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ABSTRACT 

 

Melt fragmentation, quenching and long term coolability in a deep pool of water under reactor 

vessel is employed as a severe accident (SA) mitigation strategy in several designs of light 

water reactors (LWR). Geometrical configuration of the debris bed is one of the factors which 

define if the decay heat can be removed from the debris bed by natural circulation. Boiling and 

two-phase flow inside the bed also serves as a source of mechanical energy which can reduce 

the height of the debris bed by so called “self-leveling” phenomenon. However, to be effective 

in providing a coolable geometrical configuration, self-leveling time scale has to be smaller 

than the time scale for drying out and onset of re-melting of the bed. This paper presents results 

of experimental and analytical studies concerning the self-leveling phenomenon. The goal of 

this work is to assess characteristic time scale of particulate debris spreading. In the 

experiments on the particulate debris spreading air injection at the bottom of the bed is used to 

simulate steam flow through the porous debris bed. A series of test have been carried out to 

study the influence of particles size and density, roughness of the spreading plate, gas flow rate 

etc. on particulate spreading. A semi-empirical model for predicting the spreading of particulate 

debris has been developed using experimental closures for debris mass flow rate as a function 

of local (i) angle of the bed and (ii) gas flux. The comparison between the model prediction and 

the experimental observations shows a good agreement. 
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 INTRODUCTION 1

 

Deep pool of water under reactor vessel is employed in several designs of light water reactors 

(LWR) as a means to stabilize and provide long term cooling of core melt materials released 

from reactor pressure vessel (RPV) in case of severe accident (SA). It is assumed that corium 

will be fragmented and quenched in the pool, forming porous debris bed. It is assumed further 

that decay heat can be removed from the debris bed by natural circulation. However, coolability 

of such bed is contingent upon the properties of the debris bed, such as particle size distribution, 

porosity and geometrical configuration of the bed. A tall, mound shape debris bed can be hardly 

coolable, while the same mass of the debris can be easily cooled if the bed is spread uniformly 

over the area of the reactor cavity [1]. Boiling and two-phase flow inside the bed is a source of 

mechanical energy which can help to flatten the debris bed by so called “self-leveling” 

phenomenon. However, to be effective in providing a coolable geometrical configuration, 

self-leveling time scale has to be smaller than the time scale for drying out and onset of 

re-melting of the bed. 
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Recent experimental studies by Zhang et al. [2] on particulate debris self-leveling were 

motivated by importance of debris spreading for coolability in postulated core-disruptive 

accident in a sodium-cooled fast reactor. Depressurized water boiling was used to study 

importance of several parameters such as particle physical properties, boiling mode and 

intensity, etc. However, the effective steam generation density in the tests [2] was almost two 

orders of magnitude smaller than in prototypic accident conditions. Most of the reported in [2] 

tests were performed with low density particle materials. Only two tests were carried out with 

0.5 mm spheres of stainless steel and lead. Cheng et al. [3] proposed an empirical model for the 

ratio of the inclination angle of a conical heap at certain time to the initial inclination angle. 

Good agreement between the model predictions and experimental data was reported, however 

no comparison for heavy (stainless steel and lead) particles was presented [3]. It is instructive to 

note that extrapolation of the modeling results [3] formulated in terms of the dynamics of the 

conical heap inclination angle to prototypical LWR reactor accident scenarios conditions is not 

straightforward. 

 

The goals of this work are (i) to provide experimental data on particulate debris spreading in the 

wide ranges of gas flux, and (ii) to develop an approach to modeling of the debris bed spreading 

applicable to prototypic LWR severe accident conditions. 

 

In the second section of the paper we report results of experiments on particulate debris 

spreading obtained for different conditions including particle sizes and morphology. We study 

temporal evolution of the geometrical configuration of the bed in order to develop experimental 

closures which can be used in modeling. In the third section we present results of development 

and validation of semi-empirical model. The model is using experimental closures for the 

particle mass flux on the local slope angle and superficial velocity of the gas flowing through 

the bed. 

