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Surface roughness has been known to facilitate droplet breakup, but the effects of surface morphology on
the breakup threshold have not yet been quantitatively clarified. In this paper, numerical simulations are
carried out to investigate the fate of a shear-thinning droplet impacting on specially designed randomly
rough surfaces. By resorting to a total of 1380 in-silico experiments, deposition state diagrams are con-
structed, which can offer three types of state as a function of the Weber number and the surface morphol-
ogy quantified by the root-mean-square roughness (Rr) and the Wenzel roughness parameter (Wr).
Results show that it is Rr rather than Wr that can effectively promote droplet splash. Furthermore, critical
velocities that can ensure a non-splashing state are identified for different sized droplets impacting on
surfaces with different morphologies. This quantitative information has great potential to facilitate oper-
ational optimization in a wide range of applications demanding non-splash droplets.

© 2021 Elsevier Ltd. All rights reserved.

1. Introduction

The phenomenon of a droplet impacting on a rough surface has
always been a highly researched topic in the field of fluid dynam-
ics, being of great importance in a wide variety of agricultural and
engineering practices, such as crop spraying (Bergeron et al., 2000;
Wirth et al., 1991), spray coating (Li et al., 2007; Xiao et al., 2010),
ink-jet printing (Dam and Clerc, 2004), and forensic research
(Adam, 2013; Li et al., 2021; Smith et al., 2018).

In internal combusting engines, the evaporation, combustion
and, emission of fuel oil is heavily influenced by droplet impact.
For ink-jet printing, the droplets impacting the surface should
not splash in order to obtain the optimal printing quality. In some
cases, the droplets break up, forming satellite droplets depending
on the nozzle geometry and ink properties, which greatly affects
the printing quality (Dong et al., 2014). In the automobile industry,
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a complex spraying method is used to paint vehicles. This process
faces a variety of technical challenges, as the quality of the final
coating can be affected by the slight imperfection of the initial sur-
face. The case of spray painting of vehicle panels, can be described
as a process where a liquid film is formed by many tiny droplets
impacting on a solid surface. It is extremely difficult to ensure a
uniform coating if the paint-based droplets are broken upon
impact, forming a number of secondary droplets, which can nega-
tively affect the appearance and aesthetics of vehicle coatings. The
challenging and important task of controlling the coating quality
can be facilitated by using simulations. Xiao et al. (2018) have pre-
viously used the phase field method to simulate the deposition
process of paint-based droplets on random rough surfaces, how-
ever, the splashing processes have yet to be explored.

Droplet impact dynamics are influenced by the liquid proper-
ties, impact parameters, and substrate properties and topology.
The dynamics can be categorized as droplet deposition without
breakup, corona splash, prompt splash, fingering splash, receding
breakup and, partial or complete rebound (Allen, 1975; Chen
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Nomenclature

F volume force vector (N-m~3)

g gravity vector (m-s2)

G chemical potential (J-m~3)

h; height of the data point (m)

h mean height of all n data points (m)
m the consistency coefficient (Pa-s™)
n power law index

M mobility (m3.s-kg™1!)

p pressure (Pa)

Re Reynolds number

Rr root-mean-square roughness (pum)
u velocity (m-s™1)

Ug velocity of impact (m-s™!)

We Weber number

Wr Wenzel roughness

Greek letters

volume fraction

interface thickness (m)

contact angle (°)

mixing energy density (N)

density (kg-m~3)

surface tension (N-m™1!)
dimensionless phase-field parameter
mobility tuning parameter (m-s-kg ')
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et al., 2018; Cossali et al., 1997; Cossali et al., 2008; Marengo et al.,
2011; Mehdizadeh and Chandra, 2004; Moita and Moreira, 2007;
Roisman et al., 2002). The fingering splash, and receding breakup
are two common breakup results, which become main focuses of
this paper. Thoroddsen et al. (2005) showed that droplet fingers
can either split during the spreading process due to the presence
of trapped air under the droplet, resulting in a fingering splash,
or merge during the recoiling process. Pan et al. (2010) concluded
in their study that a receding breakup occurs when a droplet finger,
or lamella with little inertia is unable to merge with the central
droplet during the recoiling process. The Weber number, which
characterizes the ratio of impact inertia to surface tension, has
been used to describe droplet splashing threshold in most of exper-
imental and theoretical studies:

