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Simulation of single bubble dynamic process in pool boiling process
under microgravity based on phase field method
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We use the phase field method to track the gas—liquid interface based on the gas-liquid two-phase flow in the pool
boiling process, and study the bubble nucleation, growth, deformation, departure and other dynamic behaviors on the
heating surface under microgravity. By simulating the correlation between liquid undercooling and bubble dynamics, we
find that the bubble growth time increases with the increase of liquid undercooling, but the effect of liquid undercooling on
bubble height is not significant. Meanwhile, the gas—liquid—solid three-phase contact angle and the gravity level will also
have an effect on the bubble growth time and bubble height. With the increase of the contact angle, the bubble growth time
and bubble height when the bubble departs also increase. While the effect of gravity level is on the contrary, the smaller the
gravity level is, the larger the bubble height and bubble growth time when the bubble separates.
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1. Introduction

The boiling process has great heat transfer capacity due
to the release of phase change latent heat. With the develop-
ment of aerospace technology, the application of high-power
and highly integrated equipment has been paid more and more
attention. The significance of relevant research on boiling heat
transfer process for such equipment in cooling and other as-
pects makes the gas—liquid two-phase heat exchange system
technology gradually attract attention.!!! Because of its great
application value in aerospace experiments, the study of boil-
ing heat transfer under microgravity has become the focus of
research. Specifically, single bubble boiling heat transfer is of
great significance as the basis of related research on boiling
heat transfer. (%!

Boiling heat transfer under microgravity has become one
of the key points of microgravity physics experiments. Qiu et
al.' conducted an experimental study on the growth and sep-
aration of a single bubble on the heating surface. The experi-
mental result shows the bubble growth cycle is very sensitive
to liquid supercooling. Straub er al.!> showed through their
research results that boiling can be used as the heat transfer
mechanism in the microgravity condition, and the heat transfer
coefficient obtained in microgravity is almost the same as that
in normal gravity. In addition, the decrease of gravity will re-
duce the critical heat flux. Lee et al.!%! used a high-speed CCD
camera to capture the geometry of the bubble growth process,
so as to observe and analyze the bubble growth process, and
obtained the relevant data of a single bubble in the pool with
constant temperature at the boundary during the growth pro-
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cess. Henry et al.!”l used heaters with different aspect ratios
to carry out pool boiling heat transfer measurements at low mi-
crogravity levels, and analyzed the reasons for the expansion
and contraction of bubble surfaces under high and low under-
cooling. Zhao et al.'® conducted a pool boiling experiment in
microgravity on the Chinese recoverable satellite SJ-8 by us-
ing transient heating, and studied the transition from nuclear to
film boiling mode at different degrees of subcooling. Dhir et
al.”! conducted experiments on the initiation and growth of a
single bubble and the lateral merger and department of multi-
ple bubbles under microgravity. Nejati e al.!'%1 used a laser
beam to generate steam bubbles in the supercooled liquid pool
in the international space station and explored the effect of
laser heat on bubble growth. The result shows that the preheat-
ing time has a significant effect on bubble growth. However,
the requirements of the above experiments for low micrograv-
ity lead to high test cost, long experiment time-consuming and
prime requirements for experiment operation. It is difficult to
carry out a large number of experimental studies in the inter-
national space station, and it is complex to conduct stable low
microgravity physical simulation experiments in the ground
constant gravity environment.

