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ABSTRACT

The subject of present study is a numerical simulation of transient solution of evaporation
on upward flow in a two-dimensional vertical tubes by using the water as the working fluid.
The heat transfer mechanisms are energy and mass transfer during the phase change based
on volume of fluid model in commercial CFD software, with a user defined function. Operat-
ing conditions are specified in saturation temperature of water flow boiling. The physical
properties of water are determined using inlet temperature and pressure system in saturation
conditions. The characteristic of water flow boiling such as void fraction, heat transfer coeffi-
cient, and wall temperature distribution are investigated in the range of various heat fluxes.
Due to agitation of vapor bubbles, the flow is turbulent which is simulated based on SST
K–x model and also the pressure implicit with splitting of operators pressure–velocity
coupling scheme is used to improve the efficiency of calculation.

Keywords: Numerical simulation; Forced convective evaporation; VOF method; Vertical tubes

1. Introduction

The heat transfer phenomenon associated with
liquid–vapor phase change play an important role in
vertical heated tubes of evaporators for the heat
exchangers in industries. The configuration for heat
exchangers in steam transformers of multiple effect
desalination systems, are special interest, where water
experiences heat transfer at different levels of pres-
sure. Over the last decade, extensive experimental and
theoretical research efforts have been devoted to
understanding the fundamental aspects of subcooled
and saturated two-phase flow boiling [1].

Steiner and Taborek [2] summarized the various
available correlations of saturated flow boiling. Thome

[3] studied pool boiling and flow boiling and
addressed several key points on flow boiling. Kandli-
kar [4] performed a historical review on flow boiling
heat transfer concepts. McAdams et al. [5] and Proda-
novic [6] presented reliable formula for flow boiling
regions.

In this article, the evaporation process in evapora-
tor tubes is investigated. The water flow in the evapo-
rator working under forced convection is vertically
upward. When the heat flux from the heated wall to
the fluid increases above a certain value, the raised up
surface temperature superheats the water in contact
with the surface. The associated flow boiling is initi-
ated in a certain length called onset of nucleate boiling
(ONB). During the flow boiling, the heat transfer is
transported from the heated surface to the liquid by
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the latent heat of evaporation [7]. The main purpose
of the present study is to simulate the subcooled and
saturated flow boiling, when the water flows upward
inside the tube which is evaporated by means of a
high pressure motive steam outside the tube.

Water enters under its subcooled condition as
compressed liquid. There are three important regions
inside an evaporation tube: single-phase liquid (pure
liquid), subcooled flow boiling, and saturated two-
phase flow boiling regions. In subcooled flow boiling
region, the bulk liquid temperature must remain
below saturation condition.

2. Geometrical configurations

The computation domain and boundaries of a two-
dimensional circular tube is illustrated in Fig. 1. The
solution domain of two-dimensional circular tube is
X�Y= 500� 38.1mm. The inlet and outlet boundary
conditions are considered mass flow inlet and pres-
sure outlet, respectively, and the direction of the flow
is upward. The heated wall boundary condition is
provided as constant temperature. The computational
nonuniform grid of domain is 7,050 regular quadrilat-
eral cells. A time step of Dt= 10–5 s is used to solve
this problem.

3. Numerical models

In this paper, the simulation of two-phase flow is
carried out by employing volume of fluid (VOF)
model in commercial CFD software Fluent 6.3, with a
user-defined function. The flow is considered as
turbulent based on the Reynolds number. In this

