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ABSTRACT 

In a Pb-Bi cooled direct contact steam generation fast reactor water is injected directly above 
the core, the produced steam is separated at the top and is send to the turbine. Neither the direct 
contact phenomenon nor the two-phase flow simulations in CFD have been thoroughly described yet. 
A first attempt in simulating such two-phase flow in 2D using the CFD code Fluent is presented in this 
paper. The volume of fluid explicit model was used. Other important simulation parameters were: 
pressure velocity relation PISO, discretization scheme body force weighted for pressure, second order 
upwind for momentum and CISCAM for void fraction. Boundary conditions were mass flow inlet (Pb-Bi 
0 kg/s and steam 0.07 kg/s) and pressure outlet. The effect of mesh size (0.5 mm and 0.2 mm cells) 
was investigated as well as the effect of the turbulent model. It was found that using a fine mesh is 
very important in order to achieve larger bubbles and the turbulent model (k-ε realizable) is necessary 
to properly model the slug flow. The fine mesh and unsteady conditions resulted in computationally 
intense problem. This may pose difficulties in 3D simulations of the real experiments. 

 

1 INTRODUCTION 

A Pb-Bi cooled direct contact steam generation fast reactor [1] is an interesting reactor concept 
that realizes cost savings from the fact that it does not require steam generators and primary coolant 
pumps. Instead, water is injected directly above the core and boils as it bubbles through Pb-Bi pool 
and drives Pb-Bi coolant flow around the reactor. Produced steam is separated at the top of the 
reactor pool from Pb-Bi (which then enters a downcomer) and is send to the turbine.  

Neither the direct contact phenomenon nor the two-phase flow simulations in CFD have been 
thoroughly described yet. Several experiments in support of this reactor have been performed [2, 3]. It 
is possible to use these experimental results for comparison with CFD simulations. The Fluent 
simulations of two-phase flow are a relatively new issue. Therefore, it is necessary first to establish the 
simulation procedure, before one may model directly the experimental setups.  

2 TWO PHASE FLOW SIMULATIONS 

Fluent allows for different modelling of two-phase flow phenomenon.  The models used in 
Fluent for two phase fluid flow use the Euler-Euler approach. In this approach the different phases are 
treated mathematically as interpenetrating continua. Since the volume of a phase cannot be occupied 
by the other phases, the concept of phasic volume fraction is introduced. These volume fractions are 
assumed to be continuous functions of space and time and their sum is equal to one. Conservation 
equations for each phase are derived to obtain a set of equations, which have similar structure for all 
phases. These equations are closed by providing constitutive relations that are obtained from 
empirical information, or, in the case of granular flows, by application of kinetic theory. In FLUENT, 
three different Euler-Euler multiphase models are available: the volume of fluid (VOF) model, the 
mixture model, and the Eulerian model [4]. It is further recommended to use VOF for the higher void 
fraction cases, such as slug flows. Since the performed experiments used high void fraction the VOF 
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is used as a primary model here. This paper presents the results of the two-phase flow simulations of 
Pb-Bi and steam with different mesh size and with and without the turbulence models. All the 
simulations were performed in 2D. While it is understood that two-phase flow strongly depends on all 
three dimensions. However, using the 2D has a big advantage in the reduced computational time, 
which as will be shown later is quite long. Using 2D thus allowed running more simulations and get 
better feeling which mathematical models are good for modelling the two-phase flow phenomenon. 
Hopefully, using this knowledge it will be possible to run successfully a 3D case in the future. 

 
2.1 Laminar modelling 

While it is apparent that slug flow is generally turbulent for the sake of simplicity and better 
convergence the first simulations were performed under the condition of laminar flow. The results of 
the simulation are shown in Figs. 1 and 2. The first figure is for more coarse mesh of 0.5 mm per cell 
(0.2 mm in the boundary layer), the second for the fine mesh of 0.2 mm per cell. The mesh was 
formed by 990000 quads and 164178 quads respectively. The important simulation parameters were: 
laminar, explicit VOF, pressure velocity relation PISO, discretization scheme body force weighted for 
pressure, second order upwind for momentum and CISCAM for void fraction. Boundary conditions 
were mass flow inlet (Pb-Bi 0 kg/s and steam 0.07 kg/s) and pressure outlet. The simulation time is 
different due to difference of time step, which has to be reduced for the convergence of the finer mesh. 
The running time for these cases was about 0.3 s/day for the 0.5 mm mesh and 0.1 s/day for the 
0.2 mm mesh. 

