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ABSTRACT 

 

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

vessel are employed as a severe accident mitigation strategy in several designs of light water 

reactors. Success of the strategy is contingent upon effectiveness of natural circulation in 

removing the decay heat generated by the porous debris bed. Geometrical configuration of the 

bed is one of the factors which affect coolability of the bed. Boiling and two-phase turbulent 

flows in the pool serve as a source of mechanical energy which can affect the initial geometry 

as well as dynamically change the shape of already formed debris bed. The main goal of this 

work is to provide experimental data on spreading of solid particles in the pool by large scale 

two-phase flow structures induced by gas injection from the bottom. These data are necessary 

for development and validation of predictive capabilities of computer codes allowing 

numerical modeling of the debris bed formation at prototypic severe accident conditions.  

Results of a new series of PDS-P (Particulate Debris Spreading in the Pool) tests reported in 

this paper are for two types of tests: (i) the pure two-phase flows without particles and (ii) 

tests with particles. In both tests series, vapor flows in saturated water are simulated by air 

injection at the bottom of the facility. Experimental conditions such as gas-phase flow rate and 

particle properties (density, size etc.) are scaled to maintain relevancy to the prototypic 

accident conditions. The water pool is constructed as a rectangular tank. It has close to 2D 

geometry with fixed width (72 mm), variable length (up to 1.6 m) and allows water filling 

depth of up to 1 m. The variable pool length and depth allows formation of the different in 

size and pattern two-phase circulating flows. The average void fraction in the pool is 

determined by video recording and image processing. Particles are supplied from the top of 

the facility above the water surface. In the separate-effect studies of the influence of 

two-phase currents on particle trajectories and bed formation, low particle flow rate is 

required in order to minimize or completely exclude particle-particle interaction.  
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1 INTRODUCTION 

 

In a Nordic BWR type reactor the drywell is the last barrier to prevent an escape of fission 

products into environment in a hypothetical severe accident (SA) with molten corium released 

from the reactor vessel (RV). The flooding of the lower drywell is adopted as a SA mitigation 

strategy for termination of ex-vessel accident progression in Swedish type BWRs. Being 

discharged into several meters deep water pool, the molten corium debris is subject to 

fragmentation and quenching. The fragmented particles sedimentation process leads to a 

formation of a porous debris bed on the pool basemat. The corium debris bed re-melting by 

the decay heat can be avoided if the latter is removed by the natural circulation of the coolant. 

In recent years there has been put tremendous research efforts to study the bed coolability. 

Both the theoretical models, the developed codes [1] [2] and experimental studies [3] used in 

their validation, have been performed in order to determine time scale of the dryout as well as 

its influencing factors such as: properties of the debris bed (particles size, bed porosity, bed 

geometry, etc.) and SA scenario conditions (e.g. system pressure). A typical geometry of the 

formed debris bed is a conically-shaped mound. The performed studies suggested that a tall 

debris bed can be hardly coolable and, in contrast, the same mass of the corium material can 

be easily cooled if the debris is spread uniformly over the whole available basemat area [1]. 

Indeed, the geometrical configuration of the debris bed is one of the main factors influencing 

the bed coolability.  

 

The geometry and shape of the debris bed are affected by the physical processes, where an 

interaction takes place between the particles and two-phase flows as well as between particles. 

There are two distinctive regions in the pool where particle relocation and interactions can 

happen: 

i. In the vicinity of the debris bed located at the bottom of the pool where 

particle-particle and particle-two-phase flow interactions takes place; 

ii. In the water pool above the bed the particle-two-phase flow interaction is assumed to 

be dominant. 

 

In (i) the particle self-leveling and particulate debris spreading occur due to mechanical 

energy originated from the coolant boiling in the porous bed. This phenomenon is a research 

topic in ongoing experimental and theoretical studies [4] [5] [6] [7] [8] [9] where goal is to 

assess the time scale and effectiveness of the particulate spreading of the debris bed. As 

experimental studies showed the debris self-leveling or bed spreading occurs due to particle 

relocation at the top layer of the debris bed [7]. 

