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Evaluations of the Core Disruptive Accident (CDA) are significantly important for safety analysis of Sodium-cooled Fast Reactor
(SFR) despite the very low probability of occurrence for CDA. During the material-relocation phase in CDA of SFR, the molten
materials are possibly released from the core region into subcooled sodium, subsequently forming the debris bed on the lower part
of the reactor vessel after being quenched and fragmented. The accumulated high-temperature debris with decay heat can cause
sodium coolant boiling, leading to the so-called “debris bed self-leveling behavior” during which the shape of the debris bed
becomes flattered (leveling). It is important to investigate the debris bed self-leveling behavior due to its potential capacity to
induce the transfer of debris and affect the ability of cooling and criticality of the debris bed. Thus, in recent years, valuable
knowledge concerning the mechanism and characteristics of this behavior was accumulated through lots of experimental results
and modeling developments. Aimed at providing a valuable guideline for future investigations on this issue, in this study, the past
experimental and modeling investigations on debris bed self-leveling mechanism and characteristics are systematically sum-
marized and reviewed, and some future remarks are also proposed to promote the progression of further research for SFR severe

accident analysis.

1. Introduction

The Sodium-cooled Fast Reactor (SFR) is one of the most
promising Generation-IV nuclear reactor systems [1-3].
However, safety is an unavoidable issue that restricts the
development of SFR [4, 5]. Considering the fact that the
most neutronically reactive configuration is not achieved for
intact SFR core due to its specific design [6, 7], evaluation of
Core Disruptive Accidents (CDAs) is regarded as an es-
sential topic for SFR safety analysis despite their extremely
low probability of occurrence. During a postulated CDA in
SFR, the molten fuel, molten structures, and other materials
are possible to be discharged and released from the core area
to the subcooled sodium pool [8, 9]. Subsequently, as shown
in Figure 1, along with the fast quenching and fragmenta-
tion, the molten materials will become solid debris and

accumulate on the core-support structure in the lower part
of the reactor vessel to form the debris bed [10, 11]. To
achieve In-Vessel Retention (IVR), which is primely es-
sential for SFR, it is necessary to ensure the adequate cooling
of the debris beds and their neutronically subcritical con-
figuration [12, 13]. Nevertheless, it was recognized that the
sodium coolant is probably heated and boiled by the high-
temperature accumulated debris with decay heat, causing
the interactions between bubbles and solid debris within
debris beds [10, 14]. As illustrated in Figure 2, due to the
sodium boiling, the shape of debris beds might gradually
vary from a convex one to a leveling one (namely, debris bed
self-leveling behavior) within tens of seconds to hundreds of
seconds, thereby possibly inducing the transfer of fuel debris
(for instance, in the multi-layer core catcher) [15]. Through
the debris bed, self-leveling progression and transfer of fuel
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FIGURE 2: Debris bed self-leveling behavior.

debris, the heights of debris beds are expected to be sup-
pressed below the coolable limit to avoid the potential debris
remelting [15].

Recognizing the importance of the self-leveling behavior
in heat-removal capability, Hesson et al. (1971) and Gabor
(1974) conducted several pioneering experiments separately
[16, 17]. In their experiments, through the respective in-
troduction of airflow into a particle bed and volume-heating
of a UO;,-salt particle bed in water, the self-leveling behavior
was confirmed to exist. Further, it was experimentally val-
idated that even with a low boiling intensity; the debris bed
self-leveling behavior could be found easily [18]. However, in
these pioneering experiments, the self-leveling mechanism
and characteristics were not clearly and detailly illuminated
due to the relatively limited experimental conditions con-
sidered and data acquired.

On the other hand, it should also be pointed out that the
debris bed self-leveling behavior with its spreading was also
found and widely investigated in the context of Light Water
Reactor (LWR) severe accidents after the earliest confir-
mation of the existence of this behavior in CDA of SFR, and
the findings and knowledge from these works also con-
tributed to the understandings of such behavior [19-28].
However, different from the SFR, in the case of LWR, the
debris bed was formed with an overall several-millimeter
debris size in a deep water pool under the reactor vessel (i.e.,
ex-vessel) over the containment basemat, and attention was
generally paid to its ability of cooling and the Molten
Core-Concrete Interaction (MCCI) for assessing the re-
sponse of containment [19-28]. While regarding the SFR,
the debris size is more widely ranged (e.g., from 0.1 milli-
meters to several millimeters) [11, 29], and the aim of
studying the self-leveling behavior is to improve the

structural designs for the SFR safety devices to ensure IVR
(such as core catcher) in case of CDAs with the consider-
ations of not only the ability of cooling of debris bed but also
its subcritical neutronic configuration. Nevertheless, thanks
to the evaluations of debris bed ability of cooling in the
studies for LWR severe accidents, it was understood that the
heat-removal capability of debris beds is remarkably de-
pendent on their geometries (such as shapes and heights)
[19-23], thereby enlightening the investigations on clari-
fying the debris bed self-leveling mechanism and charac-
teristics (e.g., leveling tendency and velocity) for SFR, which
is of great essence for the improved design of in-vessel safety
devices.

To elucidate the debris bed self-leveling mechanism for
better comprehending the CDA of SFR, over the past dozen
years, by using solid particle beds and water to respectively
simulate the debris beds and liquid sodium, lots of exper-
imental studies were elaborately performed by assuming an
initial conical (or convex) shape of debris bed. Overall,
Figure 3 summarizes these experiments, which can be
categorized into two parts: microscopic flow regime and
macroscopic self-leveling experiments. To simulate the so-
dium boiling condition as a result of the decay heat gen-
erated from accumulated debris, the depressurization
boiling method was initially applied at Kyushu University
and Japan Atomic Energy Agency (JAEA) to ensure an axial
increment of void distribution within particle beds [10, 14].
Further, a series of experiments was carried out by applying
the bottom-heated boiling method to examine the reliability
of the depressurization method [10]. Based on the experi-
mental observations, the general characteristics of self-
leveling behavior and some parametric effects (e.g., boiling
intensity, particle size/density) on the leveling onset and
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progression, were identified. In addition, several bottom-
heated experiments carried out at Indira Gandhi Centre for
Atomic Research (IGCAR) further validated the occurrence
of self-leveling under low heat fluxes (lower than the dry-out
heat flux) and the imperfect horizontally level-oft for large-
density particles [30]. However, due to the lack of sufficient
visualization evidence, the self-leveling mechanism was still
needed to be more comprehensively illuminated. Hence,
through the microscopic flow regime experiments by
employing various bubbling approaches (as summarized in
Figure 3) [31-33], the bubble flow characteristics within the
particle beds were ascertained, thereby effectively deepening
the understanding of the observed overall self-leveling
characteristics.

