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Abstract: The numerical method was used to study bubble sliding characteristics and dynamics
of R134a during subcooled flow boiling in a narrow gap. In the numerical method, the volume
of fraction (VOF) model, level set method, Lee phase change model and the SST k − ω turbulent
model were adopted for the construction of the subcooled flow boiling model. In order to explore
bubble sliding dynamics during subcooled flow boiling, the bubble sliding model was introduced.
The bubble velocity, bubble departure diameter, sliding distance and bubble sliding dynamics were
investigated at 0.2 to 5 m/s inlet velocities. The simulation results showed that the bubble velocity at
the flow direction was the most important contribution to bubble velocity. Additionally, the bubble
velocity of 12 bubbles mostly oscillated with time during the sliding process at 0.2 to 0.6 m/s inlet
velocities, while the bubble velocity increased during the sliding process due to the bubble having had
a certain inertia at 2 to 5 m/s inlet velocities. It was also found that the average bubble velocity in flow
direction accounted for about 80% of the mainstream velocities at 0.2 to 5 m/s. In the investigation
of bubble sliding distance and departure diameter, it was concluded that the ratio of the maximum
sliding distance to the minimum sliding distance was close to two at inlet velocities of 0.3 to 5 m/s.
Moreover, with increasing inlet velocity, the average sliding distance increased significantly. The
average bubble departure diameter obviously increased from 0.2 to 0.5 m/s inlet velocity and greatly
reduced after 0.6 m/s. Finally, the investigations of the bubble sliding dynamics showed that the
surface tension dominated the bubble sliding process at 0.2 to 0.6 m/s inlet velocities. However, the
drag force dominated the bubble sliding process at 2 to 5 m/s inlet velocities.

Keywords: bubble velocity; sliding distance; bubble departure; bubble sliding dynamics

MSC: 80M12

1. Introduction

Subcooled boiling as an efficient heat transfer method has been applied in many
fields; for example, commercial refrigeration, the electronics industry, nuclear power and
the aerospace industry [1–5]. During subcooled flow boiling, the bubble with non-zero
velocity typically slides along the heating wall until departure and annihilation. The
bubble behaviors, including sliding, departure and annihilation, change the flow flied and
temperature flied, which enhances heat transfer in subcooled flow boiling. Among these
bubble behaviors, the bubble sliding process involves many complex changes, and it is of
great importance to understand bubble sliding and effectively the control sliding process
for heat transfer enhancement.
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Researchers have paid more attention to conducting a lot of research on characteristics
of bubble sliding in subcooled flow boiling. Cai et al. [6] found that supercooling was an
important factor in determining bubble detachment through experiments, as when the
fluid saturation or the supercooling of the fluid can be neglected, the bubbles cannot leave
the surface close to the wall and they will accumulate to a certain volume and slide up-
ward. Furthermore, when the subcooling of the coolant reaches 2 K, the bubble separation
phenomenon is observed for the first time. It is known that a certain degree of subcooling
is a prerequisite for the bubble to leave the wall. Yuan et al. [7] experimentally investigated
the bubble sliding process during subcooled flow boiling in a rectangular channel with a
gap of 2.5 mm, and the investigation was conducted with velocities of 0.137 to 0.328 m/s
and heat fluxes of 77.69 to 147.32 kW/m2. The results showed that both bubble sliding
distance and bubble velocity increased with the increasing of mainstream velocity. The
bubble sliding distance was affected by bubble nucleation because of the interaction among
sliding bubbles. Liu et al. [8] experimentally studied the bubble characteristics in subcooled
flow boiling, and it was found that the bubble sliding velocity was equal to the average inlet
velocity at a heat flux of 0.3 MW/m2, subcooling of 30 K and mass flux of 800 kg/m2. The
bubble slid long distances without obvious change of size and shape in low heat fluxes of
150 kW/m2, and the sliding velocity accounted for 78% of mean inlet velocity. In contrast,
the bubble grew rapidly at nucleation sites in a high heat flux of 300 kW/m2; after that,
the bubble size increased significantly during the sliding process and it was explained
that the sliding bubble absorbed only nucleated bubbles. Additionally, the bubble sliding
velocity was approximately equal to the mainstream velocity. Cao et al. [9] experimentally
studied the bubble behavior in subcooled flow boiling under different velocities from 0.1 to
0.8 m/s. At low subcooling, the bubble behavior was quite similar at different velocities,
and the bubble departed the heating wall with a maximum size after sliding. In the in-
vestigation of the bubble sliding characteristics, two methods, an experimental method
and a numerical method, were used. The results of the experimental method are real
and credible for the study of subcooled boiling, but the internal data cannot be measured
well. More physical quantities can be obtained directly by a simulation method under the
condition of completing model validity. Owoeye [10] investigated the effect of bulk velocity
on bubble sliding velocity in subcooled flow boiling by employing a simulation method.
The relative bubble sliding velocity decreased with the bulk velocity, especially at high bulk
velocity. Meanwhile, the oscillation of bubble sliding velocity increased at high velocity.
Wei et al. [11] investigated the bubble behaviors in subcooled flow boiling based on a VOF
model; it was found that, under the condition of additional inertial forces, the mass flow
rate fluctuated significantly. Obviously, the simulation research of subcooled flow boiling
has superiority in aspects of data acquisition and volume; for example, the velocity and
temperature. Although some progress has been made in bubble sliding during subcooled
flow boiling, the bubble sliding details are still not perfect and a lot of work needs to be
carried out.