With the development of computer simulation technol-
ogy, the numerical simulation method breaks the limitations
of the above experimental methods. Li et al.l''l adopted the
finite difference method and the level set method to simulate
the single bubble dynamics during nucleate flow lifting, and
the results show that the bulk flow velocity, heat surface orien-
tation, etc., impact bubble dynamics. Pu er al.!'? proposed a
robust numerical method to simulate the coalescence process
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of two bubbles under microgravity and normal gravity con-
ditions, then studied the velocity fields inside and around the
bubbles under different gravity conditions. Shu er al.['3! used
the multi relaxation time-lattice Boltzmann method (MRT-
LBM) to study the growth process of bubbles, and analyzed
the interaction between different bubbles based on the estab-
lished model. Urbano and Colin ez al.!'*! used fully resolved
numerical simulation to analyze the micro-liquid layer at the
bottom of the growing bubble. The results show that if the
bubble grows faster than the limit velocity for the contact line,
the micro-layer will be formed. Li et al.!">! described sharp
interface with ghost fluid method, and then simulated the com-
plete single bubble pool boiling process. The research results
show that the wall thickness will strongly affect the bubble
growth process. Zhang et al.['! further analyzed the influence
of the thickness and material parameters of the solid wall on
the bubble growth process. Murallidharan ef al.l'” used di-
rect numerical simulation coupled with an interface tracking
method to simulate bubble growth, and compared the bubble
growth rate curves obtained from the modeling with the exist-
ing experimental data. Liu et al.!'8 adopted level set methods
to use a test function in COMSOL multi physical field soft-
ware to simulate the single bubble boiling process, and com-
pared the results with the empirical equation of Fritz. Cheng et
al.'"! simulated the two-dimensional bubble growth under the
condition of supercooled nucleate boiling by using the fluid
volume method (VOF), and based on this, studied the bub-
ble shape and temperature field. Voglar er al.?"! established a
simplified physical model that can associate the bubble growth
time with other input parameters. The results show that the
thickness of the thermal boundary layer has a significant im-
pact on the bubble growth time. Takada et al.'>!! combined
Navier Stokes (NS) equation with phase field model (PFM),
proposed NS-PFM calculation method, and applied it to cap-
ture the liquid—gas interface motion, providing a better method
for interface tracking of two-phase flow. Phase field method is
widely used because of its advantages of easy boundary pro-
cessing, simple programming and good parallelism. Zhu et
al.'??l simulated the movement of rising bubbles in liquid
based on the Cahn—Hilliard phase field model in combination
with the phase field method. Wang et al.!**! proposed a sta-
bilized phase field method for numerical simulation of boiling
heat transfer, and applied this method to the three-dimensional
boiling heat transfer. Yi et al.”’?*! conducted numerical sim-
ulations of bubble growth under different gravity conditions,
and studied the bubble growth behavior under different super-
cooling. Mianmahale e al.>! used the phase field method to
track the interphase between liquid and gas, and studied single
bubble electro hydrodynamic effects on the two-phase laminar
flow of water under electric field stress. However, although
there has a lot of research on boiling heat transfer, there still

lacks of research on boiling heat transfer mechanism and bub-
ble dynamic behavior under microgravity, and there has rela-
tively few simulations using phase field method.

In view of above problems, this paper combines the phase
field method and uses the phase field function to describe the
evolution process of the gas—liquid two-phase free interface.
We establish a multi physical field coupling mathematical
model including flow field, temperature field and two-phase
dynamic interface capture to simulate the dynamic behavior
of bubbles in the heated surface and liquid phase from growth
to separation from the heated surface in low microgravity en-
vironment. Based on the established model, we explore the
effects of different undercooling on bubble growth time and
bubble height. Meanwhile, we also learn the growth morphol-
ogy of bubbles and the time when bubbles leave the heated
surface when the gravity level is 0.08g, 0.06g, 0.04g, 0.02g,
0.01g, 0.008g, 0.006g, and 0.004g, respectively, and expound
the rules of bubble growth time and bubble height under dif-
ferent contact angles.

2. Numerical method

In order to simplify the dynamic evolution process of a
single bubble on the heating surface and reduce the amount
of calculation, we establish a two-dimensional axisymmetric
model.

(i) Both gas and liquid phases are incompressible laminar
flows.

(ii) The physical properties of the liquid phase are con-
stant, independent of temperature, and the gas conforms to the
ideal gas law.

(iii) In this model, the heat transfer equation and the flow
control equation are isotropic.

(iv) The model only considers the energy transfer in-
volved in the convection conduction of the flow field, and does
not consider the interface radiation heat transfer from the heat-
ing interface to the liquid interface.

