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a b s t r a c t

It is important to clarify the characteristics of flow regimes underlying the debris bed formation behavior
that might be encountered in core disruptive accidents of sodium-cooled fast reactors. Although in our
previous publications, by applying dimensional analysis technique, an empirical model, with its
reasonability confirmed over a variety of parametric conditions, has been successfully developed to
predict the regime transition and final bed geometry formed, so far this model is restricted to predictions
of debris mixtures composed of spherical particles. Focusing on this aspect, in this study a new series of
experiments using nonspherical particles have been conducted. Based on the knowledge and data ob-
tained, an extension scheme is suggested with the purpose of extending the base model to cover the
particle-shape influence. Through detailed analyses and given our current range of experimental con-
ditions, it is found that, by coupling the base model with this scheme, respectable agreement between
experiments and model predictions for the regime transition can be achieved for both spherical and
nonspherical particles. Knowledge and evidence from our work might be utilized for the future
improvement of design of an in-vessel core catcher as well as the development and verification of so-
dium-cooled fast reactor severe accident analysis codes in China.
© 2017 Korean Nuclear Society, Published by Elsevier Korea LLC. This is an open access article under the

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

1. Introduction

During the material relocation phase of a hypothetical core
disruptive accident (CDA) of a sodium-cooled fast reactor (SFR),
molten core materials, because of their gravity-driven discharge
through potential paths, may relocate into the sodium plenum.
These materials settle to form debris beds on the core-support
structure and/or in the lower inlet plenum of the reactor vessel
[1,2], as depicted in Fig. 1. Sufficient cooling of the formed debris
beds, as well as their neutronically subcritical configuration, is
necessary for in-vessel retention of degraded core materials.

To prevent the penetration of the reactor vessel by molten
fuel and to distribute themolten fuel or core debris formed in a CDA
into noncritical configurations, in-vessel retention devices (e.g. the
core catcher) are used in some SFR designs [1,3]. Although the
detailed structure of the core catcher (e.g., single-layer or multi-
layer) might be different depending on the reactor-type in

different countries [4e6], it is expected that during a postulated
CDA, after being quenched and fragmented into fuel debris in the
lower plenum region, the formed fuel debris will be accumulated
on the layers of the in-vessel core catcher [1]. To stably remove the
decay heat generated from the debris bed on the core catcher, the
size, retention capability, and structure of the catcher should be
carefully designed.

Unfortunately, over past decades, although extensive studies on
debris bed hydrodynamics and heat transfer were performed [7],
most of them generally assumed that the upper surface of the
debris bed is level. Noting that debris cooling depends strongly on
the thickness or height of the bed [8], by assuming that a quasi-
conical debris bed might initially be formed, few studies relevant
to the self-leveling behavior of debris beds have been performed.
Hesson et al. [9] and Gabor [10] began some pioneering experi-
mental studies on this subject. In separate experiments, they vali-
dated the existence of self-leveling behavior, respectively, by
introducing a bubbling airflow through a particle bed and by
volume-heating of a particle bed composed of UO2-salt water.
Following these studies, using copperewater beds, Alvarez and
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Amblard further concluded that boiling, even with small power,
promoted the leveling [11]. In the field of light water reactors, Basso
et al. [12] and Konovalenko et al. [13] also performed experimental
and analytical studies for the particulate debris spreading phe-
nomenon. They provided experimental data on spreading of par-
ticle beds in the water pool induced by gas injection from the
bottom of the bed.

To further clarify the mechanism underlying the self-leveling
behavior, in recent years, several series of experiments were per-
formed by Cheng et al. under the collaboration framework between
the Japan Atomic Energy Agency and Kyushu University in Japan
[7,14e19]. Overall, their experiments can be generally divided into
two categories, namely macroscopic leveling experiments and
microscopic flow-regime investigations. Due to the non-
transparency of particle beds, the macroscopic leveling experi-
ments were mainly conducted with the purpose of clarifying the
overall characteristics of leveling [14,16e19], namely the effects of
the experimental parameters (such as particle properties and
bubbling rate) on the leveling onset and evolution. The microscopic
flow-regime series [7,15], which also consists of several well-
organized tests performed at various bubbling conditions, were
specifically carried out to ascertain the flow characteristics within
particle beds, thus providing convincing visual evidence (especially
bubble-particle interaction) supporting overall understanding.

