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Abstract

This study uses a two-phase finite volume method to investigate the dynamics of Newtonian and
non-Newtonian droplets impacting onto hybrid surfaces with various wettabilities. Six
configurations with different substrate contact angles are tested ranging from hydrophilic,
hydrophobic, and superhydrophilic as well as a combination of them. The temperature-dependent
properties are applied to model the Newtonian droplets, and the Arrhenius law which is a relation
between viscosity and shear rate is incorporated for the non-Newtonian rheology. The results show
that for a hybrid surface with the linear wettabilities varying from hydrophilic to hydrophobic to
superhydrophobic, the maximum spreading factor is larger for both Newtonian and non-

Newtonian droplets in comparison to any other surface configurations considered in this study.
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However, this spreading factor is minimum when a stepwise superhydrophobic-hydrophobic-
hydrophilic hybrid surface is examined. Further, the residence time of Newtonian droplet has the
maximum value when collides upon a hybrid surface with linear wettability distribution ranging
from hydrophilic to superhydrophobic. However, the maximum value of residence time for the
non-Newtonian droplet is achieved when the stepwise pattern of hydrophilic to superhydrophobic
is adopted.

Keywords: Droplet impact; hybrid surface; hydrophobicity; spreading factor; residence time.

Nomenclature

A Cell area T temperature
Cou Courant number \Y Velocity vector
Do Initial diameter of drop p Pressure

Reynolds number

d Droplet diameter Re
Re=(pDV)/u
Weber number
le| gradient function We
We =(pDV?)/c
E Total energy Greek letter
f advection function o Surface tension
F volume force T Shear stress
g gravity p Density
Kett effective thermal conductivity 7 Viscosity
Sh volumetric heat sources ¥ Shear rate
t time a fluid's volume fraction




1. Introduction

Droplet impact upon solid surfaces is an important phenomenon frequently occurs in natural and
industrial applications (Abolghasemibizaki & Mohammadi, 2018; Khojasteh, Kazerooni, Salarian,
& Kamali, 2016; Khojasteh, Kazerooni, & Marengo, 2019; Lin et al., 2018). The key factors
influencing the post-impingement outcomes (e.g. spreading and bouncing) are droplet’s size,
impact velocity/angle, physical properties of the liquid, surface tension, and surface characteristics
(e.g. wettability) (Bordbar, Taassob, Khojasteh, Marengo, & Kamali, 2018). Among these factors,
surface wettability can be effectively applied to control the interactions between liquid drops and
solid surfaces (Ferndndez et al., 2017; Gogolides, Ellinas, & Tserepi, 2015). To illustrate,
superhydrophilic surfaces have both advancing and receding contact angles close to 0°,
representing high surface energies. In contrast to these two contact angles, the static contact angle
of superhydrophobic surfaces is larger than 150°. This highlights the low contact angle hysteresis
and indicates that the difference between the advancing and receding contact angles is less than
10° (Akhtari & Karimi, 2020; Ueda & Levkin, 2013). The phenomenon of liquid droplets
undergoing collision with solid surfaces with a constant contact angle has been examined
extensively (Gelissen, van der Geld, Baltussen, & Kuerten, 2020; Rashidian, Sellier, & Mandin,
2019; Yeganehdoust, Attarzadeh, Karimfazli, & Dolatabadi, 2020). Yet, the process of droplet
impact upon a single surface with a combination of various contact angles (known as hybrid
surface) requires further attention. Gaining a deep insight into droplet impact on hybrid surfaces
can provide new functionalities and possibilities in a wide range of applications such as
biotechnological, biomolecular, microfluidic, encapsulation and electrochemical technologies
(Diewald et al., 2020; Li, Yu, Zhou, & Yan, 2017; Shen, Liu, Wu, Yao, & Zhang, 2020; Sikalo,

Tropea, & Gani¢, 2005).