2.1. Model establishment

In this study, we establish a mathematical model for the
single bubble growth process in the boiling process, and we
use the phase field method to describe the changes of the two-
phase interface in the bubble growth process. In the model,
the distribution of gas flow field is described by weakly com-
pressible laminar Navier Stokes equation

Jv
Pe (vg- V) vg +Pg71g

—V. {gg [Vog+ (Vo) '| — R - WS'“)I} +F, (1)
d
1V (pyvy) =0, @)
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where I represents unit vector, ¢ represents time, P represents
pressure, (L represents dynamic viscosity, T represents tem-
perature, subscript g represents gas phase, p, represents the
gas density, vy represents the gas velocity, &, represents the
viscosity of the gas phase.

Meanwhile, the distribution of liquid flow field is de-
scribed by incompressible laminar Navier Stokes equation

v
P (’Ul'V)’UlJrPl(Ttl

—v. {gl [Vvl—i-(VU])T} —PII}+F, 3)
V.v=0, “4)

where the subscript 1 represents the liquid phase, p; repre-
sents the liquid density, v, represents the liquid velocity, &
represents the viscosity of the liquid phase. The volume
force of Navier Stokes equation is determined by the grav-
ity term Fg and surface tension Fy; of the gas—liquid interface

composition?°!

-1
=2 l‘b(q’hz) -V v, ©

Fe =pg:, (6)

where g, represents the gravity in the simulation. A represents
the mixed energy density, & = 1.2 x 10~* m represents the
thermocapillary length of the gas—liquid interface thickness,
and ¢ represents the phase field variable. And the following
relationship exists between the mixing free energy density A
and the surface tension coefficient ¥:

_2V24

%= )

The physical parameters in formula can be defined by the
volume ratio of gas and liquid phases, the density p can be
expressed by the following formula:

p =P+ (p1—pe) Vi, 3

where pg and p; are the densities of the gas and liquid, re-
spectively. And thermal conductivity k, specific heat C;,, and
kinetic viscosity u can all be calculated in a similar way to p.
Among them, the volume ratio is calculated as follows:

Vi = min(max([(1 +¢)/2],0),1). ©)

In the simulation process, the natural boundary conditions
that should be satisfied on the gas—liquid interface of gas phase
and liquid phase are

n- {51 [V'ul + (V'ul)T} —PII] v=m (v —vg) +Okn

+n{& [Vog+ (Voo)'| - BRI}, (10)

where m represents the unit normal vector from the liquid
phase to the gas phase, k represents the curvature of the inter-
face. m represents the vaporization rate, and m = 0 represents
there is no phase transition on the interface. Meanwhile, Dirac
Delta function is introduced to track the surface tension on the
two-phase interface &, to make sure the surface tension only
act on the gas-liquid free interface
Vol

8= 6V (1-Vp) -, (11)

where V; represents the volume ratio, which can be used to
solve the physical parameters of the gas—liquid two phases in
the domain.

Since the gas-liquid interface changes with time during
the evaporation of the liquid phase, the movement speed of the
interface, the movement speed of the liquid phase at the inter-
face and the movement speed of the gas phase at the interface
should satisfy

m
Vjng =V} — —N, 12)

P
where v, represents the interface movement speed, and m
represents the vaporization rate. For the gas-liquid phase tran-
sition in the boiling process, a continuity equation with phase

transition is introduced by the phase field method to describe

V-v:m5(1—1)7 (13)
Pz P

as

where m represents the gas mass produced by evaporation of
liquid on the interface of unit area in unit time, which can be
calculated by the equation at the right end of the equal sign
of the following formula. Meanwhile, in order to facilitate
the treatment in the simulation process, the temperature of the
gas-liquid interface is approximately treated, and the interface
temperature is set as the saturation temperature 7 of the liquid.
Moreover, the phenomenon of liquid evaporation occurs when
the liquid temperature at the interface is higher than the satura-
tion temperature of the liquid. After approximate processing,
it can be described by the following formula:
MW

_ e (T—T)
m= (AHg1>n kVT =~ Cpy T (14)

where the constant term C takes the value of 0.03.

