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In this paper, we present an improved phase-field-based lattice Boltzmann (LB) method for thermocapillary
flows with large density, viscosity, and thermal conductivity ratios. The present method uses three LB models
to solve the conservative Allen-Cahn equation, the incompressible Navier-Stokes equations, and the temperature
equation. To overcome the difficulty caused by the convection term in solving the convection-diffusion equa-
tion for the temperature field, we first rewrite the temperature equation as a diffuse equation where the convection
term is regarded as the source term and then construct an improved LB model for the diffusion equation. The
macroscopic governing equations can be recovered correctly from the present LB method; moreover, the present
LB method is much simpler and more efficient. In order to test the accuracy of this LB method, several numerical
examples are considered, including the planar thermal Poiseuille flow of two immiscible fluids, the two-phase
thermocapillary flow in a nonuniformly heated channel, and the thermocapillary Marangoni flow of a deformable
bubble. It is found that the numerical results obtained from the present LB method are consistent with the
theoretical prediction and available numerical data, which indicates that the present LB method is an effective

approach for the thermocapillary flows.
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I. INTRODUCTION

Thermocapillary convection is the phenomenon of fluid
movement induced by the difference in surface tension at a
two-phase interface which is caused by a temperature gra-
dient. For most cases, the surface tension is a decreasing
function of the temperature, and bubbles or droplets in the
low-temperature region with the large surface tension gradu-
ally move to the high-temperature region with the low surface
tension due to induced thermocapillary stresses (also called
Marangoni stresses [1]). Thermocapillary convection not only
has a wide range of industrial applications [2-9], for ex-
ample, crystal growth, coating, and thermocapillary-induced
patterning of thin liquid films, but also plays an important role
in many physical processes [10,11]. To explore the physical
mechanism of thermocapillary flows, theoretical and experi-
mental methods have been developed [12—17].

In addition to the two above types of research methods,
numerical simulation has also been an important approach
in the study of thermocapillary flows which involves mul-
tiple physical fields. For this complex multiphase problem,
some numerical approaches have been developed, includ-
ing the volume-of-fluid method [18,19], the front-tracking
method [20,21], and the level-set method [22,23]. Ma and
Bothe [24] used the volume-of-fluid method to study the
thermocapillary Marangoni effect on the deformable droplet.
Nas and Tryggvason [25] adopted the front-tracking method
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to investigate the thermocapillary interaction of two bub-
bles or drops and then Lu e al. [26] also applied the same
method to simulate the thermocapillary interaction of a bub-
ble with an obstruction. Balcdzar et al. [27] introduced a
novel multiple-marker level-set method for deformable bub-
bles and droplets, in which all physical properties are assumed
to vary smoothly in a narrow band around the interface to
avoid numerical instability; additionally, a new reinitialization
equation was also considered in their work. We note that
although all of these numerical methods are successful in the
study of thermocapillary flows, they also have some defects.
The volume-of-fluid method needs an extra reconstruction
of the phase interface, while for the front-tracking method,
the moving interface must be restructured and the transfer
of information between the moving front and the fixed grid
must be considered. Therefore, the volume-of-fluid method
and the front-tracking method do not avoid explicit tracking of
the dynamic interface in both mathematical formulation and
numerical computation [28]. As for the level-set method, a
reinitialization equation needs to be solved [27]. In addition,
the three above methods also suffer from numerical instability
at the interface region when the interfacial tension becomes
a dominant factor [29]. In recent years, as an alternative, the
phase-field method, which has a clear physical background
and simple structure and is easy to implement numerically,
has become a powerful and popular tool for thermocapillary
flows without tracking the evolution of the phase interface
[30]. In this method, an order parameter is introduced to
characterize the different phases, and the range over which
it changes is the thickness of the interface. Actually, there
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are two popular kinds of mathematical models used to de-
scribe the interface: One is the fourth-order Cahn-Hilliard
(CH) equation [31,32] and the other is the second-order
Allen-Cahn (AC) equation [33-35]. Some researchers have
used this method to investigate the interfacial dynamics with
thermocapillary effects. For instance, Guo and Lin [36] first
proposed a phase-field model for two-phase flows with the
thermocapillary effect and then adopted a finite-difference
scheme in time and a conformal finite-element method in
space for the Navier-Stokes equations and the CH equation.
Verschueren et al. [37] considered a phase-field model for
the thermocapillary flow instability in the Hele-Shaw cell and
applied the Galerkin-type spectral-element method to solve
the governing equations.

In this work, we consider the mesoscopic lattice Boltzmann
(LB) method for thermocapillary flows. The LB method, as
a kinetic-based approach, has gained great success in the
study of complex multiphase flows for its distinct features
[38—44]. In this method, there are several multiphase LB
models, including the pseudopotential LB model [45,46], the
color gradient LB model [47], and the phase-field-based LB
model [48,49]. These LB models also have been extended to
simulate thermocapillary flows. Gupta et al. [50] adopted the
pseudopotential LB model to study the influence of thermo-
capillarity on the breakup of fluid threads in a microfluidic T
junction, but the pseudopotential LB method usually suffers
from large spurious currents [51]. Liu et al. [52-56] used the
LB method to conduct a series of studies on thermocapillarity
flows, and these works can be divided into two categories: The
first is one in which the governing equations of all physical
fields are solved by the LB models [52-55] and the second
is where the governing equations are solved by a hybrid ap-
proach in which the temperature equation is solved by the
finite-difference method [56]. However, these works may also
have some limitations. For the former, the LB models can
only study thermocapillary flows with the same specific-heat
capacities and densities of two fluids; in other words, the ratios
of the specific-heat capacities and densities are assumed to be
1. For the latter, the CH-equation-based LB model proposed
by Lee and Liu [57] is used to describe the interface, while
this LB model may not preserve the total mass of a system
and is non-Galilean invariant due to the discretization errors
[56]. Also, the hybrid method may lead to inconsistency of
computation, which makes it difficult to solve the problem
with a complex boundary [56]. Similarly, Mitchell et al. [58]
also used the hybrid method to investigate thermocapillary
flows. In their work, the temperature equation was solved by a
fourth-order Runge-Kutta algorithm; however, the phase-field
equation could not be recovered correctly from the LB method
through the Chapman-Enskog analysis [49]. Zheng et al.
[59] constructed another LB method with continuous surface
force to simulate the thermocapillary migration of a two-
dimensional deformable droplet, but the CH equation could
not be correctly recovered due to the existence of the fourth-
order spatial derivative; additionally, the density ratio of the
droplet and the ambient fluid was assumed to be unity [59].
Recently, Hu er al. [60] also established a new LB method
for thermocapillary flow with a large density ratio, but the
continuity equation and temperature equation could not be
recovered correctly through the Chapman-Enskog analysis,