Modifying the wettability characteristics of a surface can control the movement and deflection of
droplets (Nilsson & Rothstein, 2012), transport droplets without using external energy input (i.e.
electric field) (Khojasteh et al., 2020) and avoid/promote formation of tiny satellite droplets
(Mertaniemi et al., 2011). The methods for fabricating hydrophilic-superhydrophobic patterns
were presented by Ueda and Levkin (Ueda & Levkin, 2013). They reported that these patterned
surfaces can be employed to precisely control the geometry and shape of droplets after the impact;
separate peptides of different wettabilities, manage bio-adhesion; form high-density cell
microarrays; allow different substances or cell types to be isolated in each individual spot on the
same substrate; and offset printing. Further, Song et al. (Song, Song, Hu, Du, & Zhou, 2015)
experimentally tested droplet impact on a substrate where superhydrophobic patterns (contact
angle of 165°) were fabricated on a hydrophilic glass slide (contact angle of 50°). They noted that
the droplet can be split during the impact on the hybrid surface with a single stripe, and the split
time is independent of the impact velocity and is smaller than the contact time when only a fully
superhydrophobic surface is used. Li et al. (Li et al., 2017) analyzed the droplet migration on
hydrophobic—hydrophilic hybrid surfaces textured with pillars, consisting of hydrophobic side
walls and hydrophilic tops. They observed that the migration process gradually accelerated when
the droplet covers more hydrophilic area.

Evidently, there exist several studies on understanding of the droplet impact upon solid surfaces
with various contact angles. Yet, there is still a lack of examination regarding droplet impinging
on the superhydrophobic-hydrophobic—hydrophilic hybrid surfaces. Therefore, this study aims to
investigate the dynamics of Newtonian and non-Newtonian droplets impacting onto hybrid
surfaces through three-dimensional numerical simulations. To this end, a finite volume method

with the volume of fluid (VOF) model, adaptive grid technique, and variable time-step method in



Ansys-Fluent are employed. A wide variety of hybrid surfaces ranging from hydrophilic to
hydrophobic to superhydrophobic or vice versa are considered to obtain detailed understanding of
the process of droplet impact on these surfaces (i.e. Spreading diameter, droplet shape deformation,

and velocity distribution within the droplet).

2. Problem configuration and numerical method

Figure la shows a schematic of the initial condition of the considered droplets with the
characteristics presented in Table 1. The initial diameter of the droplet (do) is 227x10° m and the
Weber number is 32. Additionally, the initial pressure of the computational domain is kept constant
at 1 atm. The current analysis assumes an incompressible laminar flow, and hence, the governing

equations include conservation of mass, momentum, and energy in the following forms.

Continuity: V.V =0 1)
ot P p P
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The volume force, F,, on the right-hand side of Eq. (2) represents the gravitational and the surface
tension forces (Pasandideh-Fard, Pershin, Chandra, & Mostaghimi, 2002). The importance of
surface tension effect is determined based on the value of Weber number. The volume of fluid

(VOF) model treats energy, E, and temperature, T, as mass-averaged variables:
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where Eq depends on the specific heat of each phase and the average temperature. Furthermore,
fluid density and effective thermal conductivity (Kerr) vary among the phases. The source term, Sy,
contains the volumetric heat sources.

The employed finite volume method has been used with the VOF approach to track the temporal
evolution of the liquid free surface (Son & Kim, 2009). It is noted that the wide application of this
approach has turned it into an approved method for predicting droplet impact (Bussmann,
Mostaghimi, & Chandra, 1999; Yali, Lan, Shenggiang, & Guiying, 2014; Yokoi, Vadillo, Hinch,
& Hutchings, 2009). A color function, f, is introduced to represent the volume fraction of the liquid
phase in the computational cells (Baraldi, Dodd, & Ferrante, 2014). If the control volume is filled
with a single liquid phase, the color function is set to one, while it is zero when the control volume
is filled with pure air (Aniszewski, Ménard, & Marek, 2014; Karim, Prasad, & Rahman, 2014).
Otherwise, the color function value lies between zero and one. The advection function (f) is
expressed by the following equation.