_ PDoug
T o

We (1)

where p and ¢ are the liquid density and surface tension respec-
tively; Do, ug are the initial droplet diameter and impact velocity.
Wachters and Westerling (1966) investigated the normal impact
of a droplet (2.3 mm in diameter) on a hot gold wall and identified
a critical Weber number of 80, above which the drop disintegrates
upon impact. Based on findings by Wachters and Westerling (1966)
and others, Wang and Watkins (1993) modelled diesel spray
impingement on walls and proposed that a diesel droplet, after
impacting a solid wall, would either rebound, or stick and shatter
on the wall, depending on the impact energy, with We = 80 as the
critical condition of shattering. Stow and Hadfield (1981) and
Mundo et al. (1995) used another parameter, K, to determine the
splashing/non-splashing outcomes,

K = We - Re? (2)
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where u is the viscosity of the liquid. Splashing occurs when K is
above a critical K., which was obtained through the fitting of exper-
imental data, however, no general agreement exists on the correla-
tion between K. and surface roughness. Latka et al. (2012) and Lei
et al. (2005) showed that a corona splash can only be observed
for very smooth surfaces. They used a constant critical capillary
number, Ca, as the splash threshold.

We
Ca= Re (4)

Re 3)

Wal et al. (2006) used liquid droplets of various viscosities for
impact experiments onto a very smooth substrate. Therein, splash-
ing upon impact on a dry surface can be reasonably described by,
reflecting the competing roles of surface tension and viscosity.
Riboux and Gordillo (2014) deduced a criterion to determine the
critical velocity for which deposition or corona splash occurs on
a smooth dry surface.

Most of the studies mentioned above focused on droplet splash-
ing on a smooth surface, but in reality, most solid surfaces are ran-
domly rough. The dynamic study of droplet impact on smooth or
patterned surfaces rather than randomly rough surfaces must devi-
ate from real life situations. The study of droplet impact on a ran-
domly rough surface is much more challenging than that on a
controlled surface, resulting in a limited number of studies on
the droplet splashing process on randomly rough surfaces. Lei
et al. (2005) and Li et al. (2010) showed that prompt splashing
takes place on a rough surface, where secondary droplets are emit-
ted from the breakup of the liquid rim just after the impact.
Roisman et al. (2015) found that on rough surfaces the main
parameters that induce splashing are the roughness of substrate
and the impact Weber number. They have proposed an empirical
correlation for the prompt splash on rough and porous substrates
based on their experimental data. Kai and Feuillebois (1998) crite-
rion for splash threshold was based on a critical Weber number,
which depends on the surface roughness. Tan (2017) carried out
3D simulations of splashing of micrometer-sized water droplets
on dry micro-structured surfaces. Their findings showed that both
initial impact velocity and surface morphology play an important
role in droplet splashing.

A tremendous volume of analytical, experimental and, numeri-
cal studies have investigated droplet splashing; however, the
splashing model has not yet been tested for complex fluids. Non-
Newtonian fluids are very common in industry and daily life,
including asphalt, suspensions such as blood, and some food items
such as ketchup, creams etc. The research on non-Newtonian fluids
will benefit many industrial fields, having more practical signifi-
cance, and a higher application value. Bertola and Haw (2015)
developed a volume of fluid (VOF) model to simulate a fuel droplet
impacting and splashing on a wetted surface. The simulation
results showed that the pressure gradient inside liquid was the
main factor influencing droplet behavior. Smith et al., 2018 inves-
tigated the influence of surface roughness and wettability on the
splashing limit of droplets of blood, a non-Newtonian colloidal
fluid; they found that surface roughness plays a far more major
role in the threshold of the splashing/non-splashing behavior of
blood compared to the wettability. Chen et al. (2018) demon-
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strated that the induced non-Newtonian elongational viscosity
causes strong energy dissipation, while the elasticity of polymer
chains slows down droplet retraction and increases the contact
time of rebounding. de Goede et al. (2018) investigated the effects
of surface wetting properties and the surface tension of the liquid
on the splashing velocity of the droplet, however, blood was mod-
eled as a Newtonian fluid while it was subjected to high shear rates
in that study.

The aforementioned studies show that research on the dynamic
splashing process of non-Newtonian fluid droplets on randomly
rough surfaces is limited. Even though the deposition dynamics
of both Newtonian and non-Newtonian fluids on randomly rough
surfaces have been investigated (Zhang et al., 2014; Xiao et al,,
2018; Xia et al., 2019), they were limited to droplet deposition
without breakup. In order to improve our understanding of droplet
splashing, research on the splashing process of non-Newtonian
fluid droplets on randomly rough surfaces is of urgent need. In this
work, a numerical model based on the phase field method was
developed to identify the splashing threshold of shear-thinning
droplets on randomly rough surfaces. Systematic analyses were
then conducted to explore how carefully designed surface morpho-
logical metrics and the Weber number can affect droplet splashing
behavior, based on which the deposition state diagrams were con-
structed. Critical droplet velocities for different sized droplets
impacting on surfaces featuring different roughness that can pre-
vent splashing, have also been determined to guarantee the protec-
tion and aesthetics of the coating surface.

