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ARTICLE INFO ABSTRACT

Keywords: The high-speed impact of liquid droplets onto surfaces with different properties is a vast area of research.
Droplet impact The present study focuses on using numerical simulation to investigate the delicate early stages of droplet
Lubricant-infused surfaces impact onto both textured and lubricant-infused surfaces. An idealised two-dimensional model is utilised for

Interfacial flows a normal impact of an incompressible liquid droplet onto a surface of rectangular asperities and a thin layer

of lubricant. In experiments the length scale of the impinging droplet is typically much larger than that of
the surface asperities. The study here aims to complement such work by considering the same scaling, with
millimetre sized droplets impinging on surfaces with micrometre sized asperities. It is found that variations of
the surface properties have an insignificant effect on the location of the jet root and all dynamical changes are
focused in the thin splash jet ejected at impact. The effects that the parameters pertaining to a lubricant-infused
surface, namely the surface topology, lubricant depth and lubricant viscosity, have on the extent of the thin
splash jet are investigated in turn. Increasing the gap between the surface asperities results in a reduction in
the horizontal extent of the splash jet, while variations in lubricant depth and viscosity exhibit non-monotonic
effects. In each case phase diagrams are presented to characterise the early time splashing behaviour and
investigate the influence of impact velocity. Comparisons of a lubricant-infused surface to a superhydrophobic
surface, with no lubricant present, highlight the importance of the surface topology. The results presented in
this manuscript also highlight possible avenues of further research, both analytical and experimental, as well
as aid in the design of novel non-wetting surfaces.

Numerical simulation

1. Introduction is to build upon earlier experimental (Kim and Rothstein, 2016; Muschi
et al,, 2018) and numerical (Yeganehdoust et al., 2021) work on

Engineered surfaces that are able to control the dynamics of droplet droplet impact on lubricant-infused surfaces, with novelty arising from
impacts are an increasingly important area of research in today’s world. the consideration of splashing behaviour and the surface parameters

Droplet 1mp.aFt.s occur in a tremendous amount of industrial situations considered, namely the surface morphology, the lubricant depth and
such as anti-icing (Kim et al., 2012; Wang et al., 2016), spray coat- . . .
the lubricant viscosity.

ing (Fauchais et al., 2004) and fuel combustion (Moreira et al., 2010),

to name but a few. Being able to control the droplet impact using Lubricant-infused surfaces became of interest from seeking alterna-

surface engineering (Maitra et al., 2014a,b) can be hugely desirable. tives to superhydrophobic surfaces, as well as through the inspiration
Over the last decade, with inspiration from nature (Zeng et al., 2021), of surfaces seen in nature. Superhydrophobic surfaces, despite all their
there has been a large increase in attention to so-called lubricant- beneficial attributes (Antonini et al., 2011), do have weaknesses such
infused surfaces, where low surface tension lubricants are infused into as repellency only of liquids of relatively high surface tension, weak
porous or textured surfaces (Li et al., 2019; Preston et al.,, 2017; pressure stability and low mechanical stability. Methods to alleviate
Sett et al., 2017). These surfaces have been found to have excellent these drawbacks of superhydrophic surfaces were explored by Quéré

anti-icing (Kim et al., 2012) and anti-biofouling (Zhang et al., 2017) (2005) and further investigated by Wong et al. (2011) and Smith

properties. In this paper, we use numerical simulation to study the et al. (2013), showing lubricant-infused surfaces to have excellent anti-

normal impact of a millimetre sized droplet onto a lubricant-infused . . . . .
. . . o . wetting properties and pressure stability. Lubricant-infused surfaces
surface with micrometre sized asperities. The aim of the present study
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mimic surfaces seen in nature, such as the Nepenthes pitcher plant
surface (Bohn and Federle, 2004). This slippery surface has evolved to
be able to capture insects easier as they slide into the plant’s interior.

Droplet impact studies with lubricant-infused surfaces have received
little attention currently, both experimentally and numerically. Muschi
et al. (2018) examined the effect of varying the depth of the lubricant
layer of the surface on droplet impact dynamics. A spin coating method
was used to control the thickness of the lubricant and it was found that
the wettability and spreading and retraction dynamics were not greatly
affected by the change in lubricant thickness, so long as the surface
remained mostly homogeneous. The effect of the lubricant viscosity
was investigated by Kim and Rothstein (2016), where it was found
that lowering the lubricant viscosity led to an increase in the spreading
and retraction velocities of a droplet impact, as well as the maximum
spreading diameter. The lubricant viscosity was similarly tested by Lee
et al. (2014), who found that the stability of the lubricant inside
the nanotextured surface was improved by increasing the lubricant
viscosity. While the above studies concentrated on passive methods
for controlling the droplet impact dynamics, a recent study by Biroun
et al. (2021) focused on using surface acoustic waves as a way of
actively controlling the droplet impact dynamics. They found that
by applying surface acoustic waves to the droplet the contact time
was reduced. Using a numerical approach, Yeganehdoust et al. (2021)
considered the impact of a micro-droplet onto different micro-textured
surfaces. They compared results between a superhydrophobic surface
and a lubricant-infused surfaces, where the textures are filled with
lubricant, and found that droplet repellency and mobility on lubricant-
infused surfaces were improved on low-density micro-textures surfaces
compared to superhydrophobic surfaces.

