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Natural Convection Effect On A Wetting Liquid
Droplet In Square Cavity By Using The ShanChen LBM Model
Salaheddine CHANNOUF, Mohammed JAMI, Ahmed MEZRHAB
Abstract— The lattice Boltzmann method is used to simulate two-phase flows by using the pseudopotential scheme proposed by ShanChen [1,2] which is also called Shan-Chen LBM model. Firstly, our code is tested for the wettability phenomenon of a liquid drop on the
solid surface (Huang et al. [3]) and for the natural thermal convection in a square enclosure (Mezrhab et al. [4]), respectively. In the last
case, the same value of the fluid densities (single phase) is considered. Results agree well with those of the references, give a good
precision of this method and confirm that the proposed model can be reliably used to simulating the multiphase flows and the heat
exchange. Secondly, we have studied the interaction between the liquid drop and natural convection inside a differentially heated square
cavity by fixing the density of the solid surface and by varying the Rayleigh number from 10³ to 10 . Results show that the liquid drop
moves under the effect of gas flow caused by the convection and it evaporates by exchanging heat with gas. It will be said that the
wettability "spreading of the drop phenomenon" is eliminated under the effect of natural convection and it is thus possible to avoid the
deposition of droplets on the solids, this behavior can be very useful in the industry.
Index Terms— Lattice Boltzmann method, Shan-Chen LBM model, natural thermal convection, wetting surface, wettability phenomenon.

——————————  ——————————

1 INTRODUCTION

T

HE wettability phenomenon have occurred in many
natural and industrial processes, including most
immediate applications which would likely be in
microstructured hydrophobic surfaces, in desalination plants
or nucleation phenomena, in chemistry, in the energy
efficiency in buildings, etc. and have significant economic and
scientific importance from a physical as well as a numerical
point of view. For this reason, several studies have been
conducted [5–8]. Recently, the lattice Boltzmann method has
attained
considerable
success
to
simulate
hydrothermodynamics problems. It is one of the most
powerful explicit computational techniques for modeling the
multiphase flows and also a numerical approach of the
computational fluid dynamics (CFD) in engineering. It is
based on kinetic theory, the probability of finding a particle at
a given location at a given instant of time and the transport of
that particle in a given process is obtained by Boltzmann
transport equation, which allows to simulate the flows of
fluids through the macroscopic equations (Navier-Stokes
equations (NS)). The Boltzmann transport equation is a
nonlinear equation further linearized by the famous
approximation proposed by Bhatnagar, Gross and Krook
(BGK). This approximation is adopted to simplify LBM.
Indeed, the complicated collision operator is replaced by a
simple operator without introducing a significant error in the
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calculation of the solution [9]. The LBM has been used to
study two-phase flows such as spreading and wetting
phenomena [10], bubble rising and collision phenomena [11],
Rayleigh–Taylor instability [12]. Several models have been
developed, the starting model is the color-gradient model
proposed by Gunstensen et al. [13], which is formed on the
Rothman-Keller [14] (RK) multiphase lattice gas model. The
Shan-Chen LBM model (SC) appeared soon after and became
the most popular model in the LB community for reasons of
programming simplicity and computational efficiency.
Inamuro et al. [15] improved the free-energy model of Swift et
al. [16] to achieve higher density ratios and make it more
satisfactory. Also, another scheme is introduced by He-ChenZhang (HCZ) [12] and is based on the interface tracking
method. This paper focuses on the Shan-Chen LBM model.
The basic idea behind this model is the incorporation of an
attractive or repulsive interparticle forces mimicking the
molecular potentials, they are introduced by a modified
equilibrium velocity in the equilibrium distribution functions,
which are capable to trigger the phase separation without
using the techniques of capturing the interface. For a highdensity ratio, the pseudopotential model may not be used. In
order to remedy this problem, various equations of state (EOS)
were used into a pseudopotential model including the Peng
and Robinson (P-R), the Carnahan and Starling (C-S) EOS and
the Redlich and Kwong (R-K) EOS. [17], [18]. In our study,
two-phase flows are simulated using the Shan-Chen LBM
model. At first study, the wettability phenomenon is described
by varying the solid wetting surface density. Then, we
simulate the natural convection in a square enclosure
containing two fluids of the same densities. At last study, the
effect of natural thermal convection on the wetting
phenomenon is carried out by fixing the solid wetting surface
density and by varying the Rayleigh number in the laminar
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flow regime. This paper is organized as follows. In the next
section, the Shan-Chen model to simulate the wettability
phenomenon, the method of measurement of the contact
angle, the lattice Boltzmann thermal model to describe the
natural convection heat exchange and the boundary
conditions applied in our simulations are described. In
section3, validation problems and simulation results are
presented and discussed. The conclusions are presented in the
last section.

