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Abstract

Superhydrophobic coatings can be made by creating a micro-sized structure on a surface
providing super-repellent properties which have many applications in aerospace, defense,
automotive, biomedical and engineering. Numerical simulation of drop dynamics and motion on a
superhydrophobic surface helps us understand control and building surface textures and find
optimum micro structured coatings of the maximum hydrophobicity. In the present work, the
dynamics of drops on superhydrophobic inclined micro-structured surfaces is studied, using a finite
element method. Effects of microstructures on droplet behavior on a superhydrophobic surface is
investigated using different microstructures. The governing equations and important dimensionless
numbers are described and a numerical algorithm is introduced. The validation of the numerical
algorithm is performed by simulation of drop motion attached to an inclined surface. In addition,
droplet movement on the micro structured surface is numerically simulated on smooth and
microstructure surfaces in the same conditions. Comparison of the results shows the effect of
microstructure coating on the surface hydrophobicity properties.
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Nomenclature variety of material surfaces so that they exhibit non-wetting

properties. Many diverse applications have been found in the

r the roughness factor fields, such as space and aerospace, defence, automotive,

f1 the fractions of the liquid-solid biomedical applications and engineering, sensors, apparels,

J2 liquid-air interfaces and so on [1-5]. Superhydrophobic surfaces repel water

{) i gg;‘;ﬂj" generally due to their surface texture or chemical
N properties.

5" \S/lljsr?g;ti/eﬁzitgﬁ g;g?fliitiem The behavior of water droplets on a surface can be

R radius of a circular droplet related to surface energies and wettability. When the surface

v dimensionless velocity energy of the materials is low, the molecules in the water

t time droplets are more attracted to each other as compared with

Cp drag coefficient hydrophobic surface having a higher contact angle. The

basis of hydrophobicity is the creation of recessed areas on a

Introduction surface whose wetting expends more energy than bridging

Over the years, researchers have been working to mimic the
nature by inducing superhydrophobic properties into a
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the recesses expends. Instead of using basic atoms for
repellence like many successful hydrophobic penetrating
sealers, superhydrophobic products are coatings which
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create a micro/nano-sized structure on a surface providing
super-repellent properties [5-7].

The coating causes an almost imperceptibly thin
layer of air to form on the surface. Superhydrophobic
surfaces (SHS) can be used in building materials, such as
glass, ceramics, and concrete, for keeping buildings
clean. In addition, they have important applications in
maritime industry, e.g., they can yield skin friction drag
reduction for ships' hulls. Also, superhydrophobic
coatings have potential uses in vehicle windshields to
prevent disturbing rain droplets. The coatings help to
remove salt deposits from unclean water. They are also
applicable for producing passive anti-icing surfaces. The
anti-icing properties of superhydrophobic materials
(including delayed frosting, ice-adhesion reduction,
snow-adhesion reduction and delayed water drop
freezing) are more complex to understand, due to various
factors involved, for example surface chemistry,
roughness, and environmental condition [8-10].
Hydrophobicity can also affect the droplet/bubble
velocity, and it was shown that bubbles attached to a
hydrophobic surface have a rising velocity even higher
than that of free rising bubble [11].

With a combination of surface chemical and roughness
modifications in superhydrophobic materials, water drops
on a SHS show a large contact angle (CA) and a small CA
hysteresis. On a smooth surface, the contact angle of a water
droplet can be increased to only 120° by lowering the surface
free energy [12]. The construction of micro/nano-structures
on a smooth surface can lead to contact angles of water drops
of up to 150°. Thus, SHS are well-known for their excellent
water-shedding and self-cleaning properties. Numerical
simulation of drop dynamics and motion on a
superhydrophobic surface helps us understand how to
control and build surface textures and find optimum
micro/nano-structured coatings of maximum
hydrophobicity [13].