In the simulation, the heat transfer control equation of
gas-liquid two-phase can be described by the following for-
mula:

oC, Bfﬂ,,.v)r] — VT, 1)

where C, represents specific heat capacity, k represents ther-
mal conductivity.
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In order to ensure the accuracy of the model, the phase
change latent heat term is added to the convection conduction
equation to obtain

oT mOAH
il . - V. (VT — ¢
pCp{at + (v V)T} V-kVT — (16)

where AHj represents the enthalpy of vaporization, M,, =
0.018 kg/mol represents the molar mass of gas molecules.

In addition, the shear stress on the gas—liquid interface
caused by Marangoni convection due to the difference of tem-
perature distribution in the boiling process can be expressed

as

a9
a7

dv ’
—— AT, -
dr 7 S

“AT;- 0
amn

where the temperature gradient of surface tension d9¥/dT =
—1.8 x 10~* N/(m-K), AT, represents the temperature differ-
ence along the x-axis direction and AT, represents the temper-
ature difference along the y-axis direction.

The phase field function ¢ is introduced to track the gas—
liquid interface. The phase field function is solved by the
phase field equation and the obtained velocity and pressure

field distribution

dp Vv 1
¥t {&[Vv+ (Vo) =PI} — (v-V)v + o F a9

For the gas-liquid phase transition in the boiling process,
the continuity equation with phase transition is introduced by
the phase field method in this study

(9(]) (Vfg Vfl) MA
—4v-Vp—mé| =+—|=V.-—Vo,
vvemm Pg P h? ¢

19
Y (19)
where M represents the phase field mobility, /& represents the
thickness of the two-phase transition region, V¢, and Vf; rep-
resent the volume ratio of gas phase and liquid phase, respec-
tively. ¢ represents the relevant variable of solving the phase

field, which can be obtained by the following formula:
9=0(9>—1) -V 1*V9, (20)

and in the model, the temperature of the heating surface is
uniform and constant, and the contact angle between the gas—
liquid interface and the heating surface is a fixed value, which
is not changed by the movement of the three-phase contact

line.

2.2. Initial condition setting

This study simulates the nucleation and growth process
of bubble during boiling heat transfer. In order to explore the
influence of different parameters on bubble growth and evo-

lution, we use the two-dimensional axisymmetric calculation

region shown in Fig. 1 for simulation. Calculation area is
x Xy =~6cm x 12 cm rectangle, when ¢t = 0, we set a quarter
round steam chamber with radius r = 0.1 cmat x =0, y =0.
In the simulation, the initial simulation conditions set the la-
tent heat of evaporation to (4200/My,) J/mol and the saturation
temperature 7y = 373.15 K.

As shown in Fig. 1, we set the left axis of the rectangular
calculation area to always be axisymmetric boundary, the re-
maining three axes of the rectangular calculation area are set as
the following boundary conditions in the process of gas—liquid
two-phase flow and convection conduction, respectively. (i) In
the process of gas—liquid two-phase flow, this paper sets the
upper axis of the calculation area as the outlet boundary with-
out viscous stress, the right axis as the ideal non slip bound-
ary, that is, v = 0, and the lower axis as the wetting bound-
ary. At the initial time 7y, we set the simulation conditions as
v (t9) =0, P(f9) = 0. (ii) In the process of convection conduc-
tion, both the upper axis and the right axis are set as thermal
insulation boundaries, and the lower axis is set as the third type
of heat transfer boundary conditions. The orange boundary in
Fig. 1 represents the solid-liquid interface in the simulation
process, and the green boundary represents the gas—liquid in-
terface, the included angle from the gas—liquid interface to the
solid-liquid interface is the contact angle of the heating sur-
face 6.

In the simulation, we focus on the base diameter and bub-
ble height during the growth of the steam chamber as shown
in the figure. The physical parameters used in the simulation

are shown in Table 1.
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Fig. 1. Schematic diagram of simulation area.
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Table 1. Material physical parameters.

