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ABSTRACT

Under a low flow rate, gravity may become prominent for bubble behavior and heat transfer of flowing boiling because of the weakness of
drag force from liquid, and its effect changes with the inclination angle of the mini-channel but without consensus. In this paper, based on a
reasonable nucleus site density model and considering conjugate heat transfer, the coupled volume-of-fluid and level set method is adopted
to study the subcooled flow boiling in an inclined three-dimensional rectangular mini-channel (0�–180�) with a characteristic size of 1.0mm
at a low flow rate of 88.8 kg m�2 s�1. The inclination angle is found to have a slight effect on the flow boiling, which is different from the con-
clusion drawn based on the traditional-macro channel. A bubbly flow appears when a heat flux of 300 kW/m2 is added. An unconventional
impact force is proposed, which presses large bubbles to slip along the heating wall, with slight differences in the flow pattern under different
inclination angles. When the inclination angle is close to 0�, the upstream small/medium bubbles leave the heating wall under gravitational
effects, which is conducive to heat transfer. As the inclination angle approaches 90�, gravity pushes the large bubbles downstream to leave
the channel, favoring the rewetting of the dry patches below. These two positive effects fail as the inclination angle approaches 180�, leading
to slightly worse overall heat exchange efficiency. However, the maximum differences in the average and local wall superheating of the mini-
channel are only 8.4% and 22.5%, respectively, across the range of inclination angles because the flow pattern remains similar under the effect
of the impact force. In addition, the effect of inclination angle on flow boiling becomes weaker with the increase in heat flux because of hap-
pening of slug flow.

Published under an exclusive license by AIP Publishing. https://doi.org/10.1063/5.0115599

I. INTRODUCTION

The trend for higher-frequency operations in electronic systems
results in high thermal management requirements. Flow boiling is an
efficient heat exchange technique, removing large amounts of heat
through the disturbance and phase change generated by the formation
and evolution of bubbles. Electronic equipment can be stored in a rela-
tively safe and efficient operation range under flow-boiling heat trans-
fer, which is widely used in other fields, such as nuclear energy,

petrochemicals, and aerospace.1,2 A critical factor affecting flow-
boiling heat transfer is bubble dynamics, which is related to surface
tension force, drag force, Marangoni force, gravity, shear lift force,
etc.3,4 For the pool boiling, under micro-gravity, the gravitational flow
on the ground is changed into the surface-tension flow,5 affecting the
heat transfer performance. In addition, the buoyant force is inadequate
to overcome wall adhesion in low gravity, and a central bubble appears
and remains attached to the surface leading to low heat flux.6
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Regarding flow boiling, flow instabilities under microgravity might
happen easier,7 and interfacial behavior and heat transfer mechanisms
are different from those under Earth’s gravity.8 Therefore, gravity has
significant effects on boiling heat transfer. The component of gravity
normal or parallel to the heat exchange surface varies with the inclina-
tion angle, leading to the different impacts on the bubble and flow-
boiling heat transfer under different application scenarios, especially at
low flow rates because of the weak forced convection effect.

The critical heat flow (CHF) and the heat transfer coefficient
(HTC) are the two main parameters concerned in experimental stud-
ies of the inclination angle effect on flow-boiling heat transfer at a low
flow rate. Regarding the channel inclination effect on CHF, Zhang
et al.9 employed a rectangular channel with a cross section of
2.5� 5.0mm2 to investigate the effect of inclination angles from 0� to
360� on the critical heat flux of FC-72 using high-speed video and
micrograph techniques. Under large flow velocities, the generation of a
wavy vapor layer triggered the boiling crisis, regardless of the included
angle between the gravitational force and the channel. In contrast, dif-
ferent mechanisms triggered the boiling crisis at low speeds under dif-
ferent inclination angles. Kharangate et al.10 studied the CHF of FC-72
in a similar rectangular channel to that used by Zhang et al.9 Their
results showed that when the mass flow rate was low, gravity played a
leading role in the vapor–liquid interface behavior, and the lowest
(respectively, highest) CHF occurred under heating by the top wall
(respectively, bottom wall). With an increase in the mass flow rate, the
effect of the inclination angle on the CHF decreased and totally disap-
peared under very high mass flows. Gersey and Mudawar11 adopted
FC-72 to explore the CHF of flow boiling in a 5.0� 20.0mm2 channel
and found that the CHF was independent of the inclination angle at
flow velocities greater than 2m/s. Based on a small channel with a
characteristic cross section of 2.5� 5.0mm2, Zhang et al.12,13 found
that the CHF of saturated flow boiling changed with the pipe inclina-
tion angle at a flow rate of 0.2m/s, and an increase in flow rate or sub-
cooling inhibited the effect of the inclination angle on the CHF.

Regarding the channel inclination effect on the HTC of flow boil-
ing, Piasecka et al.14–16 adopted FC-72 as the working fluid in a narrow
channel with dimensions of 1� 40mm2. Their results indicated that
the channel inclination significantly affected the HTC at a flow rate of
0.211m/s. The highest HTC occurred when the inclination angle was
90� for the saturated condition and 45� for the subcooled flow boiling.
The worst heat transfer performance for both saturated and subcooled
flow boiling was found to occur at an inclination angle of 180�. Hu
et al.17 investigated the effect of inclination on the average HTC of
flow boiling in a copper tube with a diameter of 4mm. The maximum
difference in the HTC among different inclination angles was only
10% in the flow velocity range of 0.167–0.287 m/s, which was within
the experimental measurement error. Chen et al.18 studied the effect of
the inclination angle on flow-boiling heat transfer in a heat sink with a
hydraulic diameter of 0.91mm. The boiling curves of different inclined
heat sink almost coincided in the low-flow-velocity range of 0.12–0.5
m/s, indicating that the influence of gravity on boiling heat transfer
was greatly weakened in fine channels. Mei19 explored the HTC of an
inclined macro-channel with a characteristic size of 12.6� 12.6mm2.
Under a low-flow-velocity range of 0.11–0.3 m/s, the HTC changed
slightly over inclination angles of 45�–90�, for which the magnitude of
the HTC was larger than that within the range 15�–45�. Furthermore,
Mei et al.20 found that the inclination of the heating surface affected

the HTC and CHF in the case of pool boiling. Abadi et al.21 investi-
gated the effect of horizontal and vertical tubes with a characteristic
size of 3mm on the HTC of flow boiling. At the same mass flow rate,
the vertical flow transited into an annular flow earlier than the hori-
zontal flow, and the vertical flow exhibited a higher HTC and lower
pressure drop.

