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Abstract: An approach of dealing with contact angle hysteresis in lattice Boltzmann method is introduced in detail.
The approach is also used to investigate droplet behaviors on surfaces of chemical inhomogeneities or roughness
(non-ideal surfaces). Droplet slipping on surfaces under gravity or in shear flows, and droplet impacting on sur-

faces are numerically simulated. It is found that the present approach is suitable to model droplet motions on non-
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ideal surfaces and the contact angle hysteresis has an obvious effect on the motion of droplets.
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INTRODUCTION

Droplet slipping on a solid wall is a common
phenomenon in nature and in engineering applica-
tions, such as water droplets hanging on glass,
crude oil attached on rocks, pesticide spread over
plants, and so on. These problems can be de-
scribed as a droplet on a non-ideal wall with con-
tact angle hysteresis, which is measured by two
parameters: receding angle and advancing angle
(denoted by 0r, 0r, respectively). In previous
publications, there are lots of numerical and ex-
perimental studies on this topic. For instance,
Kim, et al used the model of Inamuro, et al'¥ to
investigate water droplet properties on rough sur-
faces with periodical distributions of pillars/.
Kusumaatmaja and Yeomans studied the droplet
deformation when it passed through an array of
hydrophilic stripes of different widths™’. Varnik,
et al investigated the droplet movement when it
passed through stripes with different wetting

L[4

properties However, most of the above stud-

ies intend to investigate contact angle hysteresis
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microscopically. All the same, it can be inferred
that contact angle hysteresis may have an impact
on the droplet dynamics. Different from the a-
bove investigations from microscopic view, here
we focus on the macroscopic characteristic of hys-
teresis directly, regardless of the microscopic
roughness. In order to investigate how the con-
tact angle hysteresis affects the droplet dynamics.,
we numerically test droplet sticking or slipping on
surfaces under gravity, two droplets coalescing on
surfaces by surface tension and droplet impacting
dynamics. In simulations, the lattice Boltzmann
method that accounts for contact angle hysteresis
is used”™. The numerical method will be de-

scribed in detail in the second part.

1 MATHEMATICAL FORMULATION
AND NUMERICAL METHODS

1.1 Lattice Boltzmann method for two-phase

flows

The multiphase Lattice Boltzmann method
(LBM) used here was proposed by He, et al, in
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which an index function is used to track interfaces

between liquid and gas™®.

Two distribution func-
tions f and g are introduced to recover the Cahn-
Hilliard equation (evolution of the index func-
tion) and Navier-Stokes equations, respectively
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where 7 is the relaxation time, which is related to

kinematic viscosity v by y=cZ(z —0.5)¢t , RT =

%, x the position of the node, ¢ the time, §t the
time interval, and e; the discrete velocity. For
D2Q9 model, e; can be given as [e,se;se5 €5 5€4 s
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F, =xpVV ?p, is the surface tension, x the
strength of the surface tension, p the density, G
the body force. The above variables v,z,p can be
unified L T
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"liquid phase” and "gas phase”, respectively. The
equilibrium distribution functions f$* and g{* can

be computed as
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where ¢ and p are the index function and the
pressure, respectively, w, = %,wl L= %7(1}5 o =

%,c:i , and 8z is the lattice spacing. The mac-

roscopic variables can be obtained by
s=> 1 (5
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In the model. we set o =0.251, $om =
0. 024’(0[‘:0- 251 9[0(‘,:0. 024:7],

1.2 Contact angle hysteresis

For a non-ideal solid wall, the contact angle
hysteresis should be taken into consideration.
Here, the geometric formulation is adopted to
simulate the hysteresis effect. The formulation is

given ast¥

$in =iz T tan(% *6> | Pit1.2 T pi1.2 | (&)

where the first and the second subscripts of ¢ de-
note the coordinates along and normal to the solid
boundary, respectively, @ is the apparent contact
angle. In order to calculate the terms of V¢(¢)
and V¢(p), a layer of ghost cells adjacent to the
solid boundary are necessary. The values of 4,
which is defined on the ghost cells, are given by

$bio = Pi-

each time step of computation, the local apparent

To simulate the hysteresis effect, at

contact angle at the contact points should be ob-
tained first, then @ are compared with 0z and 0,.
If 6<<Oy. 0 in Eq. (8) should be replaced by 0x; If
0=0,, 0 in Eq. (8) should be replaced by 0,;
Here

we can see that the hysteresis effect is prescribed

else, 0 in Eq. (8) remains unchanged """,

by two parameters: Advancing angle and receding
angle, which depend on the properties of fluids

and solids.

