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Abstract
Two-phase liquid flow in micro-/mini-channels has several thermal advantages in comparison with single-phase liquid

flow, such as heat transfer rate, thermosiphon effect and isothermal heat sinks. Multiphase flows in microfluidic devices are

usually used as an effective way to improve the cooling process, since phase change process can provide high heat transfer

coefficient in comparison with single-phase flows. On the other hand, high surface-to-volume ratio of microheat

exchangers can intensify the overall heat rejection from the system. In the current research, three models, namely (a) the

formation of interior and exterior phase, (b) hydrodynamics of droplets during condensation process in a diffusive oblique

fin (mini-channel) with hydrophilic walls and (c) liquid evacuation from the channel, are investigated by means of a novel

perspective of pseudo-potential lattice Boltzmann model. The effects of channel slope angle on velocity profiles and outlet

mass flow rate of the condensed liquid are analyzed. The results show that the slope angle plays an important role at the rate

of droplet nucleation and on evacuation time. It is observed that the variation of liquid profile at the channel outlet can be

neglected at angles more than 45�. Finally, it is revealed that the required time for droplets coalescence and discharging

liquid from the mini-channel can be controlled by optimizing the channel angle.

Keywords Condensation process � Oblique mini-channel � Channel evacuation � Multiphase flows � Lattice Boltzmann

method

Introduction

Two-phase liquid flow in micro-/mini-channels has several

thermal advantages in comparison with single-phase liquid

flow, such as heat transfer rate, thermosiphon effect and

isothermal heat sinks. Multiphase flows in microfluidic

devices are usually used as an effective mode to improve the

cooling process, since phase change process can provide

high heat transfer coefficient in comparison with single-

phase flows. On the other hand, high surface-to-volume ratio

of microheat exchangers can intensify the overall heat

rejection from the system. To investigate such kinds of flows,

numerical analysis is used to solve the problems involving

fluid flows. In particular, there is a wide variety of fluid flows

in nature, industry, medicine, etc., where numerical simu-

lations, in particular computational fluid dynamics (CFD),

are getting extensively evolved in industrial and medical
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researches [1]. In industry, cooling of electronic equipment

using micro-/mini-channel was considered as a practical

technique to improve the cooling process. Because of the

high value of surface area-to-volume ratio of microcooling

systems, these systems are highly advisable as continuous

minimization in microdevices requires higher heat waste

inside the small and compact systems. Recently, oblique

mini-/microchannels are used as a new method for heat

transfer augmentation. In this method, a small secondary

channel is placedwith an angle across the head channels. It is

found that the relevant effects of the new development of

boundary layer and creation of secondary flows in oblique

fins cause more efficient heat transfer performance due to a

thinner boundary layer [2]. In a separate study, Lee et al. [3]

studied the division of continuous fin into slopping sections

which cause the new booting of boundary at the prior borders

of slopping fin. This efficiency reduces the boundary layer

thickness. They also summarized the following advantages

of oblique microchannels for electronics cooling: (a) The

oblique frame outstandingly grows the surface area between

the refrigerated liquid and the solid matter, (b) the oblique

frame is simply usable in applied science, and (c) cutting

slopping splits on the continuing fins decreases the heaviness

of plate and is economically efficient. It has been emphasized

that the unique oblique fin (micro-/mini-channel) design

adjusts the flow and as a result makes a new flow field which

is eligible for usages especially in heat transfer [4].

The significant role of oblique fins in the structure of

microdevices and also electronics cooling makes the

research interesting to investigate the phase change process

in oblique channels. In some cases, the cooling process

leads to condensation of the working fluid. Therefore,

several studies have been dedicated to investigating the

hydrodynamics of drops through the phase transition using

either numerical or experimental method. For instance,

Fang et al. [5] investigated the water condensation in a

hydrophilic microchannel, experimentally. They found a

relation between channel arrangement and condensation

across the flow regime visualization and film-thickness

evaluations. Hussaini et al. [6] experimentally presented

the images of droplet and slug flow inside the operational

PEM fuel cells (proton exchange membrane). They pre-

sented a novel parameter named wetted area ratio to

specify channel flooding. Cho and Wang [7] studied two-

phase flows in a microchannel with diverse surface con-

ditions, experimentally and numerically. They observed

that liquid water becomes visible in all the quoins of a

hydrophilic channel. Carton et al. [8] investigated the

droplet coalescence and movement of slug in a mini-

channel using imaging techniques and volume of fluid

(VOF) two-phase model. They also studied the effect of

geometry changes on the flow field. It was found that these

changes can interrupt slug motion and eschew blockage of

the channel, to some extent. As well as, they found that the

excess water formed from collision and coalescence of

drops might immediately create slugs in PEM fuel cells.