which may have some influence on the accuracy of the LB
model.

To overcome the drawbacks of some previous works, and
based on the above-mentioned works [58,60,61], we present
an improved LB method for thermocapillary flows with large
density, viscosity, and thermal conductivity ratios. In this
LB method, the second-order conservative AC equation is
adopted to capture the interface since it possesses the potential
in the volume preservation property, as well as good numerical
stability in the simulations of the multiphase flow with a
large density ratio, compared to the fourth-order CH equa-
tion [62]. In particular, an improved LB model is proposed
for the diffusion equation for the temperature field, which is
an equivalent version of the commonly used one. Through
the Chapman-Enskog analysis, the governing equations for all
physical fields can be recovered correctly from the present
LB method. We also perform some numerical experiments
to test the present LB method and find that the numerical
results are in good agreement with the analytical solutions and
some available numerical data. In addition, compared to some
previous LB methods [59,60], the proposed LB method also
works well for the Marangoni migration of the deformable
bubble with large density, viscosity, and thermal conductivity
ratios.

The rest of the paper is organized as follows. In Sec. II the
LB method for thermocapillary flows is presented. In Sec. III
we conduct some simulations to test the improved LB method.
A summary and some conclusions are given in Sec. I'V.

II. LATTICE BOLTZMANN METHOD FOR
THERMOCAPILLARY FLOWS

A. LB model for the interface capturing equation

In the phase-field method, the kinetics and morphology
evolution of phase separation is characterized by a phase-field
equation for the order parameter ¢p. Compared to the fourth-
order CH equation, the second-order conservative AC (CAC)
equation is more efficient and less dispersive [49,63,64]. For
this reason, the CAC equation is used to depict interface
evolution [63]

Vo 1—¢?
WO+ 0=V W99 -V (Mgl )
(1)

where the order parameter ¢ changes from —1 to 1. Here
¢ =1 and ¢, = —1 represent the different phases; the in-
terface between two phases is marked by the contour level of
¢ = 0. In addition, u = (u,, u,) is the fluid velocity, My is the
mobility, and D is the thickness of diffuse interface. At the
equilibrium state, the distribution of the order parameter can
be given by

¢(x) = tanh (%) )

where x is the distance to the interface.
In the present LB model for the CAC equation, the
evolution equation with the single-relaxation-time collision

015314-2



IMPROVED PHASE-FIELD-BASED LATTICE BOLTZMANN ...

PHYSICAL REVIEW E 105, 015314 (2022)

operator reads [49,65]

1
Je(x + e Ar 4+ At = fi(X, 1) — f—f[fk(X,t) — i (x,0)]

1
+At(1 — —>Fk(x,t),
2‘L’f
k=0,....,q—1, 3)

where fi (X, t) is the distribution function with velocity ¢; at
position x and time ¢, 7 is the dimensionless relaxation time,
At is the time step, and Fi(x, t) is the discrete source term.
In addition, £ is the equilibrium distribution function and is

given by [49]
o Cp-u
£ = aw(l + =5 ) )

where {w;,k=0,...,9— 1} are the weight coefficients
which are dependent on the specified lattice model, ¢; = cey
is the discrete velocity with the lattice speed ¢ = Ax/At (Ax
is the lattice spacing) and the direction vector e, and ¢y is
the lattice sound speed that is related to lattice speed c. In
our simulations, the lattice speed ¢, Ax, and At are set to 1.
For the two-dimensional problems considered here, the two-
dimensional nine-velocity (D2Q9) lattice model is adopted for
the CAC equation, and in this model, the discrete velocity,
weighting coefficient, and sound speed are given, respectively,

Cr = ce;

o1 0 -1 0 1 -1 -1 1

=% 0o 1 0 -1 1 1 —1 —1|

(5a)

wo =3,

o = {wis =3, (5b)
w58 = 35,
2

2 C

2 — 5

Cy 3 (5¢)

To recover the CAC equation correctly, the source term Fj
in Eq. (3) should be defined as [49]

oy - [3(pu) + 2 (My 5 lﬁﬁ)]
b = 2 ’ ©

where the time derivative term 9,(¢u) is included in order
to eliminate some additional terms in the recovered equa-
tion [49,64,66]. The order parameter in the present LB model
can be calculated as

= fi (7)
k

Physically, the distribution of the fluid density p for the two

phases is consistent with that of the order parameter ¢. To

satisfy this condition, the expression of density should be a

function of the order parameter and is given as
p="""L2 — ) + o (®)

¢ — ¢
Through the Chapman-Enskog analysis, the CAC equa-
tion can be recovered correctly from the LB equation (3) with

the following mobility [49]:

My = c*(ty — 0.5)At. 9)

