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ABSTRACT 

The analysis of the FARO L-33 test has been carried out with the VAPEX code in 
which a submodel for hydrogen release and transport was implemented. The FARO test was 
aimed at studying the premixing and quenching processes for large (about 100 kg) masses of 
corium. The specific features of the FARO L-33 test are: high subcooling (124 K), low 
pressure (4.1 bar), presence of non-condensable gas (argon) and triggered vapor explosion 
when melt reached the bottom of the vessel. 

A numerical simulation of FARO L-33 test was carried out using 2-D nodalization. The 
fragmentation model is based on the Saito correlation. The model for hydrogen release 
assumes direct proportionality between the total hydrogen mass release rate and the total 
fragmentation rate of the melt jet. The proportionality constant was taken from the 
experimental estimates for test conditions. 

Calculation of the premixing stage gave some delay in the pressure growth, which is 
most probably connected with inadequacy of the fragmentation model at the initial stage of 
melt jet-water interaction. The calculated pressurization rate, however, agrees reasonably with 
the measured one. Modeling of vapor explosion, which occurred in the test, yielded 
reasonable correlation with the test data when hydrogen formation was taken into account. 

Thus, VAPEX analysis of the FARO L-33 test has shown reasonable agreement 
between the experimental and calculated data. 

1 INTRODUCTION 

The progression of severe accidents in water-cooled reactors is characterized by 
complex multi-phase, multi-component processes which include the interaction of a variety of 
reactor materials under a wide range of parametric conditions. Relevant phenomena with 
potential safety implications include core degradation and melt-down, melt relocation into the 
reactor pressure vessel lower plenum and melt-coolant interaction which could lead to 
quenching or to energetic escalation with a rapid conversion of thermal energy and 
mechanical loads. 

It has been discovered experimentally and analytically that non-condensable gases are 
produced during melt-coolant interaction. It has been shown that the gas produced is 
hydrogen. Although a detailed chemical mechanism of hydrogen generation has yet to be 
known. It was established that the importance of this gas generation is so high that it must be 
accounted for in this type of calculations. 

The FARO tests were designed to provide data on the integral corium melt jet/water 
mixing and quenching behavior by using 150-kg-scale of UO2 – based melt in prototypical 
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conditions. The data obtained represent a major contribution to the determination of the 
potential of water to quench the core material before it reaches the bottom of the reactor 
pressure vessel and to the evaluation of the subsequent early thermal load on the bottom 
structure. Additionally, the data help in validating computer models for predicting melt/water 
mixing and quenching [1].  

The analysis of the FARO L-33 test has been carried out with the VAPEX code in 
which a submodel for hydrogen release and transport was implemented. The results of this 
analysis are presented in this article. 

2 OVERVIEW OF VAPEX CODE 

The computer code VAPEX (VAPor EXplosion) developed at Electrogorsk Research 
and Engineering Centre was applied previously to calculations of fuel melt quenching and 
vapor explosions. VAPEX consists of two independent programs VAPEX-P and VAPEX-D. 
A detailed description of the VAPEX code can be found in [2]. Mathematical models of 
VAPEX-P and VAPEX-D are based on the methods of mechanics of multiphase fluids.  

The VAPEX-P code (VAPor EXplosion – Premixing) is aimed for simulation of the 
premixing stage. In this code, three phases are considered: liquid water, gas (which is, 
generally speaking, a mixture of steam, argon and hydrogen), and melt. The Euler approach is 
used for the description of water and gas dynamics, while the Lagrangian approach is used for 
the description of melt dynamics. The model for hydrogen release assumes that the total 
hydrogen release rate is proportional to the total fragmentation rate of melt jet [1]: 

dt
dM

C
dt

dM frag
2H

2H =  (1) 

The VAPEX-P code was successfully verified on results of experimental MAGICO and 
QUEOS [3].  

The VAPEX-D code (VAPor EXplosion – Detonation) is aimed for simulation of the 
explosion stage during fuel-coolant interaction. The mathematical model of the VAPEX-D 
code is based on a microinteraction concept [4]. In accordance with this concept, initially only 
a small quantity of coolant around each coarsely premixed melt mass “sees” the fragmenting 
debris coming off it. A special microinteraction phase, consisting of melt fragments and 
coolant adjoining to those fragments, was introduced in the mathematical model of VAPEX-
D code. There are five phases under consideration: namely, “microinteraction” fluid (vapor), 
coolant (water), fuel drops, fuel debris and non-condensable gas. Each phase is represented by 
one flow field with its own local concentration and temperature. The gas and vapor are 
assumed to be in thermal and hydrodynamic equilibriums. Also, the debris is assumed to be a 
part of the microinteraction phase in thermal and hydrodynamic equilibrium. 

3 SHORT DESCRIPTION OF FARO L-33 TEST 

The FARO test facility is an experimental installation dedicated to the investigation of 
molten fuel-coolant interaction and quenching phenomenologies [1]. It consists of 5 main 
components; i.e., the furnace for melt generation, the intersection valve unit to isolate the 
furnace from the test section, the release vessel to hold up the melt temporarily for operational 
reasons, the melt water interaction test vessel, and the venting system to accommodate 
overpressures in excess of the design pressure [5]. 