Nevertheless, to attain more valuable results through
experiments supporting the predictive modeling develop-
ment, the applicability of the gas-injection method, by which
the adjustment and controlled behavior of the gas phase
were able to be more expediently realized, was examined by a
series of macroscopic quasi-two-dimensional (2D) small-
scale experiments for self-leveling behaviors with single-size
spherical particles [33]. Then, the gas-injection method was
turther employed in the three-dimensional (3D) large-scale
self-leveling experiments at Kyushu University, JAEA, and
Xi’an Jiao Tong University to diminish the wall effect as well
as extend the parametric range (e.g., gas flow rate) for ex-
trapolating the experimental data and findings [32-40].
However, recognizing that the debris beds are probably
composed of solid fragments and particles with varying sizes
and porosities in the hypothetical CDAs of SFR through the
interaction between melt and coolant [11, 41], various
particle components, such as single-size non-spherical
particles as well as mixed particles (i.e., mixed-density,
mixed-size, and mixed-shape particles), were subsequently
applied to form the particle beds for the large-scale mac-
roscopic self-leveling experiments [38-40, 42, 43].

Considering the complexity and uncertainty of the multi-
phase flow phenomena occurring in the debris bed self-leveling
process [14, 34], aside from experimental investigations,
modeling investigations were also paid attention to because the
modeling approach can not only attractively and reasonably
expand (interpolate or extrapolate) the experimental findings
and data with much lower cost, but also accumulate valuable
knowledge for improving and verifying the computer models
involved in numerical simulations [44, 45]. Noticing this point,
motivated to predict the self-leveling onset, according to the self-
leveling experimental studies using depressurization methods, a
semi-empirical model was proposed [14], and further validated
under gas-injection conditions [40]. However, in this predictive
model, many assumptions should be adopted, especially for the
one in that the topmost particle shifting represents the onset of
the whole self-leveling process, during which lots of interactions
within the particle beds should be considered for better eval-
uating the transient self-leveling behavior. Therefore, aimed at
providing more comprehensive information for assessing the
self-leveling development, a new predictive model for evalu-
ating the variation of the inclination angles of the particle beds
was empirically developed in accordance with the macroscopic
self-leveling experiments using single-size spherical particles for
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depressurization and gas-injection cases [32-34, 37]. Then,
through the introduction of a correlation factor estimating the
particle-shape effect, the applicable range of this model was
further expanded for non-spherical particles [38], so that the
extensibility of this model for covering more complicated and
more realistic conditions was revealed. While noticing the fact
that the particle mound/bed height is also an important factor
for the ability of cooling assessment of debris bed, the estab-
lishment of another predictive model focusing on the variation
of the particle mound height was attempted for single-size
particle (including spherical and non-spherical) cases to attain
more useful understandings on the self-leveling development
[46]. However, since it was further confirmed that the mixed-
size particle characteristics could play a remarkable role in the
progression of the self-leveling process, a predictive model for
the variation of the particle bed height was subsequently pro-
posed for being applicable in single-size and mixed-size particle
cases [42, 43].

Noticing that understanding the debris bed self-leveling
mechanism and characteristics are of great importance for
the improvement of SFR safety assessment, this study carries
out a systematic review and discussion of the relevant ex-
perimental and modeling investigations in the past dozen
years on reveling the self-leveling mechanism and charac-
teristics for SFR. Knowledge and understandings attained
through experimental observations and model predictions
regarding the debris bed self-leveling behavior are believed
to be valuable for improving and verifying the computer
models for SFR severe accident analysis [45], and optimizing
the structural design of the core catcher of SFR. In this study,
the experimental investigations are introduced and sum-
marized in Section 2. In Section 3, the modeling develop-
ments and validations are described and discussed.
Moreover, aimed at providing valuable references and
guidance for future research on the debris bed self-leveling
behavior, conclusions and some future prospects are also
discussed in Section 4 and Section 5, respectively.

2. Experimental Investigations
2.1. Microscopic Flow Regime Behaviors

2.1.1. Experimental Conditions. Aiming at providing valu-
able results for understanding the self-leveling characteristics,
in the experimental studies on microscopic flow regime
behaviors, the gas-injection method with single bubble and
multi bubbles and the bottom-heated boiling method were
employed for 2D and 3D experimental systems (see Figure 4)
to clarify the particle-bubble and particle-particle interactions
within the particle beds. In the experiments, the particle beds
with different heights were initially flat, and the particle
properties (such as density and size) were also taken into
account as important parameters, as listed in Table 1. Relative
low gas flow rates (e.g., 1.7 x 1072 and 2.7 x 107> L/min) were
applied in the experiments with single-bubble injection by
considering the early stages of sodium boiling inside the
accumulated debris bed in a CDA of SFR [31]. On the other
hand, in the bottom-heated experiments, water in the pool
should be heated around its boiling point in advance.
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FIGURE 4: Experimental systems for microscopic flow regime studies with single-bubble injection [31] (a) 2D setup, (b) 3D setup.

2.1.2. Experimental Results. As displayed in Figure 5, it was
found that there were three major flow regimes (i.e., bubble
behaviors), namely the bubble coalescing regime, the
transitional regime, and the bubble trapping regime, which
existed as a result of the different bubble-particle interaction
mechanism. Figure 6 further illustrates the flow-regime
characteristics for single-bubble injections. To attain more
comprehensive understanding of the characteristics of the
injected bubble inside the particle beds, the parametric ef-
fects were also quantitatively investigated.