The bubble sliding dynamics is another important direction of subcooled boiling
research, and several bubble sliding dynamics models have been established and improved,
whereas the bubble sliding model is still under further examination. Klausner et al. [12]
proposed the bubble growth model for subcooled flow boiling. In this model, the bubble
slides along the heating wall when the force balance breaks in the flow direction. The bubble
departed from the heating wall when the force balance was broken in the radial direction.
Sugrue and Buongiorno [13] proposed that surface tension and buoyancy dominated bubble
sliding process on the basis of Klausner et al. [12] and Yun et al. [14] models, while the shear
lift force and surface tension dominated when the bubble departed from the heating wall.
Zhou et al. [15] experimentally investigated the bubble growth in horizontal subcooled
flow boiling, then proposed a modified bubble growth model. The buoyancy was not
considered in the bubble sliding direction. Yu et al. [16] studied the behavior of sliding
bubbles in vertical upward subcooled boiling flow through visualization experiments and
established a new force balance model based on differential equations of motion to predict
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the motion of sliding bubbles. It was found that the added mass effect and flow resistance
drive the bubble to move rapidly in the early stage, while the buoyancy drives the bubble to
move slowly in the later stage. Wang et al. [17] used forced convection boiling experiments
to study the growth and sliding of a single bubble during heating and found that bubble
behavior is very different from upward or vertical boiling due to gravitational effects. The
velocity of the bubble is close to the velocity of the surrounding liquid, and the bubble
expansion velocity increases with the mass flux. Ren et al. [18] developed the bubble
growth model, and bubble departure after sliding was discussed. Researchers have no
consistent theory for bubble sliding models, since bubble sliding is not clearly studied.

Refrigerant R134a has a relatively low global warming potential value, which is widely
used in commercial refrigeration [19]. It is necessary to study the performance of R134a,
and some studies have focused on the bubble behavior of R134a. Jeon et al. [20] numerically
investigated the bubble condensation of R134a in a tube based on a VOF model. Da Riva and
Del Col [21] used R134a to study the condensation of bubble, and the SST k-ω model was
adopted for high velocity scenarios. Chen et al. [22] studied the bubble behavior of R134a
inside horizontal gaps in subcooled flow boiling, and the bubble boiling was observed. At
present, the bubble condensation characteristics of R134a have been extensively studied,
while bubble characteristics are rarely studied due to the complexity of boiling, let alone
bubble sliding characteristics and bubble sliding dynamics.

As reviewed above, the bubble sliding characteristics and dynamics of R134a during
subcooled flow boiling flow are not reported and clearly understood; thus, the bubble
sliding characteristics and bubble sliding dynamics of R134a have been investigated to
better understand the bubble sliding for heat transfer enhancement in this paper. In
addition, the gap structure is used as a fluid channel because of the sufficient heat transfer
in small spaces and its application in refrigeration systems and nuclear fields [3,23]. The
study’s purpose is to investigate the bubble velocity, bubble departure diameter, sliding
distance and bubble sliding dynamics under the conditions of 0.2 to 0.8 m/s inlet velocities.
Therefore, the simulation method was more suitable due to bubble velocity and sliding
distance being more easily obtainable, while the experimental method would have been
more difficult to do. Further, the VOF model and level set method are used for the tracking
of the bubble. The VOF model is widely used in interface tracking, and the level set method,
which as a new interface tracking algorithm, can optimize the interface. In addition, the
Lee phase change model was used to control the formation of bubbles, as well as the SSK k
− ω turbulence model. The SSK k − ω turbulence model takes into account the effect of
velocity on bubble motion. The details of models have been discussed extensively in the
authors’ prior work [24].

2. The Bubble Sliding Model

Klausner et al. [12] built the stationary bubble growth model by using a force balance
approach, which could predict the bubble size, particularly when the bubble departed from
the nucleation sites. Yoo et al. [25] developed the bubble growth model for all directions of
the channel. The forces acting on the bubble is shown in Figure 1, including surface tension
Fs, shear lift force Fsl, hydrodynamic pressure force Fhp, contact pressure force Fcp, growth
force Fdu, quasi-steady drag force Fqs and buoyancy force Fb. These forces are divided into
flow direction and are perpendicular to the flow direction in a horizontal tube; the sum of
forces equations is given as follows:

∑ Fx = Fsx + Fdu + Fqs (1)

∑ Fy = Fsy + Fy + Fb + Fsl + Fhp + Fcp (2)
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Ren et al. [18] developed the bubble growth model based on work by Klausner
et al. [12], which focused on the construction of the bubble sliding model after the bubble
left the nucleation site. The force balance model of bubble departure from the heating wall
after sliding was proposed as:

∑ Fx = Fqs (3)

∑ Fy =Fsl + Fduy (4)

The onset of sliding is defined by the horizontal force balance breaks, and the bubble
departs from the heating wall when the radial force balance breaks. According to the above
analysis equations, the bubble sliding model is built on the basis of the model of Klausner
et al. [12]; the sum of forces equations is given as follows:

∑ Fx = Fsx + Fdu + Fqs ∑ Fx > 0 (5)

∑ Fy = Fsy + Fy + Fb + Fsl + Fhp + Fcp ∑ Fx = 0 or ∑ Fx < 0 (6)

In research on the bubble sliding of R134a, the surface tension was considered in
the numerical model, as well as the shear lift force and quasi-steady drag force. The
shear lift force and quasi-steady drag force have significant effect on the bubble sliding
process, because shear lift force and quasi-steady drag force are related to the velocity and
affect the motion of the bubble. Considering the gravity and the effect of bubble growth,
the buoyancy force cannot be ignored. In addition, the pressure and shape change are
not discussed, so the contact pressure, hydrodynamic pressure and growth force are not
investigated in this paper. Therefore, the surface tension and shear lift force, quasi-steady
drag force and buoyancy force are investigated to research the details of bubble sliding
dynamics. Referring to the research of Klausner et al. [12], Table 1 gives the expression of
the above force.