simulation, the SST K–x model is adopted. The low-
Reynolds form of the SST K–x used for turbulence
modeling displays a gradual change from the stan-
dard K–x model in the inner region of the boundary
layer to a high-Reynolds version of the K–x model in
the outer part of the boundary layer. Also, compared
to the standard K–x model, a modified formulation of
the turbulent viscosity is adopted in order to take the
transport effects of the principal turbulent shear stress
into account. The Green-Gauss node-based method is
used for evaluation of gradients. In the laminar sub-
layer region, the velocity profile is specified linear by
means of enhanced wall treatment adjacent the wall.
The velocity profile of the buffer region is described
by the logarithmic wall function. An implicit time dis-
cretization along with the modified High Resolution
Interface Capturing (HRIC) scheme is used for VOF
calculations. Pressure interpolation is conducted with
the PRESTO scheme, while pressure velocity coupling
is accomplished by means of the SIMPLE algorithm.
The pressure implicit with splitting of operators
(PISO) is part of the SIMPLE family of algorithms is
used for pressure–velocity coupling scheme. The PISO
algorithm in comparison with the SIMPLE and SIM-
PLEC algorithms carries out two additional correc-
tions including neighbor correction and skewness
correction. The efficiency of calculations is improved
by these correlations. The second-order upwind of
discritization scheme is used in momentum, energy,
and the two turbulent equations. A good convergence
of simulation test is obtained if the under-relaxation
factors be adopted at values of 0.8 (pressure), 0.3 (den-
sity), 0.3 (body force), 0.3 (momentum), 0.5 (turbulent
kinetic energy), 0.5 (turbulent dissipation rate), 0.5
(turbulent viscosity), and 0.5 (energy). The
mathematical formulation of VOF model is
represented as follows.

4. VOF method

The VOF method can model two or more immis-
cible fluids by solving a single set of momentum
equations and tracking the volume fraction of each of
the fluids throughout the domain. In this method, a
surface tracking technique is applied to each compu-
tational cell where the position of the interface
between the fluids is of interest. The VOF formula-
tion relies on the fact that two phases are not inter-
penetrating.

In VOF model, the summation of volume fractions
of all phases is unity. The volume fraction equation
will not be solved for the primary phase; the primary-
phase volume fraction in a computational cell can be
calculated according to the following constraint.Fig 1. Schematic diagram of vertical duct.
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af þ ag ¼ 1 ð1Þ

In which af and ag denote the volume fraction of
the liquid phase and vapor phase, respectively. Infor-
mation of the phase distribution can be directly
obtained from the volume fractions. As an instance,
the computational grid is empty af = 0 or full of liquid
af = 1, and 0 < af < 1. The continuity equation for the
volume fraction of the phases has the following form:

@af
@t

þ r! � ð u!afÞ ¼ �S

qf

ð2Þ

@ag
@t

þ r! � ð u!agÞ ¼ S

qg

ð3Þ

In which, the mass source term of S, kg/(m3 s) on the
right-hand side of continuity Eqs. (2) and (3) is speci-
fied a user-defined mass source term for each phase
due to phase change.

The usual Navier–Stokes equations are solved for
momentum in the cells, where only one of the two
phases exists. At the interface, the force due to the
surface tension must be taken into account. The
momentum equation depends on the volume fractions
of all phases through the properties q and l.

@

@t
ðq v!Þ þr:ðq v! v!Þ ¼ �rpþr � ½lðr v!þr v!TÞ�

þ q g!þ F
!

r ð4Þ

In which F
!

r is the volumetric surface tension
force.

Also, the energy equation shared among the
phases is represented as:

@

@t
ðqEÞ þ r � ½ u!ðqEþ pÞ� ¼ r � ðkeffrTÞ þQ ð5Þ

E ¼ ðafqfEf þ agqgEgÞ=ðafqf þ agqgÞ ð6Þ

where Ef and Eg are defined based on the specific heat
of liquid and vapor phases and the shared tempera-
ture is represented as:

Ef ¼ Cg;fðT � 298:15Þ; Eg ¼ Cg;g ðT � 298:15Þ ð7Þ

The source term Q (W/m3), includes the heat
transfer rates through the interface, in Eq. (5). The
properties q and keff (effective thermal conductivity)
are shared by the phases.

q ¼ afqf þ agqg ð8Þ

l ¼ aflf þ aglg ð9Þ

keff ¼ afkeff;f þ agkeff;g ð10Þ

In the VOF model, the accuracy of the temperature
near the interface is limited in cases, where large tem-
perature differences exist between the phases.

The surface tension force is calculated for the cells
containing the vapor–liquid interface [8]. The surface
tension can be written in terms of the pressure jump
across the surface set as the source term, which is
added to the momentum equation and has the follow-
ing form:

Fr ¼ r
afqfkgrag þ agqgkfraf

0:5ðqf þ qgÞ
ð11Þ

In which r is the interfacial tension force
between the phases, and the curvatures of the phases
set as;

kf ¼ raf
jrafj ; kg ¼

rag
jragj ð12Þ

5. Phase change modeling

5.1. Mass source term

A mass transfer model including of evaporation
process is adopted to simulate mass transferring from
liquid to vapor phase [9]. The mass source term,
mostly depends on the saturation temperature. If
T � Tsat, the saturation occurs. The mass transfer rate
of the liquid and vapor phases in the control volume
decreases and increases, respectively, which means
that the mass transfer direction is from the liquid
phase to the vapor phase. The magnitude of mass
transfer rate is represented in the following form.