The initial conditions for Test L-33 are summarized in Table 1. 100 kg of molten 
corium (80% UO2 – 20% ZrO2) under gravity pour out from the release vessel in FAT inner 
vessel. The inner vessel contained 531 kg of subcooled water under pressure 0.41 MPa and 
temperature 294 K (subcooling 122 K). 
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Table 1: Experimental conditions for Test L-33 

Melt 
Mass 100 kg 
Composition 80 kg UO2 + 20 kg ZrO2
Temperature  3070 K 
Free fall in gas  0.77 m 
Water 
Mass  531 kg 
Depth  1.62 m 
Temperature  294 K 
Gas  
Phase composition 99.65% Argon + 0.35% Steam 
Phase volume  3.496 m3

Test vessel 
Initial pressure  0.41 MPa 
Diameter 0.71 m 

 
A chronology of the events is summarised in Table 2. The experiment started with 

blasting of the release valve membrane, after which the jet of melt began pouring out of the 
release vessel. The melt jet touched the surface of water in 0.4 s. In 1.01 s the leading edge of 
melt jet touched the vessel bottom. In 1.124 s the trigger located on the vessel bottom was 
activated. The trigger initiated the explosion. The maximum pressure was 10.5 MPa, the 
velocity of propagation of explosive wave was 370 m/s. The discharge of melt out of the 
release vessel was finished by 2.4 s and in 2.84 s all melt had sunk into water. 

Table 2: Chronology of events for Test L-33 

Time (s) Event 
-8.808 Start of melt release from furnace to release vessel 
0.0 Start of melt delivery from the release vessel 
0.4 Melt leading front contacts the water (pressure 0.5 MPa) 
1.01 Melt leading front contacts the bottom plate 
1.125 Trigger activated 
1.13 Maximum pressure reached (10.5 MPa) 
2.44* Melt trailing edge passes the release vessel outlet (release vessel empty) 
2.84* All melt under water accounting for the level swell 
3.49* Most of the melt on bottom plate without considering the fragments from the 

explosion 
* calculated 

4 ANALYSIS OF TEST L-33 

The VAPEX-P code was used for simulation of the premixing and quenching stages of 
the FARO L-33 test. A special model, based on the Kelvin-Helmholtz approach and the 
evaluation of the steam film parameters, has been applied to estimate the size of melt droplets 
under melt jet fragmentation. It was found, that for FARO L-33 test conditions, the 
characteristic size of droplets is around 3 mm. The jet fragmentation rate was estimated on the 
base of the Saito correlation for jet breakup length. 

The two-dimensional mesh used in the calculation contained 4x80 cells in the radial and 
vertical directions, respectively. The release vessel was not modeled; the upper boundary of 
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the computational domain was placed at the height of 2.5 m, so that the volume of free space 
above the initial water level is equal 0.348 m3. To reproduce the volume of vapor/liquid 
separator, an additional free board volume of 3.148 m3 connected to the upper space was 
added, which gives the total gas phase volume of 3.496 m3 (see Table 1). This free board 
volume was considered as a single cell, and gas parameters inside it were calculated from the 
volume-averaged mass, energy and species conservation equations. The initial gas parameters 
in the freeboard volume were taken equal to those in the upper right corner of the 
computational domain. The constant CH2 in the hydrogen generation model was equal 4·10-4. 

In Fig.1, the temporal dependencies of the pressure in the FAT vessel obtained in the 
calculation are shown. The pressure rises at a rate which is similar to that observed in the test, 
although some delay in pressurization development is evident.  The level of water during the 
pre-explosion stage of melt quenching is plotted in Fig.2 together with the experimentally 
measured curve. The level swell obtained in the calculation is less than that observed 
experimentally, but follows the same qualitative trend. In Fig.3, the volume-averaged void 
fraction obtained in the calculation is presented. The integration was performed over the 
initial volume of liquid, i.e., over the height range from zero to the initial level of water (1.62 
m). The void fraction reaches, by the time t=1.125 s when vapor explosion was initiated in the 
L-33 test, a value of about 4.2%, which is slightly below the experimental estimate of 5%. 
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Figure 1: Pressure history in the FAT vessel 
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Figure 2: Water level history in the test vessel  
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Figure 3: Average void fraction history in the test vessel  

 
The data obtained by the VAPEX-P code at the time t=1.125 s were used to set the 

initial conditions for the calculation of vapor explosion by the VAPEX-D code. An attempt to 
make the post-shock calculation by the VAPEX-P code failed because the code exhibited 
some instability (divergence of non-linear Newton iterations) straight after the restart. 

