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Abstract

The use of self-driven flows in microfluidic devices attracts many researchers as the external flow-
driving mechanism is diminished or eliminated. One of the mechanisms providing such motions is
generating a pressure difference across interfaces as in the case of the motion in capillary tubes. The
capillarity, namely, the pressure difference across the interface due to its curvature drives the motion.
This pressure depends on the interaction with the capillary walls and is controlled if one varies the
surface energy of the walls. In this study, we search for the effects of surface energy on the motion of
interfaces in capillary-driven flows. To this end, we model the motion of fluid particles in a capillary
channel and integrate the governing equations using the binary lattice Boltzmann Method for the two-
phase flow. We first validate our solver for canonical static and dynamic problems. We then discuss
two main contributions; we show how to deviate the interface speed from the ones moving in
channels with uniform wall energies and discuss the conditions under which such an interface
stagnates (like a passive valve in a channel). Tuning the wettability of the channel walls, we provide
a simple condition for stopping the interface: the summation of the equilibrium contact angles
interface make with the channel walls at the bottom and top wall need to satisfy Hé’gt + Hégp >
Configurations and wetting properties of different wettability regions play major roles together.
Keywords: Capillarity, Wetting, Interfaces, Microfluidics, Lattice Boltzmann Method

Oz

Mikroakiskan cihazlarda kendinden tahrikli akislarin kullanimi, harici akis tahrik mekanizmasi
azaltildig1 veya ortadan kaldirildigi i¢in birgok arastirmacinin ilgisini cekmektedir. Bu tiir hareketleri
saglayan mekanizmalardan biri de, kilcal borulardaki harekette oldugu gibi, arayiizeyler arasinda bir
basing farki olusturmaktir. Kilcallik, yani kanal boyunca arayiizey egriligi nedeniyle olusan basing
farki, hareketi yonlendirir. Bu basing kilcal duvarlarla etkilesime baghdir ve duvarlarin yiizey enerjisi
degistirilerek kontrol edilebilir. Bu ¢calismada, ytlizey enerjisinin kilcal tahrikli akistaki araytizeylerin
hareketi lizerindeki etkileri arastirilmaktadir. Bu amagla, bir kilcal kanaldaki sivi pargaciklariin
hareketi modellenmekte ve iki fazli akis icin ikili Lattice Boltzmann yontemi kullanilmaktadir.
Oncelikle standart statik ve dinamik problemler icin ¢éziicii dogrulanmaktadir. Sonrasinda iki ana
katki tartisilmakta; araytizey hizinin, tekdiize duvar enerjilerine sahip kanallarda hareket edenlerden
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nasil saptirilacagi gosterilmekte ve boyle bir araylizeyin durduruldugu kosullar (bir kanaldaki pasif
valf gibi) tartisiilmaktadir. Kanal duvarlarinin 1slanabilirligini ayarlayarak, araytizeyi durdurmak i¢in
basit bir kosul saglanmaktadir: Araytizeyin alt ve {ist duvardaki kanal duvarlariyla yaptig1 denge
temas agilarinin toplami Hé’;f + 9;‘;” >r'yi karsilamalidir. Farkl 1slanabilirlik bélgelerinin
konfigiirasyonlari ve 1slanma 6zellikleri birlikte 6nemli rol oynamaktadir.

Anahtar Kelimeler: Kapilarite, Islatma, Araylizey, Mikroakiskanlar, Lattice Boltzmann Metodu

Nomenclature
a Constant coefficient in Landau model  n,, Number of lattices along y-axis
Ca  Capillary number (nv/y) (0] Order parameter (phase field)
£ Parameter for wetting property P,z Pressure tensor
n Dynamic viscosity Pg Gas pressure
F; Body (external) force 12 Liquid pressure
fi Distribution function f r Radius of curvature
Ji Distribution function g p Density
y Surface tension between fluids S Bounding surface of the corresponding 9
r Constant of mobility t Time
h Channel gap thickness Tq Relaxation time parameter for fluid 1
K Coefficient in Landau model 8 Relaxation time parameter for fluid 2
l Capillary filling length 0 Contact angle
A Viscosity ratio of fluids eq Equilibrium contact angle
M Mobility v Velocity
u Chemical potential Vg Kinematic viscosity of gas
n Outward unit normal v Kinematic viscosity of liquid
Ny Number of lattices along x-axis 9 Volume

1. Introduction

Interface motion in capillary-driven flows and
wetting  phenomena on  heterogeneous
substrates are observed in nature [1], mostly in
plants-trees [2], lotus leaves [3], desert beetles
[4], and butterfly wings [5], etc; and in
engineering applications such as lab-on-chips [6-
8], oil recovery [9], painting, and inkjet printing
[10-12]. Understanding and controlling the
motion of such interfaces are important in
microfluidic devices. Generally, the interfaces
are controlled with active methods (actuators,
valves), which require labor and are not scalable,
autonomous, and easy to adapt and implement
[13,14]. We, instead, investigate the use of
different wettability regions, e.g. provided by
chemical heterogeneity in the control of
interfaces passively which has plenty of
advantages [15,16].

