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ABSTRACT

The boiling phenomenon and two-phase flow regimes have provoked extensive
research due to the increased heat transfer coefficient and significant industrial
applications. In order to model correct heat transfer of boiling, it is important to
simulate its nucleation sites. In this work, boiling phenomenon simulation is
carried out numerically in a vertical tube. The operating fluid is water which
enters the tube with upward flow at saturated condition. Numerical investigation
is carried out by Eulerian-Eulerian volume of fluid model in two-dimensional
coordinate system. Slug flow simulation has been conducted by numerically
simulating the embryonic bubbly flow at the beginning part of the tube and slugs
have been created after formation of nucleation sites. To do so, heat and mass
transfer during the flow motion is considered by the rate of mass and energy
exchange between the phases and is added to governing equations. One of the
key outputs of the numerical simulation is accomplishment of boiling slug flow
pattern. Correspondingly, hydrodynamic and heat transfer characteristics of
boiling flow regime like bubble detachment location, slug shape and size, local
and average heat transfer coefficient are investigated. Furthermore, the effects
of Reynolds and Boiling numbers have been studied. Reynolds number in the
range of 27000 to 101000 has been considered. It is found that by doubling the
Reynolds number, a 36% increase in mean heat transfer coefficient is observed.
Additionally increase in the Boiling number by 60%, leads to 3% increase in the
mean heat transfer coefficient.

1. INTRODUCTION
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Two-phase flows play an important role in industrial
applications. Especially boiling and slug flow regimes
have usages in industries such as geothermal power,
chemical processes, petroleum industries of oil and gas,
steam generators, kettle reboilers, production and
transformation of hydrocarbons. Particular characteristics
of boiling heat transfer and its wide use have attracted
researches to experimental and numerical modeling.
Accordingly, investigation of bubbly and slug flow
regimes, as the main sections of boiling, can help
contribute to design equipment such as boilers,
evaporators and nuclear reactors.

Firstly, many experimental studies were carried out
with the mainspring of generating an accurate correlation
for in-tube boiling heat transfer coefficient (Chen, 1966;
Shah, 1976; Gungor & Winterton, 1986; Steiner &

Taborek, 1992). Available correlations were obtained by
large extensive experimental data. Classifications of the
correlations are dependent on the combination of nucleate
and convective mechanism of the flow. The assumptions
of superposition of mechanisms, graphical chart of heat
transfer coefficient and power law type of boiling model
were proposed. Following the experimental work, Sumith
et al. (2003) studied characteristics of flow boiling heat
transfer of water in a vertical tube under atmospheric
pressure. The effects of mass flux, heat flux and quality on
the boiling heat transfer coefficient in slug-annular or
annular flow pattern were examined. Celata et al. (2011)
experimentally studied flow patterns of two-phase flow of
FC-72 in a single micro-tube. Heat transfer rates and
evaluation of heat transfer correlations and models were
demonstrated. Flow visualization of bubble and slug flow
regimes were also investigated in an array of 13 thermally
coupled rectangular micro-channels and the dominant
effect of Weber number on the outlet flow were found out
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NOMENCLATURE

Bo boiling number S mass source term
Cs mass transfer intensity Sh energy source term
Cp specific heat at constant pressure t time

d diameter T temperature

E mass weighted average energy \ velocity

F force a volume fraction

g gravitational acceleration i dynamic viscosity
G mass flux p density

h heat transfer coefficient o surface tension

hyg latent heat of evaporation f liquid

K thermal conductivity g gas

P pressure q the phase g

q” heat flux sat saturation

(Lagus & Kulacki, 2012). Ling et al. (2021) observed the
influence of microbubbles on the occurrence of slugs and
the flow pressure fluctuation. Wang et al. (2021) observed
slug flow pattern in a vertical air- water flow and
investigated its hydrodynamic characteristics including
pattern transition region, local void fraction, Taylor
bubble gas velocity and length by a developed method
based on machine learning. Etminan et al. (2022) collected
correlations of liquid thickness of slug flow in addition to
different studies of hydrodynamics and flow patterns in
mini and micro channels with different cross-sectional
area. Visualization of air-water slug flow in a rectangular
cross-section micro channel was experimentally carried
out by Shin et al. (2023). They also studied fluctuations of
local pressure of the mixture flow in the channel for
discussing morphology of slugs in different types of slug
flows. Etminan et al. (2023) experimentally and
numerically studied flow patterns, pressure drop, heat
transfer and film thickness of water-oil Taylor flow in a
mini-channel and studied the influences of channel
diameter, oil viscosity and flow rate.

