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ABSTRACT

A three-dimensional conjugated numerical simulation is conducted to investigate subcooled flow boiling
in a horizontal rectangular mini-channel based on the interface capturing method (VOSET). A reasonable
nucleation density site model based on experimental results is adopted. Hundreds of bubbles with dif-
ferent sizes are successfully captured. Simulation results reproduce typical processes of subcooled boiling
flow: growth, coalescence, detachment, and condensation of bubbles. And different flow boiling patterns,
including pseudo bubbly flow, bubbly flow, slug flow, and pattern transition, are visualized under differ-
ent heat fluxes. Furthermore, the effects of heat flux and vapor fraction on heat transfer coefficient are
discussed in detail. Heat transfer deterioration is observed for high heat flux because of the formation of
dry patches, and the complexity of heat transfer performance varying with vapor fraction is found. Based
on those, the heat transfer mechanisms of subcooled flow boiling at different heat flux in the present
mini-channel are discussed.

© 2021 Elsevier Ltd. All rights reserved.

1. Introduction

The heat transfer of two-phase flow boiling in mini-/micro-
channel, compared with single-phase flow heat transfer, is signifi-
cantly enhanced at the same pumping power [1]. Therefore, two-
phase flow boiling in the mini-/micro-channel has broad applica-
tions, including chip cooling in computer data centers [2], avion-
ics cooling [3], satellite electronics cooling [4], advanced electronic
equipment cooling [5], and cooling of electric vehicle IGBT power
module [6]. Whereas some problems, such as instabilities of tem-
perature and pressure, threaten the development and application
of mini-/micro-channel flow boiling in practice. Moreover, the heat
transfer mechanism of the two-phase flow boiling needs to be fur-
ther revealed. Therefore, it is urgent to do more researches to meet
the growing requirement of this type of heat transfer.

The mechanism of flow boiling heat transfer in the macro chan-
nel is different from that in mini-/micro-channel, and some classi-
fications have been proposed to distinguish macroscopic channel
and microcosmic channel [7-9]. However, there is no consensus
on these classifications. A simple and commonly accepted classi-
fication for two-phase channel flow is to take a hydraulic diameter
of 3 mm as the dividing size [1,8]. Channels with dimensions less
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than 3 mm are classified as mini channels; channels with the di-
mension below 1 mm are regarded as microchannels; those above
3 mm are called conventional channels. This classification is also
adopted in the present study. For the researches of flow boiling in
the mini-channel, the heat transfer mechanism and effect factors
like mass flux, heat flux, nanofluid, channel dimension, vapor qual-
ity, and fluid properties on heat transfer coefficient (HTC) are the
focuses in the past decades. Following is a brief review of previous
studies in this regard.

Qu and Mudawar [10] experimentally studied the saturated
flow boiling heat transfer of water in a rectangular micro-channel
heat sink with 21 parallel channels. Results indicated that HTC
in the mini-channel heat sink was closely related to mass veloc-
ity but not to heat flux, and the dominant heat transfer mech-
anism was forced convective boiling. Lee and Mudawar [11] con-
ducted experimental studies of subcooled flow boiling of HFE 7100
in a micro-channel heat sink with a channel width from 84.2 to
205 pm. It was found that critical heat flux (CHF) occurred at low
mass velocities due to the vapor backflow to the inlet plenum,
and the heat transfer instability could be weakened by decreas-
ing the coolant temperature. Furthermore, the pressure drop in the
micro-channel heat sink was analyzed [12]. Results indicated that
pressure drop increased after bubble detachment from the wall
and decreased with the increasing liquid subcooling. Mathew et al.
[13] explored the two-phase cooling performance of water in a hy-
brid microchannel-microgap heat sink with a micro-gap of 0.6 mm
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(height) x 25 mm (width). A stable annular flow pattern in the
microchannel was established at moderate to high heat flux, and
thin-film evaporation resulted in an increased heat transfer coeffi-
cient in the channel downstream. Compared with the straight mi-
crochannel heat sink, the heat transfer performance of the hybrid
heat sink was inferior. Bao et al. [14] revealed flow boiling heat
transfer characteristics of Freon R-11 and HCFC123 in a 1.95 mm
copper tube under the heat fluxes 5-200 kW/m?. They found that
vapor quality slightly affected HTC, while HTC significantly in-
creased with the increasing heat flux. This implied that nucle-
ate boiling was the dominant heat transfer mechanism in their
study. Differently, Huo et al. [15] found that the HTC was depen-
dent on vapor quality, and it increased to a platform first and then
decreased with the increasing vapor quality. Similar experimental
phenomena were found by Yan and Lin [16] and Lin et al. [17].
Tibirica and Ribatski [18] investigated the effects of mass flux, heat
flux, saturated temperature, and vapor quality on HTC of R134a
and R245fa flow boiling in a horizontal 2.3 mm tube. Results in-
dicated that high heat flux, saturation temperature, and mass flux
favored enhancing the heat transfer, and increasing vapor quality
led to various heat transfer behaviors. Saitoh et al. [19] experimen-
tally studied the flow boiling heat transfer of refrigerant R-134a in
horizontal mini-tubes with three different inner diameters. Results
showed that local HTC decreased with the increasing vapor quality
once it exceeded some values, and the turning point for small tube
diameter was earlier. Beside, the effect of mass flux on the local
HTC decreased with decreasing tube diameter, but the impact of
heat flux was strong in all three tubes. Li and Xu [20] investigated
the flow boiling heat transfer of nanofluid in a single microchannel.
Al,03 nanoparticles with a size of 40 nm at a weight concentration
of 0.2% were added to water. Results showed that nanofluids sig-
nificantly mitigated the flow instability without the nanoparticle
deposition effect. Moreover, nanofluid inhibited the dry patch de-
velopment on the heating wall, leading to heat transfer enhance-
ment.

