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1. Introduction 

 
When severe accident occurs and progresses to the ex-

vessel phase by reactor pressure vessel failure in light 

water reactors, the molten core material (corium) is 

relocated into the water-filled reactor cavity as a severe 

accident management measure. The assurance of the ex-

vessel debris bed coolability is crucial since it is the pre-

conditions of molten corium concrete interaction 

resulting in concrete floor erosion which threaten to the 

integrity of nuclear power plant containment. Therefore, 

to terminate severe accident progression ultimately, it is 

essential to supply sufficient coolant into the internally 

heat generating debris bed on the cavity floor. Because  

effectiveness of such coolant ingression into a debris bed 

is determined by the pressure gradient through porous 

debris bed, it is significant to investigate the pressure 

drop mechanisms and resulting coolability in the debris 

bed characterized by geometric parameters (porosity, 

diameter, morphology, size distribution of particles etc.). 

Thus, through the numerous researchers [1-8], various 

two-phase flow models were suggested based on the 

results of dryout heat flux and isothermal air/water flow 

experiments through porous media composed of mono-

sized spherical particles. In regard to effects of particle 

morphology and/or the particle size distribution on the 

pressure gradients in particle beds, various modified 

Ergun constants (𝐶1  and 𝐶2) and mean diameters (𝑑𝑠𝑑 

and 𝑑𝑒𝑞  for non-spherical particle, 𝑑𝑚, 𝑑𝑎, 𝑑𝑙 and 𝑑𝑛 for 

particle size distribution) were suggested and it was well 

organized in the studies [9, 10]. 

Nevertheless, there still exists uncertainty on irregular 

shaped particles with size distribution for the safety 

analysis of ex-vessel debris bed coolability. Therefore, 

the preliminary analysis is performed to investigate the 

uncertainty of pressure drop and dryout heat flux 

predicted by the existing two-phase flow models in beds 

composed of particles from TROI tests [11] before 

conducting the experiments. TROI tests are to investigate 

the prototypic corium-water interaction. Thus, the 

evaluation of coolability using debris characteristics 

resulted from TROI tests is extremely meaningful. 

 

2. Models 

 

2.1 Pressure Drop for Two-Phase Flow 

 

The pressure drop models for two-phase flow in 

porous media are expressed by Eqs. (1) and (2) for liquid 

and gas, respectively: 
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where −𝑑𝑝/𝑑𝑧  represents pressure gradient in porous 

media, 𝑉𝑠𝑖  (i: phase; l = liquid, g = gas) is superficial 

velocity of fluid. 𝜌𝑖 and 𝜇𝑖 are the dynamic density and 

the viscosity of fluid. 𝐾𝑟𝑙 , 𝐾𝑟𝑔  and 𝜂𝑟𝑙, 𝜂𝑟𝑔  are the 

relative permeabilities and passabilities of liquid and gas. 

𝐹𝑖  is the interfacial drag between liquid and gas and 𝑠 

(=1 − 𝛼) is the liquid saturation. 𝐾 and 𝜂, Eq. (3) are the 

permeability and the passability, respectively, 
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where 𝐶1  and 𝐶2  are the empirical Ergun constants, 𝑑𝑝 

and 𝜀 are the particle diameter and the bed porosity, Eq. 

(4) which is obtained by the mass of particles 𝑚𝑝 in a test 

section, the density of particles 𝜌𝑝, and the volume of the 

test section 𝑉𝑡. 
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Among various models, the formulas of a model 

proposed by Park et al. [8] are listed in Tables I and II, 

representatively and a detailed description on the other 

models can be found in their studies [1-7]. 

 
Table I: Relative permeabilities, passabilities according to 

flow regime for the model proposed by Park et al. [8] 
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Table II: Interfacial drag according to flow regime for 

model proposed by Park et al. [8] 
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The void fractions for flow pattern boundaries (𝛼1–𝛼4) 

are the results from the Schmidt [6] model. The 

interfacial drag 𝐹𝑖 and its coefficients (𝐶𝑣, 𝐶𝑖) according 

to the flow regime are listed in Table II. Here, the bubble 

diameter 𝐷𝑏 , the relative velocity 𝑉𝑟  and the geometric 

factor 𝑓 are defined through Eqs. (5) and (6), where 𝛾 is 

the ratio of bubble diameter 𝐷𝑏  and particle diameter 𝑑𝑝. 
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For a smooth transition between flow regimes, the 

weighting function 𝑊(𝜉) was adopted as Eq. (7) [5]. 
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The dimensionless form of Eqs. (1) and (2) can be 

expressed in as follows: 
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2.2 Dryout Heat Flux 

 
The dryout heat flux, which is the maximum heat flux 

that can be removed from a unit cross-section of the 

debris bed, means a coolability limitation for the bed [12]. 