When an interface meets a solid surface, it makes
a certain angle with the interface which is called
contact angle. This angle depends on the nature
of the solid surface and the history of how the
interface is established. For atomically smooth
and chemically homogeneous surfaces, this
angle is unique [17]. However, in nature, there
are always heterogeneities or the surface can be
designed as heterogeneous on purpose [18]. In
this case, the contact angle is not unique; there is
contact angle hysteresis (CAH) [19-21]. The
heterogeneities, either physical or chemical, may
cause contact line pinning/depinning. Because
the spreading droplets over rough substrates
and evaporation/condensation of droplets cause
a natural motion of interfaces, the CAH over
heterogeneous surfaces for such interfaces takes
the great attention of many researchers [22-24].
The capillaries also provide such motion for the
interfaces. For a liquid filling a capillary, the
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motion of the interface is driven only by the
pressure difference across the liquid interface.
With the advancement in the understanding of
wetting phenomena, its use in microfluidic
devices has been increasing.

The physics of fluids at micron-scale is affected
by the surface energy of the interfaces, here, the
strong interaction between the fluid and solid
substrate [25,26]. The motion of the contact line
where the liquid meets the solid surface is
dominated by viscous and surface tension forces
rather than inertial and gravitational forces
[27,28]. The ratio of the two is the Capillary
number. Any change in the chemical structure of
the surface over which the contact line moves
changes the dynamics of the contact line motion.
We discuss, in this study, the control of interface
motion within a capillary, driven by capillary
pressure, with the chemically structured walls.

We solve hydrodynamic equations to model the
interface motion in a capillary with lattice
Boltzmann Method. Navier-Stokes, continuity,
and phase-field equations are modified into
lattice Boltzmann equation using Chapman
Enskog expansion in the limit of long length and
time scales [29]. Besides, like the structural
heterogeneities [30,31], similar effects are
observable with chemical heterogeneities
[17,32-34]. To do so, we model the motion of
interfaces with lattice Boltzmann Method (LBM)
and discuss the effects of chemical heterogeneity
on the interface motion.

In the paper's following sections, we begin by
introducing the method that we use to simulate
capillary problems. We summarize different
implementations for the method as Bhatnagar-
Gross-Krook (BGK), Multiple Relaxation Time
(MRT), etc. [35]. After the methodology, we
present validations of our solver for static
(Young equation) and dynamic (Washburn's and
Cox-Voinov laws) problems. Later, we discuss
the effect of chemical heterogeneity on the
interface motion within capillaries.

2. Methodology
2.1. Governing equations

In the continuum regime, the motion of fluid
particles within the capillary is governed by the
Navier-Stokes equations of motion and the
continuity for Newtonian fluid and given by
equations (1) and (2) in index notation,
respectively.

0:(pvy) + 0;(pvyv;) = —0;Py; +

1
9 (77(31-171' + ajvi)) +pFy, ()

0ep + a,-(pv]-) =0 (2)

where p is the density, 7 is the dynamic viscosity
of the fluid, and v is the fluid velocity. In
equations (1) and (2), the indices i, j vary from 1
to 2 in two-dimensional problem and twice
appearing index j in an expression means
summation over it. On the right-hand-side of
equation (1), the second term corresponds to the
viscous forces, the third term is the external
body force per unit volume. The first term
includes the pressure tensor P;; defined as

o= (oo 5[oR)a,
+ Kajwaiw.

Inside the pressure tensor, there are pressure

forces and surface tension forces, @ is an order

parameter that comes from the Landau Free

Energy to be defined shortly. The bulk pressure

in equation (3) is defined as

3
po=%p+a(—%®2+%®4). (4)
We couple interface profile and fluid motion with
pressure as follows [36]. For non-uniform
composition, —@Vu models the surface tension
forces which come from the divergence of P;; and
it acts locally in the fluid (chemical potential

provides the opposite motion of the two phases
defined as +0).

oV = aijz, (5)

and the phase field is governed by a Cahn-
Hilliard type equation [37,38]

0:0 + 0;( Pv;) = MV?p. (6)

In equation (6), M is termed as mobility which
controls the strength of the diffusion. The phase
field @ responds to gradients by diffusion (as
given on the right-hand-side); and, it also varies
in time as it is convected by v; (as given on the
left-hand-side).
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2.2. Thermodynamics of the fluid: modelling
free energy

We use Landau theory to describe the binary
fluids' free energy. It uses @ as an order
parameter. Landau free energy is defined as

F =f(<p(¢)+§|v®|2)d19

(7)
+ f (e0)ds

where 9 is the volume and S is the bounding
surface of the corresponding volume, and the
bulk free energy density ¢ (@) is

c? 1 1
= — ——@? — 4 8
0(0) 3plnp+a< 502 +70 ) (8)

We take p as fluid density and @ as the order
parameter, or phase field, @ = +1 defines

. . . A
different fluids; ¢ can be written as A—f (Ax

spacing between the points or lattices and At
time step) and a is a constant. The x term in
equation (7) defines the surface tension of the
interfaces by penalizing non-uniformities
(penalizes sharp gradients) in @. Surface tension
between the phases can be computed with y;, =

J8Kka/9 [39].