Considering that the bubbles not regular spheres, the departure diameter is calculated
by equivalent departure diameter [26], and the equation is:

D = (AB)
1
2 (7)

where A and B are the bubble width and height.



Mathematics 2023, 11, 2197 5 of 23

Table 1. The expression of forces.

Force X Flow Direction Y Radial Direction

Fs Fsx = −1.25dwσ
π(α−β)

π2−(α−β)2 (sinα + sinβ)
Fsy = −dwσ π

α−β (cosβ− cosα)

dw = 0.2Db

Fsl -

Fsl =
1
8 CLρlπDb

2ur
2

CL = 3.887Gs
0.5(Reb,r

−2 + 0.014Gs
2)

0.25

Gs =
∣∣∣ dubulk

dy

∣∣∣ Db
2ur

Fqs Fqs = 3π
[

2
3 + (( 12

Reb,r
)

0.65
+ 0.7960.65)

] −1
0.65

ρlνlurDbReb,r =
Dbur

νl
-

Fb - Fb = 4
3 πr3(ρl − ρv)g

where α angle and β angle are the angles between the tangential line along the bubble boundary and the wall
surface at the contact point between the left and right sides of the bubble and the wall surface, respectively, as
shown in Figure 1. In addition, Db is the bubble diameter and ur is the relative sliding velocity of the bubble
defined as ur = ub − ubulk, ub is the bubble velocity and ubulk is the velocity of the main fluid region, CL is the
shear lift coefficient and Gs is the dimensionless shear rate on the bulk flow.

3. Numerical Methods
3.1. Mesh

The O-grid mesh was generated for the simulation by using the software ICEM.
Figure 2a,b present the geometric model and inlet mesh. The geometric model was specifi-
cally a simplified three-dimensional horizontal tube, the part boundary condition was set in
ICEM and the detail is shown in Table 2. The simulation adopted the O-grid mesh to ensure
the stability of the simulation [27]. Moreover, the boundary layer mesh was refined and the
height of the first layer mesh was selected as 0.1 mm according to the bubble departure
diameter of R134a as shown in Figure 2b. Finally, considering the saving of computing
resources, the total number of hexahedral meshes generated was 3,073,896.
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Table 2. Structural dimensions and part boundary condition.

Component Dimensions (mm) Component Boundary Condition

inlet diameter 10 inlet mass flow inlet

outlet diameter 16 outlet Pressure outlet

length 100 inner wall wall

gap 3 outer wall wall

gap fluid

3.2. Governing Equations

The numerical simulation was performed using the VOF model, level set method and
Lee phase change model. Further, the SST k − ω turbulent model was selected due to
the turbulence near the wall. Based on the above model construction, the bubble will be
observed in subcooled flow boiling. The governing equations are given as the following.

The continuity equation with the VOF [11,28] model:

∂αv

∂t
+∇·(→u αv) =

mlv
ρv

(8)

∂αl
∂t

+∇·(→u αl) =
mvl
ρl

(9)

αl + αv = 1 (10)

where u and ρ are the fluid velocity and density, respectively, subscript v and l stand for
vapor and liquid phase, mlv stands for mass source from liquid phase to vapor phase, mvl
stands for mass source from vapor phase to liquid phase, α represents the volume fraction
and the phase is controlled by volume fraction where α = 1 is for liquid phase, α = 0 is for
vapor phase and 0 < α < 1 is for vapor–liquid interface.

The momentum equation is shared by two phases with the VOF [11,28] model:

∂ρ
→
u

∂t
+∇·(ρ→u→u ) = −∇p +∇·[(µ + ρνt)(∇

→
u +∇→u

T
)] + ρ

→
g + σ

ρκl∇αl
0.5(ρl + ρv)

(11)

where p, g, σ, µ, ρ, νt and κ are the pressure, acceleration of gravity, coefficient of surface
tension, mixture viscosity, mixture density, turbulent kinematic viscosity and surface
curvature, respectively.

The energy equation is shared by two phases with the VOF [11,28] model:

∂(ρcpT)
∂t

+∇(→u (ρcpT + p)) = ∇((λ + ρcp
νt

Prt
)∇T) + SE (12)

where T, cp and SE are temperature, mixture specific heat capacity and the energy source
term, respectively. Meanwhile, λ and Prt represent mixture conductivity and the turbulent
Prandtl number.

In Equations (11) and (12), surface curvature κl , mixture density ρ, mixture viscosity µ,
mixture specific heat capacity cp and mixture conductivity λ are as follows [24]:

κl = ∇ ·
∇α

|∇α| (13)

ρ = αlρl + αvρv (14)

µ = αlµl + αvµv (15)
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cp = αlcpl + αvcpv (16)

λ = αlλl + αvλv (17)

The control equation with the level set method [29]:

∂φ

∂t
+∇·(→u φ) = 0 (18)

where φ is symbolic distance function and the zero iso-surface of φ is used to track the
vapor–liquid interface.

The definition of symbolic distance function φ [29]:

φ(x, t) =


d(x, {x ⊂ Ω | φ(x, t) = 0})

0
−d(x, {x ⊂ Ω | φ(x, t) = 0})

x ∈ R
x = {x ⊂ Ω|φ(x, t) = 0}

x ∈ R
(19)

The momentum equation with the level set method [30,31]:

ρ(φ)∂
→
u

∂t
+ ρ(φ)∇·(→u→u ) = −∇p + µ(φ)∇·[(∇→u +∇→u

T
)] + ρ(φ)

→
g + σκlevelδ(φ)∇φ (20)

where ρ(φ) and u(φ) are density smoothed and viscosity smoothed, respectively, and κlevel
stands for curvature and δ(φ) stands for averages of the Heaviside function.