 

In the region (ii) above the debris bed the large scale turbulent flows (as illustrated in Figure 

1a) and subcooling conditions may significantly affect the particle sedimentation and 

dispersion over the basemat [10]. Numerical studies [2] showed that interaction of the 

particles with natural circulation flow in a dripping mode of melt release from a BWR vessel 

results in their lateral spreading preventing formation of the tall debris bed and improving its 

coolability. Moreover, it has been shown that smaller particles are more affected by the flow 

and their lateral spreading is more effective. As an example from [2], in Figure 1(b-c) the flow 

fields (white lines to the left), void distribution (color map), particle trajectories (yellow lines 

to the right) and instantaneous debris bed shape (dashed line) are presented for two 

consecutive times: 30 minutes and 4 hours after the beginning of the melt release. As seen 

from the figures, the particle sedimentation is strongly affected by the convective flow in the 

pool despite the fact that all particles are released from a relatively small source at the top..  

http://www.nuthos-8.org/admin/?action=detail&id=44


The 10th International Topical Meeting on Nuclear Thermal-Hydraulics, Operation and Safety (NUTHOS-10)          NUTHOS10-1257 

Okinawa, Japan, December 14-18, 2014 

3 / 15 

 

 

 
a)  

b) 
 

c) 

Figure 1: Illustration of the large turbulent currents during corium debris release in RV 

cavity under SA conditions (a) and simulation of particle trajectories affected by the 

boiling in the subcooled pool at 30 min (b) and 4h (c), after [2]. The void fraction 𝜶 (color 

map) is presented as function of pool height 𝒛 and radial distance 𝒓. The diameter of the 

particles 𝒅 = 𝟑 mm and specifica heat release rate 𝑸 = 𝟏𝟐𝟎 kW/m
3
 is used in these 

calculations [2]. 

 

 

The goal of this work is to provide experimental data on spreading of solid particles in the 

pool by large scale two-phase flow currents induced by gas injection from the bottom of the 

pool. These data are necessary for development and validation of predictive capabilities of 

computer codes allowing numerical modeling of the debris bed formation at prototypic severe 

accident conditions.  

 

2 EXPERIMENTAL APPROACH 

 

Our experimental approach is to employ a specially designed test section allowing quantifying 

redistribution of the particles in the pool as function of two-phase turbulent flows created with 

help of gas injection from the bottom of the pool. The technique is quite similar to that used in 

studies on self-leveling and spreading of the particulate debris bed in PDS-C (closures) 

facilities reported in [7] and [8]. Note, that in this work a separate effect studies are performed 

such that effect of particulate bed self-leveling phenomenon (studied early [7], [8]) is 

minimized by purposely restricting the particle spreading at the pool bottom. The particle 

catchers are used for this purpose. The air injection is used in this work to simulate the decay 

heat-induced steam production at reactor scale. The methodology of scaling of the gas flow 

rates corresponding to steam production is described in [9]. The effects of water subcooling 

conditions are not covered in these studies although have been studied numerically in [10]. It 

is instructive to note that the main purpose of this experiment is to provide data for code 

validation and not to simulate reactor accident scenarios. It is practically impossible to satisfy 

simultaneously all important scaling criteria for such multiscale problems as particle 

spreading in a pool with two-phase flow induced by boiling inside a debris bed. The details on 

measurements technique, test conditions and measured parameters are provided below. 
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2.1 PDS-P facility and measurement approach 

 

The PDS-P (particulate debris spreading in the pool) facility consists of following main parts: 

the particle delivery system, main water tank, the particle collection system, gas supply and 

flow rate measurement system. 

 

The schematic illustration of the facility (a) and its photographic image are shown in Figure 2. 

The current design of the PDS-P experimental facility allows performing tests with following 

varied parameters (see Figure 2 for definition of some parameters): 

 Working height 𝐻𝑝𝑜𝑜𝑙of the water level in the pool: up to 0.8 m at highest flow or 1.1 m 

at lower flow rates; 

 Working length of the pool 𝐿𝑝𝑜𝑜𝑙: up to 1.3 m; 

 Gas injection chamber with adjustable air flow rate 𝑄𝑔: 

o with a perforated plate having 7x20 cm effective injection area consisting of 

nozzle matrix providing flow up to 35 L/s (202 m/s in the nozzle or 2.4 m/s 

superficial velocity for the effective injection area of 0.0144 m
2
); 

 Particle delivery flow rate ranging between 1 and 5 g/s.  

 

The tank has a fixed width of 72 mm. This dimension is chosen in order to preserve close to 

2D geometry for the turbulent currents and particles spreading, i.e. pool width is much less 

than length and height of the pool. On the other hand the pool width should be kept much 

larger than the characteristic particle size (3 mm vs 72 mm in reported tests here) in order to 

minimize influence of the particle-wall interaction.  

 

 

 
a) 

 
b) 

Figure 2: PDS-P facility: schematics (a) and test section after experiment (b). 