To ascertain what geometries the debris bed will initially form
during CDAs, several series of experiments on debris bed formation
behavior have been initiated at the Sun Yat-sen University in China
(see Fig. 2). Although in the past, a few studies regarding the par-
ticle sedimentation behavior were conducted by some investigators
from the macroscopic aspect (e.g., average bed height) [20], infor-
mation regarding the flow-regime characteristics (i.e., in a micro-
scopic level) is still quite scarce, despite the crucial importance of
these characteristics in understanding the mechanisms underlying
this behavior. As can be seen in Fig. 2, our research on the current
subject, including both experimental study and predictive-model
development, mainly contains two steps: step 1dunderstanding
the mechanisms of flow regimes and performing modeling studies
for various parameters within two-dimensional (2D)
conditions and step 2dvalidating of the 2D experimental results at
larger-scale three-dimensional (3D) conditions and developing a
general model (or regimemap) directly applicable for reactor safety
analyses. In our recent publications [21,22], a series of 2D

experiments involving various parameters, such as particle size
(0.125~8 mm), particle density (beads of glass, alumina, zirconia,
steel and lead), water depth (0e60 cm), particle release pipe
diameter (10e30 mm), particle release height (110e130 cm), and
gap thickness of the water tanks (30e60 mm), have been con-
ducted. Based on experimental observations and parametric ana-
lyses, it is recognized that, because of the different interaction
mechanisms between solid particles and the water pool, four kinds
of regimes, termed respectively the particle-suspension regime, the
pool-convection dominant regime, the transitional regime, and the
particle-inertia dominant regime, were identifiable.

On the other hand, as for the predictive-model development,
some progress has also been achieved. For example, based on the
knowledge and data obtained from 2D experiments, using
dimensional analysis technique, an empirical model has recently
been developed to predict the regime transition and final bed ge-
ometry formed [22]. Although it was possible to achieve good
agreement between the experiments and the model predictions, it
should be pointed out that, up until now, the developed model is
restricted to applications of debris mixtures composed of spherical
particles [22]. It should be recognized that in actual reactor accident
conditions, after rapid quenching and fuel fragmentation, debris
formed with nonspherical particles (e.g., irregular shape) is more
commonly encountered; therefore, there is a pressing need to
check whether this model (hereafter referred to as the “base
model”) is extendable to cover the particle shape influence. The
current article is dedicated to this issue. In Section 2, conditions of
our new experiments using nonspherical particles, which support
the modeling studies in this work, are described; in Section 3, after
a briefing on regime identification and the base model developed,
an extension scheme which consists of modifications from several
aspects is suggested with the purpose of incorporating the particle-
shape influence. Furthermore, in Section 4, based on our latest
experimental data, the validity of our proposed scheme is dis-
cussed. Knowledge and evidence from our work might be utilized
for future improvement of the design of the in-vessel core catcher,
as well as the development and verification of SFR severe accident
analysis codes in China.

2. Description of experiments

Fig. 3 provides a schematic diagram of the experimental setup
used in this work. To facilitate visual observation and quantitative
measurement, a 2D viewing tank made of transparent acrylic resin
with effective dimensions of 1,000mm in height, 700mm in length,
and 60mm in gap thickness (width) was utilized. Water, which was
poured into the tank from the top of the viewing tank, is employed
to simulate the coolant. Before the commencement of each exper-
imental run, water depth was adjusted to target values. At the
bottom of the viewing tank, a drain valve (not depicted in Fig. 3)
allowing water and solid particles to drain out of the tank after
experiments is designed.