2. Modeling and simulation methods

As previously stated, despite the popularity of research on
impacting droplets, few focused on droplet splashing on randomly
rough surfaces, and almost none used non-Newtonian droplets. In
real-life, however, majority surfaces are randomly rough, and com-
mon fluids used in industrial processes are non-Newtonian. Thus,
identification of the breakup threshold of a non-Newtonian droplet
on randomly rough surfaces would be of great significance to many
manufacturing steps. This work contains comprehensive simula-
tions of non-Newtonian droplets on randomly rough surfaces,
which are used to determine the effects of surface roughness on
the behavior of the droplet upon impact, more specifically, finger-
ing or receding breakup of the droplet.

2.1. Governing equations

For incompressible fluids, conservation equations of mass and
momentum govern the fluid flow:

V.u=0 (5)

ou

p§+p(u~V)u:V- [-pI + W(Vu + Vu")] +F (6)
where, u represents the velocity, m-s~!
is the external volume force that acts on the fluid, N-m

A phase field method is adopted to track droplet surface during
the impacting process. The liquid-gas interface is tracked by the
Cahn-Hilliard equation (Cahn and Hilliard, 1958; Liu et al., 2013;
Xiao and Chaudhuri, 2012):
¢

S UV =V (MVG) (7)

; p is the pressure, Pa; and F
-3

where ¢ is the dimensionless phase field variable, M is the mobility,
m3.s-kg~!, and G is the chemical potential, Pa. Detailed equations for
the phase field method can be found in Xiao et al. (2018).
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2.2. Initial and boundary conditions

To better track the gas-liquid and liquid-solid interfaces during
the process of droplet impact on the randomly rough surface, the
mesh of the domain contains very fine grids on and adjacent to
the rough surface for capturing droplet impact dynamics (see
Fig. 1).

In this study, the size of the simulation domain is
180 wm x 60 pm. The surface has a non-uniform morphology, so
for each specific case, a total of five simulations were conducted
with five different droplet impact locations: i.e., 3 pum and 6 pm
to the left side, central position and, 3 pm and 6 pm to the right
side (Fig. 1(b)).

The initial air-liquid interface (i.e., the boundary between air
and liquid) is plotted as the dashed line in Fig. 1(b). This boundary
changes as the liquid moves. Air inlets were applied to the left
boundary, and air outlets were applied to the right and top bound-
aries. The air inlet velocity is set as 0. The wettability of the bottom
rough surface is determined by setting the intrinsic contact angle
and the physical morphology of the surface. The intrinsic contact
angle is 0p, and the physical topography of the surface is directly
plotted in the geometry of the simulation system (Fig. 1).

The initial velocity of the droplet is 0. To obtain a specific veloc-
ity at which the droplets impact the surface, a temporary volume
force is applied to the liquid droplet before impacting the wall,
expressed as:

F=p2-<#7 ) ®)

where p, is the density of the droplet, kg-m; g is the velocity of

the droplet when it first touches the surface, m-s~'; h is the distance
travelled by the droplet upon impact, m (set at 25 pm); and g is the
gravitational acceleration of the droplet, m-s~2. It should be pointed
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Fig. 1. The simulation system: (a) computation domain with boundary conditions,
and (b) the mesh grid together with five different droplet initial locations.
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out that the volume force is removed once the droplet impacts the
surface.

2.3. The properties of the droplet

In this work, paint droplets were used as the tested non-
Newtonian liquid in the simulation. It is a metallic automotive
waterborne basecoat, i.e., a real paint whose rheological properties
are thoroughly reported by Xu and Koelling (2005). Table 1 lists the
specific parameter values of the droplet and surface properties
used in this paper. The initial droplet diameter (Do) ranges from
27 pm to 32 pm, and it is positioned 25 pm above the rough sur-
face (see Fig. 1(a)). The density and surface tension are, respec-
tively, 1080 kg-m—> and 0.02 N-m~!. The intrinsic contact angle
of the surface 6, is 80°. An additional volume force F (N-m—3) was
exerted on the droplet to achieve the impact velocity of
7~16ms™.

According to Eq. (1), droplet diameter and its impact velocity
can be designed to offer desirable Weber numbers. Fig. 2 shows
all settings of the diameter and the corresponding impact velocity
adopted in this work. Each symbol in the figure corresponds to the
settings in one in silico experiment.

