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Abstract

In this paper a numerical simulation of upward two-phase flow evaporation in a vertical tube has been studied by considering
water as working fluid. To this end, the computational fluid dynamic simulations of this system are performed with heat and mass
transfer mechanisms due to energy transfer during the phase change interaction near the heat transfer surface. The volume of fluid
model in an available Eulerian-Eulerian approach based on finite volume method is utilized and the mass source term in
conservation of mass equation is implemented using a user defined function. The characteristics of water flow boiling such as
void fraction and heat transfer coefficient distribution are investigated. The main cause of fluctuations on heat transfer coefficient
and volume fraction is velocity increment in the vapor phase rather than the liquid phase. The case study of this research including
convective heat transfer coefficient and tube diameter are considered as a parametric study. The operating conditions are
considered at high pressure in saturation temperature and the physical properties of water are determined by considering system’s
inlet temperature and pressure in saturation conditions. Good agreement is achieved between the numerical and the experimental
values of heat transfer coefficients.

Keywords VOF model - Finite Volume Method - User defined function - Vertical tube - Two-phase flow - Convection heat

transfer - Vapor void fraction

Nomenclature Mass source term (kg/m”3-s).

¢, ¢, Empirical coefficients used in Eq. 12, 13 (1/s).
Diameter (m).

Enthalpy (J/kg).

Volumetric surface tension force (N/m”3).
Gravitational acceleration (m/s"2).

Convective heat transfer coefficient (W/m"2-K).
Latent heat (J/kg).

Curvatures of phases.

Effective thermal conductivity (W/m-K).
Length (m).

Pressure (Pa).

Heat transfer rate source term (W/m”3).
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S

T Temperature (K).

t Time (s).

v Velocity field (m/s).

z Axial location (m)

Greek symbols

o Interfacial surface tension (N/m).
o« Volume fraction.

p  Density (kg/m”"3).

