid
out toward the peripheral areas. After that, the liquid was pushed
back to the center of the pool under the gravitational effect and
formed a centralized sloshing peak.

The sloshing flow-regime characteristics described above
were found to be common for various experimental cases, but
a comparatively larger bubble was observed in cases of lower
liquid density (see Figures 8A,B). Nevertheless, compared with
the cases with pure liquid pools, in the cases of pools with
stratified liquid it was seen that during the process of the
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I(dp = 0.125 mm, Hyp, = 15 cm, p = 3 bar). (B) Regime Il (d, = 0.5 mm, Hy, = 15 cm, p = 3 bar). (C) Regime Il (d, = 0.5 mm, Hy, = 30 cm, p = 3 bar). (D)
Regime Il (dp = 0.5 mm, Hy, = 30 cm, p = 2 bar). (E) Regime Il (d, = 6 mm, Hp, = 15 cm, p = 3 bar).

bubble rising upwards, much water was entrained upward by the
two vortices along with the upward trailing flow and
subsequently diluted the upper cleaning oil region (see
Figure 8C). Although a centralized water peak emerged due to
the entraining effect of the bubble (see the photo at 0.88 s in
Figure 8C), recognizing the thinned colored region near the peak,
it should be pointed out that the compaction of water in such
situations was very limited. This is because compared with the
initial depth of water, the vertical location of water peak was not
obviously elevated, and was even lower than the initial water
depth for some specific cases (Cheng et al., 2020). It was also
verified that, in addition to the injected gas pressure, the ratio of
the depth of the different liquids (H,/H,) played a prominent
role in the abovementioned water entrainments (Cheng et al,
2020). For instance, in cases of a lower depth ratio (i.e., more oil
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and less water), the water region could remain more static under
the influence of the weakened entrainment effect resulting from
the greater distances from the water region to the upper surface of
the liquid (Cheng et al., 2020). For cases with a greater water
depth and a lower oil depth, although the entrainment effect
caused by the generated vortices was strengthened, a large
majority of the water was diluted and redistributed. Therefore,
the above analysis reveals that if liquid stratification occurs under
real accidental conditions in a reactor (i.e., a layer of molten
structural materials covers the upper surface of molten fuel),
regardless of the depth ratio, the fuel compaction may be
generally diminished.

For the quantitative analyses of parametric effects, Figure 9A
shows the influence of injected gas pressure on the peak height of
the liquid level (AH,,,y) in the central and peripheral areas of the
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In Stage 1: Particle bed provides less resistance to the gas bubble
injected (Smaller particle-bed inertia).

In Stages 2&3: A large amount of particles are lifted up by the rising
bubble. With the rising of bubble, two symmetrical vortexes and the
upward trailing flow drive the lifted particles away from pool center to
peripheries (Larger gas-bubble impulsion). With time going by, the
widely dispersed solid particles tend to sediment gradually.
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the vortex and liquid flow formed later (Larger particle inertia).
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In Stages 2&3: More lifted particles slide down when the bubble is
detaching from particle bed, resulting in quite limited particles to be
driven away from pool center (Larger particle inertia).
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Transitional regime
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In Stage 1: A narrower bubble path is formed due to its weaker
impulsion (Smaller gas-bubble impulsion).
In Stages 2&3:The lifted particles tend to fall down much earlier
within a rather limited region of pool center.
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Higher Hyp,
Lower P

In Stage 1: Due to a large bed inertia, particles provide a larger
resistance to the rising bubble and it seems quite difficult for the
bubble to surface from particle bed (Larger particle-bed inertia).