S ¼ cfafqf

T � Tsat

Tsat

ð13Þ

If T<Tsat, the condensation occurs. The mass trans-
fer rate of the liquid and vapor phase in the control
volume increases and decreases, respectively, which
means that the mass transfer direction is from the
vapor phase to the liquid phase. The magnitude of
mass transfer rate is as the follows;
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S ¼ cgagqg

T � Tsat

Tsat

ð14Þ

In which, cf and cg are the empirical coefficients in
range of 0.1–100 s�1 in order to numerically maintain
the interface temperature at Tsat, and the choice was
justified by a good agreement between the model pre-
diction and the experiment. Exclusively, large values
of cf and cg lead to a numerical convergence problem,
whereas the small ones cause a significant deviation
between the interfacial and saturation temperatures
[10].

5.2. Heat source term

The heat transfer can be obtained if the mass
source term be considered as follows:

Q ¼ S � hfg ð15Þ

In which hfg is the latent heat.
Finally, VOF equation, continuity, momentum, and

energy equation should be solved with each other to
obtain pressure, velocity, and temperature magnitude
in each cell.

6. Results and discussion

In this study, water is used as the working fluid
and the value of the interfacial tension force, r, is
adopted by the temperature. The values of physical
properties of water are specified by inlet temperature
and system pressure. Also, the gravity acceleration, g,
is considered to be 9.81m/s2.

The heat transfer and the wall temperature of a
uniform heated tube at two different conditions have
been analyzed numerically by an unsteady solution in
two different times. The diameter and height of the
tube are 33.3mm and 500mm, respectively. Table 1
demonstrates conditions used in numerical analyses
in which _m, Ti and Twall denote mass flow rate, inlet
temperature, and wall temperature, respectively.

The temperature of the liquid along the length of
tube increases as it is heated, and the saturation point
temperature of the liquid falls due to the decrease in

hydrostatic pressure along the length of tube.
While the liquid temperature increases, the difference
Twall�Tliquid gets lower until the saturation condition
is reached. Fig. 2 shows the contours of volume frac-
tion (vapor) in subcooled flow boiling and saturated
flow boiling regions in two conditions (I and II). The
height of subcooled flow boiling region in condition I
is higher than that in condition II. The main mecha-
nism of flow boiling is the latent heat of evaporation
on the heated surface [7]. This mechanism gets more
prominent at high pressures compared to the normal
pressure [11]. When the bubbles are still attached to
the heated surface, the heat is transported by evapora-
tion mechanism at the root of the bubbles; then, the
bubble agitation of thermal boundary layer adjacent to
the heated surface causes the fluctuations of volume
fraction on the heated wall. Small bubbles attached to
the heated wall were observed in subcooled flow boil-
ing region. In upstream of the region, since the void
fractions are low and the bubbles are static in size, the
condensation heat flux from the top of the bubbles is
balanced to the boiling heat flux. In downstream of
the region, the heating wall is covered by several
layers of bubbles with whole energy from the wall
utilized for vapor generation. Fig. 3 shows the distri-
bution of volume fraction (vapor) in conditions I and
II for the tube wall and tube axis. Fig. 3(a) depicts the
fluctuations of volume fraction on the heated wall due
to bubble agitation of the thermal boundary layer in
conditions I and II. The subcooled flow boiling zone
of the tube length in conditions I and II are 0 < x< 0.05
and 0< x< 0.025, respectively. As it can be seen in
Fig. 3(b), there is no variation of void fraction on the
tube center in subcooled flow boiling region; but in
saturated flow boiling region, the volume fraction
increases in the center of tube length. The fluctuations
of the vapor volume fraction are due to the phase
change mechanism and variations in thermophysic
properties of liquid–vapor phases such as thermal
conductivity on the heated wall.

It is obvious that for control volumes which exist
on liquid–vapor interface, the value of temperature is
equal to saturated temperature of the liquid. There-
fore, for control volumes including the interface, the
temperature is the same as the saturation temperature.

