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Abstract

This article presents the results of a study on the possibility of using a single-speed multi-
phase model with free surface allowance for simulating boiling and condensation processes.
The simulation is based on the VOF method, which allows the position of the interphase
boundary to be tracked. To increase the stability of the iterative procedure for numerically
solving volume fraction transfer equations using a finite volume discretization method
on arbitrary unstructured grids, the basic VOF method is been modified by writing these
equations in a semi-divergent form. The models of Tanasawa, Lee, and Rohsenow are
considered models of interphase mass transfer, in which the evaporated or condensed
mass linearly depends on the difference between the local temperature and the saturation
temperature with accuracy in empirical parameters. This paper calibrates these empirical
parameters for each mass transfer model. The results of our study of the influence of the
values of the empirical parameters of models on the intensity of boiling and evaporation, as
well as on the dynamics of the interphase boundary, are presented. This research is based
on Stefan’s problem of the movement of the interphase boundary due to the evaporation
of a liquid and the problem of condensation of vapor bubbles water columns. As a result
of a series of numerical experiments, it is shown that the average error in the position
of the interfacial boundary for the Tanasawa and Lee models does not exceed 3–6%. For
the Rohsenow model, the result is somewhat worse, since the interfacial boundary moves
faster than it should move according to calculations based on analytical formulas. To inves-
tigate the possibility of condensation modeling, the results of a numerical solution of the
problem of an emerging condensing vapor bubble are considered. A numerical assessment
of its position in space and the shape and dynamics of changes in its diameter over time
is carried out using the VOF method, taking into account the free surface. It is shown
herein that the Tanasawa model has the highest accuracy for modeling the condensation
process using a VOF method taking into account the free surface, while the Rohsenow
model is most unstable and prone to deformation of the bubble shape. At the same time,
the dynamics of bubble ascent are modeled by all three models. The results obtained
confirm the fundamental possibility of using a VOF method to simulate the processes of
boiling and condensation and taking into account the dynamics of the free surface. At
the same time, the problem of the studied models of phase transitions is revealed, which
consists of the need for individual selection of optimal values of empirical parameters
for each specific task.
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1. Introduction
Currently, the study of free-surface multiphase flows is of great interest from the

point of view of applied and fundamental science [1–5]. Particular attention is paid to
the phenomenon of phase change, particularly the processes of boiling, evaporation and
condensation. Such processes occur in many engineering systems, such as cooling systems,
boilers, heat exchangers, and nuclear reactors. The phase change is characterized by rapid
heat transfer due to the high enough speed of this process; therefore, there is a significant
effect on the system in general. At the same time, a significant amount of energy is stored
in the form of latent heat of vaporization [6]. Therefore, a detailed understanding and a
correct description of the phase change process in such systems are important for assessing
their reliability and efficient operation. Experimental and detailed studies of the processes
of boiling and evaporation are difficult, and therefore the use of numerical simulation
is relevant.

In recent decades, several approaches for numerical simulation of free-surface multi-
phase flows have been presented. In the context of methods for determining the position
of the interphase surface, they can be divided into two classes. The first class comprises
methods for direct boundary tracing (the Lagrangian approach) [7,8], the basis of which is
the fact that the mesh nodes that describe the interface between phases move according
to the change in the position of the interface. This approach rearranges the mesh model
to accommodate the repositioning of the interphase surface. The second class includes
methods for tracking boundaries on a fixed mesh, that is, a Eulerian approach [9,10]. In the
Eulerian approach, the geometry of an interphase surface is reconstructed from the value of
some marker function that is used to trace that surface. First-class methods provide a high
level of accuracy, but they are used for trivial geometric configurations. The methods of the
second group are more versatile for computing a wide class of problems involving complex
interface deformations, and therefore they are more popular. The Eulerian approach will
be used in this work.