interface (adhesive force, 𝑭 ). The effect of gravity is
neglected in this force. The velocity 𝒖 is given by :

2 METHODOLOGY

𝑭 (𝒙, 𝑡) = −𝐺 𝜓(𝒙, 𝑡) ∑ 𝑤 𝜓(𝒙 + 𝒆 𝛿𝑡, 𝑡)𝒆 .

2.1 The LBM model proposed by Shan-Chen
In this work, we use the famous 2D model (𝐷 𝑄 ) presented in
figure 1 to describe the evolution of the distribution of
particles 𝑓 (𝒙, 𝑡) :

𝒖 = ∑

𝒆

.

(4)

The simplest form of the discretized force of Shan-Chen
accounts for the interaction force calculated on the closest
neighbours of the pseudopotential function, it is presented as
follows :

𝐺 is the coefficient parameter that controls the strength of the
interparticle force. It is the only free parameter for phase
separation. The negative value of 𝐺 indicates the attractive
force, while its positive value indicates the repulsive force. The
function 𝜓 = 𝜓(𝜌) is the pseudopotential which depends on
the local density as follows :
−𝜌𝜌

𝜓(𝜌) = 𝜌0 (1 − 𝑒

𝒆
= (0,0), (1,0), (0,1), (−1,0), (0, −1), (1,1), (−1,1), (−1, −1), (1, −1).

Where, 𝒆 is the lattice speed in 𝑖 direction, 𝑐 = 𝛿𝑥/𝛿𝑡 is the
ratio of lattice spacing 𝛿𝑥 and time step 𝛿𝑡. The key steps in
LBM are the streaming and collision processes of 𝑓 (𝒙, 𝑡). By
conforming to the Bhatnagar, Gross and Krook (BGK)
approximation, they are given by the following equation [19]:

(1)

𝑓 (𝒙, 𝑡) represents the distribution function, 𝜏 is the relaxation

time that it related to the kinematic viscosity as 𝜐 = 𝑐 𝛿𝑡(𝜏 −
0.5), 𝑐 = 1/√3 represents the speed of sound and 𝑓 (𝒙, 𝑡) is
the distribution function at equilibrium, it is defined below :
𝑓 𝑒𝑞 𝑖 (𝒙, 𝑡) = 𝜌(𝒙, 𝑡)𝑤𝑖 1 + 𝒆𝑖 . 𝑢𝑒𝑞 /𝑐𝑠 + (𝒆𝑖 . 𝒖𝑒𝑞 ) /2𝑐𝑠4
− (𝒖𝑒𝑞 ) /2𝑐𝑠 .

0

(6)

).

𝜌 is the reference density that is mostly set as unit. We now
introduce the main idea behind this numerical strategy to link
the equation of state (EOS) to that of the pseudopotential
according to Yuan and Schaefer [20], an explicit formula for
the pseudopotential function can be defined as :

Fig. 1. Illustration of a lattice node of the 𝐷 𝑄 Model.

𝑓𝑖 (𝒙 + 𝒆𝑖 𝛿𝑡, 𝑡 + 𝛿𝑡) = 𝑓𝑖 (𝒙, 𝑡) − (𝛿𝑡/𝜏 ). (𝑓𝑖 (𝒙, 𝑡)
− 𝑓 𝑒𝑞 𝑖 (𝒙, 𝑡)).

(5)

(2)

(7)

𝜓 = √(𝑝 − 𝜌𝑐 )/𝐺𝑐 .