 

 EXPERIMENTAL INVESTIGATION OF PARTICULATE DEBRIS SPREADING 2

 

2.1 Experimental Technique 

 

In order to study the particulate debris spreading and self-leveling phenomena PDS-1, PDS-2 

and PDS-C facilities have been developed. All facilities consists of three main components as 

shown in Fig. 1: (i) the transparent plexiglas water tank positioned on (ii) the air injection 

chambers with (iii) top perforated plate providing uniform air injection. General experimental 

approach to investigation of the particulate debris spreading is the same in both facilities. First 

we create a debris bed with a slope close to a critical repose angle. Then the facility is filled up 

with water and experiment is started by providing air injection into the air chamber beneath the 

bed. The video recording of the tests is used for post-processing of experimental data. 

 

The PDS-C facility has a single pressurized air chamber whereas PDS-1 and PDS-2 has nine 

chambers (10 cm and 15 cm wide in PDS-1 and PDS-2 respectively) individually controlled. 

The total size of the spreading area in PDS-1, PDS-2 and PDS-C is 1.0x0.40 m
2
, 1.6x0.60 m

2
 

and 0.4x0.075 m
2
 respectively. Minimum 3 injection chambers were used in PDS-1 tests and 2 

chambers in PDS-2 tests .The total air injection rate is up to 5.7 liters/s, 22 liters/s and up to 

70 liters/s for PDS-1, PDS-2 and PDS-C facilities respectively. This corresponds to the 

maximal reachable superficial air velocities of 0.0475 m/s, 0.122 m/s and 2.33 m/s respectively. 

The amount of particulate material in PDS-1, PDS-2 and PDS-C is 10 liters, 40 liters and 

9 liters respectively.  
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a) b) c) 

Fig. 1: PDS facilities: a) General schematics; b) PDS-C facility; c) PDS-2 facility. 

 

 

Velocity of the steam flowing out at the debris bed top is a crucial parameter for the debris bed 

spreading. Consider a steam generating (at atmospheric pressure) corium debris bed with 

properties chosen within the typical ranges considered in [4], [1]. 

 

 

Table 1: Steam generating debris bed properties. 
Debris 

volume 

Initial bed 

length, � 

Initial bed 

height, � 

Porosit

y, � 

Slope 

angle, � 

Specific heat 

release, � 

Particle 

density, �� 

Steam 

density, �� 
Latent heat of 

evaporation, 	
  

20 m
3
 4 m 2.8 0.5 35º 240 W/kg 8000 kg/m

3
 0.59 kg/m

3
 2.258 MJ/kg 

 

 

Assuming uniform heat generation in the debris bed, the heat flux to be removed from the bed 

with local height � is: 

 

����� � �� ⋅ �1 � �� ⋅ � ⋅ � (1) 

 

Then the steam superficial velocity ���
�� as function of the bed height � can be estimated 

as: 

 

���
����� �
�����
�� ⋅ 	�

 (2) 

 

Here we assume saturated water and only vertical steam velocity.  

 

In the experiment we use air as steam simulant. In order to achieve similar conditions for 

particulate spreading we normalize the superficial velocity ����  to the corresponding 

minimum fluidization velocity of the debris bed ���
���

. The ���
���

 is independent of the 

geometry and dimensions of the bed. We estimate the ������  and �����
��  at atmospheric 

pressure conditions assuming identical properties of the coolant and debris bed particles. The 

��� can be calculated as: 

 

��� �
��⋅ 
!"

#�⋅$%
, (3) 

 

where &� is the dynamic viscosity of the flowing gas and the Reynolds number '��� for the 

three-phase fluidization [5]: 
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'��� � (33.7, + 0.0406 ⋅ 123� � 33.7, (4) 

 

where the gas-phase Archimedes number with liquid-buoyed solids is 

 

123� � �� ⋅ 4�� � �56 ⋅ 7 ⋅ 8�9/&�,. (5) 

 

Due to higher gas density, the bed fluidization by air requires lower injection velocities than 

for the steam. Results of calculations of minimum fluidization velocity are presented in Table 

2 for spherical particles with diameters of 8� � 3.43 mm (corresponds to 3x3 mm stainless 

steel (SS) cylinders used in PDS tests), particle material and coolant densities �� � 8000 

kg/m
3
, �5 � 1000 kg/m

3
 respectively. Eq. (3) suggests that in our laboratory conditions we 

can fluidize the debris bed by air flow at 2.6 m/s. 

 

 

Table 2: Minimum bed fluidization velocities by air and steam for the stainless steel 3x3 

mm in size cylindrical particles. 