It should be noted that, in addition to the shear-thinning behav-
ior, a paint material may demonstrate thixotropy and viscoelastic-
ity. For the particular paint under an operational temperature of
20 °C investigated in this work, however, the thixotropy and vis-
coelasticity can be neglected. The shear viscosity in relation to
the shear rate is described by the power-law equation (Xu and
Koelling, 2005):

ou ™!
=m(— 13
p=miy) (13)
where m is the consistency coefficient (Pa-s™) and n is the shear-
thinning behavior index. The droplet viscosity decreases as shear-
rate increases for the entire range. Fig. 3 shows the viscosity of
the shear-thinning droplet.

2.4. Characterization of the randomly rough surface

The aim of this work is to investigate how the topography of
randomly rough surfaces can affect droplet breakup behavior.
Weierstrass-Mandelbrot (W-M) fractal function was used to create
the randomly rough surfaces in this work (Fu et al., 2017). This
function allows us to construct surfaces with two types of well-
defined roughness.

Root-mean-square roughness in pum, Rr, is defined as,

(14)

where h'is the mean height of all n sampling points on the surface.
Wenzel roughness, Wr, is the ratio of liquid-solid contact area
to its projected area,

Table 1
Properties of the droplet and the surface.
Properties Values
Temperature/C 20
Diameter/pm 27 ~ 32
Density/kg-m > 1080
Impact velocity/m-s~! 7~16
Surface tension/N-m~! 0.02
Intrinsic contact angle/° 80
Non-Newtonian viscosity/Pa-s m:0.3485 n:0.648
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Wr=— (15)
So

Wenzel roughness (Wr) and root-mean-square roughness (Rr),
as quantitative metrics of specific surface topography, are the
two most widely used methods to characterize rough surfaces.
Our work makes it possible to independently study the effects of
Wr and Rr on droplet breakup, which is one of the major contribu-
tions of this work. The surfaces under investigation are plotted in
Fig. 4 with Wr and Rr clearly indicated.

2.5. Design of in silico experiments and data analysis method

Both the Weber number and the surface roughness play a major
role in influencing droplet breakup. As can be seen from Eq. (1),
there are multiple ways of changing We. One of the methods is
to change only the impact velocity, and the other method is to
change the impact velocity along with the droplet diameter to
get the same We as in the former method. In this work, to demon-
strate the generality of the findings, the two methods were both
adopted to change the Weber number. The combinations of impact
velocity and droplet diameters deigned in this work are given in
Fig. 2. According to the W-M function, nine rough surfaces were
constructed (see Fig. 4). The five surfaces on the left side have
the same Wr but different Rr. The right side five have the same
Rr but different Wr. Due to the irregular surface structure, five ini-
tial droplet locations were simulated for each set of simulation on a
surface. In order to identify critical We (i.e., breakup threshold) for
a surface, 13-15 groups of simulations with different We values
were designed. In total, 1350 in silico experiments were per-
formed, i.e., 130 to 150 simulations for each surface.

Deposition state diagram. When a droplet splits during the
spreading process to form secondary droplets, a fingering splash
occurs. When a droplet is broken up during the receding phase, a
receding breakup occurs. The computation can be terminated after
the detection of a breakup. Otherwise, the droplet is non-splashing.
These three types of deposition state of the droplet can be plotted
in a Weber number vs. surface roughness figure, which is the depo-
sition state diagram. Note that for a specific Weber number and a
specific roughness, there are 10 in silico experiments. Five of them
correspond to five impact locations with a Weber number designed
by varying the impact velocity only and the other five correspond
to a Weber number designed by varying both impact velocity and
droplet diameter. It should be emphasized that the corresponding
We for a specific deposition state can be determined only when all
10 experiments result in the same droplet deposition state.

Critical impact velocity. Based on the deposition state diagram,
the critical We, below which a non-splashing state can be ensured,
as a function of surface roughness can be identified. In many appli-
cations, droplet breakup needs to be avoided. It is useful to offer
critical impact velocity for certain-sized droplet on surfaces with
certain roughness.

o - Wen\ 12
Upe = (W) (16)
where Wel"™ is the critical Weber number identified from the depo-

sition state diagram.

2.6. Simulation and analysis procedure

To quantitatively explore breakup behavior of a non-Newtonian
droplet on randomly rough surfaces, a general procedure is listed
below.

Step 1: Design of in silico experiments. Based on the size of dro-
plets under investigation, determine the size of the simulation
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Fig. 2. Settings of the droplet diameter and the impact velocity adopted in this work: (a) for cases with different R,, and (b) for cases with different W,.

10

—
1

<
—_
T

viscosity (pa-s)

0.01 0.1 1 10 100 1000

shear rate (s7!)

