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ABSTRACT: The impact of droplets on solid surfaces is a crucial fluid phenomenon in additive
industry, biotechnology, and chemistry, where controlling impact dynamics and duration is essential.
While extensive research has focused on flat substrates, our understanding of impact dynamics on
curved surfaces remains limited. This study seeks to establish phase diagrams for the process of
droplet impact on solid spheres and further quantitatively describe the effect of curvature through
theoretical analysis. It aims to determine the critical conditions between different impact outcomes
and also establish a scaling relationship for the contact time. Here, the post impact outcome regimes
occurring for a wide range of Weber numbers (We) from 1.2 to 173.8, diameter ratio (1) of solid
spheres to nanodropets from 0.25 to 2, and surface wettability (6) from 21° to 160°, through the
molecular dynamics simulation method (MD) and theoretical analysis. The MD simulations reveal
that the phase diagrams of droplet impacts on hydrophilic, hydrophobic, and superhydrophobic
spheres differ, with specific distinctions focusing on rebound and three different forms of dripping.
Furthermore, a theoretical model based on the principle of energy conservation during impact on
superhydrophobic surfaces has been developed to predict the critical conditions between rebound
and dripping states, showing good agreement with simulation results. Additionally, a new scaling
relationship of contact time for droplet impact on superhydrophobic spherical surfaces has also been
established by extending and modifying the existing models, which also agrees well with the
simulated results. These insights provide a foundational understanding for designing surface

structures.

I. INTRODUCTION:
The impact of a droplet on a solid sphere is a complex fluid dynamics phenomenon involving

multiple variables such as impact velocity, surface wettability, and sphere size. This is a ubiquitous
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phenomenon in various industries, biotechnology, chemistry, and pharmaceuticals, such as in
painting,' spray cooling,? coating,’ 3D printing* and drug delivery’ etc. By studying the impact of
droplets on spheres, one can better understand and control the critical factors in these application
processes. For instance, in cold weather, when the raindrops collide with power transmission lines,®
it is highly likely to freeze on the curved surface, accelerating the rebound of the droplets after
impacting, and reducing contact time will help achieve anti-icing. In the procedure of spray drying,’
the coating agent sprayed on the particles needs to be transformed from a fluid state to dry particles,
promoting the sprayed droplets spreading will help to form a good spinning effect. In the Fluid
Catalytic Cracking (FCC) industry,® atomized droplets of heavy fuel collide with hot solid catalyst
particles in the FCC reactor. The breakdown of long-chain molecules occurs at the interface
between the liquid and solid, thereby enhancing the industrial value of the heavy fuel. The results of
these droplet-particle collisions play a critical role in determining the ultimate quality of the
products. In the applications mentioned above, interactions between droplets and spheres play a role
in heat and mass transfer, impacting the quality of final products. Consequently, ongoing
investigation into droplet-sphere collisions can enhance our knowledge of liquid bridges, spherical
agglomeration, and the behavior of wet spheres. This understanding is valuable for modeling and
designing industrial reactors.

Recent studies of the droplet impact on spherical surfaces, encompassing both experiments and
simulations, have been conducted due to the wide range of applications in this field. Banitabaei et
al.? investigated the process of droplet impact on a stationary sphere through experimental methods.
Their focus was on the effects of impact velocity and the wettability of the sphere's surface on the

collision outcomes. The study extended the Weber number range significantly, from 0.1 to 1146. It
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was observed that higher-speed droplets impacting a hydrophobic sphere formed a thin liquid film,
known as a lamella. During the experiment, various geometric parameters of the droplet impact

1.'% examined

were measured, including the length of the lamella and the diameter of its base. Li et a
the dynamics of droplet impact on solid spheres, focusing on the effects of surface wettability,
sphere size, and initial impact velocity. The results showed that at lower impact velocities, the
droplet tends to retain a hemispherical shape; while at higher velocities, the droplet on smaller
spheres may completely envelop the sphere or even drip off. Du et al.!! further explored the
influence of fluid properties and sphere diameter during droplet impact on spherical surfaces. The
study found that the maximum spreading factor of the droplet is related to the fluid's Reynolds and
Weber numbers, suggesting these results could be used to optimize industrial painting and coating

processes. Xia et al.!?