The relationship between the macroscopic parameters
(temperature, density and pressure) is described by the choice
of EOS. According to Ginzburg and Adler [21], the flow
velocity and the fluid density are expressed as :
𝒖(𝒙, 𝑡) = 𝒖 + 𝛿𝑡𝑭/2𝜌

;

𝜌(𝒙, 𝑡) = ∑ 𝑓

(8)

The fluid-solid adhesive force is based on the presence of the
solid phase at neighboring lattice sites and it is calculated by :
𝑭

(𝒙, 𝑡) = −𝐺𝜓(𝜌) ∑ 𝑤 𝜓(𝜌 )𝑠(𝒙 + 𝒆 𝛿𝑡, 𝑡)𝒆

(9)

The pseudopotential parameter at the wall 𝜌 is used to adjust
the different properties of the wetting surface. 𝜌 is not used
as real value of density of the wetting surface and 𝑠(𝒙 +
𝒆 𝛿𝑡, 𝑡) is a function which equals to 0 for a fluid phase and 1
for a solid phase. In this study, only the Redlich-Kwong (R–K)
EOS model is considered to describe the relationship between
the pressure, temperature and density. It is expressed by :

𝑤 represents the weight factors defined by :

𝑃=
𝑤

= 4/9, 1/9, 1/9, 1/9, 1/9, 1/36, 1/36, 1/36, 1/36.

The equilibrium velocity 𝒖
𝒖

= 𝒖 + 𝜏𝑭/𝜌 .

is given by :
(3)

𝑭 = (𝐹 , 𝐹 ) denotes the total force acting on the fluid includes
fluid-fluid interaction (cohesive force, 𝑭 ) and fluid-solid

−

√

(

)

(10)

Where,
𝑎 = 0.42748𝑅 𝑇 . /𝑃 ,
𝑏 = 0.08664𝑅𝑇 /𝑃
and
𝑇 = 0.3773𝑎/(𝑏. 𝑅). We are taking 𝑎 = 2/49, 𝑏 = 2/21,
𝑅 = 1 and 𝑇 = 0.85 𝑇 . In our simulation, 𝑇 is set to start
evaporation process which is designed the saturated
temperature that occurs the phase change and only isothermal
systems are considered. The gas and liquid densities are
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𝜌 = 6.06 and 𝜌 = 0.5, respectively. The lattice unit (𝑙. 𝑢) is
used for all physical parameters.

2.2 Determination of the contact angle
The most important parameter to qualify the liquid drop
wettability is the contact angle [22], [23]. It can be evaluated
geometrically as :
𝜃 = arctan(

(

)

(11)

)

ISSN 2277-8616

𝑔 (𝒙, 𝑡) is the temperature distribution function, 𝜏 is the
relaxation time that it related to the thermal diffusion
coefficient by 𝛼 = 𝑐 𝛿𝑡(𝜏 − 0,5), 𝑔 (𝒙, 𝑡) is the equilibrium
temperature distribution function defined below :
𝑔𝑒𝑞 𝑖 (𝒙, 𝑡) = 𝑇(𝒙, 𝑡)𝑤𝑖 1 + 𝒆𝑖 . 𝑢𝑒𝑞 /𝑐𝑠 .

(13)

The temperature field is given by :
(14)

𝑇(𝒙, 𝑦) = ∑ 𝑔 .

The reference temperature 𝑇
is set as 𝑇 = (𝑇 +
𝑇 )/2, where 𝑇 and 𝑇
represent the temperatures of
the hot and cold walls, respectively. For a differentially heated
cavity, the basic dimensionless parameters of fluid flows are 𝑃
Prandtl 𝑃 and Rayleigh 𝑅 numbers which are defined as :
𝑃 = 𝜐/𝛼

;

(15)

𝑅 = 𝑔𝛽Δ𝑇𝐿 /𝜐𝛼

𝛽 is the thermal expansion coefficient, 𝑔 is the gravity
acceleration, Δ𝑇 is the temperature difference between the
isothermal walls which is equal to unity and 𝐿 is the distance
between them. For the natural convection, the Boussinesq
body force term is added as an extra term 𝑭 (𝒙, 𝑡) in the
equation (1) as :

Fig. 2. The geometrical measurement of the contact angle.

