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a b s t r a c t

Water-cooling blanket is closely related to system safety in future fusion reactor for it can cooling down
the reactor. The process of cooling in water-cooling blanket may involve bubble generation under sub-
cooled boiling condition. Although many researchers have investigated bubble generation numerically,
the details of bubble generation in subcooled boiling remain unclear. In this paper a two-dimensional
bubble growth simulation under subcooled nucleate boiling condition has been conducted using VOF
(Volume of Fluid) method in ANSYS FLUENT. A phase change model was adopted by adding extra mass
source term and energy source term to the Navier-Stokes equations in the cells adjacent to vapor-
liquid interface. The variations of bubble contour before bubble departure, temperature fields, velocity
fields and contribution of heat flux from superheated layer and subcooled fluid can be obtained by sim-
ulation. The results were compared with existing datum of visual experiment in previous literature to
verify the validity of the simulation.

� 2018 Published by Elsevier Ltd.

1. Introduction

While the subcooled coolant flows through a superheated chan-
nel in water-cooling blanket during the cooling process in fusion
reactor, the one-phase flow will transfer into two-phase flow at
the ONB (Onset of Nucleate Boiling) point where the wall temper-
ature exceeds the saturation temperature sufficiently. The genera-
tion of bubbles is a basic problem in ONB research, although
bubbles can improve heat transfer capability significantly, they
can also lead to critical-thermal hydraulic events such as CHF
(Critical Heat Flux) and OFI (Onset of Fluid Instability), thus affect-
ing the safety of reactor.

To figure out the mechanism of bubble growth in subcooled
nucleate boiling, many efforts have been done in the last few dec-
ades. Numerical simulation is one of the most important means to
investigate two phase flow problem and the VOF method is a pop-
ular interface capturing methods adopted by many researchers.
Welch and Wilson (2000) calculated mass transfer rate directly
from the heat flux at the liquid–vapor interface coupled with
VOF, but it may show a deformed bubble shape due to the numer-
ical error in phase change model despite good mass conservation.
Hardt and Wondra (2008) proposed a phase-change model based
on VOF. The mass transfer rate estimated from the evaporation

heat transfer coefficient is artificially shifted to liquid side or vapor
side for condensation and evaporation to avoid the deformation of
the interface. Tomar et al. (2005) developed a phase change model
based on coupled Level Set and VOF method. There are little
research about this method in literature although it’s reported
mass conservative and interface topologies accurate.

Most of previous works simulated bubble growth under satu-
rated boiling condition, simulation of bubble growth in subcooled
boiling is more difficult while there are few papers about it. In this
paper the VOF method in ANSYS FLUENT was used to simulate
bubble growth process in subcooled boiling under two-
dimensional condition. The mass flow was calculated by a phase
change model proposed by Lee (Lee and Veziroglu, 1980) according
to local temperature, and was artificially moved to the cells adja-
cent to vapor-liquid interface. Extra mass source Mml was added
at the bubble base in accordance with experimental data to simu-
late the evaporation of micro layer.

Fig. 1 presents a bubble in subcooled fluid, Qsd is the energy
released by bubble cap in subcooled domain, Qsl stands for the
energy absorbed by bubble cap in superheated liquid layer, Qc is
the total energy absorbed by bubble cap, Qml accounts for the evap-
oration energy of micro layer, Qt stands for the total energy. And q
is determined as heat flows, qsd, qsl, qc, qml and qt are calculated by
temporal differentiation of Qsd, Qsl, Qc, Qml, and Qt respectively. The
relationships of them are shown as follows:

Qc ¼ Qsl � Qsd ð1Þ
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Qt ¼ Qml þ Qc ¼ Qml þ Qsl � Qsd ð2Þ

2. Numerical simulation

2.1. Governing equations

The equations need to be solved in simulations are the conser-
vation equations for mass, energy, momentum and volume
fraction.

r � quð Þ ¼ _q ð3Þ

@qcT
@T

þr � u � qcTð Þ ¼ r � k � rTð Þ þ h ð4Þ
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þr u � quð Þ ¼ �rpþr � l � ruð Þ þ Ss þ Sg ð5Þ
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The source term _q on the right sides of Eqs. (3) and (6) is mass
transfer in phase change process, and the source term h of Eq. (4) is
energy change during the phase transition. The two volumetric
forces Ss and Sg in Eq. (5) account for surface tension force and
gravity respectively. The CSF (Continuum Surface Force) model
proposed by Brackbill et al. (1992) has been implemented in VOF
calculations. In CSF model, the surface tension can be written in
terms of the pressure jump across the surface. The force at the
surface can be expressed as a volume force using the divergence
theorem. It has the following form:

Ss ¼ ralqljvrav þ avqvjlral

0:5ðql þ qvÞ
ð7Þ

nl ¼ ral;nv ¼ ral ð8Þ

n!¼ n
jnj ð9Þ

jl ¼ r � n!l;jv ¼ r � n!v ð10Þ
Whererrepresents surface tension coefficient, qis density, a

stands for volume fraction in control volume n is the surface nor-
mal. The curvature,j, is defined in terms of the divergence of unit
normal n!. Subscripts l and v stand for liquid phase and vapor
phase respectively. In the cells who contain two phases, physical
properties such as density, dynamic viscosity and thermal conduc-
tivity can be calculated by average volume fraction.

2.2. Phase change model

The phase change model proposed by Lee (Lee and Veziroglu,
1980) was implemented in calculation and it can be written as
Eqs. (11), (12) and (13), where T and Tsat are local temperature
and local saturation temperature respectively. If T exceed Tsat, the
evaporation occurs. Liquid phase would transfer into the vapor
phase and the mass source can be written as:

M ¼ clalql
T � Tsat

Tsat
ð11Þ

If T is equal to Tsat, neither evaporation nor condensation would
occur. Otherwise the condensation occurs. Vapor phase would
change into liquid phase. And the mass is:

M ¼ cvavqv
T � Tsat

Tsat
ð12Þ

where cl and cv are the relaxation coefficients which can be modi-
fied artificially to control the phase change rate during the calcula-
tion. According to Wei and Pan (2011), the coefficients are set as
100 s�1 to keep the interface temperature around Tsat. After many
attempts, cl = cv = 800 s�1 is adopted here. The energy absorbed/
released during phase change, h, could be calculated by Eq. (13)
where the hlv is latent heat.

h ¼ hlvM ð13Þ
Assumed that the iso-line of 0.5 vol fraction is vapor-liquid

interface, when evaporation or condensation occur, the mass
sources are added at cells who are closed to interface but not
exactly contain the interface. The mass sources of liquid and vapor
have same value but adverse sign. Thus the interface can be kept
from deformation during calculation and mass is conservative.

2.3. Micro layer

Micro layer is the thin liquid layer between the bubble and heat-
ingwallwhenbubble is growingup. Tiny thickness anddrastic evap-
oration are two features of micro layer. Many researches has been
done to investigate micro layer. Jung and Kim (2014) found that
the thickness of micro layer is only about few micrometers by laser
interferometry experiment. Yabuki and Nakabeppu (2014) deduced
that about 50% of the total evaporation is contributed bymicro layer
during bubble growth by analyzing experiment results. Fig. 2 shows
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Fig. 1. Single bubble growth in the subcooled water.

Figs. 2 and 3. Actual micro region evaporation (left) and a simplify method in simulation (right).
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