pn  Viscosity (kg/m-s)
Subscripts

1 Related to the liquid phase.
g  Related to the vapor phase.
sat Saturation.

1 Introduction
Heat transfer mechanisms related to the interaction of liquid—

vapor phase change play an important role in two-phase flow
evaporation. Two-phase flow in a tube has become important
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for compact heat exchanger applications such as evaporators
in recovery boilers. They are mainly used due to their high
efficiency, smaller volume, improved safety and power sav-
ings compared to other kinds of conventional heat exchangers.
Furthermore, understanding of two-phase flow evaporation
can possibly decrease manufacturing costs, energy consump-
tion and subsequently leads to performance improvement.
The numerical investigation of two-phase flow boiling of
refrigerant R141B was conducted inside a horizontal coiled
tube, whereas the temperature profile was meaningfully influ-
enced by phase change characteristics and higher tempera-
tures in vapor region [1]. It was revealed that due to the inter-
action of two phase flow with interface of liquid-vapor phases,
the flow velocity difference between the two phases depends
on the phase change distribution. An analysis of heat transfer
was implemented based on tube length calculation for the sub-
cooled flow boiling regions in which an optimized function of
heat transfer coefficient was found to be dependent on tube
length [2]. Numerical simulation of boiling two-phase flow
using the VOF (Volume of Fluid) method in a micro-channel
was carried out by Fang et al. [3]. The goal was to provide
optimization of vapor-venting heat exchangers performance in
which effects of the membrane condensation and surface wet-
tability were discussed. Furthermore, an analysis of tempera-
ture profile, pressure drop and two-phase flow patterns were
implemented to supply a comparison between the vapor-
venting channel and the conventional channel. A numerical
approach of bubble behaviors in sub-cooled flow boiling of
water based on the VOF method had been conducted by Wei
et al. [4] considering energy and mass transfer during phase
change. The behaviors of bubble sliding, coalescence, detach-
ment and bubble shape variation in an upward vertical, rect-
angular channel under the effect of inertial forces were inves-
tigated in different pressure and heat flux. Besides, the pres-
sure, velocity vector and temperature distribution around two
isolated bubbles were studied near the heated wall. A research
is implemented by Kouhikamali et al. [5] based on two-phase
flow evaporation in thermal systems with heat exchangers.
The characteristics of water flow boiling were analyzed in
the range of various heat fluxes. The numerical simulation
of transient solution such as void fraction, heat transfer coef-
ficient and wall temperature distribution were investigated in
an upward vertical tube. The effect of fluctuations behavior on
volume fraction, heat transfer coefficient and wall temperature
was discussed due to energy and mass transfer during phase
change and liquid-vapor interface on the heated wall. The
average of heat transfer coefficient on the heated wall was
compared with experimental result and a good agreement
was found. A numerical investigation of heat and mass trans-
fer and flow characteristics of evaporation and condensation
process for the films flowing on both the inner and outer fluted
tube wall was investigated by Park and Seouk [6]. The trans-
port equations for momentum and energy were solved by
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using the finite volume method (FVM) and the velocity and
temperature fields were studied for various flute shapes. FVM
uses the transport equations of momentum and energy. Chen
et al. [7] numerically studied the adapted flow pattern for
upward flows using phase separation concept. VOF model
was carried out to recognize the mechanisms for heat transfer
enhancement. Ma and Bothe [8] studied different velocities at
the interface which happens due to phase change. In their
simulation, heat transfer mechanism was based on a two-
scalar approach where two different temperature fields were
utilized for the temperature inside the two phases. Ratkovich
et al. [9] investigated a vertical two-phase gas-liquid flow.
Two-phase slug flow was studied using CFD and the results
were compared with both experimental and empirical assess-
ments. Good agreement between the CFD results and the ex-
perimental and empirical ones was obtained. In another study
by Meng et al. [10] boiling flow of refrigerant R141b in both
inclined and vertical serpentine tubes was investigated. CFD
code was used to simulate the flow and heat transfer. They
indicated that the simulated flow pattern was in good agree-
ment with the experimental one. Liu et al. [11, 12] studied
vertical upward two-phase annular flow numerically. They
improved a new two-fluid CFD model to investigate the wave
flow. Their proposed model could provide details about gas
core and film flows and their interactions. Ramirez et al. [13]
studied two-phase flow and heat transfer in horizontal tubes.
The tubes were fitted with baffles of vertical cut. A simplified
model was developed for stratified flow. Their model im-
proved the prediction of heat transfer in exchangers fitted with
vertically cut baffles. Magbool et al. [14] studied two phase
heat transfer and pressure drop of propane in a circular mini-
channel. It was concluded that the heat transfer coefficient
increases with an increase in heat flux and saturation temper-
ature while the influence of mass flux and vapor quality was
insignificant. Chiapero et al. [15] experimentally studied boil-
ing heat transfer coefficient of R134a for two different mass
fluxes and heat fluxes. It was revealed that increasing mass
flux enhances heat transfer mainly at high vapor fractions
while increasing heat flux enhances heat transfer mostly at
low vapor fractions. Chen et al. [7] numerically investigated
flow patterns for a vertical upflow using CFD. It was shown
that void fraction, velocity of phases and liquid film thickness
in annular region were essential for increment in heat transfer.
Tsui and Lin [16] modeled fluid dynamics and heat transfer of
phase change flows with an algorithm based on VOF method.
In their study, the interface between the two fluids was repre-
sented by a continuous surface as the contour surface of the
VOF function. Hardt and Wondra [17] studied vapor-liquid
flow using an evaporation model that incorporates an evapo-
ration source-term derived from a physical relationship for the
evaporation mass flux. Recently a VOF-based method was
conducted by Pan et al. [18] in which the vapor and liquid
phases were distinguished using a color function representing
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the local volume fraction of the tracked phase. In this method,
the source terms were coupled with the local temperature ex-
plicitly which led to a reduction in computational cost. Kafeel
and Turan [19] investigated steady state operation of a vertical
two phase thermo-syphon using the two-fluid technique.The
effects of evaporation, condensation and interfacial heat and
mass transfer were studied in the domain and it was shown
that this method can effectively be used for simulation of two
phase flow systems. An improved VOF model based on
Navier-stokes equations for multiphase flows is developed
by Lorstad and Fuchs [20]. The VOF model was carried out
for different flow types at low Reynolds numbers and for path-
oscillating bubbles. Their numerical simulations were in
agreement with experimental results quantitatively. Das and
Das [21] modeled gas-liquid phase change with an algorithm
based on smoothed particle hydrodynamics. The model was
utilized to simulate vapor formation around solid spheres.
Their simulation showed good agreement with available pres-
ent literature.