In the present study, we aim to numerically examine the delicate
early stages of droplet impact, with emphasis on the splash jet that
is emitted at the point of impact. This splash jet is observed ex-
perimentally (Howland et al., 2016; Riboux and Gordillo, 2014) and
also predicted by the well established asymptotic structure known as
Wagner theory (Scolan and Korobkin, 2001; Wagner, 1932). Wagner
theory has been shown to accurately predict the radius of the wetted
region for droplet impacts (Riboux and Gordillo, 2014) (or, the location
of the jet root) as well as exhibiting excellent agreement with numerical
simulations (Cimpeanu and Moore, 2018). Extensions to Wagner theory
include considerations of surface deformability (Khabakhpasheva and
Korobkin, 2020; Negus et al., 2021; Pegg et al., 2018) and roughness
elements (Ellis et al., 2011) as well as surface water (Howison et al.,
2005) and ice formation (Elliott and Smith, 2017). Recently, Hicks
(2022) performed a study on a wide variety of continuous non-flat
surfaces, using Wagner theory to predict the leading order free-surface
shapes near impact. His model is able to go close to replicating the
influence of a textured surface on droplet impacts, with the caveat
that the surface shape must be continuous, without vertical surface
elements. The use of analytical methods such as Wagner theory has so
far been unable to model the leading order solution or the thin splash
jet for droplet impacts onto significantly textured, superhydrophobic
surfaces (and, extending further, lubricant-infused surfaces). To that
end, we will utilise direct numerical simulation to study the delicate
early stages of droplet impact on lubricant-infused surfaces in order to
access parameters unavailable to Wagner theory. So far a detailed study
of the early stages of impact when the depth of the surface asperities
are of the same order as the thickness of the splash jet has not been
performed. Our results will complement previous experimental results,
which are commonly performed as a millimetre sized droplet impinging
on a surface with micrometre sized asperities (Kim and Rothstein,
2016; Muschi et al., 2018), a situation in which the comparable scales
of the splash jet thickness and the surface asperities are likely to
hold (Howison et al., 2005).

Two-dimensional studies of droplet impact and splashing on flat
surfaces have been shown to be a reasonable approximation of the very
much three-dimensional problem (Wu and Cao, 2017). Despite the clear
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geometrical discrepancies, two-dimensional droplet impact dynamics
on flat surfaces are qualitatively very similar to experimental studies, a
matter which will be discussed below. The extension of this to textured
surfaces remains an open question, due to the lack of axisymmetry
exhibited by the surface. However, using a two-dimensional many-body
dissipative particle dynamics method, Wang et al. (2017) were able to
show close agreement on splashing with experimental results. As a first
approximation, a two-dimensional study of the delicate early stages
of droplet impact on textured and lubricant-infused surfaces is hugely
important to the initial understanding of this problem and has not been
reported previously in the literature. We make approximate, qualitative
conclusions on the impact of our results in reality, and do believe our
results build a basis for new research in the area.

The layout of this paper is as follows: in Section 2 the governing
equations and relevant parameters will be introduced, then in Sec-
tion 3 the computational methods for solving these and computational
domain information are given. After that, in Section 4 the results
will be presented. First, we will systematically study the influences
of parameters pertaining to lubricant-infused surfaces alone. Then, a
comparison will be made to effects on textured, superhydrophobic
surfaces. Finally, Section 5 will contain the conclusions.

2. Model setup and governing equations

Suppose a two-dimensional Cartesian circular liquid droplet of ra-
dius R approaches normally a rectangular textured surface with a
downward velocity V. The geometry of the textured surface is char-
acterised by three lengths; the height H, the width W and the gap G.
The textures are filled up to a depth 6 with a lubricant. Fig. 1 shows a
schematic of the problem, with the physical parameters labelled.

We are considering here a three phase fluid flow problem. The
three phases to consider are the liquid droplet, the surrounding air
and the lubricant. Each phase will be considered as an incompressible
Newtonian fluid with density p; and dynamic viscosity u; for i = [
(liquid droplet), i = g (surrounding air) and i = LIS (lubricant),
where LIS stands for “lubricant-infused surface”. The surface tension
between the liquid droplet and the air will be written o, ,, between the
liquid droplet and the lubricant will be ¢, ; ;5 and between the air and
the lubricant will be o, ; ;5. The effects of gravity are assumed to be
negligible and are not included in the simulations.

The fluid flow is modelled by the Navier-Stokes equations

%(pu) +V.(puu) = -Vp+ V- (u(Vu+ Vu')) +F, (1a)
a
24V (pu) =0, (1b)
ot

where ¢ is time, V = (9/dx,0/dy) is the two-dimensional gradient

operator, p is the pressure, u = (u,v) is the velocity vector, where u
is the horizontal and v the vertical components, and F is the surface
tension force. In order to accurately capture the free-surface of both
the droplet and the lubricant, Eq. (1) are solved in conjunction with
a volume-of-fluid (VOF) method. The VOF method defines a volume
fraction of each of the three phases at each point in the domain and
calculates the properties of the fluid at each point based on this volume
fraction, as follows. The sum of the volume fractions of all three phases
is equal to one everywhere,

a+a,+apg=1 (2)

Now, the density p and viscosity u in the Navier-Stokes equations (1)
are defined everywhere by

p=op+agp, + 5P rss (3a)
U=+ agpig +appghpgs- (3b)

The values of density p and viscosity u vary across regions in which
the fluid interfaces pass through. Hence, gradients of each need to
be considered and so the Navier-Stokes equations (1) are solved to
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Fig. 1. Schematic of the physical model set up with a textured surface.
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Fig. 2. Schematic showing the numerical domain and the boundary conditions.

account for non-constant p and u. The evolution of the free surfaces of
the droplet and the lubricant are calculated using the volume fraction
equation

%% V(@) =0 )
ot '

for i = I, L1S. Finally here, the surface tension force F is calculated
using the continuum surface force model (Brackbill et al., 1992), which,
for a three phase system, is formulated as

a;pik;Va; + a;p;x;Va;

F= Z i

pairs i,j, i#j

)

1
E(ﬂi +p j)

where the pairs ij are given by the three distinct pairs of the different
interfaces and «; is the curvature of the interface, given by

-y Va; ®)
e '<|Va,-|>'

3. Computational setup

The present study considers a water droplet (5, = 10° kg m™3,
w; = 1073 Pa s) in air (p, =12kg m3, He = 1.8% 1075 Pa s) of radius
R =1 mm. It is assumed that the lubricant is a member of the Krytox
series of lubricants, with a density of p; ;¢ = 1.85 x 10°> kg m~3 and
a vast range of viscosities (Peppou-Chapman et al., 2020). The surface
tension coefficients between the interfaces are taken as ¢, , = 7.3 % 1072
Nm™, 6,76 =53x102 Nm™! and 6, ;7g = 1.7%x 107> N m~L.
For the Krytox series of lubricant, despite vast varieties of viscosities,
the surface tension between the lubricant and the air/water remains
roughly constant (Peppou-Chapman et al., 2020).