In the present work, dynamics of droplets on
superhydrophobic inclined micro structured surfaces is
studied using numerical simulations. The governing equations
and important dimensionless numbers are described and the
numerical algorithm is explained. All simulations are
performed by COMSOL Multiphysics 5.2 and finite element
method. The validation of the numerical algorithm is
performed by simulation of the droplet movement attached to
an inclined surface. Moreover, the droplet movement on the
micro-structured surface is simulated to capture the effect of
micro-structured coatings on the surface hydrophobicity.
Also, the effects of microstructures on droplet behaviour in
rest on a superhydrophobic surface is investigated using five
new microstructures. It is noted that droplet dynamics on
different microstructures have been studied before by the
authors [14].

Problem Description

The gravitational driven movement of 2D droplets attached
to an inclined superhydrophobic wall is studied here. Figure
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1 shows the schematics of the problem at its initial condition
where a semi-circular droplet is initially at rest and attached
to an inclined wall to a quiescent air phase. As demonstrated
in the figure, the initial contact angle of all attached drops is
90°; however, during the solution depending on the
wettability of the wall, the contact angle changes to its real
values (e.g. 120° for the hydrophobic surface). The surface
has a roughness on a micro-scale; there are air pockets so we
deal with the Cassie regime for the droplet. The initial
pressure of the domain is set to be 1 atm. Accordingly, all
droplets are initially at rest and get started to move
immediately due to the gravity forces for t >0.
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Fig. 1: Schematics of the physical domain

For a rough surface, two wetting states may occur if
a droplet is deposited on the surface: the non-
composite/Wenzel state (i.e., complete liquid penetration
into the grooves of a rough surface) and the
composite/Cassie state (i.e., the entrapment of air in the
grooves of a rough surface), (see Fig.2) [15].
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(a) Wenzel state
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(b) Cassie state

Fig. 2: Wenzel/Cassie state on a uniformly rough surface [15]

Note that the surface micro-texture is uniformly
constructed from the constant geometrical parameters of
pillar width (a), spacing (b), and height (h) and the length
scale of the posts is much smaller than the droplet size.
The apparent CA of the non-composite is given by
Wenzel’s equation

cos(8*) =rcos@ Q)

where r is the roughness factor as the ratio between the actual area
and the geometric projected area for a wetting surface; for the 2D
model,r = 1 4+ 2h/(a + b). However, the apparent CA of the
composite, 6.5, can be calculated using the Cassie-Baxter equation:

cos(O¢g) = fi cos B, + f, cos B, 2
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where f; and f, are the fractions of the liquid-solid and
liquid-air interfaces with intrinsic equilibrium contact
angles 6, and 6,, respectively. For one aqueous droplet
on the rough surface, 8, equals the intrinsic CA (0) and
6, equals 180°, leading to a changed form of the Cassie-
Baxter equation:

cos(fcp) = fcosd — (1~ f) ©)

where f is the solid-liquid contact area fraction of
the substrate; for the 2D model, f = a/(a + b). The most
important dimensionless numbers in this field are the
Reynolds and Bond numbers:

oR R?
Re = 227 Bo = 2297 4)
Hp a

where p, and p, are the density and viscosity of the
droplet, respectively, and o is the surface tension
coefficient. Also, R is the radius of a circular droplet and
is considered such that the volume of the droplet attached
to the wall and the droplet moving free in the domain are
the same. The other important dimensionless parameters
are density ratio p* = pp/p, and viscosity ratio pu* =
Up/1s Where p, and p, are the density and viscosity of
air, respectively. The dimensionless velocity (V*), time
(t™), and drag coefficient (Cp) are defined as follows:
t*g _ D
’ D ™ os5pv24

Vi
V:—D ) =
Vo pv

()

where in D, A, Vp, and V represent the drag force,
droplet surface, droplet moving velocity, and droplet
volume, respectively. V,, is calculated using the ratio of the
surface tension to the liquid viscosity, V,, = i = const.

The results obtained in this study are discussed based on these
dimensionless parameters.