Within the framework of the Eulerian approach, several models can be distinguished.
The multi-velocity model [11,12] (the so-called Euler–Euler model), in which the equations
of motion and continuity are solved separately for each phase, makes it possible to describe
the dynamics of a multiphase liquid taking into account the free surface. In this case, each
phase has its own velocity and total pressure, and to calculate the volume that each phase
occupies in space, volume fraction transfer equations are introduced. The Euler–Euler
model is more complex to implement and requires precise closing relations when writing
equations [13]. Due to the fact that each of the phases will have its own set of equations
solved, the requirements for computing resources will be increased. This model is rarely
used, mainly for bubble flow problems [14,15]. The Eulerian approach using the volume
fraction of a liquid as a marker function, called the VOF (volume of fluid) method, has
several practical applications [9,16,17]. This method is a simplified one-speed Euler–Euler
model, where one set of equations of motion and continuity are solved for all phases, and
the volume fraction transfer equation is solved for each phase. This model allows flows
with a free surface—including stratified flows, liquid splashing, filling or emptying tanks,
movement of gas bubbles in a liquid [18], and crushing of liquid jets due to surface tension—
to be described [18,19]. This model is less demanding in terms of computational resources
than the Euler–Euler model and can be adapted to perform calculations on arbitrary
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unstructured grids. A review of the relevant literature on multiphase computational
fluid dynamics methods shows that the one-speed VOF method is the most convenient to
implement and promising to use, since it allows us to consider the simulated liquid–gas
system as a single one-speed medium with variable physical properties. The key advantage
of this method is its adaptability to the application of finite volume sampling on cells of an
arbitrary shape [3,16,17].

The key issue when applying the VOF method to the simulation of phase transitions,
namely for boiling and condensation, is the computation of the mass that undergoes phase
transformation. Thus, in the classical theories of Herz-Knudsen [20] and Schrage [21], semi-
empirical relations are used to calculate the interphase mass flow. Empirical parameters in
such models are mainly selected by comparing the calculated mass flow with experimental
data and then adjusting these parameters to reduce the relative error, which limits the
applicability of these models to arbitrary cases. A variety of models of this type are
presented in [22]. Some of the most widely used models in engineering computations
are the Tanasawa model [23], Lee model [24], and Rohsenow model [25]. In all these
models, an empirical coefficient is used to connect the mass flow across the liquid–vapor
interface with the temperature, which requires matching in accordance with the conditions
of the problem. In this case, the values of the coefficients and the form of dependence for
these models are different from each other. One should take into account that for each
specific experimental case of the phase transition, it is necessary to empirically match
the indicated coefficients. This is due to several key points: heat transfer surfaces have
different physical properties (roughness, thermal conductivity, wettability); heat transfer
can occur in different conditions (temperature levels, heater power); and working fluid
properties can vary significantly (saturation temperature, thermal conductivity coefficient,
heat capacity).

Thus, the Tanasawa model is a simplified Schrage model, where the temperature at
the interface is equal to the saturation temperature. The heat flow on the free surface is
linearly dependent on the temperature difference between the liquid and the vapor at a
given point. The Lee model is based on the assumption that the mass transition occurs at
constant pressure and quasi-thermal equilibrium. In the Tanasawa model, it is assumed
that the temperature of the liquid is equal to the temperature of the vapor–liquid mixture,
and the entire heat flow through the interface goes to mass exchange.

These models are used in the modeling of phase transitions based on the VOF method.
The Tanasawa model [23] can be found in [26–28], where the model is used to calculate the
dynamics of the ascent of a single bubble and the dynamics of the boiling flow. The value
of the empirical parameter of the model is either not specified or is taken from preliminary
test calculations.

The Lee model [24] was used in [29], in which the characteristics of the refrigerant
flow were numerically investigated based on the Fluent program code, taking into account
the boiling process. It is assumed that at the studied values of pressure and temperature,
the liquid refrigerant boils intensively in local areas of the pipeline. The value of the
empirical parameter of the Lee model, equal to 100, was used. Pressure graphs in the
extinguishing agent tank were obtained, but the effect of an empirical parameter on the
amount of vaporized liquid was not studied, and this may have affected the pressure
distribution. In [30], the Fluent code with the Lee model was also used to calculate the
mass transfer during boiling of flow in microchannels. In this work, the boiling mode was
bubbly, and the authors used the standard value of the empirical parameter of the boiling
model (i.e., equal to 0.1).

In [31], a hybrid Lee and Tanasawa model implemented in OpenFOAM computational
code is proposed to simulate a two-phase flow in a thermosiphon. In this task, there
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is an evaporator and a condenser, and the evaporation and condensation processes are
continuous and simultaneous. Therefore, the correct choice of an empirical parameter
is important for minimizing the modeling error. The paper indicates that the values of
empirical parameters 104 and 10−2 are used for the Lee and Tanasawa models, respectively,
but how they are selected is not specified.

