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PAPER INFO ABSTRACT

The phenomenon of nuclear boiling has always been recognized suitable for heat transfer
between different boiling regimes. Study on boiling is considered as a new field which meets
different research and industrial needs such as heat transfer in nuclear reactors, cooling units,
rocket motors, electronic equipment cooling, batteries, etc. In this study, a chamber with
immiscible fluid, water, steam, and air, having a side wall with uniform heat flux has been studied
in 3D. To do so, we first considered the prediction of the heat flux interval for which the boiling
occurs in the form of nuclear boiling. In this study, two-phase fluid volume (VOF) approach was
used for modelling boiling on the vertical wall and two-phase flow. In this research, Ansys
software package was used for numerical modelling and numerical simulation. Distribution of
the velocity field follows more uniform pattern in dimensionless heights less than 0.9. In this
study, bubbles are only present near a wall with heat flux that has a lower Rayleigh number.
Also, existence of these bubbles on the wall, which prevents fluid infiltration, affects vortices
caused by natural convection. However, the general and uniform patterns of vortices remain
unchanged in most part of the fluid, which is because of the limited amount of bubbles near the
wall with heat flux. Natural convection increases the height of fluid inside the chamber, which
leads to the formation of stronger vortices at a dimensionless height of 0.9 that has a high Raleigh
number due to high heat flux. In this case, the continuous use of heat flux gives rise to the
production of bubbles over time.
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NOMENCLATURE

h Convection coefficient (W.m?K™) uv Velocity vector at x,y (m.s?)

Cp Specific heat at constant pressure (J.kg* K™%) Subscripts

k Conduction coefficient (W.m?K™?) g Gas phase

hgg Latent heat of vaporization (J.kg™) v Vapor phase

L Length of chamber (m) sat Saturation

w Width of chamber (m) Greek Symbols

Ra Rayleigh number P Density (kgm™®)

S Source term (kg.m3s%) u Dynamic viscosity (Pa.s)

T Temperature (K) o Thermal diffusion coefficient (m%?)
INTRODUCTION phase change, heat in boiling is transferred from the hot