Gas <= (kg/m
3
) >= (Pa·s) ?@A (m/s) 

Water steam 0.590 1.2·10
-5

 3.78 

Air 1.225 1.85·10
-5

 2.61 

 

 

Normalizing steam velocity ���
����� with respect to minimum fluidization steam velocity 

we get: 

 
BCDEF!�G�
H!"
CDEF! �

#%⋅�IJK�⋅L⋅$%
	�⋅��⋅ 
!"

⋅ � ≡
#%⋅�IJK�⋅L⋅$%⋅NOPQ

	�⋅��⋅ 
!"
⋅ �. (6) 

 

The superficial velocity of the injected air in our PDS laboratory tests can be scaled down 

from the superficial velocity of generated steam in SA conditions according to the following 

(see Table 2): 

 

���� �
H!"
FRS

H!"
CDEF! ⋅ ���
�� ≅ 0.69 ⋅ ���
��. (7) 

 

Normalized superficial steam velocity as a function of bed’s length and height is plotted in 

Fig. 2 for different particle size and bed porosities. As it can be seen in Fig. 2a, with small 

1 mm particles the bed is fluidized at the top, while for larger particles and the same gas 

velocity fluidization limit is not reached (Fig. 2b). 

 

The green and blue points in Fig. 2 represent the normalized gas velocities achievable in 

PDS-2 and PDS-C facilities respectively. PDS-2 facility can be used to simulate particulate 

debris spreading with prototypic steam flow rate in the vicinity of the debris bed leading edge. 

PDS-C facility can provide high gas flow rate typical for a top part of a tall debris bed go up 

to fluidization limit. 
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                           a)                                      b) 

Fig. 2: Normalized superficial velocity of the steam as function of debris bed length with 

particles of different sizes: a) for 1 mm particles; b) for 3.43 mm particles. The green and 

blue points show air velocities reachable in PDS-2 and PDS-C facilities respectively. 

 

 

2.2 Results and Observations 

 

The goal of the first series of experiments was to identify parameters and conditions which 

influence most the time scale of the debris bed spreading. List of the PDS tests divided into 

several groups according to the studied effects is presented in Table 3. 

 

 

Table 3: PDS experiments grouped by the parameters studied. 

 

 

Beside self-explanatory parameters such as injected air flow rate (group A), particle density and 

size (groups B and F), we also addressed the influence of gas injection under the leading edge of 

the bed (group C). In PDS-1 and PDS-2 facilities the gas injection can be provided individually 

through each injection chamber. An activation of the air injection in the chamber located under 

the debris bed leading edge significantly enhances particulate debris spreading. At the same 

experimental conditions we compare leading edge propagation curves for PDS-E8 (with 

injection turned on under the leading edge) and PDS-E9 (injection turned off) in Fig. 3. 

 

In experimental group D we studied the influence of spreading surface roughness. The metallic 

net is used to increase the friction between the particles and surface. As seen from Fig. 3 the 

PDS-E12 (no friction net) spreading is more efficient than the PDS-E10 and PDS-E11 tests 

with friction net. To avoid rolling down of the SS cylindrical particles on inclined surfaces the 

net also used in E18-E23 tests. 

 

 

Group Tests Effect studied 

A.  E2-E3; E7-E8; Injected gas (air) flow rate influence 

B.  E2-E4 Particle density and size 

C.  E5-E6; E7-E9 Leading edge gas injection (turned on/off) influence 

D.  E10-E12 Roughness of the spreading surface with help of friction net 

E.  E12-E14 Influence of the water presence 

F.  E12-E15 Mixture of particles with dissimilar morphology 

G.  E18-E23 Influence of inclined spreading surface (0º-15º) 

H.  E10-E11 Reproducibility tests 

I.  C1-C12 Tests on PDS-C facility at high superficial velocities (up to 1.2 m/s) 
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In Table 4 the test matrix along with main results from the experiments performed in PDS-1 and 

PDS-2 facilities are summarized. Enhancement of particulate debris spreading on inclined 

planes (group G) was addressed in tests (E18-E23). Results of the tests showed that (i) that the 

critical angle of repose of the bed sitting on the inclined plane is essentially the same as for that 

on zero degrees inclination plate, and (ii) the time of spreading on inclined planes is shorter than 

on horizontal ones. The role of the leading edge in enhancement of spreading on inclined plates 

has to be clarified in the future tests. 