Property Symbol Gas Liquid
Specific heat Cp (J/(kg-K)) 1840 4200
Thermal conductivity k (W/(m-K)) 8.3154x 107> -T —7.4556 x 1073 0.63
Kinetic viscosity u (Pa-s) 4.0x 1077 1.0x 1073
Density p (kg/m?) (p+po) My /8314)T 1.0x 10°

3. Results and discussion

In this paper, we establish a bubble growth model un-
der microgravity, and in this model, we use the dimensionless
form in the solution process. This study simulates the nucle-
ation, growth, deformation and detachment process of a single
bubble under different gravity conditions, undercooling condi-
tions and contact angles, and explores the evolution law under
different conditions. In this work, T, represents wall super-
heat, 6 represents the contact angle, g, represents the gravity
level, Ty, represents liquid supercooling.

3.1. Morphological evolution of a single bubble in micro-
gravity

Figure 2 shows the evolution of a single bubble when
Tawb=0K, T, =5.5K, g;/g =0.04, 6 = 50°, the red area
in the figure indicates the growth of bubbles, and the blue area
is the liquid phase area. Figure 2(a) shows the growth mor-
phology of the bubble at the time of 0.01 s. In this stage, the
bubbles grow rapidly on the heating surface, the red area grad-
ually expands, and both the bubble height and base diameter
are in the expansion stage. When the bubble grows to 0.25 s,
the height of the bubble is still growing, but the bottom of the
bubble begins to shrink, as shown in Fig. 2(b), and at this time,
the bubble height is 1.38 cm, the base diameter reaches the
maximum value of 0.57 cm during the growth process. From
0.25 s to 0.49 s, the bubble height still increases, but unlike
the previous stage, the base diameter gradually decreases un-
til the bubble left the heating interface. Figure 2(c) is the last
time when the bubbles leave, and the bubble height is 2.34 cm
at this time. Figure 2(d) shows the shape of the bubbles at
0.40 s, when the bubbles are completely separated from the
heating interface. During the whole growth process, the bub-
ble height keeps increasing, while the base diameter shows a
trend of first increasing and then decreasing. The gas—liquid
interface gradually extends to the liquid phase, and the bubble
shape gradually becomes an elliptical shape, and finally the
bubble separates from the heating interface.

In order to explore the change law of bubble shape during
bubble growth under low microgravity conditions, we further
carry out quantitative research, as shown in Fig. 3, the func-
tion of bubble height and base diameter with time, where the
orange curve represents the base diameter. Atz = (.25 s, the
bottom diameter of the bubble reaches the maximum value,
that is, the base diameter of the bubble first increases and

then decreases. Specifically, the size of the base diameter of
the bubble expands slowly on the heating surface within 0 s—
0.25 s, the bottom diameter increases from the initial 0.10 cm
to 0.57 cm, and then begins to reduce the bottom diameter
within 0.25 s-0.49 s, from 0.57 cm to 0 cm. Finally, the bub-
ble separates from the heating surface, and the bottom diame-
ter of the bubbles is 0 cm. The bubble height increases from
bubble nucleation to final separation, as shown by the green
curve in Fig. 3. This result is generally consistent with the
results of Dhir et al.'”! in NASA microgravity physics labora-
tory. In order to facilitate simulation and quantitative research,
the model in this paper does not consider the dynamic contact
angle between the bubble and the heating surface, but adopts
a static contact angle of 50°. On the whole, this simulation
can completely reproduce the evolution law of bubbles from
initial nucleation to final separation from the heated surface.
And the model has good consistency and accuracy compared
with classical experiments.

6
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Fig. 2. Bubble shape at time (a) r = 0.01 s, (b) 1 =0.25 s, (¢) t = 0.39 s,
(d)t=0.40s.
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Fig. 3. Bubble height and base diameter as a function of time.