of  (ow)f-

-a+WWQf_0 (5)
In addition, a power law relationship between viscosity and shear rate is assumed to model non-
Newtonian rheology. Here, the following power-law function is used (Taghizadeh & Razavi,

2009),

n=exp| a(Y(T-T,)-Y(T,-T,)) |k~ ©)

Arrhenius law
where, k and n are measures of the average fluid viscosity and the deviation of the fluid from the
Newtonian behavior, respectively. The values of k and n and the additional properties of the shear-
thinning non-Newtonian droplet properties are presented in Table 1. When the value of n is lower

than one, the droplet is considered as the shear-thinning (pseudo-plastics) non-Newtonian fluid



named X0.1 (Moon, Kim, & Lee, 2014). Further, to reduce the numerical error and to improve
convergence, the grid adaptation (Mousavi & Roohi, 2014) and adaptive time step (John & Rang,
2010) techniques were used. In this regard, the gradient approach to mesh adaptation was used in

which the gradient function takes the following form:

3 7
€| = (A )* V] (7)
In this method, the global time step based on courant number is calculated as follows.

COUglobal

At tgoing fl 8
max(z outgoing ux} (8)
each cell

global =

volume

It should be noted that since the simulation of the droplet process is sensitive to the Courant
number, the variable time stepping method was employed to keep the Courant number at or below
0.1.

It is emphasized that in this study, wettability is characterized by an equilibrium contact angle
model. It has been demonstrated that this model presents a good agreement between the numerical
simulations and experiments (Bordbar et al., 2018; Marengo, Antonini, Roisman, & Tropea, 2011).

3. Grid independency and validation

To check the grid independency, three grids with 35000, 65000, and 150000 cells were tested, and
the results of the maximum spreading diameter were presented in Table 2. Clearly, the results do
not change for grids containing more than 65000 cells. Further, Fig. 1b demonstrates a comparison
between the computed dimensionless diameter using 65000 cells with the experimental data
reported by Moon et al. (Moon et al., 2014). The obtained results from the present numerical
method are consistent with the experimental data for shear-thinning non-Newtonian droplet. In

addition, Fig. 1c displays a comparison between the numerical dynamic contact history images



4. Results and Discussion
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The boundary and initial conditions of the evaluated cases are similar to those presented in Table

1, and



Figure 5a-b represents the SF of Newtonian droplet impacting onto the surfaces with patterns of
P3-P4 and P5-P6. It can be seen that when P3 and P5 patterns are considered, the maximum SF is
larger than those of P4 and P6 patterns. Due to the existence of hydrophilic force on hybrid
surfaces, the drop tends to move from the hydrophobic sections to the hydrophilic part and the
migration process gradually speeds up. From another perspective, using hydrophilic to
hydrophobic surface can increase the contact length between the droplet and the surface with a
reduction in the hydrophobicity of the surface. Finally, the amount of the SF for patterns of P3 and
P5 is more than patterns of P4 and P6. By comparing the P3 and P5 patterns, more wetted area is
observable for the linear pattern of changing wettability (P3). Considering distribution of the
contact angles on the surfaces in these three patterns, the droplet is permanently affected by the
hydrophilic force in P3, and this force increases linearly with the drop motion. This is mainly
attributed to the fact that the enhancement of the energy barrier of P5 is more than that of P3,
which leads to a decrease in the hydrophilic force. Therefore, the droplet tends to spread more
quickly in P3. Eventually, the amount of SF in P3 is more than in P5. As stated earlier, the presence
of a hydrophilic-hydrophobic-superhydrophobic hybrid surface (P3 and P5) increases the amount
of SF. The reason for the increase in the SF level is the presence of hydrophilic force which
increases the pulling force of the droplet and thus enhances the spreading process.

