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1. Introduction 

 

Fluid flow behaviors through porous particle beds are 

crucial for the safety analysis of a nuclear power reactor 

under severe accident condition. In this study, we 

conducted the single- and two-phase flow experiments 

through the porous beds filled with spherical particles. 

From the experiments, the pressure loss for single- and 

two-phase flows through the particle beds were 

measured, and counter-current flooding limit (CCFL) 

was found from the two-phase flow experiments. The 

results were analyzed using the existing models [1-4] and 

numerical codes. Particularly in the present study, we 

examined the effective particle diameter concept to 

model the behaviors of two-phase pressure through 

various non-uniform particle beds. 

 

2. Methods 

 

2.1 Experimental 

Fig. 1 shows the schematic of the experimental facility 

for single- and two-phase flow experiments through the 

porous particle beds. Air and water at atmospheric 

pressure were used as working fluids. The test section 

was made of a transparent acrylic pipe with an inner 

diameter of 100 mm and height of 500 mm. The pressure 

drops through the test section were measured by three 

differential pressure transmitters with different 

measurement ranges of 0-1.5 kPa, 0-37.3 kPa, and 0-

186.5 kPa. The flow rates of air and water were measured 

using a thermal mass flowmeter and elecro-magnetic 

flowmeter, respectively. The inlet temperature and 

pressure were measured using K-type thermocouples and 

absolute pressure transmitter (range: 0-1500 kPa). The 

experimental data were recorded with the sampling rate 

of 1 Hz. 

 

 
Fig. 1. Schematic of experimental facility. 

 

The test section was filled with spherical STS304 

particles to form the porous particle beds. For observing 

the effects of particle diameter (
pd ), porosity (  ), and 

non-uniformity of the particle diameter, various types of 

particle beds were examined in the present study. Table 

I shows the experimental cases and specifications of the 

particle beds. Both uniform and non-uniform particle 

beds formed using the spherical particles with various 

diameters. For the non-uniform particle beds, two or 

three particles were mixed in the same mass fraction. 

 

Table I: Experimental cases and specifications of the 

particle beds 

Case Working fluid pd (mm)   

1P-DP1-A 

Single-phase Air 

1 0.413 

1P-DP3-A 3 0.398 

1P-DP5-A 5 0.402 

1P-DP6-A 6 0.397 

1P-DP8-A 8 0.407 

1P-DP1-W 

Single-phase Water 

1 0.411 

1P-DP3-W 3 0.398 

1P-DP5-W 5 0.401 

1P-DP6-W 6 0.396 

1P-DP8-W 8 0.405 

1P-DP1/3-W 1, 3 0.356 

1P-DP1/5-W 1, 5 0.320 

1P-DP1/8-W 1, 8 0.290 

1P-DP3/6-W 3, 6 0.371 

1P-DP3/8-W 3, 8 0.358 

1P-DP5/8-W 5, 8 0.392 

1P-DP3/5/8-W 3, 5, 8 0.357 

1P-DP3/6/8-W 3, 6, 8 0.355 

1P-DP5/6/8-W 5, 6, 8 0.397 

2P-DP1-AW 

Two-phase Air/Water 

1 0.400 

2P-DP3-AW 3 0.397 

2P-DP5-AW 5 0.403 

2P-DP6-AW 6 0.398 

2P-DP8-AW 8 0.405 

2P-DP3/6-AW 3, 6 0.371 

2P-DP3/8-AW 3, 8 0.358 

2P-DP5/8-AW 5, 8 0.392 

2P-DP3/5/8-AW 3, 5, 8 0.357 

2P-DP3/6/8-AW 3, 6, 8 0.355 

2P-DP5/6/8-AW 5, 6, 8 0.397 

 

2.2 Models and numerical methods for analyzing the 

experimental data 

 

For the single-phase flow cases, we adopted the 

Ergun’s equation [1] shown in Eqs. (1) and (2).  
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where P , z  f , g , f , K ,  , sfV ,  , and pd  are 

the fluid pressure, one-dimensional coordinate in upward 

direction, fluid density, gravity acceleration, dynamic 

viscosity, permeability, passability, fluid superficial 

velocity, porosity, and particle diameter, respectively. 

1C  and 
2C  set to 150 and 1.75 given from the original 

Ergun correlation. For the two-phase flow cases, one-

dimensional steady-state momentum equations for the 

gas and liquid phases can be given as Eqs. (3) and (4).  
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where 
rK , 

r , 
iF ,  , subscripts g  and l  are the 

relative permeability, relative passability, interfacial 

drag force (unit: N/m3), void fraction, gas and liquid, 

respectively. In the previous models [2-10], different 

types of the relations for 
rK , 

r , and 
iF  were applied 

into Eqs. (3) and (4) depending on the relevant flow 

regime. In this study, we adopted three types of the 

models for the two-phase pressure loss through the 

porous particle beds, i.e., Schulenberg and Müller model 

[3] (SM model), Tung and Dhir model [4] (TD model), 

and Schmidt model [2] (SC model). We developed the 

in-house codes written in MATLAB R2020a for solving 

the pressure balance equation from Eqs. (3) and (4), i.e., 

/ /g ldP dz dP dz , based on the SM, TD, and SC models.  

