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1. Introduction

Predicting boiling heat transfer is important in the
nuclear industry, since boiling occurs under both normal
and transient conditions of a water-cooled reactor.
Accurate prediction of boiling heat transfer is still
challenging since various phenomena in boiling heat
transfer, such as bubble merger, sliding, stochastic
distribution, needs be considered. Thus, various attempts
have been made to reflect those phenomena
mechanistically.

The heat partitioning model was proposed to predict
the boiling heat transfer mechanistically, which
calculates it by dividing heat transfer according to
specific phenomena. The RPI model, the most widely
accepted heat partitioning model, was developed by
Kurul and Podowski [1]. This model divides boiling heat
transfer into evaporation, single-phase convection, and
transient conduction to calculate the total heat transfer.
However, this model ignored some phenomena certainly
exist, such as microlayer evaporation, bubble merging,
random bubble distribution, etc. In this context, attempts
to improve the RPI model have been continued [2-4].

Despite these attempts, since these are based on
simplified assumptions, there are limitations in reflecting
realistic phenomena. Kim and Cho [5] proposed the heat
partitioning model incorporating a numerical bubble
tracking method to complement these missing
phenomena. In the bubble tracking method, the size and
location of individual bubbles are numerically simulated
based on various models. Hong et al. [6] improved this
model by implementing microlayer evaporation term.
However, in the previous study, the wall temperature was
assumed to be constant in the whole heating surface,
which is inconsistent with real phenomena observed in
experiments. The wall temperature varies locally
depending on the phenomena occurring on the heating
surface and therefore, it is important to consider the wall
temperature variation in space and time.

In this paper, the bubble tracking method was coupled
with the conjugate heat transfer analysis. The local
temperature distribution was used for the heat transfer
evaluation and nucleation criteria. The present paper
introduces the coupled simulation method and discusses
the effect of the bubble nucleation temperature.

2. Simulation method

2.1. Bubble tracking method considering conjugate heat
transfer

The bubble tracking method was developed to simulate
the behavior of bubbles on a heated wall, written in
MATLAB code. The bubble tracking method analyzes
individual bubbles and wall heat transfer associated with
the corresponding bubbles. The simulation is performed
according to the procedure in Fig.1 described below.
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Fig. 1. Simulation procedure of the bubble tracking method
(black) with conjugate heat transfer (green)

Firstly, a computational domain is determined. The
fluid conditions such as initial wall superheat
temperature, system pressure, etc., and factors related to
the simulation, such as simulation time and time step, are
determined. After the domain is set, the nucleation sites
are distributed in the domain according to the designated
method. One among three options can be selected; 1)
uniform spacing distribution, 2) random distribution, and
3) predetermined locations from measurements. The
nucleation sites become where bubbles are generated in
the subsequent simulation process. The bubbles are
generated according to a predetermined waiting time or
nucleation temperature.

After the bubbles are generated, the bubbles grow
according to the evaporation from both microlayer and
superheated liquid layer. In this simulation, the
evaporation rate from the superheated liquid layer is
evaluated based on microlayer evaporation volume [7].
At each nucleation site, a bubble grows over time, and
when the dry area collapses, the bubble departs from the
nucleation site. After the bubble departure, the code
checks whether the nucleation criterion is satisfied at
each nucleation site. A new bubble is created when the
nucleation criterion is satisfied.

Meanwhile, when a bubble contacts adjacent bubbles
during the growth process, the bubbles are assumed to
merge immediately, and the merged bubble grows in a
new position, which is calculated based on the center of
mass of the two merging bubbles. Once the location and
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size of individual bubbles are calculated in each
simulation loop, the heat transfer in the domain is divided
into microlayer evaporation, transient conduction, and
single-phase convection according to the heat
partitioning model, and the heat flux is evaluated
accordingly. Finally, the simulation steps above are
repeated until the end time is satisfied.