The present work describes parametric study for different tube
diameters and fin size of tube bundle inside a heat recovery steam
generator (HRSG) systems. A simulation model of two phase
flow evaporation is presented due to the need for high quality
water and vapor in power plants. The work is divided into two
main investigations conducted for investigation of tube diameter
and fin size on evaporator tube bundle to improve the perfor-
mance of HRSG systems. The first investigation presents the
effect of fin size extension on the finned tube which is based
on convection boundary conditions. Another main investigation
is directed on the performances of tube size which is based on the
arrangement of tube bundles. The main purpose of this work is to
investigate and simulate sub-cooled and saturated two-phase
flow boiling when the upward saturated water flow is evaporated
inside the tube through exhaust gases of a gas turbine. A para-
metric study of volume fraction and heat transfer coefficient on
the convection boundary condition and tube diameter variations
is conducted numerically. The investigation is based on an indus-
trial need for HRSGs and by changing tube fin size and its
diameter, the desired and optimum percentage of vapor volume
fraction can be determined in the tube. The goal of the study is to
investigate volume fraction of vapor inside the tube locally
through the tube in axial direction in different time instants as
well as in different boundary conditions. Furthermore, this study
addresses the unsteady nature of the flow and its main focus is on
vapor void fraction in tube. The oscillatory pattern of the flow as
well as volume average of vapor void fraction variations with
time through the tube is studied.

2 Multiphase flow description

There are three significant regions inside an evaporation
tube named compressed pure liquid region, sub-cooled

flow region in which primary bubbles is formed on the
heated surface and saturated two-phase flow region [22].
The liquid temperature in sub-cooled flow region is less
than saturation temperature. In this study it is assumed
that the saturation temperature is constant along the tube.
There are numerical simulations of water flow as working
fluid at high pressure for evaporation of two-phase flows.
Two-phase flows with phase change are extremely affect-
ed by the exchange of mass and momentum and the char-
acteristics of interfacial tension forces between the liquid
and vapor phases in the flow.

Generally there are three steps of modeling approach for
the multiphase flow regimes. The first step is an interpretation
of phase number. The second step contains analysis of the
conservation of mass, momentum and energy equations in
control volume. Finally, the last step includes solution of
governing equations describing numerical simulation of mul-
tiphase flows.

2.1 Governing equations

2.1.1 Mass conservation equation (Interface tracking
of volume fraction)

In the VOF model, tracking of the surface between the
phases is solved by conservation equations and the equa-
tions are solved for the volume fraction of one of the
phases. The analysis for two-phase flow does not explic-
itly trace the interface [23-25]. An interpretation of the
terms in the mass conservation equation can be written in
the form of Egs. (1) and (2):

%—&-V}.(?m) :; (1)
%V (vay) :pig @

in which oy and o, denote the volume fraction of the
liquid phase and vapor phase, respectively. The summa-
tion of volume fractions of both phases is unity. The first
and the second term at the left-hand side represents accu-
mulation and the contribution of convection, respectively.
The mass source, S (kg/(m3s)) depicts the sum of volu-
metric sources of all the phases as a user-defined source
term due to phase change.