surfaces in the form of bubble production. Because of the

Study on boiling is considered as a new field which means
different research and industrial needs such as heat
transfer in nuclear reactors, cooling units, rocket motors,
electronic equipment cooling, batteries, etc. Owing to
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strong dependence of bubble production rate and heat
transfer, on understanding the production phenomenon,
bubble growth and separation from the surface would be
essential. The growth and separation of bubbles from the
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surface is done under the influence of various forces as to
surface tension and buoyancy force. In the early stages of
bubble formation, tensile forces predominate over
buoyancy, as the size of the bubble increases the amount
of buoyancy force exceeds the surface tensile force;
therefore, the bubble is separated from the hot surface. In
fact, investigating the rate of bubble formation, bubble
growth, its separation from the surface, and also the rate
of heat transfer would entail sufficient knowledge of the
bubble dynamics. Bubble dynamics include parameters
such as the distribution of active bubble sites, bubble
diameter, bubble reactivation time, bubble growth time,
etc., in the current study, we have numerically
investigated the mentioned parameters and the effect of
natural convection on this phenomenon. Jakob [1] has
presented the first report on the relationship between wall
heat flux, and the density of active nuclear boiling sites.
His observations merely included surfaces with relatively
low heat flux. Hsu and Graham [2] made observations on
different studies regarding the relationship among heat
flux or heat transfer coefficient, wall temperature
difference and density of active bubble sites. Lee and
Nydah [3] numerically studied the growth of the bubble
from the early stage of formation, to its final separating
from the surface; They discovered that at the time of
detachment, bubble movement in a general sense causes
forced heat transfer near the surface, which itself speeds
up heat transfer; furthermore, a study on the thin layer of
fluid which is formed after the bubble is detached from
the surface, has a great effect on bubble growth and heat
transfer. Regarding the shape of the upper part of the
bubble, significant changes could be observed during its
growth. Welch [4] studied bubble growth via a
straightforward numerical method; owing to the existence
of a temperature profile of two phases, He used a moving
mesh for investigating the computations accuracy. Lay
and Dhir [5] carried out a comprehensive study on the thin
fluid layer and its consideration. They could predict the
diameter of bubble root in a well-developed boiling heat
transfer mode [5]. Son et al. [6] conducted a numerical
study of a bubble’s dynamics and heat transfer in
horizontal plate boiling. In this study, what is accurately
considered is the effect of the bubble contact angle on the
surface and also the temperature of the wall superheat; to
consider near-surface fluid micro-layers, the geometry is
divided into two micro and macro zones. The lubrication
theory has been applied to the laws governing the micro
area either. The results of this study have shown that with
the bubble contact angle with the surface, and the surface
temperature of the wall, the diameter of bubbles separated
from the surface increases [6]. In another study, using the
Level set method, the two-phase contact surface in
boiling was investigated. In this study, the effect of the
bubbles on the heat transfer, the shape of the flow near
the wall, and heat transfer in a fluid microwave on the
surface were numerically studied [7]. To investigate the
three-dimensional state of the bubble fusion of two or
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three adjacent holes, Mukherjee and Dhir [8] used level
set method. Using the Level Contour Reconstruction
Method, Shin et al. [9] investigated the three-dimensional
numerical evaluation of nuclear boiling. In their study,
they focused on the effect of the number and density of
cavities of the surface in a numerical model by varying
the surface area of the cavity. The Nusselt number results
were in accordance with the experimental studies, which
stipulated the prominence of the neighboring holes'
influence on the surface; though, owing to the three-
dimensional geometry, in their studies done on
simplification, the effects of fluid microlayers were
discussed [9]. Using the free mesh method (MPS-
MAFL), Yoon et al. [10] conducted a direct numerical
study on detachment, bubble growth, and fluid uptake in
nuclear boiling. In this study, the coupled energy
relationship with the bubble motion equation has been
contemplated; besides, the heat transfer mechanism has
been investigated [10]. Son and Dir [11] numerically
studied the boiling of the horizontal plane with high heat
fluxes. Due to the importance of fluid microlayers, special
grouting has been used in this area. Here in this study,
water is considered as a fluid having constant properties
in either the use phase or the type of flow. Different
effective  factors including the wall superheat
temperature, the number and density of cavities on the
surface, the time required for reactivating the cavities to
produce subsequent bubbles, etc. have been precisely
considered. The results of this study have shown that as
the number of surface active cavities increases, the heat
flux increases either. The increase of the wall superheat
temperature would get to the quick formation of bubble
columns, and a decrease in the nuclei activation time,
which increase the heat transfer coefficient to a great
extent [11]. Chou and Yu [12] studied the influence of the
superheated wall temperature, total size and size of the
pits, and also the influence of fluid properties on the heat
transfer of nuclear boiling. McHale et al. [13]
experimentally and numerically  with  different
roughness's investigated the nuclear boiling of surfaces;
apart from that, they reported their direct effect on the
bubbles shape and their detachment from the surface. The
vertical interconnection in the nuclear boiling of an
artificial cavity was studied experimentally by Hutter et
al. [14]. They observed that as pressure decreases and
surface  superheat  temperature increases, the
interconnectivity increases as well either. Sanna et al. [15]
studied the nuclear boiling of surfaces of different
genders numerically; They studied the effect of the
position and number of surface cavities on the time
needed for activating the cavities, growth time, etc. The
results of this study for surfaces made of titanium and
silicon, under the same conditions, indicated that the
surfaces with titanium cores, being compared to the
surfaces with silicon cores, were more active; apart from
that, in comparison to the silicon surface, the titanium
surface cavities behaved more independently [15]. Jung
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and Kim [16] studied and measured bubble dynamics and
heat transfer in a nuclear bubble from a horizontal plane
experimentally. They observed that heat transfer was
deeply correlated with surface fluid microlayers [16].
Kunkelmann and Stephan [17] in the presence of HFE-
7100 refrigerant and bubble shape, studied numerically
the transient boiling heat transfer during growth and
detachment. Jia et al. [18] investigated the experimental
and numerical study of surface-to-surface nuclear boiling.
They observed the same bubble shape in both the
experimental and numerical studies; however, being
compared to the experimental one, in the numerical study
the separation time was longer. The results of this study
indicated that the vapor phase temperature was
distributed near the hot wall with homogeneous circles
[18]. Using VOSET, Ling et al. [19] studied the two-
dimensional nuclear boiling method numerically; to
investigate bubble dynamics in the presence of nuclear
boiling convection, they performed direct numerical
simulations. The relationship between bubble growth and
heat flux was investigated in the relatively low Reynolds
number; later they observed that the shape of the bubble
during formation and growing was similar to the results
of experimental studies; however, there were differences
after its departure from the surface [20]. Utaka et al. [21]
measured and studied microlayers of water and ethanol
fluids in horizontal boiling of nuclear. The results of this
study showed that although the microlayer was similar to
ethanol, water was twice thicker than that (ethanol).
Different studies have been conducted for investigating
the effect of surface positioning angle on nuclear boiling.
Marcus and Dropkin [22] studied the shape of the plate
on the heat transfer of nuclear boiling experimentally;
during this procedure they observed the specific effect of
plate angle on heat transfer. Moreover, Sarker et al. [23]
studied the dynamics of a bubble during the infrared
nuclear boiling of a vertical heater surface so as to
investigate the influence of surface properties such as
wetness and roughness experimentally. The results of this
study are indicating of the huge impact of surface
roughness on bubble growth and detachment which is
arising from the effect that surface has on the fluid
microlayer formed below the bubbles. Salari et al. [24]
studied the effect of the static bubbles on the levels of
lead-acid battery electrodes, and on natural convection
currents. They investigated the effect of Rayleigh number
and bubble parameters on fluid flow structure, heat flux,
velocity distribution, temperature, mean Nusselt number,
etc. The results of this study have indicated that owing to
the effect of bubble insulation on the wall and as a result,
increasing the surface temperature of the electrodes, as
the number of bubbles increases, conversely the average
Nusselt number decreases. The presence of bubbles also
causes the deviation of the field from the flow field [24].