In recent years with propagation in utility of fluid
dynamics codes, numerical simulation of two-phase flows
has developed widely. Among these models, the wall heat
flux partitioning model can predict mean vapor volume
fraction and wall temperature distribution with good
agreement with experiments. By using this model in
Ansys CFD software, Krepper et al. (2007) and Li et al.
(2011) simulated subcooled boiling in the fuel assembly
and boiling phenomenon in vertical channels,
respectively. Krepper and Rzhak (2011) investigated the
capabilities of CFD wall boiling model with R12 as the
working fluid and discovered the effects of some thermo-
hydraulics parameters such as gas volume fraction, gas
velocity, liquid temperature and bubble size from
experimental results and simulated them with the
numerical model. Mehdipour et al. (2016) studied heat
transfer characteristics of bubbly boiling flow regime of
water in cooling passages of internal combustion engines
numerically by the mixture model. The effects of surface
tension have been ignored in their study.

Besides prediction of mean values of boiling flow
patterns, it is needed to involve some algorithms for
reconstruction of the interface. Schepper et al. (2008)
simulated  gas/vapor-liquid  two-phase  co-current
horizontal flow regimes with the volume of fluid (VOF)
multiphase flow model, by using the piecewise linear

interface calculation (PLIC) algorithms. A good
agreement between the simulated and expected flow
regime for water-air flow was obtained. Medina et al.
(2015) used slug tracking method and added heat transfer
to simulate slug flow of non-boiling gas-liquid. Detection
of slug flow regime of air-water flow besides annular,
wispy annular and churn flow pattern is also investigated
by VOF method and PLIC algorithm (Hassani et al.,
2020). Schmelter et al. (2020) simulated slug flow of
liquid (oil and brine water) and gas (nitrogen) in large
horizontal pipes. Jaeger et al. (2018) simulated slug flow
of air and water and observed that VOF approach with the
geometrical reconstruction scheme leads to a better
agreement in comparison with the experimental data for
simulation of compressible flow. Simdes et al. (2014), by
means of the finite volume method and slug capturing
approach in a high-resolution mesh investigated non-
boiling heat transfer of transition of stratified to slug flow
regime of gas-liquid flow in a horizontal pipe. Yan and
Che (2011) investigated the hydrodynamics of the slug
flow and the mechanism of the slug flow inducing
corrosion with and without dispersed small bubbles. Taha
and Cui (2006) investigated the motion of the single
Taylor air bubble numerically by the VOF method in the
vertical tubes. The shape and velocity of the slugs and the
velocity distribution were computed and agreed favorably
with the published experimental findings. Etminan et al.
(2021), based on CFD simulation, investigated gas-liquid
and liquid-liquid slug flow in a microchannel with a
sudden expansion for studying flow hydrodynamics. They
(Etminan & Muzychka, 2024) also investigated the
hydrodynamics and heat transfer characteristics of liquid-
liquid Taylor flow by a novel numerical method. They
studied the importance of phases viscosity differences on
the slug frequency and discovered heat transfer
enhancement of shorter liquid plug region.

In the boiling flow, subcooled or saturated liquid
enters the tube. Under the effect of heat flux and flow
parameters, the quality gradually increases and liquid
changes to vapor. Accordingly, it requires to model the
vapor generation and interface tracking simultaneously.
Film boiling or condensation flow, due to the continuous

separate  interface, can be  modeled more
straightforwardly.  Kouhikamali ~ (2010)  simulated
condensation of vapor by considering the linear