In addition, the derivative terms in the LB model must be
discretized with some suitable difference schemes. For sim-
plicity, the explicit Euler scheme is used to compute the
temporal derivative in Eq. (6). In contrast, to keep the col-
lision process implemented locally, the gradient term V¢
can be calculated by the nonequilibrium distribution function
[49,64,67], and after some algebraic manipulations, the local
scheme for the gradient term V¢ can be given by [49]

_ —ICI—B
V| = —CA . (10)
Vo= ——, (11)
A+ g
where

A=At (12a)
— M, i (12b)

=My
C= ch (fe — £ + —a,(¢u) (12¢)

B. LB model for the Navier-Stokes equations

In this work, we consider the incompressible Navier-
Stokes equations for the fluid flows [64,68]

V-u=0, (13a)
d(pu)+ V- (pun) = -Vp+V.pu
(Vu+ Vu')+G+F,,  (13b)

where p is the hydrodynamic pressure, i is dynamic viscosity
(u = pv, with v the kinematic viscosity), F; is the interface
force, and G is the body force. For the thermocapillary flows,
the interface force can be expressed as [56]

F, = (—oin+ V0)46, (14)
where o is the surface tension, A = V - n is the interface

curvature, n IV ¢| is the unit normal vector, Vi = (I —n ®

n) - V is the surface gradient operator, and § = )/|V(])|2 is the
Dirac delta function and satisfies the condition

y/ ddx =1. (15)

Based on previous work [48], we can obtain the expression of
the parameter y,

63/ 1
V2B(#7 - ¢3)°
where B is a parameter. With the aid of Eq. (16), we can
further derive the interface force Fy,

3V2
F, = TD('V‘“ Vo — (Vo - V)V + ;Lqu)
)

where = (¢ — ¢1)(@ — P2)(@ — —D*V?¢ is the
chemical potential, in which the Laplace operator can be

v = (16)

+
¢12¢2)
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calculated as

v = 3 2SOt A — $)

c2 A2

(13)
k0

For the thermocapillary flows, the equation of state is used
to describe the relation between the surface tension o and
temperature T,

0 (T) = Oret — 07 (T — Tret), 19)

where T is the reference temperature and o7 = g—; is the rate
of surface tension with the temperature.

Similarly, the evolution equation of the LB model for the
Navier-Stokes equations can be written as [68,69]

1 e
QX + e ALt + At) = gi(x, 1) — T—[gk(x, 1) — g (x,1)]
8

1
+ At(l - —)Gk(x, 1),
27,

8

k=0,....q—1, (20)

where gi(x,?) is the distribution function of the LB model
for the flow field, g is the equilibrium distribution function,
7, is the relaxation time related to the kinematic viscosity
v, and Gy(x,t) is the discrete force term. To recover the
incompressible Navier-Stokes equations correctly, giq should
be designed as [68]

q Sl =1+ ps(u), k=0 e
57 Lo + pscu), k#0,
with
cc-u  (cg-u)? wu-u
sk(a) = U)k|: 2 + 2w 2 } (22)

The discrete force term is given by [68]

Gk =a)k|:u~Vp

+

e -Fy (ke — 1) 2 (uF + Fu) @ (e — ¢20)
2 2c4 i|’

(23)

where F = F, + V(,ocf) and the gradient term V¢ in F; in the
collision step can be calculated locally by Eq. (11). For the
Navier-Stokes equations, the D2Q9 lattice model described
previously is also adopted. Through the Chapman-Enskog
analysis, the present LB model can correctly recover Eq. (13)
with the kinematic viscosity

v = c2(tg — 0.5)At. (24)

Additionally, the macroscopic velocity and pressure are cal-
culated as

1 At
S r ). 25
u p(Xk:ckg/Hr 5 s) (25)

2 A
p= Cs |:Z gk + —tu -Vp+ ,OS()(I.I):| . (26)

l—a)() Ty 2

It should be noted that in Eq. (25), the gradient term V¢ in
F; must be calculated. Although the local scheme [Eq. (11)]
can be adopted, we need to solve the nonlinear equation (25)
to obtain the velocity. To overcome the problem, as in
previous works [70,71], the gradient term in Eq. (25) is
computed by the second-order isotropic central-difference
scheme

Vo = Z wrCrd(x + CkAl). @7)

2
P c; At

C. LB model for the temperature equation

The following convection-diffusion equation is applied to
describe the temperature field:

pCp(0,T +u-VT)=V . («VT). (28)

Here T is the temperature, C,, is the specific-heat capacity, and
k is the thermal conductivity. As stated previously, in some
available LB methods for thermocapillary flows, the density p
and specific-heat capacity C, of the two fluids are assumed to
be the same as each other; however, this is not consistent with
most of the problems in practice. On the other hand, when the
traditional numerical method is applied to solve Eq. (28), the
mass conservation of system may not be ensured [56,72]. In
the following, we will develop an alternative LB model for the
temperature equation. To this end, we first rewrite Eq. (28) in
another form where the convection term is regarded as part of
the source term [58,61],

T =V - (aVT)+ Ry, (29)

where

1
R, = —ll~VT—KVT-V<—) (30)
pCp
is the source term and o = «/pC,, is the thermal diffusivity.
It should be noted that in the phase-field theory, the physical
parameter ¥ (e.g., the thermal conductivity) can be expressed
as a linear function of the order parameter [60,73],
v —
V=2 ¢+ ¥ 3D
&1 — ¢
According to Eq. (31), the specific-heat capacity and ther-
mal conductivity can be given by [60].

c, ="y _yytc,, 32)
o1 — ¢

k= L7525 — )+ k2 (33)
o1 — ¢

which change continuously in the whole domain. Substituting
Egs. (8) and (32) in Eq. (30) yields another form of the source
term

Ri=—u-VT —«VT
. (_ p(Cp1 _sz) +Cp(:01 - :02)
(PCp)* (1 — ¢2)

We now present a simple LB model for the tempera-
ture equation (29). In this model, the evolution equation