Most of the above experimental studies suggest that the inclina-
tion angle has significant impacts on the CHF or HTC at low flow
rates (termed the supportive view),9–16,20,21 but other few studies take
an opposing view,17,18 especially for channels with small characteristic
sizes.18 A hydraulic diameter of 3mm is generally used to distinguish
between macro- and mini-channels.22 Under low flow rates, research-
ers with the supportive view have employed macro-channels,9–16,20,21

whereas those with the opposing view have considered both macro-17

and mini-channels.18 When the channel geometry is reduced, the bub-
ble detachment diameter is approximately equal to the channel charac-
teristic size. This may prevent the bubble from detaching properly
from the heating surface, so the effect of the inclination angle on the
flow-boiling heat transfer at low flow rates in mini-channels may be
different from that in macro-channels. However, there have been few
related experimental studies. With the development of compact equip-
ment, the heat dissipation space has been compressed, and the effects
of inclination angle on flow-boiling heat transfer in mini-channels at
low flow velocities require urgent investigation. However, experimen-
tal studies of flow boiling become more difficult as the channel size
decreases.

Numerical simulations can obtain more information and sepa-
rate the influence variables in the study of boiling,23,24 making them
an important supplement to experiments. Nie and Guan25 adopted
the lattice Boltzmann method (LBM) to investigate the effect of shear
flow on boiling heat transfer under gravity, founding that the shear
flow accelerated bubble departure for hydrophobic surfaces. However,
the lattice Boltzmann method did not handle the situation with the
real density ratio and viscosity ratio.25–28 This deficiency can be elimi-
nated by the computational fluid dynamics method (CFD). Li and
Dhir29 employed the level set (LS) method to study the effect of the
inclination angle in a three-dimensional channel on the dynamic char-
acteristics of a single bubble. Their results showed that the bubble
detachment diameter increases with the inclination angle. Chen
et al.30 used the moving particle semi-implicit method to investigate
the inclination angle effect on a single two-dimensional bubble and
found that it affected the bubble detachment diameter and time.
Vermaak et al.31 adopted the volume-of-fluid (VOF) method to study
the effect of the inclination angle on single bubble growth in two- and
three-dimensional channels, and obtained similar conclusions to those
of Chen et al.30 Zhang et al.32 explored the flow-boiling heat transfer
of R32 in a two-dimensional inclined pipe with an inner diameter of
1mm using the VOF method. The results indicated that, under mass
flow rates of 100 and 300 kg/(m2 s), the HTC clearly decreased with
increasing inclination angle in the inlet section, while only slight
changes occurred in the middle and outlet regions. Overall, the expec-
tant complementation between experiment and simulation studies has
not been achieved. There have been insufficient numerical simulations
of the flow-boiling heat transfer in inclined channels, and most previ-
ous studies focus on a single bubble and are far from the actual flow
boiling, leading to a gap in revealing the inclination angle effect on
flow-boiling heat transfer in mini-channels at low flow rates.
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In this paper, based on a reasonable nucleus site density model
and considering conjugate heat transfer, the subcooled flow-boiling
heat transfer in three-dimensional inclined rectangular mini-channels
at low flow rates is numerically studied using a combined VOF and LS
method (VOSET). In-depth analyses of the flow patterns and heat
exchange for inclination angles of 0�–180� illustrate the relationship
between inclination angle and flow boiling at a low flow rate, and pro-
vide support for the existing flow-boiling heat transfer theory and
enhancement technology in mini-channels.

II. PROBLEM DESCRIPTION

This paper investigates the subcooled flow-boiling heat transfer
in an inclined mini-channel at a low flow rate. As displayed in Fig. 1(a),
the research object is a three-dimensional rectangular mini-channel
with a size of 1.0 (x)� 1.0 (y)� 20.0mm3 (z). A silicon plate with a
size of 1.0 (x)� 0.2 (y)� 20.0mm3 (z) acts as the heating wall, and
a constant heat flux of 300 kW/m2 is added to its outside. The con-
tact angle of the silicon plate is 50�, and the other three sides of the
channel are no-slip walls. The fluid with a subcooling of 20 K flows
from the inlet at 0.1m/s and exchanges heat with the wall through
conjugate heat transfer. The system pressure is 1.0MPa, the corre-
sponding fluid saturation temperature is 453 K, the latent heat is
2.02� 106 J/kg, and the surface tension of the vapor–liquid inter-
face is 0.042 N/m. The other physical properties are listed in

Table I. The inclination angle ranges from 0 to 180�, as shown in
Fig. 1(b). When the inclination angle is 0�–90�, the component of
gravity in the direction perpendicular to the wall points to the wall,
which promotes the bubble detachment. The gravity component
direction and effect are reversed when the inclination angle is from
90� to 180�.

III. NUMERICAL MODELS
A. Governing equations

In this study, a complex and comprehensive numerical method is
adopted to predict flow boiling in the mini-channel. The solid wall is
subject to the transient heat conduction equation shown in Eq. (1).
Solving the fluid region is very complex as it includes numerical
descriptions of the flow, convective and conjugated heat transfer,
phase transition, vapor–liquid interface reconstruction, and bubble

FIG. 1. Sketch of the study object: (a)
flow boiling in a rectangular inclined mini-
channel and boundary conditions, and (b)
inclined mini-channels.