In the above experimental studies, there are some differences in
the effects of vapor quality, mass flux, and heat flux on HTC. The
review of Cheng and Xia [1] also mentioned that the experimen-
tal data from the different independent studies showed somewhat
different heat transfer trends at similar test conditions. In the ex-
perimental studies of flow boiling in mini-/micro-channel, the at-
tainable information is limited because of measurement difficul-
ties, leading to some deficiencies in understanding the flow boiling
heat transfer mechanism in depth.

Numerical simulation method is a powerful tool to investigate
flow boiling heat transfer in the mini-/micro-channel, by which
the temperature, pressure, vapor fraction, and velocity distribu-
tions can be easily obtained and analyzed. The numerical simu-
lation of flow boiling in mini-/micro-channel is challenging in ac-
curate interface capture, nucleation modeling, etc. Many valuable
studies have been reported, and different numerical models for
flow boiling studies have been adopted in the literature. Soleimani
et al. [21] compared simulation results of five common numeri-
cal models for flow boiling, including Volume of Fluid (VOF), Eule-
rian boiling, Eulerian Lee, Eulerian thermal phase change, and mix-
ture models, with experimental results. Based on the comparisons
of flow regime and heat transfer, the interface capture method
VOF was recommended as the best model to simulate flow boiling
in mini-channel at their simulation parameters. Beside, the inter-
face capture method Level-set is also popular in flow boiling stud-
ies [22]. Among different numerical methods for interface capture,
VOF [23] and Level-set [22] methods were proposed the earliest.
In VOF method, a function for the reference phase (vapor phase
for boiling) called volume fraction is used to indicate its fraction
in a control volume, and it is advanced by solving a transient par-
tial differential equation. In the Level-set method, a function (level
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set function) is defined, of which the zero value is the indication
of the interface of two phases, and it is also advanced by solving a
transient partial differential equation. However, VOF and Level-set
methods have their own shortcomings, and their advantages and
disadvantages complement each other. Hence, some coupling VOF
and Level-set methods were then proposed, such as CLSVOF [24].
But the computational efficiency of CLSVOF is inferior to the pre-
vious two methods. Later, VOSET was proposed in [25], and sub-
sequent extension to 3D was conducted in [26]. In VOSET, both
volume fraction and level set function are used, but only the vol-
ume fraction is advanced by solving the transient partial differen-
tial equation, while the level set function is determined by the ge-
ometric method. Hence, the computational time is greatly saved.
However, to the author’s knowledge, the applications of VOSET in
the numerical simulation of in-tube boiling heat transfer are quite
limited [27].

In the simulation of boiling heat transfer by the interface cap-
ture methods mentioned above, the determination of nucleation
sites is an important issue. The nucleation process is hard to sim-
ulate by the macroscopic numerical simulation methods because
of the scale limitation. This process is essentially at the scale
of molecules. In the macroscopic numerical simulation, the prac-
tice of selecting an artificial bubble nucleus is usually adopted.
Mukherjee and Kandlikar [28,29] numerically analyzed the growth
of an artificially placed single vapor bubble in a microchannel by
Level-set method. The initially placed bubble grew up with time,
and finally, a vapor patch formed at the walls when the bubble
filled the channel. Lee and Son [30] numerically studied a single
bubble growth in a mini-channel using the Level-set method. An
initial bubble was put on the bottom wall surface. Results indi-
cated that HTC increased as the advancing and receding contact
angles decreased. Zu et al. [31] used a vapor inlet to generate a
pseudo bubble to study bubbly flow in a confined mini-channel
using the VOF method. Thome and Magnini [32] put a bubble gen-
eration source at the upstream initial adiabatic section of the chan-
nel with a prescribed frequency. It was found that HTC significantly
depended on the thickness of liquid film between bubble and wall.
By using a local vapor inlet condition, Luo et al. [33] revealed the
hydrodynamics and heat transfer performance of annular flow boil-
ing in a rectangular microchannel. In the study of Ling et al. [27],
VOSET method was employed to investigate the 2D subcooled flow
boiling with some predetermined nucleation sites. In their study,
the conjugated heat transfer between solid and fluid was consid-
ered, and a depletable microlayer model was utilized to describe
the evaporation of microlayer. In some papers [34-37], the flow
boiling studies in the mini-/micro-channel were conducted by soft-
ware without providing the details of bubble generation.

The studies of flow boiling in the mini-/micro-channel are often
conducted for the 2D model because of the computational cost.
Zhuan and Wang [34] explored the boiling flow patterns of R-
134a and R-22 in a 2D micro-channel. It was found that bubble
growth and coalescence were significant for flow pattern transi-
tion. Huang et al. [35] conducted a 2D flow boiling numerical sim-
ulation of R141b in a mini-channel. Results indicated that the mini-
channel size had a great impact on flow pattern and heat trans-
fer performance, but heat flux, inlet velocity, and liquid subcool
had a slight effect on HTC under their study conditions. Prajap-
ati et al. [36] numerically investigated subcooled flow boiling in
a segmented finned microchannel divided into the main and sec-
ondary channels. Results showed that the secondary channel weak-
ened the bubble expansion and avoided channel blocking, enhanc-
ing the heat transfer. The generation and evolution of dry patches
or vapor columns may cause heat transfer instability for flow boil-
ing in the mini-/micro-channel, while the 2D numerical simulation
method cannot describe those. Recently, a 3D numerical investiga-
tion was published by Hedau et al. [37]. It was found that the va-
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Fig. 1. configurations of 3D rectangular mini-channel.
Table 1

Physical properties of study mediums.