distribution of temperature profile of condensate near the
wall of the cylindrical vertical channels in multiple effect
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desalination systems and modeled the amount of mass
transfer in condensation. Yang et al. (2008) simulated the
slug flow of R141B in a horizontal coiled tube using VOF
multiphase flow model. The numerical prediction of phase
evolution was in good agreement with the experimental
observations. The temperature profile and heat transfer
were also investigated. Sun et al. (2012) developed the
phase change model with the VOF method for the case in
which both unsaturated and saturated phases are present.
The accuracy of the new vapor—liquid phase change model
is verified by two-dimensional film boiling problem.
Magnini et al. (2013) simulated multiple sequential slugs
in horizontal microchannel with the volume of fluid
interface capturing method with external functions to
better estimate surface tension and evaporation phase
change. Pan et al. (2016) proposed a VOF-based flow
boiling model with features that enable cost-effective
simulation of two-phase flow and heat transfer in realistic
geometries. In this model, phase change at the liquid-
vapor interface is predicted by using a saturated-interface-
volume phase change model which is validated against the
analytical solution for a one-dimensional Stefan problem.
Mehdizadeh Momen et al. (2016) developed an analytical
model to calculate pressure drop of slug flow. Magnini and
Thome (2016) used Tanasawa model for phase change and
modeled saturated flow boiling of slug flow regime in
micro-channels. They used the VOF model to track the
interface and captured the slugs after generating the stream
of bubbles with a constant frequency. Motenegro et al.
(2016) investigated a CFD based approach in order to
simulate slug flow. They compared the accuracy of results
for different meshes to tradeoff between accuracy and
computational cost. Ferrari et al. (2018) simulated boiling
slug flow in square micro-channels by using VOF method
and Tanasawa model for phase change in finite volume
solver OpenFOAM. Hassani and Kouhikamali (2020)
showed that Lee phase change model can accurately
predict boiling and evaporation in falling film evaporation
of R-245fa on horizontal tube.

Numerical modeling of boiling slug flow regime is
accompanied with continuous change in phases interface.
This issue is investigated in this manuscript. The
elaborated understanding of slug flow regime requires full
examination of nucleation boiling which lacks in previous
studies. Therefore, numerical modeling of saturated water
boiling flow regime in a vertical upward tube is simulated
based on the VOF model. In order to simulate the slug
flow regime, initiation of nucleation boiling flow of water
and bubbly flow is also covered in the modeling. Suitable
parameterization of numerical simulation of slug flow
regime leading to problem convergence and favorable
accuracy is found out as the main goal. Following that,
hydrodynamic and heat transfer characteristics of slug
flow regime is studied completely. In addition, the effects
of Reynolds and Boiling numbers on the main parameters
of the problem are determined.

2. NUMERICAL SIMULATION

2.1 General Aspects

In this article, numerical transient simulation of two-
phase flow has been carried out by VOF model. This

model is based on Eulerian-Eulerian approach of CFD
multiphase modeling which treats two phases as
continuum. In the VOF model, phase distribution is based
on the concept of fractional volume of fluids. In order to
define the flow state at each computational cell, volume
fraction of each phase has been described and tracked
throughout the domain. Based on the fluid volume fraction
which moves through a fixed cell, the phase position can
be identified.

ag=Vg/V 1)

where a, is the volume fraction of gth phase and V
denotes volume. a, = 1 indicates that the cell is full of gth
phase. a, = 0 represents that the cell is void of qth phase,
and 0 < a, <1 declares that the cell includes liquid-
vapor interface (Hirt & Nichols, 1981). In the problem of
boiling process, Eq. (1) is used to solve the volume
fraction of vapor phase while the liquid volume fraction is
obtained from the fact that the cell is occupied by phases
with the total volume fractions equal to unity.

a=1%q=1 )
2.2 Governing Equations

In the VOF model, capturing the phase volume
fraction and recognition of interface position are
accomplished by solving volume fraction continuity
equations. One set of Navier-Stokes momentum and
energy equations are solved for two phase flow and the
resulting velocity, pressure and temperature fields are
shared among the phases.

In multiphase flows with phase change, it is needed to
consider mass transfer between phases and use it in mass
conservation equations as the following form:

da; /0t +V.(Vay) = —S/p; 3)
day/ot + V. (Vag) =5/pg (4)

In the above equations, subscripts f and g denote

water and vapor, respectively. V is the velocity vector and
p refers to density. S is defined as the source term of mass
transfer. In this problem, S is modeled based on the
physics of evaporation and condensation mechanism (Lee,
1979). The amount of evaporation or condensation
depends on mass transfer rate of phase change and
deviation of cell’s temperature from saturated one. In the
case of evaporation, if the cell temperature (T) is equal or
greater than saturation temperature (Tg,;), mass transfer
from liquid to vapor and evaporation occurs. Equation (5)
shows the mass transfer model proposed by Lee (1979).