The Rohsenow model [25] is used in [32] to model boiling flows, while the values of
the empirical parameter of the model are not specified.

As the review showed, when studying multiphase flows taking into account boiling
and condensation, the authors often use some value of the empirical parameter of phase
transition models, without investigating the effect of its value on the calculation results.
In this paper, a similar study is conducted for finite volume discretization of equations
on arbitrary unstructured grids, and recommendations are given regarding the choice of
models of phase transitions and values of empirical models, respectively.

In this paper, we consider a mathematical model of a VOF method, supplemented
by models of phase transitions from Tanasawa, Lee, and Rohsenow. The continuous force
surface model (CFS) proposed in [33] is used to account for the surface tension force in the
momentum conservation equation. A modification of the mathematical model is presented,
which provides an increase in the stability of the iterative numerical solution procedure
for finite volume discretization of equations on arbitrary unstructured grids. Numerical
simulations of boiling and condensation are carried out on two problems with analytical or
experimental data: the Stefan problem on the movement of the interphase boundary due
to liquid evaporation [34], and the problem of condensation of a vapor bubble in a water
column [35]. The results are obtained for three models of phase transitions (Tanasawa, Lee,
and Rohsenow) with varying empirical parameters within the models. The problem of
the phase transition models under consideration is shown: the optimal value of empirical
parameters should be selected for each task and formulation, depending on the conditions
of the task, the parameters of the computational model, and the characteristic size of the
grid model cells.

2. Physical and Mathematical Model
The motion of a multiphase medium with a free surface in the approximation, taking

into account phase change using the VOF method for tracking the interface between phases,
is described using a system of Navier–Stokes equations for the entire medium, which are
supplemented by the transfer equations of the volume fraction of each phase [3,36]:

∂ρ

∂t
+∇ · (ρ→u ) = ∑

k
Sαk ,

∂ρ
→
u

∂t
+∇ · (ρ→u→

u ) = −∇p +∇ ·
[
µ

(
∇→

u +∇→
u

T
)]

+ ρ
→
g +

→
F st,

∂ρkαk
∂t

+∇ ·
(
ρkαk

→
u
)
= Sαk ,

∂ρCpT
∂t

+∇ · (ρCpT
→
u ) = ∇ · (λ∇T) + SE.

(1)

Here, ρ,
→
u , T, p are the density, velocity, temperature and pressure of the medium,

respectively; µ, λ, Cp are the viscosity, thermal conductivity coefficient, and heat capacity of

multiphase medium; SE is the energy source term;
→
g is the gravity acceleration vector; t

is time; αk = Vk/V are the volume fractions of the k-th phase; and ρk is the density of the
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k-th phase. The general physical parameters of the multiphase medium are related to the
parameters of the individual phases as follows:

ρ =
N

∑
k=1

ρkαk, µ =
N

∑
k=1

µkαk, Cp =
N

∑
k=1

Cp,kρk

ρ
αk, λ =

N

∑
k=1

λkαk.

When simulating boiling, two phases are considered: index l is a liquid phase,
and index ν is vapor. If we presume the phases incompressible and the source to be
Sαl = −Sαν ≡ .

m, the system of Equation (1) can be written as follows:

∇ ·→u =
.

m
(

1
ρl

− 1
ρν

)
,

∂ρ
→
u

∂t +∇ · (ρ→u→
u ) = −∇p +∇ ·

[
µ

(
∇→

u +∇→
u

T
)]

+ ρ
→
g +

→
F st,

∂ρCpT
∂t +∇ · (ρCpT

→
u ) = ∇ · (λ∇T) +

.
mhνl ,

∂αl
∂t +∇ ·

(
αl

→
u
)
=

.
m
ρl

,
∂αν

∂t +∇ ·
(
αν

→
u
)
= −

.
m
ρν

.

(2)

Here, hνl is latent heat of vaporization.
When there is a phase interface in homogeneous equations of motion, volumetric

power sources appear, and they are associated with the surface tension forces
→
F st. The

continuous surface force (CSF) model proposed in [33] is used to account for the surface
tension force in the momentum conservation equation. Within this model, the normal
component of the force is considered, and the tangential component is neglected. The
surface tension factor along the interface does not change. In this approximation, the
surface tension effect is represented as a continuous volumetric force acting at the interface
in the transition region:

→
F st ≈ σk∇αi.