Fig. 3. Shear thinning behavior of the paint droplet.

domain that can accommodate the deformed droplet impacted on
the surface. The randomly rough surfaces can be constructed
according to the W-M fractal function (see Fig. 4). Droplets’ diam-
eter and impact velocity are systematically designed in order to
explore a desirable range of Weber numbers (see Fig. 2). At the
same time, for the shear-thinning fluid, obtain values of the consis-
tency coefficient and power law index in the viscosity model (i.e.,
Eq. (13)).

Step 2: Simulation of droplet impact process. The dynamic
splashing process of shear-thinning droplets on randomly rough
surfaces can be modeled using the phase field method (Eq’s. (5)-
(7)). Simulations were carried out using COMSOL Multiphysics
software (COMSOL, 2018). Multiple initial locations of the droplet
are adopted for a case with a specific combination of droplet size
and impact velocity so that all geometric features of an irregular
surface can be sampled (see Fig. 1(b)). Desirable impact velocities
can be achieved by implementing a temporary body force calcu-
lated by Eq. (8).

Step 3: Generation of the deposition state diagram. The output
from each in silico experiment is the fate (i.e., the deposition state)

of the droplet after the impact. As mentioned earlier, one of the
three states, i.e., fingering splash, receding breakup and non-
splashing, identified from the simulation is recorded as the output.
Carrying out all in silico experiments offer a series of state data. A
deposition state diagram is generated by plotting these states
using specific symbols in a Weber number vs. roughness figure.
Step 4: Identification of the critical Weber number. Based on the
deposition diagram constructed in Step 3, for each surface rough-
ness (either Rr or Wr), identify the maximum We that can offer
non-splashing states for all in silico experiments designed for that
specific We. It is a critical Weber number, We", below which a
non-splashing state can be ensured. Similarly, identify the mini-
mum We that can offer all fingering splash states. This is the other

critical Weber number, We’C"i”, above which a fingering splash can
be ensured. After connecting all critical Weber numbers by lines,
the deposition state diagram is divided into three zones. The zone
below We™ corresponds to a non-splashing state and the zone

above We?”” corresponds to a fingering splash state, while the mid-
dle zone is a transition zone within which three states coexist.
Step 5: Identification of the critical impact velocity. Given the
surface roughness and the size of the impacting droplet, a critical
impact velocity can be calculated by Eq. (16). Droplet impact veloc-
ity needs to be controlled below the critical velocity in order to

ensure a non-splashing state.

3. Results and discussion

The simulation and analysis method introduced in the previous
section is general and can be applied to a variety of processes
involving droplet deposition. The phase field model was validated
by experimental results reported in German and Bertola, 2009.
Detailed validation results as well as parameter settings are pre-
sented in the Appendix. Paint droplet deposition for coating forma-
tion is selected in this work to demonstrate the capability of the
developed approach. Splashing of droplets should be avoided for
achieving decent coating quality (Li et al., 2007). The properties
of paint droplets are given in Table 1. The geometry of the simula-
tion system is displayed in Fig. 1. The 2D simulation box has a
length of 180 pm and a height of 60 pum. The bottom rough surface
is one of the Self-affine fractal surfaces in Fig. 4. In this section, the
effects of the two types of surface roughness on the droplet splash-
ing behavior are discussed and summarized. Moreover, we will
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Fig. 4. Self-affine fractal surfaces (left column: surfaces with different Rr but the same Wr, right column: surfaces with different Wr but the same Rr).

show how one can prevent droplet splashing, by controlling the
surface roughness, droplet size, together with its impact velocity.

3.1. Effect of Weber number on droplet breakup

In this work, a surface with Rr= 0.5 pm and Wr = 1.8 is selected
as a base case surface. In silico experiments were carried out. Rep-
resentative deposition dynamics are given in Fig. 5.

As can be seen in Fig. 5, a droplet of 30 um deforms once it
impacts on the rough surface. Due to the shear thinning property
of the fluid, the large shear stress during the spreading process
deforms the droplet to almost a flat plate with two rims. After
reaching the maximum spreading, the droplet begins to recede
back. When the impact velocity is 9.3 m/s, no breakup can be

observed. Increasing the velocity to 10 m/s, two tiny secondary
droplets can be identified adjacent to the bulk droplet during the
receding stage, indicating receding breakup. Further increase of
velocity to 11.2 m/s leads to the separation of two rims (or fingers)
from the bulk droplet during the spreading stage. These results
show that increasing Weber number can lead to the deposition
state transition from non-splashing to receding breakup and fur-
ther to fingering splash.