T =2Teqe =S = Crapps (T — Tsar)/Tsar 5)

In this equation, Cy stands for mass transfer intensity
factor with unit s™2. It is an empirical coefficient and can
be interpreted as a time relaxation coefficient. Very large
values of this parameter cause divergence and instability
in numerical problems (Lee, 1979). It was noticed that by
reducing time step and mesh size, in order to attain result
independence from mesh and time step size, the
dependence of C; is eliminated (Hassani & Kouhikamali,
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2020). In this case this coefficient is considered as
constant and equal to 40 s~1.

The momentum equation of the mixture phase can be
expressed as follows.
6(pl7)/6t +V. (pl7]7)
= -VP
+V. (M(W + VVT)) +pg
+F, (6)
where, P is pressure, g is gravitational acceleration vector
and F is the source term related to surface tension (o) and
is calculated via continuum surface force (CSF) of
Brackbill et al. (1995). It can be expressed as the following
form.
F, = o(V.n)Va @)

The energy equation with source term of energy
transfer is in the following form.
0(pE) /0t +V.(V(pE + P))
=V.(KVT) + S, 8)

K denotes thermal conductivity and S;, consists interfacial
heat transfer. It is obtained from mass transfer source term.

where hg, is the latent heat of evaporation at operating
pressure. In the VOF model, energy is defined as mass
weighted average as expressed as follows.

E= arprEs + agpgEy

arpy + Agpg
(1 —a)prEr + apyEg
(A= a)pr + apy (10)

where E¢ and E, are based on the specific heat (C,) of
liquid and vapor phases and are expressed as below.

E; = Cpy(T — 298.15) (11)

E, = Cp, (T — 298.15) (12)

In order to simulate the turbulence of the problem, k-
¢ Realizable turbulence equations are solved for the flow
(Shih et al., 1995) and the enhanced wall function
formulation is used to simulate the near wall layer (viscous
layer) correctly.

2.3 Discretization and Solution Method

Discretization of the transport equations is carried out
by finite volume method. The Green-Gauss node-based
method is used for evaluation of numerical gradients. The
node-based in comparison with the cell-based method
leads to decrease numerical errors. The second order
upwind of discretization scheme is used for momentum,
energy and the two turbulent equations. In order to capture
the interface of liquid-vapor, the Geo Reconstruct
discretization scheme is used for volume fraction
equation. Geo Reconstruct scheme captures the liquid-
vapor interface within each computational cell by using a
piecewise linear approach. This scheme is the most
accurate one and is applicable for general unstructured
meshes. For interpolation of pressure equation, PRESTO!

Scheme is utilized. Improvement of convergence rate for
pressure-velocity coupling is performed by PISO
algorithm. The pressure implicit with splitting of the
operators is a part of the SIMPLE family of algorithms
which is based on a higher degree of the approximate
relaxation between the correlations for pressure and
velocity. This algorithm performs two additional
corrections; neighbor and skewness correction which
improves the efficiency of the calculation.

The under relaxation factors for solving pressure,
momentum, energy, density, body force, turbulent kinetic
energy, turbulent dissipation rate and turbulent viscosity
are considered 0.85, 0.15, 0.3, 0.5, 0.5, 0.2, 0.8, and 0.2
respectively.

The other important factor for accurate simulation of
complex liquid-vapor interface is the choice of suitable
time step. In the two-phase flows, the courant number and
consequently time step size should be small enough to
capture the phase change correctly without causing
numerical divergence. In the current numerical
simulation, adaptive time step is used in each time step;
therefore, time step size is calculated from constant
courant number. Exceeding the specified courant number
leads to smaller time step size. The average time step size
that is used in this simulation was At = 10~ 5s.

The current problem has been solved by the
commercial CFD code of Ansys Fluent 19.1.

3. GEOMETRICAL CONFIGURATION

3.1 Boundary Conditions

The state of the current study is the nucleation boiling
of upward flow of water at saturated condition. The
problem is simulated in the two-dimensional coordinate
system. The tube diameter and the tube length are 12.7 mm
and 1 m, respectively. According to Fig. 1, the wall is
heated at constant flux in such a way that the flow is
located in the slug region of Bennett et al. map (Bennett et
al., 1965) and the no-slip condition is applied to the wall.
The outlet pressure is taken constant. Single flow of water
enters the tube at saturated pressure of 68 bar. Also, the
computational domain is axisymmetric relative to the axis
of the tube. Figure 1 shows the computational domain and
boundary conditions of the problem.