 

 

 
Fig. 3: Relative front propagation of the debris bed for tests performed with stainless steel 

particles on PDS-2 facility. 

 

 

Table 4: PDS-E test matrix.  

Test 

No. 
Facility 

Particulate debris Total air 

flow rate 

(L/s) 

Study 

group 
Remarks* 

Relative bed front 

propagation, (mm) 

Material
†
 Mass (kg) Volume 

(dm
3
) 

After 1h Final 

E2 PDS-1 Gravel ~13 10 2.8 A, B, F O 130 170 

E3 PDS-1 Gravel ~13 10 5.7 A, B, F O 270 300 

E4 PDS-1 SS cylinders 30.4 6 2.8 B O 70 135 

E5 PDS-1 SS cylinders 30.4 6 2.8 C O 43 120 

E6 PDS-1 SS cylinders 30.4 6 2.8 C  12 25 

E7 PDS-2 SS cylinders 200 38.5 20 A, C O 270 315 

E8 PDS-2 SS cylinders 200 38.5 12 A, C O 165 205 

E9 PDS-2 SS cylinders 200 38.5 12 C  32 38 

E10 PDS-2 SS cylinders 200 38.5 18 D, H N 65 72 

E11 PDS-2 SS cylinders 200 38.5 18 D, H N 67 71 

E12 PDS-2 SS cylinders 200 38.5 18 D, E, F  99 99 

E13 PDS-2 SS cylinders 200 38.5 9 E, F  43 44 

E14 PDS-2 SS cylinders 200 38.5 18 E, F no water 0 0 

E15 PDS-2 
SS cylinders 160 

~37 18 F  100 100 
SS spheres 40 

E18 PDS-2 SS cylinders 181 34.6 20 D, G N, i0 32 44 

E19 PDS-2 SS cylinders 181 34.6 20 D, G N, i10 89 89 

E20 PDS-2 SS cylinders 93 17.9 20 D, G N, i15 71 71 

E21 PDS-2 SS cylinders 176 33.5 22 D, G N, i0 33 41 

E22 PDS-2 SS cyl. 122 23.3 22 D, G N, i10 30 40 

E23 PDS-2 SS cyl. 93 17.7 22 D, G N, i15 44 57 

*O=open leading edge chamber; N=friction net is used; i=inclination angle in degrees. 
†SS=stainless steel. 
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Fig. 4: Images of the debris bed in PDS-E7 test taken at specified time (left top corner) 

after the beginning of experiment. 

 

 

Experimental results obtained in PDS-2 suggest that following parameters have a strong 

influence on spreading rate: gas superficial velocity, friction forces between the particles and 

spreading plate and injection under the debris bed leading edge. If gas velocity is well below 

(~4%) the minimum fluidization velocity (2.6 m/s), than the characteristics time when further 

particulate spreading is practically ceases is about 1.5-2 hours for a bed of 200 kg of stainless 

steel 3x3 mm cylindrical particles initially put to a triangular shape with slope angle close to the 

critical angle of repose. However, the most significant spreading is observed at the initial stage 

of 5-30 minutes. 

 

It is instructive to note that debris obtained in experiments with melt-coolant interactions can be 

quite irregular with different size distributions depending on the conditions of the tests [6]-[7]. 

Further investigations with prototypical debris particle morphology and size distribution are 

necessary. 

 

 

Table 5: PDS-C test matrix. 
Test 

No. 

Initial debris 

bed triangle 

type 

Air injection Water 

level 

(cm) 

Debris bed 

settling time 

(sec) 

Initial air 

injection 

method 
Flow rate, 

V= (liter/s) 

Superficial 

velocity, WXYZ 
(m/s) 