Figure 7 shows the influence of particle size (i.e., diameter)
on the bubble frequency and bubble size at the surface of the
particle bed. According to Figure 7(a), it is observable that the
bubble frequency would first increase when particle size in-
creased until a critical diameter of particle (near 1 mm) was
achieved, and subsequently decrease. This can be explained by
the reason that in the case of smaller particles (e.g., 0.4 mm), the
bubble movements were restricted and hindered to some
extent due to the compactly packed particle beds (i.e., particle
beds with higher solid holdup). In addition, for small particles
being light, it was easier to be suspended by upward rising
bubbles, thereby providing a resistance to the rising bubbles
due to their gravity [31]. Nevertheless, as particles enlarged, the
particles become heavier and more difficult to be affected by
these buoyancy effects; after particle size became sufficient large
(e.g, >2mm), bubbles would be trapped more and more
significantly as a result of heavier particle weight, leading to
lower surface bubble frequency. On the other hand, from
Figure 7(b), it can be found that for the 2D system, the surface
bubble size tended to decrease first until the particle diameters
reached about 2 mm, and then increase up to particle diameters
of nearly 4 mm, where the bubble size stabilized or trailed off.
This might be explained by the reason that the bubble size was
greatly influenced by the bubble coalescences in the bubble
coalescing regime. Nevertheless, when particle size increased
from 04mm to 2mm, this effect became less significant.
Beyond 2mm, the bubble trapping was more and more

obvious, and hence the surface bubble size was found to in-
crease due to the coalescence of trapped bubbles within the
particle bed. However, if particle diameters became greater
than 4 mm, quenching of the bubble trapping might cause no
significant differences inside the particle bed [31].

One more significant point can be understood from
Figure 7 is that for the cases with different particle bed
heights and experimental dimensions (2D or 3D), the effect
of particle size on the flow regime transitions could be found
to be similar, although the wall effect manifested itself in a
totally different manner in both systems. This indicates that
the observed bubble behaviors should be the general
characteristics, although the critical particle sizes required
for attaining the regime transitions are quite different for 2D
and 3D systems due to the extra degree of freedom in the 3D
system, which would lead to the increase of bubble trails with
particle size for the same bed height. This point has been also
confirmed when different types of particles (with particle
density ranging from 2.6 to 6.0 g/cm’) were used [31].

Regarding the effect of particle density, it was also found
that in the bubble coalescing regime, the surface frequency
would be greater with the larger particle density due to less
buoyant particles, causing less obstruction to bubble
movement. While the tendency for surface bubble size was
reversed because of the lessening possibility of bubble co-
alescence due to less buoyant particles caused by larger
particle weight as particle density increased [31]. On the
other hand, in the transitional regime, the effect of particle
density on surface frequency seemed to be not significant
because particles were heavy enough to cause a less buoyant
effect from rising bubbles but still too small to trap the
bubbles. While the surface bubble size was observed to be
larger for cases with smaller particle density for the reason
that higher-density particles might lead to bubble frag-
mentation rather than bubble coalescence [31]. Further, for
the bubble trapping regime, the larger the particle density
was, the smaller the surface bubble frequency and size were
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FIGURE 6: Flow regime characteristics of bubble behaviors within glass spherical particle beds in the experiments.

due to the enhancement of the bubble trapping, although the
hydrophilicity of particle materials might be significant to
affect the resistance (such as friction) exerted from the
particles to the rising bubbles [31].

Furthermore, it has also been validated that the flow
regime characteristics observed in the experiments with
single-bubble injection could also support the experi-
mental observations under multi-bubble injection and
bottom-heated boiling conditions [32, 33]. Additionally,
it was confirmed that aside from the properties of particle,
the bubbling rate (i.e., injected gas flow rate or heating

intensity) must also influence regime transitions [33].
Typically, the bubble coalescing regime was found to be
easier to emerge since a larger bubbling rate had been
employed. Therefore, it seems that all the performed
investigations would suggest that the characteristics of
the observed bubble behaviors (or flow regimes) should
be common within wider ranges of conditions. The
findings and understandings from microscopic flow re-
gime experiments can provide significant arguments for
studying and analyzing the macroscopic self-leveling
mechanism and characteristics.
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2.2. Macroscopic Self-Leveling Behaviors

2.2.1. Experimental Conditions. As mentioned in Section 1,
two kinds of boiling methods, namely depressurization
boiling and gas-injection boiling, have been employed at the
beginning of the macroscopic debris bed self-leveling in-
vestigations at Kyushu University and JAEA [10, 14] and
IGCAR [30]. Figure 8 shows the experimental systems. For
the depressurization cases, the vessel should be evacuated
before starting experiments. In the experiment, the tem-
perature inside the tank was kept at nearly 20 degrees to
ensure the condensation of the generated steam flow. On the
other hand, the bottom-heated boiling method was
employed to supply a more persuasive argument verifying
the reliability of the depressurization boiling method. In the
experiments with bottom-heated boiling, the major appa-
ratus was similar to that used in depressurization experi-
ments, except the bottom region of the tank, which was
equipped with a heater (see Figure 8(b)). Table 1 shows the
detailed experimental conditions.

However, due to the difficulty of controlling and adjusting
the gas phase, the nitrogen gas injection by adjusting gas
pressure was employed to support predictive model devel-
opment and further code validations [32]. After validating the
effectiveness of the gas-injection method by comparing the
experimental results with those using boiling methods under a
similar effective gas flow rate [36], by employing various types
of particles (including single-size spherical and non-spherical

particles, mixed-size particles, mixed-density particles, and
mixed-shape particles), extensive valuable results and
knowledge were accumulated through gas-injection experi-
ments at quasi-2D and 3D large-scale conditions. The ex-
perimental systems are shown in Figure 9. Detailed
descriptions of experimental conditions are given in Table 1.
Compared to the flow regime experiments, in the self-leveling
ones, particles with larger densities were utilized to cover the
probable debris proprieties in reactor accidents (e.g., densities
from 7620 kg/m> for SS to 10,800 kg/m> for MOX fuel at
1000K and sizes from 0.1 mm to several millimeters for
fragmented debris [47]), and larger injected gas flow rates were
utilized to trigger the onset of self-leveling behavior.