3.2. Effect of liquid subcooling on bubble growth

Figure 4 shows the change process of bubble height and
bubble base diameter with time when other conditions are the
same, while the liquid undercooling is different. Lines of the
same color in the Fig. 4 represent bubble height and base di-
ameter under the same simulation conditions. It can be seen
from the figure that with the increase of liquid undercooling,
the bubble growth rate decreases and the bubble growth cycle
increases. When the liquid undercooling is 1 K, the time for
bubble to finally leave the heating interface is 3.31 s, while
when the liquid undercooling increases to 9 K, the departure
time for bubble becomes 4.23 s. At the same time, the max-
imum value of bubble base diameter also changes under dif-
ferent liquid subcooling degrees. It is obvious from the curve
showing bubble base diameter in the figure that with the in-
crease of undercooling, the base diameter gradually decreases.
When the liquid undercooling is 1 K, the base diameter begins
to shrink gradually when it reaches 3.69 cm, while when the
liquid undercooling is 9 K, the maximum value that the bubble
base diameter can reach is 3.36 cm. The value of bubble height
always shows an increasing trend in the whole growth process,
and it can be seen from the figure that the smaller the liquid un-
dercooling, the smaller the value of bubble height. At the time
of t = 3 s, the value of bubble height is 9.87 cm, 9.56 cm, and
9.41 cm when the liquid undercooling is 1 K, 2 K, and 3 K,
respectively. Generally speaking, we can conclude that under
microgravity conditions, with the increase of liquid undercool-
ing, the bubble growth cycle time increases, while the maxi-
mum value of base diameter will decrease with the increase
of liquid undercooling. Furthermore, Table 2 compares the
maximum base diameter of bubble before gradually shrink-
ing and the maximum height before bubble lift off under the
same other conditions and different degrees of undercooling,
we find that under low microgravity, the base diameter of bub-
bles shows a dynamic change of expansion and contraction,

and generally, when the base diameter of bubbles expands un-
til it reaches 30%—40% of the maximum bubble height, the
base diameter will shrink, and finally the bubbles will lift off.
Figure 5 describes the change of bubble departure time
and bubble height at liftoff with liquid undercooling. The pink
curve in Fig. 5 represents the time when the bubble finally
leaves the heating surface after boiling, and the green curve
represents the bubble height corresponding to the departure
time. It is obvious that the pink curve shows a very clear up-
ward trend. When the liquid undercooling is 4 K and 8 K,
the corresponding bubble department time is 3.8 s and 4.08 s
respectively, which means that under the same gravity level
and system pressure, with the increase of liquid undercool-
ing, the departure time of bubbles gradually increases, and we
can find from the figure that the greater the undercooling, the
more obvious this phenomenon is. The green curve is always
at a relatively stable level, and with the increase of liquid un-
dercooling, its value is always about 9.5 cm. The green curve
has little fluctuation, and the value is generally stable, which
means that the change of bubble height with undercooling is
not very obvious, and the size of liquid undercooling has no
significant effect on bubble height at the time of liftoff.
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Fig. 4. Bubble height and base diameter with time at different liquid sub-
cooling degrees.
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Table 2. Maximum base diameter and bubble height under different undercooling.

Undercooling 1K 2K 3K 4K 5K 6K 7K 8K 9K
Bubble height (cm) 9.87 9.56 9.41 9.40 9.33 9.24 9.23 9.26 9.32
Base diameter (cm) 3.69 3.50 3.45 3.42 341 3.38 3.38 3.35 3.36
Base diameter/bubble height (%) 37.39 36.61 36.63 36.38 36.55 36.58 36.62 36.18 36.05