Governing Equations

The equations governing the motion of the two fluids are
the modified Navier—Stokes equations:

p(Z—?%—u-Vu)=—Vp+V-[u(Vu+VuT)]+SF+pg (6)

V-u=0 @)
where u(x, t) is the velocity, p(x, t) is the pressure,
p(x,t) is the density, and u(x,t) is the viscosity which
are dependent on time, t, and on the Cartesian coordinate
vector, x(x, y). g is the gravitational force vector, and the
superscript T denotes the transpose. The continuum
surface force (CSF) model is used to represent the
singular surface tension force, SF:
SF = —okérn (8)
where k is the mean curvature of the interface, 6 is
the surface § function, and n is the unit normal vector to
the interface directed from fluid 1 to fluid 2.

To solve the droplet movement on a
superhydrophobic surface, the phase-field method (PFM)
is used. PFM is an increasingly popular method for
modeling the dynamics of multiphase fluids.
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Several numerical methods have been developed for
interfacial flows. These methods are generally classified into
three groups: 1) Interface tracking methods (ITM) like ALE
and MAC [16, 17], 2) Interface capturing methods (ICM) such
as VOF, Level Set, Phase Field [18, 19], and 3) Meshless
methods including LBM and SPH [20]. The ITMs require the
meshes to track the interfaces. However, in the ICMs, the
computations are based on fixed spatial domains, where an
interface function, marking the location of the interface, is
computed to capture the interface. In these methods, the
interface is captured within the resolution of the finite element
mesh covering the area where the interface is. In some cases,
like the present problem, the interface might be too complex
to track and then the application of ITMs is no longer feasible.
The main drawback of the VOF (Volume of Fluid) is that it’s
smearing of interface. For problems which surface tension is
dominant, this could cause problems. To overcome this
drawback and to have a better interface capturing, the VOF
should be coupled with the phase field method which has
problem in satisfying conservation properties. In the PFM,
there is a diffuse-interface with a finite width between two
phases. The density, the viscosity, and other physical
quantities are characterized by an order parameter, which is
governed by the modified Cahn-Hilliard equation. This
equation was firstly proposed by Cahn and Hilliard to describe
the initial stage of spinodal decomposition [21]. It models the
interface dynamics, including the surface minimization, the
topological changes, and the phase separation [21]. In this
method, two fluid phases are separated by a thin interface and
are determined using a parameter of ¢ by measurement of
their volume fraction as shown in Fig. 3. Fluid 1 and 2 are
defined by ¢ =1 and ¢ = —1, respectively, and the
interface I is determined by ¢ = 0.

¢~ —1
Fl///’ ‘\Iiluld 2
/’// P :\‘f 0
x p~1
N Flid1 \
\ )
\\‘ /
\ 4

Fig. 3: General definition of the Phase-Field Method (PFM) [21]

The evolution of the phase-field function ¢ is governed
by the advective Cahn—Hilliard equation as follows [21]:

2 +V- (¢u) = MAL @)

where M is the constant mobility and A is the
chemical potential computed as:

A =F'(¢p)? — %A (10)

F(¢) = (1 — $?)?/4 is the bulk energy density which
has two minima corresponding to the two stable phases of the
fluid, and ¢ is a measure for the interface thickness. It is
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convenient to use the dimensionless Peclet number,
which is defined as Pe = U.L./M, where U, is the
characteristic velocity and L. is the characteristic length.
This non-dimensional parameter allows that the PFM can
be applied to many physical phase states such as miscible,
immiscible, and partially miscible ones. However, the
phase-field function quickly changes near the interface
and, hence, must be well resolved. In other words, a
relatively large number of grid points near the interface is
needed. Choosing an appropriate value of ¢ is important
for the accuracy of calculations. Too large values of e can
make nonphysical solutions, while too small ones lead to
numerical difficulties.