Figure 6 compares the maximum SF as well as the residence time (RT) (Yong Park, Min, Granick,
& Cahill, 2012) of the Newtonian droplet in collision with the mentioned patterns. Evidently,
maximum SF of P3 is higher than that of in P1 as homogeneous hydrophilic surface. In addition,
when a linear pattern is used, the spreading drop can cover approximately 65% of the surface, but
it covers 59% of the surface for a stepwise pattern. The highest RT of the droplet is obtained when

colliding with P3 pattern. A remarkable feature is that the larger SP can lead to longer RT. This



means that the RT of P3 pattern is 68.75% more than the RT of P5 pattern and also this value has
increased by 18.75% for P3 in comparison with P1. Further, for P1, P3, and P5, the edge of the
drop sticks to the surface due to the presence of hydrophilic force, but for P2, P4, and P6, the edge
of the drop tends to separate from the surface. Therefore, the droplet receding time in P2, P4, and
P6 patterns is less than that of in P1, P3, and P5.

In general, due to the changes in RT values for different patterns, the contents of this section can
be used as a passive control method in different applications. For example, to improve the heat
transfer process, which is directly related to RT, the surface with P3 pattern can be used.
Conversely, heat transfer can be reduced by using a surface with P6 pattern. Figure 7 shows the
shape of the droplet at different times for two patterns of P3 and P6 as the patterns with the highest
and lowest spread factors. According to this figure, the drop spreads faster on the surface with P6
pattern because it is less affected by adhesion and the receding process for this pattern begins in
less time. Considering the behavior of the droplet in contact with a surface with P3 pattern, the
droplet requires more time to reach its maximum spreading on the surface. Also, by comparing the
droplet deformation, the entire area of the droplet tends to stick to the surface when using P3.
However, when the droplet collides with the surface with P6 pattern, the edge of the droplet is
detached from the surface due to the effect of the hydrophobic force, and this state is also seen
when reaching the maximum wetted surface.

Overall, the results of this section shows that the droplet spreading behavior strongly depends on
the surface wettability distribution. For instance, for a stepwise pattern, it depends on the number
of steps so that for cases with higher steps the spreading behavior is similar to the cases with linear
patterns (i.e., P5 and P6). As such, surface characteristics primarily govern the droplet dynamics.

4.2 Non-Newtonian droplet impact
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In this section, the behavior of non-Newtonian droplets on a surface with varying contact angles
and with the properties in Table 1 were examined. Figures 8a-c displays the SF when a non-
Newtonian droplet collides with the surface with P1-P2, P3-P4, and P5-P6 patterns. Furthermore,
Figure 9 compares maximum SF and RT for non-Newtonian droplets when using P1-P6 patterns.
Evidently, the highest and lowest SFs belong to the surfaces with P3 and P6 patterns, respectively.
As shown in Fig. 8, the longest time to reach the maximum SF for a non-Newtonian droplet is
obtained when using surface with PS pattern, while in the Newtonian drop this value belongs to a
surface with P3 pattern. The reason for this change in behavior is the difference in the viscosity of
the non-Newtonian drop which is related to shear rate and 9-60 times larger than the viscosity of
Newtonian droplet. Also, compared to Newtonian droplets, the maximum SF for all similar
patterns has decreased. This is because for the non-Newtonian droplet the viscosity is larger than
that of the Newtonian droplet and therefore, the contribution of viscous forces increases.
Consequently, it creates a resistance to the movement of the droplet on the surface. In addition, it
is clear from Fig. 9 that the maximum and minimum RTSs are obtained when the surfaces with P5
and P6 patterns were used, respectively. Furthermore, the spreading drop can cover approximately
58% of the surface with linear pattern (P3) and this value is 49% for the surface with the stepwise
pattern (P5). Comparison between RT for Newtonian and non-Newtonian droplet shows that the
maximum RT is related to maximum SF for Newtonian droplets, while it is not the case for non-
Newtonian droplets where the maximum RT occurs for P5 that does not exhibit the largest SF.