To simulate the fuel debris, as mentioned above, in our previous
work, a large number of experiments using various spherical par-
ticles (up to 67 cases) were performed [21,22]. The range of physical
properties (e.g., the particle size and density) of the solid particles
employed was specifically determined with the intention to
possibly cover the entire range of physical properties of actual
debris generated during CDAs of a typical SFR (e.g., debris size
widely distributed with a mean value of several hundreds of mi-
crons and a maximum density of fuel pellets up to about 11 g/cm3)
[21,22]. In this study, to further investigate the particle-shape in-
fluence, four types of nonspherical particles (namely aluminum,
alumina, steel, and copper) with different sizes and shape charac-
teristics are used. The physical properties of these particles are

Fig. 1. Debris bed formation.
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listed in Table 1, while Fig. 4 further shows a photograph of some
representative nonspherical particles. It is evident that the scope of
particle shape utilized, especially the irregular shapes with a scope
of effective sphericity as low as around 0.3, should probably be
large enough to produce useful knowledge for understanding the
particle-shape influence.

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

To obtain the general characteristics of debris bed formation
behavior with nonspherical particles, for each particle different
values of water depth (Hw) and particle release pipe diameter
(Dpipe) are employed. A summary of the detailed conditions for all
our runs performed using nonspherical particles is given in Table 2.

3. Modeling studies

3.1. Regime identification

As mentioned above, in our earlier work, based on observations
from the experimental process, as well as recorded stills [21,22], the
flow-regime characteristics underlying the debris bed formation
behavior were elaborately analyzed and compared for different
runs involving a variety of parametric conditions. It is found that
due to the different interaction mechanisms between solid parti-
cles and thewater pool, four kinds of regime, termed respectively as
the particle-suspension regime, the pool-convection dominant
regime, the transitional regime, and the particle-inertia dominant
regime, were identified [21,22]. In this section, glass particles with

Fig. 2. Investigation of flow-regime characteristics underlying debris bed formation behavior at Sun Yat-sen University.

Fig. 3. Experimental setup used in this work.
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varied sizes are selected to briefly interpret the characteristics of
each regime.

For glass beads, the particle-suspension regime (Regime I) is
observed with rather smaller diameters (e.g., dp � 0:25 mm). Par-
ticles in this regime, due to their lighter weight, are quite suscep-
tible to being ejected by the particle flow and tend to be suspended
comparatively uniformly around the water pool. In general, a final
flat bed is formed in this regime.

The pool-convection dominant regime (Regime II) exists with
0:25 mm<dp � 1 mm for glass beads. Forced by the continuous
particle flow released into the pool, in this regime, evident pool
convection is observed, as a result driving the solid particles away
from center and forming a final concave bed with two apexes.

The transitional regime (Regime III) is observed with
1 mm<dp � 2 mm for glass beads in the current experiments.
Although similar to the pool-convection dominant regime, evident
pool convection exists; particles in this regime are found to bemore
difficult to drive away from the pool center. As a result, a final quasi-
trapezoid bed is likely to be formed.

The particle-inertia dominant regime (Regime IV) is found to
exist with dp >2 mm for glass beads. Owing to a much diminished
particle release rate, in this regime, evident pool convection seems
difficult to form. As a result, at the beginning, particles will accu-
mulate at the bottom center. With ongoing particle delivery, the
latter particles are observed to slide down the bed slope, resulting
in a final convex bed.

A more detailed description of each regime can be found in the
studies done by Lin et al. and Cheng et al. [21,22]. Based on regime
identification, it is understood that pool convection and particle
inertia are the two key factors that dictated the regime transition
and finally formed bed geometry. In addition to the qualitative
observation, detailed quantitative analyses have been also per-
formed and suggest that the particle size, particle density, water
depth, and particle release pipe diameter are confirmed to have
remarkable impact on the regime transition, while the role of
particle release height and the gap thickness of 2Dwater tanks (e.g.,
from 30 to 60 mm) over current range of parametric conditions
seems to be insignificant. Especially, it is verified that higher water
depth can promote the formation of pool convection or enhance its
intensity, while decreasing the particle release pipe diameter tends
to enhance the resistance from the pipe (e.g., frictions and colli-
sions) to the particles released, leading to reduced particle release
rate and less prominence of pool convection [21,22]. It should also
be stressed that all these findings have provided crucial arguments
for the derivation of our base model.

Although further investigations will be necessary, based on our
previous study on the bubbling behavior [7], we have some confi-
dence that a similar regime classification might be attained as well
at larger-scale 3D conditions, even if the regime demarcation is
likely to be changed. In addition, we believe that if the particle
release height is sufficiently changed (even in 2D condition), some
difference in regime transition or final bed geometry should be
observed, because, theoretically speaking, much higher particle
release height should result in larger relative velocities between
particle flow and the static water pool, thereby leading to more
violent pool convection.