In Stages 2&3: Because the bubble is detaching from the particle bed
very slowly, there are sufficient time for particles lifted by the rising
bubble to roll down along the bubble edge and accumulate on the pool

Quasi-flat bed
(Figure 10(C))

Short convex
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(Figure 10(D))
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(Figure 10(E))

center (Larger particle inertia & smaller gas-bubble impulsion).
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FIGURE 11

Illustrations for different flow-regime characteristics under different experimental conditions.

pool. From this figure, it can be observed that with increasing gas
pressure, the sloshing intensity at the center and peripheral areas
increased until a critical pressure was reached (i.e., approximately
3.5, 3, and 4 bar for pure water, pure cleaning oil, and stratified
liquid, respectively) and subsequently tended to diminish,
indicating a possibly saturated sloshing intensity. This may be
understood through the fact that during the inceptive stage of
increasing pressure, a more significant influence on the variations
in liquid-level height could occur as a result of the much greater
lifting force on the rising bubble caused by the higher pressure of
injected gas. However, if the injected gas pressure became
sufficiently high (such as larger than the critical value), as
shown in Figure 9B, the time that the bubble resides in the
liquid pool could be noticeably reduced by the much-increased
velocity of the rising bubble, resulting in a dampening effect on
the sloshing intensity. In Figures 9A,B, a similar tendency in the
variation of the residence time of the bubble with gas-injection
pressure can be seen. This may be the reason that although the
speed of the rising bubble was expected to accelerate with
increased injected gas pressure, some transient processes (e.g.,
bubble bursting as well as deformation and elongation) are likely
to play a more prominent role during the bubble rising process
(when the pressure was below the critical value). These transient
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processes therefore result in a longer residence time (Cheng et al.,
2018c¢). Nevertheless, as the injected gas pressure augmented over
the critical value, though such effect on extending the bubble
residence time resulted from the transient processes still existed
to some degree, the overall bubble rising velocity should become
a more dominant factor on the residence time.

One more important point that can be seen from Figures
9A,B is that for experiments in pure liquid pools, a greater liquid
density seemed to diminish the maximal elevation of the liquid
level due to the larger resistance force on the rising bubble caused
by greater inertia of the liquid. With cases of stratified liquid, as
shown in Figure 9C, the sloshing intensity was clearly weakened
by employing a greater water—oil depth ratio, which signified
more fraction of larger-density water in the pool to restrain the
upward movement of rising bubble due to its relatively larger
liquid inertial force. Furthermore, due to this larger inertial force
of liquid, the critical pressure was found to become relatively
larger in cases of larger water—oil ratios (see Figure 9C), revealing
that the a much intensive sloshing motion was difficult to
attained in this case. It has been demonstrated that the
sloshing intensity tended to be strengthened first then
diminished afterward with the increasing initial depth of
liquid in the pool (Hpoo1). This may be explained by the fact
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that a greater depth of liquid could enhance the liquid’s inertia
(restricting effect) and prolong the bubble residence time
(positive effect) within the liquid pool in such cases (Cheng
et al,, 2018a). Additionally, it was generally found that smaller
nozzle size and longer gas-injection duration could effectively
enhance the sloshing motion due to the much more violent
hydraulic disturbances to the static liquid pool. However, more
analyses are required to quantitatively considering the time-scale
couplings and momentum injection rate during the sloshing
motion for clarifying the correlations between sloshing intensity
and varying parameters.

On balance, owing to the more comprehensive and detailed
experiments conducted by Cheng et al. (2018c, 2020), various
parametric effects on the sloshing intensity were validated e.g.,
depth ratio of stratified liquids, injected gas pressure, liquid
depth, and gas-injection duration as well as nozzle size.
Additionally, a possible way to mitigate fuel compaction in
actual reactor accidents was identified, if a layer of molten
structural materials exists at the upper area of the molten
fuel pool.

3.3 Gas-injection sloshing motion with
solid particles

Figure 6C shows the experimental system employed for
investigations with solid particles by utilizing gas injection.
Considering the probable situations that might occur in a
CDA of an SFR, particle beds with different compositions
(such as particles of different density, size (d,, 0.125-8 mm),
shape (spherical and non-spherical), components (single size and
density, bicomponent mixed-size, bicomponent mixed density),
and different initial height (H,, 5-30 cm) were used and placed
on the bottom of pool, and gas-injection duration (0.06-0.1 s) as
well as injected gas pressure (2-4 bar) were also treated as
experimental parameters to obtain valuable experimental data
for further numerical validation (Cheng et al., 2019a, 2019b,
2019¢; Xu et al., 2022).