Density (kg/m3)  Viscosity (Pa-s)

Thermal conductivity (W/(m-K))

Heat capacity (J/(kg-K))

Wall 2330 - 148
Liquid  888.1 1.51 x 1074 0.674
Vapor 5.14 1.5 x 1073 0.036

766
4400
2712

por blocking in the channel near the outlet caused the instabilities
in pressure drop, surface temperature, and mass flux.

The above researches have provided significant insights into the
flow boiling in the mini-channel. However, the following aspects
still need to be further studied. First, the bubble nuclei are often
artificially selected, which hinders the study of heat flux effects.
Second, most studies are of the 2D type, which cannot appropri-
ately predict the dry patch and critical heat flux. In the present
study, based on the nucleation density site model obtaining by the
experimental method, the efficient method of VOSET is adopted to
study the subcooled flow boiling in a 3D mini-channel by consid-
ering the conjugated heat transfer. And the bubble activities, flow
pattern, and heat transfer of the subcooled flow boiling are inves-
tigated in detail under different heat fluxes.

2. Problem description

As shown in Fig. 1, the study subject is the subcooled flow
boiling in a 3D horizontal rectangular mini-channel with a size of
2.0 mm (x) x 2.0 mm (y) x 20.0 mm (z). A solid wall consist-
ing of monocrystal silicon with a size of 0.2 mm (x) x 2.0 mm
(¥) x 20.0 mm (z) is put on the bottom of the channel to conduct
heat from heat source to liquid. The other three sides are smooth
walls. Water flows from the left inlet to the right outlet with an
inlet subcooling of 20 K (AT, = Tsar — Tier) at 0.1 m/s.

The liquid pressure is 1 MPa, and the corresponding sat-
urated temperature and latent heat of water are 453 K and
2.02 x 10% J/kg, respectively. Liquid-vapor surface tension is
0.042 N/m. The other physical properties are listed in Table 1. The
heat fluxes applied to the bottom surface of the wall vary in the
range of 100-500 kW/m?2. The bottom wall is hydrophilic with a
contact angle of 50°.

3. Numerical models and verification

In this section, the models for describing the subcooled flow
boiling in the mini-channel are illustrated, and the corresponding
verifications are made.

3.1. Governing equations

As shown in Fig. 1, the computation region includes solid region
and fluid region. The unsteady heat conduction in the solid region

is described by Eq. (1).

d(pscsT)
at

where p is the density, kg/m3; c is the heat capacity, J/(kg-K); A is
the thermal conductivity, W/(m-K).

The compression of fluid is not taken into account in the
present study. Moreover, the liquid-vapor interface temperature is
set as the saturated temperature, and it serves as the constant
temperature of the interface boundary. Therefore, the heat transfer
and convection in the fluid region can be described by Egs. (2)-(5).
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where 1 is the phase change rate, kg/(m3's); » is the dynamic vis-
cosity, Pa's; n; is turbulent viscosity and is calculated by Smagorin-
sky model [38], Pa's; f is the surface tension and is calculated by
CSF model [39], N/m3; g is gravity, m/s?; indexes s, I, and v repre-
sent solid, liquid, and vapor, respectively. The phase change rate m
is calculated by Eq. (6),

/dev - %/Aqu (6)

where h is the latent heat of water, and the interface heat flux ¢ is
determined by Eq. (7).
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v
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I

In the present study, the VOSET method is adopted to cap-
ture the vapor-liquid interface [25]. In the VOSET method, firstly,
the VOF equation (Eq. (8)) is solved to obtain the volume fraction
of liquid; then, the nearest distance from each mesh node to the
vapor-liquid interface (Level-set function) is calculated by a simple
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geometric method. The details of the 3D VOSET method can refer
to Ref. [26].
aC m
at+V~(Cu)_ o (8)
The discretization schemes for the transient term, convection
term, and diffusion term of momentum and energy equations are
first-order forward difference, MUSCL, and central difference, re-
spectively. Beside, several time step limitations are made to im-
prove numerical stability in the present study, and these limita-
tions Eqs. (9)-((12)) refer to Ref. [40]. Generally, the time step is
less than 1.0 x 10~% s during the simulation process.

At <08 pgﬁj‘z 9)
At<08 ’O’(ﬁ;‘z (10)
At <05 (p’%;m’é (11)
At <0.1 Iu?,:ax (12)

where Ax is space step; o is liquid-vapor surface tension coeffi-
cient; |u|max is the maximum velocity.

The flow and thermal boundary conditions of the computa-
tional domain are set as follows. The constant temperature and
velocity boundaries are applied at the inlet; the free outlet bound-
ary is used at the outlet; the no-slip boundary is adopted for the
velocity at all walls; the thermal boundary condition of constant
heat flux is applied to the bottom surface of the channel, and all
the other walls are adiabatic boundary. The so-called free outlet
boundary condition can be regarded as no further change assump-
tion, which is a convenient approximation for treating boundary
conditions at the domain outlet. It has been widely adopted in
Refs. [40-42] for in-tube boiling heat transfer simulation.

Come here to discuss an important issue: whether a microlayer
is formed on the surface of heating wall at the present simulation
condition. Urbano et al. [43] proposed the following discriminant.

Ja-Ca - l
0 -6 &
where 6y=5 and A = 313; 6 is the contact angle, °; the dimension-
less numbers Ja and Ca are calculated by Egs. (14) and (15).