To quantitatively evaluate the effect of Weber number on depo-
sition state, a series of in silico experiments were conducted whose
results are given in Fig. 6. The following discussions are based on
the results for the base case surface with Rr = 0.5 um and
Wr = 1.8 (see the symbols in the middle column of Fig. 6). For each
specific Weber number, 10 symbols can be identified as results
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Do =30 um uo = 11.2 m-s! We =203.2

(b) (c)

Fig. 5. Deposition dynamics of shear-thinning droplets on a random rough surface (Rr = 0.5 pm and Wr = 1.8) under different Weber numbers: (a) non-splashing, (b) receding

breakup during the receding phase, and (c) fingering splash during the spreading phase.

from 10 in silico experiments. These 10 simulations can be divided
into two groups, i.e., five simulations in each group corresponding
to five different droplet impact locations on the same surface (see
Fig. 1(b)). The series of left 5 symbols corresponds to the change of
the initial impact velocity as a means to alter the Weber number,
with the droplet diameter held constant at 30 pm, and the droplet
impact velocity ranging from 7 m-s~! to 16 m-s~. The series of the
right 5 symbols corresponds to the cases by changing both the ini-

tial impact velocity and the droplet diameter to get the same We as
the left 5 symbols. When We is sufficiently high, as shown in Fig. 5
(c), the fingers will form at the periphery of an expanding lamella
after the droplet impacts the surface at t = 12 ps. Due to the high
outward momentum of the fingers, they then break, resulting in
secondary droplets which shed out from the rim (see Fig. 5(c)).
The critical We, We™", can be identified as 203.2; for the corre-
sponding left 5 star symbols (Fig. 6), the droplet diameter is
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Fig. 6. Deposition state diagram for shear-thinning droplets impacting on surfaces with different Rr but the same Wr. The insets show the final droplet shape after the impact
for three representative in silico experiments.
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fingering splash

transition zone
from non-splash to
receding breakup

non-splashing

Rr=03 pum Rr= 0.4 pm Rr= 0.5 pm Rr= 0.6 pm Rr= 0.7 pm

Wr=1.8 W= 1.8 Wr=1.38

Wi=1.8

Wi=1.38

Fig. 7. Critical Weber numbers as a function of Rr for shear-thinning droplets impacting on randomly rough surfaces. The green, red, violet and gray zones correspond
respectively to non-splashing, transition I (non-splashing to receding breakup), transition II (receding breakup to fingering splash), and fingering splash states. (For
interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)

30 pum and the impact velocity is 11.2 m-s~!, and for the right 5
stars, the diameter is 31.5 um and the impact velocity is 10.9 m-s~ .
When We is lower than the critical value, We", 140.1, only non-
splashing state can be identified (see Fig. 6). Droplets experience
two phases, the spreading phase, and the receding phase to reach
an equilibrium state (see Fig. 5(a) for the corresponding morpho-
logical evolution of the impacting droplets). Corresponding param-
eters of droplets for 10 green dot symbols at We = 140.1 (see Fig. 6),
are respectively 30 pm, 9.3 m-s~! and 28.75 pm, 9.5 m-s”'. In
between We™ = 203.2 and We™ = 140.1, three states are all pos-
sible. At We = 158.8, ten in silico experiments offer the same out-
put, which is the receding breakup state (see Fig. 6). The left five

square symbols have the parameters of 30 um and 9.9 m-s~},

and the parameters of the five symbols on the right are 29 pm
and 10 m-s~'. Droplets will breakup during the receding phase.
The outer rim of the droplet cannot follow with the center of the
droplet to retract to an equilibrium state, resulting in a receding
breakup. In this special region from Wel"™ =140.1 to

We™" — 203.2, droplet deposition state transits from non-
splashing to receding breakup and further to fingering splash.

3.2. Effect of root-mean-square roughness on droplet breakup

Surface structure is another important factor affecting droplet
breakup. In this work, in addition to the base case surface, eight
additional randomly rough surfaces (see Fig. 4) were investigated
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Fig. 8. Deposition state diagram for shear-thinning droplets impacting on surfaces with different Wr but the same Rr.
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to explore the effects of surface roughness on droplet deposition
dynamics. In this section, the five surfaces to be compared have
the same Wr but different Rr (the left set of surfaces in Fig. 4).

After running all in silico experiments, the deposition state dia-
gram can be generated (see Fig. 6). The influence of Weber number
on droplet breakup does not change with the roughness. For all
surfaces, increasing We leads to transition of deposition state from
non-splashing to receding breakup and further to fingering splash.
However, change of the root-mean-square roughness Rr has signif-
icant impact on critical Weber numbers. A larger surface roughness
results in lower critical Weber numbers, i.e., a more effortless
breakup. The Rr roughness promotes droplet breakup. As shown
in Fig. 4, an increase of the root-mean-square roughness enlarges
the size of the gaps between peaks, which increases the volume
of air trapped under a droplet during impact, thus increasing the
likelihood of breakup.