The numerical methodology and developed modelling
disclosed that the combined application of the basic
deterministic conservation laws for the continuous two-
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phase flow field, and the stochastic characteristics of the
vapor generation at the heated wall might simulate
complex pool boiling conditions [25, 26]. The major
roles of nanoparticles affected by nanofluid boiling heat
transfer, including the bulk effect associated with
suspended nanoparticles of the fluid and their thermal
properties (thermal conductivity, viscosity, heat capacity
and density), shall be well understood; the surface effect
associated with deposit nanoparticles, which have
modified the characteristics of heating surface
(wettability, homogeneity, roughness and solid surface
tension, etc.; would be achieved by careful experimental
observations and numerical simulations. For find suitable
nanofluids for different engineering systems more effort
is required; from this perspective, testing more types of
nanoparticles is needed [27].

PROBLEM
MODELING

STATEMENT AND GEOMETRIC

Three-dimensional geometry of the present study and
their boundary conditions are shown in Figure 1. The side
wall has a uniform heat flux that is corresponding to the
height of the area with the fluid height inside the chamber.
The compartment is filled with immiscible fluids, steam,
water, and air. The other walls of chamber are adiabatic;
The upper part of the chamber has a Pressure outlet
boundary condition. The initial set temperature is
373.15K for water and steam, and is 300K for air; besides,
saturation vapor pressure at atmospheric pressure is
373.15K. The heat flux, which varies depending on the
different fluid heights, is considered close to the critical
heat flux.

The overall dimensions of the chamber are considered
5.0x10x0.5 cm. In the present study, we initially
predicted the heat flux interval for which the boiling is
occurred in the form of nuclear boiling. Then the effect of
fluid height inside the chamber on different dynamic
parameters, and also the effect of natural convection on
this phenomenon has been studied. The different
dimensionless height of the fluid inside the chamber is
defined as follows. The thermo-physical properties

v
Pressure outlet

wall < wall

heater

Figure 1. Schematic of the geometry and boundary conditions
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used in Table 1 are listed.

h
H=w
h, 1)
Mesh study

In this research, Ansys meshing software was used for the
meshing of the model. The grid used in this research is
regular and structured. The mesh used here is shown in
the Figure 2.