)V¢. (34)
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T(x,H)=T, Y
H
Fluid 1
G 0 "
— Fluid 2
h
T(x,—h)=T,
L

FIG. 1. Schematic of the thermocapillary flows with two immis-
cible fluids in a two-dimensional channel.

reads

1
h(x + e At + A1) =Iy(x, 1) — —[le(x, 1) = Iy (x,1)]
T

1
+ At(l - _>Hk(X7 t)a
2‘L'h

k=0,...,q9—1, (35)
where Ay (X, t) is the distribution function for the temperature
field, t;, is the relaxation time corresponding to the thermal
diffusivity, Hy (X, t) = wiR; is the discrete source term related
to Ry in Eq. (34), and A" is the equilibrium distribution func-
tion and is defined as

Y = oy T. (36)

The temperature 7' is computed as
At
T= zk:hk + R (37)

In Eq. (37) the gradient term V¢ in the source term R; is
calculated by Eq. (27).

%1073

3.5

Analytical (k,
< Numerical (
Analytical (

Numerical (
---------- Analytical (k,
+ Numerical (k. = 100)
----- Analytical (k. = 1000)

P Numerical (k. = 1000)

-

k
k.
kr

—_
(=1
=

=

10 20 30 40 50

&~ 15
Analytical (k. = 1)
14 < Numerical (k, = 1) )
Analytical (k. = 10)
13 Numerical (k. = 10)
---------- Analytical (k. =100) |

Based on the expressions of the equilibrium distribution
function hzq and discrete source term Hj, we can obtain the
relations

Zh;q =T, chhiq =
k k

Z Ckckhiq = C?TI,
k

(38a)
ZCkaHk = C?Rll.
k

>
k

=Ry, ZCka =0,
k
(38b)

Through the Chapman-Enskog analysis (see the Ap-
pendix for details), the temperature equation (29) can be
recovered correctly from the present LB model with the ther-
mal diffusivity @ = «/pC, = ¢2(t;, — 1)At. We also note that
in the present LB model for the temperature equation, the
gradient term VT can be calculated locally,

1

VT = — e zk: ¢ (b — ). (39)

With the help of Egs. (11) and (39), the collision process of
Eq. (35) can be implemented locally.

III. NUMERICAL RESULTS AND DISCUSSION

In this section, we consider three problems to test the
present LB method and conduct a comparison of the present
numerical results with analytical solutions and available data.
The first one is the planar thermal Poiseuille flow of two
immiscible fluids, the second one is two-phase thermocap-
illary flow in a nonuniformly heated channel, and the last
one is the thermocapillary migration of a deformable bubble.
For these problems, several important dimensionless parame-
ters are first defined, including the Reynolds number Re, the
Marangoni number Ma, the capillary number Ca, the fluid

+ Numerical (k. = 100)
----- Analytical (k, = 1000)
P Numerical (k. = 1000)

10 20 30 40 50

FIG. 2. Profiles of velocity (a) and temperature (b) along the vertical central line for v = v, =0.2, py = p, =1.0,C,, =C,, =1, and

k, =1, 10, 100, and 1000.
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0.012 T
Analytical (
< Numerical (
Analytical (

Numerical (k,
(

(k
(
(

-

k,
ke
k,

0.01 [ "
---------- Analytical (k,

+ Numerical (k.
_____ Analytical (k,
Numerical (k,

0.008

S 0.006 [
0.004

0.002

-50 -40 -30 -20 -10 10 20 30 40 50

< o

(a)

FIG. 3. Profiles of velocity (a) and temperature (b) along the vertical central line for v, = 0.1, p; = p, = 1.0,C,, =C,,

10, 100, and 1000.

density ratio p,, the viscosity ratio p,, the thermal conduc-
tivity ratio «,, and the specific-heat capacity ratio C,,,, as [56]

LU C, LU U
Re = —, Ma:sz, Ca= MZ,
V2 K2 Oref

P2 Hn2 K2

Pr = —), MHy = —, Kr = )
P1 1231 K1

(40)

(41)

where the subscripts represent different phases.
For convenience, the mobility My is set equal to 0.01. For
the gradient term of the order parameter in the collision step,

&~ 15 1
% Analytical (k, = 1)
14 < Numerical (k, =1) 7
Analytical (k. = 10)
13 Numerical (k, =10) ]
.......... Analytical (k, = 100)
12 + Numerical (k. = 100 ) i
IRY 7. O T Analytical (k. = 1000)
P Numerical (kr = 1()()0)

-50 -40 -30 -20 -10 0 10 20 30 40 50

=1l,andk, =1,

of macroscopic variables [Eqgs. (25) and (37)]. In addition, the
gravity effect is neglected.

A. Planar thermal Poiseuille flow in a two-dimensional channel

We first consider the simple problem in Fig. 1, where the
surface tension coefficient o is fixed as a constant, the planar
thermal flow is driven by an external force G, and H + h and L
are the height and length of the channel. For this problem, we
can obtain the analytical solutions of temperature and velocity
(591,

. . O (T, —T,) k1 HT, 1, hT),
the local scheme is applied to ensure that the collision process T(y) = pay 7oyt e ey eyl h<y<O0 @
is implement locally [Eq. (10)], while a second-order isotropic ’I‘{‘I(HT’E( Zh) + K‘KH] ZIZfZT’ , 0<y<H,
difference scheme [Eq. (27)] is employed in the computation i
|
G, h? y 2 H? /R pi—pa \ y (1+H/WH
u(y) = { 2 [_(Z) ( H/hu11+uz h mH-thhl]’ —h<y<0 (43)
Y) = vG.H? [_(1)2 (ul W/ H m) (1+h/H)huz] 0<v<H
e LT \H hH i1 Tk I VS Y S