2.2.2. Experimental Results. To quantitatively estimate the
transient leveling process, the inclination angle of the par-
ticle bed (see the definition shown in Figure 10) was in-
vestigated, and its variation was considered to represent the
overall particle-bed shape variation. As a result, a normal-
ized quantity R () was defined (see equation (1)) to represent
the bed shape variation so that the self-leveling behavior can
be better qualified.

Inclination angle at time ¢

R(t)

(1)

~ Initial inclination angle (0s)’

Figure 11 depicts the variations of R(t) under different
bubbling conditions. From Figure 11(a), it can be seen that
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similar self-leveling onset and development could be gen-
erally attained for different boiling cases (namely depres-
surization and bottom-heated) despite the existence of some
observable microscopic differences (especially for the initial
boiling area) [10]. It was also noted that for heavier particles
(e.g., lead particles), the debris bed became more difficult to
reach a perfect final horizontal level [30]. Comparing the
bottom-heated and depressurization experiments, in gen-
eral, a conclusion can be drawn is that the macroscopic self-
leveling progression was not remarkably affected by the
boiling modes. However, as shown in Figure 11(b), com-
pared to the boiling method with a similar effective gas
velocity U, estimated in accordance with the energy
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conservation by using the experimental power density g (see
equation (2)), the self-leveling process proceeded faster
when the gas-injection method was applied, which might
mainly result from the different patterns of the “boiling” and
“gas-percolation” in these two approaches. In the boiling
experiments (i.e., bottom-heated and depressurization ex-
periments), attention were focused on the early stage when
subcooled boiling occurred [10], and thus, the steam was
condensed and the boiling intensity was variable (for in-
stance, the boiling intensity raised with the decrement of the
water subcooling). However, in the experiments with the
gas-injection method, to some extent, the simulated “boil-
ing” possessed more characteristics of quasi-steady bulk
boiling. Hence, for the gas-injection cases, a relatively larger
gas flow intensity within the particle beds might result in
observable faster progress of the self-leveling process, typ-
ically for particles with small sizes or densities during the
initial stages.

_ Vi-9q  _ Hy(l-eq
I A(CPATsubpg + pghv) CPATsubpg + pghv '

(2)

Aside from the bubbling methods, other parameters
would also significantly affect self-leveling development. As
shown in Figure 12(a), according to the experimental ob-
servations regarding the evolution of R (¢) [10, 36, 38, 40], it

was found that the self-leveling process would proceed much
slower in case of particles with larger inertia (i.e., larger-di-
ameter or larger-density particles). Combining with the
knowledge accumulated from the experimental studies on
microscopic flow regime, it was expectable that this may due
to the difficulty of the gas flow inside beds to move the
particles with larger inertia. Moreover, if the particle beds
were constituted by non-spherical particles, which possessed
a smaller sphericity, the self-leveling development would be
obviously restricted by the additional frictions and collisions
between particles resulting from certain shape-related factors
(such as roughness and eccentricity) [38]. Besides, a larger
bubbling rate (namely boiling intensity or injected gas flow
rate) can greatly enhance the self-leveling process (see
Figure 12(b)), which may be explained in accordance with the
flow regime observations: a more significant impetus for
lifting solid particles became attainable with a larger bubbling
rate, resulting in the bubble flow regime transitions (e.g., from
bubble trapping regime to bubble coalescing regime), thereby
promoting the self-leveling process. In addition, the injected
gas could lead to the formation of more remarkable and
violent liquid convections (particularly in case of higher water
depth), as a result leading to faster variation of the inclination
angle. These parametric trends were found in both 2D and 3D
experiments. Nevertheless, based on the comparison between
2D and 3D cases with similar gas velocity U,, it was
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confirmable that the self-leveling process developed faster and
more completely in 3D conditions, revealing that the wall
effect is probably a prominent factor to play an astricting role
in the bed shape variations [32, 36], although further in-
vestigations should be performed with the considerations of
the differences in the mound-bed volumetric ratio in 2D and
3D conditions to clarify the effect of geometry differences on
the self-leveling characteristics. Moreover, it was observed
that the particle beds possessing a larger volume (i.e., particle
bed with a higher part below the particle mound) seemed to
accelerate the self-leveling process, which might be due to the
change of the profile of gas velocity before gas flowed into the
particle mound [43]. In addition, by utilizing different types
of bottom gas-injection plate, it was confirmed that in the
cases with the same injected gas flow rate, the non-homo-
geneous coolant boiling within the particle bed was also
expected to affect the self-leveling process, especially in the
cases where the gas flow was concentrated in the center region
of the particle bed, leading the peak particles to transfer to the
peripherical regions, thereby promoting the self-leveling
development [40].

Regarding the effect of mixed particles, according to the
experimental observations [42, 43], it was found that the self-
leveling behavior would be significantly influenced by the
components of the particle mixture. For instance, when
particle mixtures were composed of mixed-density particles,
the particle beds were observed to be more difficult to level
oft if there were more fractions of heavier particles (see
Figure 13(a)). Therefore, it may be understood that if the
average density of the mixture is larger, the self-leveling
development will be slower, although an accurate com-
parison of the self-leveling process between mixed-density
cases and cases with homogeneous particles might be
necessary. Similarly, for mixed-size cases (see Figure 13(b)),
the self-leveling process proceeded more slowly when larger
particles constituted the particle beds (i.e., particle mixture
with larger average particle size), indicating the restricting
effect of the overall particle-bed inertia on the self-leveling
development. Besides, according to the observations from
experiments using mixed-shape particles (i.e., particle
mixtures with spherical and non-spherical particles), it was
demonstrated again that particles with small sphericities
would dampen the self-leveling process due to the additional
particle-particle interactions.