To choose the appropriate grid size and time step, the
values of the average volume fraction of steam on the wall
with a constant heat flux in t=0.1s are given in Tables 2
and 3 respectively for different grid sizes and time steps.

Table 1. Thermo-physical properties of fluids used at saturation
temperature

Property Water Vapor Air

p (kg/m3) 958.1 0.5977 1.225
Cp(I/kg.K) 4215 2034 1006.43
k (W/m.K) 0.6775 0.0248 0.0242
u (kg/m.s) x10* 2.822 1.206 1.789
o (m#s) 1.667x107 - -

o (N/m) 5.878x107? - -
hy, (J/kg.mol) 4.0626x10" - -

Figure 2. The grid used in this research
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Table 2. Average volume fraction of steam for different
network sizes

Average volume fraction of steam on the wall

Grid size with constant heat flux in t=0.1s
0.002 0.022193497
0.001 0.027814616
0.0005 0.041005254
0.00025 0.042225092

Table 3. Average volume fraction of steam for different
network sizes

Average volume fraction of steam for different

Grid size time steps

0.01 0.039659206
0.001 0.039213736
0.0005 0.041005254
0.0001 0.041010268

Governing equations

In this study, two-phase fluid volume (VOF) approach
was used for modeling boiling on the vertical wall and
two-phase flow. In this model, considering the possibility
of following two-phase contact surfaces, the model is
widely used in the study of two-phase currents where
phase-surface joint changes are particularly important in
the welding phenomenon. The VOF model is a surface
tracking technique applied to a Eulerian mesh. this model,
when the interconnection of the interconnecting fluid
segments is concerned, is designed to simulate two or
more immiscible materials. In this model, a set of
momentum equation is solved for all fluid phases and the
volume fraction of each fluid in each computational cell
is tracked along the solution domain. Applications of this
model covers stratified flow, filling, turbulence, free
surface flow, motion of large bubbles inside the fluid,
fluid movement after dam failure, prediction of a jet (due
to surface tension), determination of liquid-gas interface
and boiling of liquids. In the VOF model, the governing
equations are solved via the volume fraction in each cell.
In each cell, the sum of the volume fraction of the phases
is equal to one unit (Equation (2)).

n

@

Figure 3 shows how the volume fraction in each cell is
determined. o=1 and a=0 represent the vapor and liquid
phases, respectively. 0<o<l represents the interface of
two fluids [28].
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Figure 3. The volume fraction and propérties per cell in the |
bubble simulation [28]

In the VOF model, all properties are calculated using
the volume fraction of each cell. For example, in the two-
phase system if the phase is specified by indices 1 and 2,
and in case the volume fraction of the second phase is
examined, the density in each cell is calculated as follows:

®

All other properties are calculated in the same way. Thus,
according to the volume fraction, the properties in each
cell would be different and the governing equations
would be solved based on these properties.

p=a,p,+{-a,)p

Continuity

In the VOF model, changes in the bubble level are
predicted based on solving the continuity equation for the
volume fraction. This equation is expressed as follows:
Liquid phase;

9p1ay

= T V(av) = S (4)
Vapor phase;

3pyay —

% + V(pya,v;) = S; — fSw (5)

In above relation S;, and S, source terms are related to
mass transfer. Mass transfer between phases in bubble
condensation can be modeled using these terms. Also, S;
is the additional source term related to the joining and
breaking up of bubbles, f is the scalar fraction related to
the density of the number of discrete bubbles.

Momentum
In the VOF model, the momentum relationship is solved
in the entire domain and the obtained velocity field is
applied to all the existing phases. This equation for liquid
and vapor phases is expressed as follows:
Liquid phase;

% + Ve (paiu) = —aVp + aipyg +

I, S, (6)
VI (Vg + (Vu) )] + (S — Spiy) + Fy
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Vapor phase;

3pyayity

ot +V- (pvavuvuv) =—a,Vp + avpvg +

BN -, i (7
Vla,us Vi, + (vuv)T)] + (St — Splty) + Fyy

In the relationships between the terms Fand F,, it
represents the surface tension force on the surface of the
bubble and the buoyancy force, the following relationship
exists between them:

®)

Fp, =—Fy

Energy
The energy equation for liquid and vapor phases is as
follows:

Liquid phase;
_a —
p;@zmz + V- (o Hy) = Veguf (VT)] + (SpH, — o)
Slev)
Vapor phase;
2} yUyliy —
putt % 4V - (ppytiyHy) = Va,ug(VT,)] + 10)

(SlvHv - Slel)

In the above relations, H is enthalpy.