_ PiCp 1 (Tw — Tsar)
pvh

(13)

Ja (14)

Ca = Unt™t (15)
o

where v;, ~ % represents an indicator of the bubble growth ve-

locity.

Based on the known physical properties in the present study,
according to Eq. (13), the required superheat (ATs,p = Tw — Tsqe) for
forming a micro-layer at the heat flux of 500 kW/m?2 should be
equal to or larger than 45.8 K, which is much larger than the ob-
tained superheat in this study. Therefore, no micro-layer will ap-
pear under the present simulation conditions, and it will not be
considered in the present study.

3.2. Nucleation density site model
The locations and conditions of bubble nucleation should be

given in the numerical simulation of the flow boiling heat transfer
by the interface capture method. Numerical simulation of bubble
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Fig. 2. Diagrammatic sketch of nucleation sites distribution (For interpretation of
the references to color in this figure, the reader is referred to the web version of
this article).

nucleation usually adopts the molecular dynamics method or/and
lattice Boltzmann method. In this paper, a nucleation density site
model from experimental study will be used. When the node on
the wall surface satisfies the nucleation condition, an initial bub-
ble nucleus with a diameter of 50 pm is artificially put on there.
Therefore, the key is to obtain reasonable active nucleation site
density under specific conditions.

After a literature search, the model developed by Li et al. [44] is
adopted to determine the active nucleation site density. This model
is shown in Eqs. (16)-(20), where the active nucleation site den-
sity is related to the pressure, wall superheat and contact an-
gle. The model application scope is as follows: 0.101 MPa < pres-
sure < 19.8 MPa, 5° < contact angle < 90°, 1.0 x 10* site/m? <
active nucleation site density < 1.51 x 1010 site/m?2.

AAT,,+B

Ny = No(1 —cos@)exp[f(P)]ATy,, (16)
P
F(P) = 26.006 — 3.678 exp (—2P) — 21.907 exp (_m) (17)
A= —0.0002P? + 0.0108P + 0.0119 (18)
B =0.122P + 1.988 (19)
_ Y
1—cosf = (1 —cos 90)<TC Tsat) (20)
T.— Ty

where N o= 1000 site/m?, 6y = 41370, T, = 374 °C, Ty = 25 °C,
y = 0719 by default. The unit for pressure is MPa. Ref.
[44] showed that the active nucleation site density predicted by
this model is in good agreement with various published experi-
mental data.

Among three parameters of this model, only the wall superheat
changes as a parameter in this study. Therefore, the active nucle-
ation site number is decided by the wall superheat. It is worth em-
phasizing that except for regions near the inlet and outlet of the
mini-channel, the other substrate region is set as the nucleation
region. The nucleation site is randomly placed on the mesh nodes
of the nucleation region, as shown in Fig. 2. Different colors indi-
cate different required superheat for activating the bubble nucleus.
The nucleation sites with black and red colors are activated when
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Fig. 3. Wall average superheat comparison between Gungor-Winterton equation
and present simulation results under different heat fluxes.

the superheat exceeds 10 K. It is noteworthy that Fig. 2 is just a di-
agrammatic sketch. In the present study, new activated nucleation
sites will be detected when the wall superheat increases 0.1 K ev-
ery time.

3.3. Numerical methods and model verification

The above governing equations are numerically solved by the fi-
nite volume method with self-programming codes. The projection
algorithm is adopted to deal with the coupling between pressure
and velocity, and the algebraic multigrid method is used to solve
the discretization equations efficiently. On the aspect of mesh, a
fine grid spacing of 20 um is applied to the x-direction of the solid
region to guarantee the computational accuracy of heat conduc-
tion. For the fluid region, a comparison between the average wall
superheat calculated by the mesh with uniform 640,000 nodes and
973,360 nodes is made under the heat flux of 300 kW/m?2. The
fluid region and the solid wall region are solved integrally. Re-
sults show that the average wall superheats are 14.44 and 13.73 K
for these two meshes, and the corresponding relative difference is
4.92%. This relative difference is acceptable considering the high
computation cost and the complexity of the two-phase problem.
Therefore, in the present study, a mesh with the total nodes of
800,000 (includes 160,000 nodes for the solid region) is employed
to study the subcooled flow boiling in a mini-channel under differ-
ent heat fluxes.

The equation proposed by Gungor and Winterton [45] based on
experimental data for the subcooled flow boiling heat transfer is
used to validate our numerically predicted results.

q = hgy 1 (Tw — Ty) + Shpp (T — Tsar) (21)

where hg,, is the heat transfer coefficient of single-phase lig-
uid and is calculated by Dittus-Boelter correlation [46] Eq. (22)),
W/(m2K); T, is liquid temperature, K; h,;, is the heat transfer co-
efficient of nucleate pool boiling and is calculated by Cooper equa-
tion [47] (Eq. (23)), W/(m2'K); S is determined by Egs. (24) and
((25).

0.4
hgp, = 0.023Re]® Pr % (22)
hyp = 55P91%(—0.4343 In P) ~**° M 0507 (23)

S=1/(1+1.15 x 10"°F?Re] ") (24)
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F=1+24x10%Bo'1® (25)

where P; is the relative pressure on the critical pressure; M is
the molecular mass, kg/kmol; Bo = Zis boiling number; G is mass
flux, kg/m?-s.