We exploit the symmetry of the problem and only calculate the right
half of the droplet. The numerical domain on which our calculations are

performed is a two-dimensional square box with sides of length 4R =
4 mm. The surface texturing is achieved by having small rectangular
domains appended onto the bottom of the domain at y = 0, protruding
into y < 0, resulting in y = 0 being the top of the textures. The boundary
conditions on the top and right side of the domain are set as pressure
outlets, the left side of the domain is a symmetry boundary and the
bottom, including all the sides of the appended rectangles, is set to an
impenetrable wall condition, with no slip. To ensure consistency within
our results and to keep the symmetry, x = 0 is always located in the
middle of a pillar. A schematic showing the computational domain and
boundary conditions is shown in Fig. 2.

In order to more closely mimic previous experimental studies (Kim
and Rothstein, 2016; Muschi et al., 2018), we wish to consider cases
where W, H,G < R. For brevity, we only vary the distance between
the pillars G, and henceforth fix W = H = 10 pm.

The three phase fluid flow problem, governed by Egs. (1)-(6), is
solved in the described computational domain using the CFD code
ANSYS Fluent v19.5. The pressure—velocity coupling is performed using
the PISO algorithm and spatial discretisation of the Navier-Stokes
equations is done using the QUICK scheme. For pressure discretisation
the PRESTO scheme is used. The spatial discretisation of the volume
fraction equation is done using the geometrical reconstruction scheme.
A first order implicit method is used for the unsteady terms in the
Navier-Stokes equations, with a variable time step. The variable time
step is based on the Courant number, which is kept below 0.2 for all
simulations. The code advances to the next time step when the scaled
residuals of the continuity and momentum equations are below 10~*.
The effect of dynamic wetting is not considered in the study, thus a
static contact angle between each of the three phases is set as z/2.
During the spreading phase of droplet impact, when inertial effects
are dominant, various authors have reported that dynamic wetting is
unimportant (Delele et al., 2016; Pasandideh-Fard et al., 1996; Philippi
et al.,, 2016). In cells where all three phases are present, the angles
between the interfaces of each phase are determined through the
continuum surface force model (Brackbill et al., 1992).

The square domain box is divided into three regions: a triangular
mesh region, a square mesh region and a refined mesh region which
encapsulates the subsequent splash jet after impact, where the square
mesh cells are decreased in size by a factor of two. Fig. 3 gives an
example of the mesh used in the simulations, including the initial
droplet shape and position, as well as an enlarged image of the mesh in
the refined region near the impact sight. A mesh independence study
was carried out on five different mesh sizes, as well as a case where
the domain sides are doubled to 8R (calculated on the standard mesh
size), as summarised in Table 1, for a test case with pillar spacing
G/R = 0.01, initial lubricant depth §/H = 1 and lubricant viscosity
ratio p; 5/, = 30 at We = p,V>R/0;, = 70. The non-dimensional
variation in the horizontal extent of the splash jet, a key metric in our
study (see Fig. 7(b) for definition), in time for the six different meshes
is shown in Fig. 4. Excellent agreement is found between the standard
mesh and further refinements, as well as with the 8R x 8R domain.
From here on-wards, the standard mesh (domain size 4R x 4R) is used
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Fig. 3. An example of the mesh used in the simulations, including initial droplet shape and position.
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Fig. 4. The non-dimensional variation in time of the horizontal extent of the splash jet
J,/R for pillar spacing G/R = 0.01, lubricant depth of 6/H =1 and lubricant viscosity
Hrrs/ 1 =30 at We =70, calculated on the five different meshes listed in Table 1.

in all simulations. Detailed data for the initial extent of the splash jet
for droplet impact on textured or lubricant-infused surfaces is currently
not available in the literature. Nevertheless, we will make connections
to available experimental results in the text that follows. Experimental
data for the jet evolution in the early stages of impact is available for
flat surfaces (Riboux and Gordillo, 2014). Fig. 5 gives a qualitative
comparison between our two-dimensional results and experimental
results (Riboux and Gordillo, 2014), for a water droplet impact on a
flat surface at We = 98 and Re = p,VR/u;, = 3462. Despite clear
discrepancies due to geometrical differences, with our simulation over-
predicting the extent of the splash jet, the two results are qualitatively
similar and the jet extent in both cases appears to evolve proportionally
to (Vt/R)*/5. This qualitative similarity between the two-dimensional
simulation and the experimental data is highlighted by plotting this
data on a log-log scale in the inset of Fig. 5. As further validation, we
also plot the results for the extent of the splash jet when calculated
on a three-dimensional axisymmetric grid, which has excellent agree-
ment with the experimental results. We are therefore confident in the
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Fig. 5. Comparison of two-dimensional and three-dimensional simulation results for the
jet horizontal extent J, /R to experimental results from Riboux and Gordillo (2014) for
a water droplet impact on a flat surface at We = 98 and Re = 3462. The inset shows

the two-dimensional simulation and the experimental data but on a log-log scale.

Table 1

Details of the five different meshes used in the mesh independence study.

Mesh Refined mesh size Total cells
Very coarse 0.625 pm 1.77 x 10°
Coarse 0.556 pm 2.34 x 10°
Standard 0.5 pm 2.72 x 10°
Fine 0.417 pm 4.03 x 10°
Very fine 0.357 pm 5.22 x 10°

accuracy of our results and qualitative connection to experiments and
so proceed to a parametric study in the proceeding section.

4. Results and discussion

The results section is split into two sections. The first is an investiga-
tion into the parameters present in a lubricant-infused surface, namely
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Vt/R = —0.05 Vi/R=0

Vt/R =0.05 Vt/R=0.1

Vt/R =0.16 Vit/R =021

2 0 1 2 2 0 1 2
z/R z/R

Fig. 6. Full free-surface solution for a droplet impact onto a surface with G/R = 0.01,
urrs/m =30 and 6/H =1 at six different time instants. Impact is at We = 90. The
blue line represent the solution in the refined mesh region. The surface textures and the
lubricant free-surface solutions are too small to display on this scale. (For interpretation
of the references to colour in this figure legend, the reader is referred to the web version
of this article.)

the lubricant viscosity, the gap between the pillars and the depth of
the lubricant. Lubricant-infused surfaces have many desirable features
and are preferred to standard superhydrophobic, textured surfaces in
many situations (Cao et al.,, 2016). Hence, it is important that an
isolated study of the parameters pertaining to a lubricant-infused sur-
face are investigated and results compared. Next, drawing inspiration
from Yeganehdoust et al. (2021), we will compare and contrast the
results against those for a superhydrophobic, textured surface to try
and shed light on the key differences of the splash jet dynamics.