 

3. Results and discussion 

 

3.1 Single-phase flow through the porous beds 

In Fig. 2(a), the experimental data for the single-phase 

pressure gradient of air and water flows through the 

uniform particle beds are compared with the predictions 

by the Ergun’s correlation [1] (Eq. (1)). The prediction 

results agree well with the experimental data in both 

qualitative and quantitative ways. The root mean square 

errors (
rmsE , Eq. (5)) of the Ergun model to the 

experimental data for the air and water flows were 

calculated as 19.4% and 17.3%, respectively. 
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where N , 
expV , 

modelV , and n  are the total number of 

the experimental data, experimentally measured value, 

predicted value by the model, and index of the data, 

respectively. For the non-uniform particle beds, we 

found the optimal particle diameter ( optd ) using the least 

square fitting method with the Ergun correlation, and the 

calculated values of optd  for the experimental cases 

shown in Fig. 2(b). As shown in Fig. 2(b), the Ergun 

correlation using  optd  predicted well the experimental 

data for the non-uniform particle beds ( 20.2%rmsE  ). 

Thus, the values of optd  are used as the effective particle 

diameters for the analyses of two-phase pressure loss 

through the non-uniform particle beds. 

 

 
Fig. 2. Comparison of the experimental single-phase 

pressure gradient data and predictions from the Ergun 

correlation for (a) the uniform and (b) non-uniform 

particle beds.  

 

3.2 Two-phase flow through the porous beds 

Fig. 3 shows the experimental data and prediction 

results for the two-phase pressure loss through the 

uniform particle beds. The pressure loss data are 

represented by the non-dimensional pressure gradient 
*P  (Eq. (6)).  
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As shown in Fig. 3, the three models predict well the 

trend of *P  decrease at the initial low gas flow rate. The 

reduction of *P  at low sgV  is caused by the action of 

gas-liquid interfacial drag force. The SM and SC models 
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predicted well the increase of *P  followed by its 

reduction at low gas flow rate, however, the TD model 

did not properly simulate the recovery of *P  at the 

moderate gas flow rate. Moreover, the TD model 

significantly underestimated the experimental *P  in the 

moderate and high sgV  range. We consider that the effect 

of the interfacial drag force is overestimated in the TD 

model. Fig. 4 shows the comparisons between the 

experimental *P  data and model predictions for the non-

uniform particle beds. For the model calculation, the 

effective particle diameters in Fig. 2(b) were used. 

Similarly in the uniform particle bed cases, the SM and 

SC models predicted well the behaviors of the 

experimental pressure loss, while the TD model 

significantly underestimated the experimental data in the 

moderate and high sgV  range. As a result, the values of 

rmsE  for the SM, TD, and SC models were calculated to 

7.7%, 25.5%, and 5.4%, respectively.  

 

 
Fig. 3. Experimental *P  data and model predictions for 

the uniform particle bed cases.  

 

In Figs. 3 and 4, the experimental *P  data are 

classified into steady-state (black circles) and transient 

(hollow circles) data. In the transient data points, the 

experimental pressure loss through the particle beds did 

not reach the steady-state and showed the behaviors of 

long-term (more than 1 hour) variation shown in Fig. 3. 

And, the dryout phenomenon in the particle bed was 

experimentally observed at the points, i.e., the CCFL 

triggers. At the CCFL points, the *P  lines predicted 

from the models should graphically overlap with the 

lines by the Ergun correlation. As shown in Figs. 3 and 

4, the adopted models largely overestimated the 

experimental CCFL points. Since the CCFL can act as a 

trigger of dryout phenomenon of the debris bed followed 

by loss of coolability for the fuel particles under a severe 

accident condition, a reliable prediction of the CCFL 

phenomenon is crucial to the nuclear safety application. 

It is recommended as a future work.  

 

 
Fig. 4. Experimental *P  data and model predictions for 

the non-uniform particle bed cases. 

 

4. Conclusions 

 

The results of this study can be summarized as below: 

 The pressure drop data in single-phase flow 

experiments for the uniform particle beds showed good 

agreements with the original Ergun correlation within 

±20%.  

 For the non-uniform particle beds, the experimental 

single-phase pressure loss data could be fitted well with 

the Ergun correlation using the effective particle 

diameter obtained from least square fitting method. 

 The predictability of the previous models for the two-

phase experimental data relied strongly on their sub-

models of interfacial drag force.  

 The SM and SC models predicted reasonably well the 

overall two-phase pressure loss for the uniform and non-

uniform particle beds, while the TD model significantly 

underestimated the experimental data at moderate and 

high sgV  range.  

 In the experiments, the CCFL phenomenon was 

observed, and the models overestimated the 

experimental CCFL points. Thus, a future work is 

recommended.  
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