Where, 𝑏 and  represent the base and the height of the liquid
drop of radius r, respectively. This radius 𝑟 is expressed by
𝑟 = 𝑏 /8 + /2. When the liquid drop comes into contact
with a solid surface, different contact angles are obtained
according to the density of the solid wetting surface. When the
contact between liquid and solid surface is important, the
solid surface is called hydrophilic surface and the liquid is in
the wetting phase. In this case, the contact angle is less than
90º. Whereas, if this contact is weak, the contact angle is
greater than 90º (see figure 2), we obtain the non-wetting
phase case and the surface is hydrophobic. The behavior of the
contact angle is clearly described in table 1.
TABLE 1

𝑭 (𝒙, 𝑡) = 3𝜌𝑤 𝑔𝛽(𝑇 − 𝑇

(16)

)𝒆

And then the equation (1) becomes :
𝑓𝑖 (𝒙 + 𝒆𝑖 𝛿𝑡, 𝑡 + 𝛿𝑡) = 𝑓𝑖 (𝒙, 𝑡) − (𝛿𝑡/𝜏 ). (𝑓𝑖 (𝒙, 𝑡)
𝑒𝑞
− 𝑓𝑖 (𝒙, 𝑡)) + 𝑭𝑖 (𝒙, 𝑡).

(17)

The liquid drop exchanges heat with the moving gas and
therefore it evaporates according to the following equation :
𝑔𝑖 (𝒙 + 𝒆𝑖 𝛿𝑡, 𝑡 + 𝛿𝑡) = 𝑔𝑖 (𝒙, 𝑡) − (𝛿𝑡/𝜏𝑔 ). (𝑔𝑖 (𝒙, 𝑡)
𝑒𝑞
−𝑔𝑖 (𝒙, 𝑡)) + 𝛿𝑡𝑤𝑖 𝜙(𝒙, 𝑡).

(18)

DEGREE OF WETTING LIQUID DROP
𝜙(𝒙, 𝑡) is the source term for liquid-vapor phase change
derived from locale balance law of entropy [26], [27], [28]
which is given by :
𝜙(𝒙, 𝑡) = 𝑇 1 −

For the LBM thermal model, we adopt the same lattice model
(𝐷 𝑄 ) to calculate the temperature distribution. The
streaming and collision processes of 𝑔 (𝒙, 𝑡) are given by [24],
[25] :

(12)

𝜕𝑃
𝜕𝑇

+

2.3 The LBM thermal model

𝑔 (𝒙 + 𝒆 𝛿𝑡, 𝑡 + 𝛿𝑡) = 𝑔 (𝒙, 𝑡) −

1
𝜌𝑐𝑣

(𝑔 (𝒙, 𝑡) − 𝑔 (𝒙, 𝑡))

1
𝜌𝑐𝑣

∇. 𝒖
𝜌

∇. (𝜆∇𝑇) − ∇.

𝜆
𝜌𝑐𝑣

(19)
∇𝑇

𝑒𝑞
−𝑔𝑖 (𝒙, 𝑡)) + 𝛿𝑡𝑤𝑖 𝜙(𝒙, 𝑡)
𝑐 is the specific heat at constant volume, 𝜆 is the thermal
conductivity and 𝑇 is the macroscopic temperature. The
average Nusselt number 𝑁 is expressed as [4] :

𝑁 =−

∫ ( )

𝑑𝑦

(20)

𝐿 is the cavity height, 𝑇 and 𝑇
are respectively the
constant temperature of the hot and cold walls.
238
IJSTR©2020
www.ijstr.org

INTERNATIONAL JOURNAL OF SCIENTIFIC & TECHNOLOGY RESEARCH VOLUME 9, ISSUE 12, DECEMBER 2020

ISSN 2277-8616

2.4 Boundary conditions
The accuracy and stability of the LBM simulation are ensured
by applying the appropriate boundary conditions. For the
studied geometry, we applied the no-slip boundary (reflection
of all distribution functions at the wall in the opposite
direction) at the horizontal walls. However, for the vertical
walls, the bounce-back condition is selected and its can be
defined in the following form [29]:
Fig. 3. The configuration studied by Huang et al. [3].

𝑓 (𝒙, 𝑡) = 𝑓 (𝒙, 𝑡)

(21)

The minus sign is used to represent the opposite direction of i.
Moreover, for the temperature field, the bounce-back thermal
boundaries (adiabatic) are considered for the upper and lower
walls as [30]:
𝑔 (𝒙, 𝑡) = 𝑔 (𝒙, 𝑡)
(22)
Then for side isothermal walls, the unknowns 𝑔 are evaluated
by :
𝑔 (𝒙, 𝑡) = 𝑇 (𝑤 + 𝑤 ) − 𝑔 (𝒙, 𝑡)

(23)

Where, 𝑇 is the macroscopic temperature of wall.