In order to improve the scope of our findings, results are presented
in non-dimensional variables, with the liquid droplet properties as ref-
erence values. Time is also scaled such that the time # = 0 corresponds
to the time that the droplet bottom free-surface would reach y = 0 in the
absence of air cushioning. The presence of the surrounding air results
in the impact being delayed slightly into positive time (Henman et al.,
2021; Hicks and Purvis, 2010).

An example solution is shown in Fig. 6. This solution shows the
full free-surface of the droplet in the impact. We see that the code is
able to resolve the small scale features of the splash, most importantly
the splash jet, which can be seen being emitted from the bottom of
the droplet from time Vt/R = 0.05. A representation of the splash
jet at time Vt/R = 0.16 on a scale where the surface textures can be
seen is shown in Fig. 7(a), together with the velocity magnitude [u|/V,
where |u| = Vu? + v2. In what follows, a vitally important point on the
splash jet is the tip, which is defined as the point of the splash jet with
maximum horizontal extent. The coordinates (J,, J,) of this point are
shown in Fig. 7(b) in non-dimensional form. Also shown is the location
of the jet root J,, a representation of the leading order wetted area of
the surface, which will be examined briefly also. This point is defined
as the turnover point in the free surface from the jet to the main body
of the droplet.
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Fig. 7. As in Fig. 6, but at Vt/R = 0.16 only and enlarged around the splash jet.
(a) shows the droplet free-surface (white), the lubricant free-surface (yellow) and the
velocity magnitude field (colour). (b) shows the droplet free-surface (blue), the lubricant
free-surface (red) and the surface textures (black), along with the jet root location and
splash jet tip coordinates. (For interpretation of the references to colour in this figure
legend, the reader is referred to the web version of this article.)

4.1. Lubricant-infused surfaces parameter investigation

In this section, we investigate the parameters which describe a
lubricant-infused surface. Namely, they are the gap between the pillars
G, the depth of the lubricant 6 and the lubricant viscosity yu;;¢. Out-
comes of the droplet impact are illustrated for various impact velocities.
All other parameters describing the fluid flow and the geometry are
held constant at the values given in Section 3.

4.1.1. Effect of pillar gap variation

Firstly, in this section we consider the effect of varying the gap
between the pillars G. Physically, increasing the gap between the
pillars decreases the solid-fraction of the topmost surface, which for
asperities filled with air can reduce the contact time of bouncing
droplets (Wang et al., 2017, 2021). Here, in this section, we aim to
analyse the effect pillar gap variation has on the dynamics of the
splash jet when the asperities are filled with a lubricant. The lubricant
viscosity and depth are kept constant at y;;¢/u; = 30 and 6/H = 1,
respectively. The viscosity ratio here is chosen such that our parameters
are similar to Yeganehdoust et al. (2021), who model the lubricant in
their simulations on Krytox GPL 101, a commonly used lubricant in
lubricant-infused surfaces (Preston et al., 2017).

Fig. 8 shows free-surface solutions for both the droplet and the
lubricant at We = 90 and four different values of G/R from 0.01
to 0.04. In all cases here we have a distinct jet emerging from the
droplet impact and this jet detaches from the surface each time. The
ejection of microdrops is seen to occur at all values of G/R except for
0.01. The horizontal extent of the splash jet decreases for increased
values of G/R, and this difference increases as time goes on. A video
representation of the still-frame comparisons given in Fig. 8 can be
found in the Supplementary Materials.

The jet root location J,/R remains unchanged with variations of
G/R, which is shown in Fig. 9 for We = 90. The jet root loca-
tion compares well with the early-time Wagner theory prediction of
24/Vt/R (Howison et al., 2005) for impact on a flat plate. The same
was found to be true for We = 45 and 180, for brevity this is not shown.

Time series data is shown in Fig. 10 for the aforementioned hori-
zontal extent of the splash jet, as well as the horizontal velocity of the
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Fig. 8. Free-surface solutions of the droplet (blue) and the lubricant (red) at 4 equal time intervals V¢/R = 0.01,0.08,0.15,0.22, with u,,;s/p, = 30, §/H =1 and We = 90. The
pillar gap is varied, with (a) G/R = 0.01, (b) G/R =0.02, (¢) G/R =0.03 and (d) G/R = 0.04. (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. 9. The jet root location J,/R for u;;¢/u, = 30, §/H = 1 and We = 90, for

G/R = 0.01 (black), 0.02 (blue), 0.03 (red) and 0.04 (green). The dashed line shows
the early-time Wagner theory prediction for the jet root location 24/V¢/R for impact
on a flat plate. (For interpretation of the references to colour in this figure legend, the
reader is referred to the web version of this article.)

splash jet tip, J,/V = (dJ,/dt)/V, and the coordinates of the jet tip
for G/R = 0.01 to 0.04, at We = 45, 90 and 180. At We = 45 it can be
seen that the effect of pillar gap variations is minimal. There is only
a small reduction in the horizontal velocity of the jet tip as the pillar
gap is increased. The jet tip coordinates show that there is an effect on
the vertical position of the jet tip, but we note here that these vertical
coordinates are small, and in fact the jet is attached to the surface in
each case here; differences in the vertical coordinates are perhaps due
to changes of curvature of the jet tip due to the definition of the jet tip
in Fig. 7(b). As the Weber number is increased to We = 90 (the free-
surface solutions of this case are shown in Fig. 8) the effect of pillar
gap variations is much more distinct. There is a clear and significant
decrease in the horizontal extent of the jet, as well as the velocity and
the coordinate of the splash jet tip as the pillar gap is increased from
G/R =0.01 to G/R = 0.04. This is again seen for We = 180. Although a
larger scatter of the data is seen in the horizontal velocity, which is due

to emission of micro droplets from the jet and the subsequent retraction
of the jet due to surface tension (Culick, 1960; Taylor, 1959), as the jet
forms and extends the horizontal velocity of the jet tip is significantly
lower for G/R = 0.04 than for G/R = 0.01. Interestingly, we see that
the vertical position of the jet tip at We = 180 remains the same for
G/R = 0.02 to 0.04 but is far larger for G/R = 0.01. This is, however,
in keeping with the relation of larger pillar gaps resulting in a lower
vertical position of the splash jet tip (see Fig. 8).