The fluids in the different regions have different physical
properties and they interact with each other only through the
interface at y = 0. The top and bottom walls are stationary
and kept at the constant temperatures 7;, and 7, and the pe-
riodic boundary condition is adopted for the left and right
boundaries for all physical fields. Here u; (i =1, 2) is the
dynamic viscosity of the fluid. In order to test the accuracy
of the present LB method, we conduct some numerical simu-
lations at different ratios of thermal conductivity «, and set
the other parameters as py =, =1, C,, =Cp, =1, v =
v, =0.2, H=h=50Ax, L=10Ax, T, =20, T.=10,

= (5x 1077,0), and D = 2. In our simulations, the an-
tibounceback scheme [74-76] is used for the Dirichlet
boundary conditions of the temperature field, while the
halfway bounceback scheme is adopted for the nonslip bound-

(

ary condition of the flow field and the no-flux boundary
condition of the phase field [77,78]. Based on the results
shown in Fig. 2, it is found that the numerical results of
velocity and temperature at different values of the thermal
conductivity ratio (x, = 1, 10, 100, and 1000) are in good
agreement with the analytical solutions. We further perform
some numerical tests at different ratios of viscosity coefficient
v, and plot the results in Figs. 3-5. From these figures we
can observe that although the viscosity ratio has a great
influence on the velocity field, it does not affect the tem-
perature field, which is consistent with the analytic solution
(42). Additionally, we also find that the present LB method
works well for the thermal flows in the two-dimensional chan-
nel, even with the large ratios of thermal conductivity and
viscosity.
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FIG. 4. Profiles of velocity (a) and temperature (b) along the vertical central line for v, = 0.01, p; = p, = 1.0,C,, =C,, = l,and k, = 1,

10, 100, and 1000.

B. Two-phase thermocapillary flow in a
nonuniformly heated channel

In the second example, we consider the thermocapillary
flow driven by the temperature gradient instead of the external
force considered in the first problem, which is more compli-
cated since the surface tension changes with temperature [see
Eq. (19)]. For this problem, shown in Fig. 6, we impose a uni-
form temperature on the top wall and a sinusoidal temperature
profile on the bottom wall,

Tx.H)=T. (44)

T (x, —h) =T, + Ty cos(wx), 45)

where Ty < T, < Tj, and w = 27 /L is a wave number, with
L the length of the channel. Under the condition of Re « 1,

0.08

0.07

0.06 -

4

o

>

Analytical (k.
Numerical (k,
Analytical (k,
Numerical (k,
Analytical (k,
Numerical (k,

(k

(k

-

)
0)
0)

Analytical

0
Numerical 0!

Ma « 1, and Ca < 1, we can obtain the analytic solutions of
this problem [15]. For fluid 1,

(Ty — T.)y + i, Toh + T, H

T =
Alx,y) Htxh

+ Tyt (H, h, k,) sinh(H — wy) cos(wx),  (46)

U2 (x.y) = Unux{[A] + (A} + AYy)] cosh(wy)
+ (A} + wAl'y) sinh(wy)} sin(wx), 47)
U (x,y) = —wUna[A} cosh(wy) + (A5 + A% y)] sinh(ex),
(48)

20

Analytical (k, =1)
14 < Numerical (k, = 1) 1
~ = = Analytical (k, = 10)
13 O Numerical (k, =10) |
N . Analytical (k. =100) |
+ Numerical (k, = 100)
1wt 2L 0 == Analytical (k. = 1000)
P Numerical (k. = 1000)
10 \ \ \ \ \
-50 -40 -30 -20 -10 0 10 20 30 40 50
Y
(b)
=C,, =1, and

FIG. 5. Profiles of velocity (a) and temperature (b) along the vertical central line for v, = 0.001, p; = p, = 1.0, C,,, =

k, =1, 10, 100, and 1000.
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and for fluid 2,
T, —T. T.h+ T,H . oa A , .
Tx(x,y) = (T 1)5::: . h Rkl + Tot(H, h, k,)[sinh(H) cos(wx) — &, sinh(wy) cosh(H )] cos(wx), 49)
Kr
U (x, y) = Unax[A} + 0 (A% + ALy)] cosh(wy) + (A% + wA'y) sinh(wy) sin(wx), (50)
U (x, y) = —0Una[A] cosh(wy) + (A} + Ally)] sinh(ex). (51)
The parameters appearing in these equations are defined as
H=How, h=ho, (52)
t(H, h, k,) = [«, sinh(h) cosh(H ) + sinh(A ) cosh(7)] ™", (53)
g sinh*(A) 0 —HH y _ 2H —sinh(2H) 54)
D7 sinh?2(A) — B2 7T sinh®(#) - A2 7 2[sinh®(H) — A2
p_ sinh’(h) w —hh A sinh(2h) — 2h (55)
"7 sinh?(h) — A2’ T osinh2(h) — 2T 7T 2[sinh2(h) — 2]
TQO’T AA AA
Umax = - a(H’ ha Kr)S(H, ha Kr)y (56)
2
where
a(H, h, ;) = sinh(H )t (H, h, «c;), (57)
- inh?(A) — A?][sinh?(h) — i?
S o) = S .[sm E ) ; ][Sln. (Z)A ]A . _ _ (58)
v.[sinh*(h) — A%][sinh(2H ) — 2H] + [sinh*(H) — H?][sinh(2h) — 2h]
[
In our simulations, the channel length is L = 160Ax, H = considered,
h=40Ax, T, =10, T, =20, Ty = 4, 07 =5 x 1074, 0pr =
25x 1072, 0=, =02,p=p,=1,and C), =C,, = 1. o, 1) = ¥ (x;, 1)
These values can result in the typical values of Re, Ma, and Erry = (59

Caat 0(0.01) or at most O(0.1). To study the influence of the
thermal conductivity ratio «, on the distributions of velocity
and temperature, we conduct some simulations with «, = 0.1,
0.2, and 1 and present the contours of the temperature in
Fig. 7. As seen from this figure, the numerical results (solid
line) are consistent with the analytical solutions (dashed line)
given by Eqgs. (46) and (49). However, it should be noted
that the numerical results slightly deviate from the analytical
solutions near the interface for the cases of «, = 0.1 and
0.2, which is mainly caused by the finite thickness of the
interface in the phase-field LB method. To quantitatively
evaluate the accuracy of the present LB method and com-
pare with some previous LB models, the relative error is

T(x,H)=T, d
H
Fluid 1
>
0
X
Fluid 2
h
T(x,—h)=T, +T, cos(wx)

L

FIG. 6. Schematic of two-phase thermocapillary flow in a
nonuniform heated channel.