While the first terms describe a second-order
phase transition in the Landau function, the
second integral in equation (7) defines the solid-
fluid interactions and models the surface tension
between them. We control the contact angle with
the & parameter. For controlling the contact
angle, we take partial derivative for @ at the
boundary, with respect to the normal of the
surface 0, @|,, = €/k.

We show the order parameter in Figure 1 with
the minimum points defining the equilibrium
state at fixed volume and temperature,
equilibrium states are given by global minima of
the free energy, F.The variation of equation (7)
with respect to @, on the other hand, defines the

chemical potential which is constant in
equilibrium as
F
=a(—0 + 03) — kV?0. 9
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Figure 1. Phase separation, equilibrium values
at +0.

Sekil 1. Faz ayrimi, +@'da denge degerleri.

For the numerical solution of the governing
equations, we use lattice Boltzmann Method.
Applying Chapman-Enskog expansion [29]
shows that the lattice Boltzmann method
recovers the hydrodynamic (governing)
equations.

2.3. Lattice Boltzmann implementation

We solve the hydrodynamic equations stated in
equations (1) and (2) with lattice Boltzmann
method.

For the rest of the study, the dimensions are
given in lattice units. As we analyze the physical
behavior of interfaces for a binary fluid system,
we use two distribution functions as f;(r, t) and
gi(r,t). The subscript i shows the directions
defined in a vector e;, that the lattice point can
travel. The values are as follows: ey =
(0,0),e; = (+¢,0), e, =(—¢,0), e3=(0,+c),
ey = (0,—c¢), es = (+¢,+¢), eg = (—¢,—c¢), e; =
(—c,+c), eg = (+c, —c). The physical quantities
can be constructed from the distribution
functions by

p=Zﬁ.®=Zgz.PU=Zﬁ€i- (10)

In LBM, we separate the collision (equations (11-

12)) and streaming (equations (13-14))
operations [40] as given by
£/, 0) = fi(r,t) — inv[M] (S(M[ﬁ- an

— fieq]))'
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1
g =g -—[gi-g'l, (12)
[
filr + e;At, t + At) = f/ (1, 1), (13)
gi(r + e;At, t + At) = gi(r,t). (14)

For the collision part, there is a collision operator
parameter which includes a time constant 7 as
"relaxation time" parameter and describes the
speed of the system to reach its equilibrium. The
viscosity and heat diffusivity are affected by the
relaxation time. Actually, Boltzmann'’s original
collision operator is non-trivial. It includes all
the possibilities for a collision of two particles.
However, there is a simple operator that directly
captures the relaxation of the distribution
function using single relaxation time (SRT) 7, to
its equilibrium. Bhatnagar, Gross and Krook
(BGK) collision operator [41] is given by

1
Af) = - = f°D. (15)

Though the BGK operator is simple and efficient,
it has lower accuracy and stability problems
compared to Two-Relaxation-Time and
Multiple-Relaxation-Time operators. We
implement Multiple-Relaxation-Time (MRT)
operator because it consists of more than two
free parameters (relaxation times) to be
arranged for more stable and accurate results.

In the BGK operator, we define only one
relaxation parameter for the Boltzmann
equation; but, in the multiple relaxation time, we
define multiple relaxation parameters inside S
matrix, M matrix and its inverse [42].

The equilibrium distribution functions can be
shown as £°? and g;“. The relations between f;
and g; is provided with £°? and g;?. We choose
the equilibrium functions and gradients in a way
to reduce spurious velocities around the
interfaces [43].

The relaxation parameters seen in equation (12)
and in matrix S in equation (11) are 7, and 7.
While the 7y is fixed and unity, 7, varies from one
lattice node to another by

p+1
Tp =1p + T(Ta - T[;) (16)
where 7, and 75 are the relaxation parameters

that describe the fluids' viscosities. These

relaxation parameters are related to the
kinematic viscosity and mobility as

v=s(5,-1) (17)
M = AeT (TQ, - %) (18)

where I' is a parameter that we set in the
equilibrium to change mobility.

Finally, we use the halfway bounce-back method
[44] (fi ey, t + A = fopp(iy (xn, ) to apply no-
slip boundary condition on the walls and use
periodic boundary conditions as needed within
the streaming step.