Quan et al. [9] computationally investigated the water

operation in PEM fuel cell. They investigated the effect of

hydrophilic surfaces of channel, channel arrangement, the

air velocity and its pressure decline on the water behavior.

They found that pointed edges in the hydrophilic channel

influence on water transport. Venkatraman et al. [10]

studied the gas flow around a sticky droplet and stagnant

drop in a rectangular channel, using both experimental and

numerical methods. They found a reverse relationship

between channel surface hydrophilicity and pressure drop.

In the computational field of multiphase flows, LBM

(the lattice Boltzmann method) as a mesoscopic numerical

technique has been successfully implemented. LBM pro-

vides several advantages over the usual computational fluid

dynamics (CFD) methods. For example, it is not necessary

to track the position and the shape of the interface. Fur-

thermore, the wall boundary condition can be set as the

bounce-back of the fluid particle at the wall boundary

nodes. Therefore, it is relatively simple to simulate flows in

complicated geometries by using this method. Pereira [11]

numerically studied immiscible flow in a semi-porous

medium using LBM. They compared the solution to check

states and gained rational understanding as evaluated with

analytic solutions. Also they applied the method to porous

and regained the capillary and viscous regimes.

Leclaire et al. [12] studied the immiscible liquid–liquid

interface dynamics via LBM. They figured out that the

suggested LBM is in the same direction with the scale

methods, and that the related standard error between the

results is lower than 1% for multiple values.

There are very few studies inmicro-/mini-channel context

using LBM, for instance, in the simulation of two-phase flow

in a 3D cross-junction microchannels or condensation sim-

ulation in a two-dimensional channel with square obstacles

[13]. Leclaire et al. [14] studied immiscible multiphase

flows. They adjusted the Latva-Kokko and Rothman recol-

oring algorithms for decreasing the lattice connection

problem.Also, they conducted a set of computational tests to

display that the compound of the two algorithms causes a

betterment in the results’ quality. Fu et al. [15] simulated the

nucleation and coalescence of drops on different structured

surfaces by using the LBM. They figured out that alongside

the surface properties, the topography of structures on sur-

faces plays a role on the condensation process. Also in the

other similar context of drops coalescence (drop to liquid

surface), it is indicated that after the inclined drop collision

the formedwave in liquid film is stronger in comparisonwith

the normal one [16]. Amara et al. [17] studied the hydrody-

namic of the droplet in a PEM fuel cell microchannel via

LBM. The results revealed that the microchannel with
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hydrophobic surfaces is preferable than hydrophilic one for

droplet discharge. Also, they presented the theory of the drop

hydrodynamic in a cell-channel. Besides the surface type,

there are several studies using LBM which investigated the

effect of moving and vibrant surfaces on drop evacuation

[18]. Huang et al. [19] provided the LBM investigation of

drop movement in a hatched channel. The results showed

that the drop can move faster on hatched hydrophobic walls

than on their hydrophilic counterparts. They also studied the

effects of density ratio on the droplet velocity and showed

that for walls with coarse surfaces, the wettability and

topography are connected together. Few key studies ger-

mane to the present investigation can be found in [20–33].

To the best knowledge of the authors, none of the pre-

vious studies investigates after the cooling condensation

process in oblique micro-/mini-channels. This configura-

tion is widely used in heat pipe devices in which a cooling

medium conveys heat from the hot source to the cold

source by using gravitational force and thermosiphon

effect. Accordingly, in the present study, we utilize a two-

dimensional LBM in conjugation with the pseudo-potential

multiphase model to simulate the condensation phe-

nomenon in an oblique fin (mini-channel). The aim of this

investigation is to study the hydrodynamic of liquid drops

in a slopping channel with hydrophilic walls. In this regard,

the effect of varying channel angle on the liquid film

movement and the liquid evacuation time is analyzed.

Description of the simulation model

Lattice Boltzmann method

LBM is interpreted as particle-based method for simulation

of fluid flows. Frisch et al. [34] established the method

based on LGA method (lattice gas automata). Regardless of

external forces and by using BGK (Bhatnagar–Gross–

Krook) approximation, the LB equation is as follows [35]:

fiðxþ eidt; t þ dtÞ ¼ fiðx; tÞ þ
f
eq
i ðx; tÞ � fiðx; tÞ

s
; ð1Þ

where fiðx; tÞ is the distribution function for particles

moving with the discrete velocity ei at position x and time

t. s is relaxation time, and dt is the dimensionless time step.