The early-time splashing behaviour is characterised into four cat-
egories: either a microdrop ejection splash (where small drops are
ejected from the impact sight or from the advancing splash jet, for an
example see Fig. 12(e)); a jet detachment splash (where a thin splash jet
with a round rim is ejected away from the surface, see Fig. 8(a)); both
microdrop ejection and jet detachment (see Fig. 8(b)) or no splash (see
Fig. 12(a)). The microdrop ejection characterisation is only considered
if at least one of the ejected microdrops has a diameter of at least ten
grid cells (in the standard mesh this is 5 pm). Fig. 11 shows a summary
of all early time splashing behaviour (up to V7/R =~ 0.35 in each
simulation) of droplet impacts in the parameter range considered, with
6/H =1 and puj g/ =30 fixed and G/R and We varied. Below We ~
79, no splash is observed for all surfaces considered. As We increases to
135, the behaviour transitions to a splash with both microdrop ejection
and jet detachment characteristics, with this splashing behaviour seen
first at larger values of G/R, suggesting that despite larger values of
G/R having a suppressing effect on the horizontal extent of the splash
jet, it may promote microdrop ejection. This behaviour then continues
up until We =~ 202, where at G/R = 0.4 the presence of a distinct
jet detachment ceases to be seen, perhaps due to larger velocities and
asperities allowing more lubricant to leave the surface and influence the
advancing of the splash jet (see Supplementary Materials for a video of
this case).

The results here show that the pillar gap G can be an important
quantity in reducing the splash jet’s horizontal extent and the velocity
and coordinate of the jet tip, but has no effect on the jet root location.
These three metrics suggest that the magnitude of a jet detachment
splash can be suppressed by increasing the gaps between pillars on a
lubricant-infused surface. There is a limited number of experimental
studies on high-speed droplet impact on lubricant-infused surfaces, and
an absence of such that consider the effect of varying the distance
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Fig. 11. Early time splashing behaviour of droplet impacts onto surfaces with §/H =1
and y;;g/p; = 30. The different behaviours are defined as either no splash (NS),
microdrop ejection (ME) or jet detachment (JD).

between the asperities of the surface. One possible mechanism of the
suppressed splash dynamics for larger values of G could be the effect
the lubricant has in making the surface effectively rough. Larger fluid
filled cavities are susceptible to greater deformation from flow across
them (Asmolov et al.,, 2020), thus surfaces with larger values of G
deform more as the droplet impacts and subsequently spreads over
it. Significant surface roughness is known to inhibit corona splash-
ing (Latka et al., 2012), which is related to jet detachment, and so is
then consistent with our results.

4.1.2. Effect of lubricant depth variation

Next we turn our attention to the initial depth 6 of the lubricant
present. The initial depth of the lubricant may not necessarily be
something that is designed on purpose, but instead something that
happens over time (Peppou-Chapman et al., 2020). For example, a
lubricant-infused surface may begin life with a lubricant level that is

slightly above the asperities (§/H > 1), but after successive liquid
impacts or droplet sliding, lubricant depletion may occur (Laney et al.,
2021; Smith et al., 2013), eventually resulting in a lubricant level
below the asperities (6/H < 1). The lubricant depth can be engineered
however, by using a spin coating method for example (Muschi et al.,
2018). In this section, we aim to investigate the dynamics of a droplet
impact for different lubricant levels 6. Again, we will keep the viscosity
of the lubricant constant at y; ;¢/4, = 30 and we will choose the surface
textures to be all equal such that G/R = 0.01.

Fig. 12 shows free-surface solutions for both the droplet and the
lubricant at We = 90 and five different values of 5/H from 0 to 2. The
droplet impact dynamics illustrated by Fig. 12 are similar to that seen
in Fig. 10, the splash jet clearly emerges and extends horizontally as
time goes on for all values of §/H; however there are some key and
interesting outcomes as §/H is varied. When §/H = 0, the surface is
no longer a lubricant-infused surface and is in fact a textured surface.
The splash jet spreads along the surface without detaching, exhibiting
no splashing behaviour whatsoever. Almost identical behaviour is seen
for §/H = 0.5, showing that a small amount of lubricant present has
little effect. The solution for §/H = 1 is the same as in Fig. 10(a),
showing that once the lubricant is at a depth large enough to affect the
droplet impact it results in the splash jet detaching from the surface and
having a larger horizontal extent. Here, a small increase in the depth
to 6/H = 1.5 has little effect. When §/H = 2, the splash jet is clearly
suppressed, being expelled along the liquid surface as opposed to up
and away from it. A video representation of the still-frame comparisons
given in Fig. 12 can be found in the Supplementary Materials.

As in the previous section, the jet root location is virtually unaf-
fected by variations in the initial lubricant depth. The graph of jet
root location against time is similar to Fig. 9 and can be found in the
Supplementary Materials. The same is true at We = 45 and 180.

The time series data for the splash jet horizontal extent and tip
velocity, as well as the splash jet tip coordinates, for variations in 6/ H
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Fig. 12. Free-surface solutions of the droplet (blue) and the lubricant (red) at 4 equal time intervals ¥¢/R = 0.01,0.08,0.15,0.22, with u;;s/u, =30, G/R = 0.01 and We = 90. The
lubricant depth is varied, with (a) 6/H =0, (b) 6/H =0.5, (¢c) 6/H =1, (d) §/H =15 and (e) 6/H = 2. (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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the reader is referred to the web version of this article.)

is shown in Fig. 13. As in the previous section, at We = 45, varying At We = 90 we have the dynamics that are explained above. The hor-

§/H has a minimal effect on the three splash metrics considered here. izontal extent of the splash jet and velocity of the tip are significantly
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Fig. 14. Early time splashing behaviour of droplet impacts onto surfaces with G/R =
0.01 and p,; ;g/p = 30. The different behaviours are defined as either no splash (NS),
microdrop ejection (ME) or jet detachment (JD).

reduced for §/H = 0 and 0.5 compared to larger values of §/H. The
vertical coordinate of the splash jet tip behaves similarly, except for
when §/H = 2, where the viscous film has a suppressing effect. At a
higher Weber number, We = 90, the dynamics are slightly different:
specifically the suppressing effect on the splash jet for surfaces with
§/H > 1 is much more profound. The horizontal extent of the splash
jet is lower for all time for the 6/H > 1 cases than it is for the
6/H < 1 cases, unlike for We = 90. The horizontal velocities and
vertical positions of the jet tip are also reduced to a similar level. Again,
we see greater horizontal extent of the jet and velocity and vertical
positions of the jet tip for the level case of §/H = 1.