investigated the dynamics of droplet impact on superhydrophobic spheres,
particularly the impact of protrusions on impact dynamics. The research revealed various dynamic
behaviors, such as contactless bouncing, conventional bouncing, and ring-shaped bouncing. Liu et
al.! focused on the rebound and dripping behavior of droplets on small superhydrophobic spheres,
particularly examining how Weber number and sphere-to-droplet diameter ratio affect impact
dynamics. Li et al.' used the many-body dissipative particle dynamics (MDPD) method to
investigate droplet impacts on superhydrophobic solid spheres of various sizes. The results
indicated that the impact velocity and sphere size affect the post-impact shape of the droplet, with
four distinct spreading types observed: bouncing, wrapping, dripping, and a combination of

bouncing and dripping. Dalgamoni et al.'®

combined the axisymmetric lattice Boltzmann method
(LBM) with theoretical analysis to study the dynamics of droplet impacts on spherical surfaces,

focusing on the effects of Weber number, sphere radius, and surface wettability. The study revealed
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five distinct impact outcomes and established a simulation-predicted phase diagram to illustrate the
different collision results.

With advancements in technology and precision instruments, applications in some microscale
domains are increasingly involving nanodroplet impacts. Some examples of these applications
include high-throughput biological screening,'® using phase-change nanodroplets to treat cancer,!”
and the preparation of high-entropy metallic glass nanoparticles.'® As a result, nanodroplet impact
has become an important topic closely related to production and daily life. However, experiments at
this scale are impractical and can only be supplemented by numerical simulations. Molecular
dynamics (MD) simulation is a reliable tool for addressing these challenges. Additionally, recent
studies have revealed scale effects between the nanoscale and the macroscale on two levels,
indicating that the results and parameters for droplet impact at the macroscale are different from
those at the nanoscale. The specific reasons are as follows: first, at the nanoscale, the influence of
surface tension and intermolecular forces becomes more pronounced, factors that are typically not
considered in macroscopic models. At this scale, surface effects dominate because the surface
area-to-volume ratio of nanoscale droplets increases significantly, leading surface tension to play a
crucial role in the dynamics. Additionally, the traditional continuum assumption presumes that
matter is continuous, which is reasonable at the macroscopic scale. However, at the nanoscale, due
to the impact of molecular discreteness, this assumption no longer holds. The collision and
spreading behavior of nanoscale droplets is significantly influenced by interactions between
individual molecules or atoms, resulting in dynamics that differ from those at the macroscopic scale.
Consequently, the macroscopic scaling laws based on the continuum assumption fail at the

nanoscale, making them inaccurate for predicting system behavior. For example, at the macroscale,
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the no-slip boundary condition is used in continuum-level models to simplify the treatment of the
interaction between droplets and surfaces.'?! However, at the nanoscale, the no-slip boundary
condition no longer applies, as significant slip is observed for nanodoplet flowing on a solid
plate.?>?* Second, at the nanoscale, the effect of viscous forces becomes more prominent. For
example, at the macroscale, in the context of droplet rebound after impact, the contact time is
proportional to the Weber number (We=(pRovo’)/y) across a wide range of We, expressed by
10~(pRo*/y)?=(Ro/vo) We'”?, where p is the density, y is the surface tension, Ro is the droplet radius, vo
is the impact velocity.?>3! However, at the nanoscale, at higher Weber numbers, the contact time
becomes proportional to both the We and the Reynolds number (Re=pwoRo/i), expressed by
~(puRo*/y?)*=(Ro/vo) We?*Re ™3, where u is the liquid viscosity.> Physically, Weber number is the
ratio of inertial to surface tension forces, while the Reynolds number is the ratio of inertial to
viscous forces. Thus, the difference in scaling relationships for contact time between the two scales
indicates that, at the macroscale, the droplet rebound process is governed only by inertial forces,
represented by We, while at the nanoscale, it is influenced by both inertial and viscous forces,
represented by We and Re. Similarly, studies on the maximum spreading factor (fmax=Dmax/Do,
where Dmax is the maximum spreading diameter, Do is the droplet diameter) have also shown a
different scaling relationship at different scales. At the macroscale, Bmax scales as We'”,* but at the
nanoscale, with higher Weber numbers, fnax~We!?0h'"® (Oh=u/(pDoy)'?, representing the ratio of
viscous to inertial-capillary forces ),3* which also proves that when the size of the droplet is reduced
to the nanoscale, viscous forces become an important influencing factor. This can be inferred from
the relative magnitude of the Oh at the two scales. For example, in the case of water droplets, the