RESULTS AND DISCUSSION

To check the accuracy of the modeling method, the
obtained heat flux values for the specified temperature
difference between the wall and the fluid and the shape of
the bubbles near the vertical wall have been compared
with the experimental research of Kaneyasu et al. [29], it
is given in Table 4 and Figure 4.

Figure 5 shows a part of the surface covered by the
vapor phase near the time of the boiling point change. The
minimum value is assigned to the dimensionless height
equal to 0.3. The boiling regime at the dimensionless
height of 0.5 enters the boiling regime earlier than the
height of 0.7, so it has more bubble-covered surface than
the dimensionless height of 0.7 at time t = 0.15 s. The
highest value is assigned to the dimensionless height of
0.9, which is due to having a higher heat flux and

Table 4. Comparison of heat flux for specific temperature
difference in the current study and experimental study of
Kaneyasu et al. [29]

ATsa leh:]ka\fv‘;’gtn;)l [30] p:—l” (W) o
esent study (%)
5 1.5x10* 1.7x10* 13.34
10 7x10* 6.7x10* 4.28
20 4x10° 3.6x10° 10
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generating more bubbles than the dimensionless heights. fluid in the chamber and the Rayleigh number, the
In general, with increasing dimensionless height of the production of bubbles and the percentage of the surface
on which the steam exists, is increased. Figures 5 to 9
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Figure 4. Comparison of the shape of the bubbles near the
vertical wall in the present study (a) and the experimental study
of Nishikawa et al. [29] for g" = 120 kW (b)

Figure 7. the temperature distribution in three dimensions at t =
0.05Sand H=0.3
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show the temperature distribution in three dimensions at
different fluid times near the boiling point change. Under
the equal conditions, according to the temperature
contour, it can be mentioned that the general temperature
of the liquid in the chamber has increased with increasing
the fluid height. Also, the air temperature above the water
in the tank is remained constant up to the dimensionless
height of 0.7, and only for the dimensionless height of 0.9,
the air temperature above the chamber has gradually
increased, which is due to the existence of much steam in
this area. In general, the temperature of steam and water
in the chamber decreases by being far from the wall with
a constant heat flux. Also, the temperature distribution of
fluid dimensionless heights less than 0.9 is much uniform.
For a dimensionless height of 0.9 similar to a wall with
wall contours having a constant heat flux, the temperature
difference between water and steam in the chamber is
about 20-60 degrees Kelvin.

Figure 10 illustrates the temperature distribution on
the hot wall at a time close to the change in boiling
regime. For a dimensionless height of 0.3, the
temperature distribution is non-uniform, and as
mentioned earlier, the variation time is very short.
Compared to other dimensionless heights, the maximum
temperature due to the presence of more vapor volume
fraction in the free surface is more considerable for the
dimensionless height of 0.7. For a dimensionless height
of 0.9, the temperature difference between water and
steam on the wall is highly visible and is around 20 to 60
degrees Kelvin.

Figure 11 shows a diagram of temperature changes in
a wall with a constant heat flux for different
dimensionless heights. Dimensionless height 0.9 has a
higher average temperature than other dimensionless
heights due to having a higher critical heat flux. For the
rest of the dimensionless heights, a relatively uniform

4.66e+02
4.50e+02
4.33e+02
4.18e+02
4.00e+02
3 83e+02

3.66e+02

3.50e+02
3.33e+02

317e+02
)
3.00e+02
Figure 10. The temperature distribution on the hot wall at a
time close to the change in boiling regime
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distribution is presented in this figure. For all
dimensionless heights of temperature maximum, there is
a maximum temperature near the free surface, as can be
seen in the temperature distribution counters, is due to the
steam accumulation in this area.