3.2. Base model

Based on the mechanisms observed from experiments, a judg-
ment index I, which reflects the competitive role between the pool
convection and the particle inertia, has been introduced:

Table 1
Physical properties of nonspherical particles employed.

Material Density (kg/m3) Shape dva (mm) fb [e] VTS
c(m/s)

Aluminum 2,700 Cylinder 1.86 0.883 0.268
3.95 0.594 0.478
5.62 0.698 0.581

Alumina 3,600 1.65 0.691 0.305
2.54 0.629 0.429
3.86 0.584 0.569
4.44 0.410 0.621

Triangular
prism

2.88 0.549 0.468
3.58 0.534 0.542
4.96 0.569 0.662

Irregular
shape

0.50 0.455 0.105
0.90 0.618 0.185
1.60 0.302 0.293

Steel 7,900 Dish 3.68 0.651 0.932
4.80 0.611 1.064

Copper 8,900 Cylinder 3.78 0.710 1.013

a Volume-equivalent diameter estimated by weighing a known number (N) of

particles: dV ¼
 

6m
pNrp

!1=3

. (N ¼ 500 presently).

b Estimated by back-calculation of Ergun equation using the method described in
Section 3.3.1.

c Estimated in water based on dv using Stokes' law for small particles and Hey-
wood tables for larger particles [23].

Fig. 4. A photograph of some representative nonspherical particles.
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I ¼ Kb
I1
I2

(1)

where, I1 and I2 are dimensionless quantities representing the
positive and negative roles driving the solid particles,
respectively and Kb is an empirical constant.

Combining the knowledge from parametric analyses [21,22], the
following functional form is suggested for the estimation of I:

I ¼ Kb�
�
Up

Uc

�a�H2
w

LW

�b

�
rp�rl
rl

�c�mlVT
sl

�d (2)

where, Up [m/s] is the average particle release rate, Uc [m/s] is a
critical velocity defined to induce pool convection, L [m] andW [m]
are the length and width of the viewing tank, respectively,
rp [kg/m3] and rl [kg/m

3] are the densities of the particle and liquid

phases, respectively, ml ½Pa$s� and sl ½N=m� are the viscosity and
surface tension of the liquid phase, respectively, VT ½m=s� is the
particle terminal velocity, and a, b, c, and d are empirical constants.

Overall, the term Up

Uc
represents the driving intensity induced by the

particle flow to generate pool convection, while the term H2
w

LW im-
plies the impact from the pool side (especially the water depth in
our experiments) on the formation and intensity of liquid convec-
tion. Although presently the length L andwidthW of thewater tank
have not been employed as experimental parameters within
normal 3D conditions, it might be imagined that such parameters
should have some impact on the formation of pool convection.
Therefore, our current expression seems to provide some flexibility
for future modeling investigations and comparisons within larger-
scale 3D conditions. As for the denominator, it is easily understood

that the term rp�rl
rl

stands for the buoyancy force, while mlVT
sl

signifies

the particle-fluid interaction [14,17,24].

Table 2
Detailed conditions of all our runs performed using nonspherical particles (Hp ¼ 110 cm;W ¼ 60 mm).

Case no. Material Shape dv (mm) f[e] Hw (cm) Dpipe (mm) Release
timea (s)

Regime
identificationb

1 Aluminum Cylinder 1.86 0.883 60 30 50 IV
2 80 30 52 III
3 60 40 20 III
4 80 40 17 II
5 3.95 0.594 60 30 67 IV
6 60 40 31 IV
7 80 30 68 IV
8 5.62 0.698 60 40 29 IV
9 80 40 33 IV
10 60 30 82 IV
11 Alumina 1.65 0.691 60 30 42 IV
12 80 30 43 IV
13 80 40 14 II
14 2.54 0.629 60 30 59 IV
15 80 30 56 IV
16 80 40 23 III
17 60 40 25 IV
18 3.86 0.584 60 30 94 IV
19 80 30 94 IV
20 80 40 44 IV
21 60 40 47 IV
22 4.44 0.410 60 30 113 IV
23 60 40 52 IV
24 Triangular