2 RESULTS AND DISCUSSION

In this section, the ability of the scheme is
used to model contact line dynamics on a non-ide-

al solid wall with contact angle hysteresis.
2.1 Droplet slipping on wall under gravity

Simulations of a droplet on the inner wall in
a channel are conducted. The rectangular compu-
tational grids are L X H=251 lattice unit X 71 lat-
tice unit,where lattice unit is abbreviated as 1. u.
and the initial radius of the semicircle droplet is
35 1. u.. The right and the left boundaries are sol-
id walls and simple bounce-back is applied. Peri-
odic boundary conditions are applied on the top

and the bottom boundaries. The direction of the
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gravity is vertical. There are four typical motion
modes of the contact points due to four specified
hysteresis windows. In Fig. 1(a), both the up-
stream and the downstream contact angles are al-
ways inside the hysteresis window (0°,180°), so
the two corresponding contact points are always
pinned on the wall. In Fig. 1(b), the upstream
contact angle varies from the right angle to the a-
cute angles, so it is always in the range of (0°,
110°). Consequently, the upstream contact line
can not move. For the downstream contact point,
at early stages it is pinned as the contact angle is
less than 110°, and later it moves due to the con-
tact angle greater than 110°. In Fig. 1 (c), the
downstream contact angle varies from the right
angle to the obtuse angles which are always in the
range of (70°,180°), so the downstream contact
point remains immobile. For the upstream con-
tact point, at early stages it is pinned due to the
contact angle greater than 70°, and later it moves
due to the contact angle less than 70°. Fig. 1(d)
shows that at early stages the droplet deforms
and keeps pinned. Subsequently the two contact
angles do not fall into the specified hysteresis

window and the whole droplet slips.

(a) 6,=0,
6,=180°

(b) 6.=0,
0,=110°

(c) 6,=70",
6,=180°

(d) 6,=170",
0,=110°
Fig. 1 Four typical motion modes of contact points under

gravity with contact angle hysteresis considered

Through the above tests, it is found that the
contact angle hysteresis effect has been qualita-
tively achieved. As we know, contact angle hys-
teresis is mainly caused by surface roughness or
chemically inhomogeneity, which may prevent
the motion of a droplet on these non-ideal sur-
faces. In order to validate this point, we investi-
gate the behaviors of a 2-D droplet slipping on the

inner wall in an inclined channel. The tilted angle

is 55°, and the direction of gravity is vertical
downward. The boundary conditions in the inlet
and the outlet of the channel are periodic. Fig. 2
shows the typical droplet profiles at different time
steps(t. s. ) in slipping process. As shown in Fig. 2,
initially, the droplet is located at the top part of the
channel, then slips along the inwall under gravity,
and finally reaches steady state. Because the whole
droplet moves downward, the apparent contact angles
at the downstream and the upstream contact points

are 20° and 65°, respectively.

(@) t=0ts.

(b) ¢=400 000 t.s.

(c) t=1000 000 t.s.
Fig. 2 Typical droplet profiles in slipping process(d, =
200 ;(9,\ = 650)

The distance between the two contact points
is called wetting length(L) and the initial wetting
length is L,. The advancing angle is fixed at 65°.
By varying the receding angles, we conducted
seven computational cases to study the effect of
hysteresis window on the relative wetting length
L/L,. Two important dimensionless parameters
are defined as

Bo=p glL," /o, Re=L, VgL /v,
where ¢ denotes the surface tension, y, the kine-
matic viscosity of droplet, and g the gravity. The
dynamic viscosity ratio between the droplet and
the ambient fluid is 10.46. In the simulations,
Bo=4.41,Re=29.35. From Fig. 3, it is found
that the relative wetting length diminishes with
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Fig. 3 Relative wetting length as function of receding
angle(0, =65°, Bo=4. 41 ,Re=29. 35)
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the increase of receding angle. In other words, the
narrower the hysteresis window is, the shorter the
relative wetting length is. The contact angle hystere-
sis window has a obvious effect on the relative wet-
ting length. Indeed, we can easily find that the con-
tact angle hysteresis has a tendency to prevent the
droplet detaching from the wall.

2.2 Coalescence of two droplets on substrate

As we know, due to the action of surface
tension, two initially hemisphere droplets on sub-
strate would contact and coalesce. In this part,
we investigate the effect of contact angle hystere-
sis on the coalescence dynamics of the above two
droplets on the substrate. The rectangular com-

putational grids are Lx X Ly X Lz=200 1. u, X

t=2000 t.s.

V4

£=25200 t.s. ,é\
x y

t=0ts.
t=2000 t.s.

t=25200t.s.

(a) Hysteresis window: 6,=30°, 6, =40°

Fig.4 Comparisons of coalescence proc

75 1.u. X 60 1. u., and the initial radius of the
hemisphere droplet is R, =30 1. u. Two cases are
conducted and compared. Figs. 4 (a—b) are ob-

tained through setting hysteresis window as [30°,

40°] and [30°,70°] , respectively. In simulations

the nondimensional number Oh is defined as Oh =

pu/ v/ Roopr s and we set a Oh=0. 1,7, =7;0. 6.
The 3-D subfigures in each column of Fig. 4
shows the droplets coalescing processes driven by
surface tension and the snapshots are chosen at
the same moment for comparison. The subfigures
on the bottom of each column are the correspond-
ing traces of the droplet contact lines. It is found
that from =0 t.s. to t=2 000 t. s. the whole

contact lines expand with contact angle equal to

t=2000 t.s.

t=25200t.s. ,é\
x y

t=0ts.
t=2000 t.s.

t=25200t.s.