3. Interfaces with Chemically Homogeneous
Surfaces: Validation

We devote this section to interfaces meeting
chemically homogeneous surfaces for validation
purposes. The capability of our solver for an
interface to attain the correct equilibrium angle
(static angle) is crucial for the moving interfaces.
We first validate our solver for static wetting
problems on chemically homogeneous
substrates for different surface energies. We
measure the contact angles of certain droplet-
substrate combinations to compare with the
Young value. Second, we analyze the motion of
interfaces within a capillary.

3.1. Static validation

When a droplet meets a clean surface and
remains in hydrostatic equilibrium, the contact
angle it makes with the surface is given by the
Young [45] value as

Ysv — Vst

€0s O,y =
q
Yiw

(19)

where yq,, Y51 and y;, are the surface tensions
between solid-vapor, solid-liquid and liquid-
vapor interfaces, respectively.

For a given liquid with fixed y;,,, we vary the
surface energy by tuning the normal gradient of
@ at the boundary and setting the equilibrium
contact angle given by

Froson, =2 (0 -2)
[eos () (1 - s E)F

(20)
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where © = arccos((sin 6¢4)?) [39].

We place a droplet on a flat substrate that is
atomically smooth and chemically

homogeneous. No external forces are acting on
180 T T T T

675-691, 2023

the droplets and the surface tension is treated to
be uniform. We initialize the droplets as a
semicircle and let them converge to their
equilibrium shape.

ol © Tﬂ:‘rE:l
AT =37=07
120 a " f

-0.1

0.1

0.2

L

0 03
on

04 0.5

Figure 2. (a) The variation of equilibrium contact angle with gradient of @ at the wall, 8, @|,,, for the

same and different viscosities, respectively. Circle

s and triangles are simulation results obtained

using MRT lattice Boltzmann. We show the theoretical expression given in equation 20 with a solid

line. (b), (c) and (d) show the equilibrium shapes of

the droplets with 60°,90° and 120° respectively.

Sekil 2. (a) Sirasiyla ayni ve farkl viskoziteler icin denge temas agisinin duvardaki @ gradyani
0, 0|, ile degisimi. Daireler ve liggenler, MRT lattice Boltzmann kullanilarak elde edilen simiilasyon
sonuglaridir. Denklem 20'de verilen teorik ifadeyi diiz bir ¢izgi ile gosteriyoruz. (b), (c) ve (d)
sirasiyla 60°, 90° ve 120° ile damlaciklarin denge sekillerini gostermektedir.

In Figure 2(a), we compare the computed
equilibrium contact angles with equation (20)
and show the interface profiles for both partial
wetting and non-wetting cases through Figure
2(b)-(d). We perform the contact angle
measurement by fitting a circle to the interface
which is defined at the transition of @ from —1 to
1. The theory and computation match for the
range of contact angles studied using MRT lattice
Boltzmann method for both equal and different
viscosity fluids. Using BGK instead of MRT ends
up with a deviation from the theory for different
viscosities. A similar observation can be seen in
C.M. Pooley et al. [42].

3.2. Dynamic validation

Capillary filling is one of the examples of moving
contact line problems due to pressure difference
across the moving interface. Because the motion
does not require an external driving mechanism,
it is one of the promising methods used in
microfluidics. Washburn [46] defines the filling
of a smooth capillary with constant surface

680

energy. By neglecting the inertial effects, end
effects and viscous effects due to displaced fluid
(e.g. gas) by the filling liquid, the motion of the
penetrating incompressible liquid is defined by
Poiseuille flow. The position, z, of the interface as
a function of time can be shown to obey the
following power law relation

z(£)? — z2 = 1(£)?
_ (y,,,hcos@(t)) .

3n
with z(t = 0) = z, and [ being the filling length.
The dynamic viscosity of the liquid is 7, the
channel gap thickness is h and 6 is the contact
angle the liquid makes with the channel walls.

(21)

When the viscosity of the displaced fluid is
comparable to the fluid viscosity filling the
capillary, we use the modified version of
Washburn's equation. In equation (22), both
viscosities affect the filling (in equation (21), the
small one is neglected).
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1(t)? 1(t)?
a5~ + g (L) = 57) =

(nuthsG(t)) (t + o)

(22)

For fluids having the same viscosity, equation
(22) reduces to equation (23).

Yiyhcoso(t)
614 L

(23)

1 = IGaD)

In equations (22) and (23), t, is the integration
constant which can be adjusted depending on
the initial position of the interface. It is zero if
[(0)=0. While equation (23) scales linearly with
time, equation (22) scales as % power of time.

In Figure 3, we show the problem setup. The
channel walls of length L are shown in black. The
periodic inlet and outlet boundaries ensure mass

conservation while the top and bottom periodic
sides provide us with a flat interface mimicking
infinite reservoirs at both ends. All dimensions
are given in lattice units.

