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ABSTRACT

The migration of a small droplet has been developed during the last two decades due to its appli-
cations in industry and high technology such as MEMS and NEMS devices, Lap-On-a- chip, trans-
portation of fluids and so on. There have many studies in this topic in which the energy source as
driving force for moving of a droplet is quite difference like heating, magnetics, pressure, electric,
laser and so on. In this study, the numerical computation is used to investigate the transient ther-
mocapillary migration of a water droplet in a micro-channel under the effect of heating source. For
tracking the evolution of the free interface between two immiscible fluids, we employed the finite
element method with the two-phase level set technique to solve the Navier-Stokes equations and
continuity equation coupled with the energy equation. Both the upper wall and the bottom wall
of the microchannel are set to be an ambient temperature. 40mW heat source is placed at the dis-
tance of T mm from the initial position of a water droplet. When the heat source is turned on, a pair
of asymmetric thermocapillary convection vortices is formed inside the droplet and the thermo-
capillary on the receding side is smaller than that on the advancing side. The temperature gradient
inside the droplet increases quickly at the initial times and then decreases versus time. Therefore,
the actuation velocity of the water droplet first increases significantly, and then decreases contin-
uously. Furthermore, the results also indicate that the dynamic contact angle is strongly affected
by the oil flow motion and the net thermocapillary momentum inside the droplet. The advancing
contact angle is always larger than the receding contact angle during actuation process.
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INTRODUCTION

Recently, microfluidics technique has significantly at-
tracted owing to its diverse applications in Lab-on-a
Chip devices (LOC), Micro-Electro-Mechanical Sys-
tem (MEMS) or protein crystallization !>, The ther-
mocapillary migration is a great important to ma-
nipulate the droplet behavior and optimize the per-
formance of the behavior of the droplet-based mi-
crofluidics »°. The droplet transport behavior in a mi-
crochannel actuated by a transient temperature gradi-
ent has already been investigated in numerous stud-
ies®~!*. Brochard ® indicated that the contact angle of
a liquid droplet at rest, static contact angle (SCA), is
altered to the dynamic contact angle (DCA) when the
droplet moves on a solid surface. The difference in
the DCA between the advancing and receding sides,
so-called contact angle hysteresis (CAH), is strongly
affected by the temperature gradient.

The experimental results of Chen et al.”, developed
from Ford and Nadim’s work®, indicated that a fixed
CAH influences the droplet velocity and threshold
values much more significantly than the slip length.

Le et al.” showed the effect of upper wall condition
on the liquid droplet migration behavior in a mi-
crochannel. The movement of a liquid droplet in a
microchannel is strengthened due to the net thermo-
capillary momentum generated by the unequal size of
the two vortices inside the droplet. The results showed
the actuation velocity and the DCA of the droplet are
strongly affected by the thermal condition of upper
wall. In addition, the numerical results from Le et
al.'% demonstrated that the silicone plug motion in-
side capillary tube is influenced by the net thermocap-
illary momentum generated by the temperature gra-
dient along the gas-liquid interface and the capillary
force caused by the temperature difference between
the ends of the liquid plug. The numerical results
are in good agreement with the previous experimen-
tal results'' . Liu et al.'? developed a lattice Boltz-
mann phase-field model to numerically simulate the
thermocapillary flows in a microchannel. Their re-
sults indicated that the contact angle strongly influ-
ences the droplet dynamic behavior and the droplet
motion driven by shear flow at the inlet of a confined
microchannel is completely blocked by using a laser
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source to heat the fluids at the advancing side of a

droplet. Recently, Le et al. '

studied the droplet mi-
gration behavior in a microchannel under a block-
ing effect from the heated upper wall. Their results
showed that thermocapillary momentum assists the
droplet movement when the smallest temperature on
the free interface of a liquid droplet shifts from the
mid-plane to the advancing side. The thermocapil-
lary momentum then resist the movement of droplet
as the highest temperature appears on the free inter-
face. Moreover, the capillary force also strongly af-
fects the droplet migration.

For lab-on-a-chip (LOC) applications, a drop could
be flexibly manipulated the motion directions. The

experimental work of Vincent et al. '

investigated the
localized thermocapillary stresses on the interface of
flowing droplets subjected to the laser source. Their
results indicated that high velocity droplet switch-
ing and sorting in a microchannel depends on laser-
induced thermocapillary stresses. It is very interesting
to use numerical methods to investigate the thermo-
capillary migration of a liquid droplet in a microchan-
nel under heat source and then verify the experimen-
tal results. It has not been well studied.