TABLE I. Physical properties of study media.

Density
(kg/m3)

Viscosity
(Pa s)

Thermal conductivity
(W/(m K))

Heat capacity
(J/(kg K))

Wall 2330.0 � � � 148.0 766.0
Liquid 888.10 1.51� 10�4 0.674 4400.0
Vapor 5.14 1.50� 10�5 0.036 2712.0
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nucleation, and their solving methods are introduced successively
next. The flow is described by the continuity and momentum equa-
tions presented in Eqs. (2) and (3). The vapor–liquid interface temper-
ature acts as a constant-temperature boundary with a value set to
the saturation temperature, and heat transfer inside the liquid and
vapor regions is solved by the energy equation, as shown in Eqs. (4)
and (5). The phase transition only happens at the vapor–liquid inter-
face and is calculated by the Rankine–Hugoniot jump condition with-
out any empirical parameters,33,34 as described by Eqs. (6) and (7).
The vapor–liquid interface is captured by the accurate VOSET
method,35,36 which combines the advantages of the VOF and LS meth-
ods with a relatively low computational cost,

@ qscsTð Þ
@t

¼ r � ksrTð Þ; (1)

r � u ¼ 1
qv

� 1
ql

� �
_m; (2)

@ quð Þ
@t

þr � quuð Þ ¼ �rpþr � gþ gtð Þ ruþruTð Þ
h i

þ f þ qg;

(3)
@ qlcp;lTð Þ

@t
þr � qcp;luTð Þ ¼ r � klrTð Þ; (4)

@ qvcp;vTð Þ
@t

þr � qcp;vuTð Þ ¼ r � kvrTð Þ; (5)
ð
V
_mdV ¼ 1

h

ð
A
_qdA; (6)

_q ¼ kv
@T
@n

����
v

� kl
@T
@n

����
l

; (7)

where q is the density, kg/m3; c is the heat capacity, J/(kg K); k is the
thermal conductivity, W/(m K); _m is the phase change rate, kg/(m3 s);
g is the dynamic viscosity, Pa s; gt is the turbulent viscosity calculated
by the Smagorinsky model,37 Pa s; f is the surface tension calculated by
the CSF model,38 N/m3; g is gravity, m/s2; h is the latent heat of water;
_q is the heat flux caused by phase transition;33 and the indexes s, l, and
v represent solid, liquid, and vapor, respectively.

The phase transition model used in this study cannot describe
the bubble nucleation process at the nanoscale, and how to reasonably
determine the nucleation position and condition is challenging for
direct numerical simulation. In this study, considering the studied
high-pressure condition (1MPa), an extra nucleus site density model
with a wide applied range proposed by Li et al.39 is used to describe
heterogeneous nucleation, as shown in Eqs. (8)–(12). It is worth
emphasizing that combining the nucleus site density model obtained
by the experiment with the phase transition model can achieve a more
reasonable simulation of flow boiling because the nucleation described
by the existing macro method is unphysical and unreasonable,

Nw ¼ N0 1� cos hð Þexp f Pð Þ� �
DT

ADTsupþB
sup ; (8)

f Pð Þ ¼ 26:006� 3:678 exp �2Pð Þ � 21:907 exp � P
24:065

� �
; (9)

A ¼ �0:0002P2 þ 0:0108P þ 0:0119; (10)

B ¼ 0:122P þ 1:988; (11)

1� cos h ¼ 1� cos h0ð Þ Tc � Tsat

Tc � T0

� �c

; (12)

where N0 ¼ 1000 site/m2, h0 ¼ 41.37�, Tc ¼ 374 �C, T0 ¼ 25 �C,
c¼ 0.719 by default.40

In this study, the wall superheating decides the nucleus site den-
sity because the contact angle and pressure are fixed. The implementa-
tion procedures of the nucleus site density model are introduced as
follows: First, calculate the nucleus site number every DT¼ 0.1K;
Then, record the nucleus site number N0 and N1 for DTsup and
DTsupþDT. Here, N1�N0 is the number of nucleus site with the acti-
vated superheating of over DTsupþDT; Finally, put these nucleus sites
randomly on the heating wall, and store the corresponding position
and activated superheating. As shown in Fig. 2, the activated wall
superheating of the black, red, and blue sites are over 3.0, 3.1, and
3.2K, respectively. It is noteworthy that Fig. 2 is just a sketch, and
thousands of nucleus sites are set on the heating wall with the corre-
sponding activated conditions in this study. Once a nucleus site is acti-
vated, an artificial bubble nucleus with a radius of one grid length is
put there. In addition, the nucleus site density model will fail if the
Dirichlet boundary condition is applied for the heating wall without
thickness. Therefore, in this study, the conjugate heat transfer between
silicon plate and fluid is considered based on the temperature and heat
flux continuity principles, as described in Eqs. (13) and (14) and Fig. 3,

Tn ¼ Tn;f ¼ Tn;s; (13)

qn ¼ TN � Tn

dyð Þþn
kf

¼ Tn � TS

dyð Þ�n
ks

¼ TN � TS

dyð Þþn þ dyð Þ�n
keff

; (14)

where keff is the effective thermal conductivity at the solid–fluid inter-
face, Wm�1 K�1; qn represents heat flux through the solid–fluid inter-
face, W/m2.