In summary, the microscopic flow regime experi-
ments provided valuable knowledge on bubble-particle
interactions, and three typical flow regimes, including
bubble coalescing regime, transitional regime and bubble
trapping regime, were captured. According to the useful
flow regime arguments, through investigations on self-
leveling behavior, it was understandable that because of
the particle-particle and bubble-particle interactions
inside the particle beds and the liquid pool, various
parametric conditions (such as particle properties,
bubbling rate, and liquid convection intensity) could
significantly influence the self-leveling onset and prog-
ress. Knowledge and results attained from experimental
observations are of great importance to promote the
subsequent modeling investigations.
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3. Modeling Investigations

Aiming at rationally predicting the debris bed self-leveling
characteristics, according to the knowledge and understandings
obtained from experimental investigations, the modeling in-
vestigations were also performed for predicting the self-leveling
onset, inclination-angle variation, mound-height variation, and
bed-height variation [14, 33, 35, 37-40, 42, 43, 46].

3.1. Modeling for the Self-Leveling Onset. To preliminarily
predict the self-leveling onset, the topmost particle instead of
the particle bed was focused [14]. It was assumed that the
self-leveling phenomenon occurred if the topmost particle
possessed a positive vertical velocity Uy,,, which is associated
with the two-phase flow velocity Uy, and the relative velocity
between the particle and the two-phase flow surrounding it
U,:

re

U U

tp Ure' (3)

top —

To determine U, the following assumptions were
adopted: (1) the basic consideration of this model involved
only single-sized spherical particles, and thus, for the cases
with non-spherical particles, they should be replaced by the
spherical particles with a same volumetric equivalent diam-
eter in the prediction; (2) the net force applied was vanish (i.e.,
the particle was without acceleration); (3) for gas and liquid,
no relative slippage exited around the particle; (4) the fric-
tional forces with other particles were ignorable. Then, the U,
can be deduced in accordance with force balance [14]:

172
fly
3 Pa Cd

where C; stands for the dimensionless drag coefficient; p,, is the
average fluid density for the two-phase flow around the particle,
which is given by p, = ap, + (1 - a)p;, with « the dimen-
sionless average void fraction for the cross-section at the average
particle bed height. Empirically, & was calculated through:

@ = “Expcm (5)

where C, is the correction factor regulating the volume
average void fraction ag,, attained in accordance with ex-
perimental measurements and calculated by [14]

AV
Apyp = v, (6)

where AV means the measured volume increase of water
(estimated from water-level elevation) after the bubbling.

As for the Uy, by assuming that the mean flow area
within the particle bed (a) can be determined by a = A_ ¢*?
with A, the cross-sectional area of the particle bed, it can be
determined by combining equation:

_ Qg _ AC"UQ
= =————>
T aa aa

U (7)

where Q, signifies injected gas flow rate for gas-injection
cases, or the equivalent vaporization rate for boiling cases.
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Typically, for boiling cases, by combining equation (2) and

(7), Up becomes

Hy(1-¢)g

Up =— .
Pae’ 3pg(CPATsub + hv)

(8)

According to the model validation on the basis of 31
experimental runs with boiling methods and 22 runs with
gas-injection methods [14, 40], it was verified that this model

could provide reliable prediction on the self-leveling onset.
After the model validation, the experimental data could be
expanded by extrapolating the model predictions to actual
reactor conditions with some degree of confidence to attain
more useful knowledge concerning the self-leveling behavior.
Owing to analyses regarding the equilibrium particle bed
height (i.e., the critical bed height that can ensure Uy, = 0)
for boiling conditions, the important effects of parameters
could be overall verified under actual reactor conditions by
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employing the predictive model. Noticing that lower equi-
librium bed height (or in other words, a more completely
leveled-oft particle bed) indicates the easier onset of self-
leveling behavior, as shown in Figure 14, smaller-size particles
and higher power density can facilitate the self-leveling onset.
This reveals that in an actual reactor accident, where typical
debris sizes ranged from 0.1 to several millimeters and the
normal decay heat levels were nearly 10 W/cm®, the occur-
rence of self-leveling behavior may be easier to be found [14].

3.2. Modeling for Self-Leveling Inclination-Angle Variation.
Though the onset model, in which many assumptions were
used on the single topmost particle, could provide reliable
predictions, it should be pointed out that the self-leveling
onset may not be sufficient for estimating the integrated debris
bed self-leveling progression. Focusing on this aspect, based
on the experimental findings accumulated from depressur-
ization and gas-injection studies by utilizing single-size solid
particles, an empirical model for predicting the time variation
of inclination angles was further developed [32, 34, 35, 37, 39].
The bottom-heated condition was not included for the reason
that it had been confirmed from the experiments that the self-
leveling progression for different boiling cases was generally in
the similar manner despite some microscopic differences.

By referring to the modeling methods for determining
the critical gas velocity for solid particle suspension [48-50],
the following correlation was proposed to evaluate the in-
clination angle at a specific time ¢, chosen from experiments
when the self-leveling process became slow at the later stage
[32, 34, 35, 37, 39]:

U \" ru U\ (Pp—pr\"
R(ty) = Ky, | Ky =2 <“—T>(P—)] 9
0 = k(2] (E27)" (%2 ©)
where K|, a,, b, and ¢, are empirical constants; Kyg, is a
correction factor for estimating the influence of non-
spherical particles (to be discussed later); U represents
the terminal velocity of solid particles estimating in ac-
cordance with Heywood tables (for large particles) and
Stokes’s law (for small particles) [51]. As for the di-
mensionless terms, U, /Uy shows the effect of gas flow rate,
and uUr/o characterizes the interaction between fluid and
solid particles, while the term (p, — p;)/p;, represents the
buoyancy impact.

To represent the transient self-leveling characteristics,
the time changes of the R (¢) should be considered. For R(¢),
theoretically speaking, the following conditions should be
attained: (1) R(t =0) = 1; (2) R(t =t,) = R(t,); (3) Vt >0,

0 <R(t) <1. Therefore, to satisfy these conditions in the
predictive model, the following dependence was assumed:

1-Rt) (tY"
re () 1o

where n (with 0<n<1) is a characteristic number repre-
senting the average variation rate of the inclination angle.
For example, the slower the leveling progression, the larger
the n. At the extreme, if the self-leveling rate is adequately
slow, n tends to be 1. Noticing that the self-leveling rate
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should be different under different experimental conditions,
n should be capable to be determined from the experimental
parameters affecting the self-leveling development. Simi-
larly, to determine the value of n by the experimental pa-
rameters, the second correlation was proposed:

a b — @

o) V(50 T

| Ur o i
where K, a,, b, and ¢, are empirical constants; Kyg, is a
correction factor for estimating the influence of particle-
shape parameters.