Also, f eq is the equilibrium function that is presented in

such a way [36, 37]:

f eq ¼ wiq 1þ 3
ei � ueq
c2

þ 9
ðei � ueqÞ2

2c4
�
3u2eq

2c2

" #
; ð2Þ

where wi,c ¼ dx=dt and ueq are mass coefficients, charac-

teristic velocity in LBM and modified velocity of the fluid,

respectively. Fluid density q will be [36, 37]:

q ¼
X
i¼0

fi: ð3Þ

As stated by popular D2Q9 scheme, the discrete veloc-

ities ei are given as follows [36, 37]:

ei ¼
ð0; 0Þc; i ¼ 0;
ðcos ði� 1Þp=2½ �; sin ði� 1Þp=2½ �Þc; i ¼ 1� 4;ffiffiffi
2

p
ðcos ði� 5Þp=2þ p=4½ �; sin ði� 5Þp=2þ p=4½ �Þc; i ¼ 5� 8:

8<
:

ð4Þ

The corresponding mass coefficients wi are given by

[36, 37]:

wi ¼
4=9; i ¼ 0;
1=9; i ¼ 1� 4;
1=36; i ¼ 5� 8:

8<
: ; ð5Þ

Furthermore, the kinematic viscosity of LBM is related

to relaxation parameter and is calculated by [36, 37]:

t ¼ s� 1

2

� �
C2
s dt; ð6Þ

in which Cs ¼ c=
ffiffiffi
3

p
shows the speed of sound.

Pseudo-potential model

In order to simulate multiphase flow problems, the inter-

action force Fint between the particles is defined as follows

[38]:

Fintðx; tÞ ¼ �Gwðx; tÞ
X8
i¼1

wiwðxþ eiDt; tÞei; ð7Þ

where the interaction strength is indicated by G. Also, Shan

and Chen [39] propounded one of the widely used forms of

the function of interaction potential w, as follows:

wðqÞ ¼ w0 expð�q0=qÞ; ð8Þ

where w0 and q0 are optional and constant. The negative

amount of G in Eq. (7) signifies the presence of absorption

among the particles. It is found that the fluid EOS (equation

of state) using the interparticle interaction force Fint is

calculated by [40]:

P ¼ q
3
þ G

6
ðwðqÞÞ2 ¼ q

3
þ G

6
ðw0 expð�q0=qÞÞ2: ð9Þ

Note that by using Eq. (9) for pressures less than critical

value, there is coexistence between fluid phases [41]. If the

amount of first and second derivatives is considered zero

for Eq. (9), it is possible to find the critical parameters in

this way:

qcr ¼ q0

Gcritical ¼ � q0
w2
0

expð2Þ ð10Þ
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In this research, q0 ¼ 200 is implemented which leads

to GCritical ¼ �92:4 and w0 ¼ 4 in G�GCritical phase. The

interaction force between the solid surface and fluid par-

ticles Fads can also be defined as [41]:

Fadsðx; tÞ ¼ �Gadswðx; tÞ
X8
i¼1

wisðxþ eiDt; tÞei: ð11Þ

where Gads is the absorption coefficient and sðxþ eiDt; tÞ
is a switch function (if ðxþ eiDtÞ is a wall node s ¼ 1 and

otherwise s ¼ 0). The hydrophobic and hydrophilic sur-

faces are distinguished by the absorption coefficient Gads.

Higher values of Gadsj j will make the surface more

hydrophilic. Finally, in order to implement the gravita-

tional force, the following equation is utilized:

Fg ¼ ðqðxÞ � qvÞ � g: ð12Þ

where g, qv and qðxÞ are the gravitational acceleration, the
density of vapor and density of every nodes in the domain,

respectively. Then, the amended speed ueq can be calcu-

lated as follows [38]:

ueq ¼ uþ sF
q
: ð13Þ

Here F is the sum of forces Fint, Fads and Fg, and u is the

flow speed in macroscopic scale, which is given by [42]:

u ¼ 1

q

X
i¼0

eifi: ð14Þ

Grid independency

In order to find the appropriate grid resolution for the

current study, a grid independence study is adopted. The

geometry is illustrated in Fig. 1. Table 1 indicates the

effect of grid resolution on the ratio of liquid to vapor

(wetness fraction W) which is obtained as follows:

W ¼ 100� Liquid volume/Vapour volumeð Þ: ð15Þ

The results were introduced for various grid resolutions

and lattice time t = 2000. Since it is observable, the dif-

ference between case 2 and case 3 is about 0.43% which is

satisfactory for the present study. Therefore, grid resolution

2 will be used for the rest of the simulations.