Figure 12 shows a diagram of the temperature
distribution along the X axis inside the chamber. The
effect of the steam presence in different areas in this
diagram is quite significant as for dimensionless heights
less than 0.9 due to the presence of more steam phase near
the wall with a higher heat flux there is a temperature only
near the wall, which this distance is about 0.0005 m for
dimensionless height of 0.3 and 0.5 and 0.001m for
dimensionless height of 0.7. For dimensionless height of
0.9, the temperature distribution is different due to the
existence of steam in different parts. The process of
temperature change for this dimensionless height is
decreasing to the center of the chamber and then

420 —

400

w
X
(=}
oy

Wall temperature (K)
w
(9]
o

Figure 11. The temperature in a wall with a constant heat
flux for different dimensionless heights
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Figure 12. The temperature distribution along the X axis
inside the chamber



S. Bagheri et al. / Iranian (Iranica) Journal of Energy and Environment 13(4): 384-397, 2022

increasing. This can have occurred under the influence of
currents caused by the effect of natural convection inside
the chamber and the transfer of bubbles with higher
temperatures near the walls. The changes in the velocity
field distribution over time for different dimensionless
heights of the fluid are shown in Figures 11 to 16.
According to these figures, for all dimensionless heights
vortices due to natural convection are formed in the lower
parts of the chamber over time, and gradually these
vortices are expanded and activated in many parts of the
fluid.

For dimensionless heights less than 0.9, where the
presence of bubbles is limited to the area near the wall
with a heat flux, with a lower Rayleigh number, the
velocity field distribution is more uniform. Also, due to
the presence of many bubbles formed on the wall and the
impossibility of fluid infiltration into the areas with
bubbles, vortices caused by natural convection are
affected. However, due to the limited presence of bubbles
near the wall with heat flux, the general and uniform form
of vortices remain unchanged in a major part of the fluid.
On the other hand, with the production of more bubbles
over time, the bubbles move toward the free surface due
to their lower density. Also, this phenomenon is due to
the dominance of the buoyant force over the force arising
from gravitational field. Along with the movement of
bubbles, part of the fluid in the proximity of the bubbles
is also moved by the movement of bubbles, which is faster
than the movement of fluid due to natural convection, so
the maximum speed exists near the wall with heat flux.

At a dimensionless height of 0.9, stronger vortices are
formed due to natural convection by increasing the height
of the fluid inside the chamber. Also, this dimensionless
height has a higher Raleigh number as having a higher
heat flux. In this case, the production of bubbles increases
over time due to the continuous use of heat flux. At the
beginning of the modeling time, similar vortices due to
natural convection are formed uniformly at the bottom of
the chamber before producing bubbles similar to
dimensionless heights. However, when the first bubble
departs from the uniform field surface, the natural
convection is completely influence and gradually gets
turbulent. Given the time t = 0.1 S, the turbulence also is
started at the bottom of the chamber. Turbulence of flow
fields encompasses its deformation or division of the
general flow field into smaller fields with local effect in
different areas, especially near the free surface.

The maximum velocity at different times inside the
chamber simulation is illustrated in Figure 17. As natural
convection becomes more active over time, the maximum
velocity is increased. Also, the maximum speed is directly
associated with the value of the Raleigh number inside the
chamber, so that for dimensionless height less than 0.9,
which has almost the same Raleigh values has the
maximum speed values close to each other. For a
dimensionless height of 0.9 that has a higher Raleigh
number than lower dimensionless heights, the maximum
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velocity changes are higher over time. This phenomenon
can be due to the increased turbulence made by the
bubbles presence in different parts of the chamber and the
fluid movement by the bubbles.

The distribution of the volume fraction for vapor, or
the bubble production sites, is depicted in Figures 18 to
21 on a wall with a constant heat flux in the direction of
the Y and Z axes. Due to the nature of the boiling
phenomenon, the distribution of bubble production sites
is non-uniform, so that for different dimensionless
heights, the location of active bubble production sites is
different. In general, more active sites are located near the
free surface due to the higher surface temperature. For
dimensionless heights of 0.9, which has the highest
bubble production, unlike less dimensionless heights,
more active sites are far from the free surface of the fluid.
Active sites along the Z axis are located at dimensionless
heights less than 0.5 in the second half and at