 

 

The water tank is made of acrylic (Plexiglas) transparent material having wall thickness of 

20 mm. This provides obvious advantage for photographic and video shooting of the tests. 

Upon air injection into the system the walls of the tank suffers from vibrations and bulging. 

As a countermeasure to these unwanted effects a pair of strong horizontally aligned aluminum 

bars are installed as shown Figure 2(b). 
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The particle delivery system is designed in the form of a funnel having motorized screw 

inside 20 mm in diameter nozzle. The rotation rate of the screw is below 1 Hz providing low 

rate particle delivery. Due to technical limitations the particle flux is not controlled very well; 

however, it is low enough to minimize the particle-particle interaction at the water level and 

below. This is required for validation of the codes with disabled particle-particle interaction. 

 

All 10 particle catchers are symmetrically positioned with respect to the funnel axis and air 

injector chamber (a separate catcher No. 1) as schematically shown in Figure 2(a). The 

positioning and catcher size along the pool length are given in Table 1. Note, there are 11 

catchers in total. After each test the filled with particles catchers are extracted from the pool 

for particle mass measurements. 

 

 

Table 1: Particle catchers positioning and size. See Figure 2(a) for catcher numbering. 

Catcher No. 
1 

(air chamber) 
2 3 4 5 6 

Distance from pool center [mm] 0 153 200 250 297 340 

Total catcher length [mm] 230 24 40 40 25 40 

 

 

2.2 Tests without particles and assessments of the total void fraction in the pool 

 

The first series of tests performed on PDS-P facility has been performed without particles. 

The purpose of these tests is to provide data which can be used for validation of the code 

simulating the two-phase flow in the pool. In particular, a total void fraction 𝛼 in the pool as 

function of the gas flow rate 𝑄𝑔 and length of the pool has been quantified. The complete 

test matrix is shown in Table 2. As seen from the table the total void fraction is measured with 

acceptable accuracy of a few percent.  
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Table 2: Test conditions for the experiments performed without particles. The total void 

fraction 𝜶 and its uncertainty in the pool are provided. 

Test# 

pool 

length  
𝑳𝒑𝒐𝒐𝒍 

 [m] 

pool 

depth  
𝑯𝒑𝒐𝒐𝒍 

[m] 

Pool 

area 

[m^2] 

Gas flow 

rate  

𝑸𝒈 

[L/s] 

Estimated 

water area 

above initial 

level [m^2] 

Averaged pool 

void fraction 

(measured) 

𝜶𝒎𝒆𝒂𝒔 

Pool void 

fraction 

(interpolated) 

𝜶𝒊𝒏𝒕𝒆𝒓𝒑 

NOP01 0.681 0.500 0.341 9.4 0.116 0.25 ±0.027 0.27 ±0.018 

NOP02 0.681 0.500 0.341 11.8 0.135 0.28 ±0.042 0.30 ±0.021 

NOP03 0.681 0.500 0.341 14.2 0.167 0.33 ±0.003 0.33 ±0.003 

NOP04 0.681 0.500 0.341 16.5 0.200 0.37 ±0.001 0.36 ±0.011 

NOP05 0.681 0.500 0.341 18.9 0.238 0.41 ±0.021 0.38 ±0.025 

NOP06 0.681 0.500 0.341 21.2 0.258 0.43 ±0.005 0.41 ±0.022 

NOP07 0.681 0.500 0.341 4.7 0.069 0.17 ±0.011 0.19 ±0.025 

NOP08 0.681 0.500 0.341 7.1 0.101 0.23 ±0.017 0.23 ±0.006 

NOP09 0.681 0.500 0.341 2.4 0.061 0.15 ±0.022 0.13 ±0.016 

NOP10 0.681 0.700 0.477 2.4 0.067 0.12 ±0.008 0.12 ±0.005 

NOP11 0.681 0.700 0.477 4.7 0.097 0.17 ±0.006 0.17 ±0.005 

NOP12 0.681 0.700 0.477 7.1 0.129 0.21 ±0.010 0.22 ±0.003 

NOP13 0.681 0.700 0.477 9.4 0.154 0.24 ±0.006 0.25 ±0.009 

NOP14 0.681 0.700 0.477 11.8 0.191 0.29 ±0.007 0.29 ±0.000 

NOP15 0.681 0.700 0.477 14.2 0.223 0.32 ±0.016 0.32 ±0.002 

NOP16 0.681 0.700 0.477 16.5 0.246 0.34 ±0.012 0.34 ±0.004 

NOP17 0.681 0.700 0.477 18.9 0.280 0.37 ±0.019 0.37 ±0.000 

NOP18 0.681 0.700 0.477 21.2 0.336 0.41 ±0.008 0.39 ±0.018 

 

 

The procedure for assessments of the total void fraction in the pool is described as following. 