All simulations are performed by COMSOL
Multiphysics 5.2. The fully coupled finite element
method and PARDISO solver which is the nonlinear
Newtonian method are used for simulations. Pre ordering
method is selected as “Nested disserction multi-
threaded”. Damping factor is set as 1 and Jacobean update
is performed once per time step. For the phase field setup,
the controlling interface thickness, &,f, is selected as
Ronax/ 2, Where h,,., is the maximum mesh size on the
interface. Also, the mobility tuning is considered as unit
in present simulations.

Boundary Conditions

Different types of boundary conditions are considered in
the present solution. According to figure 1, the left
boundary is considered as zero-velocity boundary
(Inflow) and the right one is considered to be at ambient
pressure (Outflow). The top boundary is set as no-slip
solid wall and the wetted wall feature is selected for solid
walls in contact with a fluid interface. It sets zero for the
normal velocity component

U Ny, =0 (11)
and adds a frictional boundary force, Fg., as

F = —%’u (12)

Here, S is the slip length, n,,; is the normal vector
to the wall and u is the velocity vector of the liquid. Using
this type of boundary condition, the contact angle, the
angle between the wall and the fluid interface, can be
specified. Furthermore, PFM is used to define the
interface between drop and air.

Obviously, the droplet dynamics contact angle
(CA) with a wall surface is the most important
parameter for drop motion on solid surface. The
equilibrium CA, which shows the balance of energy
release and small-scale dissipation, is calculated by the
Young relation [14]:

gg + o cosb, = gy (13)

At dynamic conditions, the CA is assumed to be
locally calculated by the Young relation (Eq. (13)).
However, during drop motion on the surface, the Eq.
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(13) is not necessarily valid. In dynamic condition, the
CA hysteresis expression is defined as the difference
between the advancing and receding angles [22].
Determination of the dynamic CA is very sensitive and
different relations are used to determine it more
accurately both theoretically and even empirically [22].
Dynamic  contact angle  models, including
hydrodynamic models, molecular kinetic models,
experimental models, as well as hybrid models are
developed to obtain accurate contact angle and meniscus
displacement [14]. Most of these models give the
relationship between the contact line velocity and the
dynamic contact angle. This form is known as the
hydrodynamic model whose resulting formula describes
the change in the dynamic contact angle due to viscous
bending of the liquid—gas interface.

Validation

Freely Falling Droplet

Drops in free fall in infinite media under the influence of
gravity are generally grouped under the following three
categories [23]:

1. Spherical: Generally speaking, drops are closely
approximated by spheres if interfacial tension and/or
viscous forces are much more important than inertia
forces.

2. Ellipsoidal: The term "ellipsoidal™ is generally used to
refer to drops which are oblate with a convex interface
(viewed from inside) around the entire surface.

3. Spherical-cap or ellipsoidal-cap: Large drops tend to
adopt flat or indented bases and to lack any semblance
of fore-and-aft symmetry.

Such fluid particles may look very similar to
segments cut from spheres or from oblate spheroids of
low eccentricity; in these cases, the terms "spherical-
cap" and "ellipsoidal-cap" are used. If the fluid particle
has an indentation at the rear, it is often said to be
"dimpled." Large spherical- or ellipsoidal-caps may also
trail thin envelopes of dispersed fluid referred to as
"skirts." For bubbles and drops rising or falling freely in
infinite media it is possible to prepare a generalized
graphical correlation in terms of the Eotvos number, Eo,
Morton number, M, and Reynolds number, Ref. [23].
Note that Fig. 8 does not apply to the extreme values of
density ratio or viscosity ratio found for liquid drops
falling through gases.