As in the previous section, a parametric diagram (Fig. 14) sum-
marises the early time splashing behaviour for various values of §/H
and We, with G/R = 0.01 and yu; ;¢/u; = 30. Again, below We ~ 79, no
splashing is observed. However, now, no splashing is observed up until
We =90 for 6/H < 1. After We ~ 90, the different outcomes are split
above and below §/H = 1. At §/H = 1, the droplet impact exhibits
both microdrop ejection and jet detachment splashing past We =~ 90,
whereas above and below §/H = 1, the droplet impact exhibits only
microdrop ejection splashing behaviour, except for higher We where
we begin to see jet detachment splashing occurring at §/H = 1.5.

Muschi et al. (2018) considered the effect of varying the lubricant
thickness in a lubricant-infused surface. In their study, at We = 66,
they show that in the early stages of droplet impact the droplet spreads
slower on a porous surface with no lubricant present than it does
on a surface with the lubricant slightly above the asperities, which
agrees with our results at We = 45 and 90 somewhat over the small
time scales considered here. Our results point towards an interesting
transition as the depth of the lubricant § is increased from zero. When
the surface of the lubricant is below the level of the asperities of the
solid surface, the latter surface behaves like a textured surface, with
the droplet able to penetrate much further into the surface and more
space is available for the air underneath the tip of the advancing jet to
drain into, suppressing the jet detachment splash (Latka et al., 2012;
Riboux and Gordillo, 2014; Xu et al., 2007). As the depth is increased
however to the level of the asperities the splash magnitude becomes
rather large (only lubricant depths which are above the asperities are
considered in Muschi et al. (2018)). In this case, the air is no longer able
to drain from underneath the advancing jet tip and the disturbances
from the deformation in the lubricant result in the splash jet being
ejected away from the surface. As the depth is increased further, above
the asperities, the splashing can be seen to become suppressed again.
Thin layers of viscous fluid could have connection to soft solids, which
are known to have a suppressing effect on droplet splashing (Howland
et al., 2016). This points towards a non-monotonic relationship in the
level of splashing seen as the depth of the lubricant is varied. The
magnitude of the splash is also seen to be dependent on the Weber
number, by Fig. 13, with the magnitude of the splash particularly
affected by the Weber number when the lubricant surface is above the
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asperities. Of course, interesting cases where the lubricant level is a
small amount below or above the asperities would ideally be considered
here also, but to ensure numerical accuracy the mesh would need to be
refined to a level beyond our computational capabilities. Our results
here nevertheless do suggest a broad and general trend.

4.1.3. Effect of viscosity ratio variation

Our final parameter of interest will be the viscosity of the lubri-
cant. This is perhaps the most commonly investigated parameter in
experimental studies (Kim and Rothstein, 2016; Preston et al., 2017). In
practise, the viscosity of the lubricant used varies drastically (Peppou-
Chapman et al., 2020), with magnitudes ranging from O(10~2) — O(1)
Pa s for the Krytox series of lubricants, which for a water droplet gives
viscosity ratios in the range u;,g/u; = O(1) — O(10%). As well as the
previous case of p; g/, = 30, which was based on the Krytox 101
lubricant, we will now consider other values of the viscosity ratio,
choosing a range which represents the orders of magnitude range
above. Here, the depth of the lubricant and the gap between the pillars
will be held constant, with §/H =1 and G/R = 0.01.

Free surface solutions for the droplet and the lubricant at We = 90
are shown in Fig. 15, for u;,;¢/u; = 2,10,30, 100,500 and 1500. Again
we see a number of different outcomes of the splash jet. Starting with
Hrrs/w = 1500, we can see from the solution at Vt/R = 0.08 that
the splash jet is ejected at a small angle, almost along the surface. As
time increases the jet continues to extend along the surface and does
make contact with the surface again, resulting in a break-up of the
jet (although this separated fluid is then absorbed by the spreading
jet at later times). Decreasing the viscosity ratio to u;;¢/u; = 500
and p;;g/#; = 100 results in the jet being ejected at a much larger
angle, with results that are almost identical to that of the previous
results with viscosity ratio of u;;q/p; = 30, which is repeated here
for clarity. Decreasing the viscosity ratio further to u;;¢/p;, = 10 we
can see again at early times that the jet is ejected at an angle similar
to those seen in the previous two cases, but this time much more of
the jet is still attached to the surface, with atomisation also occurring.
Both these attributes contribute to the horizontal extent of the jet
being reduced compared to previous cases. Finally, for a relatively low
viscosity ratio of uj;s/u; = 2, the lubricant is able to deform more and
allows the droplet to penetrate deeper during impact. This results in
the jet being ejected at a small angle and being of comparatively small
extent. As time advances, the jet remains comparatively small in both
horizontal and vertical extent. A video representation of the still-frame
comparisons given in Fig. 15, except u;;¢/u; = 100, can be found in
the Supplementary Materials.

As in the previous two sections, the jet root location is virtually
unaffected by variations in the viscosity ratio. The graph of jet root
location against time at We = 90 is similar to Fig. 9 and can be found
in the Supplementary Materials. The same is true at We =45 and 180.