Ratio 

 
WXYZ
?@A
XYZ 

C1 right 10 0.34 0.13 55 ~480 Instant 

C1B right 10 0.34 0.13 45.5 ~480 Gradual 

C2 right 20 0.69 0.26 45.5 ~390 Gradual 

C3 right 30 1.04 0.39 45.5 ~240 Gradual 

C4 right 40 1.39 0.53 45.5 ~60 Gradual 

C5 right 50 1.74 0.66 45.5 ~10 Gradual 

C6 right 60 2.09 0.80 45.5 ~2 Gradual 

C7 isosceles 20 0.69 0.26 45.5 ~60 Gradual 

C8 isosceles 10 0.34 0.13 45.5 ~130 Gradual 

C9 isosceles 30 1.04 0.39 45.5 ~40 Gradual 

C10 isosceles 40 1.39 0.53 45.5 ~6 Gradual 

C11 isosceles 40 1.39 0.53 45.5 ~3 Gradual 

C12 isosceles 30 1.04 0.39 45.5 ~4 Gradual 
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Test matrix for PDS-C experiments is presented in Table 5. The maximum flow of 60 liter/s was 

achieved in this series of preliminary tests. At such high gas injection rate the self-leveling 

process is very fast and the characteristic debris bed settling time can be quite short. If ratio of 

the gas velocity to the minimum fluidization velocity is more than 0.5, then the time scale for 

spreading is less than one minute. 

 

The most important experimental finding from PDS-2 and PDS-C is that the bulk of the debris 

bed volume is immobile most of the time. Only the topmost layer of the debris is responsible for 

the spreading of the bed. The moving layer thickness is order of few diameters of the particles. 

This qualitative behavior doesn’t depend on the facility scale and mass of the debris. It doesn’t 

change when the gas flux is increased until the bed is suddenly fluidized and put into motion. It 

means that experimental data obtained on particulate debris spreading in reduced scale (such as 

PDS) facilities can be directly applicable to the prototypic accident conditions if particle 

properties (such as size distribution, morphology, density etc.) are similar to those of corium 

debris and gas flow rate is properly scaled. 

 

 MODELING OF THE PARTICULATE DEBRIS SPREADING 3

3.1 An Approach to Modeling of Particulate Debris Spreading 

Development of a model based on first principles is currently out of scope of this work due to 

extremely complex and uncertain nature of the interactions between the particles, water and gas 

flow. In this work we propose an alternative semi-empirical approach where the mass-balance 

equation for the debris bed is solved with provided experimental closure the particle mass flux. 

Such approach is possible according the experimental observations in PDS facilities (see 

previous section). The closures are provided as lookup tables for the experimentally obtained 

particle mass flux at different experimental conditions. By using the closures we intentionally 

integrate all uncertainties involved in complex physical phenomena of three-phase flows. An 

obvious advantage of such method is significant simplification of the analytical problem to be 

solved. On the other hand, there is a need to have many experiments in order to build sufficient 

and self-consistent database of closures. 

 

 

a) b) 

Fig. 5: Illustration of the particles debris bed (a) and a single [\] bed cell (b) with 

corresponding characteristic parameters. Black vertical dashed-dotted line defines 

borders between cells. Black solid curve defines a physical shape of the bed, whereas red 

solid line defines angular shape approximation or local slope angles of each cell. The gray 

arrows represent particle mass in- and out-flows for each cell. 
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Let’s consider a particulate debris bed (Fig. 5) with width �, total particle mass ^� and 

volume _�, particle density � and bed porosity �. The total volume of the particulate porous 

bed is _� � ^/[� ⋅ (1 − �)] ≡ _�/(1 − �). 
 

Mass balance equation are written for bc  discrete control volumes (numerical cells) with 

length Δe along the bed spreading direction e. Each f�G cell (f ∈ [1; bc]) is characterized by 

particle mass î� such that total bed mass is conserved ^� = ∑ î�klimI  at any time step n, and 

a cell slope angle �i� (see Fig. 5). Index n denotes time step for the time-dependent variables. 

The purpose of the model is to predict temporal evolution of the debris mass in each cell. By 

knowing the current state of the system o î�, f ∈ [1; bc], n ∈ [0;∞)r and mass fluxes between 

the cells we can predict the future state o î�sI, f ∈ [1; bc], n ∈ [0;∞)r from the mass balance 

equation: 

 �tRuvJ�tRw� = ��,iJI� − ��,i� , 
(8) 