(b) Hysteresis window: 6 , =30°, 6, =70°

) hemispherical droplets driven by surface tension
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Ox s but from t=2 000 t.s. to t=25 200 t. s. the
contact lines around the right and the left end be-
gin to recede with contact angle equal to 6y and
the intermediate contact lines continue expanding
with contact angle equal to §,. Therefore, when
the final merged droplet has reached equilibrium
state, its shape does not retain sphere due to con-
tact angle hysteresis effect. We can conclude that
contact angle hysteresis obviously influences the

dynamics of droplets coalescence.
2. 3 Droplet impacting on solid wall

In this part, we mainly study the effect of
contact angle hysteresis on the dynamics of a
droplet impacting on a solid wall.

Two cases with different hysteresis windows
are conducted, as shown in Fig. 5(a) g = 90°,
0»=90° and Fig. 5(b) 0y =90°,0, =130°. Gravity
is applied on the whole filed. The computational
domain is 201 1. u. X151 1. u. , and the initial ra-
dius of the semicircle droplet is 30 1. u.. The dis-
tance between the initial droplet center and the
wall is 100 1. u.. In each simulation, a droplet is
released from the initial position. Then the drop-
let falls and moves towards the bottom wall under
gravity. When it contacts with the wall, the
droplet deforms and later relaxes towards equilib-

rium. Fig. 5 shows the droplet evolution process

t=18000 t.s. t=19 000 t.s.

)
i

t=20000t.s. t=40000 t.s.

)
)

(a) 6,=90°, 6,=90°

t=18000 t.s. t=19000ts.

)
!

t=20000 t.s. t=40000 t.s.

)
)

(b) 6,=90°, 8,=130°
Fig. 5

Comparisons of droplet impacting on wall

between two hysteresis windows

during the impaction. The pictures at =40 000
t. s. are final steady states. It is found that the
impacting dynamics is obviously influenced by
contact angle hysteresis. The snapshots of the
droplet profile at different time are shown in Fig. 5.

For further quantitative comparison, a axi-
symmetric droplet normally impacting on a plane
is simulated and well compared with the results
from the experiment in Ref. [11]. Initially, the
droplet contacts with the plane tangentially and
has a normal velocity U. Two dimensionless pa-
rameters are

We =p U’R/cs Re=p UR/u,

where R is the droplet radius, ¢ the surface ten-
sion and ., the dynamic viscosity of droplet.
Fig. 6 shows the snapshots of droplet at different
moments. r denotes the radial coordinate, and z
the axial coordinate. The corresponding dimen-
sionless time is " =1¢/t". The red lines represent
the droplet profiles obtained from simulations,
and the black are images taken in the experiments
in Ref. [10]. In both the simulations and the ex-
periments, the viscosity ratio is p /u; =20. Due
to the limitation of numerical stability, the densi-
ty ratio in the simulations is p, /p, =10. 46, which
is different from the density ratio p, /p; =1 000 in
the experiments. This difference may lead to the
fact that the droplet profiles obtained by simula-

tions do not match the results from experiment

800
600
N 400
200
—rr 0 — —
200 400 600 800 1000 0 200 400 600 800 1000
r r
(a) =033 (b) #'=0.55
800
600
N 400
200

0

0
200 400 600 800 1000 O 200 400 600 800 1000
r r
(d) £'=3.95

Fig. 6 Snapshots of droplet at different moments
(We=164,Re=457,0,=13",0, =46°)
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accurately. However, it is believed that the dis-
crepancy between simulations and experiments
can be greatly reduced or ignored if the density

ratio is higher.

3 CONCLUSION

The two-phase lattice Boltzmann method,
i.e. the He-Chen-Zhang model, is applied to
study droplet behaviours on non-ideal surfaces.
For non-ideal surfaces, contact angle hysteresis is
described by 6y and 0,. When a droplet is on the
inner wall of a channel under gravity, four typical
motion modes of contact points are observed.
Furthermore, when a droplet is put on an inclind
wall under gravity, it is found that the steady
wetting length diminishes with the increment of
contact angle hysteresis window. Coalescence of
two droplets on substrate is also simulated and it
is observed that the merged droplet appears dif-
ferent equilibrium state due to contact angle hys-
teresis. At last, a droplet impacting on a solid
wall from some height is investigated. One can
easily found that the contact angle hysteresis has
an obvious effect on the impacting dynamics.
Then the simulation results of droplet inertial-im-
pacting on substrate are compared with that ob-
tained from experiments, and very good agree-
ment is found. Through the above tests, it is
concluded that the present method can capture the
behaviors of droplets on non-ideal walls, and in-
deed the contact angle hysteresis has an important

impact on the dynamics.
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