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Abstract. In this paper the results of the calculation for one-dimensional 
problems with water, as well as, a two-dimensional calculation simulating 
an experimental study of heat transfer and resistance in the vertical pipe 
with boiling sodium subject to forced lift conditions are presented. 

Introduction  
There are two classes of methods to simulate two-phase flows with interface (boundary) 
between phases: 1) the interface is considered as a sharp break; 2) the interface is 
considered as a diffusion region, like contact discontinuities in the gas dynamics. Models 
that allow describing the diffusion regions are divided into nonequilibrium (there is no 
equality of phase pressures and phase velocities) [1] and equilibrium (phases are in 
mechanical equilibrium) [2]. Numerical approximation for equilibrium models proves to be 
simpler, but in this case a number of problems arises [3]: 1) the nonmonotonic behavior of a 
two-phase mixture sound velocity as a function of the volume fraction, that can lead to 
errors in the calculation of the passage of waves across the interface; 2) non-conservative 
form of the equation for the volume fraction. Even using of specially obtained relations on 
the front of the shock wave [4], it is not always possible to achieve a coincidence between 
the numerical and analytical solutions, since the averaging of non-conservative variables 
has no physical meaning. This problem was overcome in [3], using the relaxation algorithm 
instead of the averaging procedure. A more robust approach involves the model that is 
nonequilibrium only by pressure [5]. In this model dependence of the sound speed on the 
volume fraction turns out to be monotonous and equal to the "frozen" mixture sound speed. 
Such imaginary complication of the model leads to a simplification of the numerical 
algorithm [6]. The involving of the surface tension forces in such two-phase model is 
realized using the Hamiltonian principle of least action. As a result, in the equations for the 
momentum and total energy of the two-phase mixture the additional tensor components 
appear. These terms contain the second spatial derivatives of the mass fraction of the liquid 
phase [7]. In this paper, the non-equilibrium pressure model is used to calculate the two-
phase flows. This model takes into account the surface tension forces using modified 
relations at the shock front [8]. To simulate phase transition the equilibrium model [9] is 
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used. In this model heat and mass transfer processes set the two-phase system into a state 
with the same values of pressures, temperatures, and Gibbs energies. As closure relations 
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) are used. The "Noble-Abel-Stiffened" system, in addition to 

the attractive forces, allows taking into account the molecular repulsive forces [10], which 
can significantly improve the accuracy of direct numerical simulation. The constant 
parameters for the specified equation of state are found from the experimental saturation 
curves for the enthalpies, densities and pressure in the fixed range of the temperatures [11, 
12]. Calculations related to the influence of capillary effects in two-phase flows are 
presented in [13]. In this paper the results of the calculation for one-dimensional problems 
with water, as well as, a two-dimensional calculation simulating an experimental study of 
heat transfer and resistance in the vertical pipe with boiling sodium subject to forced lift 
conditions are presented. In conclusion, the shortcomings of the presented technique for the 
direct numerical simulation of mass transfer and variants of it modification are indicated. 

1 Cavitation in the water
The calculation of cavitation in the water was performed for the "stiffened" EOS with the 
coefficients presented in [14]. The tube with water of density 1150 kg/m3

 at atmospheric 
pressure is 1 meter long and the initial discontinuity is located at 0.5 meter. The liquid is 
assumed to contain a uniformly distributed small amount of vapor, 210	

 in the whole 
domain. The temperature of both phases is the same. The speed of the two-phase medium in 
the left part of the tube is equal 2 /sm	 , and the velocity in the right-hand part of the pipe 
is equal to 2 /sm . In this calculation, an explicit interface between phases is initially 
absent, cavitation occurs in a two-phase mixture with a small fraction of the gas phase. The 
results of the cavitation calculation for the "stiffened" EOS (Table 1) using a grid of 4096 
cells at time of 3.2 msec are presented in Figure 1. The profiles of pressure (a) and speed 
(b) are shown. Each graph is obtained using the model described in this paper with taking to 
account of the mass transfer and without of one. The results of the presented calculations 
qualitatively coincide with the dependences obtained in [14] for the same problem. 

Fig. 1. Cavitation in the water.
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Table 1. “Stiffened” EOS coefficients for water [14]. 
Phase �� ��, Pa q, J/kg q', J/kg/K CV, J/kg/K

Liquid 2.35 1
109 -1167
103 0 1816
Gas 1.43 0 2030
103 -23400 1040

2 Simulation of 2D heat and mass transfer in a vertical channel 
with boiling sodium subject to forced lift conditions
The vertical dimension of the working region of a flat channel with transverse dimension of 
5 mm is 70 cm. The heat flux through the side walls was assumed to be ~ 0.57 MW /m2.
The initial volume fraction of sodium vapor in the whole pipe is 10-5, and the initial 
temperature of two-phase sodium mixture was assumed equal to 1153 K everywhere, which 
is 3 K less than the boiling point at atmospheric pressure. The distribution of the initial 
vertical velocity corresponds to a mass flow of 166 kg/m2/s. At the lower boundary, 
constant values of temperature and volume fraction are maintained, equal to the initial 
values. A constant mass flow is also maintained at the lower boundary. At the upper 
boundary, atmospheric pressure is fixed. The calculation was carried out using the 
"Stiffened" EOS with the parameters shown in Table 2.

Table 2. “Stiffened” EOS coefficients for sodium.
Phase �� ��, Pa q, J/kg q', J/kg/K CV, J/kg/K

Liquid 1.48 3.67
108 -265030 0 864
Gas 1.49 0 2086460 -4149 1690

A vertical profile of the pressure averaged over the cross section at time instant 0.22 s is 
shown if Figure 2.

Fig. 2. Pressure distribution along the channel

The points correspond to the experimental values of the pressure for two different 
values of the heat fluxes [16]. The dashed curve corresponds to the interpolation of the 
experimental values for the heat flux of 0.57 MW/m2 assuming a linear dependence of the 
pressure values on the heat flux. A good qualitative agreement of the calculated and 
experimental values is obtained. The difference in the magnitude of the pressure difference 
over the working region of the pipe can be related to the "flat" approximation of the model 
calculation, which leads to different values of the ratio of the transverse length of the 
heating section to the enclosed area. 
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Conclusion 
The presented numerical method was constructed for 2D calculations of two phase mixture 
flows combining the noequilibrium pressure model approach [5] with conservative 
inclusion of surface tension forces using the Hamiltonian principle of least action [7] and 
with phase transition approach splitting heat and mass exchanges processes [9]. This 
numerical method is explicit and realized in parallel programming mode and allows one to 
obtain qualitative agreement with the experimental data. However, it should be noted that 
the "stiffness" of the non-linear system of equations in the equilibrium model provides not 
always an accurate simulation of mass transfer [14]. In such cases, the assumption of 
complete evaporation or condensation in the considered grid cell is applied [17]. Further 
development of a numerical technique for direct simulation of mass transfer in two-phase 
flows is associated with the use of a simplified relaxation solver, which ensures 
convergence to the same solutions as the conventional solver, but is much simpler and 
robust, since the equilibrium mass fraction is linearized after evaporation (or condensation) 
on the value of the equilibrium pressure [18]. It is necessary to mention that DNS is very 
sensitive tool for grid changing. The special study will be fulfilled for 2D computations 
using DNS and grid for this method. 
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