From Figs. 1 and 2 is apparent that the finer mesh gives results, which are closer to what a slug 
flow should look like.  The void fraction in the coarse mesh deviated more from the expected 0 or 1 
behaviour, which indicated that significant number of the calculated bubbles were smaller than the 
used cell size. The large bubbles did not form at all and the results are far from the slug flow, which is 
against the experiments as well as the expectations. The finer mesh gives better results as far as void 
fraction is concerned.  The bubbles are of larger dimension, but still smaller that in the slug flow. They 
have more of a spherical shape than the typical slug flow bullet shape. The gas lift pump effect was 
observed in both cases. 

 
2.2 Turbulent modelling 

In the next step the turbulent model was used and the same analysis was performed again 
using the same operating, boundary and simulation conditions. Only the turbulent model was set to 
the k-ε realizable model. For the turbulent kinetic energy and turbulent dissipation rate the second 
order upwind discretization scheme was used. The running time for these cases was about the same 
as for the laminar cases. 

Figures 3 and 4 show the results of the simulations. The benefit of using the turbulent model is 
clearly visible. The bullet shaped bubble with smaller bubbles in the wake is formed. However, there is 
still a significant amount of cells with the void fraction between 0 and 1 indicating the amount of 
smaller bubbles than the cell size is still large. Nevertheless, the results are much better than in the 
case of laminar flow. The best results were achieved for the fine mesh with turbulent modelling. The 
bullet shape first bubble development is clearly visible as well as the formation of small bubbles in the 
wake of the large bubble. The coalescence of smaller bubbles can be observed as well. Unfortunately, 
the case run still has not finished, therefore it cannot be confirmed if the second bullet shape bubble 
will form or not. In the last part of Fig. 4 there is an indication of formation of such a bubble, however it 
is still questionable if it is the second bullet shaped bubble or not. 

For the case shown in Fig. 4 the velocity contours are show in Fig. 5. The x axis is horizontal 
and the y axis is vertical.  From the contours of the x-component of the mixture velocity one may 
observe the beginning of the circulation, but more importantly one may see the s-shaped direction of 
flow behind the first bullet shaped bubble. It is indicated by the alternating regions of the positive and 
negative x-component of the mixture velocity, which suggest the alternation of the flow direction. The 
y-component of the mixture velocity, i.e. the vertical mixture velocity component, is more interesting. It 
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shows the flow paths of the rising steam and the downward flow of Pb-Bi around the bubbles, 
especially close to the wall.  
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Figure 1: Steam bubbling in Pb-Bi, cell size 0.5 mm, laminar flow, 0 – 3 s after injection   
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Figure 2: Steam bubbling in Pb-Bi, cell size 0.2 mm, laminar flow, 0 – 1.9 s after injection   
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Figure 3: Steam bubbling in Pb-Bi, cell size 0.5 mm, turbulent flow, 0 – 2 s after injection   
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Figure 4: Steam bubbling in Pb-Bi, cell size 0.2 mm, turbulent flow, 0 – 0.9 s after injection   
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Figure 5: X and Y velocity contours, cell size 0.2 mm, turbulent flow, at 0.9 s after injection   

 

3 CONCLUSIONS 

The first attempt to simulate the two-phase flow of Pb-Bi and steam using a CFD code Fluent 
was performed. The simulations showed the necessity of using a very fine mesh (0.2 mm) should the 
results be close to the expected slug flow. The use of finer mesh resulted in larger bubbles and 
reduced the amount of bubbles smaller that the cell size. The use of the turbulent k-ε realizable model 
vs. the laminar flow resulted in larger bubbles and formation of the bullet shaped first bubble typical for 
the slug flow. The simulations using the fine mesh are computationally quite intense. The incorporation 
of the turbulent model did not result in the significant increase in the simulations’ computational time. 
While the results are encouraging the applicability of this modeling approach to the real experiments is 
still questionable mainly due to the fine mesh requirements. 
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