> e ol

where i and y* are the numerical and analytical solutions of
temperature (¢ = T') or velocity (y = u). We carry out some
simulations at different values of «, and present the results in
Table I, where a comparison between the present LB method
and those in Refs. [56,58] is provided. As seen from this
table, all methods can work well for this problem with a large
Kk, but the present LB method is more accurate than that in
Ref. [58] and comparable to the one in Ref. [56]. In addition,
to see the difference between the analytical and numerical
solutions more clearly, we plot the velocity and temperature

TABLE I. Relative errors of different LB methods at different
ratios of the thermal conductivity (blank entries mean that no result
was reported).

K, Err Present work Ref. [56] Ref. [58]
0.1 U, 5.09 x 1072

0.1 U, 5.84 x 1072

0.1 T 1.20 x 1073

0.2 U, 491 x 1072

0.2 U, 5.90 x 1072 8.41 x 1072 14.18 x 1072
0.2 T 6.73 x 107* 5.23 x 1073 7.65 x 1073
1 U, 435 x 1072

1 U, 5.80 x 1072 5.71 x 1072 11.83 x1072
1 T 3.06 x 107* 2.25 x 107* 8.27 x 107*
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FIG. 7. Contours of temperature at different thermal conductivity
ratios (a) k, = 0.1, (b) x, = 0.2, and (c) x, = 1.

profiles along the central lines in Figs. 8 and 9. From these two
figures, one can see that the numerical results are very close
to the analytical solutions, while the deviation between the
numerical and analytical solutions of velocity becomes large
with the decrease of «,, which may be caused by the finite
thickness of the diffusion interface of the phase-field method.
Although the thermal conductivity changes with the diffusion

5 x10™ —
Fx2N
4r /i‘ 't\ |
3t i ) J
& *
3
# Numerical (k, = 0.1)
3 — = = Analytical (k, =0.1)
27 % =+ Numerical (k, =0.2) |
N t ----------- Analytical (k, = 0.2)
\-, O Numerical (k, = 1)
4+ ;. ~.t, Analytical (k, = 1) |
x5
= B ‘ ‘ ‘
-80 -60 -40 -20 (0] 20 40 60 80
x
(a)
%107
4 +
.
sl * T 1
+ o+ W P \+
2 57 * 1
1k
= 0r
1r 4 % Numerical (k, = 0.1) EY
a = = = Analytical (k, = 0.1) k D
g + .f 4+ Numerical (k, = 0.2) "t".“ B
/t} ----------- Analytical (k, = 0.2) }%,*\
’!3"" O Numerical (k. = 1) "0.,* it
'.*. Analytical (k, = 1) e
4 . . . . . . .
80 60 40 20 0 20 40 60 80
x
(b)
21 T
+++++
20 1 S ““ + - e, 1
R * T *..
ol v *
o <,
+_‘5|'-" *,'*' <+ Numerical (k. = 0.1) *\* "‘k,‘*
18 Lo R Analytical (k. = 0.1) A, ol
B~ ot 4 # Numerical (k, = 0.2) xR o
17 -*-’* — = = Analytical (k. = 0.2) *‘* %

O Numerical (k, = 1)
——— Analytical (k, = 1)

T
()
FIG. 8. Profiles of velocity and temperature along the central line

of the domain in the x direction at (a) k., = 0.1, (b) x, = 0.2, and (c)
Kk, = 1.

interface, a small «, will result in the temperature deviation
in the diffusion interface. The difference in the temperature
gradient will inevitably affect the surface tension of the in-
terface, which in turn affects the velocity distribution. On the
other hand, the analytical solutions of this problem are derived
without considering the diffusion interface, which may lead
to some differences between the numerical and analytical
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By * O Numerical (k, = 0.1)
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Tk =+ Numerical (k, = 0.2)
E Analytical (k, = 0.2)
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1r .,ﬁ © 4+ Numerical (k, = 0.2) 7]
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12 L % Numerical (k, = 1)
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10 20 30 40 50

FIG. 9. Profiles of velocity and temperature along the central line
of the domain in the y direction at (a) k, = 0.1, (b) x, = 0.2, and (¢)
K, = 1.

solutions of velocity. This phenomenon is also observed in
some available works [56,59]. Moreover, we also present the
contour lines of the y -component of velocity in Fig. 10, where
k, = 1, and clearly observe the asymmetry and fluctuations
at the interface, but they are not obvious far away from the
interface.

FIG. 10. Contour lines of the y component of velocity.

C. Thermocapillary migration of a deformable bubble

In this section we further consider the thermocapillary
migration of a deformable bubble, which is caused by the
nonuniform surface tension induced by the temperature gradi-
ent imposed at the phase interface. We note that the problem
of the thermocapillary migration of a bubble was first studied
theoretically by Young et al. in [12], in which an expression of
the migration velocity known as Uygp velocity was obtained
under the condition of small Ma and Re,

Uycs = 2U (60)
T 24302+
The characteristic velocity U is defined as
VTR
v="""F (©1)
n2

where VT is a constant temperature gradient and R is the
radius of the bubble. As shown in Fig. 11, a bubble with R =

L

v

FIG. 11. Schematic of the thermocapillary migration of a
deformable bubble in the nonuniform temperature field.
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U,/ Uycs

0.4 4

0.2¢ 4

0 I I I I I I I I I
0 0.5 1 1.5 2 2.5 3 3.5 4 4.5 5

t*

FIG. 12. Time evolution of the normalized migration velocity at
Re = 0.1 and Ma = 0.1. The numerical results are denoted by circles
and the theoretical results by the dashed line.