Time series data for horizontal extend of the splash jet and the
velocity of the jet tip, as well as the jet tip coordinates are shown in
Fig. 16 and compared to the same data found from impacts at We = 45
and We = 180. At We = 45, as for the previous two parameters we
studied, the changes in the horizontal extent of the jet and velocity
of the tip are relatively small as we vary the viscosity ratio. There
would appear to be some difference here in the jet tip coordinates,
with a gradual decrease in vertical extent seen as u;;¢/u; decreases
from 500 to 2, and then also a decrease as we increase it from 500 to
1500. Time series data for the free-surface results at We = 90 discussed
above are also shown, and highlight similar trends to the We = 45 case
for the three metrics considered, a gradual decrease in magnitude as
the viscosity ratio decreases from 500 to 2 and then a decrease also
as it is increased from 500 to 1500. However this time the results
for u;;s/m = 500,100 and 30 are very similar and the decrease in
magnitude seen from the increase of the viscosity ratio from 500 to
1500 is much more profound now, compared with that at We = 45.
At We = 180, we can see that the results for u;;¢/u; = 500 are now



N.IJ. Henman et al. International Journal of Multiphase Flow 161 (2023) 104398

(@) Vt/R =0.01 Vt/R = 0.08 Vt/R =0.15 Vt/R = 0.22
0.2
S B} L _—g_L
)
0
(b) 4o
S v A L/Q M
>
0
©) 45 , I I
5 3 A b |
> .
0 .y
(d) o2
S 3 L L/} u/o
B>
0
€) o2
S 3 Zﬂ L b
= 0
0
() o2 — B
& o1 é 0 L/ﬂ
IS
0 ",
0 04 08 12 16 0O 04 08 12 16 0 04 08 12 16 0O 04 08 12 16
/R TR z/R &/ R
Fig. 15. Free-surface solutions of the droplet (blue) and the lubricant (red) at 4 equal time intervals V¢/R = 0.01,0.08,0.15,0.22, with §/H =1, G/R = 0.01 and We = 90. The
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references to colour in this figure legend, the reader is referred to the web version of this article.)

below those of y; ;s /u; = 30 and 100, which are again almost identical, in Kim and Rothstein (2016), with viscosity ratios ranging from 0.8
for all three metrics. Hence, these time series data shown in Fig. 16 to 16.7. They found that, in contrast to our results, decreasing the
would point again towards a non-monotonic relationship between the surface lubricant viscosity led to a faster spreading and retracting rate
viscosity ratio and the jet dynamics and subsequent splashing. For a of droplet impacts. However, it should be noted that in their study
larger viscosity ratio, the fluid between the asperities is less able to only droplet impacts of relatively low velocity were considered (up
deform, thus the surface itself would behave more like a flat rigid to 1.9 ms™!) and that the overall spreading and retracting dynamics
surface, on which it is harder for a droplet to splash than is the happen over a much longer time scale than that considered in our
case on a rough surface (Xu et al., 2007). However, as the viscosity study. In our study, a 1 mm radius water droplet impact at We = 45
ratio is reduced further, we observe a transition of the dynamics and corresponds to an impact velocity of ¥ = 1.81 ms~!, at the upper end
the magnitude of the splash starts to decrease. As the viscosity ratio of the experimental range in Kim and Rothstein (2016), and Fig. 16
decreases, the droplet fluid is more able to penetrate deeper into the shows minimal variation in the horizontal extent of the splash jet. At
asperities of the surface, which results in the surface behaving more higher We, the horizontal extent of the splash jet decreases noticeably
like a textured surface (in which the asperities would be filled with (over the range of viscosity ratios in the experimental study (Kim and
air, which obviously has a much smaller viscosity than the droplet ~ Rothstein, 2016)). And so we conclude that at lower impact velocities,
fluid), which also has splash suppressant qualities. These dynamics where the deformation of the lubricant itself is minimal, droplets will
are also dependent on the impact Weber number. More specifically, it spread faster for lower viscosity lubricants, due to larger slippage oc-
would appear that the decrease in splash magnitude seen for very large curring at the lubricant-droplet interface. But at higher impact velocity,
viscosity ratios is more profound at higher Weber numbers. where the lubricant can deform and allow the droplet to penetrate into

Fig. 17 summarises the early time splashing behaviour for these the asperities, the splash jet that is emitted extends at a lower velocity
parameters. Interesting]y’ unlike in the previous two investigated pa- for lower lubricant viscosities. As the viscosity ratio becomes O(100),
rameters, for values above u;;¢/u; ~ 100, a jet detachment splash is this trend does begin to change somewhat, suggesting new dynamics
observed for low We. The phase diagram here is, mainly, split into four that need to be considered.

regions. At low We and below y; ;¢/u; =~ 500, no splashing behaviour is
exhibited. At high viscosity ratios, below We ~ 135 only jet detachment 4.2. Comparison of lubricant-infused surfaces and textured, superhydropho-

splashing occurs and at y; ;q/p; = 2, above We ~ 45, only microdrop bic surfaces

ejection splashing occurs (except for at We = 202). The rest of the phase

diagram shows both microdrop ejection and jet detachment splashing. The purpose of this section is to compare the results for lubricant-
Spreading and retracting dynamics of droplet impacts with lubricant infused surfaces, given above, to those of textured, superhydrophobic

-infused surfaces of varying viscosities were examined experimentally surfaces, where there is no lubricant present and the surface cavities

10
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Fig. 17. Early time splashing behaviour of droplet impacts onto surfaces with G/R =
0.01 and 6/H = 1. The different behaviours are defined as either no splash (NS),
microdrop ejection (ME) or jet detachment (JD).

are filled with air instead (this is equivalent to setting 6/H = 0
in the modelling). While lubricant-infused surfaces have benefits in
their own right, textured, superhydrophobic surfaces also have many
benefits, some of which are the same as lubricant-infused surfaces,
some not (Mousavi and Pitchumani, 2022; Stoddard et al., 2022; Zhang
et al., 2020).

In this section we compare the splash jet dynamics of droplet
impacts onto a lubricant-infused surface with viscosity ratio u; ;s/p; =
30 and a lubricant depth of equal size to the asperities of the surface
(6/H = 1), to that of a textured, superhydrophobic surface (§/H = 0).
We consider and compare different impact velocities and variations in
the pillar gap G/R.