Each test has been recorded as a video clip or several photo snapshots. There were three 

image frames randomly selected and analyzed by image processing. The void fraction from 

each frame is calculated based on the excess of the area occupied by the two-phase mixture 

with respect to the original water level. The water surface shaping along the width of the pool 

is neglected in these 2D-restricted studies. If the water surface edge is a blurred then a middle 

curve is used to approximate the edge. The typical snapshots of the tests without and with 

particles are shown in Figure 3 and Figure 5 respectively. The experimental data have been 

interpolated and resulting 𝛼(𝑄𝑔) dependence together with analytical fit are shown in Figure 

4. These analytical dependencies describe experimental data very well for both 0.5 and 0.7 m 

depths of the pool. They are used in characterization of the particles spreading efficacy in the 

pool provided in the next section. 
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NOP09, 0.5 m 

 
NOP10, 0.7 m 

Figure 3: Snapshots from PDS-P tests performed with equal lowest gas injection rate 

(2.36 L/s) and different pool depths depicted at the bottom of each image. 

 

 

 
Figure 4: Total void fraction in the pool: measured (symbols) and power fit interpolated 

(solid curves) data from 0.5 and 0.7 m deep pool. The error bars represent experimental 

deviation from three measurements (image processing) as described in the text. 

 

 

The total void fraction measured in these tests should not be confused with the local void 

fraction. Although it is quite challenging to measure the local void fraction by means of 

non-intrusive methods there are models which have been successfully validated and used for 

representation of the void fraction distribution in the pool. An example of such models and 

relevant experiments can be found in [11]. Despite an axisymmetric pool geometry used in 

[11] it is believed that an analytical transformation from the 3D axisymmetric to 2D void 

fraction distribution function is possible. Such transformation would allow assessments of the 

local void fraction across the water pool.  
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2.3 Tests with particles 

 

Our first series of PDS-P tests with spherical stainless steel particles have been performed in 

the pool with present turbulent flows. The tests conditions are summarized in Table 3. Due to 

few failed tests the most of the tests were performed in the 0.7 m deep pool. After each test all 

particles have been collected from each catcher for accurate weight measurements. The 

weight of particular material collected from two symmetrically aligned catchers has been 

averaged out and value of the corresponding mass fraction is calculated.  

 

 

Table 3: Test conditions for the experiments with stainless steel 3 mm spherical particles. 

Test # 

Particl

e size 

𝒅𝒑 

[mm] 

𝑯𝒑𝒐𝒐𝒍 

[m] 

𝑳𝒑𝒐𝒐𝒍 

[m] 

Particle fall 

height 

above water 

surf. 𝑯𝒇𝒂𝒍𝒍 

[m] 

𝑸𝒈 

[L/s] 

Total 

mass 

[kg] 

Particle 

pouring 

time [s] 

Average 

particle 

mass flow  

𝑸𝒑 

[g/s] 

Note 

1 3 0.7 0.681 0.926 0.00 6.824 1480 4.61 
 

2 3 0.5 0.681 1.126 4.72 0.000 2305 
 

Partly 

failed 

3 3 0.7 0.681 0.926 4.72 6.949 1554 4.47 
 

4 3 0.5 0.681 1.126 7.08 6.221 2305 2.70 
 

5 3 0.7 0.681 0.926 7.08 5.516 1539 3.58 
 

6 3 0.5 0.681 1.126 9.44 
   

Failed 

7 3 0.7 0.681 0.926 9.44 5.021 4161 1.21 
Not 

reliable 

8 3 0.7 0.681 0.926 14.16 5.146 2778 1.85 
 

9 3 0.7 0.681 0.926 11.80 5.304 2125 2.50 
 

10 3 0.7 0.681 0.926 4.72 6.027 1748 3.45 
 

11 3 0.7 0.681 0.926 7.08 6.246 1836 3.40 
 

 

In Figure 5(a-b) the snapshots of the tests with particles performed with lowest (a) and highest 

(b) gas flow rate are given. Due to extremely low flow rate of the granular material a single 

particle is hardly distinguishable in the images. A typical image of the filled catchers after the 

test is illustrated in Figure 5(c). 
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a) test# 10 

 
b) test# 8 

 
c) 

Figure 5: Snapshots from two PDS-P tests: 4.7 L/s (a) and 14.2  L/s (b) air injection rates 

respectively. Note, images are taken with dissimilar exposure times. Filled catchers with 

particles after PDS-P experiment (c). 