prism
2.88 0.549 60 30 57 IV

25 80 30 54 IV
26 80 40 21 III
27 60 40 25 IV
28 3.58 0.534 60 30 67 IV
29 80 30 65 IV
30 60 40 27 IV
31 80 40 29 IV
32 4.96 0.569 60 30 100 IV
33 80 30 100 IV
34 Irregular

shape
0.50 0.455 60 30 38 III

35 60 40 15 II
36 80 30 40 III
37 0.90 0.618 60 30 39 III
38 60 40 14 II
39 1.60 0.302 60 30 43 IV
40 80 30 43 III
41 Steel Dish 3.68 0.651 60 30 52 IV
42 80 40 17 IV
43 4.80 0.611 60 30 54 IV
44 80 40 19 IV
45 Copper Cylinder 3.78 0.710 60 30 59 IV
46 80 40 23 IV

a The particle release time tr is defined as the total time that all 10L particles need to release, namely the time span between the first particle and last particle flowing out of
the particle release pipe.

b In this column, the numbers I, II, III and IV represent respectively the particle-suspension regime, the pool-convection dominant regime, the transitional regime and the
particle-inertial dominant regime, as observed from experiments. Description of each regime will be given in Section 3.1.
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Up can be approximately calculated by

Up ¼ 4Q
tr�p�D2

pipe

(3)

where, Q is the total particle volume used for each experimental
run (namely 10L) and tr is the particle release time measured from
the video recording (e.g., see Table 2 for cases using nonspherical
particles).

Since the critical impetus velocity Uc is supposed to be closely
related to the liquid properties (e.g., ml and rl), by referring to the
definition and rationale of the particle Reynolds number (Uprldp

ml
), the

following function is tentatively suggested:

Uc ¼ ml
rlDpipe

(4)

Here, the reason why Dpipe is employed as the characteristic
length for the particle flow is because of our observation that no
significant dispersion of particles can be foundwithin the freeboard
region, despite a large variation of experimental parameters, as
confirmed as well from the transient instants shown in our earlier
publications (e.g., see Fig. 5 in Ref [21]).

Substituting Eqs. (3) and (4) into Eq. (2), the judgment index I
becomes solvable. Similar to our previous modeling studies on
debris bed self-leveling behavior [14,18], Eq. (2) can be rewritten in
logarithmic form. Based on current experimental parameters for
different experimental runs, the obtained dimensionless terms

[namely ln
�
Up

Uc

�

; ln

 
H2

w
LW

!

, ln
�
rp�rl
rl

�

, and ln
�
mlVT
sl

�

] can be calcu-

lated. Then, by performing regression analyses using a computer
program, we can obtain the best group of values for empirical
constants Kb, a, b, c, and d. Therefore, for spherical particles, the
following equation is obtained:

I ¼ 1:01�10�8�
�
Up

Uc

�1:2�H2
w

LW

�0:6

�
rp�rl
rl

�0:9�mlVT
sl

�1:05 (5)

where,

2:31*103 � Up

Uc
� 4:19*104

0 � H2
w

LW
� 17:1

1:6 � pp � p1
p1

� 10:3

0:00014 � mlVT

sl
� 0:018

Using Eq. (5), a regime map for predicting the debris bed for-
mation behavior with spherical particles can be developed. Fig. 5
shows such a map, in which the different regimes as observed
from experiments are marked by different symbols. It is evident
that, despite a larger variation of parametric conditions including
the difference in particle size, particle density, particle release pipe
diameter, and water depth, Eq. (5) describes the distribution of all
our data set using spherical particles relatively well (67 cases)
[21,22].