The heaviside function smoothed H(φ) [24]:

H(φ) =


0
1
2
1

[
1 +

φ

ε
+

1
π

sin(
πφ

ε
)

] if ϕ < −ε
if ϕ ≤ |ε|
if ϕ > ε

(21)

where ε is thickness of interface.
In Equation (20), ρ(φ), u(φ), δ(φ) and κlevel are calculated as follows [24,30,31]:

ρ(φ) = ρv + (ρl − ρv)H(φ) (22)

µ(φ) = µv + (µl − µv)H(φ) (23)

κlevel = ∇ ·
∇φ

|∇φ| (24)

δ(φ) =
dH(φ)

dφ
(25)

The phase change model with the Lee model [32]:

mlv = −ηαlρl
T − Tsat

Tsat
(i f T > Tsat) (26)

mvl = ηαvρv
Tsat − T

Tsat
(i f T < Tsat) (27)

SE = hm (28)

where η is phase change mass transfer coefficient, Tsat stands for saturation temperature
and h stands for latent heat.



Mathematics 2023, 11, 2197 8 of 23

The transport equation with the SST k − ω model [33]:

∂ρk
∂t

+∇ · (ρk
→
u ) = ∇ · [(ν +

νt

σk
)∇ · k] + Gk −Yk (29)

∂ρω

∂t
+∇ · (ρω

→
u ) = ∇ · [(ν +

νt

σω
)∇ ·ω] + Gω −Yω + Dω (30)

where k and ω stand for turbulent kinetic energy and turbulent vortex frequency, respec-
tively, σω and σκ stand for reciprocal of effective turbulent Prandtl number of turbulent
vortex frequency and turbulent kinetic energy, respectively, and Gk, Gω, Yk, Yω and Dω
stand for generation term of turbulent kinetic energy caused by time-average velocity
gradient, generation term of turbulent vortex frequency, dissipation term of turbulent
kinetic energy, dissipation term of turbulent vortex frequency and cross diffusion term. The
specific definition of the above content references the following equations.

In Equations (11), (12), (29) and (30), the turbulent kinematic viscosity νt is given as
follows [33]:

νt = ρ
k2

ω

1

max[ 1
a∗ , SF2

a1ω ]
(31)

where a1 = 0.31, a* = 1, S is the strain rate and F2 refers to [33].
The cell of first layer uses 4 < y+ < 20 to ensure that the region is near the heating wall

within the buffer region [10]. The equation of y+ is given as follows:

y+ =
yuτ

ν
(32)

where uτ , y and ν stand for shear velocity, boundary layer length and kinematic viscos-
ity, respectively.

3.3. Simulation Settings

All of the simulation settings were completed in the software Fluent, including materi-
als, boundary conditions and algorithms. The R134-liquid and R134-vapor were named in
the materials setting, then the thermophysical properties density, viscosity, specific heat
capacity and thermal conductivity were obtained from the software REFPROP 8.0. The
specific heat capacity was set by using a piecewise-linear function for the specific heat
capacity which varies with temperature in the simulation; other thermophysical properties
were set to constant.

The mesh generated by ICEM only set simple boundary conditions. For research
purposes, the boundary conditions could be set more completely in Fluent. The inlet
velocity, (0.2 to 5 m/s) was used as a parameter to obtain mass flux (0.0305–0.762 kg/s)
for the mass flow inlet condition, and the subcooling of 3 K was used as parameter to
obtain the inlet temperature 285.15 K when the saturated temperature was 288.15 K. In the
simulation, the outlet temperature was assumed to be 287.15 K (if the value conformed to
the physical meaning). The inlet and outlet pressures were set to 4.82 atm and 4.85 atm,
respectively. The outlet pressure was greater than the inlet pressure due to the effect of
bubbles. The closer the set pressure is to the actual pressure, the fewer steps it will take
to iterate and the faster the calculation will be. According to the research methods, the
inner wall was import as 300 kW/m2 and the outer wall was adiabatic. Therefore, the inner
wall and outer wall possessed the heat flux 300 kW/m2 and 0 kW/m2 based on the wall
boundary condition, and no-sliding was adopted for the shear condition. In addition, the
smooth tube was achieved by a roughness of 0 mm and a roughness constant of 0.5 at a
contact angle of 17◦ with the wall. The specific flow rate and flow rate changes are shown
in Table 3. The thermophysical parameters of R134a in this study are shown in Table 4.
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Table 3. Inlet velocity and mass flow value.

Inlet Flowrate
(m/s)

Mass Flux
(kg/s)

0.2 0.0305
0.3 0.0457
0.4 0.0609
0.5 0.0762
0.6 0.0914
2 0.3047
3 0.4570
4 0.6094
5 0.7617

Table 4. Thermophysical parameters of R134a.