3.2 Computational Mesh

The flow domain of the tube is discretized by a
uniform computational mesh. The mesh includes square
cells with a minimum deviation of the aspect ratio with the
standard one. In order to obtain bubble formation
accurately at the wall, the cells are refined by using
boundary layer mesh. Also, due to slug capturing at the
center of the tube, the computational mesh is fined enough
at the center.

A mesh independence of numerical study is
considered. Four cases with computational cell number of
320000, 480000, 640000 and 960000 are generated based
on fining the first cell size and maintaining the ideal aspect
ratio. The results of the study ensure that, in order to
capture the water-vapor interface, the finer computational
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Fig. 1 Schematic of problem and boundary conditions
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Fig. 2 Grid independence procedure for heat
transfer coefficient

mesh leads to the more accurate interface tracking.
Therefore, the desirable grid is the one with small changes
in flow parameters and pattern after more fining. By fining
the mesh, the value of mean heat transfer coefficient is
changed 16%, 3% and 2% in comparison with the last grid.
The change of heat transfer coefficient by mesh number is
shown in Fig. 2. The flow pattern of the grids with 640000
and 960000 meshes did not show considerable changes as
well, therefore, the grid with 640000 cells is selected as

Fig. 3 Final generated grid for 23 mm of the tube

the final one. In the radial direction, the domain is divided
to 64 elements and along the length of the tube 10000
divided cells are implemented. The size of the first cell in
the region adjacent to the wall is 0.1 x 0.1 mm?2. Final
grid for a random part the tube with 23 mm length is
indicated in Fig. 3.

4. VALIDATION OF THE CALCULATION

To investigate the validity of the numerical method,
the CFD study has been authorized by an experimental
case of flow boiling heat transfer of water (Sumith et al.,
2003). The benchmark case is at the atmospheric pressure
and temperature of 373.15 K and is performed in 100 mm
long heated tube, with diameter of 1.45 mm. The mass flux
of the inlet water is 44.1 kg/m?s and the wall heat flux is
36 kW/m2. Figure 4 displays the wall heat transfer
coefficient of the CFD case along the tube length with the
average heat transfer coefficient of 12760 W/m2.K. The
experimental heat transfer coefficient is approximately
13700 W/m?.K. Quantitatively, the deviation of the CFD
calculated heat transfer coefficient from the experimental
case (Sumith et al., 2003) is about 6.9%.

Calculated numerical pressure drop and two-phase
heat transfer coefficient of the flow are compared with
Thome tables (Collier & Thome, 1994) and the Shah
Correlation (Shah, 1982) for pressure drop and heat
transfer coefficient, respectively. The case is at the
pressure of 6.8 MPa and temperature of 557.02 K and is
performed in a 1 m long heated tube, with diameter of 12.7
mm. The wall heat flux is 95110 W/m?2. Values of heat
transfer coefficient and pressure drop are shown in Table
1. Deviation of the numerical value from experimental
work of Shah for two-phase heat transfer differs about

Table 1 Comparison of numerical simulation with experimental correlations of Thome (Collier & Thome, 1994)
and Shah (1982)

Parameter Experimental correlation Numerical simulation | Error
Mean heat transfer coefficient (W/m?.K) 17050 (Shah, 1982) 11647.9 31%
Total pressure drop (Pa) 6004.4 (Collier & Thome, 1994) 5733.2 4.5%
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Fig. 4 Heat transfer coefficient variation along the tube in the present numerical simulation in comparison
with the experimental data of Sumith (Sumith et al., 2003)

31%. This amount of error can be arised from some
reasons. The major reason of the error is the complexity
of the boiling flow regime variation and
correspondingly simulation capabilities. The intricate
interface phase change of boiling implicates in the
generality of the Shah correlation for broad conditions
of various fluids which is not compatible with the
present condition completely.

5. RESULTS AND DISCUSSION

One of the interesting results of this work is to
capture the slug flow regime along the tube. The flow
pattern initiates at the beginning of the tube with bubbly
flow and then in the middle, slug bubbles take place.