2.1.2 Momentum conservation equation

In accordance with the Navier-Stokes formulations and the
interfacial two phase flow, the momentum transport equations
in cells are solved for only one of the two phases. The mo-
mentum equation depends on the volume fractions of all
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phases, and the force caused by the surface tension must be
taken into account at the interface.

%(pﬁ)) £V (owT) =%
Ly [u(vw+ vﬁTﬂ

+og+ F, (3)

In this equation ?G is the volumetric surface tension force
employing the Continuum Surface Force (CSF) model pro-
posed by Brackbill et al. [26] and U represents the shared
velocity field while p is the pressure and pg is the gravita-
tional force. The averaged properties of density p and viscos-
ity p are shared by the phases according to the following
forms:

oupikgVorg + ot pkiVoy

Fo=0 0.5(p; + p,) @
= oup; + (1-ou)p, (5)
w= oy + (1-oq)p, (6)

where o (N/m), the interfacial surface tension between the
phases can be written in terms of the pressure jump across
the surface and acts as the source term in the momentum
equation. p;, Pg, ki and k, are also the liquid density, vapor
density and the curvatures of the liquid and vapor phases,
respectively. The curvatures of the phases used to adjust the
body force term in the surface tension calculation are repre-
sented as:

o VO(I . VO(g
SV T ey

(7)

1

As previously discussed, the VOF model simulates the
motion of different phases by tracking the motion of the
interface throughout the solution domain. The tracking of
interface between the phases is carried out by solving a
continuity equation for the volume fraction of each phase
when a control volume is not entirely filled by one
phase.

2.1.3 Energy equation

The form of energy equation shared between the liquid and
vapor phases is represented as:

2 (o) + V. [W(PE +p)] = V.(kVT) 0 ®)

where, T, E and k. are the shared temperature field, enthalpy
and the effective thermal conductivity, respectively. The
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source term Q(W/m?) includes the heat transfer rates through
the interface.

E = (oupEi + (1-01)p E,) / (cupy + (1-0t1)py) 9)
ke = otkes + (1= )keg (10)

where, E; and E, are concluded based on the specific heat of
liquid and vapor phases explained by:

Ei = C(T-298.15) , E, = C4(T—298.15) (11)

2.2 Phase change considerations
2.2.1 Mass transfer source term

In order to simulate the evaporation process from liquid to
vapor phase, mass transfer modeling is adapted [4]. The phase
change is performed at a constant pressure and the saturation
temperature is based on the mass source term. Saturation oc-
curs at T > T,.. The mass transfer rate of the phase change in
the control volume of the liquid phase and the vapor phase
decreases and increases, respectively. The magnitude of mass
source term can be followed as:

—Tsat ( 1 2)

sat

S = croup

Condensation occurs atT > Tg,. The mass transfer rate of
the phase change in the control volume of the liquid phase and
the vapor phase increases and decreases, respectively. The
magnitude of mass source term is represented as:

TiTsat
Tsat

(13)

S = cgotgpy

In order to acquire a good agreement of the numerical
convergence of the interfacial temperature at Tg,, the em-
pirical coefficients ¢, and ¢, are predicted by the model
and the experiments. In addition, the large values of ¢; and
¢y causes numerical convergence problem, and the small
values lead to a meaningful inconsistency of the temper-
ature accuracy near the interfaces [1]. It was noticed that
beside these restrictions, the continuity and energy equa-
tions’ convergences depend on this value and the relating
balances are good keys for the selection of this value.
Therefore in the current study, the value of ¢; and ¢, are
found out to be 10 s™'. They have a converged solution
with the lowest deviation from saturation temperature at
the interface and the best convergences of continuity and
energy equations by try and error.
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2.2.2 Heat transfer source term

The evaporation and condensation mass transfer source term
is derived from the heat transfer source term. The heat transfer
source could be directly achieved by:

O = S.hy (14)

where Q represents the phase change caused by energy trans-
fer and is calculated from the mass transfer source of evapo-
ration S and the latent heat hy,.