Temperature
(K)

Pressure
(atm)

Liquid
Density
(kg/m3)

Vapor
Density
(kg/m3)

Liquid
Cp

(kJ/kg·K)

Vapor
Cp

(kJ/kg·K)

Heat
of

Vapor
(kJ/kg)

Liquid
Thermal

Conductivity
(W/m·K)

Vapor
Thermal

Conductivity
(W/m·K)

Surface
Tension
(N/m)

285.15 4.3722 1254.0 21.584 1.3768 0.95588 189.10 0.086747 0.012584 0.0097684

286.15 4.5178 1250.5 22.290 1.3801 0.96119 188.27 0.086312 0.012676 0.0096325

287.15 4.6670 1246.9 23.015 1.3835 0.96659 187.43 0.085878 0.012769 0.0094969

288.15 4.8199 1243.4 23.758 1.3869 0.97206 186.59 0.085444 0.012862 0.0093617

The discretization and solution of control equations were completed by algorithm
settings. The algorithms including PISO for pressure-velocity couple, Green–Gauss node-
based for spatial discretization and PRESTO! for pressure. The above algorithm had the
advantages of being stable, advanced and accurate. It was enough to use the first-order
upwind scheme to interpolate the transient formulation k − ω equations, while the second-
order upwind scheme was used to ensure the accuracy of other equations. In addition,
setting of the bubble was generated under the action of surface tension in the console.
Finally, finished calculation settings included saving the data file every 10 s for time steps,
5e−5 s for time steps and 2000 s for the number of time steps. After testing, a simulation
case took 24 h to complete, occupying 229 GB of memory. The simulation used 5 TB of
memory and 48 threads of computer processing power.

4. Results and Discussion

The numerical method was applied to research bubble sliding in subcooled flow
boiling. After a series of simulations, the bubble sliding process was tracked and the data
of the bubble sliding process were collected. Further, the bubble velocity, bubble departure
diameter, sliding distance and dynamics of multiple bubbles were studied during the
sliding process in subcooled flow boiling. The simulation was at varying inlet velocities of
0.2 to 5 m/s, and the inlet subcooling and heat flux remained constant at Tsub = 3 K and
q = 0.3 MW/m2, respectively.

4.1. Validation of Numerical Model

The numerical model was verified by an experiment of Chen et al. [28] in a study on
bubble sliding characteristics and dynamics of R134a during the subcooled flow boiling
flow in a narrow gap. Figure 2 shows the comparison of departure diameter between
simulation and experimental approaches under the conditions of 0.4 m/s inlet velocity,
3 K inlet subcooling (a saturated temperature of 288.15 K), 1 mm gap and R134a fluid.
After simulation, the corresponding bubble departure diameters at different heat fluxes
were obtained. From Figure 3, the deviation between the experimental and simulation
approaches can be seen as within 10%; it was indicated that the simulation results had
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concordance with the experimental results. Consequently, the numerical model was valid
for this study.
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It is worth mentioning that y+ is in the range of 4 to 16 (i.e., it belongs to the buffer
region) in the simulation, which met the conditions of the SST k − ω model. In the SST
k − ω model, the viscous and Reynold stresses were significant in the buffer region, so it
follows that the bubble growth environment was more realistically simulated.

4.2. Observation of Bubble Behavior

In this section, the subcooled flow boiling process of R134a was simulated under the
conditions of 300 kW/m2 heat flux, 3 K subcooling and 0.3 m/s inlet velocity. The bubble
behavior in the subcooled flow boiling process was observed, as shown in the Figure 4.
The bubble undergoes nucleation, sliding growth, departure and annihilation, which is
consistent with the bubble behavior observed in the experimental study of subcooled flow
boiling by Liu et al. [8] in Figure 5. The bubble nucleates at 6.5 ms, which can be explained
as the superheated temperature field and flow field make the bubble overcome the surface
tension to start partial nucleation. The bubble slides within 6.5 ms to 14.5 ms. It can be
clearly found that the bubble size increases with time and the bubble shape is flat, which
indicate that the bubble grows faster along the axial direction than the radial direction
due to the superheated environment on both sides of the bubble and the heat provided
by the bottom of the bubble. In addition, the bubble sliding is the action of various forces,
including surface tension, shear force, buoyancy and drag force. The surface tension hinders
the growth of the bubble. The shear force affects the radial bubble motion. The drag force
deforms the bubble during the top movement of the bubble, while the buoyancy makes
the bubble have a tendency to leave the wall. The shear force, buoyancy and drag force
are related to the bubble velocity; therefore, the bubble velocity can effectively characterize
the bubble sliding process. The average bubble velocity is 0.25 m/s throughout the entire
sliding process, and the bubble sliding distance is 1.76 mm during 8 ms, which indicates
that the bubble sliding process is related to the velocity. At the same time, it is inferred
that bubble sliding is the main process in subcooled flow boiling. The bubble departs
from the heating wall at 14.5 ms and it can be found that the neck formed by the bubble
breaks away. As the gas is continuously filled, the buoyancy acting on the bubble increases
continuously, and finally the main body of the bubble breaks away from the heating wall.
It is found that the bubble departs and produces a part of the gas, which is considered to be
a consequence of the boiling induced by the bubble departure in the experimental study.
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The bubble annihilation occurs at 15.5 ms. After the bubble departs from the wall, it begins
to contact with the cold fluid zone above, and the gas inside the bubble begins to condense
continuously. Finally, the bubble continues to shrink and eventually annihilate.
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4.3. Analysis of Bubble Velocity