2.2. Calculating heat flux with area partitioning

Fig. 2 shows the partitioned area with respect to the
location of the bubble. The region underneath a bubble
on the heating surface has dry area and microlayer. Dry
area radius of the bubble is determined by the relation
between the bubble radius and the dry area radius from
experimental observation by Jung and Kim [8], which is
shown in Fig.3.
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Fig.3. Time evolution of radius of bubble, micro-layer and
dry spot (Jung and Kim [8])

Modeling of the microlayer precedes the calculation of
microlayer evaporation heat flux. First, using the relation
between the bubble radius and the microlayer radius
according to the growth of the bubbles observed in Jung
and Kim's experiment [8], the microlayer area of the
bubble is determined in the domain during the growth
stage of the bubble. After determining the microlayer
area, the microlayer thickness is determined. It is
assumed that the thickness of the microlayer increases
linearly from the triple contact line to the end of the
microlayer area radius based on the experimental results
of Utaka et al. [9]. From the assumption above, the
microlayer evaporation heat flux in the microlayer area

is calculated by Eq. (1) below, presented by Susann
Hansch and Simon Walker [10]:

1w _ Twatl—Thulk
qml - 1 8 (1)
hey kK

where Tyai Touiks Rev, 01, and k; are wall temperature,
liquid bulk temperature, evaporative heat transfer
coefficient, microlayer thickness, and liquid thermal
conductivity, respectively.

The transient conduction area is determined as the area
affected by the bubble departure. The transient
conduction heat flux is calculated as follows:

n k
Qtc = ‘/?lal (Twan = Tpur)  (2)

where t and «; are the time after the bubble departure
and liquid thermal diffusivity, respectively.

The single-phase convection area refers to the areas
not included in the microlayer evaporation and transient
conduction areas. In the single-phase convection area,
the single-phase convection heat flux is calculated as
follows:

q;; = hsp (Twall - Tbulk) (3)

where hg, is convective heat transfer coefficient. The
partitioned area and the calculated heat flux in each area
affect the growth of the bubble, and heat flux calculation
results vary according to the change in partitioned area
and the bubbles.

2.3. Conjugate heat transfer

Based on the heat flux calculated from the bubble
tracking method, the temperature distribution of the
substrate is calculated in three-dimension using
OpenFOAM [11]. Among the solvers in OpenFOAM,
the laplacianFoam solver is used. The implemented
differential equation in the solver is as follows:

%T—V- (D;VT) =0 (4)

where Dy is diffusion coefficient which cannot reflect
different material properties. In this paper, boiling heat
transfer analysis on a boiling surface with joule heating
was performed. In the typical boiling experiment, joule
heating materials such as ITO film and substrate are used,
so the different material properties must be considered in
the simulation. Therefore, to reflect the joule heating
effect and different material properties, the solver was
modified as follows:

2 nr
peyo TV (kVT) =q"" (5)
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where p, c,, and k are density, specific heat, and thermal
conductivity of material, respectively.

The initial temperature condition was the wall
superheat temperature from the bubble tracking method.
The boundary condition of the boiling surface was set to
the Neumann boundary condition using the heat flux
obtained from the bubble tracking method. The boundary
conditions at the remaining boundaries were set as the
adiabatic condition.

After calculating the temperature of the boiling
surface, the boiling surface's temperature distribution is
transferred to the bubble tracking program and used for
calculating heat partitioning in the next step. In this way,
code coupling of the bubble tracking method and the
conjugate heat transfer continues until the end of the
simulation.

3. Simulation results

To validate the simulation results with the
experimental results of Jung and Kim [12], the
experimental and simulation conditions were matched as
shown in Table 1. Accordingly, five cases of wall
superheat were selected in the range of 3.1 to 7.7 degrees,
and the corresponding heat fluxes applied to the surface
were selected in the range of 92 to 485 kW/m2 In
addition, the nucleation site distribution and the
departure diameter of the bubbles at each site were
consistent with the experimental conditions. In addition,
the nucleation frequency was simulated by allocating the
waiting time observed in the experiment to each site.

Fig. 4 is an example visualization result that can be
obtained during simulation. As described in Section 2, in
each time step, the heat flux is calculated by dividing the
surface into microlayer evaporation, transient conduction,
and single-phase convection area according to the
bubbles on the domain. Accordingly, the conjugate heat
transfer calculation also updates the temperature
distribution of the surface.