3 Numerical method and simulations

3.1 Geometrical considerations and operating
conditions

The computational non-uniform domain of tube geometry is
depicted in Fig. 1. The computational grid of domain is divid-
ed into structured quadrilateral cells [5]. In order to assure an
accurate simulation of the phenomena occurring near the tube
wall region, layers of cells are placed as the enhanced wall
function [27]. The flow direction is upward and the influence
of gravitational acceleration has been taken into account. The
inlet and outlet boundary conditions are considered as mass
flow inlet and pressure outlet, respectively. The heated wall is
also employed by the convection boundary condition.
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3.2 Solution methodology and convergence criterion

Due to the dynamic behavior of fluid flow, a transient simu-
lation of two-phase flow evaporation with a variable time step
size is executed. The conservation equations are solved ac-
cording to the VOF model in ANSYS Fluent 6.3 code with a
UDF as a source term. The considered UDF is developed
exactly according to the Egs. 12-14 in C programming lan-
guage. This UDF, according to the computed cells’ tempera-
ture and properties, determines the source terms of continuity
and energy equations. The values of the source terms are up-
dated every iteration after computing temperature and are used
in relations in the next iteration. In order to improve the com-
putational efficiency, there are two corrections containing
neighbor correction and skewness correction for PISO algo-
rithm in comparison with the SIMPLE and SIMPLEC algo-
rithms [28]. Spatial discretization of the continuity and vol-
ume fraction equations is carried out by applying the Pressure
Staggering Option (PRESTO) and the modified High
Resolution Interface Capturing (HRIC) scheme, respectively.
Modified HRIC scheme is classified into the color-function
volume of fluid and used high resolution scheme for
discretization of convection term in transport equation. The
second-order upwind calculation scheme is utilized in mo-
mentum, energy, and the two turbulent equations [29].
Transient simulations are performed until a steady-state con-
dition is obtained. In order to ensure solution stability, the time
step is adjusted to maintain the Courant-Friedrichs-Levy
(CFL) number % of 0.1.
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Fig. 1 Two-phase flow during upward flow boiling in a vertical tube (a) Schematic diagram of computational domain (b) Contour of vapor volume

fraction (¢) Two-phase flow regimes during evaporation
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3.3 Turbulence modeling

In this investigation, the simulation is considered as turbulent
flow based on the Shear-Stress Transport (SST) K — w model,
wherein a modified formulation of the standard K — w model
is adopted to take the SST effects into account. This model
was developed by Menter [30] to efficiently blend the strong
and precise formulation of the K — w model in the near-wall
region and the K — ¢ model in the far field. The local turbulent
viscosity is concluded from the solution of transport equations
for the turbulent kinetic energy, K and the energy dissipation
rate, w. The turbulence boundary layer near the wall includes
a thin laminar sub-layer adjacent to the wall and a ‘buffer
region’. The velocity profile near the wall is determined to
be linear by means of enhanced wall treatment and the loga-
rithmic wall function. The fluctuations of the dispersed vapor
phase in nucleate boiling flow are due to the low density of
vapor which is affected by the continuous liquid phase.

4 Results and discussion

In this paper, the effects of different parameters of two-phase
flow evaporation with the heat and mass transfer mechanism
during the phase change in a vertical tube is simulated numer-
ically. The results of these conditions are investigated for wa-
ter flow as the working fluid and the effect of gravity is taken
into account. A low-Reynolds number form of the SST K — w
model is used for turbulence modeling throughout the entire
computation domain for the liquid and vapor phases.