03

0.25

s
[N}

Vapor volume fraction
o =
—_ o

<
o
G

T 1

0.02
Z{m

Figure 20. The distribution of the volume fraction for vapor

atH=0.7

TR SN N
4 0.03

0 0.01

1

o
&)

o
@

I
»

Vapor volume fraction

e
o

L1

0.04 0.05

I I |
0.02 0.03
Z{(m)
Figure 21. The distribution of the volume fraction for vapor

atH=0.9

o
00 0.01



S. Bagheri et al. / Iranian (Iranica) Journal of Energy and Environment 13(4): 384-397, 2022

dimensionless heights greater than 0.5 in the first half. It
is worth to mention that for dimensionless heights less
than 0.9, the volume fraction of steam has low values.

The diagram of changes in the volume fraction for
steam with a time up to 0.2 s for different dimensionless
heights of water is illustrated in Figure 22. For
dimensionless heights less than 0.9, which enter the film
boiling regime in less than 0.2 seconds, in the change
from boiling regime to average film, the average volume
fraction for steam is increased, this phenomenon for
dimensionless height 0.3 is more obvious. For a
dimensionless height of 0.9, which is always nucleate
boiling regime to the end of the study period, the
maximum volume fraction is almost constant during
bubble production periods.

Figure 23 shows the average growing period of the
bubble, and the reactivation of the bubble production sites
(waiting period) for different dimensionless heights of
water. Due to the bubble forms for different heights, the
dimensionless heights of 0.9 where nucleate boiling as the
dominant regime have been reduced by an average of
50% compared to the lower heights of the average growth
time. At lower dimensionless heights, with higher bubble
growth time, the bubbles connect faster after full growth,
so the dominant boiling regime quickly changes to the
film boiling regime. Similar to bubble growth time, the
time required to reactivate bubble production sites for a
dimensionless height of 0.9, which has the highest bubble
production, is much shorter than for other dimensionless
heights. Dimensional height 0.5 has the longest
reactivation time of bubble production sites. Also, as
mentioned in experimental research [30], approximately,
the average time required to reactivate bubble production
sites is three times the average bubble growth time
(t, =2, ).

In the present study, by increasing the height of the
fluid inside the chamber, the constant heat flux on the wall
has ascending trend, so for higher dimensionless fluid
heights, over time, the difference between wall and fluid
temperature, or the degree of superheat of the wall is
increased. In the study of Han and Griffith [31], a
decreasing trend for the reactivation time of bubble
production sites with increasing degree of wall superheat
is predicted, which in the present study, a similar trend is
observed in Figure 23. Also, similar to the time of
reactivation of bubble production sites, Zuber [32],
showed a decreasing trend for the average bubble growth
time in his study, which can be seen for the average
bubble growth time in the present study in Figure 23.

Figure 24 shows the bubble production frequency for
different dimensionless heights of the fluid. The
frequency of bubble production has an ascending trend
with increasing dimensionless height of the fluid inside
the chamber. Also, in general, the frequency of bubble
production is inversely related to the total average time
required to reactivate bubble production sites and the bub-
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ble growth period. Peebles and Garber have presented an
equation as follows to predict the frequency of bubble
production, which is compared with the results of the
present study with the mentioned equation
in Figure 24.
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In the present study, plot digitizer software was used
to measure the bubble diameter. In this software, as
shown in Figure 25 as an example for a dimensionless
height of 0.9, after calibrating the contours of volume
fraction of steam, the diameter of several bubbles has
been measured. The average measurements performed for
different dimensionless heights of the fluid are given as
follows:

The average bubble diameter for different
dimensionless heights in departure from the surface with
heat flux is shown in Figure 26. According to the
measurement of bubble diameter in the nucleate boiling
regime, the bubbles have a small diameter, about
0.002 m.

Hamzekhani et al. [34] presented a relation as follows
to predict the diameter of the bubble. The comparison of
the results of the present study with the mentioned
relation is also depicted in Figure 22.

In this paper, to obtain a coefficient of heat transfer
with specific heat flux on the wall, the temperature on the
wall and the fluid temperature in the proximity of the wall
as a set of points, the output is taken from the Fluent
software and is based on the height of the chamber of
curve fit ((T = f (y)) and finally the heat flux is divided by
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the temperature difference and the heat transfer
coefficient is calculated.