 

where ��,i�  and ��,iJI�  are particle mass flow rates out and in the cell f respectively. When n = 0  the initial conditions (the mass of particles) in each computational cell should be 

specified. Mass flow rate ���  between cells is defined as ��� = ��,L� ∙ �, where � is cell (or 

the spreading channel) width and ��,L�  is an empirical closure. ��,L�  is a function of local gas 

flux ��	�  (measured in 
z{|}∙~), the local slope angle ���  of the heap and set of parameters related 

to the properties of the debris ���: 
 ��,L,i� = �4��,i� ; ��,i� ; 	���6. (9) 

 

The local heap angles ��,i�  and particle mass flow rates ��,i�  are defined at the neighboring 

cells interfaces as shown in Fig. 5 (b). In equation (8) the calculations of the î�sI  is 

straightforward and depends on known n�G variables at the previous time step. Explicit Euler 

time integration scheme is used in this work. The ��,L,i� 4��,i� ; ��,i� 6 is an odd function of the 

angular argument ��,i� , i.e. ��,L,i� 4��,i� ; −��,i� 6 = −��,L,i� 4��,i� ; ��,i� 6. ��� in (9) is a set of 

characteristic properties of bed and particles, such as bed porosity, particle size, morphology, 

density, surface roughness etc. In all following derivations ��� is omitted because it doesn’t 

change during the particulate spreading process. The closure dependencies ��,L are obtained 

from experiments for specific ��� by measuring �� as function of slope angle ��  and gas 

flux ��. From the geometrical considerations (Fig. 5b) the local slope angles ��,i�  neighboring 

to the f�G cell are: 

 

��,i� = tanJI GtRJGtuvR
wc ≡ tanJI wGt,tuvR

wc . 
(10) 

 

To calculate the ℎimI:(klJI)�  value we assumed that the �imkl�  remains constant and equal to 

the critical angle of repose �5. By knowing the present mass îmkl�  and slope angle �imkl�  in 
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the last cell, the bed height ℎimkl�  can be calculated as ℎimkl� = �2 ⋅ �t��lR
#∙(IJK)∙L tan �imkl� . And 

then by inverting (10) all the remaining cell heights ℎi� and slope angles �i� can be calculated: 

 ℎi� = ℎisI� + Δe ⋅ tan �i�, (11) 

�i� = tanJI �2 � �tR#⋅(IJK) ⋅ IL⋅wc} − GtuvR
wc ��. (12) 

 

By recursive application of equations (11) and (12) for all the cells we calculate all the 

parameters necessary for evaluation of the mass for the next time step (n + 1)�G from the mass 

balance equation (8): 

 

î�sI = î� + Δ�� ���,L,iJI� ���,iJI� ; tanJI wGt�v,tR
wc , � −

��,L,i� ���,i� ; tanJI wGt,tuvR
wc ��, (13) 

 

The expressions (13) is straightforward to calculate for each cell f ∈ [1; b]. 
 

The last cell bc�G  in the particle bed (right leading edge in Fig. 5a) has the following 

restrictions: (see also for schematic illustration): 

1) The gas flux is assumed to be ��,imkl = 0; 

2) The �imkl� ≅ �5 is constant and equal to the critical angle of repose. 

The first restriction is based on a realistic assumption that heap leading edge thickness is such 

that steam flux is negligible and has no effect on spreading. The second restriction is due to the 

assumption that particle motion in the absence of the gas flow is governed by the avalanche 

phenomenon resulting in formation of a bed with constant slope angle close to the critical angle 

of repose. 

 

The boundary conditions for (13) is such that particles in- and outflows from the left boundary 

of the first cell and the right boundary of the last cell respectively should be zero at all times: 

 

Boundary conditions: � ��,im�� = 0,��,imkl� = 0. (14) 

 

This is due to the facts that (i) the left boundary represents a solid wall, and (ii) leading edge 

hasn’t reached the right boundary of the last cell.  

 

Naturally, it is assumed also that îm(ksI)� = 0 except for the case when condition for the bed 

propagation to the next cell is fulfilled. Namely, the bed should propagate to the next cell if the 

particle mass in the last cell is such that the length of the bed in it �kl is larger than the cell 

length �kl > Δe. This approach is schematically illustrated in Fig. 6b. The slope angle in the 

last cell is assumed to be constant and equal to the critical angle of repose �5. 
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                       a)                                           b) 

Fig. 6: Debris bed leading edge: a) last cells [ = �� − �;��; b) condition of debris bed 

propagation to a new cell. The red lines denote Y\] (solid line) and Y + �\] (dashed line) 

local slopes of the heap, black vertical dashed-dotted line defines borders between cells. 