3 NUMERICAL RESULTS AND DISCUSSIONS
3.1 Validation examples of the proposed numerical
model
The code has been extensively used on various problems of
the wettability phenomenon, Rayleigh-Benard instability and
multiphase flows, to check its validity. These phenomena have
been the subject of several studies [10], [11], [12], [13], [14]. The
accuracy of the presented numerical study was verified
against previously published numerical results reported by
various authors. For this reason, it is not reported here for the
sake of brevity. In this article, we have chosen to present code
validation for two examples mentioned below.

In broader terms, the nature of liquid and solid phase can
determine the behavior of the surface to be wetting or nonwetting. Figure 4 shows the different wetting situations, the
meeting of the liquid, solid and gas phases constitutes the
three-phase contact line. It can be seen that the degree of
liquid drop wetting on the solid surface (𝜌 ) varies with the
density variation of this last between 𝜌 and 𝜌 . Therefore, the
contact angle 𝜃 can take the values between 0 and 180º. When
the density of the solid 𝜌 is set at 0.8, the liquid drop takes a
position where the contact angle 𝜃 is 180º. In this case, the
wetting on the solid is unfavorable and the liquid drop is
tangent to the solid surface. The same behavior is observed for
𝜌 = 1. For these cases, the liquid drop keeps its initial form
and minimize its contact with the solid. So, the solid surface is
called hydrophilic. This contact starts to increase (𝜃 decreases)
at 𝜌 = 2. As 𝜌 reaches 3, the wetting becomes important, and
the fluid will expand over a large area on the solid. This
behavior is more pronounced for 𝜌 = 5.5 indicating that the
wetting is total. So, the solid surface is called hydrophobic. It
is seen that for the same conditions proposed in [3], the same
results are obtained concerning the wettability phenomenon.
Therefore, we note an excellent agreement between our
numerical results and those of Huang et al. [3]

3.1.1 Example 1: Wettability phenomenon
First, we proposed to study the configuration studied by
Huang et al. [3] (see figure 3), who have modeled a liquid
drop of radius 25 nodes placed in a rectangular cavity at the
point (𝑥 = 101, 𝑦 = 25). The periodical boundaries are
considered for side walls and the no-slip boundaries are
selected for the horizontal walls. The computational domain is
201 × 101 lattice nodes.
Fig. 4. Different wetting situations: (𝜌 = 0.8, 1 and 2) non-wetting case;
(𝜌 = 3, 4 and 5.5) wetting case.

3.1.2 Example 2: Natural convection phenomenon
Second, the results were validated with those reported by
some authors as shown in table 2. For this, both thermal and
pseudo-potential LBM models are used to describe the natural
convection heat transfer inside a square differentially heated
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enclosure. The densities of the coexisting fluids are set in the
same value (𝜌 = 𝜌 ). The configuration studied in this part is
shown in figure 5. In fact, the vertical walls of the cavity are
maintained at two different temperatures 𝑇
and 𝑇 .
Whereas, the horizontal walls are adiabatics.

ISSN 2277-8616

fluid flow. However, the bounce-back condition is chosen for
side walls. The gas is assumed to be incompressible,
Newtonian and satisfies the Boussinesq approximation. Inside
the cavity and midway the vertical walls, a liquid drop is
placed on the bottom wall.

Fig. 5. Square cavity differentially heated [4], [31], [32], [33], [34].

For this validation test, we were interested for the laminar
flow regime which corresponds to the Rayleigh number
between 10 and 10 , and we set the Prandtl number 𝑃 at
0.71. Among the results obtained, we present here the average
Nusselt number comparison in table 2. These results indicate
that our code is favorably validated, reasonably accurate and
robust to solve the heat transfer problem in the case of the
heated square enclosure.
TABLE 2

COMPARISON OF AVERAGE NUSSELT NUMBER FOR LAMINAR FLOW.