Figure 27 shows the displacement heat transfer
coefficient for different dimensionless heights at different
periods close to the boiling regime change. At the
dimensionless height of 0.9, due to the dominance of the
nucleate boiling regime and the production of bubbles at
a higher speed compared to other dimensionless heights,
it is possible to transfer more heat from the surface. Other
dimensionless heights less than 0.9 have almost the same
behavior in this respect.

The changes in displacement heat transfer coefficient
over time are illustrated in Figure 28. In the early stages
of simulation and before the production of bubbles, the
heat transfer coefficient at different dimensional heights
has a small value and for dimensionless heights less than
0.9 has almost the same value. With the formation of
nucleate boiling over time, this amount increases
significantly, and then tends to be almost constant.
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Dimensional height 0.9 has a higher heat transfer
coefficient than other dimensionless heights due to
having a higher critical heat flux and keeping the nucleate
boiling regime at longer times than other dimensionless
heights. Dimensional heights less than 0.9 have a
relatively similar behavior over time. Also, when natural
convection is the dominant heat transfer regime and
bubbles from nuclear boiling have not yet been formed,
the heat transfer coefficient does not change considerably
over time.

The effect of Rayleigh number changes on the heat
transfer coefficient is shown in Figure 29. As the
Rayleigh number is increased, the vortex power arising
from the natural convection inside the chamber is
increased. This phenomenon directly influences the rate
of heat transfer and improves it. Also, more active
currents due to natural fluid convection is an important
factor and accelerates the departure of bubbles and fluid
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Figure 29. The effect of Rayleigh number changes on the
heat transfer coefficient

movement. On the other hand, with the increase of
Rayleigh number and the presence of more bubbles in
different areas of the chamber, the flow gets non-uniform
and turbulent, which significantly improves the amount
of heat transfer.

By examining the various experimental relations
presented to express the heat transfer coefficient in the
bubble dynamic parameters affecting it, it can be said that
the bubble diameter is one of the effective dynamic
properties [35-40]. However, there is no experimental
research exactly similar to the present study, this
comparison is made in general given below.

Jung et al. [41] presented a relation for predicting the
heat transfer coefficient for nucleate boiling. This
equation is based on the thermo-physical properties, heat
flux and bubble diameter as mentioned. Figure 30 shows
the changes in the heat transfer coefficient with the
changes in the bubble diameter. As shown in the curve fit
shown in the figure, the changes in the heat transfer
coefficient are an exponential function of the bubble
diameter. A comparison of the relationship between the
curve fit of the present study and the present study is
given in Table 5. This comparison indicates the same
behavior of the heat transfer coefficient with the
bubble diameter.
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Table 5. The heat transfer coefficient formulation
Jung et al. [41]

Present

h=CD?® h =1278.1 D7

CONCLUSION

In the present study, a chamber having immiscible fluids,
water, steam and air, and also a side wall with uniform
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heat flux was studied in 3D. Here, the numerical study of

boiling from the vertical wall of a chamber with different

fluid heights and the effect of natural convection on this
phenomenon is discussed, the results of which are as
follows:

It should be noted that the distribution of the velocity
field follows more uniform pattern in dimensionless
heights less than 0.9. In this case, bubbles are only present
near a wall with heat flux that has a lower Rayleigh
number. Also, existence of these bubbles on the wall,
which prevents fluid infiltration into this area, affects
vortices caused by natural convection. However, the
general and uniform patterns of vortices remain
unchanged in most part of the fluid, which is because of
the limited amount of bubbles near the wall with heat flux.

Natural convection increases the height of fluid inside
the chamber, which leads to the formation of strong
vortices at a dimensionless height of 0.9 that has a higher
Raleigh number because of a higher heat flux. In this case,
the continuous use of heat flux gives rise to the production
of bubbles over time.

According to the present study, suggestions for future
studies can be as follows:

e The use of different turbulence models to investigate
the flow shape and the amount of heat transfer due to
the relatively turbulent shape of the flow.

e Investigating the effect of placing the chamber at an
angle to the horizontal to study the effect of gravity.

e Investigating the effect of adding electrolyte or
nanofluid to the chamber on the heat transfer rate.
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