Validation

Based on Laplace law, there is a direct relation between the

pressure difference to keep the circular shape of the

boundary and the curvature of this boundary, which is

given by the following equation:

DP ¼ Pin � Pout ¼
r
R
; ð16Þ

where R indicates radius and r denotes the surface tension.

‘‘in’’ and ‘‘out’’ show the inlet and outlet of drop.

By choosing a domain with the grid of 200 9 200, the

variation ofDPwith 1=R is shown in Fig. 2. LBM results are

indicated by red cycles and fitted line equation as stated by:

DP ¼ 14:774

 
1

R

!
� 0:0004; ð17Þ

the incline of the graph specifies the surface tension in

Eq. (17), and as it is depicted in Fig. 2, the pressure dif-

ference is in a direct relationship with 1=R. Hence, it is

worth to mention that Laplace law is valid for the current

case.

Boundary conditions

The geometry of the problem is given in Fig. 3. The angle

between channel walls with the horizontal surface is

defined by h. Consequently, the gravitational acceleration g

is decomposed into x and y components.

Fig. 1 Geometry of grid

independence study
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In order to apply constant vapor pressure as the channel

inlet boundary condition [43, 44]:

uw ¼ 1� 1

qw
f0 þ f2 þ f4 þ 2ðf3 þ f6 þ f7Þ½ �; ð18Þ

f5 ¼ f7 �
1

2
ðf2 � f4Þ þ

1

6
qwuw þ 1

2
qwvw; ð19Þ

f8 ¼ f6 þ
1

2
ðf2 � f4Þ þ

1

6
qwuw � 1

2
qwvw; ð20Þ

f1 ¼ f3 þ
2

3
qwuw: ð21Þ

Also, to apply extrapolation boundary condition for the

channel outlet:

f3;x¼N ¼ 2f3;x¼N�1 � f3;x¼N�2; ð22Þ

f6;x¼N ¼ 2f6;x¼N�1 � f6;x¼N�2, ð23Þ

f7;x¼N ¼ 2f7;x¼N�1 � f7;x¼N�2: ð24Þ

Furthermore, the bounce-back boundary condition is

used to specify the surface channel walls. For instance,

bounce-back condition applied for the bottom wall is:

f2 ¼ f4; f5 ¼ f7; f6 ¼ f8: ð25Þ

Results and discussion

For this part, the computational results for an oblique mini-

channel (Fig. 3) with hydrophilic surfaces are presented.

The initial density is q ¼ 150þ Dq, where Dq is the ran-

dom perturbation parameter from [0,1]. According to the

grid independence study (Grid independency) section, the

dimensions of the channel are Nx � Ny ¼ 301� 101. The

results are presented for h ¼ 10 to h ¼ 90 degrees. This

inclination angle is chosen to cover a wide range of prac-

tical applications.

To investigate the details of dynamics of droplets during

the condensation process, a hydrophilic mini-channel with

h ¼ 45� is chosen. The time progress of the phase transi-

tion process is illustrated in Fig. 4. This process begins

with nucleation as shown by step a. Due to the hydrophilic

characteristic of surfaces as well as the adhesive interaction

between fluid particles and solid walls, a thin liquid film

gradually appears on the surfaces. In addition, according to

steps b and c, two different phenomena with the opposite

effect can be observed. First, if the droplet diameter is less

than the critical value, the droplet evaporates. Second, for

droplets with diameter beyond the critical limit, the con-

densation dominates and droplet begins to grow. Further-

more, as time increases (steps d and e), the liquid on the

solid surfaces becomes thicker as a result of the droplet

coalescence through the liquid film.
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Fig. 3 Geometry of the case study with considered boundary

conditions

Table 1 The result of resolution

on the percent of liquid-to-vapor

ratio at time t = 2000

Case Resolution The percent of the liquid-to-vapor ratio/% Difference/%

1 151 9 51 20.5 9.3

2 301 9 101 18.76 0.43

3 601 9 201 18.68 –
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In Fig. 5, the effect of channel angle h on the dynamic

behavior of the condensed liquid at time t = 7000 ts is

presented. Figure 5a shows the results for low channel

angles ðh ¼ 10� � 40�Þ(while part b presents the results for

high angles ðh ¼ 50� � 80�Þ). h plays a big part in the

ultimate pattern of the liquid phase in the channel.