Figure 5 shows contours of vapor volume fraction
along the tube with assortment of different parts of tube
in detailed in (a) to (e) sections. Due to boiling,
formation of initial bubble nucleates from the wall
occurs. The increase in the water temperature above the
saturation temperature fractionally causes boiling
phenomenon to start. Gradually with increase in heat
transfer from wall to the water, the vapor bubbles grow
and finally detach from the wall to build up bubbly flow
regime. Detachment of bubbles occurs because of the
imbalance of forces acting on a vapor bubble. Buoyancy
and hydrodynamic drag forces attempt to detach it,
while surface tension and liquid inertia forces which
result from displacement of liquid during bubble
growth, act to prevent detachment. Bubble detaches
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from the wall when the drag forces acting on the bubble
surmount the liquid inertia forces. Figure 5-b illustrates
that approximately from about 25% of the second
section of tube length (20-40 cm of the whole tube),
balance of acting forces on the bubble conducts bubble
detachment from heated wall and gently at about 30%
of this section length, separation increases and bubbles
are directed to the center of the tube.

The bubble size at the departure point is affected by
the balance between the forces. Detached bubbles with
higher velocity than liquid move toward the center of the
tube against the gravity. Contours of vapor volume
fraction at bubbly flow in Fig. 5-a and 5-b illustrate that
the shapes of the bubbles in the bubbly flow regime at
some sites are small spheres and at other sites, are
slightly larger with spherical nose and a flat tail.

With increasing the bubble population and
coalescence of small bubbles, slug flow regime starts to
form at 40% of the tube length in section b. The contours
of vapor volume fraction in the slug flow regime and
variations and slug bubble growth up to the end of the
tube are shown in Fig. 5-c, 5-d and 5-e.

The difference in the slug bubble size radially and
longitudinally, is also observed in Fig. 5-c, 5-d and 5-e.
Slug bubbles are shaped like prolate spheroidal.
Gradually with increase of vapor quality in the flow,
length of the slug bubbles extends significantly.
Although it can change irregularly as can be seen at the
end of the tube in Fig. 5-e. Formation of slugs includes
a certain frequency of formation which changes continuously
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Fig. 5 Contours of vapor volume fraction of the bubbly and slug flow regime of water-vapor along different
parts of tube: (a) 0-20 cm. (b) 20-40 cm. Slug flow regime: (c) 40-60 cm. (d) 60-80 cm. (e) 80 cm-1m

throughout the tube. One of the important features of the
slug flow regime is liquid slugs; separated successive
slug bubbles attaches to each other with liquid slugs.
Figure 5-d and 5-e declare that liquid slug contains some
small entrained vapor bubbles which are the resultant of
slug bubbles’ wake. Figure 5 also depicts that initial
slugs at about 50% of the tube length are quietly small
and well-ordered while the ones at the end of the tube
are irregular and considerably elongated. High energy
and velocity of terminal vapor slugs affect the liquid
slugs at the tail of vapor slugs and cause them to extend
in some parts.

Nature of the slug flow regime, due to the presence
of vapor phase, necessitates high velocity and
turbulence. Figure 6 shows the descriptive schematic of
slug in nature, position of slug bubbles and velocity field
vectors at a specified site of the tube. It shows that CFD
slug flow pattern is compatible with the expected one in
nature. It also declares that velocity vectors reach the
maximum value of the flow at the slug bubble and not a
notable radial velocity is seen along the tube. In
addition, the liquid slug is affected remarkably by the
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velocity changes of vapor bubbles. Increase in the
velocity of liquid slugs is quite considerable and differs
from the velocity of water at the other sites of the tube.
Furthermore, the intensity of turbulence due to high
velocity of low-density vapor slugs increases and
changes corresponding to the position of the slug
bubbles.

One of the other investigations of the slug flow is
the changes of the vapor slug shape at different heat flux
values and accordingly outlet vapor quality. Figure 7
shows the variation of vapor and liquid slug shapes at
the end and a certain range of tube length. Vapor outlet
quantity of 2.5%, 4%, 5% and 6% corresponds to the
heat flux of 47585, 76094, 95110, 114140 W/m? at
Reynolds number of 54470. Reynolds number (Re), the
ratio of inertial to viscous forces within the fluid is
expressed as:

Re =pVd/u (13)
Where d denotes tube diameter.