The discretization schemes for the transient term, convection
term, and diffusion term of momentum and energy equations are

FIG. 2. Sketch of nucleus site and activated condition.
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first-order forward difference, MUSCL (monotonic upwind scheme
for conservation laws), and central difference schemes, respectively. In
addition, several limitations in the time step are made to improve
numerical stability.41 Generally, the time step is less than 1.0� 10�6 s
during the simulation,

Dt � 0:8
qvDx

2

6gv
; (15)

Dt � 0:8
qlDx

2

6gl
; (16)

Dt � 0:5

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ql þ qvð ÞDx3

pr

r
; (17)

Dt � 0:1
Dx

jujmax
; (18)

where Dx is grid step; r is liquid–vapor surface tension coefficient;
and jujmax is the absolute value of maximum velocity.

As shown in Fig. 1(a), the boundary conditions are set as follows:
constant velocity and temperature boundaries are adopted at the inlet;
the outlet is a free outflow boundary; the outside of the heating wall is
a constant heat flux boundary; the other walls are adiabatic and no-
slip boundaries.

Based on the above governing equations and boundary condi-
tions, the pressure, velocity, and temperature fields are solved succes-
sively. The projection algorithm is adopted to obtain coupled solutions
of the pressure and velocity with the convergence condition that the
relative residual of pressure equation is less than 1.0� 10�10, as
described in Eq. (19). The solid wall is regarded as a fluid with a veloc-
ity of 0, and its temperature field is solved together with the fluid with
the convergence condition of err< 1.0� 10�6. All discrete equations
are solved by the algebraic multigrid method, and the OpenMP paral-
lel algorithm is adopted to improve the solving efficiency,

err ¼ kAx � bk
kbk � 1:0� 10�10; (19)

where err represents the relative residual; A, x, and b are the coefficient
matrix, unknown variable vector, and source term vector of algebraic
equations, respectively.

B. Model verification

Numerical simulations of flow-boiling heat transfer are con-
ducted based on uniform and regular hexahedral grids. The height of
the solid and fluid grids is inconsistent in the direction perpendicular

to the heating wall, with the former being fixed at 20lm. The size of
the fluid mesh is determined by a mesh independence test. Two sets of
grids with 312 500 and 439 040 fluid nodes are selected to compare
the difference in average wall superheat after the flow boiling becomes
dynamically stable, corresponding to 15.02 and 14.48K, respectively,
based on a heat flux of 250 kW/m2. The relative error of the average
wall superheating between these two grids is 3.60%, which is accept-
able considering the complexity of flow-boiling heat transfer.
Therefore, the following simulation work is conducted based on the
first grid, with a total of 437 500 nodes, including 312 500 fluid nodes
and 125 000 solid nodes.

The reliability of the simulation results is verified by comparing
them with those predicted by the Gungor–Winterton correlation,42 as
described in the following equations:

q ¼ hsp;l Tw � Tbð Þ þ Shnb Tw � Tsatð Þ; (20)

hnb ¼ 55P0:12
R �0:4343 ln PRð Þ�0:55M�0:5q0:67; (21)

S ¼ 1= 1þ 1:15� 10�6F2Re1:17l

� 	
; (22)

F ¼ 1þ 2:4� 104Bo1:16; (23)

Bo ¼ q
Gh

; (24)

where Tb is the temperature of the bulk liquid; hnb is the heat transfer
coefficient of the nucleate pool boiling, as calculated by Cooper’s equa-
tion [Eq. (19) in Ref. 43], W/(m2 K); S is the suppression factor; F is
the Reynolds number factor; PR is the ratio of relative pressure to
critical pressure; M is the molecular mass, kg/kmol; Bo ¼ q=Gh is the
boiling number; and G is the mass flux, kg/m2 s.

As shown in Fig. 4, the trend in the predicted results obtained by
the present numerical simulation is basically consistent with that
obtained by the Gungor–Winterton correlation, and the average rela-
tive error between the two sets of results is 17.12%. The reasons for the
difference mainly include the following three aspects: (i) the length-
diameter ratio of the simulated pipe in this study is only 20, which is

FIG. 3. Sketch of nodes near the solid–fluid interface.

FIG. 4. Comparison of wall superheating predicted by the present numerical simu-
lation method and the Gungor–Winterton correlation.
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less than that of general experimental pipes; (ii) the fluid is only heated
by one side of the channel, whereas experiments typically use full
perimeter heating; and (iii) the experimental data used in the correla-
tion fitting are mainly based on a circular tube, and most of them are
under atmospheric pressure, whereas the research object in this study
is a rectangular tube under high pressure.

Furthermore, comparisons in the flow pattern and average wall
superheating between simulation and experiment results are made.
Next, the experimental conditions are briefly introduced. The tested
pipe section is rectangular with a size of 10� 10mm2, and the length
of the visual part is 90mm. The water with a subcooling of 11.2K
flows into the channel at 99.72 kg/m2 and exchanges heat with Inconel
600, whose heating power is 0.2136 kW. The system pressure is
0.768MPa, and the corresponding saturation temperature, latent heat,
and surface tension are 441.98K, 2.05� 106 J/kg, and 0.044 66N/m,
respectively. Other properties are listed in Table II.

Figure 5 displays the comparison in flow pattern between experi-
ment and simulation in the stable stage. The bubbly flow is obtained
by both experiment and simulation methods, and the bubble size is
similar. However, compared with the experiment, more bubble num-
ber is observed in the simulation, and the mismatch of nucleus site
density contributes to this difference. In addition, the average wall

superheat predicted by the simulation method is 6.45K, which is larger
than the 5.10K obtained by the experiment tool, with a relative differ-
ence of 26.37%.

The above comparisons indicate that the predicted deviation of
the present simulation is within 30%, which is acceptable for the simu-
lation study of flow-boiling heat transfer.

IV. RESULTS AND DISCUSSION

In this section, the differences in the flow pattern and heat
exchange of subcooled flow boiling in an inclined rectangular
mini-channel are highlighted and discussed. The reasons for these
differences are illustrated through quantitative comparisons
revealing the effects of the inclination angle on flow boiling under
a low flow rate.