 

 

2.4 ANALYSIS OF THE RESULST 

 

In this section the characterization of the efficacy of turbulent flow driven particles spreading 

is discussed. The assessments on efficacy are necessary to identify most influential physical 

parameters and test conditions. This information will be used for planning of the separate 

effect-focused experimental studies as well as for development of the empirical models and 

experimentally obtained closures (similarly to [8]) which can be scaled up to the reactor SA 

conditions.  

 

2.4.1 Characterization of the particles spreading in the pool 

 

Obtained experimental results can be easily illustrated and compared by plotting of the mass 

fraction, density of the mass per unit area or average debris height as function of catcher 

position (its dimensional or non-dimensional value). From these plots presented in Figure 6 it 

is seen how the injected air flow rate affects the particles redistribution across catchers. In the 

general way, the higher gas injection causes closer-to-uniform distribution of the granular 

material. However, at 𝑄𝑔 > 7 L/s a distinctive accumulation of the particles take place in 

most distant catchers from the center. At this point the two-phase currents are strong enough 

to relocate particles towards the periphery. The effect is very well pronounced in 
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dimensionless units where relative height of the debris bed can be higher than one in the 

catchers close to center (Figure 6d).  

 

 

 
a) 

 
b) 

 
c) 

 
d) 

Figure 6: Tests results represented by dimensional and dimensionless parameters 

characterizing the debris bed at the bottom of the pool. 

 

 

The efficacy of the particle spreading in the pool can be represented by an integral parameter 

𝑆𝑒𝑓𝑓 computed for each PDS-P test and defined as: 

 

𝑆𝑒𝑓𝑓 = 1 −
∑ |ℎ̅ − ℎ𝑖| ⋅

𝐴𝑖

𝐴𝑡𝑜𝑡
𝑖

ℎ̅
, 

(2.1) 

 

where summation is performed over all catchers, ℎ𝑖 is average debris bed height in 𝑖𝑡ℎ catcher, 

𝐴𝑖 is area of the catcher, 𝐴𝑡𝑜𝑡 is total spreading area and mass-averaged bed height across all 

catchers is: 

 

ℎ̅ = ∑ ℎ𝑖 ⋅
𝐴𝑖

𝐴𝑡𝑜𝑡
𝑖

, ℎ𝑖 =
𝑚𝑖

𝜌𝑝 ⋅ (1 − 𝑝) ⋅ 𝐴𝑖
 (2.2) 

 

where 𝑝 is particulate bed porosity (typically around 0.38 for round particles) and 𝜌𝑝  is 

density of the particles. Taking into account two last expressions we see that ℎ̅ is actually 
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independent of the individual catcher area. Note, that enumerator in expression (2.1) is a 

modified mean of the debris bed deviation from mass-averaged debris bed height ℎ̅ given by 

(2.2). The (2.1) is chosen as an optimal characterization of the particle spreading efficacy in the 

pool for the main limiting cases: 

 One catcher is significantly filled, others are empty: 𝑆𝑒𝑓𝑓 → 0; 

 One catcher is empty, others are filled such that ℎ̅ ≈ ℎ𝑖: 𝑆𝑒𝑓𝑓 → 1; 

 Most efficient spreading when ℎ̅ = ℎ𝑖: 𝑆𝑒𝑓𝑓 = 1. 

 

The 𝑆𝑒𝑓𝑓  parameter has been analysed as function of few non-dimensional measures 

characterizing the two-phase flow and forces acting on a single particle. Among these 

parameters the void fraction 𝛼, Reynolds 𝑅𝑒 and Froude 𝐹𝑟 numbers as well as ratio of the 

drag 𝐹𝑑 to the gravity 𝐹𝑔 forces 𝑃1 = 𝐹𝑑/𝐹𝑔 acting on a single particle in the pool. The 𝐹𝑟  

number characterizes the momentum of the two-phase flow in the pool (Eq. (0.9) in 

APPENDIX) whereas 𝑅𝑒 represent ration of the inertia to viscous forces (Eq. (0.4) in 

APPENDIX). The parameter 𝑃1 is plotted vs 𝑅𝑒 and 𝐹𝑟 in Figure 7 for all 9 successfully 

performed tests. The details on how these parameters are defined and calculated can be found 

in APPENDIX.  