Fig. 3 illustrates the comparison of average wall superheat be-
tween Gungor-Winterton equation and present simulation results
under different heat fluxes. Results indicate that the maximal rela-
tive difference is 35.4%, and the average relative difference is 17.9%.
Qualitatively, the agreement in Fig. 3 is very good. Quantitatively,
the discrepancy seems a bit large. Several possible causes are an-
alyzed as follows. One is the effect of the length-to-diameter ra-
tio (I/d) of the simulated tube. The Gungor-Winterton correlation
was obtained from the test of a much larger I/d ratio. In addition,
only one side of the tube is heated in our simulation, while exper-
imental measurements were conducted with full-perimeter heat-
ing. However, it is well-known in the heat transfer textbook [46,48]
that the Rohsenow equation for pool boiling heat transfer can be
in error by 30% for a wall superheat by given heat flux. Therefore,
the agreement of simulation results of the present study with the
experimental equation can be considered acceptable.

Finally, some limitations of the present numerical simulation
study are discussed. First, because of the computational cost, the
length-to-diameter ratio of the present study is only ten. Such a
short ratio with a uniform inlet velocity distribution assumption
may affect the predicted flow pattern. Second, an initial bubble
with a radius of 50 pum is put on the nucleation site. Thus the
predicted results can only be applied for this case. Further study
on the effects of the initial bubble size should be performed.

4. Results and discussion

In this section, the flow pattern, temperature, and velocity
distribution, and HTC of the subcooled flow boiling in a 3D
mini-channel with a square cross-section predicted by the self-
programming codes are presented.

4.1. Flow pattern of subcooled flow boiling in a mini-channel under
different heat fluxes

Firstly, the flow pattern under different heat fluxes is presented
in this section because of its significant impact on the flow boiling
heat transfer [34].

Figs. 4-9 illustrate the representative snapshots of 3D subcooled
flow boiling in the mini-channel. The light blue, dark blue, and
gray represent liquid water, vapor bubble, and solid wall, respec-
tively. A dynamic equilibrium of heat exchange has been achieved
at 500 ms, which will be illustrated in the next section. Therefore,
these displayed snapshots in this section are within 500 ms. From
the simulation results, different flow patterns of subcooled flow
boiling, including pseudo bubbly flow, bubbly flow, slug flow, and
pattern transition, are visualized under different heat fluxes. As
shown in Fig. 4, at the heat flux of 100 W/m?2, only several isolated
bubbles occur in the mini-channel within 500 ms, which is still
the single-phase flow basically. The reason for this phenomenon
includes three parts: the initial bubble does not grow up to a big
one because of low wall superheat and high liquid subcooling; un-
der the coupling effects of gravity, shear force, and surface tension,
the small bubble detaches from the wall in a short time with a
diameter below 0.2 mm, which is similar to the experimental re-
sults of Situ et al. [49]; it hard for these detached bubbles to co-
alesce into a big one because only a few nucleation sites are ac-
tivated under low wall superheat. As a result, these small bubbles
condense and disappear quickly in the subcooled liquid, and only
pseudo bubbly flow happens in the mini-channel when the heat
flux is 100 kW/mZ2.
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(a) 20 ms

(b) 50 ms

(c) 100 ms

(d) 200 ms

(e) 300 ms

(f) 500 ms

Fig. 4. Snapshots of 3D subcooled flow boiling with a heat flux of 100 kW/m?2. (For interpretation of the references to color in this figure, the reader is referred to the web

version of this article).

Fig. 5 shows the representative snapshots for the case with a
heat flux of 200 kW/m2. More nucleation sites are activated with
the increasing heat flux. Moreover, the detached diameter of the
bubble becomes larger. Several bubbles coalesce into a big one,
which is not easy to shrink and disappear inside the subcooled
liquid, causing the increasing bubble diameter along the flow di-
rection. Therefore, at this heat flux, a bubbly flow happens in the
studied mini-channel. Beside, it is found that a quite bigger bub-
ble occurs on the wall surface at a time of 500 ms, as shown in
Fig. 5(f).

The bubbly flow also happens in the studied mini-channel
when heat flux is equal to 300 kW/m?, as shown in Fig. 6. The
bubble size is still smaller than the channel height, but at the
same time step, it is much larger than that inside the mini-channel
with a heat flux of 200 kW/m?2. It is noteworthy that the shapes
of the big bubbles are not spherical because of the liquid shear
effect and bubble coalescence. On the other hand, some bubbles
detach from the heating wall and move upward under the buoy-
ancy effect. On the way to the top boundary, they condense and
gradually become smaller inside the subcooled liquid, as shown in
Fig. 7.

As the heat flux increases to 400 kW/m?2, a large number of
nucleation sites are activated. As shown in Fig. 8, these activated
bubbles grow up quickly and coalesce frequently. The bubble size
significantly increases along the flow direction, and small bubbles

tend to coalesce with each other and form a bigger one. As a re-
sult, a single big bubble coalesced by several small bubbles appears
near the outlet at 200 ms, and the mini-channel section is almost
fully occupied. Even so, at this level of heat flux, no elongated bub-
ble is found in the mini-channel.