This section investigated the bubble velocities of 12 bubbles during bubble sliding
under the conditions of low inlet velocities of 0.2 m/s, 0.4 m/s and 0.6 m/s and high inlet
velocities of 2 m/s, 4 m/s and 5 m/s. In addition, the directional velocities of 0.2 m/s and 2
m/s of 12 bubbles were also investigated. Finally, the average bubble velocity was explored.
The bubble velocity measured is the bubble centroid velocity in the simulation. Figure 6a,b
present variations of directional bubble velocities of 12 bubbles in flow direction and radial
direction, respectively, with time during the sliding process at heat flux of 0.3 MW/m2,
inlet velocity of 0.2 m/s and inlet subcooling of 3 K. Additionally, the bubble velocities (i.e.,
the sum of velocity in all directions) of 12 bubbles are shown in Figure 6c. It is observed in
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Figure 6c that the bubble velocity was in the range of 0.1 to 0.3 m/s when under the 0.2 m/s
inlet condition. The mainstream velocity measured in subcooled boiling is the same as the
inlet velocity; this means that the maximum bubble velocity is 150% of the mainstream
velocity and that the minimum bubble velocity is 50% of the mainstream velocity. The
bubble velocity in the flow direction mostly varies from 0.1 to 0.3 m/s, but the bubble
velocity at radial direction is mostly below 0.1 m/s. Apparently, the bubble velocity in
the flow direction is the most important contribution to bubble velocity. The velocity in
the radial direction is small but has a non-negligible effect. Intuitively, the velocity in the
flow direction promotes the sliding of the bubble, and the velocity in the radial direction
has a certain effect on the departure of the bubble. Meanwhile, the bubble velocities of the
12 bubbles mostly oscillated with time during the sliding process, and there were some
bubbles’ velocities increasing or decreasing with time. Both bubble velocity in the radial
direction and in the flow direction had the same trend. On the one hand, it is explained that
the turbulence caused by the bubble motion enhances the momentum transfer and energy
transfer in the flow direction and radial direction, and this turbulence is random. On the
other hand, the temperature and velocity field of a bubble during sliding are constantly
changing due to the growth of other bubbles. Furthermore, when the inlet velocity increases
up to 0.4 m/s and 0.6 m/s, as shown in Figure 7, the bubble velocity varies from 50% to
106.25% of the mainstream velocity under the 0.4 m/s inlet condition and 50% to 108.33%
of the mainstream velocity under the 0.6 m/s inlet condition. Compared with the 0.2 m/s
inlet condition, the maximum bubble velocity acquired from the mainstream decreases
under the conditions at 0.4 m/s and 0.6 m/s. It is also concluded that bubble velocity of
12 bubbles mostly oscillated with time during the sliding process at the low inlet velocity
of 0.2 to 0.6 m/s inlet velocity.

As shown in Figure 8, when the inlet velocity increased to 2 m/s, the bubble velocities
of the 12 bubbles were in the range of 1.1~1.7 m/s; that is, they obtained 55–85% of the
mainstream velocity. This is attributed to the fact that the bubble velocity and bubble
velocity in the flow direction changes smoothly and the amplitude decreases during the
sliding process. The bubble velocity is large under the condition of 2 m/s inlet velocity,
resulting in greater inertia of the bubble, so the bubble amplitude is small. In contrast,
whether at low velocity or high velocity, the radial velocity oscillates with time. It was also
discovered in Figure 8a,c that, as the bubble slid along the heating, the bubble velocity and
velocity in the flow direction mostly increased. Since the initial velocity of the bubble was
less than 2 m/s, there was room to increase during the sliding process, and as the bubble
has a certain inertia, the velocity increased during the sliding process. Figure 9a presents
the variation of the bubble velocities of the 12 bubbles under the condition of 4 m/s inlet
velocity. Moreover, the variation of bubble velocities of 12 bubbles under the condition of
inlet velocity of 5 m/s is shown in Figure 9b. The 12 bubbles acquired 62.5–87.5% of the
mainstream velocity of 4 m/s in Figure 9a, and the value can be seen as 65–90% in Figure 9b.
The data indicate that the bubble velocity acquired from mainstream velocity increases
with the increasing mainstream velocity from 2 to 5 m/s. From examining Figures 8 and 9,
it is also inferred that the initial bubble velocity determines the bubble sliding process due
to the bubble velocity increases during sliding, such as the change of sliding distance and
departure diameter.
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The above discusses the change in the velocity of multiple bubbles during sliding in
subcooled flow boiling, and the average bubble velocity was introduced to explore the
bubble sliding process. Figure 10 presents the variation of the average bubble velocity in
the flow direction and the average in the radial direction with mainstream velocity. As
demonstrated in Figure 10, when the mainstream velocity increased from 0.2 to 5 m/s,
the average bubble velocity in the flow direction had a significant increasing trend. The
average bubble velocity in the radial direction was opposite to the average bubble velocity
in the flow direction. It can be inferred that from the radial velocity alone, the bubble is
more difficult to depart from the heating wall when the mainstream velocity is higher,
because the effect of the flow velocity is much greater than that of the radial velocity. From
the simulation results, very few bubbles departed from the entire region. In addition, as
shown in Figure 11, it can be found that the most average bubble velocity in the flow
direction accounts for about 80% of the mainstream velocity. In the experimental research
of Liu et al. [8], it was also found that the bubble velocity was approximately 78% of the
mainstream velocity, which is close to the 80% of the above result. However, the working
fluid is the deionized water in this experimental study.
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4.4. Analysis of Bubble Sliding Distance and Departure Diameter