 

 

 
a) 

 
b) 

Figure 7: 𝑷𝟏 parameter as function of Reynolds and Froude numbers. 

 

 

The resulting dependencies of the estimated 𝑆𝑒𝑓𝑓 as function of dimensionless paramters is 

presented in Figure 8. In addition a 𝑆𝑒𝑓𝑓  dependence on a mutual measure 𝑃1 ⋅ 𝐹𝑟 ⋅

(2𝐻𝑝𝑜𝑜𝑙/𝐿𝑝𝑜𝑜𝑙)
2
 is plotted in Figure 8(d). Except for the 𝑆𝑒𝑓𝑓(𝑅𝑒) in Figure 8(c), the rest of 

the curves exhibit qualitatively similar behavior with a distinctive maximum. At this 

maximum, i. e. when gas flow rate reaches some critical value, the 𝑆𝑒𝑓𝑓 = 90% and the 

particles spreading is most efficient. After the maximum, the turbulent currents stream 

particles towards peripheral corners (most distant catchers) far from uniform spreading.  

 

Comparing (a) , (b) and (d) in Figure 8, it is clear that 𝑆𝑒𝑓𝑓(𝛼) and 𝑆𝑒𝑓𝑓(𝑃1) are qualitiviely 

the same whereas 𝑆𝑒𝑓𝑓 (𝑃1 ⋅ 𝐹𝑟 ⋅ (2𝐻𝑝𝑜𝑜𝑙/𝐿𝑝𝑜𝑜𝑙)
2

) is a smoother curve with seem to be 

asymptotic tail on its right side corresponding to higher gas injection rates. In fact, in the latter 

dependence most of the physical forces acting on the particle are represented: the drag, the 

buoyancy, the driving momentum provided by the gas injection and the force of gravity (see 

APPENDIX for details). The 𝐻𝑝𝑜𝑜𝑙/(𝐿𝑝𝑜𝑜𝑙/2) factor is used to scale the experimental results 

performed at different pool depth and length. In order to evaluate such scaling a sufficient 

amount of tests have to be performed with varied pool dimensions. This is for the future 
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studies. 

 

 

 
a) 

 
b) 

 
c) 

 
d) 

Figure 8: Particle spreading efficacy 𝑺𝒆𝒇𝒇 as function of various non-dimensional 

measures. 

 

 

3 SUMMARY AND CONCLUSIONS 

 

In presented work our first experimental studies on particulate debris spreading driven by 

large scale turbulent flows in the pool are reported. The investigation is motivated by the 

question about effectiveness of natural circulation in the water-filled reactor cavity for the 

spreading of fragmented debris over the basemat area. Such analysis, taking into account SA 

scenarios and phenomena has to be addressed with computer codes. In this work we provide 

the data that can be used for separate effect validation of the codes. 

 

The preliminary post-test analysis of the experimental data on particles spreading indicated 

that gas injection rate in the pool has strong influence on particle spreading and debris bed 

formation. The effectiveness of particle spreading has been introduced in order to compare the 

tests between each other. Further experimental work is required in order to develop a database 

on particle spreading in the pool with wide ranges of pool configuration, particle properties 

and debris release conditions. Proper scaling would be helpful for generalization of the data 

and validation of the models. In order to perform new series of tests the existing PDS-P 

facility is currently under upgrade. 

  

http://www.nuthos-8.org/admin/?action=detail&id=44


The 10th International Topical Meeting on Nuclear Thermal-Hydraulics, Operation and Safety (NUTHOS-10)          NUTHOS10-1257 

Okinawa, Japan, December 14-18, 2014 

13 / 15 

 

4 REFERENCES 
 

[1]  S. E. Yakush, N. Lubchenko and P. Kudinov, "Risk-Informed Approach to Debris Bed 

Coolability Issue," in Proceedings of the 20th International Conference on Nuclear 

Engineering (ICONE-20), Anaheim, California, USA, Paper 55186, July 30-August 3, 

(2012).  

[2]  S. E. Yakush and P. Kudinov, "Simulation of Ex-Vessel Debris Bed Formation and 

Coolability in a LWR Severe Accident," OECD/NEA Workshop on Implementation of 

Severe Accident Management (SAM) Measures (ISAMM-09), Schloss Böttstein, 

Switzerland, CD-ROM, (2009). 