 

 

3.2 Modeling Results 

 

The model presented above has been applied to several experiments performed with SS 

particles. The model uses empirical closures obtained in the experiments. The examples of such 

closures are plotted in Fig. 7(a-d) for E9, E18, E20 and E21 PDS tests respectively.  In Fig. 7a 

a typical interpolation of the discrete experimental data for �� 4�� ; �� 6 is shown. The results 

of the modeling are apparently not very sensitive to the different types of interpolation 

functions (Fig. 7e).  

 

Overall, the model provides results which are in a good agreement with experimental data, 

including the tests performed on inclined surfaces (Fig. 7g) with more rapid spreading at the 

early stage of the tests. Among all closures presented in Fig. 7(a-d) the closure from PDS-E20 

test (Fig. 7c) performed on 15º tilt plane has the largest particle flux �� at the moderate slope 

angle (16-17º) which quickly decreases to typical (with respect to zero tilt plate) � 1 z{|⋅|�P 

fluxes at low slope angles. The model is able to reproduce such relatively fast motions of the 

debris and correctly predict leading edge position (Fig. 7g). Rapid motion of the debris which 

usually occurs in the beginning of the test after start of air injection is treated by semi-empirical 

model as an increased particle flux at the slope angles close to the critical angle of repose. 

Transition to fluidization driven spreading regime requires further model development. 

Available in literature studies on dynamics of avalanches [8], [9] are mainly focused on 

water-immersed granular flows. Experimental techniques described in this work can be used for 

investigations of the dynamics of avalanche-like motion and the slope relaxation criteria in the 

three-phase flow. 

 

 SUMMARY AND OUTLOOK 4

 

Series of PDS experiments has been carried out to study particulate debris spreading in water 

with gas injection for simulation of boiling inside the decay heated debris bed. Experimental 

results suggest that characteristic time scale for particulate debris spreading depends on 

superficial velocity and can vary between about 2 hours and about 1 minute when the ratio of 

the gas velocity to minimum fluidization velocity changes from 0.1 to 0.5 respectively.  
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a) PDS-E9 closure 

 
e) PDS-E9 modeling 

 
b) PDS-E18 closure 

 
f) PDS-E18 modeling 

 
c) PDS-E20 closure 

 
g) PDS-E20 modeling 

 
d) PDS-E21 closure 

 
h) PDS-E21 modeling 

Fig. 7: Experimental closure dependencies (red circles) and corresponding fit (blue 

curves) (a-d) and modeling results (blue curves) compared vs. experimental points (red 

circles) (e-h) for selected PDS tests. 
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In addition to the particle properties, we also found that (i) friction between the bed and 

spreading plate and (ii) injection under the debris bed leading edge have significant influence 

on the spreading rate. Most importantly, we found that until onset of fluidization, the bulk of the 

bed is immobile and the spreading is determined by relatively slow particle motion in a thin 

topmost layer of the bed. This observation suggests that the total mass of debris used in the 

experiment has no effect on particle mass flux (per unit width of the bed in transverse to 

spreading direction). Thus results of particle mass flux measurements performed in reduced 

scale experimental facilities (such as PDS) are directly applicable to plant accident conditions if 

prototypical particle properties and gas flow rates are used in the tests. 

 

Proposed semi-empirical model is using experimental closures obtained for particle mass flux 

as a function of the local angle of repose and gas superficial velocity. Results of the modeling 

are in good agreement with the experimental data. In order to apply the model for assessment of 

the efficacy of particulate debris spreading in severe accident conditions further work is 

necessary on (i) development of experimental closures covering wide range of gas injection 

rates, physical properties of particles, their morphologies, size distributions etc.;                 

(ii) development and validation of the scaling approach (for using air as a steam simulant).   

 

The ratio of characteristic time scales of (i) particulate debris spreading and (ii) debris dryout 

and onset of re-melting defines effectiveness of particulate spreading in improvement of the 

debris bed coolability. Particle mass flux depends on the local steam flux at the top of the debris 

bed. Therefore coupled analysis of particulate debris spreading and coolability is necessary in 

order to clarify if debris coolability can be significantly enhanced by particulate spreading. 
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