A. Qualitative analyses of flow patterns and wall
superheating distributions

Flow-boiling heat transfer is directly related to the flow pattern.
First, the similarities and differences in the flow patterns and wall super-
heating distributions of subcooled flow boiling under different inclination
conditions are introduced. In Fig. 6, light blue and transparent white rep-
resent the liquid and liquid–vapor interface, respectively, and the wall
color is related to the wall superheating (DTsup¼Tw�Tsat). For conve-
nience, all simulation results in Fig. 6 are displayed in a horizontal chan-
nel, and the inclination angle is given in the figure subtitle. Differently,
Fig. 7 (Multimedia view) shows the videos of subcooled flow boiling in
inclined mini-channels, which are displayed in a vertical channel. When
a constant heat flux of 300kW/m2 is added to the outside of the wall, the
wall temperature increases with time, and some nuclei are activated to
form different flow patterns and wall superheating distributions.

The flow pattern remains almost the same in the mini-channel as
the inclination angle increases from 0� to 180�. When the heating time
is less than 100ms, only a few bubbles have been activated, and the
flow pattern is a small bubbly flow. As time goes on, more bubbles are
activated. These bubbles grow and coalesce with each other to generate
big bubbles with the forward flow. As a result, a small bubbly flow
appears in the first half of the mini-channel, which transitions to a
large bubbly flow in the second half of the mini-channel over 200ms.
Finally, the flow pattern reaches dynamic stability after 250ms. Some
elongated bubbles can be observed near the outlet, but a stable slug
flow is not formed.

The typical single bubble behaviors and dynamics are also similar
in different inclined mini-channels. The present macro method cannot
reasonably describe the bubble nucleation, and only the detachment,
slippage, coalescence, shrinkage, and growth of bubbles are analyzed
next based on the horizontal mini-channel. As shown in Fig. 8, two bub-
bles marked by blue and red arrows are taken as representative ones,
which adhere to the heating wall at 70ms. After 5ms, the second bubble
(red arrow) detaches from the heating wall due to the chaotic flow field
and external forces, while the first bubble (blue arrow) keeps slipping
along the flow direction. The first slipping bubble gradually grows
because of the evaporation at the three-phase contact line and coales-
cence with around small-sized bubbles, as shown in Figs. 8(f) and 8(g).
As heating time increases, the first bubble converts into an elongated
one at 190ms, as described in Fig. 8(i). Differently, once the second bub-
ble gets into the subcooled liquid, the shrinkage phenomenon happens,
and its volume decrease with increasing time after 80ms, as displayed in

TABLE II. Physical properties in the experiment.

Density
(kg/m3)

Viscosity
(Pa s)

Thermal
conductivity
(W/(m K))

Heat
capacity
(J/(kg K))

Inconel 600 8291 … 14.773 481.04
Liquid 898.65 1.61� 10�4 0.6776 4368.3
Vapor 4.013 1.46� 10�5 0.034 55 2581.4

FIG. 5. Comparison in flow pattern between (a) experiment and (b) simulation in
the stable stage.
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Figs. 8(c)–8(g). Finally, the second bubble is artificially removed when it
is totally inside one grid because of the failure of the interface recon-
struction method. In addition, the forward speed of the second bubble is
larger than the first one because of the difference in viscous effect. These
two types of bubble behavior induce the formation and evolution of dif-
ferent flow patterns in the studied mini-channel.

A careful comparison suggests that the bubble distribution varies
with the inclination angle. At the initial stage (�100ms), as shown in
Figs. 6(a) and 6(b), when the inclination angle is small, a large number
of bubbles detach from the heating wall under the effect of gravity.
With an increase in the inclination angle, the gravitational effect on
bubble detachment weakens or becomes counterproductive. As shown
in Figs. 6(c)–6(g), the number of small bubbles detaching from the
heating wall decreases as the inclination angle increases, and more
bubbles tend to slip on the wall along the flow direction.

Over time, more small bubbles coalesce in the middle and down-
stream of the mini-channel to form large bubbles. Almost all of these
big bubbles slip on the heating wall under all inclination angles,

FIG. 6. Representative snapshots of subcooled flow boiling in inclined mini-
channels at (a) 0�, (b) 30�, (c) 60�, (d) 90�, (e) 120�, (f) 150�, and (g) 180�.

FIG. 6. (Continued.)
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indicating that the bubble behavior is independent of the inclination
angle. Furthermore, the adjacent large bubbles may merge into slightly
elongated bubbles under the limitation of the channel size, but elon-
gated bubbles do not always appear in the mini-channel during the
dynamic stable stage. Figure 9 shows that inclination angles of 90� and
180� have a slightly lower probability of forming elongated bubbles,
which is obtained by identifying a sequence of flow pattern snapshots.

The acting force on the large bubbles in the mini-channel is now
qualitatively analyzed to explain why the inclination angle has little
effect on the flow pattern. During flow boiling, as shown in Fig. 10(a),
the bubbles in a traditional channel mainly suffer surface tension force
(Fs), buoyancy force (Fg), unsteady drag force (Fdu), quasi-steady drag
force (Fqs), shear lift force (FsL), contact pressure force due to bubble
being in contact with the wall (Fcp), and hydrodynamic pressure force
(Fh).

3,4 The asymmetrical growth of the bubble contributes to the
unsteady drag force. In the mini-channel, there is an additional impor-
tant component of the unsteady drag force acting on the bubble: the
impact force. As shown in Fig. 10(b), the liquid flow area is greatly
compressed in the mini-channel when large bubbles are present. The
liquid flows faster than the big bubble because the latter suffers the vis-
cous effect and surface tension force. Therefore, the liquid velocity in

FIG. 9. Elongated bubble numbers at different inclination angles of the mini-
channel after 250ms.