METHODOLOGY

A small water droplet is placed at the bottom solid wall
in a microchannel with a cross-sectional area H x W
in which H is the height and W is the length of the
microchannel. The shape of the liquid droplet is ini-
tially assumed to be that of a cylindrical cap with a
static contact angle 6, maximum height h,,, and foot-
print radius L (Figure 1). Both the upper wall and the
bottom wall of the microchannel are subjected to an
ambient temperature. Since the droplet is considered
to be very small in size, the influence from the body
force can be neglected. The properties of the fluids are
listed in Table 1.

Numerical simulations are used to investigate the
thermocapillary actuation behavior of a water droplet
in a microchannel under a heat source. The numeri-
cal methods for predicting the liquid migration must
be able to track the movement and deformation of
the interface. The conservative level set method !>
is commonly used to deal with the deformation of
the free interface during the droplet motion. In this
method, the hexadecane subdomain Q; and the wa-
ter droplet subdomain Q, are separated by the inter-
face S(x) with the level set function ® = 0.5. The value
of ® goes smoothly from 0 to 1 with 0 < & < 0.5 in
the water droplet subdomain ) and 0.5 <® < 1in
the hexadecane subdomain Q; (Figure 1). The equa-
tion describing the interface reinitialized convection
is written as:

SI2

S HVVY=AV. [6V6 —6(1-9) v (1)
Where A denotes the amount of reinitialization pa-
rameter, € determines the thickness of the layer
around the interface and V; is the velocity vector. The
dense mesh must be located near the free interface
during migration to ensure the accuracy of the nu-
merical simulations. The ALE technique is used to
ensure that the fine mesh moves simultaneously with
the interface. The finite element method developed by
Comsol Multiphysics is used to solve the governing
equations with the correlative boundary and initial
conditions, employing second-order Lagrange trian-
gular elements. The dependency of the element num-
ber on the simulation results has been determined to
ensure the accuracy of the solution.

The two-dimensional equations for the conservation
of mass, momentum, and energy for Newtonian in-
compressible fluids are written as:
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Where u; and v; are the velocity components in the x-
and z- directions, respectively; p is the pressure and
pi is the fluid density; u; is the dynamic viscosity; Cp;
is the specific heat; k; is the thermal conductivity; and
T is the temperature. The subscripts i = “w” and i =
“0” represent water and hexadecane oil, respectively.
F, and F; are the surface tension force in the x- and z-
directions, respectively. Qy is the heat source.

The dependence of fluids density on temperature can
be expressed as

pi:prefi(l_ﬁi(Ti_Tref)) (6)

Where p,.r is the fluid density at the reference tem-
perature, and f3; is the thermal expansion coefficient
of the fluid.

The continuum surface force method developed by
Brackbill et al.!” is used to deal with the existence of
the surface tension along the free interface. The sur-
face tension force at the free interface can be modeled
by

F=oyén (7)

Where o is the surface tension; J is the Dirac delta
function that is a nonzero value at the droplet/air in-
terface only; n is the unit normal vector to the inter-
face; and « is the local interfacial curvature. The sur-
face tension ¢ can be assumed to vary linearly with
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Figure 1: Schematic representation used for computation. The value of the level set function ® is equal to
0.5 at the hexadecane/droplet interface. The hexadecane (subdomain ;) and the water (subdomain ;) are

represented by 0.5 < ® < 1 and 0 < ® < 0.5, respectively.

Table 1: Physical properties of the fluids (at 298K)

Parameter Water Hexadecan Oil
(Ci6H34)
p (kg/m3) 998.23 775
o (N/m) 71.8x10-3 28.12x10-3
Yr (mN/m.K) 0.1514 0.06
u (Pa.s) 9x10-4 0.003
o (mz/s) 1.458x10-7  3.976x10-7
k (W/m.K) 0.6084 0.154
CP (J/kg.K) 4181.3 499.72
0 = Opof — Yi(T — Trey) (8) Before a thermal gradient is imposed on the bottom

Where G, ¢ is the surface tension at the reference
temperature T, s and yr = g—‘T’ is the coeflicient of the
surface-tension.