From the basic experiments with single-sized spherical
particles, three stages of development for the sloshing process
with solid particles were observed. The first and second
experimental snapshots in Figures 10A-E illustrate Stage 1, in
which the gas bubble entered at the bottom of a particle bed and
rose to the top of the particle bed. In the third and fourth
experimental snapshots in Figures 10A-E, Stage 2 is shown, in
which the bubble detached from the particle bed with some
possibility that particles could be pushed up and subsequently
roll down along the edge of the bubble. After that, as displayed in
the fifth and sixth experimental snapshots in Figures 10A-E, the
bubble moved upward in the upper free liquid area to
subsequently induce the outward peripheral and inward
centralized sloshing motions. In addition, according to the
multiphase interaction mechanism involving liquid, injected
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gas, and solid particles, three typical flow regimes (Regime I:
bubble-impulsion dominant regime; Regime II: transitional
regime; and Regime III: bed-inertia dominant regime), as
shown in Figure 10, were specified and resulted in three
corresponding final particle bed geometries. It should be
noted that such characteristics might not emerge for fluidized
beds (Didwania and Homsy, 1981; Bai et al., 1999), as under these
experimental conditions the particles were far from being
fluidized beds (i.e., no fluidization). Based on experimental
analyses, as shown in Figure 11, the remarkable parametric
effects on the flow-regime transitions and sloshing intensity
were investigated and validated. In general, the flow-regime
transitions were dictated by two important factors: particle-
bed inertia and gas-bubble impulsion.

In the extended experiments with single-sized non-spherical
particles, which were conducted considering the fact that various
shapes of solid particles may be encountered in an actual CDA,
particles of cylindrical, triangular prism, and irregular shapes
were taken into account (Cheng et al, 2019c). Based on
experimental observations, it was found that as the particle
sphericity increased, due to the additional particle-particle
friction and collisions resulting from some shape-relevant
properties (Cheng et al., 2018b), not only was the overall
particle-bed inertia diminished in Stage 1 but also the rolling-
down process tended to be prevented in Stage 2, while
interactions between the fluid flow and solid particles were
enhanced, as a result facilitating regime transitions from a
higher number to a lower one.

Recognizing that solid particles may also occur in various
sizes in the molten pool of an actual CDA of an SFR, a large
number of extended experiments using bicomponent mixed-
sized spherical solid particles at the same densities but with
different volumetric mixing ratios were conducted by Cheng
et al. (2019a) to elucidate the effect of mixed sizes on sloshing
motion. From the experiments, although the abovementioned
key parametric effects on the flow-regime transitions were in
general validated, typically the flow-regime characteristics
tended to shift from a higher (e.g., Regime III) to a lower
one (e.g., Regime II) if larger weights of smaller particles were
employed in the particle mixtures. In addition, compared with
the experimental results using single-sized solid particles, an
incongruity could be found, especially for experiments
employing more smaller particles within the particle
mixtures. In the mixed-sized experiments, a quasi-flat bed
was not only found in the transitional regime (namely
Regime II) but also emerged in Regime II/III and Regime
III/II, which signified the flow regimes involving the
characteristics of Regime II and Regime III. Particularly, the
symbols III/IT and II/III were marked for such experimental
cases which had more characteristics of Regimes III and II,
respectively. The reason for this incongruity may be that
although the overall impact of particle-bed inertia was
comparatively somewhat larger than that of the gas-bubble
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impulsion in cases of Regime III/IT or II/II1, the impulsion of the
rising bubble might still exceed the inertia of smaller particles
within the particle mixtures. This can cause the separation of
particles of different sizes in the particle mixtures, which could
lead to flow-regime deviation from a strict Regime II for
instance (Cheng et al, 2019a). This may also explain why
the in-between flow regimes were mostly emerged when
more particles with small size presented in the particle
mixtures. Noticing this point, further dimensional analysis
may therefore be needed to classify the flow regimes and
patterns more elaborately.