This section investigated quantities related to bubble growth, including bubble sliding
distance and bubble departure diameter. The bubble sliding process is accompanied by heat
transfer, resulting in the increasing or decreasing of bubble size. Therefore, bubble sliding
distance shows the heat transfer intensity of a bubble on the heating wall. Moreover, the
bubble will depart after a certain distance of sliding growth, and the departed bubble will
enter the mainstream to condense or flow along the wall to absorb the departure of the wall
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bubbles and eventually condense. Bubble departure determines not only the magnitude of
heat transfer in the sliding stage but also the magnitude of heat transfer after departure.
Based on the above analysis, the bubble sliding distance and bubble departure diameter of
the 12 bubbles were investigated, as illustrated in Figure 12. The fact from Figure 12a is that
the maximum bubble sliding distance reached to about 0.65 mm under the condition of
0.2 m/s inlet velocity and the minimum bubble sliding distance reached to about 0.1 mm.
Most of bubble sliding distance was in 0.3~0.5 mm range. This indicates that the bubble
has a sliding heat transfer of 0.3 to 0.4 mm. Figure 12b displays the departure diameter at
the inlet velocity of 0.2 m/s, and the heat transfer dimension after the bubble departure is
known by the bubble departure diameter. The bubble departure diameter was in the range
of 0.25 to 0.35 mm when the inlet velocity was up to 0.4 m/s. This means that the bubble
had a heat transfer of 0.25 to 0.35 mm after departure. It can be seen that the ratio of the
maximum sliding distance to the minimum sliding distance was close to two at velocities
from 0.3 to 5 m/s, as is illustrated in Figure 13, and the ratio of the low velocity is higher
than the high velocity. It is most noteworthy that at 0.2 m/s, this ratio was much larger
than that at other speeds; this is because the flow field where the bubbles were located
had a large difference at 0.2 m/s, and some bubbles acquired a larger velocity while others
acquired a smaller velocity. Consequently, the bubble can slide a large distance, but it will
slide a short distance before departure, so therefore its maximum sliding distance to the
minimum sliding distance ratio is large. The ratio reveals that the upper and lower limits
of bubble sliding transfer heat at a certain velocity.
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Figure 14 exhibits the variation of the average sliding distance and the average bubble
departure diameter with inlet velocities of 0.2 to 5 m/s. From Figure 14, with the increasing
of the mainstream velocity, the average sliding distance had a significant linear increasing
trend, while the average bubble departure diameter increased as the most obvious trend
from 0.2 to 0.5 m/s and greatly reduced after 0.6 m/s. It was also found that the bubble
departure diameter was about at 0.35 m with the increasing of sliding distance in the high
inlet velocities of 2 to 5 m/s. When 0.6 m/s was the critical point, the bubble departure
diameter decreased as the inlet velocity was greater than 0.6 m/s, which was due to
a significant increase in the sliding distance of the bubble. It can be inferred that the
sliding distance is so long that the growth and cooling of the bubble sliding process are
stable, and the bubble growth is obvious before the critical point of 0.6 m/s. From the
perspective of heat transfer evaluation of high and low velocity, it can be concluded that
sliding heat transfer of bubbles at high velocity is much larger than that at low velocity;
heat transfer after departure at high velocity is comparable to that at low velocity. Further,
it can be inferred that heat transfer performance is outstanding during high velocity.
However, considering that fewer bubbles were departing at high velocity, the heat transfer
performance was reduced.
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4.5. Analysis of Bubble Sliding Dynamics

In this section, the bubble sliding dynamics was explored in subcooled flow boiling.
It has been agreed that the bubble sliding and departure are driven by multiple forces,
mainly including surface tension, shear lift force, quasi-steady drag force and buoyancy.
Surface tension is resistance during bubble sliding. Furthermore, other forces are opposite
to surface tension. Figure 15 displays the variation of forces on bubble B1 and bubble
velocity with time during the sliding process with heat flux of 0.3 MW/m2, inlet velocity
of 0.2 m/s and inlet subcooling of 3 K. The surface tension is the largest of the four forces
during sliding, the lower level is equivalent to the buoyancy and drag force, and the shear
lift is the smallest. Moreover, the surface tension, shear lift force and quasi-steady drag
force fluctuate during sliding, which might be caused by the fluctuation of bubble velocity.
The buoyancy rises steadily, and the reason for that is plainly that the bubble size increases.
The above investigations are illustrated in Figure 16. As shown in Figure 16, the variation
of surface tension force (a), shear lift force (b), quasi-steady drag force (c) and buoyancy
force (d) acted on the 12 bubbles with time during the sliding process with heat flux of
0.3 MW/m2, inlet velocity of 0.2 m/s and inlet subcooling of 3 K. The order of magnitudes
of surface tension are between 1 × 10−7 and 1 × 10−4, 1 × 10−11 and 1 × 10−8 for shear lift
force, 1 × 10−8 and 1 × 10−6 for quasi-steady drag force and 1 × 10−8 and 1 × 10−7 for
buoyancy. Therefore, surface tension dominates the bubble sliding process, followed by
buoyancy and drag force.
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Figure 16. Variation of surface tension force (a), shear lift force (b), quasi-steady drag force (c) and
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Compared with 0.2 m/s, at 2 m/s inlet velocity, the forces acting on the bubble changed
smoothly and the dominant force changed as confirmed in Figure 17. It was found that the
buoyancy was not dependent on the bubble velocity; the other forces were dependent on
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the bubble velocity. Meanwhile, the drag force played a dominate role in all of the forces.
Therefore, it is speculated that the drag force promotes the bubble sliding at high velocity,
and promotes bubble sliding for a long distance. Furthermore, Figure 18 exbibits variation
of surface tension force (a), shear lift force (b), quasi-steady drag force (c) and buoyancy
force (d) acting on the 12 bubbles with time during the sliding process with heat flux of
0.3 MW/m2, inlet velocity of 2 m/s and inlet subcooling of 3 K. Obviously, except for the
surface tension, other forces did not oscillate during the sliding process. Forces on bubbles
at high velocity were revealed: the order of magnitudes of surface tension are between
1 × 10−7 and 1× 10−5, 1× 10−9 and 1× 10−7 for shear lift force, 1× 10−6 and 1× 10−5 for
quasi-steady drag force and 1× 10−8 and 1× 10−7 for buoyancy. It was discovered that the
order of magnitudes of surface tension, shear lift force and quasi-steady drag force increase
with the increasing of the inlet velocity from 0.2 m/s to 5 m/s. Furthermore, the drag force
dominates the bubble sliding process, followed by buoyancy and surface tension. In the
research of Ren et al. [18], the surface tension was in the range of 8 × 10−7 to 1.6 × 10−6,
which was close to the simulated surface tension of the bubble. The main cause is that the
surface tension coefficient of R134a is close to that of water.
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Figure 18. Variation of surface tension force (a), shear lift force (b), quasi-steady drag force (c) and
buoyancy force (d) acting on 12 bubbles with time during the sliding process with heat flux of
0.3 MW/m2, inlet velocity of 2 m/s, inlet subcooling of 3 K.