_ ghpdd _ gutbp _ pd.U
Eo——g , M= prral Re = p (14)
In this study, to validate the simulation, three cases
are simulated at certain conditions according to table 1.
The results show that the captured shapes in the present
simulation and mentioned conditions are consistent to

those in Ref. [23].
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The Droplet Attached to an Inclined Surface

Here, a drop will be considered whose mass center moves
with a steady velocity U down a plane inclined at the
angle a with respect to the horizontal line, as shown in
Fig. 4. Itis first necessary to determine which parameters
affect the drop sliding velocity in order to achieve
meaningful experimental measurements. To this end, a
dimensional analysis has been performed to obtain the
functional dependency of similar variables relevant to the
system. The drop has a radius R, when in a spherical
shape. It is assumed that U is dependent on Ry, ap, Up,
the gravitational force per volume, pg sina, and on
interfacial parameters. The interfacial parameters include
the microscopic length scale, A, which relieves the
classical no-slip boundary condition at the contact line,
and the static and dynamic contact angles. It is noted that
different theories on the contact line dynamics may
choose different sets of interfacial parameters.

Table. 1: The predicted droplet shapes as a function of
Reynolds and Bond numbers. The ratios of density and

viscosity are set to be % =10 and % = 1, respectively.
Air Air
Parameters | Eo =200 Eo=5 Eo=1
M =10 M = 0.0001 M =0.01
Drop shope

Fig. 4: Shape of a drop sliding down an inclined surface [24].

The fluid properties are shown in Table 2 with their
capillary length x~1.

Table 2: Physical properties of the liquids used in the
simulation [24]

. EG GW ;
Liguid (Ethylene Glycol) | (Glycerin-Water) il
Density

1114 1228 1260
(kg/m*)
Viscosity 0.0209 0.0600 0.95
(Pa-s)
Surface
Tension 0.0484 0.0641 0.063
(N/m)
K_l
2.1 2.3 2.3
(mm)
(©)6, 70.2 73.6 78.1

To validate the simulation, the obtained numerical
results have been compared to experimental data in Table
3. Note, the present algorithm can cover the empirical
droplet velocity with a maximum error of 2.46%.
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Table 3: Comparison of results of the present solution and
experimental data

Volume v | v ™™y | Error
Liquid 9 a () s s
(mm’) [23] (Present) | (%)
EG 15.1 14 0.229 0234 | 218
GW 24.0 20 0.122 0125 | 246
Glycerin | 77.8 14 0.041 00419 | 2.19

Results and Discussions

Droplet on a Superhydrophobic Surface

In this study, the Cassie state on a rough surface and its effect
on the contact angle are investigated. Firstly, the water drop
on a hydrophobic surface has been numerically simulated
and the results are shown in Fig. 5. The initial contact angle
is 0° and the equilibrium condition is obtained at t = 1 with
the contact angle of 120°.

To investigate the effects of the micro-structured
surfaces on the equilibrium contact angle, another
simulation of the drop placed on the micro-roughness
elements has been performed with the same initial
conditions. Dimension of the microstructured roughness
isa = b = 0.1 mm. As shown in Fig. 6, the droplet does
not impregnate the rough solid, leaving a trapped vapor
layer. From Eq. (3), the Cassie-Baxter contact angle
should be 138.6° and in the present simulation, it is
calculated about 136.9°, and so there is a good agreement
between the simulated result and the analytical solution.

For complex two-phase flows, choosing a proper mesh
is very important, in particular when there is a sharp
interface. Therefore, mesh treatment plays a crucial role in
stability, convergence, and accuracy of the numerical
solution. In the present study, the phase field scheme is used
to precisely capture the interface when the droplet is moving.
Fig. 4 shows the meshes, generated for the droplet and air at
the initial position of the drop. About 100,000 unstructured
cells with concentration at the droplet interface have been
used in all solutions. For more accurate simulation of
droplet, mesh refinement method near droplet boundary has
been used. It is noted that the grid study and the solution
independency have been performed for the solutions.
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Fig. 4: Generated mesh around the drop on the microstructure
surface
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t=0.25

t=1

Fig. 5: Simulation of water droplet on a hydrophobic surface at
different times

Fig. 6: Simulation of water droplet on a micro-structured
superhydrophobic surface at equilibrium condition
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Effects of Microstructures on Droplet Behavior on a
Superhydrophobic Surface
In this section, effect of microstructures on droplet
behavior in rest on a superhydrophobic surface is studied.
For this purpose,