When the heat flux is further raised to 500 kW/m?, the elon-
gated bubble appears in the second half of the mini-channel at
about 200 ms, as shown in Fig. 9(d). High heat flux causes the
quick generation of many big bubbles and makes the boiling very
violent. The bubble size near the inlet of the channel with the heat
flux of 500 kW/m? is even bigger than that near the outlet of the
channel with a low heat flux (say, 200 kW/m?). Big bubbles keep
coalescing with each other, but limited by the cross-section size of
the mini-channel, and they extend along the z-direction, leading
to the formation of elongated bubbles. Once the elongated bub-
ble contacts the channel wall, a window may appear within this
elongated bubble, as shown in Fig. 9(d). Beside, some liquids are
blocked between two elongated bubbles, and the so-called slug
flow happens, as shown in Fig. 9(e). In addition, when an elon-
gated bubble is just formed, a thin film exists between the bubble
and wall, as shown in Fig. 9(d). The high heat flux soon evaporates
the thin liquid film, causing the appearance of a local dry patch,
as witnessed in Fig. 9(f). The heat transfer deteriorates with the
extending of the dry patch, which will be further discussed in the
next section.
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(a) 20 ms

(b) 50 ms

(c) 100 ms

(d) 200 ms

(e) 300 ms

() 500 ms

Fig. 5. Snapshots of 3D subcooled flow boiling with a heat flux of 200 kW/m?. (For interpretation of the references to color in this figure, the reader is referred to the web

version of this article.)

In summary, different heat fluxes cause significant differences
in active nucleation site density, bubble growth, and coalescence.
As a result, the pseudo bubbly flow, bubbly flow, slug flow, and the
pattern transition between them are predicted successively in the
mini-channel with the increasing heat flux. Beside, under high heat
flux, a large number of nucleation sites are activated, and hundreds
of bubbles are captured in the studied mini-channel. To our knowl-
edge, similar numerical simulation of 3D cases based on the accu-
rate interface capture method is very limited in the literature.

4.2. Heat transfer of subcooled flow boiling in a mini-channel under
different heat fluxes

Nucleate boiling dominance and convection boiling dominance
are two primary mechanisms of flow boiling heat transfer in a
channel [1]. Quantitatively speaking, nucleate boiling dominance is
related to bubble dynamics, and HTC depends on heat flux. Con-
vection boiling dominance is related to liquid film evaporation, and
HTC depends on mass flux and vapor quality. In this section, the
flow boiling heat transfer in the mini-channel is discussed in de-
tail based on these two flow boiling heat transfer mechanisms and
flow patterns. It is worth stressing that the saturated liquid tem-
perature is set as the reference temperature in the present study,
and all displayed temperature information in the following parts is
the excessive temperature.

4.2.1. Superheat of the heating wall surface under different heat
fluxes

At each time step, the spatial average heating wall superheat
is calculated to obtain its changing trends when different heat

fluxes are applied to the bottom of the mini-channel. As shown
in Fig. 10, the wall superheats rise first for all cases with differ-
ent heat fluxes due to single-phase flow, and the rising amplitude
increases with the increasing heat fluxes. And then, the change
trends are different after the happening of flow boiling, but ap-
proximately stable wall superheats are obtained finally. The magni-
tudes of these approximately stable wall superheats for heat fluxes
from 100 kW/m?2 to 500 kW/m?2 are 3.96, 10.12, 14.44, 18.88, and
29.82 K, respectively. When the heat flux is 100 kW/m?, the wall
superheat quickly decreases and reaches a stable value after about
500 ms. When heat flux equals 500 kW/m?2, the wall superheat
reaches 23.31 K soon, and it increases once again because of the
appearance of the local dry patch after about 150 ms, as shown
as the turning point in Fig. 10. It is noteworthy that the wall su-
perheats always fluctuate with time for all cases, and the ampli-
tude increases with heat flux and reaches the maximum values at
the heat flux of 500 kW/m?. Therefore, the cases with the heat
fluxes of 400 and 500 kW/m?2 are selected to illustrate the details
of temperature distributions, including the wall superheat variation
trends.

Fig. 11 shows temperature contours at the central section of
y-direction and heating wall surface of mini-channel with a heat
flux of 400 kW/mZ2. It can be found that the wall superheat in
the downstream region is evidently lower than that near the
mini-channel inlet because of the cooling effect of nucleate boil-
ing, while in the downstream of the central section, fluid tem-
peratures are appreciably higher than the inlet because of the
heating effect of the bottom wall. Fig. 12 shows the growth,
movement, coalescence, and detachment of bubbles in the cen-
tral section, which causes violent disturbance in the channel
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(a) 20 ms

(b) 50 ms

(c) 100 ms

(d) 200 ms

(e) 300 ms

(f) 500 ms

International Journal of Heat and Mass Transfer 183 (2022) 122218

Fig. 6. Snapshots of 3D subcooled flow boiling with a heat flux of 300 kW/m?. (For interpretation of the references to color in this figure, the reader is referred to the web

version of this article.)

(2) 310 ms

(b) 320 ms

(c) 330 ms

(d) 340 ms

Fig. 7. Condensation of bubble inside the subcooled liquid. (For interpretation of the references to color in this figure, the reader is referred to the web version of this

article.)
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(a) 20 ms

(b) 50 ms

(c) 100 ms

(d) 200 ms

(e) 300 ms

() 500 ms

Fig. 8. Snapshots of 3D subcooled flow boiling with a heat flux of 400 kW/m?. (For interpretation of the references to color in this figure, the reader is referred to the web

version of this article.)

and enhances the cooling effect. Therefore, the wall superheat is
lower in the central and downstream regions where flow boil-
ing happens. When the cooling effects and constantly heating
with a heat flux of 400 kW/m? reach a dynamic equilibrium,
an approximately stable wall superheat is reached, as shown in
Fig. 10.