Considering the co-existence of other non-melted or refrozen
materials (e.g., control rods and structures) in the molten pool
during an actual scenario of a CDA in an SFR, further
experiments were carried out by Xu et al. (2022) using
bicomponent mixed-density particles of identical sizes. In
the effects of
experimental parameters (such as particle size, injected gas

general, they re-confirmed fundamental
pressure, and height of the particle bed) on the flow-regime
transitions. For the effect of mixed-density particles, it was found
that if the particle mixtures were composed of more high-density
particles, the flow regimes would transit from a lower one to a
higher one due to the relatively larger overall particle-bed inertia.
the the

aforementioned in-between flow regimes were not found. This

However, compared with mixed-size  cases,
may be due to the smaller particles being more likely to pass
through the larger gaps (or void spaces) among larger particles,
while for mixed-density cases, due to the identical size of each
component, the capability of lighter particles to pass through the
gaps between heavier ones was thought to be largely restrained.

In short, based on experiments using gas injection with solid
particles, it was demonstrated that through increasing the overall
particle-bed inertia by particle-bed-related parameters (e.g.,
particle density, particle size, and height of the particle bed),
not only would the gas-bubble impulsion effect in Stage 1 be to
some extent limited within the particle bed but also the rolling-
down effect of solid particles along with their sedimentation
effect lifted by upward moving injected gas in Stage 2, resulting in

the flow regimes shifting from lower to higher ones.

4 Conclusion and future prospects
4.1 Conclusion

Studies into molten-pool sloshing motion are important for
the improved evaluation of the transition phase of CDAs in SFRs.
Knowledge gained from experimental and numerical
investigations into the mechanisms and characteristics of
molten-pool sloshing motion are valuable not only for the
improvement and verification of SFR safety analysis codes
(which can invoke the simulation using actual materials in

reactors and coupling with neutronic models) but also to
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provide reference data for studies of sloshing motion in other
fields of engineering. We have systematically reviewed and
discussed experimental and numerical studies into sloshing
characteristics that have been performed in the past, focusing
on thermal-hydraulics aspects under various conditions,
including dam-break, fluid-step, and gas-injection conditions.
Based on these studies, the important characteristics necessary
for evaluating sloshing intensity (e.g., the maximal heights that
emerge during peripheral outward and centralized inward
sloshing motions) were identified, and the applicability of
various simulation approaches (such as SIMMER code, SPH,
and FVP methods) were validated through comparisons of both
qualitative and quantitative experimental observations.

In the pioneering dam-break and fluid-step sloshing
experiments in pure liquid pools, it was found that the
sloshing characteristics were significantly affected by the
overall liquid inertia and symmetricity of the sloshing system.
With the further consideration of the non-melted or refrozen
solid materials (e.g., control rods and structural materials) that
may be present in a molten pool during an actual CDA in an SFR,
dam-break and fluid-step experiments with solid phases
(including rod- and ring-shaped obstacles, and solid particles)
were conducted, and the dampening effect of the presence of
solid phases on sloshing intensity was confirmed. This illustrated
the difficulty of obtaining an intensive sloshing motion when
sufficient amount of solid phases still existed in the molten pool
during the CDA of SFR. As for the numerical simulations, the
reasonability and applicability of SIMMER-IV code, SPH, and
FVP methods for reproducing a dam-break along with the fluid-
step sloshing motions in pure liquid pools (particularly for the
compaction velocity) were validated. In general, for Eulerian-
based methods (such as SIMMER code), the notable influences of
the spatial differencing order and simulation geometries on the
numerical accuracy were found. For the particle methods, more
accurate results could be attained, with higher resolution, but this
also caused an unavoidable reduction in numerical efficiency. In
addition, it was revealed that vapor-trapping phenomena might
occur during centralized sloshing motion, in accordance with the
two-phase SPH simulations. However, from the simulations of
dam-break experiments with solid phases, the necessity for
modeling the multiphase interactions (particularly for those
on solid phases) to obtain adequate simulation rationality and
accuracy was demonstrated, whereas the dampening effect of
solid phases on sloshing intensity could not observed or were
underestimated.