Figures 10 and 11 show a comparison between the Newtonian and the non-Newtonian droplet
structures and wall shear stress distributions at various impact times, respectively. In both cases,
the droplet edge is attached to the surface (see Fig. 10). However, the maximum wetted surface of

Newtonian droplet is 10.87% more than that of the non-Newtonian one due to the fact that the non-
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Newtonian droplets are more viscous than the Newtonian ones. Therefore, the resistant force
against the spreading of the non-Newtonian droplet is larger in comparison to the Newtonian
droplet. Figure 11 illustrates the wall shear stress as a main factor of resistance against the fluid
motion. There are different behaviors in shear stress distributions at the edge of the Newtonian and
non-Newtonian droplets. This is such that the value of this parameter for non-Newtonian droplet
is much more than (5 to 15 times related to impact time) that of the Newtonian one at the edge of
the droplet. As a result, the SF of Newtonian droplet is more than one for the non-Newtonian
droplet.

Figure 12 represents the velocity distribution on the phase interfaces iso-surface with the value of
0.5 at the dimensionless time of 0.32, 0.7, 0.93, 1.18, and 1.26 for P5 and P6 patterns. Considering
the behavior of droplets at the time steps of 1.18 and 1.26, while droplet is spreading on the surface
with P5, the retraction of droplet on the surface with P6 is initiated. This is because hydrophilic
surface plays a central role in P5 at these time, while for P6 the superhydrophobic surface has a
leading role. In addition, the droplet migration can be promoted by increasing the role of contrast
in surface wettability (hydrophobic or superhydrophobic surfaces) as illustrated in Fig. 12. The SF
with P6 reaches its maximum value in a shorter time (approximately 0.62); consequently, the
receding process occurs faster in the surface with P6. The above set of results highlight the ability
of hybrid surfaces to manipulate the movement and deflection of droplets as well as transport
droplets and control the bouncing behavior. These are of significance in industrial,
biotechnological, bio-molecular, microfluidic, encapsulation and electrochemical applications.

5. Conclusions

While modifying the wettability characteristics of a surface can control the structure, movement,

and deflection of droplets with numerous technological and industrial applications, studies
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regarding droplet impacts onto a surface with a combination of various contact angles (known as
hybrid surfaces) are scarce. To partially fill this knowledge gap, this study presents a numerical
investigation on the dynamics of Newtonian and non-Newtonian droplets colliding with hybrid
surfaces with various wettabilities. The results demonstrated that the amount of SF for patterns P1,
P3 and P5 is more than that of patterns P2, P4, and P6 for both Newtonian and non-Newtonian
droplets. The largest RT of the droplet is obtained when colliding with P3 pattern. Furthermore,
for P1, P3, and PS5, the edge of the drop sticks to the surface due to the presence of hydrophilicity
force, but for P2, P4, and P6, the edge of the drop tends to separate from the surface. Therefore,
the droplet receding time in P2, P4, and P6 patterns is much less than that when using P1, P3, and
P5. In addition, the longest time to reach the maximum SF for a non-Newtonian droplet is obtained
when using a surface with P5 pattern, while for the Newtonian drop this value belongs to the
surface with P3 pattern. Moreover, the maximum and minimum RTs of non-Newtonian droplet
are obtained when surfaces with P5 and P6 patterns are used, respectively, while for the Newtonian
droplet the maximum RT is related to P3 pattern. Finally, the value of wall shear stress for non-
Newtonian droplet is much more than that of Newtonian one at the edge of the droplets. These
findings highlight the functionalities of hybrid surfaces in manipulating the spreading, retraction,
contact time, and contact line of impacting droplet which have major applications in chemical,
medical, and biotechnological industries, and thereby, requiring further attention.
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Table 1. Properties of DI-water and X0.1 droplets at 298.15 K, and initial condition of the

droplet impact, consistent with Moon et al. (Moon et al., 2014).

Mo P K YLV Do, Weber
n Be (°)
(Pa.s) (kg/m?) (Pa.s") (N/m) (m) numbe
DI-
0.001 998.2 - - 0.072 79.7 227x10° 32
water
X0.1 0.375 999 0.41 0.1069 0.0707 79.7 227x10° 32
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Table 2. Grid independency test

Number of cells 35000 65000 150000

Maximum spreading diameter, 2.7 2.1 211
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