Because of higher values of heat flux applied to the
wall, increase in the numbers of vapor slug at a constant
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Fig. 6 (a) Descriptive schematic of slug in nature (Bennett, 1965), (b) Vapor volume fraction of slug bubbles,
and (c) Velocity vectors (m/s) colored by magnitude at the location identified in part (b).
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Fig. 7 Changes of slug size with different values of heat flux

range of x-coordinate is observed. Also, elongation of
the leading slug bubbles extends noticeably. Increase of
the vapor amount provokes the turbulence of the flow.
Hence, the trailing vapor bubbles entrain in the liquid
slug at the rear of vapor slugs and increase quantitatively
and qualitatively. The other substantial point in the
probe of the slug size is that the vapor slug diameter
remains constant, as large as the order of tube diameter,
and does not change significantly.

Figures 8 and 9 report the wall heat transfer
coefficient and corresponding positions of bubbles or
slugs by the vapor volume fraction individually. Heat
transfer coefficient (h), the quantitative characteristic of
heat transfer between the fluid and the surface is defined
as follows:

h = (I"/(T - Tsat) (14)

where ¢ is heat flux, T is temperature and sat
denotes saturation.
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The contribution of nucleation boiling and phase
change mechanism is clear from the mean wall heat
transfer coefficient. Some important points can be
derived from the wall heat transfer distribution along the
tube which are expressed as follows. Firstly, the heat
transfer fluctuation is due to the nature of two-phase
flow and presence of the different fluids throughout the
tube. Secondly, the heat transfer fluctuation in the slug
flow is slightly more than the bubbly flow regime, which
is implied by Fig. 8 and 9. Due to the presence of vapor
slugs beside bubbles near the wall, heat transfer
coefficient includes more variations and changes than
bubbly flow regime. In addition to release of latent heat
in phase change phenomena in boiling regime, the
relative high heat transfer coefficient in such flows is
made based on some reasons. As shown in Fig. 8 and 9
and the corresponding nucleated bubbles and slugs and
phase change from liquid to vapor, flow density near the
wall decreases and velocity increases which is a main
factor for a higher turbulence and enhancement of heat
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Fig. 9 Heat transfer coefficient distribution in the slug flow regime and corresponding volume fraction

transfer coefficient. Figure 10 shows velocity and
turbulence intensity profiles of the flow in the slug flow
regime. Figure 10 indicates higher velocity of flow in
the vapor slugs due to the lower density. The velocity of
water between slugs is also increased, providing from
the vapor slug velocity and turbulence. Turbulence
intensity increase near the wall and also phases interface
is also indicated in this figure. In addition, bubble
detachment from the wall breaks the boundary layer and
causes a relatively uniform temperature in the tube. Heat
transfer coefficient fluctuation clearly describes bubble
detachment and formation near the wall.

Figure 11 shows the axial velocity variation along
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the tube at different inlet mass flow rates of water.

Applying heat flux on the wall besides saturation
condition causes the boiling to occur. Axial velocity
fluctuates due to the presence of two-phase flow which
is the resultant of phase change. At lower inlet mass
flow rate, axial velocity starts to fluctuate earlier than
the others. It is observed that at a constant heat flux, the
less mass flow rate enters, the more evaporation takes
place. At lower mass flow rates, since the mass flow
fraction is lower, the flow can obtain more energy to
phase change. Therefore, vapor bubbles with specific
properties approach the axial location earlier than cases
with higher inlet mass flow rates.
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Heat transfer mechanism of water nucleation numbers, Reynolds and Boiling numbers, are discussed.

boiling is affected by many parameters such as mass
flow rate, wall heat flux, geometrical configuration and
physical properties of fluids. Based on these parameters,
dimensionless groups of nucleation boiling are
identified. In this study, two important dimensionless

The effect of heat flux on the boiling is
characterized by Boiling number. It indicates the ratio
of the actual heat flux given to the flow relative to the
maximum achievable heat flux by complete evaporation
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Table 2 Effect of Reynolds number at a constant value of boiling number (Bo=1.58 x 10™%)