We use N, = 700 and N,, = 42 lattices along x
and y-directions, respectively; and place the
capillary walls in the middle of the domain at the
top and bottom. We set k = 0.04, a = 0.04 and
M=1 in the MRT Ilattice Boltzmann
implementation. For different viscosity cases, we
set the kinematic viscosities to v; = 0.83 and
vy = 0.067 (this corresponds to 7, =3, 73 =
0.7 as in [43] with viscosity ratio of 1 = 12.4).

periodic BC
T

T
|

1 |
100 200 300

periodic BC

periodic” [}
BC 208

periodic BC

periodic
BC

400 500 700

600
periodic BC

Figure 3. Capillary filling problem setup. The wall length is L, the green fluid is liquid and the other
one is gas. Filling length (1) is the distance that liquid penetrates into the capillary tube. For the rest
of the study, the contact angle on black-colored regions on capillary walls is equal to 8,, = 60°.

Sekil 3. Kilcal dolum problem diizenegi. Duvar uzunlugu L, yesil akiskan sivi ve digeri gazdir.
Doldurma uzunlugu (1), stvinin kilcal boruya girdigi mesafedir. Calismanin geri kalani i¢in kilcal
duvarlardaki siyah renkli bélgelerdeki temas agis1 8., = 60°'ye esittir.

The differences are, where we observe
deviations from initial conditions, Poiseuille flow
profile and inertial effects. In Figure 4(a), solid
lines come from modified Washburn's equation
[33] and dashed lines are theoretical values with
a refinement of ¢/ =1+ H/2. So, we add
imaginary walls with a length of H/2 at both ends
of the capillary tube to get rid of inlet/outlet
effects. A similar approach can be seen in Pooley
et al.[43]. The filling length data form straight
lines because the viscous dissipation occurs in
capillary at the same rate. So we observe, it is
independent of the interface position. As shown
in Figure 4(b), after the interface passes the
beginning of the capillary, the results agree with
Washburn's equation. For the filling distances at
a certain time, as we expect, the interface moves
faster for lower wetting angles.

Because the capillary-driven flow is a contact
line motion problem, we also validate if the
dynamic contact angles satisfy the Cox-Voinov
[47,48] relation which states there is a linear
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relationship between the cube of dynamic
contact angle and the Capillary number.

We show in Figure 5 this linear variation of Ca
with the cube of the dynamic contact angle for
four different surface energies. Considering each
individual case, as the viscosities of the filling
and displaced liquids are different, the contact
angle of the filling liquid decreases with time and
as a result, the speed of the filling slows down
[49]. But if we compare all cases for different
contact angles, the speed of the capillary
increases with increasing wettability (with
lower 6,,) as shown in Figure 4.

For comparison, see the mean velocities (using
Ca values above) for different wettabilities with
constant viscosity and surface tension in Figure
6. Apart from these validations, we compare the
velocity of the interface with the one given in
Figure 6 of C.M. Pooley and Yeomans [43] and it
matches well.
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Figure 4. The simulation result of filling length as a function of time, comparison with Washburn's
equation for same (a) and different (b) viscosities. Magenta color is used for 8., = 75°, blues for
0cq = 60° reds for 6,4 = 45° and blacks for 6., = 30°. The symbols are our computations, the solid
lines in (a) are modified theoretical values for the same viscosity fluid flow (equation (23)) and in
(b) are theoretical values for different viscosity fluid flow (equation (21)) which are calculated with
dynamic angles. The dashed lines in (a) are corrected values for the same viscosity cases.

Sekil 4. Doldurma uzunlugunun zamanin bir fonksiyonu olarak simiilasyon sonucu, ayni (a) ve farkl
(b) viskoziteler icin Washburn denklemiyle karsilagtirma. 6., = 75° icin macenta, 6., = 60° i¢in
mavi, 8,4 = 45° icin kirmiz1 ve 8,, = 30° icin siyah kullanilmigtir. Semboller bizim
hesaplamalarimizdir, (a)'daki kesintisiz ¢izgiler ayni viskoziteli siv1 akisi (denklem (23)) i¢in
degistirilmis teorik degerlerdir ve (b)'deki farkl viskoziteli siv1 akisi (denklem (21)) i¢in teorik
degerlerdir; dinamik agilarla hesaplanmistir. (a)'daki kesikli ¢izgiler, ayni viskozite durumlar i¢in
diizeltilmis degerlerdir.
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Figure 5. Variation of dynamic contact angle with Ca, (a) 84 = 75° (b) 8.4 = 60°, (c) 8.4 = 45°, (d)
8.q = 30°, arrows show the filling direction.

Sekil 5. Dinamik temas acisinin Ca ile degisimi, (a) 8.4 = 75°, (b) 8¢ = 60°, (c) 8, = 45°, (d) g =
30°, oklar dolum yoniinii géstermektedir.
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Figure 6. Filling length variation with Caq, (a) 8,4 = 75°, (b) 6.4 = 60°, (c) 8,4 = 45°, (d) 8.4 = 30°.