Linking critical Weber numbers by lines as described in Step 4
(see Section 2.6) yields Fig. 7. In addition to We™ and We™", the
Weber number offering ten receding breakup outputs are also con-
nected. In this way, two transition zones can be identified. As
shown in Fig. 7, the red zone indicates a transition (i.e., transition
I) from non-splashing to receding breakup and the violet zone cor-
responds to a transition (i.e., transition II) from receding breakup to
fingering splash. Deposition in the gray and green zone result in
respectively fingering splash and non-splashing state. By resorting
to this diagram, the fate of shear-thinning droplets impacting on
randomly rough surfaces can be quantitatively identified. Fig. 7
also shows that both We"™™ and We™" decreases drastically with
the increase of Rr, implying that droplet breakup favors surfaces
with high root-mean-square roughness.

3.3. Effect of Wenzel roughness on droplet breakup

In order to investigate the effects of Wenzel roughness, Wr, on
droplet deposition dynamics, the root-mean-square roughness Rr
was kept constant while various cases of Wr were considered. Five
surfaces are shown in Fig. 4 (the right column). Deposition state
diagram for changing Wr from 1.4 to 2.2 with Rr fixed at 0.5 pm

is shown in Fig. 8. It can be observed in Fig. 8 that, an increase in
We will cause the droplet to more easily breakup on each surface.
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It is interesting to note that, different from Rr, change of Wenzel
roughness Wr has far less influence on critical Weber numbers (see
comparison between Fig. 7 and Fig. 9). Despite both types of rough-
ness have been conventionally adopted for rough surface charac-
terization, they demonstrate distinct influences on droplet
breakup. Our findings indicate the necessity to differentiate these
two characterizations of surface structure in the study of droplet
impact process.

3.4. Critical impact velocity for ensuring a non-splashing state on
randomly rough surfaces

Although Fig's. 7 and 9 offer comprehensive deposition state
data, Weber number is not a straightforward variable that can be
manipulated by engineers overseeing the process in a real produc-
tion. According to Step 5 (see Section 2.6), one can obtain the max-
imum velocity at which droplets can impact the surface without
breakup.

Plotting the critical impact velocity as a function of root-mean-
square roughness and the droplet diameter yields a 3D surface plot
as shown in Fig. 10(a). Similarly, the other 3D plot can be generated
when the substrate surface varies in Wenzel roughness (Fig. 11(a)).
Corresponding 2D plots are Fig. 10(b) and Fig. 11(b), which show
how can surface roughness influence critical impact velocity for
different sized droplets. It can be concluded that for any specific
rough surface under investigation in this work, larger droplets tend
to break up more easily as compared with smaller droplets, hence
larger droplets demonstrate lower critical impact velocities (Fig. 10
and Fig. 11). Moreover, the critical impact velocity is far more sen-
sitive to the root-mean-square roughness than to the Wenzel
roughness regardless of the size of the droplet (see comparison
between Fig. 10 and Fig. 11). A surface with higher root-mean-
square roughness has a lower critical impact velocity, implying
easier droplet breakup (see Fig. 10). By resorting to these plots,
engineers, once know the surface roughness and the droplet diam-
eter, can easily prevent breakup of droplets upon impact by main-
taining their impact velocity lower than the corresponding critical
values. This quantitative information is of great convenience for
engineers to control processes involving droplet impact on rough
surfaces.

fingering splash

transition zone
from non-splash to
/1 receding breakup

non-splashing

Wi=22

Wi=2.0
R=05um R=0.5pm R=0.5pm R=0.5pm R=0.5um

Fig. 9. Critical Weber numbers as a function of Wr for shear-thinning droplets impacting on randomly rough surfaces. The green, red, violet and gray zones correspond
respectively to non-splashing, transition I (non-splashing to receding breakup), transition II (receding breakup to fingering splash), and fingering splash states. (For
interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
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Fig. 10. Critical impact velocity of droplets impacting on a randomly rough surface as a function of root-mean-square roughness and the droplet diameter: (a) a 3D plot and

(b) a 2D plot.