Table 1. Simulation condition

System pressure 1 bar
Wall superheat 3.1-7.7 K (five case)

Applied heat flux 92-485 kW/m?

Influence area 0.2
Single-phase heat
transfer coefficient
Departure diameter

From experiment [12]

From experiment [12]
Controlled by waiting time
from experiment [12]

Nucleation frequency

Nucleation site
distribution

From experiment [12]
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Fig. 4. Simulation result of temperature (left) and heat flux
(right)

3.1. Reproduction of experimental results

In order to confirm the effect of considering conjugate
heat transfer, a comparison with the experimental results
of Jung and Kim [12] was performed. Two kinds of
simulation were conducted, one is the bubble tracking
method, and the other is the bubble tracking method with
conjugate heat transfer analysis. The experimental
results, the simulation results of standalone bubble
tracking method, and bubble tracking method
considering conjugate heat transfer were compared, as
shown in Figure 5. It can be confirmed that considering
conjugate heat transfer showed better results than the
standalone bubble tracking method. This is because the
temperature distribution underneath the microlayer
decreases due to the evaporation of the microlayer in the
boiling process and the evaporation heat flux is affected
by the decreased temperature. Also, the decrease of the
surface temperature affects transient conduction and
single-phase convection heat transfer, resulting in an
average decrease of 62% and 54% in the simulation
results of the heat flux, respectively. As described in
Section 2, microlayer evaporation, transient conduction,
and single-phase convection heat flux are proportional to
the wall superheat, so the result of the simulation also
decreases with the decreasing wall temperature.

In the simulation, transient conduction heat flux
becomes smaller than that of the experiment. This is
because, unlike the conventional model that calculates
evaporation and transient conduction heat flux according
to the presence or absence of bubbles in the nucleation
site, this study evaluates transient conduction heat flux at
the location of the bubble departure, and if single-phase
convection heat flux is more significant than transient
conduction heat flux in that area, the heat flux in that area
is calculated as single-phase convection heat flux. In
addition, using 0.2 as the influence area obtained from
the experiment is one of the reasons for evaluating the
transient heat flux to be smaller.
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Fig. 5. Comparison of heat flux between experiment and
simulations

3.2. Applying nucleation temperature criteria

Since surface temperature distribution varies spatially
and temporally due to the conjugate heat transfer, the
simulation was repeated changing the nucleation
criterion when the nucleation site reached a specific
nucleation temperature instead of the waiting time for
each nucleation site. The simulation results are shown in
Fig.6. The results present that the microlayer evaporation
heat flux and the transient conduction heat flux increase
if the nucleation temperature decreases and subsequently,
the nucleation frequency increases. On the other hand,
the single-phase convection heat flux decreases.

The nucleation temperature criterion can replace the
waiting time model making the simulation more
mechanistic. But a proper value of nucleation
temperature criterion is necessary for accurate prediction
of the boiling heat transfer.
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Fig. 6. Comparison of heat flux between experiment and
simulations varying nucleation temperature criteria

4. Conclusions

In this paper, the boiling heat transfer was calculated
by the previously developed bubble tracking method

incorporating conjugate heat transfer analysis. As a result,
it was confirmed that the boiling heat transfer observed
in the experiment was better predicted compared to the
previously developed bubble tracking simulation. In
addition, it was confirmed that there was a difference in
the boiling heat transfer prediction according to the
nucleation temperature criteria. In detail, microlayer
evaporation and transient conduction heat flux increase
with the decreasing nucleation temperature criteria,
while single-phase convection heat flux decreases.

For future work, it is necessary to compare the various
boiling heat transfer experiments to examine the effect of
nucleation temperature in the simulation. In addition,
some parts of the bubble tracking method simplify the
realistic phenomena of bubble behavior. Therefore, the
code should be improved by applying realistic models.
Finally, calculating domain geometry extensions such as
vertical or inclined flow boiling should be performed
through validation with various experimental condition
data.
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