3.2 Effect of the natural thermal convection on the
wettability phenomenon
In this part, we present a study that can be very important in
the industry. Indeed, this study provides information about
the behavior of a liquid drop on a solid surface subjected to
natural convection. Also, it shows how the deposit of the
drops on the solid can be eliminated. For this, we studied the
configuration illustrated in figure 6. This figure presents the
geometry and the boundary conditions of a two-dimensional
differentially heated square cavity of height 𝐿 and of length
𝐿 placed in a gravity field. The temperatures of the vertical
walls of the domain are 𝑇
= 0.5 (left wall) and 𝑇
= −0.5
(right wall). The coexisting parameters of the liquid are: 𝜌 =
6.06, 𝜐 = 0.1060, 𝛼 = 0.1126, 𝑐 = 6.6960 and of the gas are: 𝜌
= 0.5, 𝜐 = 0.3333, 𝛼 = 0.1785, 𝑐 = 6.6960. These quantities
are expressed in lattice Boltzmann units, for the relationship
between physical and lattice units, see reference [28]. The
upper and the lower horizontal walls have been considered as
adiabatics. For these walls, the no-slip boundary is applied for

Fig. 6. Illustration of the physical system problem used in the simulation.

3.2.1 Effect of gas’s motion caused by convection on the
liquid drop
We present in figure 7 the influence of the gas’s motion
created by convection on the liquid drop for different Rayleigh
numbers (10 ≤ 𝑅 ≤ 10 ). The computational domain is
201 × 201 lattice units containing a liquid drop of radius
20(l.u) chosen in a non-wetting phase. From this figure, it is

seen that the position and the form of the drop change over
time for each value of 𝑅 . For 𝑅 = 10 at 10000 and 30000
time steps, respectively, the position of the drop and its heat
exchange with the gas create two circulation zones beside the
drop. For the other case, the flow becomes unicellular, and the
gas rises along the heated wall, moves towards the cold wall,
descends and recirculates clockwise. The gas flow pushes the
liquid drop towards the heated wall, this behavior becomes
more clearer for 𝑅 ≥ 104 . As 𝑅 reaches 10 . the natural
convection strengthens and the flow becomes faster. The
liquid drop maintaining contact because it is pushed upwards
the bottom wall. Moreover, it is deformed under the effect of
gas pressure. This can be explained by the pressure force that
overcome the fluid-solid interaction force since the buoyant
force is neglected. The fluids are enclosed in the differentially
heated cavity, therefore, the pressure forces are due on the one
hand to the expansion of the gas and on the other hand to the
portion of the vapor comes from the liquid drop which
increases the number of particles in the gaseous state which
causes an increase in the pressure of the gas that causes
movement and deformation of the droplet. It is also noted that
240
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for 𝑅 ≤ 104 , the fluid movement is slow and the drop
maintains the same shape while moving. However, its radius
decreases due to its heat exchange with the gas enclosed in the
cavity. Indeed, the liquid drop is evaporated and grows
smaller than its original form. The time steps are chosen to
show the streamlines profiles until the drop disappearance.
These time steps become tight for 𝑅 = 10 because the
evaporation process becomes rapid. we can say that the
elimination of the drop wetting is more quickly when Ra is
high in the case of the cavity differentially heated.

Fig. 7. Streamlines profiles for 𝑅 = 10 to 10 .

3.2.2 Dynamic and thermal behavior of the liquid drop
on the wetting surface
In order to study the wettability phenomenon of the liquid
drop and its interaction with the thermal natural convection
two different cases are tested. The first test is simulated with
𝜌 = 2 it corresponds to non-wetting phase and in the second
test 𝜌 is taken equal to 4 it corresponds to wetting phase.
These density values are chosen to have a very visible thermal
effect and to have contact between drop and wetting wall.
Now, the domain size is 601 × 601 lattice nodes, this choice is
based on the fact that the liquid droplet loses contact with the
wetting surface when the Rayleigh number increases as will be
explained in the following of this article. The liquid drop
radius considered here is 30 lattice units.

Non-wetting phase case
In this case, the density of wetting surface is fixed at 𝜌 = 2
similarly to the previous work of Huang [3] to obtain a contact
angle with value 148.8º. The Rayleigh number considered here
is between 10 and 10 which corresponds to the laminar flow
regime. The computational domain is 601 × 601 lattice nodes.
We note that for any value of 𝑅 , when the time increases the
liquid drop radius decreases, indicating that the liquid drop
volume decreases and loses its contact with the wetting
surface.