FIG. 7. Videos of subcooled flow boiling in inclined mini-channels at (a) 0�, (b) 30�,
(c) 60�, (d) 90�, (e) 120�, (f) 150�, and (g) 180�. Multimedia views: https://doi.org/
10.1063/5.0115599.1; https://doi.org/10.1063/5.0115599.2; https://doi.org/10.1063/
5.0115599.3; https://doi.org/10.1063/5.0115599.4; https://doi.org/10.1063/5.0115599.5;
https://doi.org/10.1063/5.0115599.6; https://doi.org/10.1063/5.0115599.7

FIG. 8. Representative snapshots of single bubble behavior and dynamics in the
horizontal mini-channel.

FIG. 10. Sketch of forces on a single bubble in the mini-channel: (a) main force
and (b) impact force.

Physics of Fluids ARTICLE scitation.org/journal/phf

Phys. Fluids 34, 113314 (2022); doi: 10.1063/5.0115599 34, 113314-8

Published under an exclusive license by AIP Publishing

https://doi.org/10.1063/5.0115599.1
https://doi.org/10.1063/5.0115599.1
https://doi.org/10.1063/5.0115599.2
https://doi.org/10.1063/5.0115599.3
https://doi.org/10.1063/5.0115599.3
https://doi.org/10.1063/5.0115599.4
https://doi.org/10.1063/5.0115599.5
https://doi.org/10.1063/5.0115599.6
https://doi.org/10.1063/5.0115599.7
https://scitation.org/journal/phf


the same cross section as a big bubble will increase, and an upward
component of liquid velocity is brought into being due to the impact
force from this big bubble based on the momentum theorem.
Simultaneously, an opposite impact force toward the heating wall is on
the big bubble, resulting in the big bubble sticking to the wall surface
and slipping downstream. Additionally, bubbles forming on the heat-
ing wall tend to gather nearby to form large bubbles. Under the effect
of the liquid flow, these big bubbles easily remain in contact with the
heating wall or coalesce with other bubbles that have not detached
from the heating wall, as marked in Fig. 11, encouraging them to slip
along the heating wall regardless of the inclination angle. In short,
although the flow rate is very low, big bubbly flow occurs indepen-
dently of the inclination angle, with large bubbles sliding along the
flow direction on the middle and downstream heating wall of the
mini-channel once the flow boiling has become stable.

During the dynamically stable stage, a small bubbly flow appears
upstream of the rectangular mini-channel at various inclination angles.
The generation and movement of these small bubbles break the tem-
perature boundary layer, keeping the temperature at a low level with a
relatively uniform distribution under different inclination conditions.
However, the larger bubbles downstream tend to slip on the heating
wall, forming a distinct dry patch below, resulting in a slight deteriora-
tion in the local heat exchange and the formation of a high-
superheating region. Under the sliding of large bubbles, these local dry
patches can be rewetted and re-cooled by liquid. However, once the
elongated bubbles appear, the dry patch area becomes larger and
requires longer to be rewetted, leading to the formation of hotspots, as
depicted by the darker red color of the wall in Fig. 6. Under the effect
of wall heat conduction and the periodic wetting of dry patches, the
local wall superheating rises and falls periodically without triggering
the boiling crisis in the second half of the mini-channel at 300 kW/m2.
Qualitatively, there is no obvious difference in the superheating distri-
bution at different inclination angles. More detailed quantitative analy-
ses of heat transfer will be presented in Sec. IVB.

In summary, under a low mass flow rate, the existence of a liquid
impact force different from the macro-channel case causes that the
flow pattern in the mini-channel changing little with respect to the
inclination angle, and larger bubbles in the middle and downstream
reaches tend to slip on the heating wall along the flow direction. The
dry patches are rewetted with the slipping of large/elongated bubbles
periodically, leading to a periodic change in the local wall superheating
in the second half of the mini-channel, without noticeable difference
under different inclination angles.

B. Quantitative analyses of flow-boiling heat transfer

The quantitative similarities and differences in the average, local,
and maximum wall superheating under different inclination angles are
discussed in this subsection. For illustration convenience, some
superheating-related variables are defined as follows: DTsup represents
the spatial average superheating of the whole wall surface; DTsup, ave
and DTsup, locexpress the temporal-spatial average superheating of the

whole and local wall surface in the dynamically stable stage; and
DTsup, max is the maximum local superheating of wall surface.

Figure 12 shows the profiles of the average wall superheating
(DTsup) with time under different inclination angles. The average wall
superheating can be divided into three stages: the first stage is from 0
to 0.05 s, where the wall superheating under different inclination
angles almost coincides; the second stage is from 0.05–0.25 s, where
the wall superheating begins to differ with inclination angle, and the
difference increases with the heating time; the third stage is after
0.25 s, at which time the wall superheating under different inclination
angles remains dynamically stable. As shown in Fig. 13, in the stable
stage, there is a slight difference in the spatiotemporal average wall
superheating of mini-channels with inclination angles of 0�–90�, for
which the wall superheating is slightly lower than in mini-channels
with inclination angles of 120�–180�. However, the maximum relative
difference is only 8.4% among the different inclination angles.