Thus, the dryout heat flux is one of the most important 

indicators for evaluating coolability of the debris bed on 

a reactor containment floor. It can be calculated by 

solving the mass, momentum, and energy conservation 

equations. The one-dimensional, time-independent 

energy conservation equation is expressed as follows: 
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where ℎ𝑙𝑔  is the evaporation latent heat, and 𝑄  is the 

volumetric power density. Thus, the superficial gas 

velocity is calculated as follows: 
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The one-dimensional, time-independent mass 

conservation equation is expressed as follows: 
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Therefore, the superficial liquid velocity is calculated 

as follows: 
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and if additional water inflow 𝑉𝑠𝑙,0  exists from the 

bottom of bed, it can be expressed as follows: 
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The one-dimensional, time-independent momentum 

conservation equations for liquid and gas are expressed 

in Eqs. (8) and (9), and the momentum balance equation 

can be derived by subtracting Eq. (9) from Eq. (8) and 

multiplying the results by 𝛼(1 − 𝛼). It can be expressed 

as follows: 

* * *
(1 ) (1 ) 0

p l pg i
F F F         . (19) 

For the one-dimensional steady-state boiling condition, 

the heat flux for a void fraction with a range of 0 to 1 can 

be calculated by solving the Eq. (19). Thus, the dryout 

heat flux can be obtained with 𝛼 = 1 at the top of bed. 
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3. Preliminary Analysis Cases 

 

To perform preliminary analysis for pressure gradient 

of two-phase flow and dryout heat flux through beds 

composed of particles from TROI tests, this study 

established the analysis cases (TS-VISU and TROI-79–

81) [11] among various TROI tests, which exist the 

available porosity, mass mean diameter data where steam 

explosion did not occur. The characteristics of analysis 

cases are illustrated in Figs. 1 and 2. Fig. 1 shows the 

cumulative mass fraction less than indicated size and Fig. 

2 shows the porosity and mass mean diameter for each 

analysis case.  

 

 
Fig. 1. Cumulative mass fraction less than indicated size [11]. 

 

 
Fig. 2. Porosity and mass mean diameter for test cases [11]. 

 

4. Results and Discussions 

 

Fig. 3 illustrates the dimensionless pressure gradients 

of two-phase flow in beds composed of particles from 

TROI tests with no additional water inflow under boiling 

conditions (100°C, 1 bar), which are predicted by 

existing models with mass mean diameter according to 

superficial gas velocity (Reed, R [1]; Lipinski, L [2]; Hu 

and Theofanous, HT [3]; Schulenberg and Müller, SM 

[4]; Tung and Dhir, TD [5]; Schmidt, S [6]; Rahman, R 

[7], and Park et al., P [8]). The models are expressed in 

abbreviation in a legend of Fig. 3. 

 

 

 

 
    

Fig. 3. Dimensionless pressure gradients of two-phase flow in 

beds with no additional water inflow under boiling conditions, 

predicted by existing models with mass mean diameter. 
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The curves illustrate the pressure gradients of two-

phase flow in the regime of bubbly, slug, and annular 

flow as the superficial gas velocity increases. Moreover, 

the endpoint means the flow limitation point where the 

calculation ends as the void fraction becomes one. 

Nevertheless the pressure gradient of two-phase flow is 

important in a point of view of long-term coolability of 

ex-vessel debris bed, the predicted pressure gradients and 

the flow limitation points predicted by numerous models 

show a significant difference in all cases. The Lipinski 

model [2] and the Tung and Dhir model [5] predict that 

the flow limitation occurs at the highest and the lowest 

superficial gas velocity, respectively.  

 

 
Fig. 4. Dryout heat flux in beds with no additional water inflow, 

predicted by existing models with mass mean diameter. 

 

Fig. 4 illustrates the dryout heat flux in beds composed 

of particles from TROI tests with no additional water 

inflow at 1 bar, which are predicted by existing models 

with mass mean diameter. The results of dryout heat flux 

prediction by existing models in all cases illustrate that 

the highest and lowest values are predicted by the 

Lipinski model [2] and the Tung and Dhir model [5], 

respectively. The differences are 195% for TS-VISU, 

199% for TROI-79, 196% for TROI-80, and 198% for 

TROI-81, respectively.  

 

5. Conclusions 

 

The preliminary analysis is performed to investigate 

the uncertainty of pressure drop and dryout heat flux 

predicted by the existing two-phase flow models in beds 

composed of particles from TROI tests (TS-VISU, 

TROI-79–81) [11], which exist the available porosity, 

mass mean diameter data where steam explosion did not 

occur. The analysis results under no additional water 

inflow at 1 bar describe that the predicted values of 

pressure gradients and dryout heat flux by numerous 

models show a significant difference in all cases, 

indicating that there exists uncertainty for evaluating ex-

vessel debris bed coolablity. 

Thus, as a further work, experiments (air flow, 

water/air two-phase flow under atmospheric condition, 

two-phase flow under boiling condition, and dryout heat 

flux) are planned to be conducted for evaluating the 

adequacy of existing models and reducing the 

uncertainty. Besides, the analysis of the volume and the 

surface area of particles resulted from TROI test is 

required to evaluate the adequacy of various mean 

diameters for non-spherical particles with size 

distribution (𝑑𝑠𝑑 and 𝑑𝑒𝑞  for non-spherical particle, 𝑑𝑚, 

𝑑𝑎 , 𝑑𝑙 , and 𝑑𝑛  for particle size distribution). The 

experiments using the particles resulted from TROI tests 

would be extremely meaningful in a point of view of 

prototypic characteristics. 
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