5. Conclusions

The bubble velocity, bubble sliding distance, bubble departure diameter and bubble
sliding dynamics at the inlet velocities of 0.2 to 5 m/s were examined by using the numerical
simulation method. There are differences in bubble velocity, bubble sliding distance, bubble
departure diameter and bubble sliding dynamics between low inlet velocities of 0.2 to
0.6 m/s and high inlet velocities of 2 to 5 m/s. The conclusions are as follows.

(1) The bubble velocity in the flow direction was the most important contribution to
bubble velocity from 0.2 to 5 m/s inlet velocities. Moreover, the bubble velocities of
the 12 bubbles mostly oscillated with time during the sliding process at 0.2 to 0.6 m/s
inlet velocities, while bubble velocity increased during the sliding process due to the
bubbles having a certain inertia at 2 to 5 m/s inlet velocities. Furthermore, the average
bubble velocity in the flow direction had a significant decrease from 0.2 to 5 m/s inlet
velocity, but the average bubble velocity in the radial direction was opposite than the
average bubble velocity in the flow direction. The average bubble velocity in the flow
direction accounts for about 80% of the mainstream velocity.

(2) The ratio of the maximum sliding distance to the minimum sliding distance was
close to two at inlet velocities of 0.3 to 5 m/s. In addition, with the increase in inlet
velocity from 0.2 to 5 m/s, the average sliding distance increased significantly. The
average bubble departure diameter increased obviously from 0.2 to 0.5 m/s and



Mathematics 2023, 11, 2197 21 of 23

greatly reduced after 0.6 m/s inlet velocity. The bubble departure diameter was about
at 0.35 m with an enormous increase of the sliding distance in high inlet velocities
of 2 to 5 m/s. The bubble departure diameter decreased when the inlet velocity was
greater than 0.6 m/s, which was caused by a significant increasing in the sliding
distance of the bubble.

(3) At 0.2 to 0.6 m/s inlet velocities, the surface tension, shear lift force and quasi-steady
drag force fluctuate during sliding, which might be caused by the fluctuation of the
bubble velocity. While at 2 to 5 m/s inlet velocities, except for surface tension, other
forces did not oscillate during the sliding process. At 0.2 to 5 m/s inlet velocities,
the buoyancy was not related to the bubble velocity; other forces are bubble velocity-
related. The order of magnitudes of surface tension, shear lift force and quasi-steady
drag force increased with the increasing of inlet velocity from 0.2 m/s to 5 m/s
inlet velocity.

(4) At 0.2 to 0.6 m/s inlet velocities, the order of force acting on the bubble during sliding
was surface tension > buoyancy and quasi-steady drag force > shear lift force. The
surface tension dominated the bubble sliding process at 0.2 to 0.6 m/s inlet velocities.
However, the quasi-steady drag force dominated the bubble sliding process at 2 to
5 m/s inlet velocities. The investigation of the bubble sliding dynamics is of great
importance to effectively control the sliding process and heat transfer enhancement.

(5) In this paper, the sliding heat transfer and departure heat transfer of bubbles at low
(0.2 to 0.6 m/s) and high (2 to 5 m/s) inlet velocities were discussed and evaluated. In
the future, the heat transfer performance of bubbles at high and low velocity will be
quantitatively analyzed.
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Abbreviation

Nomenclature Greek Symbols
A bubble width [m] δ averages of Heaviside function
B bubble height [m] ε thickness of interface [m]
cp mixture specific heat capacity [J/kgK] η mass transfer coefficient [s−1]
D bubble diameter [m] κ surface curvature [1/m]
d hydraulic diameter [m] λ mixture conductivity [W/mK]
F force per unit volume of fluid [N/m3] µ dynamic viscosity [Ns/m2]
G mass flux [kg/·s] ν kinematic viscosity [m2/s]
g acceleration of gravity [m/s2] ρ density [kg/m3]
h latent heat [J/kg] σ coefficient of surface tension [N/m]
Jα Jacob number = cp∆Tsub/(ρvh) φ symbolic distance function
k turbulent kinetic energy [m2/s2] ω turbulent vortex frequency
m mass source [kg/(m3·s)] Subscripts
p pressure of interface [N/m2] ave average
Pr Prandtl number = cpµ/λ b bubble
q heat flux [W/m2] d depart
Re Reynolds number = ρud/µ eff effective
SE energy source term [W/m3] l liquid
T mixture temperature [K] level level set
∆Tsub subcooling temperature [K] p pressure
t time [s] sat saturation
→
u velocity [m/s] sub subcooling
uτ shear velocity [m/s] t turbulent
y+ turbulence length-scale v vapor
y boundary layer length [m] vol volume
α volume of fraction
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