ISSN 2277-8616

Figures 8 and 9 present the behavior of the liquid drop for
𝑅 = 10 and 𝑅 = 104 , respectively. We note that the
movement of the liquid drop towards the hot wall is very
small, indeed, it is not strongly pushed by the air because the
convection is weak. The drop liquid is completely disappeared
at about 44000 time steps (see figure 16). This is due to the
drop evaporation process, in which a mass transfer is
produced indicating that the liquid meniscus including a
triple line of contact has a motion. Therefore, we must
consider dynamic contact (Advancing and decelerating
contact angles) as shown in figure 2. Overall, the advancing of
the contact angle is reduced during evaporation. For the
thermal behavior of the liquid drop, we presented the
isotherms inside the cavity and in the liquid drop for all
values of Rayleigh number and at a defined time steps. We
can show that the distribution of isotherms changes as
Rayleigh number changes indicating the existence of the heat
transfer between the active walls of the cavity and the gas on
the one hand and between the gas and the liquid drop on the
other hand. Figures 8 and 9 present the case of low Ra, from
these figures and for 𝑅 = 10 , the isotherms are perfectly
symmetrical with respect to the center of the cavity and
appear to be nearly parallel to the isothermal walls, in this
case, the heat exchange takes place mainly by conduction.
When Ra becomes equal to 104 , the heat transfer changes from
the conductive regime to the convective regime, the shape of
the isotherms begins to bend inside cavity. The case of
𝑅 = 10 is presented in figure 10. We observe the same
dynamic behavior (change of position given by 𝑥 and
expressed in (l.u) and volume of the drop as a function of
time). However, compared to the cases of 𝑅 = 10 and
𝑅 = 104 , the drop is more displaced towards the left wall
and its volume is not too reduced. In this case, one notices a
retard of the evaporation of the drop which evaporates
completely at 46000 time steps. This result is unexpected but
it can be explained by the fact that the drop is cooled by the
gas coming from the cold wall. For 𝑅 = 10 (see figure 11),
the movement of the gas phase becomes very intense and the
liquid drop is driven quickly towards the hot wall. It
evaporates completely in a wide time (at 80000 time steps)
because the drop is more cooled by the gas coming from the
cold wall.
This can also show from the isotherms that are depicted in
figures 10 and 11. These isotherms take the almost horizontal
form in the central part of the cavity indicating the existence of
a large heat exchange in the vertical direction, and since the air
rotates clockwise, the drop is more cooled by the cold air. For
this reason, the evaporation is more delayed with the increase
in the Rayleigh number.
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Fig. 8. Dynamic and thermal behaviors of the liquid drop on the solid
surface for a radius value 𝑅 = 30, 𝑃 = 0.71, 𝜌 = 2 and 𝑅 = 10 .

ISSN 2277-8616

Fig. 11. Dynamic and thermal behaviors of the liquid drop on the solid
surface for a radius value 𝑅 = 30, 𝑃 = 0.71, 𝜌 = 2 and 𝑅 = 10 .

Wetting phase case

Fig. 9. Dynamic and thermal behaviors of the liquid drop on the solid
surface for a radius value 𝑅 = 30, 𝑃 = 0.71, 𝜌 = 2 and 𝑅 = 104.

Fig. 10. Dynamic and thermal behaviors of the liquid drop on the solid
surface for a radius value 𝑅 = 30, 𝑃 = 0.71, 𝜌 = 2 and 𝑅 = 10 .

This study is achieved for the same conditions considered in
the case of non-wetting phase, except here, we take 𝜌 = 4.
The drop extends over a larger surface and its contact and
friction with the solid increase. Then, its resistance to flow
increases and it remains in its initial position for 10 ≤ 𝑅 ≤
10 (see figures 12, 13, 14). When the Rayleigh number
reaches 𝑅 = 10 (see figure 15), the gas’s motion increases,
leading to an increase in the rate of heat transfer by convection
coming from the cold wall. Then, the drop is colder on this
side, moreover it’s slowly shifting towards the hot wall and
thus, the time of the complete evaporation of the liquid drop
increases to reach 50000 time steps. From figures 12, 13, 14, 15,
it can be seen that the isotherms are affected in the same
manner that for the non-wetting phase, whereas the quantities
of heat exchanged with air are different and therefore the drop
evaporation times are different. Thus, the evaporation time for
all Rayleigh numbers, in the wetting phase case is inferior at
the one obtained for non-wetting phase case.