As sloshing motion might be encountered as a result of
rapid vapor generation and pressure buildup due to local FCIs
within a large-scale molten pool during its formation and
enlargement, the gas-injection method was used to study this
type of sloshing motion. To study the effect of thermal-
hydraulic disturbances on sloshing motions, several
experiments using the gas-injection method were carried out
with hydraulic disturbances in a pure-water pool. Based on
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these experiments, the mitigating and augmenting effects on the
sloshing intensity were found to depend on the timing of the
external disturbances that were introduced, due to the
interactions between local liquid flows; these could also be
reproduced well through the SIMMER-III calculations. On
the other hand, to more deeply and comprehensively
elucidate the sloshing mechanism and the characteristics
triggered by a local FCI, several experiments were conducted
using the gas-injection method without hydraulic disturbances
in liquid pools without solid phases, and various parametric
effects were taken into account. Based on qualitative and
quantitative experimental observations, it was confirmed that
a maximal sloshing intensity was likely to emerge a critical
pressure of injected gas, whose value is up to the liquid inertia
(e.g., liquid density and liquid depth) as well as the depth ratio
of stratified liquids, was reached. Moreover, it was revealed that
fuel compaction might be diminished in real reactor accidents
in cases where the stratification of molten fuel and molten
structural materials was present, although the possibility of
reactivity insertion due to molten-pool stratification should be
noted for the real accidents. In the gas-injection experiments
with solid particles, three typical flow regimes, referred to as the
bubble-impulsion dominant regime, the transitional regime,
and the bed-inertia dominant regime, were identifiable and
were dominated by the overall gas-bubble impulsion and
particle-bed inertia in different stages during the sloshing
process. However, in the cases with mixed-size particles,
some in-between flow regimes were found to appear due to
the different prominence of larger-size particles and smaller-
size particles in the particle bed against the gas-bubble
impulsion, indicating a different time scale for momentum

dissipation between larger and smaller particles.

4.2 Discussion and future prospects

Although much valuable knowledge and understanding
concerning molten-pool sloshing motion have been gained
through experiments and numerical simulations with their
analyses of thermal-hydraulics mechanisms, in general, the
analyses and discussions are lacking in their consideration of
momentum dissipation processes (e.g., interfacial dynamics
the
dissipation of momentum (e.g., particle size, particle density,

between fluid and particles). The contributors to
particle components, intensity of gas-impulsion, and liquid
properties) should be studied. In addition, the behaviors of
the fluid and solid mixture may be different with the different
time scale of impulsion built-up. Therefore, more elaborate
studies into the initiators of sloshing motion (e.g., local FCIs
and fuel or steel vapor generation) should be performed to better
understand the mechanism and characteristics of molten-pool
sloshing. On the other hand, it should be pointed out that
compared with the conditions  that

parametric were
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considered in the experiments, the actual conditions in reactor
accidents are more complicated. Furthermore, as experiments at
real scale with real materials are difficult to perform, the
verification of safety analysis codes/methods is of great
significance if it is based on more elaborate experiments that
clarify the mechanism of sloshing motion under the possible
conditions that may occur during a CDA. The numerical
accuracy for reproducing the sloshing motion (particularly for
cases with solid phases) should also be further improved for the
improved assessment of severe SFR accidents. In addition,
investigations should focus on the sloshing intensity and fuel
compaction velocity, which are anticipated to be of great
importance to the power deposition and recriticality issues
during a CDA of an SFR.