4.1 Grid independency

In this section, it is aimed to explain the grid independency
test. Six different two dimensional structured grids were con-
sidered for this goal. The finest grid has 48,000 cells. Vapor
void fraction at outlet of the tube was considered to compare
other coarser grids with the finer one. The relative error can be
seen in Fig. 2. It is worth noting that the grids are finer in the
wall adjacency to ensure the accuracy of the VOF method. As
can be seen in the figure, the difference between the values of
vapor void fraction of the case with 48,000 cells and that with
32,000 cells was less than 0.5%. Consequently, the solution is
grid independent and the case with 32,000 cells was used for
all simulations.

4.2 Comparison with experimental results

In order to evaluate the evaporation heat transfer coefficient of
surface, a verification of the numerical simulation is carried
out by experimental study of upward water flow boiling in a
vertical tube [31]. The bore, outer diameter and tube length are
9, 12 and 280 mm, respectively. The results are obtained for
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Fig. 2 Grid independency test results

steady state. The mass flux of 151 (kg/m”2-s) and inlet sub-
cooling of 20 °C and wall heat flux of 182 (kW/m”?2) is con-
sidered. The comparison between the numerical results and
experimental data is shown in Fig. 3, in which the heat transfer
coefficient is investigated according to the numerical simula-
tion approach. The jump in heat transfer coefficient is due to
the variation of thermal conductivity and velocity difference
between the liquid and vapor phases created on the heated
wall. The vapor velocity near the surface is raised because of
liquid-vapor interface on the control volume as a result of the
evaporation. The velocity of vapor phase is increased com-
pared to the liquid phase due to phase change and agitation of
vapor bubbles which creates vortex flow near the heated sur-
face [5]. Finally, good agreement between the results of the
present study and the previous work can be observed that

3000

2500 Numerical Simulation

——&—— Experimental Result

2000

1500

1000

Heat Transfer Coefficient(W/m2-K)

500
— i s

0.x..l...xl....l...lluuunll.x
0 0.05 01 0.15 0.2 0.25

Axial Location(m)

LI S L S Sy I S B B B L L

Fig. 3 Comparison of the numerical simulation results with the
experimental data
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Fig. 4 (a): Volume average of vapor void fraction with time for two different convective boundary conditions. (b): Tube outlet vapor void fraction with

time for two different convective boundary conditions

assures reliability of the results. The discrepancy between ex-
perimental and numerical analysis shows satisfactory results.
Differences in the values of measurement results on the en-
trance of the flow are due to the dynamic behavior of two
phase flow phenomena.

4.3 Effect of fin on the tube wall

In this section it is aimed to investigate the effect of wall
convective boundary condition on vapor void fraction varia-
tions in the tube. Two cases of h=1000 W/m2-K and h=
1600 W/m2-K were considered. Based on the tube and fin
geometrical parameters as well as the industrial HRSG flue
gas features, these two values of convective heat transfer co-
efficients are obtained using Ref. [32]. Tube diameter is
3.81 cm and the fluid flows with constant mass flow rate of
0.0477 kg/s. As mentioned previously, these two convective
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2
o
o

boundary conditions correspond to the exhaust gases of a gas
turbine that impinges to the finned tube bundles of a HRSG.
Total length of the tube is under the effect of the fin. In both
cases the tube is finned and obviously, the greater convective
heat transfer coefficient (h=1600 W/m2-K) corresponds to
the tube with extended fin size (20% extension in fin size)
due to more energy exchange with the hot gas.

Figure 4a, shows the volume average of vapor void fraction
in tube from #= 0.5 s to =49 s. It can be seen that the value of
vapor in tube increases from zero to a constant value. This
constant value is totally different for these two tubes of various
fin size, i.e. 0.45 and 0.50. As expected, more quantities of
vapor void fraction is obtained as the convective heat transfer
increases on the heated wall. It can be seen that after about 10 s
both of the diagrams reach to their steady state. It should be
mentioned that this steady response is not constant with time
but the variables seem to oscillate chaotically around a steady-
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———— Finned Wall- h=1600 (W/m2-K)

[4))
o
o
o

T
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Fig. 5 Comparison of void fraction and heat transfer coefficient on the heated wall at the time #=36 s for two different convective boundary conditions
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state. This oscillation can be observed in next diagrams. One
of the most important parameters in boilers is the void fraction
of vapor at the outlet of the tubes. To investigate the values of
water vapor at tube’s outlet, this parameter is depicted with
time in Fig. 4b. Similarly, it is seen that the expansion of fin
size leads to higher values of water vapor void fraction at
tube’s outlet corresponding to higher convective heat transfer
on the tube wall.