Owing to linear regression analysis for the logarithmic
forms of equations (9) and (11) [34, 35, 37], the empirical
constants were empirically obtained under different con-
ditions (see Table 2). While for Kyg, and Kyg,, the fol-
lowing functional form was suggested to ensure the
consistency for spherical particles (i.e., Kys; and Kyg,
should be equal to 1.0 in cases of spherical particles):

(1-¢)
(Rey) ;

where Re, is the gas Reynolds number; s; ;, s;, and s;3 are
empirical constants listed in Table 2; ¢ means the sphericity of
solid particles, which was calculated by using Ergun’s equation
in accordance with the measured pressure drop (AP):

Kys,i = 1.0+ 5, (12)

AP _ 0(1—5)2 Uy
H, &

(I1-¢) Psr
U,+ 175 ——U".
((/)dev)2 ! 83 (pdev /

(13)

Figure 15 shows the comparison of R(t) between ex-
periments and model predictions. Generally, it is observable
that regardless of the bubbling condition (gas injection or
depressurization boiling), the particle shape (sphere or non-
sphere) and the dimension experimental systems (2D or
3D), the capability and reliability of this model in predicting
the variation of inclination angles could be confirmed.

Motivated to improve the validity and reliability of the
model, the crucial parametric effects were also studied by
comparing the experimental observed and modeling pre-
dicted variation of R(t) [34, 35, 37]. For instance, Figure 16
shows the good agreement between the model predictions
and experimental observations on the effect of particle size.
However, it should be recognized that with different bubbling
methods, the values of corresponding empirical constants (see
Table 2) were not similar. This might be caused by not only
the differences in experimental systems (e.g., dimensions and
bubbling methods), but also the differences in selecting the
specific time £, (i.e., 300s, 180s, and 100s for 2D gas in-
jection, 3D gas injection and 3D depressurization, respec-
tively). It can be easily understood that the values of R(¢,)
should be different when different t, was selected, causing
different values of empirical constants in equations (9) and
(11). Therefore, to attain a more generalized model that can be
utilized under different conditions (including actual reactor
accidental conditions), it is still required to perform more
experimental investigations to elucidate these differences.



Science and Technology of Nuclear Installations

0.3

Equilibrium Hy (m)
(=}
o

0.1
E\
0.05 .
5. e Tooe
0 \’¥‘——(}: - - gt |
0 10 20 30 40 50 60

q (W/cm?)

— d,=04mm,a=03 - d,=04mm,a=0.7

—A— dp:3 mm, «=0.3 -6 - dp:3 mm, «¢=0.7

FIGURE 14: Extrapolation analyses to actual reactor conditions by
the onset model [14].

3.3. Modeling for Self-Leveling Mound- and Bed-Height
Variation. Considering that the particle mound and bed
heights were also the key influencing factors for the ability of
cooling of debris beds, aimed at obtaining more valuable
predictions for evaluating the debris bed self-leveling be-
havior, another model, which is applicable to predict the
mound-height variation, was established in accordance with
the 3D gas-injection experiments using single-size particles
with shapes of the sphere and non-sphere [46]. While further
noticing from the experiments that the heights of the lower
part of particle beds (i.e., the volume of particle bed) could
also play a significant role in the self-leveling development, a
model for estimating the transient bed height was also
developed on the basis of the gas-injection experiments for
single and mixed particles [43].

The model for describing the time variation of the
mound height H,, (t) was developed as [46]

:<1+£>_1, (14)

where H_ .. is the completely leveled-off mound height
(i.e., the height of mound at t=00), and 7 stands for the
characteristic time constant, which was dependent on the
rate of self-leveling progression. Suggesting that the fluid
and particle properties and the gas velocity should noticeably
influence the values of H ;.. and 7, the following corre-
lations were determined for H,, .. and 7 [46]:

al b/ o
Hm,level — Kl’ % 1 ﬁ 1 ﬁ lsd{Ree;Arf,l s (15)
D Uy) \D*) \D 99

and

A\ sg g
%T_Ug — KZI & ﬁ ﬁ SdZ,ReezArfz, (16)
D Ur D? D 99

Hm (t) - Hm,level
Hm (t =0 S) - Hm,level
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where K} and a;~ f; (i = 1 and 2) are empirical constants; A
is the actual particle surface area, and the term A /Dg
characterizes the restricting effect on self-leveling develop-
ment resulted from larger surface area or interparticle
frictions [46]; Ar, is the gas-phase Archimedes number =
(pg(pp = pgd /yg) for buoyed solids.

Similarly, tJZ)r the modeling of time variation of bed
height Hy (t), the empirical model becomes [43]

=<1+£)71, (17)

and the following correlations were adopted:

H UNY (AN AN (v, (-9
b level K3! -9 p i b ( _8) ReeaArfs) ( 18)
D u,) \p?) \D & 9™

and

N b} cf di
Ulevel =K/ Ug & @ Vb (1 _ 8) ReeQArf:’ (19)
u, \Ur) \D*) \D dj o

where K} and @i~ f; (i = 3 and 4) are the empirical constants;
Ulevel = H, (t = 058) — Hy, /T represents the characteristic
leveling velocity regarding the particle bed heights; Ug' =
Ugle is the actual gas velocity corrected from U, with the
consideration of the influence of porosity on the gas
movements [43]; V(1 - s)/d; is introduced instead of ¢ to
evaluate the effect of particle volume (i.e., the height of the
lower part of particle bed).

To attain more evident comparisons between different
experimental cases, the initial mound and heights in the
models were adjusted to the same values. As a result, the time
constant 7 should be corrected to 7’ as follows:

T = T(l +i>, (20)
T

. H (t=0s)-H H,(t=0s)- H
t" =1 m ) "0 or 1 b ) w21
HmO - Hb,level HbO - Hb,level

Hy, (t) = Hyjeyel
Hb(t = OS) -

H b,level

with

where H,,, (or Hy,) is the chosen mound (or bed) height
being the initial mound (or bed) height for the modeling
investigations; t* is the time when the H,,, (or Hj,) was
achieved in the experiments.