Umax (m's-l)

30
28 299\#\’@

—=—Dy=28 pm
—*—Dy=30 pm|
—+—Dy=32 um

>

S

W= 14 Wr=16 W=138 Wi=20 Wr=22

Rr=0.5 um Rr= 0.5 ym Rr= 0.5 ym Rr= 0.5 pmRr= 0.5 um

(b)

Fig. 11. Critical impact velocity of droplets impacting on a randomly rough surface as a function of Wenzel roughness and the droplet diameter: (a) a 3D plot and (b) a 2D

plot.

4. Conclusion

In this work, the breakup threshold of droplets impacting on
rough surfaces has been quantitatively investigated by resorting
to multiphase flow CFD simulations. Unique contributions of this
effort are summarized below: (1) The system explored is shear
thinning droplets impacting on randomly rough surfaces, which
is a representative system in nature and many industrial applica-
tions, but lacks even preliminary study. (2) Specially designed ran-
domly rough surfaces allowed us to differentiate the effects of the
root-mean-square roughness (Rr) and the Wenzel roughness (Wr)
on droplet breakup upon impact. (3) A depositions state diagram
was constructed based on a large number of systematically
designed in silico experiments. (4) Critical Weber number and crit-
ical impact velocities have been identified for surfaces with differ-
ent morphologies, which can greatly facilitate the control of
droplet deposition state.

10

Simulation results show that the Weber number and surface
morphology both influence the droplet deposition process. For
any specific surface, increasing Weber number leads to the transi-
tion of deposition state from non-splashing to receding breakup,
and further to fingering splash. Larger droplets break up more
readily as compared with smaller droplets, which is evidenced by
the lower critical impact velocities demonstrated by larger dro-
plets. Interestingly, both critical Weber number and critical impact
velocity are far more sensitive to Rr than to Wr regardless of the
size of the droplet. Thus, it is Rr rather than Wr that can effectively
manipulate droplet deposition state. Increasing Rr promotes
splashing.

In the future, the model can be extended to the study of droplet
impact on 3D randomly rough surfaces. It will be worthwhile to
explore droplets with different material properties, e.g., different
flow consistency index and flow behavior index, and even different
thixotropic and viscoelastic behaviors. Furthermore, challenging



H. Xia, X. Zhang and ]. Xiao

task of establishing empirical equations of critical Weber number
and critical impact velocities as a function of droplet size, property
and surface roughness will be pursued.
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Appendix. Model validation

To validate the phase field model in this work, numerical simu-
lation of the impact dynamics of a non-Newtonian droplet on a
smooth surface was carried out. The experimental data are from
German and Bertola (2009). The fluid is the xanthan gum solution
with a solute mass fraction of 0.5 wt%. The density of this fluid is
1000 kg/m> and the surface tension is 0.07 N/m. It's shear-
thinning behavior can be described by the power law model (i.e.,
Eq. (13)) with a consistency coefficient of 2.846 Pa-s®'?° and a
power law index of 0.129. A 3.42 mm droplet impacts on a parafilm
surface, whose roughness is only about 42-51 nm and the equilib-
rium contact angle is 95°. The impact velocity is 0.92 m/s, which
corresponds to a Weber number of 41. The same trend of the
spreading ratio evolution between the model prediction and exper-
imental data can be observed in Fig. A1. The model performs espe-
cially well in predicting the maximum and the final equilibrium
spreading ratios.

In the Cahn-Hilliard equation (i.e., Eq. (7)), the mobility governs
the diffusion-related time scale for the interface, whose value
should be appropriately determined. The mobility can be corre-
lated with the interface thickness as:
M = yé&? (A1)
where yx is the mobility tuning parameter (m-s/kg) and ¢ is the
interface thickness (m). In this work, ¢ is set to one half of the max-
imum mesh element size in the region through which the interface
travels. Four different values of y (i.e., 0.1 m-s/kg, 1 m-s/kg, 10 m-s/
kg and 100 m-s/kg) were tested. Fig. A2 shows comparisons
between model predictions and experimental data.

It is shown that increasing mobility leads to the decrease of the
equilibrium spreading ratio, i.e., a less spreading state of the final
equilibrium droplet on the surface. The value of mobility influences
the maximum spreading ratio as well. The best prediction was
achieved when the mobility tuning parameter is 1 m-s/kg (see
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Fig. A1. Evolution of the spreading ratio as a function of time for the 3.42 mm
shear-thinning droplet impacting on a parafilm surface with a Weber number of 41.
The definition of the spreading ratio can be found in Xiao et al. (2018).
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Fig. A2. Evolution of the spreading ratio as a function of time for the 3.42 mm
shear-thinning droplet impacting on a parafilm surface with a Weber number of 41:
comparison between experimental data and simulation results under different
values of mobility tuning parameter.

the blue line in Fig. A2), which was selected for all simulations in
this work.
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