The flow boiling is stable in the third stage. Although the flow
patterns (small bubbly flow in the middle and upper reaches, large
bubbly flow in the lower reaches) and average heat exchange perfor-
mance at different inclination angles are almost the same, the inclina-
tion angle has some impact on the local boiling heat transfer
characteristics. The local HTC is calculated by Eq. (25). Figures 14 and
15 illustrate the profiles of local wall superheating and the local HTC
along the flow direction under different inclination angles during the
dynamically stable stage. In the middle and upper reaches of the mini-
channel, the heat exchange intensity gradually increases along the flow
direction, but it varies greatly under different inclination angles. The
heat exchange intensity is high for inclination angles near 0�, and the
corresponding wall superheating is lower. In contrast, as the inclina-
tion angle approaches 180�, the heat transfer intensity becomes lower
and the wall superheating increases. In the downstream reaches of the
mini-channel, the heat exchange intensity gradually decreases along
the flow direction, and the wall superheating begins to rise rapidly
with the formation of dry patches. Similarly, the rate of increase is dis-
tinct under different inclination angles: (i) the heat transfer

FIG. 12. Profiles of average wall superheating with time under different inclination
angles.FIG. 11. Sketch of bubble coalescence.
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deteriorates significantly when the inclination angle is near 0�, and the
wall superheating increases rapidly; (ii) when the mini-channel has an
inclination angle close to 90�, the heat exchange intensity is relatively
high, the rate of increase in wall superheating is relatively slow, and
the superheating at the outlet is the lowest of all the inclination angles;
and (iii) the heat transfer intensity of the mini-channel is still low as
the inclination angle is close to 180�, but the wall superheating does
not exhibit a rapid increment,

HTCloc ¼
Xt1¼500ms

t0¼250ms

qw;loc
Tw;loc � Tb;locð Þ

.
t1 � t0ð Þ; (25)

where qw;loc is the heat flux of the local wall surface obtained by the
transient wall heat conduction, W/m2; Tw;loc is the temperature of the
local wall surface, K; Tb;loc is the temperature of local bulk fluid, K.

The reasons for the similarities and differences of the above-
mentioned three stages of boiling heat transfer under different inclina-
tion angles are now analyzed. In the first stage (0–50ms), the typical
small bubbly flow pattern is illustrated in Fig. 6 at 20 and 50ms.
Compared with forced convection, gravity has little effect on the
movement of these small bubbles, and the single-phase convection is
strong during this stage. Therefore, the heat exchange intensity
between the fluid and the wall under different inclination angles is
equivalent, resulting in a slight difference in the wall superheating. In
the second stage (50–250ms), as shown in Fig. 6, numerous small bub-
bles gather and merge into medium-size bubbles at 100ms. Gravity
begins to affect these bubbles, and they tend to detach from the wall
when the inclination angle is near 0�, leading to lower wall superheat-
ing. In contrast, gravity prevents the bubbles from leaving the heating
wall at inclination angles close to 180�, causing higher wall superheat-
ing. Furthermore, the bubble volume expands with the heating time,
and the role of gravity becomes more prominent. Hence, the difference
in average wall superheating among different inclination angles
increases.

In the third stage (>250ms), the flow boiling is dynamically sta-
ble. The heat transfer characteristics of flow boiling in the inclined
mini-channels are mainly affected by two factors: the detachment of
medium/small bubbles in the middle and upper reaches and the slip-
ping velocity of large/elongated bubbles in the downstream reaches. In
the middle and upper reaches of the mini-channel, the gravity effect
favors the detachment of medium/small-sized bubbles in the mini-
channel near 0�, so the wall superheating is relatively low, as shown in
Fig. 14. In the downstream reaches of the mini-channel, the effect of
gravity on the detachment of larger bubbles can be ignored because of
the impact force. For inclination angles close to 90�, gravity encour-
ages large/elongated bubbles to slip away from the mini-channel rap-
idly so that the dry patches below are rewetted more quickly, leading
to lower wall superheating near the outlet, as shown in Fig. 14.
However, for mini-channels with inclination angles near 0� or 180�,
the bubble slip speed is slower, which is less conducive to the rewetting
of dry patches. This results in higher wall superheating near the outlet.
To further highlight the effect of gravity on the sliding velocity of

FIG. 13. Average wall superheating under different inclination angles during the
dynamically stable stage.

FIG. 14. Profile of local wall superheating under different inclination angles during
the dynamically stable stage.

FIG. 15. Profile of HTC under different inclination angles during the dynamically
stable stage.
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larger bubbles, inclination angles of 0� and 90� are selected to track
representative bubbles of similar sizes, and their moving distances are
calculated within the same time period. As shown in Fig. 16, from 200
to 225ms, the moving distance of the target bubble in the mini-
channel with an inclination angle of 0� is about 2.1mm (0.084m/s),
whereas that for the inclination angle of 90� is about 3.0mm (0.12m/s).
The latter is about 1.43 times the former. Therefore, the slipping
speed of the large bubble is faster for the mini-channel inclined at
90�, destroying the temperature boundary layer and rewetting the
dry patch quickly. As shown in Fig. 17, it is not easy to form local
high superheating at an inclination angle of 90�. Based on the above
analyses of heat exchange in the third stage, it can be concluded that
gravity has positive effects on reducing wall superheating for chan-
nels with inclination angles of 0�–90�. For inclination angles of
90�–180�, gravity has both positive and negative effects on heat
exchange, and they decrease and increase with the rising of inclina-
tion angle, respectively. Therefore, the difference in the average wall
superheating among mini-channels inclined at 0�–90� is small, and
such channels have an average wall superheating lower than that of
mini-channels inclined at 120�–180�.

Some additional heat transfer characteristics of channels inclined
at particular angles are now addressed and explained. For mini-
channels with inclination angles of 30� and 60�, gravity encourages
the bubbles to detach from the heating wall in the middle and upper
reaches and accelerates the rewetting of the dry patches in the down-
stream reaches, leading to the best heat exchange performance (see
Figs. 14, 15, and 17). For the mini-channels inclined at 150� and 180�,
most bubbles tend to slip on the wall, resulting in higher wall superheat-
ing. Simultaneously, the activation of new bubbles is restrained to a cer-
tain extent, leading to lower bubble volumes downstream and smaller
dry patches. Therefore, the wall superheating grows at a relatively low
rate in the downstream reaches of the mini-channel, as shown in Fig.
14. At inclination angles of 150� and 180�, the maximum wall super-
heating is 34.37 and 32.13K, respectively, which is less than the value of
37.48K in the mini-channel with an inclination angle of 0�.