20Ax is initially located at the center of the computational
region with a length of 320Ax and width of 160Ax. On the
top and bottom walls, the no-flux boundary condition is used
for the phase field, the nonslip condition is applied for the flow
field, and the Dirichlet boundary conditions with 7, = 32 and
T. = 16 are adopted for the temperature field. For the left and
right boundaries, the periodic boundary condition is imposed
for all fields. During the initialization, the flow field is kept
stationary and the temperature field has a linear distribution in
the y direction.

The thermocapillary migration of the deformable bubble or
droplet has been numerically studied in some previous works
[24,25,56,60]. Like the one in Ref. [56], we first consider
the simple case with the density ratio p, =1 (p; = p» = 1),
Cp1 = sz =1, vy =v=0.2, Tiet = 16, 0ef = 2.5 X 10_3,
VT =0.1, and o7 = 10~ (see Fig. 11). Substituting these
values into Eqs. (40), (41), (60), and (61), we can obtain the
theoretical value of the migration velocity Uygg = 1.333 x
1074, Re =Ma = 0.1, and Ca = 0.08. In our simulations,
the numerical migration velocity of the droplet or bubble is
calculated as

Jy $adV 3o . Dua(x. 1)
/V ¢dv Zx ¢(X7 t)

where u, is the numerical velocity. Figure 12 shows the
temporal evolution of the numerical migration velocity nor-
malized by Uygs. From this figure, one can observe that
the numerical velocity is in agreement with the analytical
prediction [12] and the relative error E, = |U, — Uygs|/Uycs
is about 1.65%, which is much smaller than that reported in
Ref. [59].

We continue to investigate thermocapillary migration of
a bubble at large Ma where the theoretical expression of
the migration velocity would be inaccurate and compare the
present results with those in Ref. [56]. In Fig. 13, where
Re=1, Ca=0.1, o7 =2.5%x 107%, 0 =5 x 1073, and
vy = v, = 0.1, we present the evolution of the normalized
migration velocity at five different values of Ma (Ma = 1, 10,

U, (t) = , ¢ <0, (62)

—— Ma=1

—8— Ma =10
03 Ma =100
Ma = 500
0.2 —&— Ma = 1000 7
0.1 L L I L
0 5 10 15 20 25

t*

FIG. 13. Time evolution of the normalized migration velocity at
different values of Ma. The numerical results are denoted by symbols
and the theoretical results by the dashed line.

100, 500, and 1000), which can be realized through adjusting
k1 and k. As shown in this figure, the velocity of the bubble
first increases to the maximum and finally reaches a constant
for all cases under consideration. Also, the migration velocity
decreases gradually with the increase of Ma, which agrees
with the previous theoretical and numerical studies [56,79—
81]. Actually, for the cases with relatively small values of
Ma, this phenomenon can be explained by the temperature
distribution inside the bubble. From Fig. 14 we can observe
that the temperature gradient inside the bubble decreases grad-
ually with the increase of Ma, and a small average temperature
gradient will reduce the driving force for the bubble migration.
To see this more clearly, we also present the velocity of the
bubble in Fig. 14 where the recirculation flow is observed, and
the vortex intensity decreases as the Ma increases. However,
when Ma is large enough, one can see in Fig. 15 that there are
some differences between the present results of the temper-
ature and velocity and some available works [53,81]; this is
because the two-dimensional problem considered in this work
is not consistent with the three-dimensional one investigated
in the previous works [53,81]. Next we focus on the impact of
Re on the thermocapillary migration of a droplet. To this end,
the values of Re are set as 1, 10, 20, 40, 100, and 200, which
are determined by the values of viscosity v = 0.1 0.0316,
0.02, 0.0157, 0.01, and 0.0071; the other parameters are the
same as those of the case with small Re. Figure 16 shows
the normalized migration velocity of the droplet at different
values of Re. It is found that as the value of Re increases, the
terminal velocity decreases and more time is needed to reach
the steady state, which is similar to the previous work [81] at
small Re. Also, the present LB method is still effective for the
case with large Re.

In addition, to show the capacity of the present LB method
in the study of the thermocapillary flows with the high density
ratios, we perform some simulations at five different den-
sity ratios (p, = 10:1, 50:1, 100:1, 200:1, and 1000:1). In
our simulations, p, = 1.0, v; = v, = 0.2, orer = 2.5 x 1074,
or =107,k =0.2,C,, = 2,and C,, = 5, which can lead to
Re = 0.01, Ma = 0.05, and Ca = 20. The interface thickness
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—6— Re = 200

0 5 10 15 20 25

t*

FIG. 16. Time evolution of the normalized migration velocity at
Ma = 1 and Re = 1, 10, 20, 40, 100, and 200. The numerical results
are denoted by symbols and the theoretical results by the dashed line.

is taken as D = 3 and the thermal conductivity of the gas
phase can be calculated as Pry = p1C,, v1/k; = 1. We present
the evolution of the bubble velocity normalized by Uygp in
Fig. 17; we also calculated the terminal bubble velocity and
list the relative errors in Table II. From Fig. 17 and Table II
one can find that the velocity increases with the increase of the
density ratio and the present LB method is also accurate for
the thermocapillary migration of the bubble, even with a large

TABLE II. Relative errors of migration velocity at different den-
sity ratios.