3.3. Extension scheme

3.3.1. Determination of shape-related parameter
It is instructive to note that, over past decades, extensive

knowledge and findings on CDAs have been accumulated in
response to the increase in experimental evidence and upgrading of
computer codes [25]. For instance, it has become gradually clear
that under reactor accident conditions, instead of a few fixed
shapes, debris is formed with a variety of irregular shapes [26].
Therefore, it might not be practical to estimate the shape-related
parameters directly via microscopic measurement. Since the
Ergun equation has been utilized extensively by numerous in-
vestigators over the past years for the estimation of packed bed
pressure drops [27], in this work, similar to our previous in-
vestigations on debris bed self-leveling behavior [19], a method of
back-calculation of the pressure drop using this equation is adopted
to estimate the particle sphericity f:

DP
Hpb

¼ 150
ð1� εÞ2

ε
3

mf

ðfdvÞ2
Uf þ 1:75

ð1� εÞ
ε
3

rf
fdv

U2
f (6)

Evidently, the sphericity measured from Eq.(6) is actually an
effective value that does not describe the accurate shape of a
nonspherical particle. However, as pointed out by many in-
vestigators [19,28], for most engineering purposes this limitation
does not matter because this value can represent the overall effect
of shape on hydrodynamic behavior, which is of interest.

To measure pressure drops, an experimental setup with di-
mensions similar to the previous ones reported [19] was success-
fully developed at the Sun Yat-sen University in China. Before any
measurement for nonspherical particles, the newly developed fa-
cility, along with its measurement system, was also qualified by a
series of validity tests using spheres. As shown in Fig. 6, although
someuncertainties are present possibly due to potential parameters
(e.g., particle roughness) that have not been considered in the Ergun
equation, the comparatively good agreement to some extent jus-
tifies an assertion of the quality of our present experimentation and
instrumentation. Using this facility and through back-calculation of
Eq. (6), the effective sphericity of our nonspherical particles be-
comes estimable; the obtained results are listed in Table 1.

3.3.2. Modeling of particle-shape influence
Fig. 7 compares the effect of particle shape on the transient

debris bed formation behavior for three groups with varied particle

Fig. 5. A regime map developed according to the base model (spherical particles).
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sizes and densities. It is evident that whatever the group is, as the
particle shape changes from sphere to nonsphere, a transition of
flow regime from smaller-number regime to larger-number regime
(e.g., from Regime II to Regime III for Group B) is observed to occur,
suggesting that the regime judgment index I (as defined in Section
3.2) should be decreasing. As confirmed in our past studies
regarding the debris bed self-leveling behavior [15,16], compared
with the experimental cases using spherical particles, in the cases
using nonspherical particles, additional particle-particle collisions
and friction caused by the shape-related parameters (such as
roughness and eccentricity) should exist, and these are expectable
to play a suppressing role in the motion of solid particles.

By comparing Fig. 7D and F, another finding is that although
both the cases might be classified into the transitional regime
(Regime III), the final bed geometry shown in Fig. 7D seems to be
closer to the particle-inertia dominant regime, even if the particle
size is comparably smaller, thereby implying that in such a case the
effective sphericity, as compared to the case shown in Fig. 7F,
should be relatively lower. Evidently, our measured sphericity can
support this judgment very well and can serve as a result further
demonstrating the validity of our experimentation and measure-
ment facilities.

Based on the regime characteristics described (see Section 3.1
and Ref [21]), it seems that whatever the regime is, the progression
of debris bed formation behavior can be divided into two steps: (1)
particle release stage, which involves particle delivery from the
particle release device toward the upper surface of the particle bed
and (2) particle accumulation stage (at pool bottom) in which the
pool convection and particle inertia, as emphasized repeatedly, are
competing with each other. It is imaginable that, for the early
particle release stage, the additional particleeparticle interactions
caused by the shape-related parameters should inhibit the move-
ment of solid particles within the particle release device, alongwith
the connected pipes, resulting in comparatively reduced particle
release rate (e.g., see the value of particle release time in Fig. 7) and
less prominence of pool convection. However, it should be
remembered that in our base model the term Up is actually a time-
averaged value measured directly from the video recording [see Eq.
(3)], which means that for such a stage the effect of particle shape
should already have been reasonably represented by our base
model.