Here, σ is the surface tension, k = −∇ ·
(

∇αi
|∇αi |

)
is the interfacial curvature.

When computing the curvature from the exact values of the volume fraction, due to
the field discontinuity of this value and the actual calculation of the second derivative
of this discontinuous field, calculation errors occur that lead to an increase in “parasitic”
oscillations in the velocity field with time. Such oscillations, in their turn, can lead to
instability in the solution and destruction of the interface. To improve stability and reduce
oscillations, a smoothing procedure is used before computing the curvature. Therefore, the
curvature is calculated from the smoothed volume fraction:

k = −∇ ·
(

∇α̃i
|∇α̃i|

)
.

Here, α̃ is the smoothed volume fraction.
Different methods can be used for smoothing. We use the following type of smoothing

in this work [37]:

α̃i,P =

N
∑

f=1
αi, f S f

N
∑

f=1
S f

.

Here, Sf is the area of the face of the cell P, and αi,f is the value of the volume fraction
interpolated in the center of the face.
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Several models of interfacial mass transfer as a result of boiling and condensation
processes are considered in this work.

The Tanasawa model proposed in [23] is considered first. Kinetic theory is used to
relate the intensity of the interphase mass transfer to the deviation of the local temperature
from the saturation temperature. Using kinetic approximation, the volumetric mass flow
.

m( kg
m3·s ) can be calculated in the interface area as follows:

.
m = φ(T − Tsat)|∇αl |, φ =

2γ

2 − γ

(
M

2πRg

)1/2 ρνhνl

T3/2
sat

, (3)

where hlν is the latent heat of evaporation, γ is the condensing coefficient/evaporation
coefficient (or accommodation coefficient), M is the molar weight, Rg is the universal gas
constant, and Tsat is the saturation temperature at a given pressure.

In this approach, the interface surface area for each mixed cell is assumed to be
Sint = |∇αl | · Vcell, and

.
m ̸= 0 only in the region of the interface, where there is a change in

phase volume fractions. The value
.

m is positive for evaporation (T > Tsat) and negative for
condensation (T < Tsat).

The study in [23] provides examples of the experimentally calculated accommodation
coefficient γ from different sources. It should be noted that the range of variation of the
coefficient is quite large, from small values of 0.006 to values of 1. At the same time, small
values prevail in the experiments for single air bubbles suspended in water.

Another model widely used for simplicity is the Lee model [24]. It is assumed that
phase change occurs at constant pressure in a state of thermal quasi-equilibrium and
corresponds to the following expressions:{ .

m = rαlρl
T−Tsat

Tsat
for T > Tsat,

.
m = rανρν

T−Tsat
Tsat

for T < Tsat.
(4)

An empirical coefficient called the mass transfer intensity coefficient (which comprises
the specific interphase surface area) also has a large range of values depending on flow
geometry, mesh resolution, time step, and environmental conditions [38]. Some researchers
determine a value of 0.1, and others use a value of 100. It has been found that the higher
the value of this coefficient, the less the interface temperature differs from the saturation
temperature. Despite the fact that some researchers point out possible problems of numeri-
cal convergence at too high values, r values of about 7.5 × 105~1.0 × 107 1/s are often used
at more intensive mass exchange.

This paper also considers the source of mass used in the Rohsenow model [25]:

.
m =

Qs × (T − Tsat)

hνl
, (5)

where Qs is the heat transfer coefficient between the vapor bubbles and the surrounding
liquid multiplied by the interphase contact surface area reduced per unit volume. This
model is applicable for volumetric boiling with the formation of vapor bubbles, while it is
assumed that all bubbles are at the saturation temperature, the temperature of the liquid is
equal to the temperature of the vapor–liquid mixture, and the entire heat flow through the
interface goes to mass exchange. In open works, no recommendations have been found on
what Qs values should be used for solving applied problems.
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3. Increasing the Stability of the Numerical Solution
To stabilize the iterative numerical solution procedure when discretizing the transfer

equations of the volume fractions, these equations are written in semi-divergent form [39]:

∂αl
∂t

+∇ ·
(
αl

→
u
)
− αl∇ ·→u =

.
m
ρl

− αl
.

m
(

1
ρl

− 1
ρν

)
.