3.3. Effect of contact angle on bubble growth

Figure 6 shows the changes of bubble height and bub-
ble base diameter with time under different contact angles, in
which the green curve, blue curve and orange curve represent
bubble height and base diameter at 0 = 80°, respectively. We
can find that at the initial stage of bubble growth, the bubble
height and base diameter at different contact angles are not
much different. With the passage of time, the bubble height at
different contact angles is relatively close, but the base diame-
ter difference is very obvious. When the contact angle is 80°,
it can be seen from the green curve in Fig. 6 that the base diam-
eter of the bubble is 0 cm at r = 2.63 s, which means that the
bubble leaves the heating surface, and at this time, the bub-
ble height is 8.32 cm. When the contact angle is 90°, it can
be seen from the blue curve that within 0 s—1.52 s, the base
diameter gradually increases with time, and after r = 1.52 s,
the value of base diameter gradually decreases and the bubble
shrinks. When ¢ = 3.14 s, the bubble leaves the heating sur-
face, and the bubble height at this time is 9.68 cm. When the
contact angle is 95°, the changes of bubble height and base di-
ameter with time are shown in the orange curve, att = 1.3 s,
the curve of bubble height intersects with the curve of base di-
ameter. Before this intersection, the value of base diameter is
greater than that of bubble height, and then the value of bubble
height is significantly greater than that of base diameter, which
is similar to the others two curves.
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Fig. 6. Bubble height and base diameter as a function of the contact angle.

In order to get a clearer relationship between contact an-
gle and bubble shape, we simulate the bubbles under different
contact angles, the results are shown in Fig. 7. We can find
that the bubble morphology at the same time with contact an-
gles of 80°, 90°, and 95° respectively. It can be seen from the

figure that when the contact angle is 95°, the base diameter of
the bubble is significantly larger than that when the contact an-
gle is 90° or 80°, but the bubble height values of the three are
not different. Through the above analysis, we can conclude
that with the increase of contact angle, the bubble growth cy-
cle gradually becomes larger, meanwhile the larger the contact
angle is, the larger the base diameter on the heating surface is.

5

Bubble height (cm)

Base diameter (cm)

Fig. 7. Bubble morphology with different contact angles at the same time.
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Fig. 8. Bubble height at liftoff and departure time as a function of the
contact angle.

Figure 8 shows the changes of bubble height and depar-
ture time at the contact angle of 60°, 70°, 80°, 90°, and 95°
at the gravity level of 0.007g, respectively. The yellow curve
represents bubble department time, and the green curve rep-
resents bubble height at liftoff. It can be seen from the figure
that both the yellow curve and the green curve show an upward
trend with the increase of time, and the rising range is basically
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similar, which indicates that the bubble height and departure
time increase with the increase of contact angle. The increase
of bubble departure time may be due to the increase of surface
tension to maintain the stable shape of bubbles when the angle
of contact angle increases, which will make it more difficult
for bubbles to separate, resulting in longer bubble separation
time.

3.4. Effect of gravity level on bubble growth

Figures 9(a) and 9(b) show the shape of the bubbles leav-
ing the heating front and the bubble height throughout the
growth process at different gravity levels, respectively. The
dotted lines with different colors in Fig. 9(a) are the same for
other simulation conditions, but the bubbles leave the heating
surface under different gravity level conditions. According to

1.127:281 and their qualitative

the research of Zhao and Du et a
comparison with the RKM model, we choose the gravity lev-
els as 0.08¢g, 0.06g, 0.04g, 0.02g, 0.01g, 0.008¢g, 0.006g, and
0.004g, respectively. It can be clearly seen from the shape of
the bubble in the Fig. 9(a) that the shape of the bubble un-
der the condition of 0.08g is the smallest, and the shape of
the bubble under the condition of 0.004g is the largest, and
the shape and size of the bubble before take-off is inversely
proportional to the level of gravity, that is the higher the grav-
ity level, the smaller the shape of the bubble. Figure 9(b) is
the change curve of bubble height with time under the grav-
ity condition corresponding to Fig. 9(a). We can see from the
Fig. 9(b) that in the early stage of bubble growth, the bubble
height under different gravity conditions is not very different,
and the curves in the figure almost overlap. During the later
stages of bubble growth, the distance between the curves grad-
ually widens, especially before the bubble lifts off. In addition,
we take the radius of a circle as the bubble departure radius R,
and the area of this circle is equal to the bubble area at the
time of departure, then we study the relationship between the
bubble departure radius and different gravity levels. The sim-
ulation results are shown in Fig. 10(a). It can be clearly seen
from Fig. 10(a) that with the increase of gravity level, the bub-
ble departure radius gradually decrease. We can obtain the
curve shown in Fig. 10(b) by further analyzing of this law, that
is, the bubble departure radius R is proportional to g’l/ 2,
Figure 11 shows a single bubble morphological evolu-
tion under the condition of 6 = 50°, Ty, = 10 K, Ty, = 0,
g./g = 0.006. Because the growth cycles of bubbles under
different gravity levels are similar, and at the same time, in or-
der to express the research law more clearly, we use the growth
process of a single bubble at a gravity level of 0.006g to study.
The bubble shape in Fig. 11 is the shape of the bubble every
0.5 s after the start of the simulation and the shape of the bub-
ble when it finally leaves the heating surface, and its bubble
height corresponds to the blue line in Fig. 9(b). In the initial
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Fig. 9. (a) Bubble shapes at liftoff under different gravity levels. (b)
Bubble equivalent diameter as a function of the growth time.
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Fig. 10. (a) The variations of bubble departure radius with gravity level.
(b) The variations of bubble departure radius with g’l/ 2