On the other hand, for the latter particle accumulation stage,
based on experimental observation as well as the knowledge from
our past extensive studies on debris bed self-leveling behavior
[15,16,21,22], it can be deduced that additional interparticle colli-
sions and frictions induced by the shape-related parameters should
restrain the pool convection from acting (or, in other words, lead to
enhanced effective particle inertia). To account for this influence, a
correction function Kc, with its functional form discussed in the
next section, is being considered for correcting Eq. (2):

I ¼ Kc

2

6
4Kb�

�
Up

Uc

�a�H2
w

LW

�b

�
rp�rl
rl

�c�mlVT
sl

�d

3

7
5 (7)

Finally, since the particle terminal velocity is a critical parameter
in our base model, it is natural that this term should be corrected as
accurately as possible when we consider the modeling extension.
Fortunately, we noticed that, in past decades, many empirical cor-
relations relating the terminal velocity of a nonspherical particle to
some shape-related parameters (especially the sphericity f) have
been developed. Here, after comprehensive evaluation, we finally
chose Geldart's method because, compared with other in-
vestigators, Geldart has explicitly pointed out that the sphericity
used in his equations is estimated from macroscopic measurement
[28], namely in a way similar to the one we have used (see Section
3.3.1), thereby to some extent providing us more confidence in its
utilization and accuracy.

Geldart believed that the terminal velocity VT of a nonspherical
particle can be calculated as follows [28,29]:

VT ¼ KTVTS (8)

where, KT is a correction factor based on particle sphericity f and
VTS is the terminal velocity of a sphere having the same volume
(dv).

By extending the work of Pettyjohn and Christiansen [30],
Geldart proposed the following set of formulas for calculating the
correction factor KT [28,29]:

For Rep <0:2,

KT ¼ 0:843*log10ðf=0:065Þ (9)

For Rep >1000,

KT ¼ ð0:43=ð5:31� 4:88fÞÞ1=2 (10)

For 0:2<Rep <1000,

KT ¼
h
0:843*log10ðf=0:065Þ � ð0:43=ð5:31� 4:88fÞÞ1=2

i

1000� Rep
1000� 0:2

þ ð0:43=ð5:31� 4:88fÞÞ1=2

(11)

where, Rep is the particle Reynolds number based on dv at its
terminal velocity.

4. Discussion

Substituting the measured sphericity (see Table 1) into Eqs.
(8)e(11), we can calculate VT for nonspherical particles. Fig. 8
provides a regime map for both spherical and nonspherical parti-
cles using the base model but with VT corrected for the shape in-
fluence. It is evident that the base model, even with the particle
terminal velocity corrected using Geldart's equations, cannot pro-
vide satisfactory predictions for nonspherical particles. It can

Fig. 6. Comparisons between predicted and measured pressure drops using the test
spheres.
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Fig. 7. Effect of particle shape on transient debris bed formation behavior (A) & (B), (C) & (D), as well as (E) & (F) represent respectively particle sizes of around 2 mm, 0.5 mm and
1.0 mm.
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further be deduced that with a larger value of particle inertia
provided, the predictions can be improved, which to some degree
substantiates our judgment in Section 3.3.2 that an appropriate
correction function Kc should be incorporated.

Based on our past extensive studies regarding debris bed hy-
draulics [7,15,18], it is well understood that a larger particle release
rate (i.e., more violent pool convection) will make the solid parti-
cles much easier to push away, as a result making the difference
between spherical and nonspherical particles less prominent. For
this reason, here the following functional form is suggested for
estimating Kc:

Kc ¼ 1

1þ s ð1�fÞq
ðReÞp

(12)

where, Re is the Reynolds number of the particle flow (UprlDpipe
ml

), and
s, p, and q are empirical constants. Obviously, when f ¼ 1 or Re/∞,
Kc approaches 1 (i.e., the value for spherical particles). In addition,
for nonspherical particles Kc seems to be a positive value less than
1, namely enhancing the term of particle inertia, which is consistent
to our expectation. Thus, the choice of the functional form of
introduced Kc can be qualitatively ensured.

In a similar way, by performing regression analyses using
computer code after rearranging its form into logarithmic form,
based on our current data set using nonspherical particles (46
cases), constants s, p, and q in Eq. (12) can be evaluated and the
following correlation is obtained:

Kc ¼ 1

1þ 65:5*ð1�fÞ0:263
ðReÞ0:441

(13)

where,

0:302 � f � 1:0

4:20*103 � Re � 2:54*104

By combining the base model with the extension scheme, a new
regime map for both spherical and nonspherical particles is

achieved. As shown in Fig. 9, it is found that, given our current
range of experimental conditions, by coupling the base model with
this scheme, respectable agreement between experiments and the
model predictions for the regime transition can be obtained for
both spherical and nonspherical particles. Therefore, although
further analyses and validations, e.g., investigation of the interpo-
lation/extrapolation capability of the proposed scheme [especially
Eq. (13)], might be needed, to some extent the potential extension
capability of our base model to predict flow regimes in debris bed
formation behavior for more realistic accident conditions has been
displayed.