This compensates for approximation errors associated with inaccurate fulfillment
of the volumetric flow balance condition for the cell. In this case, when calculating the
convective term, total equality of inflowing and outflowing fluxes is imposed.

In order to improve the stability of the computation and reduce the imbalance intro-
duced into the numerical scheme by the gap in the fields of physical parameters when
crossing the interface, it is necessary to use a volumetric flow instead of a mass flow during
discretization. Moreover, due to the gap in the heat capacity field, it is advisable to write
the energy conservation equation with regard to enthalpy [40].

In this case, system of Equation (2) is written as follows:

div
→
u =

(
1
ρl

− 1
ρν

) .
m,

∂ρ
→
u

∂t +∇ · (ρ→u→
u ) = −∇p +∇ ·

[
µ

(
∇→

u +∇→
u

T
)]

+ ρ
→
g +

→
F st,

∂h
∂t +

→
u · ∇h = 1

ρ∇ ·
(
λ ∇ h

ρ

)
+ 1

ρ

.
mhνl ,

∂αl
∂t +∇ ·

(
αl

→
u
)
− αl∇ ·→u =

.
m
ρl

− αl
.

m
(

1
ρl

− 1
ρν

)
,

∂αv
∂t +∇ ·

(
αv

→
u
)
− αv∇ ·→u =

.
m
ρv

− αv
.

m
(

1
ρl

− 1
ρν

)
.

(6)

To enhance the diagonal predominance in the SLAE (System of Linear Algebraic Equa-
tions) when discretizing the energy conservation equation, the source term is decomposed
into a Taylor series relative to the enthalpy in the vicinity of the point hn. Taking the first
two terms of the decomposition, we obtain:

.
m(h) =

.
m(hn) +

∂
.

m
∂T

1
cp

(hn+1 − hn).

In the case of the Tanasawa model, the source in the energy equation is

.
m(h) = φ(Tn − Tsat)|∇αl |+φ|∇αl |

1
cp

(hn+1 − hn), (7)

In the case of the Lee model,{ .
m(h) = rαlρl

Tn−Tsat
Tsat

+ rαlρl
Tsat

1
cp
(hn+1 − hn) for T > Tsat,

.
m(h) = rανρν

Tn−Tsat
Tsat

+ rανρν
Tsat

1
cp
(hn+1 − hn) for T < Tsat.

, (8)

And in the case of the Rohsenow model,

.
m(h) =

Qs · (Tn − Tsat)

hνl
+

Qs
hνl

1
cp

(hn+1 − hn). (9)

Thus, the system of Equation (6) together with models (7)–(9) makes it possible to
describe the process of movement of a multiphase medium with a free surface in a single-
speed approximation, taking into account phase change. For the numerical solution of
this system, we use the SIMPLE method based on the principle of splitting by physical
variables and the field correction procedure [41].
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The described methods and models are implemented in the Russian LOGOS soft-
ware package version 5.3.24 [4,42] designed to simulate the conjugate three-dimensional
problems of convective heat and mass transfer, aerodynamics, and strength on highly
parallel computers. Discretization of the system of Equation (6) is based on the finite
volume method on unstructured meshes [3,36]. Acceleration of computations with high-
performance supercomputers is carried out using a multi-mesh method [41].

4. Results of Numerical Computations
4.1. The Stefan Problem

A classic problem for the verification of boiling and evaporation models is the Ste-
fan problem, which deals with the motion of a flat interface between steam and liquid
determined by vaporization of the liquid due to interaction with superheated steam. The
problem has an analytical solution for the speed of interface movement [34]. Initially,
there is a liquid and a vapor layer; they are considered incompressible and stationary
and in equilibrium. The temperature of the vapor and liquid at the initial moment of
time is equal to the saturation temperature; then, the temperature of the steam increases
due to the heat coming from the heated wall at a temperature higher than the saturation
temperature. The vapor displaces the liquid as it evaporates, which allows the interface
to move between them in the direction of the heated wall. The problem is schematically
shown in Figure 1.

 
Figure 1. Layout of the Stefan problem.