Fig. 18 shows a comparison of the droplet free-surface solutions
for impacts onto a lubricant-infused surface and a textured surface,
both with a pillar gap of G/R 0.01, at We = 45, 90 and 180.
At We = 45, although marginal, it is quite clear that the horizontal

11

extent of the splash jet is reduced on a textured surface compared to a
lubricant-infused surface. This is also seen at We = 90, and much more
profound this time. Not only is the horizontal extent less for a textured
surface, the vertical extent is also, with the jet remaining attached to
the substrate whereas it is detached on a lubricant-infused surface. At
We = 180, we begin to see a significant amount of atomisation and
breakup of the jet, and at early times (V#/R = 0.07) the jet is detached
from the surface in both cases. However, as time advances the jet on
the textured surface is attached to the surface and has a horizontal and
vertical extent significantly less than for the lubricant-infused surface.

In order to explore the effect of different pillar gap sizes and the
influence of the impact velocity, for brevity a single metric will be
considered, which is the time taken for tip of the splash jet to reach a
specified point on the x-axis. Explicitly, this is given in non-dimensional
terms as

J
1}:{%, such that Ex =c}

for some value ¢ and i = LIS for a lubricant-infused surface whereas
SHS for a textured, superhydrophobic surface. For our study
we will consider ¢ = 1.6, which corresponds to a point towards the
end of the refined mesh region in the simulations. The parameter 7;
will be evaluated at a number of different pillar gaps G/R and Weber
numbers. Fig. 19 shows the difference between the time parameters for
a lubricant-infused surface and a textured, superhydrophobic surface
Tsys — Trrs plotted against pillar gap G/R. This figure shows that, as
shown in Fig. 18, the jet tip advances slower on the textured surface
compared to the lubricant-infused surface for G/R = 0.01, and so the
difference Tgy g — T; ;s > O for all three Weber numbers considered.
At each Weber number, when the pillar gap G/R is increased, the
difference Ty ¢ — T} ;¢ decreases (except for We = 45 from G/R = 0.01
to 0.02, where it increases slightly), where eventually for G/R = 0.04
we have Tgy g — T; ;5 S 0, for all three Weber numbers, illustrating
that when the pillar gap is raised sufficiently, the jet extends slower on
a lubricant-infused surface than on a textured one.

)

i =
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Fig. 18. Comparison of free-surface solutions for droplet impacts onto lubricant-infused surfaces (blue) and textured, superhydrophobic surfaces (red). Results are shown for
uyrs/m =30 and 6/H =1 (lubricant-infused surface) and §/H = 0 (textured surface), with G/R = 0.01 and We = 45 (column (a)), We = 90 (b) and We = 180 (c). Results are shown
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this article.)
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5. Conclusions

In this paper we have explored the solutions to a computational
model of droplet impact on to textured and lubricant-infused surfaces.
The textured surface was modelled as an array of rectangular asperities
in an otherwise flat, rigid surface, with the asperities filled up to a
certain depth with lubricant. We systematically investigated parameters
of the surface, namely the distance between the asperities, the depth of
the lubricant and the lubricant viscosity.

First, we compared results for variations in the parameters pertain-
ing to a lubricant-infused surface. For variations of any of the surface
parameters there was no change in the jet root location. All variations
in the early-time dynamics were seen in the thin splash jet ejected at im-
pact. It was found that on increasing the distance between the surface
asperities, the splash jet extent and tip velocity were reduced, effects
which are more profound at higher impact velocity. The depth of the
lubricant was identified to have a suppressing effect on the splash jet
extent and velocity when the depth of the lubricant is above or below
the asperities, compared to when the lubricant depth is level with the
asperities. When varying the viscosity of the lubricant, a non-monotonic
relationship is also apparent. As the viscosity ratio is increased from
an order unity value, the extent and the tip velocity of the splash jet
are increased, due to less penetration of the droplet into the asperities.
Then, as the viscosity ratio becomes very large, the extent and tip
velocity of the splash jet start to decrease again, as the surface becomes
flatter due to less deformability of the lubricant. The suppressing effect
on the splash jet for large viscosity ratios is more profound at higher
impact velocity. For each parameter, a rough phase field diagram of
different early time splashing behaviours (jet detachment or microdrop
ejection splashing) was presented for variations in the parameter of
interest and the Weber number. When considering the pillar spacing,
it was seen that the splashing behaviour transitioned from no splash to
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both jet detachment and microdrop ejection splashing relatively quickly
when increasing the Weber number, with both behaviours being seen at
a lower Weber number when the pillar spacing was larger, suggesting
that larger pillar spacing promotes microdrop ejection splashing while
suppressing jet detachment splashing. When the pillar spacing was
larger and the Weber number was sufficiently high, the jet detachment
splash was completely suppressed. For variations in the lubricant depth
it was found that depths of lubricant above and below the asperities
had a suppressing effect on the jet detachment splash, which eventually
waned slightly for lubricant levels above the asperities as the Weber
number increased. When considering the viscosity ratio, we broadly
saw four regions. At low Weber number and viscosity ratio, no splash
was observed, while for low Weber numbers and large viscosity ratios,
a jet detachment splash was observed. At very low viscosity ratio,
microdrop ejection splashing was observed for most Weber numbers
considered. Finally for large Weber numbers and large viscosity ratios,
both jet detachment and microdrop ejection splashing occurred.

Next, we compared the results for lubricant-infused surfaces to those
of textured, superhydrophobic surfaces, where no lubricant is present.
It was found that as the distance between the surface asperities was
increased, the extent of the splash jet eventually went from being
larger on the lubricant-infused surfaces, compared to the textured,
superhydrophobic surfaces, to smaller (or similar) values.

The aim of this numerical study was to explore parameters and
scales unavailable to analytical methods and which have received only
a small amount of interest experimentally. We hope that our idealised
two-dimensional model can be used as a qualitative measure of the pa-
rameters pertaining to lubricant-infused surfaces and hopefully suggest
further avenues for experimental and analytical work. For example the
response of the splash jet in certain situations (e.g. in Fig. 8) perhaps
indicates that a form of boundary-layer separation could usefully be
analysed; again, an analytical study of two-fluid flow over asperities
could shed further light here. With respect to the present study, further
extensions would ideally be focused around a fully resolved three-
dimensional solution of the splash jet on textured and lubricant-infused
surfaces and also perhaps longer time scales to build a fuller picture of
the impact dynamics.
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