Fig. 13 shows temperature contours at the central section of the
y-direction and heating wall surface of the mini-channel with a
heat flux of 500 kW/m?2. At 100 ms, the bubble size is smaller than
the channel height, and the movement and growth of big bubbles
make the wall superheat somewhat uniform at 100-150 ms. How-
ever, these big bubbles coalesce into a few elongated bubbles at
about 150 ms and cause the formation of a dry patch on the heat-
ing wall surface, as shown in Fig. 13(b). The heat transfer in the
dry patch begins to deteriorate, thus the wall superheat increases
as indicated by the rising turning point in Fig. 10. More elongated
bubbles are formed with time, and the dry patch area is grow-
ing, causing an increase in the local hot region area, as shown in
Figs. 13(c) and (d). Moreover, with the movement of the elongated
bubble along the flow direction, the dry patch changes its area and
location, leading to the fluctuation of wall superheat with a rela-
tively large amplitude. It is emphasized that the dry patch cannot
be visualized by 2D numerical simulation, which is one of the rea-
sons for the present 3D numerical study.

4.2.2. Average HTC of the heating wall under different heat fluxes
HTC is one of the most concerning parameters in flow boiling
in the mini-channel and is also related to the heat transfer mech-

anism of flow boiling. Therefore, the relationships between HTC
and heat flux are studied in this part. At each time step, the aver-
age liquid temperature and wall surface temperature are obtained
to calculate the spatial average HTC of the wall. Then, the time-
space average HTC of the heating wall is calculated by the follow-
ing equation,
t+At q
hyw = —— /At 26
" Xt: (Tave,w - Tave,b) / ( )
Fig. 14 illustrates the time-space average HTC of the heating
wall under different heat fluxes. It is found that HTC increases first
and then decreases with wall superheat appreciably, and HTC is
related to the heat flux. Therefore, the dominant mechanism of
subcooled flow boiling heat transfer in the present mini-channel
is nucleate boiling. The HTC of single-phase flow at the present
flow conditions predicted by Eq. (22) is 2204.3 W/(m?'K), which
is much lower than that of the subcooling flow boiling. More-
over, the HTC increases with the heat flux till heat flux is equal to
400 kW/m? due to the enhancement of nucleate boiling intensity,
as shown in Figs. 4-6, and 8. However, when heat flux is beyond
400 kW/m?, the heat transfer is deteriorated because of the ap-
pearance of the local dry patch, as analyzed in the previous para-
graph.

4.2.3. Local HTC and vapor fraction along flow direction under
different heat fluxes

The local HTC and vapor fraction along flow direction under dif-
ferent heat fluxes are analyzed in this section. For this purpose,
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(a) 20 ms

(b) 50 ms

(c) 100 ms

(d) 200 ms

(e) 300 ms

(f) 500 ms

Fig. 9. Snapshots of 3D subcooled flow boiling with a heat flux of 500 kW/m?2. (For interpretation of the references to color in this figure, the reader is referred to the web

version of this article.)
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Fig. 10. Trends of spatial average heating wall superheats under different heat
fluxes.

the mini-channel is uniformly divided into 20 subregions along
the flow direction. The local HTC and vapor fraction of each sub-
region are calculated and averaged during the stable stage to ex-
plore their relationship. Figs. 15 and 16 show local vapor fraction
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and HTC profiles along z-direction under different heat fluxes, re-
spectively. Except for the cases with a heat flux of 100 kW/m?2, the
vapor fraction in other cases increases with the flow direction, and
the increment is small for the case with a heat flux of 200 kW/m?.
When the heat flux is low, a few nucleation sites are activated, and
the detached bubble may disappear within the subcooled liquid in
a short time. Therefore, the vapor fractions near 0 along the flow
direction when the heat flux is 100 kW/m?2.

As shown in Fig. 16, the HTC profiles show different characteris-
tics under different heat fluxes. When the heat flux is 100 kW/m?,
HTC changes slightly along the flow direction because few nu-
cleation sites are activated. Even though the bubble activation is
not violent, the HTC of this case still much higher than that of
pure single-phase flow. As the heat flux is raised to 200 and
300 kW/m?2, HTC increases appreciably along the flow direction
because of the heat transfer enhancement caused by the violent
activities of bubbles. It is noteworthy that the heat transfer is evi-
dently enhanced along the flow direction for the case with a heat
flux of 200 kW/m2, although the vapor fraction is at a low level.
When the heat flux is 400 kW/m?2, the HTC increases first and
then reaches a platform in the second half of the mini-channel,
as shown in the region signed with two red dotted lines in Fig. 16.
Furthermore, for the case with a heat flux of 500 kW/m?, the local
HTC decreases appreciably from the peak due to the formation of
a dry patch.

Based on the above discussion of the HTC and vapor frac-
tion profiles along the flow direction, some relationships between
them are found for the studied mini-channel: (1) the HTC changes
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Fig. 11. Temperature contours at the central section and heating wall surface of the mini-channel with a heat flux of 400 kW/m?.

slightly along the flow direction when the vapor fraction keeps at
a very low level; (2) the HTC increases with the increasing va-
por fraction along the flow direction when the vapor fraction is
lower than 0.18; (3) HTC gets into a platform with a value be-
tween 19,500 and 21,000 W/(m2'K) when the vapor fraction is in a
range from 0.18 to 0.45; (4) the HTC monotonically decreases with
the increasing vapor fraction when the vapor fraction is over 0.45.
Qualitatively, these observations are similar to the experimental re-
sults of Huo et al. and Lin et al. [15,17]. Huo et al. [15] conducted

an experimental investigation of flow boiling of R134a in two tubes
with diameters of 2.01 and 4.26 mm. Their results indicated that
under different heat fluxes, the HTC increased with the increase of
vapor fraction within 0.05; then, HTC almost stayed unchanged in
the vapor fraction range from 0.05 to 0.2; finally, HTC monotoni-
cally decreased with the further increase of vapor fraction.