Case Reynolds | Inlet mass flow Average location of Mean wall Mean wall heat transfer
number rate (kg/s) bubble detachment (%) | temperature (K) coefficient (W/m2.K)
1 27200 0.025 15 563.29 8005.36
2 40800 0.0375 25 565.13 9356.33
3 54400 0.05 30 566.31 10860.08
4 68000 0.0625 35 567.36 12339.16
5 817100 0.075 40 568.41 13668.9
6 108900 0.1 57.5 571.09 15596.91
Table 3 Effect of Boiling number at a constant value of Reynolds number (Re=54470)
Case Boiling Wall heat Average location of Mean wall Mean wall heat transfer
number flux (W/m?) | bubble detachment (%) | temperature (K) coefficient (W/m?2.K)
1 9.52x10° 57070 34 562.75 10321.1
2 1.27x10* 76094 325 565.60 10621.67
3 1.58x10* 95110 30 566.31 10860.08
4 1.90x10* 114140 30 568.67 10942.05
5 2.20x10* 133164 26 570.13 11301.87

of the inlet liquid. It is defined as follows.

Bo = q+/Ghy, (15)

where q" is heat flux and G denotes mass flux.

Table 2 points out the effect of inlet liquid Reynolds
number on the output parameters of the problem. Inlet
liquid Reynolds number is considered in the range of
27000 to 110000 and the boiling number remains
constant at a value of 1.58 x 107, In these conditions,
the problem is preserved in the range of nucleation flow
boiling despite the increase in the rate of phase change.
Increase of inlet liquid Reynolds requires higher heat
flux and inlet mass flow rate, which results in higher
energy of the flow. Therefore, higher mean wall
temperature and wall heat transfer coefficient are
obtained. Quantitatively, by doubling the Reynolds
number, a 36% increase in the mean heat transfer
coefficient is observed.

Additionally, Table 2 shows the average bubble
detachment of the bubbly flow at different Reynolds
numbers. It infers that increasing the Reynolds number,
defers the bubble detachment. In other terms in the
nucleation boiling regime, increasing the Reynolds
number prolongs initiation of slug flow regime and
nucleation of bubbles from the wall is the dominant
regime of the flow.

Boiling number is the other important
dimensionless number which is of great significance.
Table 3 shows the parametric studies of the flow on the
boiling number. Five cases were investigated at a
constant Reynolds number and inlet mass flow rate with
the value of 54470 and 0.05 kg/s, respectively. It
declares that by increasing the boiling number, heat flux
and temperature of the wall increase. Therefore, the
formation rate of vapor bubble on the wall promotes and
accordingly outlet vapor quality at the range of slug flow
increases. Also, it is inferred from Table 3 that higher
boiling number due to increase of the amount of applied
energy to each flow cell results in augmentation in phase
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change from liquid to vapor. Hence the average heat
transfer coefficient increases as well.

The other parameter which is analyzed by boiling
number is the detachment of the bubbles and average
location of bubbly flow regime. It is shown in Table 3
that detachment of bubbles at higher boiling numbers
occurs earlier at the tube. This happens due to increase
in the given heat flux rather than ideal achievable heat
flux of the total flow which is remained constant.
Consequently, higher values of the boiling number at a
constant Reynolds number lead to higher rate of
evaporation. In other terms, a 60% increase in the
Boiling number, leads to 3% increase in the mean heat
transfer coefficient.

6. CONCLUSION

In this study, 2-D numerical simulation of boiling
slug flow regime of water in vertical tubes is
investigated. VOF multiphase method with suitable
parameterization of numerical modeling of water-vapor
slug flow regime leading to problem convergence and
favorable accuracy is found out as the main goal.

The flow pattern of nucleation boiling regimes
including bubbly and slug is detected correctly. The
formation and variations of bubbles, liquid and vapor
slugs have been observed. It is concluded that the higher
values of wall heat flux and correspondingly outlet
vapor quality led to more numbers of vapor slug with
extension of slug elongation remarkably.

The effects of changing Re and Bo numbers have
been studied on the flow pattern and main characteristics
of hydrodynamics and heat transfer. Increasing Re
number causes the bubble detachment to prolong and
heat transfer to increase; by doubling the Reynolds
number, a 36% increase in mean heat transfer
coefficient was observed. In addition, boiling number
increase causes slug bubble propagation, earlier bubble
detachment and consequently heat transfer coefficient
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augmentation in such a way that increase in the Boiling
number by 60%, leads to 3% increase in the mean heat
transfer coefficient.
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