Sekil 6. Doldurma boyunun Ca ile degisimi, (a) 84 = 75° (b) 8.4 = 60°, (¢) 8, = 45°,(d) Ocq =
30°.

4. Effect of Chemical Heterogeneity

The roughness and chemical heterogeneity are
common features of surfaces except the ones
manufactured in a laboratory as atomically
smooth and chemically homogeneous. Inspired
by nature, these features are mimicked to
control the motion of interfaces. Among the
various microfluidic devices, capillary-driven
flows are popular as there is no need for an
external driving mechanism. We study the
motion of interfaces in a channel which is driven
by capillarity. To slow down or stagnate the
interface motion within some regions, we
investigate the effects of varying wettability.
This can be achieved using electrowetting [50-
52] or the channels can be manufactured with
chemically and/or physically heterogeneous
patterns to pin/depin the interface as a passive
control method. We mimic such a surface by
chemical heterogeneities on the channel walls.
By chemical heterogeneity we mean the energy

of the surface is not uniform, it is altered by
modifying the surface chemistry rather than the
topology. We achieve this numerically by
adjusting the normal gradient of ¢ within the
region of interest to achieve the desired 6.

Using the channel geometry given in Figure 3; we
first observe the deviation of the interface speed
from Washburn's law when there is a chemical
defect on the channel walls. To this end, we
consider two cases: one with more (6., = 30°)
and one with less hydrophilic (6., = 75°) region
on the top wall than the rest of the channel walls
which is set to 6,;, = 60°. We show this deviation
for single defects in Figure 7(a) by plotting the
time variation of the filling length. We set the
length of the defect region to 20 lattices and the
deviation from Washburn's law for 6,, = 60°
everywhere is obvious. Within a more
hydrophilic region, the contact line speeds up
increasing the filling speed with an increase in
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the slope until it passes this region and attains
the regular slope (see squares). The opposite is
true for a less hydrophilic defect. The contactline
motion slows down within this region and
attains the same speed after (see triangles). In
panel (b) of the same figure, we show, this time,
the deviation for single patterns on both top and
bottom walls in overlapped and staggered
configurations.

The slowing down of the interface motion is
more effective if the patterns are placed in an
overlapped configuration as the contact lines at
the top and bottom walls slow down at the same
time. In the staggered configuration, however,
the slowing down is limited because one of the
contact lines moves faster while the other one
moves slower. We show this in Figure 8 by
comparing the two configurations. This
observation suggests that  overlapped
heterogeneities prevail over staggered ones to
stop the motion of the interfaces.

With this motivation, we search for the
equilibrium states of the interface; namely, the
conditions which flatten the interface resulting

in no pressure difference across the interface to
derive the motion so that interface stops. In
plane, the existence of interface curvature drives
the motion. Such a flat interface is possible, for
example, if both top and bottom contact angles
attain 90°. In Figure 9, we observe a vertical flat
interface satisfying our claim. For the top and
bottom defects, we set the surface energies for
the liquid to have contact angles of 90° while the
rest of the channel walls remain at 60°. Normal
stress balance at a local point at the interface
with uniform surface tension y requires

Pi— Py =VV-n~£ (24)
where n is the outward unit normal pointing
from the liquid into the gas and r is the radius of
the curvature of the interface approximated by a
circular arc. For the flat case, r goes to infinity
and the pressure difference across the interface
vanishes. This mechanism stops the interface.
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Figure 7. The divergence of filling length from Washburn for 8., = 60°, with (a) single defect on the
capillary (squares for 8,, = 30°and triangles for 6., = 75°), (b) multi-defects on the capillary (black
squares for overlapped 8., = 30° regions, black triangles for overlapped 6., = 75° regions, red
squares for staggered 8,, = 30° regions and red triangles for staggered 6., = 75° regions), to speed
up or down the interface.

Sekil 7. Araylizeyi hizlandirmak veya yavaglatmak amaci ile doldurma uzunlugunun 6., = 60° i¢in
Washburn'den sapmasi, (a) kilcal kanal tizerinde tek kusur (8., = 30° i¢in kareler ve 6,4 = 75° i¢in
ticgenler), (b) kilcal kanal iizerinde ¢oklu kusurlar (iist iiste binen 6., = 30° bolgeleri igin siyah
kareler, st iiste binen 6., = 75° bolgeleri i¢in siyah tlicgenler, cakismayacak sekilde ayarlanmis
8eq = 30° bolgeleri icin kirmiz1 kareler ve cakismayacak sekilde ayarlanmis 6_eq=75° bolgeleri i¢in
kirmizi tiggenler).