The reasons for relationships (1), (2), and (4) have been clari-
fied by the above illustrations of Figs. 15 and 16. The reasons for
relationship (3) can be explained by the snapshots of 3D subcooled

Fig. 12. Velocity distribution at the central section of the mini-channel with a heat flux of 400 kW/m? at 100 ms.
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flow boiling in the mini-channel shown in Figs. 8 and 9. When the interface of these big bubbles because the liquid film between the
vapor fraction is in a range from 0.18 to 0.45, the flow pattern is bubble and the heating wall is thick. Therefore, the HTC reaches a
the big bubble flow, and the positive effects of nucleate boiling on platform when the vapor fraction ranges from 0.18 to 0.45.

HTC have peaked in the confined mini-channel. On the other hand, Obviously, HTC is also related to vapor fraction, and the convec-
there is no significant difference in the evaporation effect at the tive effects should be considered for the heat transfer mechanism

-15-13-11-9 -7 -5 -3 -1 1 3 5 7 9 11 13 1517 19 21 23 25 27 29(K)
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Central section

Wall surface

Central section

Wall surface

Central section
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(d) 500 ms

Fig. 13. Temperature contours at the central section and heating wall surface of the mini-channel with a heat flux of 500 kW/m?2.
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Fig. 14. Time-space average HTC of the heating wall under different heat fluxes.
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Fig. 15. Vapor fraction profiles along flow direction under different heat fluxes.

in this study. The evaporation of elongated bubbles plays a vital
role in the heat transfer mechanism of convective boiling domi-
nance [1]. The elongated bubble forms in the second half of the
mini-channel when the heat flux is 500 kW/m2, and the region
from 12 to 18 mm in the z-direction is chosen to calculate its spa-
tial average HTC. Fig. 17 shows the trend of the spatial average HTC
from 110 to 160 ms, which is the period of a dry patch formation.
Results in Fig. 17 indicate that the HTC increases with time before
the appearance of a dry patch (~140 ms). However, as shown in
Fig. 18, bubble activities are gradually suppressed with the forma-
tion of the elongated bubble from 110 to 140 ms in the second
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Fig. 16. HTC profiles along flow direction under different heat fluxes (For interpre-
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version of this article).
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Fig. 17. Trend of spatial average HTC in the second half of the mini-channel.

half of the mini-channel, and no dry patch forms in the wall sur-
face before 140 ms. Therefore, the evaporation effect contributes to
the heat transfer enhancement from 110 to 140 ms. On the other
hand, the evaporation effect is obviously weaker than the nucleate
boiling effect on the heat transfer enhancement by comparing the
improvement range of local HTC in Figs. 16 and 17.

In summary, for the subcooled flow boiling in the present mini-
channel, the nucleate boiling is the primary heat transfer mecha-
nism at a vapor fraction below 0.45, and the convective effect con-
tributes to the HTC at a high vapor fraction before the appearance
of a dry patch.
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(a) 110 ms
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(b) 120 ms

(c) 130 ms

(d) 140 ms

Fig. 18. Snapshots of 3D subcooled flow boiling in the mini-channel with a heat flux of 500 kW/m? from 110 to 140 ms.

4. Conclusions

In this paper, the conjugated heat transfer of 3D subcooled flow
boiling in a rectangular mini-channel is investigated by the VOSET
method in conjunction with a reasonable nucleation density site
model. The simulation is conducted by a self-programming code.
Within the studied heat flux range (100-500 kW/m?2), hundreds of
bubbles are accurately captured, and different flow patterns are ob-
served in the studied mini-channel. The heat transfer mechanisms
under different heat fluxes are illustrated by the bubble activities,
distributions of HTC, wall superheat, and vapor fraction. The major
conclusions are summarized as follows.

(1) The flow pattern of subcooled flowing boiling in the mini-
channel changes with heat flux. The pseudo bubbly flow, bub-
bly flow, slug flow, and pattern transition are predicted subse-
quently in the mini-channel with the increasing heat flux. A
pseudo bubbly flow happens with a few activated bubble nu-
cleation sites when the heat flux is low. As the increase of
heat flux, more nucleation sites are activated, and the bubbly
flow happens with the growth, coalescence, and detachment of
many bubbles. Moreover, some elongated bubbles are formed
and block the mini-channel with further increasing heat flux,
and the transition from a bubbly flow to slug flow happens.

(2) The time-space average wall HTC increases firstly and then
decreases with the heat fluxes. When the heat flux is below
400 kW/m2, the nucleate boiling mainly dominates the heat
transfer, which is enhanced by increasing heat flux. However,
when the heat flux is raised to 500 kW/m?2, some big bubbles
coalesce into an elongated bubble, and the liquid film below it
dries out, leading to the formation of a dry patch on the heat-
ing wall. As a result, the heat transfer deteriorates rapidly, and
HTC drops from the peak.

(3) The local time average HTC is related to the vapor fraction. The
HTC changes slightly when the vapor fraction keeps at a low
level. After the happening of bubbly flow, HTC increases with
the increasing vapor fraction along the flow direction with a
vapor fraction below 0.18. Furthermore, when the vapor frac-
tion ranges from 0.18 to 0.45, HTC reaches a platform with a
value of about 20,250 W/(m?'K). However, HTC decreases with
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the further increase of vapor fraction (over 0.45) because of the
formation of dry patches.

(4) The heat transfer mechanism of the subcooled boiling in the
studied mini-channel includes both nucleate boiling dominance
and convective boiling dominance. The nucleate boiling dom-
inance is the primary heat transfer mechanism at a vapor
fraction below 0.45, and the convective effect contributes to
the HTC at a high vapor fraction before the formation of dry
patches.
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