Figure 5 shows the influence of void fraction and heat
transfer coefficient due to the extension of 20% fin size on
the heated wall at the time =36 s. When the vapor bubbles
are attached to the heated surface, the bubble agitation in the
thermal boundary layer adjacent to the surface causes the fluc-
tuations of void fraction on the heated wall. Therefore, the
fluctuations of the vapor void fraction on the surface are
caused by interface of liquid-vapor two-phase flow while the
small bubbles have a higher pressure than the large bubbles
due to the surface tension [4]. The results show that the heat
transfer coefficient values are averagely slightly lower than
the previous mode when the fin size is extended, since the
heat transfer coefficient of fluid is decreased due to the in-
crease of vapor volume fraction. Furthermore, the behavior
of the heat transfer coefficient is comparable to the formed
vapor on the heated wall, therefore the fluctuating pattern
found on the liquid-vapor phase can be seen in heat transfer
coefficient diagram.

In Fig. 6 the values of vapor void fraction is depicted along
the fluid flow path from tube’s inlet (z=0) to its outlet (z=
1 m). Mass weighted average of void fraction is obtained
every 5 cm from inlet to outlet along the tube at different
instances of time. As can be seen, the diagrams have oscillat-
ing behavior with a definite pattern. As the fluid flows through
the tube, the void fraction of water vapor increases due to
increment of fluids absorbed energy. Furthermore, at the be-
ginning of tube’s length, the oscillations are severe due to the
development of flow and higher turbulence intensities. These
diagrams show that at each instance of time, void fraction
values can change and oscillate around a steady state. The
pattern of the graph is partly the same at times greater than
9 s for both cases of h = 1000 W/m2-K and h = 1600 W/m2-K
which is in accordance with the results of Fig. 4a.

4.4 Effect of diameter variations

In this part, the effect of variations of tube diameter is consid-
ered at constant fluid mass flow rate of 0.0477 kg/s and con-
vective heat transfer coefficient of h=1000 W/m2-K. Three
different tube diameters of 2.54, 3.81 and 5.08 cm are consid-
ered for this purpose.

In Fig. 7a, the volume average of vapor void fraction is
depicted with time. It is obvious that this parameter reaches
to its steady state at about 4, 10 and 20 s for tube with diam-
eters of 2.54, 3.81 and 5.08 cm, respectively. This difference
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in the time in which the flow reaches to its steady state is due
to the fact that the mass flow rate is constant and the flow has
higher values of velocities in tubes with smaller diameters and
therefore it gets steady faster than the tubes with greater diam-
eters. This fact can be useful whenever the transient behavior
of the flow is of high importance. It can also be seen that at
constant mass flow rate, as the diameter of tube increases, the
vapor void fraction enhances and the value of vapor in tube
increases from zero to a constant value. This constant value is
different for these three various tubes diameter, i.e. 0.30, 0.45
and 0.53 for tube with diameters of 2.54, 3.81 and 5.08 cm,
respectively. As mentioned before this steady state is not con-
stant with time but the variables seem to oscillate around a
steady-state. The increment of vapor void fraction in tubes
with greater diameters can be attributed to the fact that as the
diameter and hence the contact area of the fluid increases, the
flow obtains higher values of thermal energy from the tur-
bine’s exhaust gases impinging to it and therefore more water
liquid is changed to water vapor. Figure 7b shows the average
values of water vapor at tube’s outlet with time. As stated, the
values of water vapor void fraction at tube’s outlet increases
corresponding to greater tube diameters.