stage of bubble growth, bubbles grow rapidly on the heated
surface. As the height of the bubble increases, the base diam-
eter of the bubble also increases. But the base diameter of the
bubble begins to shrink after reaching the maximum size until
it leaves the heating surface, but the height of the bubble con-
tinues to rise. When the base diameter of the bubble reaches
the maximum size, the shape of the bubble is shown by the red
dotted line in Fig. 11, and its radius value is 1.53 cm. Then,
the bottom of the bubble begins to shrink, and the height of
the bubble increases as the bottom shrinks. Finally, the bub-
ble leaves the heating surface in the shape shown by the black
dotted line in Fig. 11. In Fig. 9(b), the corresponding bubble
height is 5.08 cm, and the diameter of the bottom of the bub-
ble is 30.12% of the height of the bubble. Under the action
of surface tension, bubbles separate from the heated surface
and produce new nucleation points. And the cycle behavior of
bubble nucleation, growth, deformation and detachment will
be repeated. Combined with Figs. 9 and 11, we can conclude
that in the early stage of bubble growth, the influence of grav-
ity level on bubble shape is not obvious. From the perspective
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of bubble growth morphology, the bubble growth law under
different gravity levels is similar as a whole, but the bubble
diameter and growth time will increase with the decrease of
gravity level.

6
—1t=0.5s
— t=1.0s
r t=15s
t=2.0s
sE— o~ - — - t=2.15s
\.
- \.
\
\
ar \

Bubble height (cm)
w
T
1

Base diameter (cm)

Fig. 11. Dynamic evolution of single bubble at 0.006g gravity.

4. Conclusion

In this study, we take single bubble pool boiling as the
model system of nucleate boiling phenomenon, numerically
study the nucleation, growth, deformation and abscission pro-
cess of single bubble by using phase field method. Based on
the model, we analyze the effects of liquid undercooling, con-
tact angle and gravity level on bubble growth process and des-
orption characteristics. Through the study of the established
model, we draw the following conclusions.

(1) In the low microgravity condition, the bubble growth
process is accompanied by the dynamic changes of the expan-
sion and contraction of the bubble base, which shows that the
bubble base expands to 30%—40% of the maximum height of
the top of the bubble and begins to shrink until it detaches,
which is consistent with the experimental results.

(i1) And the simulation results show that the liquid sub-
cooling degree has no significant effect on the bubble height,
but with the increase of the subcooling degree, the bubble
growth time will increase significantly. At the same time, the
bubble height and departure time are also affected by the con-
tact angle between the solid-liquid—gas three phases. With
the increase of the solid-liquid—gas contact angle, the bubble
height and departure time both increase.

(iii) In addition, we find that the bubble departure radius
R is proportional to g~ '/2, and the bubble height and growth
time decrease with the increase of gravity. At different low
microgravity levels, the bubble height and growth time show
similar laws with the change of gravity level.
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