The following values and fields obtained in the pre-mixing stage calculation were used 
for modeling the thermal detonation wave propagation: 

• distributions of the total pressure and partial pressure of non-condensable gas; 
• volume fractions of phases (the volume fraction of melt and the “congestion” were 

chosen depending on the calculation being run); 
• temperature and diameters of all phases. 
In the VAPEX-P code, the melt is described as three components, i.e., the jet, the melt 

droplets, and the debris on the vessel bottom plate. However, in the mathematical model 
adopted in the VAPEX-D code, only one phase is used to characterize the melt, and all of this 
phase participates in the fragmentation process. In addition, the calculations of the premixing 
stage have shown that, by the time of vapor explosion initiation (1.125 s), some part of the 
fuel becomes frozen (the corium melting temperature is 2830 K). Therefore in the calculation, 
all “liquid” (i.e., having the temperature above 2830 K) corium was considered and it was 
modeled as “large” melt droplets. In the calculations the average diameter of the “large” 
particles was taken equal 42.33 mm (the melt droplet diameter is 3 mm, while the diameter of 
the remaining melt was taken equal to the jet diameter of 50 mm).  

In the calculation, the properties of the gas in the upper part of vessel (above the water 
surface) were taken those of hydrogen, rather than argon, which, however, did not influence 
noticeably the results obtained. At the time of vapor explosion initiation the velocities of 
phases were assumed equal zero. 

The computational domain was a cylinder of 2.5 m height and 0.71 m diameter, it was 
divided into 80 equal-height cells in the vertical direction and 4 equally sized cells in the 
radial direction.  

The trigger was modeled by setting initially a high pressure of 20 MPa in the lower left 
cell (i.e., the cell next to the axis of symmetry). 

Comparison of the calculated and measured pressure profiles at the vessel walls is 
presented in Figs.4-5. The amplitudes and widths of the pressure peaks agree quite well. The 
pressure wave propagation velocity decreases as it approaches the water level: while the 
initial pressure wave velocity was equal ~520 m/s (0.3–0.4 m above the vessel bottom), it is 
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equal ~260 m/s near the level of 1.1–1.2 m. The average calculated thermal detonation 
propagation speed is ~380 m/s, which agrees well with the experimental estimate of 370 m/s. 
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Figure 4: Pressure history at the level 0.715 m  
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Figure 5: Pressure history at the level 1.165 m 

 
One of the most important parameters characterizing the vapor explosion is the 

conversion coefficient. Two definitions of this parameter were used [6]: 

( ) ( )1
th,drop drop th,drop water

K
E T E T

η =
−

 (2) 

( ) ( )2
th,melt melt th,melt water

K
E T E T

η =
−

 (3) 

where K is the kinetic energy of the mixture of the non-condensable gas, vapor and water, 
Eth,drop is the thermal energy of liquid droplets participating in the explosion, Eth,melt is the 
thermal energy of the whole melt under the water level, including the melt jet, liquid droplets 
and the frozen fuel. 

Since in this calculation practically all melt participates in the explosion, the difference 
between the values of the two conversion coefficients is minor. The experimental estimate 
carried out according to the “KROTOS” method gives the value of kinetic energy between 93 
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and 261 kJ, the “Cole” method gives 100 kJ, while the third method [6] gives 111 kJ. In the 
calculations the maximum of this value was 191 kJ. The calculated value of Eth,melt=63 MJ 
also agrees well with the experimental estimate of 66 MJ [6]. The variation of the η1 and η2 
parameters with time is shown in Fig.6. The maximum value of η1 is equal 0.68 %, and that 
of η2 is 0.3 %. 

To estimate the influence of hydrogen released on the molten corium-water interaction, 
a calculation of vapor explosion was carried out. The initial conditions were taken from the 
VAPEX-P calculation of the FARO L-33 test, in which hydrogen production was switched 
off. Results of this calculation are shown in Fig.7, where the calculated vessel wall pressure is 
compared with the experimental value obtained at the level 1.165 m. It was possible to run 
calculation only during the time interval of 1.60 ms, after which a numerical instability 
developed which prevented further calculations. The curves presented in the above-mentioned 
figure clearly show a large discrepancy between the calculated and measured results (the 
difference is in the wall pressure amplitude, as well as in the qualitative behavior of the 
pressure-time curve). 
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Figure 6: Mechanical efficiency η1 and η2
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Figure 7: Pressure history at the level 1.165 m 
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5 CONCLUSIONS  

A numerical simulation of FARO L-33 test was carried out using 2-D nodalization. The 
fragmentation model is based on the Saito correlation. The model for hydrogen release 
assumes direct proportionality between the total hydrogen mass release rate and the total 
fragmentation rate of the melt jet. The proportionality constant was taken from the 
experimental estimates for test conditions. 

The calculation of the premixing stage gave some delay in the pressure growth, which is 
most probably connected with inadequacy of the fragmentation model at the initial stage of 
melt jet-water interaction. The pressurization rate, however, agrees reasonably with the 
measured one. Modeling of vapor explosion, which occurred in the test, yielded reasonable 
correlation with the test data when hydrogen formation was taken into account. 

The results obtained lead to the conclusion that taking into account the process of 
hydrogen generation during the corium-water interaction enables more adequate modeling of 
vapor explosion to be performed. Therefore, hydrogen release is an important physical 
mechanism which definitely has to be taken into account in studying the fuel-coolant 
interaction. 

Further work could be focused on post-shock calculation of FARO L-33 experiment 
and, thus, on “start-to-finish” modeling of the L-33 test by VAPEX-P and VAPEX-D codes. 
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