The boundary conditions for the flow and tempera-

ture field are given by :

P = Do, 5&”207 %i =0a x=0and x =
w ©)

Uy =V =0,Ty=Tprrat0<x<W,z=H,(10)

Uy =v,=0at0<x<xjandxp <x<W,z=0, (11)
Ti=Terat0 < x < W,z=0 (12)
Where x| and x; are location of the droplet’s two con-
tact points. The Navier slip condition is applied at the
water-solid and oil-solid boundary

(13)

Where b is the slip length. The order of slip length
bjs depends on the roughness of solid surface and the

Ur = bis%

type of fluid flow and it can be determined by the ex-
periments or molecular dynamics simulations. Its or-
der is a few nanometers'*?°. The water/oil interface
S(x) is set to ensure the continuum of flow and tem-
perature

V. VS =V, VS, T, =T, (14) where V = ui + vj.

wall, the droplet is placed on the wall at x = 2.5H in
the ambient temperature. Thus, the initial conditions
are set as the following equations:

V(X,0) =V,(X,00=0 (15
Tmh(xaovo) = Tref (16)
TW(X7O):T0(X’O):T;'€f (17)

where X = xi+zj
RESULTS AND DISCUSSION

The water droplet actuated in a microchannel is se-
lected to be 8 = 90°, Ty, = 298 K, L = 0.55 mm,
and h,, = 0.55 mm. Figure 2 shows the evolution
of streamlines and isotherms with time with by = 1
nm, W = 10 mm, and H = 1 mm. Both the upper
wall and the bottom wall of the microchannel are set
to be an ambient temperature. 40mW heat source is
placed at the distance of 1 mm from the initial posi-
tion of a water droplet. The imbalance in the surface
tension along the free surface causes two thermocapil-
lary vortices inside and outside the liquid droplet. The
total strength of these vortices on the hot (left) side
is larger than on the cold (right) side due to higher
temperature gradient. The thermocapillary migration

SI3
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results in the net thermocapillary momentum which
drives the liquid droplet moves from the hot side of
the open channel to the cold side. In addition, the

20
flow motion in oil solution strongly affects the droplet .

migration. At the initial stage, the size and strength
of thermocapillary vortice on the receding side of the 15
droplet are small. The heat energy transfers from the
heat source to the droplet. As the time passes, the size

and strength of thermocapillary vortices on the reced-
. . . AL ST T,
ing side get larger while they get smaller on the ad-

——AT,=T
AT loa

-T,

w0
T

vancing side. The isotherms inside the droplet are ex-
tremely distorted by the thermocapillary convection.

0 1 2
concentric circles diffused to the droplet and distorted Time (s)

The temperature distribution in the oil region is the 0

w
=

when it bumps against the droplet. The highest tem-
Figure 3: Temperature gradient inside the

droplet on the receding (ATg) and advancing
(AT,) sides versus time with b, = 1 nm, 6 = 90°,
temperature on the free interface moves from the rear W=10mm,and H=1mm.

perature of the droplet is located at the free interface
during actuation process. The location of the highest

contact line towards the apex of the interface.

Figure 3: illustrates the temperature gradients in-
side the droplet on the receding (ATg) and advanc-
ing (AT4) sides. The temperature gradient on the
receding and advancing side are defined by ATp =
Tinax — Tr and ATx = Tyax — Ty, respectively. Where
Tnax is the highest temperature of the droplet; Tg and

—_
-
=
I
]
7

T, is the temperature of the liquid droplet which is
located at the rear and front contact line, respectively.

g

The temperature gradients increase rapidly first and

o

-

B
T

then decreases continuously. This means thermocap-
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illary convection increases at the initial stage and de-
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creases when the time increases to a certain value. The

Droplet position (mm)
2
T

temperature gradient inside the droplet on the reced-

"~

n

£
T

ing side is always smaller than that on the advancing
side during actuation process. It leads to the thermo-

L]
"
-
=

capillary force assists the movement of the droplet in Yime ()

a microchannel. ®)

Figure 4a shows the evolution of the silicone droplet 02
position in a microchannel versus time with by = 1
nm, 6 = 90°, W = 10 mm, and H = 1 mm. The
tendency of silicone droplet velocity versus time is

2

also plotted in Figure 4b. The actuation velocity

‘elocity (mm/s)

Al
-
2
T

of the liquid droplet first increases significantly, and
then decreases dramatically. According to Nguyen
and Chen?!"23, the actuation of the behavior of the

droplet depends on the net momentum of thermo-

0.00 " s L "
0 1 2 3 4

Time (s)

capillary convection created inside the droplet. The

Marangoni number (Ma) represents the strength of Figure 4: (a) Displacement and (b) droplet actua-
tion velocity versus time with b, = 1 nm, 6 = 90°,

thermocapillary convection, which is proportional to
W=10mm,and H=1mm.

the temperature difference inside the droplet. As a
consequence, the Ma increases rapidly first and then
decreases continuously when time reaches to a certain
value.
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Figure 2: (a) Streamlines and (b) isotherms inside thechannel at different times with b, = 1 nm, 6 =90°, W

=10 mm,and H=1mm.