However, as h increases (Fig. 5b), this effect becomes

negligible.

Two key parameters associated with evacuation process

after cooling in oblique mini-channels are (a) evacuation

velocity and (b) evacuation time, which are investigated in

this section. The velocity profiles at the outlet of the

(a) 50 ts (b)150 ts

(c) 250 ts (d) 550 ts

(e) 800 ts (f) 1250 ts

(g) 2000 ts (h) 3500 ts

(i) 5000 ts (j) 7500 ts
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y
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θ
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y

Fig. 4 Time evolution of

condensation process for

h ¼ 45�, a 50 ts, b 150 ts,

c 250 ts, d 550 ts, e 800 ts,

f 1250 ts, g 2000 ts, h 3500 ts,

i 5000 ts, j 7500 ts
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channel for various angles ðhÞ are shown in Fig. 6. For high
channel angles ðh� 50�Þ, there is a negligible difference

between velocity profiles (maximum 11%), while for low

angles ðh� 40�Þ this difference becomes significant

(maximum 100%). The logic of this difference can be

attached to the fact that for low channel angles, the y

component of the gravitational acceleration is higher than

its x component. Thus, the discharge time of the liquid is

the longer in this situation, and the gravitational force has

longer time to influence the moving liquid film. Conse-

quently, the top liquid film drops to the bottom surface of

the channel. (This can be seen in Fig. 5a.) This liquid

movement influences on the vapor velocity at the channel

outlet. As a result, the vapor velocity dramatically increa-

ses for low angle such as h ¼ 15�, as shown in Fig. 6.

In this section, the liquid evacuation time is obtained as

a function of channel angle h. To this respect, the dimen-

sionless time t	 is defined as follows:

t	 ¼ Evacuation time

tb
; ð27Þ

where tb is the required time to discharge the liquid from

the channel when h ¼ 90�. Accordingly, the variation of

non-dimensional evacuation time is plotted against the

channel angle in Fig. 7.

It is found that the discrete data in Fig. 7 can be rep-

resented by a power law function as follows:

t	 ¼ 1:154h�0:6; ð28Þ

where h is in radian. In other words, this relation represents

the evacuation time based on the h. According to Fig. 7, as

h increases, the required evacuation time decreases. In

other words, as h increases, the gravitational force increa-

ses. This leads to the higher mass flow rate at the channel

outlet. It is also evident that for high values of h, the effect

From left to right, 0° ° ° ° °° ° °1 , 02 , 03 , 04=θ , 

respectively
From left to right, 05 , 06 , 07 , 08=θ , respectively

θ θ

x
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100

50

100

y
y

(a) (b)

Fig. 5 Fluid behavior of the

condensed liquid for various

channel angles at time

t = 7000 ts, a from left to right

h ¼ 10�; 20�; 30�; 40�,
respectively, b from left to right,

h ¼ 50�; 60�; 70�; 80�,
respectively

0.020
00

10

20

30

40

50

60

70

80

90

100

110

0.04 0.06
U/Lu/ts

Y
/L

u

θ = 15°
θ = 30°
θ = 45°
θ = 60°
θ = 75°
θ = 90°

Fig. 6 Outlet velocity profiles for different channel angles at time

t = 7000 ts
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of channel angle on the evacuation time becomes

negligible.

Conclusions

In the current research, the simulation of the drop con-

densation process in an oblique mini-channel with different

angles is investigated by means of LBM. The important

detections can be reported as follows:

• The channel angle plays an important role in the rate of

droplet nucleation and evacuation time.

• The coalescence of droplets and formation of liquid

film on the channel walls are investigated during the

phase change process. The variation of liquid profile at

the channel outlet is negligible at angles higher than

45�.
• A new expression is introduced to predict the required

evacuation time for channel angles of h ¼ 0� 90

degrees.

• This study reveals that the required time for droplets

coalescence and discharging liquid from the mini-

channel can be controlled by optimizing the channel

angle.

• In summary, LBM can be considered as an effective

tool in order to predict the condensation process and

liquid behavior in oblique micro-/mini-channels.
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lattice Boltzmann method for simulating immiscible liquid-liquid

interface dynamics. Appl Math Model. 2016;40:6376–94.

13. Asadollahi A, Rashidi S, Esfahani JA. Condensation process and

phase-change in the presence of obstacles inside a minichannel.

Meccanica. 2017;52:2265–74.
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