But if the regions are staggered not overlapped,
then the filling of the capillary may not stop as
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seen in Figure 10. While panel (a) shows the
deviation of interface position from uniform
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surface energy surface, panels (b) to (e) show the
corresponding interface profiles. The flow slows
down but does not stop because 59¢ + 6,07 <
180°, it continues to move and only the interface

can be flat at the intersection of the regions for a
small time interval. Therefore, at that point, the
conditions are changed to 629¢ + 6. < 180°

and the interface again starts to move.
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200 300 400
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g

300 400 500

Figure 8. Comparison of the effect of wall pattern on the interface motion, the left panel is for the
overlapped configuration while the right panel is for the staggered configuration, (a) t=50000, (b) t
=150000, (c) t=400000.

Sekil 8. Duvar deseninin arayiizey hareketi tizerindeki etkisinin karsilastirilmasi, sol panel iist iiste
binen konfigiirasyon i¢indir, sag panel cakismayacak sekilde ayarlanmis konfigiirasyon i¢indir, (a) t
=50000, (b) t=150000, (c) t=400000.
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Figure 9. Interface profile within the capillary at 90-degree regions.

Sekil 9. 90 derecelik bolgelerde kilcal kanal igindeki araytizey profili.
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Figure 10. History of interface movement for staggered configuration with 6., = 90° defects. The
solid line in (a) shows the computed interface position for uniform 8,, = 60°, dashed line is for
staggered configuration. The interface shapes at several instants encircled in (a) are shown in
panels (b) to (e).

Sekil 10. 6,, = 90° kusurlarla cakismayacak sekilde ayarlanmis konfigiirasyon igin araytizey
hareketi ge¢misi. (a)'daki kesintisiz ¢izgi, Giniform 6.4 = 60° i¢in hesaplanan araylizey konumunu
gosterir, kesikli ¢cizgi cakismayacak sekilde ayarlanmis yapilandirma igindir. (a)'da daire igine
alinmus cesitli anlardaki araytizey sekilleri, (b) - (e) panellerinde gosterilmektedir.
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200 300 200 300

200 300 200 300

Figure 11. Various stopping cases, (a) case 1: Interface of the capillary at 120-degree regions with
staggered configuration, (b) case 2, (c) case 3, (d) case 5, () case 6; see Table 1 for details.

Sekil 11. Cesitli durma durumlari, (a) durum 1: cakismayacak sekilde ayarlanmis konfigtirasyonla
120 derecelik bolgelerde kilcal kanal arayiizeyi, (b) durum 2, (c) durum 3, (d) durum 5, (e) durum 6;
ayrintilar i¢in Tablo 1'e bakin.

In Figure 11, we see the stopping condition is
provided only ifef%’t + G;f;p > 180°. This means
that the flat interface does not have to be vertical.
Aslong as, atany point in time, the contact angles
at the top and bottom walls sum up to 7, the
interface could be stopped even for staggered
configurations with hydrophobic regions.

The use of more hydrophobic regions for
overlapped configurations does not affect the
stopping mechanism, namely a vertical interface
forms. But for the staggered configuration, more
hydrophobic regions stop the interface at an
inclined position as seen in Figure 11.

Table 1. Stopping conditions using the same setup as in Figure 11 for different wettability at defect
regions. Except case 7 (6.4 = 30°), all cases have 0,, = 60° out of the defects.

Tablo 1. Kusurlu bélgelerde farkli islanabilirlik i¢in Sekil 11'deki ile ayn1 diizenegi kullanan durdurma
kosullar1. 7. durum (6.4 = 30°) harig, tim durumlar kusurlar disinda 8., = 60°'ye sahiptir.

Parameters
and
Conditions \ | Case1 Case 2 Case 3 Case 4 Case 5 Case 6 Case 7
Case
Numbers

923‘ & 92’;" 120&120 100&100 150&150 90&90 100&90 90&120 90&120
Vertically,

an
t
gggt + ee“’ll’ Yes No Yes No No region No
> 180°
nd

Rea_ch(:s 2 No Yes No Yes Yes Yes Yes
region?
Bottom-side
contact angle | 112 100 113 - 100 60 -
(~%1)
Top-side
contact angle | 68 80 67 - 80 120 -
(~%1)
Pinning at 15¢
or 2" | First Second First - Second Second -
region?
Stopping o Bottom- o ) Bottom- Bottom- )
angle side Top-side side Top-side side side
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As we summarize in Table 1, stopping conditions
vary with the wettability of overlapped walls. We
define a simple relation between the cases as;

1. If 628¢ + 9;‘;” > 180°, the interface
stops and the contact line attains the
04 on the hydrophobic side.

2. Else, 52° + 6,07 < 180°, the interface
moves but the contact line speed
decreases. When the contact points are
on walls that provide 629° + Betgp >
180°, the interface starts to slow down.
It tries to attain 6, for the side that has
already depinned.