[3]  E. Takasuo, T. Kinnunen, P. H. Pankakovski and S. Holmström, "The COOLOCE particle 

bed coolability experiments with a conical geometry: Test series 6 and 7," VTT, ID 

VTT-R-07097-11, Finland, (2011). 

[4]  N. Zhang, T. Harada, D. Hirahara, T. Matsumoto, K. Morita, K. Fukuda, H. Yamano, T. 

Suzuki and Y. Tobita, "Self-Leveling Onset Criteria in Debris Beds," J. Nuclear Science 

and Technlogy, vol. 47, p. 384, (2010).  

[5]  N. Zhang, T. Harada, D. Hirahara, T. Matsumoto, K. Morita, K. Fukuda, H. Yamano, T. 

Suzuki and Y. Tobita, "Experimental investigation on self-leveling behavior in debris 

beds," Nuclear Engineering and Design, vol. 241, no. 1, p. 366, (2011).  

[6]  S. Cheng, H. Tagami, H. Yamano, T. Suzuki, Y. Tobita, B. Zhang, T. Matsumoto and K. 

Morita, "Evaluation of debris bed self-leveling behavior: A simple empirical approach and 

its validations," Annals of Nuclear Energy, vol. 63, p. 188, (2014).  

[7]  A. Konovalenko, S. Basso and P. Kudinov, "Experimental and Analytical Study of the 

Particulate Debris Bed Self-leveling," in The 9th International Topical Meeting on 

Nuclear Thermal-Hydraulics, Operation and Safety (NUTHOS-9), Kaohsiung, Taiwan, 

September 9-13, (2012).  

[8]  S. Basso, A. Konovalenko and P. Kudinov, "Development of scalable empirical closures 

for self-leveling of particulate debris bed," in Proceedings of ICAPP-2014, Charlotte NC, 

USA, Paper 14330, April 6-9, (2014).  

[9]  S. Basso, A. Konovalenko and P. Kudinov, "Sensitivity and uncertainty analysis for 

predication of particulate debris bed self-leveling in prototypic Severe Accident (SA) 

conditions," in Proceedings of ICAPP 2014, Paper 14329, Charlotte, USA, April 6-9, 

(2014).  

[10]  S. E. Yakush and P. Kudinov, "Effects of Water Pool Subcooling on the Debris Bed 

Spreading by Coolant Flow," in Proceedings of ICAPP, Paper 11416, Nice, France, May 

2-5, (2011).  

[11]  J. H. Kubasch, ”Bubble Hydrodynamics in Large Pools,” Swiss Federal Institute of 

Technology, Zurich, PhD thesis, (2001). 

[12]  S. E. Yakush, P. Kudinov and T.-N. Dinh, "Multiscale Simulations of Self-Organization 

Phenomena in the Formation and Coolability of Corium Debris Bed," in Proc. 13th 

International Topical Meeting on Nuclear Reactor Thermalhydraulics, paper N13-1143, 

16 pp.  

 

APPENDIX 

 

To evaluate the drag of a particle in two-phase flow, it is more appropriate to calculate 

separately the drag due to interaction with water 𝐹𝑑,𝑤, drag due to interaction with gas, 𝐹𝑑,𝑔, 
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after which calculate the average drag by weighting the two drags by the void fraction 𝛼: 

 

𝐹𝑑 = (1 − 𝛼)𝐹𝑑,𝑤 + 𝛼𝐹𝑑,𝑔 (0.1) 

 

However, the drag due to interaction with water 𝐹𝑑,𝑤  is much higher than drag due to 

interaction with gas 𝐹𝑑,𝑔 (especially if the gas exists as bubbles), therefore assume that: 

 

𝐹𝑑 ≅ (1 − 𝛼)𝐹𝑑,𝑤 = (1 − 𝛼)
1

2
𝐶𝑑𝜌𝑐

𝜋𝑑𝑝
2

4
𝑈𝑡

2, (0.2) 

 

where 𝑈𝑡 is terminal velocity of particle in liquid, 𝜌𝑐 is coolant density and 𝑑𝑝 is particle 

diameter. For the drag coefficient 𝐶𝑑 we can write: 

 

𝐶𝑑 =
24

𝑅𝑒
+

4

√𝑅𝑒
+ 0.4, (0.3) 

 

with Reynolds number for the particles with velocity relative to liquid defined as:  

 

𝑅𝑒 =
𝑑𝑝 ⋅ 𝜌𝑐 ⋅ 𝑈𝑟,𝑤

𝜇𝑐
, (0.4) 