Or Uycs Present work E, (%)
10 3.9526 x 1073 3.8195 x 1073 3.37
50 4.7592 x 107 4.8253 x 1073 1.39
100 4.8773 x 107 4.9773 x 1073 2.05
200 4.9381 x 1073 5.0432 x 1073 2.13
1000 4.9875 x 107 5.0587 x 1073 1.43
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FIG. 17. Time evolution of normalized migration velocity at dif-
ferent density ratios. The numerical results are denoted by symbols
and the theoretical results by the dashed line.

density ratio. Further, we plot the velocity and temperature
distributions in Fig. 18 and find that the temperature and flow
fields at different density ratios are similar, which is also
consistent with the previous results [56].

Finally, we also test the present LB method for thermo-
capillary flows with high viscosity ratios. To this end, we
carry out some simulations of the thermocapillary migration
of the bubble under four different viscosity ratios (v, = 10:1,
20:1, 50:1, and 100:1) and set the other parameters as v; =
02, pr=pr =1, Opr =2.5 X% 10~*, o7 = 1079, Cp, =2,
k1 = 0.2, and k, = 0.02. Through these parameters, we can
obtain Re = 0.01, Ma = 0.001, and Ca = 0.08. From the re-
sults shown in Fig. 19, one can observe that the velocity
of thermocapillary migration first increases rapidly and then
gradually tends to be stable with the evolution of time. We
also show a comparison of the numerical migration velocity
and the theoretical one (Uygg) in Table III. As seen from this
table, the present LB method can also give accurate results,
even for the case with a large viscosity ratio.

IV. CONCLUSION

In this paper, we proposed an improved lattice Boltz-
mann method for thermocapillary flows where an effective
LB model was developed for the governing equation of the
temperature field. To solve the temperature equation more ac-
curately and more efficiently, we first rewrote the convection-

TABLE III. Relative errors of migration velocity at different
ratios of the viscosity.

v, Uvygs Present work E, (%)
10 4.1408 x 1073 4.1799 x 1073 0.94
20 4.4297 x 10 4.4363 x 1073 0.15
50 4.6232 x 1073 4.6186 x 107 0.10
100 4.6915 x 107 4.6899 x 1073 0.03

diffusion equation of temperature as a diffusion equation in
which the convection term is considered as a source term and
then developed a simple LB model for the temperature equa-
tion. Through the Chapman-Enskog analysis, the macroscopic
governing equations of the thermocapillary flows could be
recovered correctly from the present LB method. In addition,
we also conducted some simulations to test the accuracy of
the present LB method and found that the numerical results
agree well with analytical solutions and available numerical
data. Compared to previous works [59,60], the present LB
method is much simpler and more accurate. Furthermore, the
present LB method also has the potential in the study of ther-
mocapillary flows with large density, viscosity, and thermal
conductivity ratios.
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APPENDIX A: CHAPMAN-ENSKOG ANALYSIS OF THE
PRESENT LB MODEL FOR THE
TEMPERATURE EQUATION

In the Appendix we carry out a detailed Chapman-Enskog
analysis to derive the temperature equation from the present
LB model. For this purpose, we first expand the distribution
function Ay, the source term Hj, and the derivatives of time
and space as [38,82]

he = h +eh) + &hd + ..., (Ala)
Hy=eH", H" =oR", (A1b)
o =edV 420 +.- -, (Alc)
V=eV i+, (Ald)

where € is a small parameter and Rgl) is given by

RV =—u.V,T

VT - [_ plep, = ¢p) + cplor — ,og)} .

(pcp)2(¢l - ¢g)
(A2)

Applying the Taylor expansion to Eq. (35), we can obtain

At 1 1

Dy = —— (e — B + (1= — )H,.

2 K Al“l.’h(k k)+( 2‘[;,) k
(A3)

Dyhy +

where Dy = 9, + ¢, - V. Substituting Eq. (A1) into Eq. (A3)
yields
(eDi + 62812)[/’11(:)) +ehV + ezh,(f)]
At
+ —_

5 (eDy + eza,z)z(h,(co) + eh,(cl) + ezhf))

1
— h(o) h(l)
rhAt( K T e
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(A4)

s

M
Hk

€

he)
V.

2,
hk

+ €

we can derive

respectively:

(0
)Hk ’

2

Based on Eq. (35)

al] + ck
the equations at the orders of €Y. ¢l and e

where D 1k

According to Eqgs. (37) and (38b), we have

(A5a)

(AT)

)

2

At
~Z°R

1 _

> h

@
hk

1
T, At

o) _
hk

A+ (11— —
At
+ —-Dis

T, At
(1)
k

+ Dyih

©)
hk

8[2

(A8)

A\

=0,

(@)

k

Z h
k=0

(ASc)

we obtain

)

Substituting Eq. (A5b) into Eq. (A5c)
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FIG. 19. Time evolution of the migration velocity at different
viscosity ratios. The numerical results are denoted by symbols and
the theoretical results by the dashed line.

Summing Egs. (A5c) and (A6) and applying Egs. (37), (38a),
and (38b) gives

9T =RY, (A9)

1
§ : 1 _
B,ZT + V] (1 — 2_‘[h> a Ckhk =0. (AIO)

In addition, from Eqgs. (A5b) and (38) we can obtain

1
> ek = —uar [z i = 3 (1 - a)“k’f'f”]
h
k

k k
= —1,At (0 +V,- ZCkah,({O) - 0)
k
= —5,Atc?V,T. (Al1)
Substituting Eq. (A11) into Eq. (A10), we have
0,T =V -(@VT), (A12)

where o = csz(rh — 0.5)Ar. Combining the equations at f;
and 1, scales, i.e., Eqs. (A9) and (Al2), we can re-
cover Eq. (29) correctly. In addition, from Eq. (All)
we can also obtain a local scheme for the temperature
gradient,

Xl )

VT =
'L’hAl‘C%

(A13)
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