According to [34], the analytical dependence of the interface position on time and
temperature distribution can be found from the following.

xi(t) = 2ζ
√

Dνt is position of the interface, and

T(x, t) = Tw − (Tw − Tsat)

er f (ζ)
er f

(
x

2
√

Dνt

)
is the temperature distribution.

Here, Dν = kν
ρνcν is the thermal diffusivity of the vapor, and constant ζ is calculated

from the solution of the following equation.

ζ exp(ζ2)er f (ζ) =
cν(Tw − Tsat)√

πhνl
, erf( ) is an error function. (10)
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A region of length L = 0.1 m is selected for numerical solution, where a one-dimensional
computation mesh is generated with a cell size of ∆x = 10−3 L. The left boundary is an
impermeable wall with the temperature Tw(Tw − Tsat = 25 K), and the right boundary
is a boundary with fixed pressure. At the initial time point, vapor occupies two cells
adjacent to the heated wall. The numerical simulation is performed for three variants of
water saturation pressure, for which there are analytical solutions in [34]—(a) 101.3 kPa,
(b) 571 kPa, (c) 14.044 MPa—until the time point T = 2000 s. Table 1 shows the respective
parameters of the materials.

Table 1. Parameters of the materials.

Vapor (ν) Liquid (l)

(a) (b) (c) (a) (b) (c)

Boiling temperature (saturation
temperature), K (Tsat)

– – – 373 428 609

Density, kg/m3 (ρ) 0.59 2.92 87 958 912 640
Dynamic viscosity, Pa · s (µ) 1.2 × 10−5 1.4 × 10−5 2.4 × 10−5 2.8 × 10−4 1.8 × 10−4 8.1 × 10−5

Thermal conductivity,
W/(m·K) (k) 2.3 × 10−2 2.8 × 10−2 8.7 × 10−2 68.3 × 10−2 68.4 × 10−2 46.5 × 10−2

Specific heat capacity,
J/(kg·K) (s) 2135 2358.5 11,000 4220 7244 4320

Specific heat of evaporation,
kJ/kg (hνl)

– – – 2257 2096 1070

Figure 2 shows the results of numerical computations for the case in which
p = 101.3 kPa, produced using the Lee, Tanasawa, and Rohsenow models of boiling. The
value of the coefficients of these models is varied in order to study the effect of their value
on the position of the interface for this particular problem and method.

 
(a)  

Figure 2. Cont.
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(b) 

(c)

Figure 2. Interface position as a function of time at p = 101.3 kPa: (a) Lee model; (b) Tanasawa model;
(c) Rohsenow model.

For the Lee model, at the value of r = 1, the plot of the interface position at the initial
stage lies above the analytical solution. For values 3 < r < 10, the plot has a better agreement
with analytical data. In the Tanasawa model, in many publications [43,44], the value equal
to 1 is taken as an optimal one of the γ parameter for the Stefan problem. γ = 1 is also set in
the described computations. For the Rohsenow model, the result is noticeably worse, since
the phase boundary moves faster than it should move according to calculations based on
analytical formulas. It is not possible to achieve good agreement with the analytical data.
At a heat transfer coefficient value of Qs > 5 × 105, non-physical pressure surges appear
and the calculation is completed as an emergency.

Figure 3 shows the plots of interface position versus time for meshes with characteristic
cell size in the longitudinal direction of the channel produced using the Tanasawa model
with a coefficient of γ = 1, the Lee model with a coefficient of r = 2 and the Rohsenow model
with a coefficient of Qs = 1 × 105.
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(a) 

 
(b) 

 
(с) 

Figure 3. Interface position as a function of time for meshes with characteristic sizes of cells
∆x = 0.5 × 10−3, 1 × 10−3, 2 × 10−3: (a) the Lee model with coefficient r = 2; (b) the Tanasawa
model with coefficient γ = 1; (c) the Rohsenow model with coefficient Qs = 1 × 105.
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The plots show the mesh convergence of the realized Tanasawa, Lee, and Rohsenow
models. Figure 4 shows the plots of interface position versus time for computations using
the Tanasawa, Lee, and Rohsenow models of boiling in comparison with analytics for all
computed cases (Table 1). It follows from the figure that the Tanasawa model describes the
analytics most accurately. The Lee model also produces acceptable results, especially for
cases with psat = 571 kPa and 14,044 MPa. For these cases, the results of the Tanasawa and
Lee models practically coincide. The Rohsenow model has the largest deviation from the
reference data.