Figure 5 shows the pressure differences (AP = p,,-
Po) on both side of the droplet and the variation of
DCA during the migration process with by = 1 nm,
6 =90°, W = 10 mm, and H = 1 mm. The pres-
sure difference at the receding (APg) and the advanc-
ing side (AP, ) of the droplet is negative and positive,
respectively (Figure 5a). The present results show
that the DCA alternates during the actuation process
(Figure 5b). The DCA behavior strongly depends on
the pressure difference acting on the droplet. The re-

ceding contact angle (RCA, Og) decreases strongly
first and then increases significantly while the advanc-
ing contact angle (ACA, 64) increases rapidly first
and then decrease continuously. The ACA is always
larger than the RCA due to the magnitude of AP, is
smaller than that of APg. Since 84 >90> 60gand 64 >
OR, 04c0s04 - 04c0s04 < 0. Therefore, the capillary
force acts against the movement of the water droplet

in a microchannel.

SI5
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Figure 5: (a) The pressure differences on both
sides of a water droplet and (b) dynamic contact
angle during the actuation process with b, = 1
nm,6 =90°, W =10 mm, and H=1 mm.

CONCLUSION

The transient thermocapillary migration of a water
droplet in a microchannel subjected to a heat source
has been investigating numerically. Both the upper
wall and the bottom wall of microchannel are set to
be an ambient temperature. The results indicate that
the actuation behavior of the droplet is strongly in-
fluenced by a heat source. The actuation velocity
of the liquid droplet initially accelerates, and then
goes down rapidly. During the actuation process, the
thermocapillary vortices inside the droplet on the re-
ceding side is always smaller than that on the ad-
vancing side. The isotherms inside the droplet are
notably distorted by the thermocapillary convection.
The DCA of the droplet alternates versus time due
to the pressure difference acting on the droplet. The
ACA first increases rapidly and then decreases con-
tinuously while the RCA first decreases strongly and
then increases significantly. The ACA is always larger
than the RCA during the actuation process.
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Nghién ciiu su chuyén déng mao dan nhiét cuia giot nuéc trong

kénh dan micro duéi tac dung ctia nguédn nhiét

Lé Thanh Long’, Jyh Chen Chen?, Nguyén Huy Bich?
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Erituz o Su chuyén déng clia vi giot chat 1dng da va dang phat trién trong hon hai thap ky vira qua vi nhing

Ung dung ctia n6 trong cong nghiép va céng nghé cao nhu hé théng vi co dién tt, chip sinh hoc,
chuyén dong luu chat va nhiéu chuyén dong khac. C6 nhiéu nghién ctu trong Iinh vuc nay tao
ra luc téc dong vi giot chuyén dong tir nhiéu ngudn nang luong khac nhu nhiét, tl, 4p suat, dién
laze va nhiing nguén khac. Trong nghién cliu nay, phuang phép s6 dugc st dung dé€ moé phong
su chuyén déng mao dan nhiét ctia giot nudc trong kénh dan micro. DE theo déi su thay déi tinh
chat clia bé mat phan cach gitia hai loai chat Iong khac nhau, ching ta st dung phuong phap phan
t& hitu han két hop vai phuong phap dinh muc hai pha giai quyét phuong trinh Navier-Stokes va
phuong trinh nang lugng déi véi luu chat trong kénh dan. Trong moé hinh vat ly, nhiét dé6 ca hai
bién trén va bién dudi déu dugc thiét lap bang nhiét d6 mai trudng xung quanh. Mét ngudn nhiét
cb cong sudt 40mW dugc dat cach vi tri ban dau ctia giot chat léng khodng 1T mm. Khi nguén nhiét
bat dau hoat dong, ta quan sat thdy c6 1 cap dong xody déi luu mao dan nhiét xuat hién bén trong
giot nudc va 3 day dong xody & phia trudc nhd hon dong xody & phia sau. Bién thién nhiét do bén
trong giot nudc tang nhanh vao thai gian dau va sau dé gidm dan theo thai gian. Do d6, van téc
giot chat léng tang manh Iic dau va dén khi dat dugc van téc Idn nhat thi sau d6 van toc chat long
sé gidm lién tuc. Goc ti€p xUc clia giot nudce chiu anh hudng 16n bai su dich chuyén dong dau va
chénh léch mao dan nhiét bén trong giot nuéc. Trong sudt qua trinh chuyén déng clia giot nuéc
bén trong kénh dan micro, goc ti€p xtc phia sau clia giot nudc ludn ludn 16n hon goc tiép xtc phia
trudc.
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