 

with 𝜇𝑐 is liquid dynamic viscosity. The velocity of the particles with respect to liquid in (0.4) 

is estimated as difference between particle entrance velocity 𝑈𝑝,𝑒 and coolant velocity 𝑈𝑐: 

 

𝑈𝑟,𝑤 = 𝑈𝑝,𝑒 − 𝑈𝑐,   𝑈𝑐 = √2𝑔(𝐻𝑐,𝑚𝑎𝑥 − 𝐻𝑝𝑜𝑜𝑙),  (0.5) 

 

where 𝐻𝑝𝑜𝑜𝑙 is depth of the pool and experimentally observed maximum water level 𝐻𝑐,𝑚𝑎𝑥 is 

plotted and analytically represented as in Figure 9. 

 

 
Figure 9: Experimentally observed maximum level 𝑯𝒄,𝒎𝒂𝒙 reached by water surface 

upon gas injection in the pool. 

 

For the terminal velocity of the particle 𝑈𝑡 (in Stokes regime and high 𝑅𝑒) used in (0.2) it can 

be shown that: 
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𝑈𝑡 = √
4

3𝐶𝑑

𝜌𝑝 − �́�𝑐

�́�𝑐
𝑔𝑑𝑝, 

 

(0.6) 

 

where modified density of the coolant is �́�𝑐 = (1 − 𝛼)𝜌𝑐  and particle density 𝜌𝑝 =

7800 kg/m3. 

 

The momentum of the two-phase flow in the pool created by the injection of the gas and 

buoyancy due to presence of void in the flow is characterized by the Froude number, defined as 

the ratio of the characteristic velocities: 

 

𝐹𝑟 = (
𝑈𝑔,𝑠𝑓

𝑈𝑏
)

2

 (0.9) 

 

where 𝑈𝑔,𝑠𝑓 is the gas superficial velocity determined from the volumetric flux, and 𝑈𝑏 is the 

characteristic buoyancy-related velocity: 

 

𝑈𝑔,𝑠𝑓 =
𝑄𝑔

total injection area
, 𝑈𝑏 = √�́�𝐻𝑝𝑜𝑜𝑙(1 − 𝛼) 

 

(0.8) 

 

In addition to test matrix (Table 3) the above estimated dimensional and non-dimensional 

parameters (0.1)-(0.8) are provided in Table 4.  

 

 

Table 4: Estimated dimensional and non-dimensional parameters per each test with 

experiments on turbulent flow driven particle spreading in the pool. 

Test 

# 

𝑯𝒑𝒐𝒐𝒍 

[m] 

Particle 

fall height 

above 

water 

surf. [m] 

𝑼𝒑,𝒆 

[m/

s] 

𝑼𝒕 

[m/s] 
𝑹𝒆 𝑪𝒅 

𝑸𝒈 

[L/s] 

𝑼𝒄 

[m/s] 

𝑼𝒈,𝒔𝒇 

[m/s] 

Drag 

force 

𝑭𝒅 [N] 

P1 Fr 

1 0.7 0.926 4.3 0.767 6379 0.454 0 0.000 0.000 9.4E-04 0.87 0.000 

2 0.5 1.126 4.7 0.849 3875 0.470 4.72 2.110 0.328 9.7E-04 0.90 0.030 

3 0.7 0.926 4.3 0.832 3220 0.478 4.72 2.110 0.328 9.7E-04 0.89 0.021 

4 0.5 1.126 4.7 0.870 3370 0.476 7.08 2.448 0.492 9.8E-04 0.90 0.071 

5 0.7 0.926 4.3 0.850 2714 0.486 7.08 2.448 0.492 9.7E-04 0.90 0.050 

6 0.5 1.126 4.7 0.888 2963 0.482 9.44 2.720 0.656 9.8E-04 0.91 0.133 

7 0.7 0.926 4.3 0.866 2307 0.494 9.44 2.720 0.656 9.8E-04 0.90 0.093 

8 0.7 0.926 4.3 0.892 1656 0.513 14.16 3.155 0.983 9.9E-04 0.91 0.226 

9 0.7 0.926 4.3 0.880 1961 0.503 11.8 2.951 0.819 9.8E-04 0.91 0.151 

10 0.7 0.926 4.3 0.832 3220 0.478 4.72 2.110 0.328 9.7E-04 0.89 0.021 

11 0.7 0.926 4.3 0.850 2714 0.486 7.08 2.448 0.492 9.7E-04 0.90 0.050 
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