Fig. 12. Dynamic and thermal behaviors of the liquid drop on the solid
surface for a radius value 𝑅 = 30, 𝑃 = 0.71, 𝜌 = 4 and 𝑅 = 10 .
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these two cases the increase of Ra increases the evaporation
time.

Fig. 16. Rate of radius vs time step for different Rayleigh numbers ranging
from 𝑅 = 10 to 𝑅 = 10 : (a) non-wetting phase case; (b) wetting
phase case.

Fig. 13. Dynamic and thermal behaviors of the liquid drop on the solid
surface for a radius value 𝑅 = 30, 𝑃 = 0.71, 𝜌 = 4 and 𝑅 = 104.

Fig. 14. Dynamic and thermal behaviors of the liquid drop on the solid
surface for a radius value 𝑅 = 30, 𝑃 = 0.71, 𝜌 = 4 and 𝑅 = 10 .

Fig. 15. Dynamic and thermal behaviors of the liquid drop on the solid
surface for a radius value 𝑅 = 30, 𝑃 = 0.71, 𝜌 = 4 and 𝑅 = 10 .

3.2.3 Evolution of the liquid drop radius over time steps
In this part, we present the complete process of drop
evaporation that is clearly visible in figures 16(a) and 16(b),
which show the evolution of the contact radius R of the liquid
drop during evaporation over time. It is clear that for all
Rayleigh numbers ranging from 𝑅 = 10 to 𝑅 = 10 , the
contact radius decreases until a value of zero, indicating that
the liquid drop is completely evaporated. The initial contact
radius 𝑅 depends of the wetting surface density. Particularly,
at the beginning of process for 𝑅 = 10 , the curves show an
increase of contact radius of droplet. This is due to the
deformation of the drop shape that loses its initial circular
form due to the compressive effect of the convection. The
radius evolution in time confirms the explanations cited above
and concerning the process of drop evaporation for 𝜌 = 2
and 𝜌 = 4. Indeed, In the case of 𝜌 = 4. It is noted that for

4 CONCLUSION
Numerical computations were performed to simulate the
interaction between natural convection and wettability of a
liquid drop inside a differentially heated square cavity. The
Shan-Chen LBM and Thermal LBM models are used. The
main objective of this article was to investigate the dynamic
and thermal behaviors of the liquid drop on the solid surface,
by varying the Rayleigh number, 𝑅 , and to verify the
influence of laminar natural convection on the wettability
phenomenon. The results were presented in terms of figures
showing the evolution of the liquid drop over time. From
these results, we can draw the following conclusions :
- The disappearance of the liquid drop depends on Rayleigh
number. It can be seen that the time of the complete
evaporation in the non-wetting phase case is different from
the one of the wetting phase case, this is due to the contact
angle. In fact, the drop evaporates quickly on a wetting surface
compared to the non-wetting surface.
- In the non-wetting phase case, the drop moves with the fluid
flow and its displacement increases with increasing Rayleigh
number, however, its radius decreases until the total
evaporation.
- In the wetting phase case, the drop not moving as in the first
case and remains in contact with the lower wall of the
enclosure.
- We note that for two cases of the surface, 𝑅 = 10 yield the
most delayed evaporation time. Then, we can say that when a
liquid drop is inside a differentially heated cavity, it
evaporates faster for low 𝑅 than for high 𝑅 .
These results show that we can eliminate the deposit of liquid
drops on solid surfaces using the natural convection
phenomenon, this can be very important in industry. We
indicate that another important study concerning various twophase heat exchanges with evaporation, pool boiling, flow
boiling and condensation exists in the literature [35]. In this
study, unlike our work, the authors studied the effect of
wettability on heat transfer. On the other hand, we have not
studied in detail the evaporation of liquid drops, but we have
constructed a novel thermal lattice Boltzmann method to
study two-phase flows in a 2D differentially heated square
enclosure. The numerical results obtained for all cases show
that this method can be used for other thermal flows with
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suitable and stable scheme of numerical point of view. The
proposed method can also be used for other thermal flows
with multiple phases and components case. This will be the
subject of the future work.
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