five microstructures are selected as seen in Fig. 7 and
the droplet behavior is simulated on them for different
times. Dimentions of the micro-structures are in the same
order and similar to that of the previous section. It is
obvious that the structure of superhydrophobic surfaces
has strong effect on the shape and the equilibrium contact
angle of droplet at steady state condition. For more
accurate studies, these two parameters are compared in
table 2. The a, b, and ® parameters, which determine
droplet shape, are specified in table 4. It is indicated that
the microstructure of case 1, makes more contact angle at
0.03 s for the droplet in rest. However, this behavior may
be different for the droplet in motion. With the obtained
results, effects of microstructures on droplet motion is
investigated in the next section.

Table 4: Comparison of droplet shape on different
microstructures

o

R

a/b O (deg)
001 [ 002 | 003 0 [ 001 | 002 0.03
116161616 16106

Case

o

14 | 138 | 11 90 150 | 145 | 137

139 | 137 | 106 | 90 147 | 145 | 130

14 1.2 1.14 90 143 140 135

142 | 138 | 103 | 90 | 148 | 145 | 130

ald|J]w ||
NN

14 133 | 1.06 90 155 147 132

Droplet Motion on Hydrophobic and Superhydrophobic
Surface

In this case, the droplet motion on both inclined smooth
and micro-structured rough surfaces is studied. Here, the
inclination angle is 15° and the contact angle is 135°.
Dimension of the micro-textures is a = b = 0.05 mm.
The comparison of the droplet motion on smooth and
micro-structured surfaces at different times, shown in
figure 8, indicates that the droplet on the inclined micro-
structured surface has more velocity than the smoothed
one. The results show that the equilibrium contact angle
for the micro-structured surface at different times is also
about 26% larger than the same angle on the smoothed
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one. This fact demonstrates the effect of the micro-
structured surface with an increased hydrophobicity. To
accurately investigate the results, a comparison of the
position and the velocity of the drop on both inclined
smooth and microstructure surfaces is presented in figure
9. It is found that the drop on the microstructure surface
reaches the destination about 6% faster than on the
smooth one with about 7% more velocity. It is noted that
in the present simulation, the final time of the drop
reaching the end of surface (x=8 mm) is about 0.099 ms
for the smoothed surface and 0.093 ms for the
microstructure one.

Conclusions

In the present work, a superhydrophobic surface has
been proposed by creating a micro-sized structure.
Numerical simulation is one of the efficient methods to
investigate the performance of the superhydrophobic
surface in the field of hydrophobicity. The main goal
of the present study is to investigate the effects of
microstructures on superhydrophobicity of the
surfaces. For this purpose, simulation of droplet on
different microstructures has been studied at droplet
rest and comparison of the results is performed on the
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smoothed surface as well. The dynamics of drops on
the superhydrophobic inclined micro-structured
surfaces has been studied using a finite element
method. The governing equations have been described
and a numerical algorithm has been introduced. The
numerical algorithm has been validated by simulation of
drop motion attached to an inclined surface in different
conditions. Effects of microstructures on droplet
behavior on a superhydrophobic surface in rest is
investigated using five new microstructures. It is
indicated that the microstructure of case 1, makes more
contact angle for the droplet in rest. Moreover, droplet
movement on the micro structured surface is
numerically simulated on smooth and microstructure
surfaces in the same conditions to capture the effect of
micro-structured coatings on  the  surface
hydrophobicity. The results indicate that the
equilibrium contact angle for the micro-structured
surface at different times is about 26% larger than on
the smoothed one. This fact demonstrates the effect of
the micro-structured surface with an increased
hydrophobicity. It is also found that the drop on the
microstructure surface reaches the destination about
6% faster than on the smooth one with about 7% more
velocity.
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Fig 7: Effect of different microstructures on droplet behavior on a superhydrophobic surface
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