Finally, we have to note that during an actual CDA of an SFR,
sodium boiling generated by the decay heat of fuel debris might
exist and could potentially have an impact on the debris bed for-
mation process (as indicated in Fig. 2). Therefore, a series of new
experiments involving the release of hot spheres into a water pool
have been planned for the near future at the Sun Yat-sen University.
On the other hand, as mentioned repeatedly in this work, knowl-
edge and data from the current study will also be utilized for an-
alyses and verification of some relevant physical models (e.g.,
particle-liquid interaction) developed in future SFR severe acci-
dent analysis codes in China. As a result, we believe that in addition
to direct experiments, some of the potential issues (e.g., the effect of
sodium boiling) might become investigable in the future as well
using the well-verified code.

5. Conclusion

Aimed at providing evidence for understanding the actual debris
bed formation behavior that might be encountered in a CDA of an
SFR, a series of experiments using nonspherical particles were
carried out in the study. Owing to the knowledge and experimental
data obtained, an extension scheme has been advanced to incor-
porate the particle-shape influence into our base model, which is
restricted to predictions of debris mixtures composed of spherical
particles. It is found that, given our current range of experimental
conditions, by coupling the base model with this scheme, good
agreement between experiments and model-predictions for the
flow-regime transition can be achieved for both spherical and

Fig. 8. Regime map for both spherical and nonspherical particles using the base model
with only VT collected.

Fig. 9. Regime map for both spherical and nonspherical particles with the extension
scheme coupled.
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nonspherical particles. Although further investigations (e.g., mixed-
size particles, sodium boiling and larger-scale 3D conditions) might
inevitably be necessary, the current study to some extent has
confirmed the potential extension of our base model to predict
flow-regime characteristics under more realistic accident condi-
tions. Knowledge and evidence from our work can be utilized for
future improvement of the design of an in-vessel core catcher, as
well as for the development and verification of SFR severe accident
analysis codes in China.
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Nomenclature

a; b; c; d Empirical constants in Eq.(2) [e]
Dpipe Particle release pipe diameter [mm]
dp Particle diameter [mm]
dv Volume-equivalent diameter of a nonspherical particle

[mm]
Hp Particle release height [cm]
Hpb Bed height used in Eq.(6) [m]
Hw Water depth (from tank bottom to water free surface)

[cm]
Kb Empirical constant in Eq.(2) [e]
Kc Correction factor representing additional shape-induced

particle-particle interaction [e]
KT A correction factor for estimating VT of a nonsphere [e]
I Regime judge index defined [e]
I1 Dimensionless quantities representing the positive role

for driving solid particles [e]
I2 Dimensionless quantities representing the negative role

for driving solid particles l [e]
L;W Length and width (gap thickness) of the viewing tank [m]
m Total mass of the weighed particles [kg]
N Total number of the weighed particles [e]
DP Pressure drop [Pa]
Q Total particle volume used for each experimental run [L]
Re Reynolds number of the particle flow (UprlDpipe

ml
)

Rep Particle Reynolds number based on dv at its terminal
velocity [e]

s; p; q Empirical constants in Eq.(12) [e]
tr Particle release time [s]
Uc Critical velocity defined to invoke the pool convection

[m/s]
Uf Superficial velocity of gas (or fluid) [m/s]
Up Average particle release rate [m/s]
VT Terminal velocity of a single particle (sphere or

nonsphere) in stagnant liquid [m/s]
VTS Terminal velocity of a sphere having the same volume (dv)

[m/s]

Greek letters
f Particle sphericity (e)
rp Particle density [kg/m3]

rl (or rf ) Liquid (or fluid) density [kg/m3]
ml Liquid viscosity [Pa$s]
sl Liquid surface tension [N/m]
ε Bed voidage [e]
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