The dry patch causes the local heat transfer deterioration, which
expands and may trigger the boiling crisis with the increase in heat flux.
Therefore, for the heat fluxes of 350, 400, 450, and 500kW/m2, the effect
of inclination angle on the flowing boiling crisis (CHF) is illustrated.
Figure 18 displays the trends of maximum local wall superheating with

FIG. 16. Comparison in moving distance
of target bubble between mini-channels
inclined at (a) 0�, (b) 90�.
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heat flux in inclined mini-channels at 0�, 90�, and 180� within the simu-
lation time of 500ms. The maximum local wall superheating increases
linearly without sharp change because the dry patch can be rewetted by
the pumped liquid. This phenomenon is different from pool boiling that
the liquid cannot feed when a vapor film covers the heating surface lead-
ing to the soaring of wall superheating. Therefore, in this study, it is hard
to obtain CHF directly, which can be determined by wall properties.
Next, the maximum local wall superheating in inclined mini-channels is
compared. As described in Fig. 18, the inclination effect on maximum
local wall superheating becomes indeterminacy under the high heat flux
exceeding 350kW/m2. The advantage of the inclined mini-channel at
90� in accelerating bubble slippage and reducing local wall superheating
disappears. The reason for that can be explained by the representative

snapshots of subcooled flow boiling when the added heat flux is high. As
shown in Fig. 19, under the heat flux of 500kW/m2, the slug flow hap-
pens in the middle and down reaches of the inclined mini-channel at
180�. Many elongated bubbles appear and occupy the whole section of
the mini-channel, leading to alternating of the liquid segment and vapor
slug. As a result, because the liquid is incompressible, the slipping veloc-
ity of these elongated bubbles (the rewetting of dry patches below these
elongated bubbles) is independent of gravity based on the volume conti-
nuity equation. The moving velocity of the elongated bubble is decided
by the inlet velocity and bubble volume change induced by phase transi-
tion at the vapor-liquid interface. In addition, the required time of rewet-
ting of the local dry patch increases due to the coalescence of two
adjacent elongated bubbles, leading to the appearance of a maximum
local wall superheating. The elongated bubble coalescence is related to its
dynamics but is also independent of gravity. Therefore, there are irregu-
lar differences among inclined mini-channels in maximum local wall
superheating under high heat fluxes, and the inclination angle does not
affect the CHF of flow boiling.

In summary, the maximum relative differences in the average
and maximum local wall superheating after the flow boiling becomes
stable are 8.4% and less than 22.5%, respectively, across the different
inclination angles considered in this study. This indicates that the
inclination angle has a very limited effect on flow-boiling heat transfer
in rectangular mini-channels under low flow rates. This conclusion is
consistent with the experimental results of Chen et al.,18 which showed
that the boiling curves in a mini-channel with a hydraulic diameter of
0.91mm are almost coincident over inclination angles of �90�–90�.
Both the numerical simulation results in this paper and the research in
Ref. 18 prove that the inclination angle has no significant effect on the
flow-boiling heat transfer in mini-channels at low flow rates, which is
different from the case in macro-channels.9–16,20,21

V. CONCLUSIONS

This paper has discussed flow boiling in different three-
dimensional inclined mini-channels at a low flow rate by a relatively
accurate numerical simulation method using the VOSET method and
considering the conjugate heat transfer and a reasonable nucleus site
density model. The inclination angle was found to have only slight
effects on the flow pattern and heat transfer of flow boiling in the
mini-channel, and the reasons for that were revealed. The major con-
clusions are summarized as follows.

(1) When the heat flux is 300 kW/m2, the inclination angle only
slightly affects the flow pattern of flow boiling in a mini-
channel at low flow rates. For inclination angles of 0�–180�, a
small bubbly flow occurs upstream of the channel, and this
gradually transitions to a large bubbly flow downstream. The
flow area shrinks with the growth of the bubbles, leading to the
formation of an impact force that causes the larger bubbles to
slip on the heating wall under different inclination angles. To
our knowledge, this impact force is first addressed in this study,
which can be neglected in macro-channels.

(2) The inclination angle has several effects on the local heat trans-
fer characteristics of inclined mini-channels as the heat flux is
300 kW/m2. Gravity affects the bubble behavior from two
aspects: (i) promoting small/medium bubbles to detach from
the heating wall and enhancing heat transfer; (ii) encouraging
large/elongated bubbles to leave the channel and strengthening

FIG. 17. Maximum local wall superheating in inclined mini-channels.

FIG. 18. Trends of maximum local wall superheating with heat flux in inclined mini-
channels.
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the rewetting of dry patches. Therefore, the HTC in the upper
and middle reaches is high for the mini-channel inclined at
angles close to 0� because of the first effect, and the wall super-
heating is lower near the outlet for mini-channels inclined at
around 90� under the second effect. Overall, the heat transfer
performance of mini-channels inclined at 0�–90� is better, but
the biggest benefit is only 8.4% in terms of the average wall
superheating.

(3) The maximum local wall superheating becomes lower as the incli-
nation angle approaches 90� when the heat flux is 300 kW/m2.
Because of the impact force, larger bubbles tend to slip along the
flow direction on the heating wall, generating dry patches below,
which results in a local temperature rise. Gravity has a positive
effect on pushing the bubbles away from the mini-channel at angles
near 90�, leading to an accelerated rewetting of the dry patches and
a lower local maximum wall superheating. However, this positive
effect disappears with the increase in heat flux because of the hap-
pening of slug flow. Briefly, the maximum relative difference is
only 22.5% among the various inclination angles considered here,
which is still small from the perspective of the complex heat
exchange of flow boiling.

SUPPLEMENTARY MATERIAL

See the supplementary material for describing the bubble
nucleation.
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