In the future, experimental and numerical studies into the
sloshing mechanism and characteristics could include but are not
limited to the following aspects.

1) Further gas-injection experiments with external disturbances
that complete parametric conditions.
Although it has been confirmed that the timing of
insertion of external disturbances is a key factor for

consider more

augmenting or mitigating the sloshing intensity, it remains
necessary to conduct additional experiments with a variety of
other parameters (such as gas-injection duration period along
with pressure, intensity of disturbances, and location of
disturbance insertion) to gain a deeper clarification of the
effect of external disturbances to study the determining
the
mitigating) effects and the timing of introducing external

regular for overlaying (namely augmenting or

disturbances.
2

~

Further experiments and validations for multicomponent
(i.e, more than three components) mixed solid particles
(including mixed-sized and mixed-density particles) using
gas-injection methods. Although some important sloshing
characteristics were captured in past investigations by using
mixed-sized and mixed-density spherical particles under gas-
should be noted that only
bicomponent particle mixtures were used. Therefore, to

injection conditions, it

obtain more information regarding the sloshing motion
further
experimental investigations should be performed with

under a more realistic particulate situation,
multicomponent mixed particles. In addition, considering
the incongruities found in the previous bicomponent
mixed-sized experiments, elaboration of some dimensional
analyses may be necessary to evaluate the flow-regime
characteristics and identifications during the sloshing
motion with particle bed consisted of multicomponent
mixed particles.

3

=

Further gas-injection experiments in large-scale 3D pools. In
earlier experiments that focused on sloshing motions initiated
by local FClIs, 2D liquid pools were used to ensure sufficient
experimental visualization so that the basic and essential
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4)

5)

sloshing mechanisms and characteristics could be identified
and understood. By referring the previous experimental
studies regarding the debris bed self-leveling behavior by
using gas-injection method for the CDA analysis of SFR
(Cheng et al, 2011; Cheng et al, 2013a; Cheng et al,
2013b), it may be feasible that insights and fundamental
understandings obtained through 2D experiments can be
validated in large-scale 3D experiments, although some
deviations or changes concerning the specific values of
parameters (such as the critical gas-injection pressure) may
occur due to the dimensional and scale changes (e.g., the
length scale of the ratio of liquid pool height to diameter, and
the time scale of bubble influence) and wall effects. Thus, to
obtain a more comprehensive understanding of the molten-
pool sloshing motion initiated by a local FCIL, it will be
necessary to perform large-scale 3D experiments with
proper scale and dimensional analysis for space-, mass-,
energy-, and time-scales to assess similarity rules. These
large-scale 3D studies may validate the knowledge of the
sloshing mechanism and characteristics accumulated from
2D experiments, while any changes in critical values following
the
investigated.

dimensional and scale variations should also be
Numerical simulations for sloshing motion under gas-
injection conditions without disturbances. In the earlier
numerical studies, a variety of numerical approaches was
attempted and validated in the dam-break and fluid-step
sloshing experiments. However, the applicability of these
approaches or other numerical methods, e.g., the moving
particle semi-implicit (MPS) method that is applicable in the
simulation of multiphase flows with various interfaces
between phases (Park et al.,, 2016; Liu et al., 2021), should
be continuously examined to obtain more reliable analysis for
the evaluation of the sloshing motion in a CDA of an SFR
based on the gas-injection experiments for simulating the
sloshing motion triggered by local FCIs, during which the
high-velocity gas flow along with large bubble deformation
should be considered.

Further numerical simulations for sloshing motion with solid
phases by appropriate treatment of the multiphase
interactions involving the solid phases. In earlier numerical
simulations for sloshing motion with solid phases, the need to
appropriately estimate the multiphase interactions was
demonstrated. Although results
could be obtained by employing some macroscopic models

reasonable simulation
(such as the particle viscosity model) and technical
approaches (e.g., adding a momentum diffusion term and
wall friction), it should be recognized that the solid phase still
played a less prominent role in the sloshing motion in such
cases compared with other phases. Thus, the development
and use is anticipated of more effective models or methods for
reproducing the sloshing motion with a significant amount of
solids (e.g., for gas-injection experiments with solid particles).