In Fig. 8 comparison of void fraction and heat transfer
coefficient on the heated wall is shown for three different tube
diameters at =36 s. The unsteady behavior of the fluid can
easily be seen in both diagrams of vapor void fraction and
convective heat transfer coefficient. Although at chosen time,
i.e. t=36 s the transient response of the flow has decayed but
this oscillation is due to the transient nature of the flow.
Therefore rational discussion of the flow behavior in one in-
stant of time is impossible since the flow features can be dif-
ferent at a moment later due to the unsteady nature of the flow.
Therefore the flow characteristics should be investigated at
different moments of time.

In Fig. 9 vapor void fraction with axial location can be seen
for three different tube diameters. The diagrams have oscillat-
ing behavior with a definite pattern. As the flow flows through
the tube, the void fraction of water vapor increases due to
increment of fluids absorbed energy and as mentioned previ-
ously at the beginning of tube’s length these oscillations are
higher. The pattern of the diagram becomes rather unchanged
as the flow reaches to its so called oscillating steady state.

5 Conclusions

Numerical simulation of two-phase flow evaporation in a ver-
tical tube is carried out using FVM method by employing the
VOF model while the energy and mass transfer mechanism
during the phase change has been taken into consideration.
The conditions are investigated for water upward flow as the
working fluid. The influence of various parameters of the case
study such as convection boundary condition and diameter
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Fig. 7 (a): Volume average of vapor void fraction with time for three different tube diameters. (b): Tube outlet vapor void fraction with time for three

different tube diameters

variations is investigated on the volume fraction and heat
transfer coefficient. A CFD code with a UDF as a source term
is accomplished during the phase change interaction through-
out the entire computation domain for the liquid and vapor
phases. The simulation of turbulent flow is based on standard
K —w model as a modified formulation of the Shear-Stress
Transport (SST). In order to improve the computational effi-
ciency, the PISO algorithm is employed in comparison to the
SIMPLE and SIMPLEC algorithms. Therefore, the continuity
and volume fraction equations are implemented using the
pressure interpolation with the PRESTO scheme and the mod-
ified HRIC scheme, respectively. The set of these parametric
studies were developed to investigate heat transfer behavior
on the tube layout and fin geometry which is conducted by
diameter variation, convection boundary condition and mass
flow rate variation.
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The average of fluid heat transfer coefficient acquired from
the numerical simulation was compared with the experimental
data and a good agreement was observed. The main conclu-
sions can be summarized as follows:

* The numerical approach used in the study results in a
reasonable agreement compared to the experimental re-
sults for two phase flow boiling of water in a vertical tube.

* The fluctuations of vapor void fraction and heat transfer
coefficient on the heated wall are caused by interaction of
phases within a computational cell. Moreover, there is no
fluctuation when the computational cell is filled with a
single phase.

* The thermal conductivity variations and velocity differ-
ence between the liquid-vapor phases created on the heat-
ed wall is transmitted to the heat transfer coefficient and
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Fig. 8 Comparison of void fraction and heat transfer coefficient on the heated wall at the time =36 s for three different tube diameters
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Fig. 9 Vapor void fraction with axial location for three different tube diameters
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vapor void fraction. Due to agitation of vapor phase and
vortex flow near the heated wall, the vapor velocity is
intensified compared to the liquid phase as a consequence
of the evaporation.

Due to an increase in vapor void fraction values, the fluid
heat transfer coefficient is decreased on the heated wall in
which the heat transfer coefficient values are averagely
lower than the previous mode when the fin size is
extended.

In bigger tube diameter, vapor void fraction values on the
heated wall are more than the smaller one in which there is
no fluctuation when the computational cell is filled with a
single phase. Furthermore, the jump and oscillating be-
havior in void fraction and heat transfer coefficient on
the heated wall is affected by the liquid-vapor phase
properties.
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