Table 1
Values of properties used in the numerical analysis

Conditions Motive steam pressure (bar) _m(kg/s) Ti (K) Twall (K)

Condition I 99.7 0.0477 583 613

Condition II 10.5 0.0477 450 480
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Fig. 4 shows the heat transfer coefficient of fluid
on the heated wall along the tube length. It can be
observed that the behavior of the heat transfer coeffi-
cient is similar to the vapor volume fraction on the
wall, since the heat transfer coefficient of fluid is
decreased due to the increase in vapor volume frac-
tion. Also, the fluctuations found on vapor volume

fraction are transmitted to the heat transfer coefficient.
Moreover, the jumping of heat transfer coefficient is
due to nucleation boiling and phase change mecha-
nism of liquid–vapor phases on the heated wall. In
addition, the amount of heat transfer coefficient
strongly depends on the boundary layer thickness.
Vapor velocity and temperature difference between

Fig 2. (a) Contours of volume fraction (vapor) in condition I. (b) Contours of volume fraction (vapor) in condition II.
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the wall and saturation temperature are affected by
boundary layer thickness.

Distribution of the wall temperature is represented
in Fig. 5 as a function of the tube length. As it can be
seen, the fluctuation of wall temperature in condition
I is more than that of condition II. The sudden decre-
ments of the wall temperature are due to the jump in

the increased value of the convection heat transfer
coefficient in conditions I and II.

7. Comparison with experimental data

To verify numerical simulation of evaporation heat
transfer coefficient, numerical results were compared
with experimental results of film boiling heat transfer
of water flowing upwards in a duct accomplished by
Johannsen et al. [12]. They used a vertical tube in
which water moves under effect of the gravity. In
Fig. 6(a), the average heat transfer coefficient corre-
sponding to the numerical simulation approach is
compared with experimental data. The jump of the
heat transfer coefficient on the surface is due to the
variation of thermophysic properties such as thermal
conductivity of liquid–vapor phases formed on the
heated wall, and the increase in the vapor phase
velocity compared to the liquid phase. Also, the veloc-
ity vectors of stream function in the numerical model-
ing are shown in Fig. 6 (b). It can be seen that
vortexes formed on the heated surface is caused by
velocity of the vapor phase due to phase change and
dynamic instability of vorticity. Moreover, in the case
of turbulent evaporation flow, the surface tension
between the phases and vapor velocity on the heated
wall can be created vortex flow near the wall. Then,
the vapor velocity vectors near the wall are increased
as a result of liquid–vapor interface on the control vol-
ume due to the evaporation.
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8. Conclusions

In this study, a numerical simulation of transient
solution of two-phase flow was accomplished in an
upward vertical tube. The phase change modeling for
the heat transfer mechanism is energy and mass trans-
fer using the VOF model in conjunction with the UDF
as evaporation. The effect of volume fraction on the
heat transfer coefficient was investigated along the
tube length. In order to improve the efficiency of cal-
culations, the PISO algorithm was employed. The
average of surface heat transfer coefficient obtained
from the present numerical simulation profile was
compared with that of experimental result and a good
agreement was found. The main conclusions can be
summarized as follows:

• The fluctuations of volume fraction are owing to
the bubble agitation of thermal boundary layer
adjacent to the heated wall, and thermophysic
properties variations of liquid–vapor phases such
as thermal conductivity due to the phase change
mechanism. Furthermore, due to the oscillations of
liquid–vapor interface on the surface, fluctuations
of vapor volume fraction in high pressure (condi-
tion I) are more than those in low pressure (condi-
tion II). Also, the behavior of fluctuations found in
vapor volume fraction is transmitted to the heat
transfer coefficient and wall temperature due to
control volumes including the liquid–vapor
interface on the heated wall.

• The distance of subcooled flow boiling region
between the onset of nucleation boiling point and
the saturation point in high pressure (condition I)
is higher than that of low pressure (condition II).

• The amounts of formed vapor volume fraction in
low pressure condition are higher than those of
high pressure condition.

• The amounts of average heat transfer coefficient on
the wall in high pressure are more than those in
low pressure. The surface heat transfer coefficient
gets lower, when the vapor volume fraction is
increased. So, the behavior of the surface heat
transfer coefficient along the tube length is similar
to the surface heat flux.
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