Furthermore, to improve the reliability of the model
prediction under mixed-particle conditions, it is expectable
that for the particle mixture, its overall hydraulic performance
can be characterized by some equivalent quantities [52-54]. In
this modeling study, the particle diameter d,, for the particle
mixture was attained by its volumetric equivalent diameter d..:

[ Shvaa-e)
ev ZiN:I[Vpi(l_gi)/d;i] ’

(22)
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TaBLE 2: Empirical constants determined for the model of R (f) [33, 34, 35].

Empirical constant Gas injection (2D) Gas injection (3D) Depressurization (3D)

In(K,) 2154 0.671 -0.690
a, -0.371 -0.100 -0.432
b, 1.553 0.635 -0.0195
c 0.504 0.465 -0.183
In(K,) -1.101 0.550 -0.337
a, —-0.355 —-0.105 —-0.287
b, 0.100 0.745 0.0504
o 0.100 0.445 ~0.144
S11 — 3.419 —
S1a — 1.171 —
S5 — 0.527 —
$a1 — 8.062 —
S22 — 1.317 —
Sys — 0.572 —
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FiGure 16: Comparisons of experimental and predicted results for the effect of particle size on R (t) [37] (a) 2D gas-injection condition (b)
3D gas-injection condition.

TaBLE 3: Empirical constants determined for the models of mound and bed heights [43, 46].

Empirical constant i=1 i=2 i=3 i=4
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and the particle density p,, could be determined by its mass
equivalent density p,,:

Pov = sz\:jl Vi(l _ei)pp[
CXhVi(i-g)

where the subscript i stands for the i-th component of the
particle mixture; while N is the total number of particle
components.

Based on the regression analysis for equations (15), (16),
(18), and (19) in accordance with experimental data [43, 46],
the empirical constants were determined (see Table 3). As
displayed in Figure 17, the accuracy for the prediction results
of these two models was verified, and the model reliability
was confirmed. To further validate the reliability of these
models, as displayed in Figure 18, the effects of various
parameters were also verified by comparing the experi-
mental observations and modeling predictions on the var-
iations of mound and bed heights.

In a short, to effectively predict the self-leveling be-
havior, based on a huge number of experimental data
accumulated with the consideration of various key pa-
rameters, the empirical models for predicting the self-
leveling onset, the inclination-angle variation, and the
mound, as well as bed-height variations, were developed
separately. Despite the different focusing points, every
model can provide reasonable and reliable predictions for
the corresponding self-leveling characteristics under
specific conditions. However, it should be noted that the
onset model, which was the first model developed for
assessing the self-leveling behavior, could not sufficiently
predict the transient behavior during the self-leveling
process, and the assumptions for the model establishment
are still required to be carefully evaluated. On the other
hand, more detailed self-leveling configurations could be
predicted from the models for inclination-angle variation
and mound-as well as bed-height variations. The applicable

(23)

conditions for the inclination-angle model and the mound-
or bed-height model may be different up to the different
core-catcher designs for SFRs (e.g., single-layer core
catcher for CFR 600, multi-layer core catcher for JSFR)
[55], which will be explained later in Section 4. Further, it
should also be pointed out that because of the limitations
that existed in the experiments performed by using the
simulant materials, some validated ranges of parameters
(such as heating power) taken into account in the modeling
development might be insufficient. Nevertheless, knowl-
edge attained from predictive modeling developments and
extended analyses (e.g., extrapolation) should provide
certain evidence along with confidence in further com-
puter model developments and verifications [45].

4. Conclusion

Since the debris bed’s self-leveling behavior can be an im-
portant triggering factor for the transfer of fuel debris and can
notably influence the heat-removal capability of the debris
bed, which is of significance to the evaluation of the accident
progress, the experimental and modeling investigations on
this behavior are greatly important to the improvement of
structural designs of the relevant safety devices in SFR (e.g.,
the core catcher) for ensuring the IVR. In the past decade,
considering the initially convex (or conical) shape of debris
beds, lots of valuable knowledge were accumulated through
the relevant experimental and modeling investigations.

For the experimental investigations, to obtain important
knowledge to support the understanding of the debris bed
self-leveling behavior, based on the direct visualization
evidence captured in the observations from the microscopic
flow regime experiments, the mechanism and characteristics
of bubble behaviors inside the particle beds (esp. bubble-
particle interaction) were investigated. According to the
experimental analysis, the noticeable effects of various pa-
rameters (such as the effect of particle properties, effect of
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gas-related parameters, and wall effect) on the flow regime
transitions were identified, providing a more comprehensive
understanding of the self-leveling behaviors. While in the
macroscopic self-leveling experimental investigations, three
bubbling methods for simulating the coolant (i.e., sodium)
boiling, including depressurization, bottom heating, and gas
injection, were applied for studying the self-leveling char-
acteristics and relevant parametric effects on self-leveling
development. Though similar tendencies of self-leveling
development could be found under different bubbling
conditions, it should still be noticed that as compared to the
boiling cases (i.e., depressurization and bottom-heated
boiling), more rapid self-leveling progression was found for
the gas-injection cases, which was used to simulate the quasi-
steady bulk boiling condition rather than the early subcooled
boiling condition.