 
Figure 4. Comparison of the position of the interface obtained analytically and using the CFD model.

Figure 5 shows the interface for the time point t = 0.025 × T for computation using
the Tanasawa model. It can be seen that the phase boundary is localized within two cells.
There is no blurring of the phase boundary during its movement.

 
Figure 5. A typical distribution pattern for the volume fraction of vapor.

As a result of a series of numerical experiments, it is shown that the average compu-
tation error for the Lee model for computation cases (b) and (c) is up to 3%; for case I, it
is 6%, and for the Tanasawa model, it is 1% and 3%, respectively. Moreover, the higher
the pressure is, the smaller the computation error is. The results on Rohsenow model are
slightly worse because the interface moves faster than it should according to the analytical
model. The relative error increases with the movement of the phase boundary, and for the
computation cases, (a) is 50% at the end of the calculation time t = T.

4.2. Single Vapor Bubble Condensation Problem

The floating up of a single bubble of saturated vapor in still water is simulated. At
the initial time point, the vapor bubble with a diameter D = 1 mm is surrounded by water
at a temperature 25 K less than the saturation temperature. Phase exchange at the phase
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boundary leads to a decrease in the size of the bubble due to the condensation. Numerical
simulation results are compared with the published experimental data [35,45].

Figure 6 shows the geometry of this problem.

 
Figure 6. Geometry of the problem in the simulated region.

The problem is solved in a two-dimensional formulation on meshes that differ in
characteristic cell size in the bubble area. Table 2 shows the parameters of the mesh
models used.

Table 2. Parameters of mesh models.

Mesh N◦1 N◦2 N◦3

Relative size of cells, ∆x/D 50 100 200
Number of cells 30,000 75,000 225,000

Figure 7 shows the ratio of bubble size and grid resolution for mesh N◦ 2.

 
Figure 7. The ratio of bubble size and grid resolution for mesh N◦2.

The following boundary conditions are used: a boundary condition of symmetry is
set on the front and back surfaces of the modeling area, a fixed pressure is set on top, and
a boundary condition of an impenetrable wall with slippage is set on all other boundary
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surfaces. The temperature of the vapor at the initial time point is equal to the saturation
temperature Tsat = 380.26 K at a pressure of 130 kPa, and the water temperature at the initial
time point is equal to T = (Tsat − 25) K. Table 3 shows the thermophysical properties of
water and water vapor.

Table 3. Properties of water and water vapor for psat = 130 kPa.

Vapor (ν) Liquid (l)

Boiling (saturation) temperature, K (Tsat) 380
Density, kg/m3 (ρ) 0.75453 953.13

Dynamic viscosity, Pa × s (µ) 1.25 × 10−5 2.6 × 10−4

Thermal conductivity, W/(m × K) (k) 0.025905 0.68106
Specific heat at constant pressure, J/(kg × K) (Cp) 2110 4224

Specific heat of evaporation, kJ/kg (hνl) 2237
Surface tension, N/m (σ) 0.06

The following are the results of research on the effect of empirical coefficients on the
accuracy of simulation for implemented methods on mesh No. 2. The changes in the shape
and diameter of the bubble with time are compared with the experimental data.

Figure 8 shows the plots of the bubble diameter change with time produced in numer-
ical computations using the Lee model with different values of parameter r.

 
Figure 8. Changes in bubble diameter with time. Computations are carried out using the Lee model.

With the specified task parameters, a rather intensive mass exchange takes place. In
such circumstances, a coefficient r of about 105~107 may be selected for the Lee model.
When performing numerical computations, it is found out that the r = 4 × 106 coefficient
is optimal for the presented procedure. At lower values of this coefficient, the results of
numerical computations differ significantly from the experiment.

Figure 9 shows the results of numerical computations produced using the Tanasawa
model of boiling for coefficient values of γ = 0.006, 0.007, and 0.01.