Frontiers in Energy Research

21

6)

10.3389/fenrg.2022.893048

For sloshing motion with solid particles, taking into account
the past numerical investigations into particle-related
phenomena for the assessment of severe accidents in SFRs
(Shamsuzzaman et al.,, 2014; Tagami and Tobita, 2014; Guo
et al., 2017; Tagami et al., 2018; Sheikh et al., 2020), in which
solid particles played a major role in the multiphase
behaviors, microscopic models for inter-particle collisions
and contacts or the discrete element method (DEM) may
additionally be considered in the simulations to provide
appropriate estimates of particle-particle interactions.

Further investigations into the effect of coupling between
nuclear power deposition as well as recriticality and pool
sloshing motion based on the knowledge obtained from
thermal-hydraulics studies. Some investigations have been
performed to study the coupling between nuclear power
deposition as well as recriticality and pool sloshing motion
(e.g., a SIMMER-III simulation to study the power deposition
and criticality during sloshing motion by assuming a mass of
molten fuel fragment falls into the molten pool (Tatewaki
et al, 2015)), and the effect of the power excursion and
recriticality on the sloshing intensity were preliminarily
studied. However, it should be noted that the knowledge
from the studies into the thermal-hydraulic aspect of sloshing
motion is of great importance to verify the reasonability and
reliability of the simulation studies regarding power
deposition and recriticality, which will also influence the
sloshing characteristics in an actual CDA. Therefore, in the
based
investigations may be performed using the verified SFR

future, on thermal-hydraulic  experiments,

safety analysis codes/methods coupled with reliable

neutronic models for the further comprehensive evaluation
of the transition phase of CDAs in SFRs.
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Nomenclature
Symbols

D, inner diameter of the inner cylinder
D, inner diameter of the outer cylinder
d, diameter of solid particles

H;, liquid height in the inner cylinder
H,y¢ liquid height in the outer cylinder
Hy, particle-bed height

Hying height of ring-shaped obstacle

H,, water depth

H, depth of cleaning oil
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H

pool total depth of liquid in the pool

AH,,,,x maximum liquid-level elevation

N, particle number

P gas-injection pressure

R, distance of rods from the center of the container
R, ¢ off-centeredness

T gas-injection period

AT gas-injection duration

Greek letters

pp density of solid particles

frontiersin.org


https://www.frontiersin.org/journals/energy-research
https://www.frontiersin.org
https://doi.org/10.3389/fenrg.2022.893048

	Experimental and numerical investigations into molten-pool sloshing motion for severe accident analysis of sodium-cooled fa ...
	1 Introduction
	2 Dam-break and fluid-step sloshing motions
	2.1 Dam-break and fluid-step sloshing motions in pure liquid pools
	2.1.1 Description of experiments
	2.1.2 Numerical simulations

	2.2 Dam-break and fluid-step sloshing motions with solid obstacles
	2.2.1 Description of experiments
	2.2.2 Numerical simulations

	2.3 Dam-break sloshing motions with one-sized cylindrical solid particles
	2.3.1 Description of experiments
	2.3.2 Numerical simulations


	3 Sloshing motion under gas-injection conditions
	3.1 Gas-injection sloshing motion with hydraulic disturbances in pure liquid pools
	3.1.1 Description of experiments
	3.1.2 Numerical simulations

	3.2 Gas-injection sloshing motion without hydraulic disturbances in liquid pools
	3.3 Gas-injection sloshing motion with solid particles

	4 Conclusion and future prospects
	4.1 Conclusion
	4.2 Discussion and future prospects

	Author contributions
	Funding
	Conflict of interest
	Publisher’s note
	References
	Nomenclature
	Symbols
	Greek letters