Regarding the modeling investigations, based on the
experiments utilizing depressurization and gas injection,
the applicability and reliability of the predictive model
established for the self-leveling onset were validated.
According to the extrapolated analyses by employing the
onset model, it was expected that such a self-leveling
phenomenon is probable to become easier to occur under
actual reactor accident conditions. However, it should be
recognized that in this model focusing on the movement of
the topmost particles, lots of influences and interactions
within the particle beds were not taken into account, and
therefore, its applicability for predicting the transient self-
leveling behaviors was restricted. In addition, the as-
sumptions for this model establishment should also be
carefully evaluated although good agreements between
experiments and predictions could be attained in the
current stage. Focusing on these points, the predictive
models focusing on the time variation of inclination angle
R(t), mound height H,,(¢), and bed height H,(t) were
established for the more comprehensive evaluations of the
debris bed self-leveling behavior. It was found that the
transient behaviors, as well as the parametric effects, could
be reasonably and reliably reproduced by employing these
models. However, considering the different designs of core
catcher for SFRs (e.g., single-layer core catcher for CFR 600,
multi-layer core catcher for JSFR) [15, 55], we suggest that
the applicable situations for these models may be different.
For an SFR with a single-layer core catcher, in the CDAs,
initially, the debris bed is mostly formed with a larger in-
clination angle due to the lack of the interlayer transfer of
debris. Therefore, regarding the model development, the
predictive model for R(t) that is considered more for the
early fast leveling periods, in which the self-leveling be-
havior plays a more prominent role in the debris bed ability
of cooling, may be more appropriate to apply in such cases.
On the other hand, in the models of H,, (t) and H,(t),
which are established in accordance with the completely
leveled mound and bed heights (i.e., the mound and bed
heights at £=00), the early fast leveling stage may not be
comparatively precisely estimated, even applying the ex-
trapolation method. However, noticing the fact that for
SFRs designed with a multi-layer core catcher, the moderate
inclination angles are probably to be initially attained due to
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the possibility of interlayer transfer of debris, these models
for predicting the mound and bed heights seem to be more
suitable and applicable for analyzing the self-leveling be-
havior in such cases, especially with the consideration of the
requirement of long-term evaluation for the heat-removal
capacity of debris bed. In conclusion, owing to these pre-
dictive models, despite their different focal points, the
debris bed self-leveling onset and its transient behaviors can
be well predicted under specific conditions, thereby pro-
viding confidence for the development of more reliable and
more generalized predictive models to realize their appli-
cability for more realistic cases. Knowledge from the ex-
perimental and modeling investigations is supposed to be
valuable for improving the designs for an in-vessel core
catcher (s) of SFR and enhancing the developments and
validations of relevant computer models (such as models for
evaluating bubble-solid and solid-liquid interaction) in-
volved in SFR safety analysis codes.

5. Future Prospects

Though lots of insights into the characteristics and mech-
anism of the self-leveling behavior were gained from the
experimental and modeling investigations over the past
decade, it is necessary to point out that for evaluating an
actual CDA of SFR, the situations considered in the past
studies are still insufficient. Therefore, to attain more useful
knowledge for the SFR severe accident analyses regarding
the self-leveling behavior, it is still required to perform
further experimental and modeling investigations, which
may be included but are not limited to the following
possibilities:

(1) Further experimental investigations and modeling
verifications (or developments) in the case of other
initial bed shapes. According to the recent visuali-
zation experimental and modeling research on de-
bris bed formation behavior [8, 12, 56-58], it was
clarified that under different parametric conditions
with considerations of a typical CDA of SFR, not
only the convex bed, but also the flat, concave and
trapezoid beds would possibly form due to the dif-
ferent interparticle and particle-fluid interactions.
However, in the past self-leveling investigations, it
was assumed that the particle bed was initially
convex, which was inadequate to take all possible
initial debris bed shapes into account. It is reasonably
expectable that the self-leveling process and char-
acteristics should be quite different from other initial
bed shapes. Therefore, focusing on this aspect, fur-
ther experiments can be conducted by employing
different initial particle bed shapes (such as concave
and trapezoid shapes) to more comprehensively
clarify the debris bed self-leveling behavior. Subse-
quently, the predictive models established may be
verified or further developed in accordance with the
experimental observations and data obtained.

(2) Further investigations for effects of mixed particles
with the consideration of particle separation and
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stratification. From the recent studies focusing on
the debris bed formation behavior by utilizing mixed
particles (including mixed-size and mixed-density
particles) [13, 59], it was pointed out that during the
debris sedimentation and accumulation process,
different particle components are probable to have
different behaviors because of the difference in their
particle inertia, indicating the latent particle strati-
fication and separation in some typical accident
situations (e.g., sodium boiling violently). However,
in the past investigations on the debris bed self-
leveling behavior by using mixed particles [42, 43],
the particle beds were composed of fully uniformly
mixed particles. Combining the understandings
attained from these studies, it is rationally imagin-
able that the debris bed self-leveling behavior would
also be influenced by the effects of such separation
and stratification. Therefore, further experimental
investigations along with modeling developments
can be prepared with the consideration of particle
separation and stratification existing in the particle
bed.

(3) Coupling investigations on debris bed formation and

self-leveling behaviors. Based on the experimental
studies on the debris bed formation behavior with
bubble generations (including bottom heating and
gas-injection) for the simulation of the sodium
boiling condition induced by the decay heat gen-
erated from accumulated debris beds [60, 61], it was
observed that the self-leveling behavior could be
found simultaneously with the debris bed sedi-
mentation and accumulation process. Hence, it can
be reasonable to suggest that these two debris bed
behaviors might emerge together in an actual acci-
dent. Therefore, investigations for elaborating on the
synchronous influence of sodium boiling on the two
phenomena and the impact of falling particles on the
self-leveling process might be also of some interest.

Nomenclature
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Symbols

(t):

Mean flow area in debris bed (mm?)
Area (mm?)

Archimedes number (-)

Drag coefficient (-)

Specific heat capacity (J/(kg-K))
Diameter (mm)

Inner diameter of experimental device (mm)
Gravitational acceleration (m/s?)
Height (mm)

Heat of vaporization (J/kg)

Mass (kg)

Heating power (W/cm?)

Flow rate (L/min)

Variation of inclination angle (degree)
Relative quantity

Time (s)

Specific time selected (s)
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U: Velocity (m/s)

V: Volume (L)

AP:  Pressure drop (Pa)

ATg,,: Subcooled degree (K)

AV:  Volume increase of water after the bubbling (L)
Greek letters

: Average void fraction (-)
Viscosity (Pa-s)

Surface tension (N/m)
Characteristic time constant (s)
Particle sphericity (-)

Bed voidage (-)

Density (kg/m®)

ubscripts

Average

Particle bed

cr: Cross section

ev:  Equivalent

Exp: Experiment

f Fluid

g: Gas

L Liquid

level: Level-off

m:  Particle mound
p: Particle

re:  Reynolds number (-)
T: Terminal

top: Topmost particle
tp:  Two-phase fluid.
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