As it is said in [23,46,47], for experiments with single bubbles suspended in water
to describe the boiling/condensation process in the Tanasawa model, the value of the
empirical coefficient γ should be set at about 0.01. The coefficient γ = 0.006 is optimal for
these simulation conditions. With the increase in γ, the results of numerical computations
move further and further away from the experimental data. The result is quite sensitive to
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the variation in coefficient γ. In the case of the Rohsenow model, the optimal value of the
coefficient QS = 1.7 × 107, as shown in Figure 10.

Figure 9. Changes in bubble diameter with time. Computations are carried out using the Tanasawa model.

 
Figure 10. Changes in bubble diameter with time. Computations are carried out using the Rohsenow model.

Figure 11 shows the results of the computations for all three models under study with
the optimal values of empirical parameters determined earlier. It follows from the plots
that all three models describe the experiment well.
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Figure 11. Changes in bubble diameter with time.

Figure 12 shows plots of the changes in bubble diameter with time for meshes with
relative cell sizes of ∆x/D = 50, 100, and 200 for the Lee model with coefficient r = 4 × 106,
the Tanasawa model with coefficient γ = 0.006, and the Rohsenow model with coefficient
Qs = 1.7 × 107.

Graph analysis shows that all implemented phase change models have the property of
grid convergence. It is shown that grid model No. 2 with a relative cell size of ∆x/D = 100 is
the best choice for calculations. Calculations on the specified grid have sufficient accuracy;
in addition, they take less time to carry out calculations than calculations on a grid with a
smaller characteristic cell size.

 
(a) 

Figure 12. Cont.
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(b) 

 
(с) 

Figure 12. Changes in bubble diameter with time for meshes with relative cell sizes of ∆x/D = 50,
100, and 200: (a) the Lee model with coefficient r = 4 × 106; (b) the Tanasawa model with coefficient
γ = 0.006; (c) the Rohsenow model with coefficient Qs = 1.7 × 107.

Analyzing the obtained calculated data, we can conclude that of the three imple-
mented phase change models, the Tanasawa model is closest to the experimental values
of the diameter of the condensed bubble. Figure 13 shows the dynamics of the change in
the shape of the bubble over time, with comparison of numerical calculations using the
Tanasawa model carried out in this article, numerical calculations using OpenFOAM [48],
and experimental photographs of the shape of the bubble [49]. There is good agreement
between the experimental data and the computations.

We can conclude, based on the results of the problem of vapor bubble condensation,
that all implemented methods allow problems of this class to be solved. The Tanasawa
model has the greatest accuracy; the Rohsenow model is most unstable and prone to
deformations of the bubble shape.
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Figure 13. Changes in bubble diameter: experimental values (upper row), numerical studies
conducted in this article (middle row), and numerical studies conducted in OpenFOAM [48]
(bottom row).

5. Conclusions
This paper presents the results of a study of the possibility of using a single-speed mul-

tiphase liquid model with free surface allowance for simulating boiling and condensation
processes. To account for the phase interface, the VOF method is used and is implemented
on the basis of finite volume sampling on unstructured grids. A modification of the basic
mathematical model, namely the volume fraction transfer equations, is made, which helps
to increase the stability of the iterative procedure for numerically solving problems on
arbitrary unstructured grids. The models of Tanasawa, Lee, and Rohsenow are considered
models of interphase mass transfer in which the evaporated or condensed mass linearly
depends on the difference between local temperature and saturation temperature with
accuracy in empirical parameters. Empirical parameters are calibrated for these mass
transfer models. The research herein is carried out using the classical Stefan problem of the
movement of the interphase boundary due to the evaporation of liquid and the problem of
condensation of a vapor bubble in a water column. It is shown that the average error in the
position of the interfacial boundary in the Stefan problem for the Tanasawa and Lee models
does not exceed 3–6%, while the corresponding result is slightly worse for the Rohsenow
model. In the problem of a floating condensing vapor bubble, it is shown that the Tanasawa
model has the highest accuracy, while the Rohsenow model is most unstable and prone
to deformation of the bubble shape. At the same time, the dynamics of bubble ascent are
modeled correctly by all three models.

The results of the solution of these problems confirm the fundamental possibility
of using a VOF method for simulating boiling and condensation processes, taking into
account the dynamics of the free surface. However, they reveal the problem of the phase
transition models under consideration: the optimal value of empirical parameters should
be selected for each task and formulation depending on the conditions of the problem, the
parameters of the computational model, and the characteristic size of the grid model cells.
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