5. Conclusion

In this study, we analyze the interface motion in
a capillary channel driven by capillary pressure
only. Apart from the importance of such flows in
microfluidic devices as it does not require an
external device to drive the motion, it provides
us with a flow domain to understand and control
the interface motion. For this purpose, we
modify the surface energy of the channel walls
and investigate the passive control mechanism
of interfaces instead of active methods.

We model the capillary flow as a two-phase flow
of Newtonian fluids and integrate the governing
equations using the lattice Boltzmann Method.
This method has many advantages for wetting
applications against traditional solvers such as
Finite Element Method (FEM) compared to
computing cost, applicability, mobility between
cases, etc. We first validate our solver for static
and dynamic problems and then discuss the
effects of surface energy on the motion of
interfaces.

We discuss two main problems: (i) Accelerating
or decelerating the interfaces, (i) interface
stopping conditions. According to the cases of
interface motion driven by capillarity, we can
change the contact line speed and stop the
interface as needed by playing with the energy of
the surfaces. For changing the contact line speed,
we add chemical defects on the walls which have
different wettability properties. As we expect,
according to the wettabilities of defects,
deviation from the Washburn is observed, and
for stopping conditions, we show that the defects
should provide 659+ 6,07 >180° at the
contact points of interface. The configurations of
the defects can alter the stopping position of the
interface.

We should, finally, note that if there are two
interfaces in the capillary with uniform wall
surface energy, the fluid column cannot move
because the two interfaces are alike and cancel
the pressure difference. However, it can be
moved if the surfaces are modified to generate a
wetting gradient that we are going to discuss in
another paper.

We believe that our simulation would motivate
further numerical and experimental studies for a
possible setup including passively driven
capillary flows to control the interface motion.

5. Sonug

Bu calismada, sadece kilcal basing¢ tarafindan
yonlendirilen bir kilcal kanaldaki arayiizey
hareketini inceliyoruz. Hareketi ydnlendirmek
icin harici bir cihaz gerektirmedigi i¢in
mikroakiskan cihazlarda bu tir akislarin
o6neminin yani sira, araylizey hareketini anlamak
ve kontrol etmek icin bize bir akis alani saglar.
Bu amagla kanal duvarlarinin yiizey enerjisini
modifiye ederek aktif yontemler yerine
araylizeylerin pasif kontrol mekanizmasini
arastiriyoruz.

Kilcal akis1 Newtonyan sivilarinin iki fazli akisi
olarak modelliyoruz ve lattice Boltzmann
Metodu'nu kullanarak yoéneten denklemleri
entegre ediyoruz. Bu yoOntemin, 1slatma
uygulamalar1 i¢in Sonlu Elemanlar Yoéntemi
(FEM) gibi geleneksel ¢oziicillere kiyasla
hesaplama maliyeti, uygulanabilirlik, durumlar
arasindaki hareketlilik vb. gibi bir¢cok avantaji
vardir. Once ¢oziiciimiizii statik ve dinamik
problemler icin dogruluyoruz ve ardindan
araylizeylerin hareketi lizerine yiizey enerjisinin
etkilerini tartisiyoruz.

iki ana sorunu tartisiyoruz: (i) Arayiizeylerin
hizlandirilmas1  veya  yavaslatilmasi,  (ii)
arayiizeylerin  durma  kosullari.  Kilcallik
tarafindan yonlendirilen arayiizey hareketi

durumlarina  goére, temas hatt hizim
degistirebilir ve yiizeylerin enerjisi ile
oynayarak  arayiizeyi gerektigi  gibi

durdurabiliriz. Temas hatti hizin1 degistirmek
icin farkhi 1slanabilirlik o6zelliklerine sahip
duvarlara  kimyasal  kusurlar  ekliyoruz.
Bekledigimiz gibi, kusurlarin 1slanabilirliklerine
gore Washburn'den sapma goézlenir ve durma
kosullar1 i¢in kusurlarin araylizeyin temas
noktalarinda Gé’;t +6£Zp > 180° saglamasi
gerektigini gosteriyoruz. Kusurlarin
konfigiirasyonlari arayiizeyin durma konumunu
degistirebilir.
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Son olarak, kilcalda {niform duvar yiizey
enerjisine sahip iki araylizey varsa, sivi
kolonunun hareket edemeyecegini, ¢linkii iki
araylizeyin ayni oldugunu ve basing farkini iptal
ettigini not etmeliyiz. Ancak, baska bir yazida
tartisacagimiz  gibi bir 1slatma gradyani
olusturularak yiizeyler degistirilirse hareket
saglanabilir.

Simiilasyonumuzun, arayiizey hareketini kontrol
etmek amaci ile pasif olarak yonlendirilen kilcal
akislar igeren olas1 bir diizenek i¢in daha fazla
sayisal ve deneysel calismalar1 motive edecegine
inaniyoruz.
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