Oh is only about O (107) at the macroscale but can increase to about O (1) when the droplet
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diameter is reduced to the nanoscale, which means that the proportion of viscous forces has
increased significantly. The fundamental reason for the prominent effect of viscous forces at the
nanoscale lies in the change in the internal velocity distribution during droplet impact between the
two scales. Since Newton's law of viscosity states that the magnitude of viscous force is directly
proportional to the velocity gradient, different velocity distributions directly lead to different
magnitudes of viscous forces. At the macroscale, the velocity gradient only appears in the boundary

35-44

layer, making the viscous force comparatively negligible against other forces. However, at the

nanoscale, the velocity gradient is distributed throughout the entire droplet,*

making viscous forces
significant and a crucial factor in droplet impact dynamics. Thus, the existence of scale effects
means that conclusions derived at the macroscale are no longer applicable at the nanoscale,
necessitating further study through nanoscale numerical simulations. Molecular dynamics
simulations have successfully addressed this challenge.

Nonetheless, there are currently only three papers on nanodroplet impacts on spheres. Among

them, Yin et al.*®

explored the behavior of individual water nanodroplets vertically impacting a
curved copper substrate, investigating the effects of impact velocity, potential energy depth between
oxygen and copper atoms, and substrate curvature. The research indicated that higher-velocity
impacts might lead to splashing, while droplets at lower velocities exhibited a process of spreading
and contraction. Zhan et al.*’ used MD simulations to investigate the dynamic processes of
droplet-particle collisions, examining various influencing factors including the Weber number,
equilibrium contact angle, and the ratio of sphere to droplet size. The study revealed two distinct
rupture modes and presented collision outcome maps based on these factors. The latest paper by

1‘48

Wang et al.*® aimed to reported the outcome regimes of nanodroplets impacting on hydrophobic



AIP
é Publishing

solid spheres and to revealed the curvature effect across a wide range of conditions, including
different Weber numbers, diameter ratios between nanodroplets and solid spheres, and contact
angles. Although these studies have covered certain aspects of the dynamic process and outcomes of
nanodroplet impacts on solid spheres, a complete phase diagram has yet to be established. This
phase diagram should encompass the wettability range of the sphere, from hydrophilic to
superhydrophobic, the radius ratio between the sphere and droplet (1), from much smaller than 1 to
much larger than 1, and a sufficiently large range of impact velocities. The phase diagram is
designed to predict the different outcomes of droplet impacts on specific surfaces by analyzing key
influencing factors. A comprehensive phase diagram is crucial for surface design in certain
applications where droplet impacts play a role. As mentioned earlier, results at the nanoscale can
differ significantly from those at the macroscale, and current research at the nanoscale is sparse.
Therefore, creating a nanoscale phase diagram is critical. Furthermore, quantitatively predicting
different impact outcomes using theoretical formulas has not yet been sufficiently established.
Furthermore, the variation patterns and scaling relationships of contact time, a crucial parameter,

have not been reported in the literatures,*¢48

indicating a need for further in-depth research.

This study aims to develop a comprehensive phase diagram that illustrates various outcomes of
nanodroplet impacts and to establish theoretical formulas to predict the critical conditions for
different impact outcomes and the variation of contact time. The analysis spans a range of 4 values
between 0.25 and 2 and We between 1.2 and 173.8. Additionally, different surface wettabilities, with
contact angles () ranging from 21 to 160 degrees, are taken into account. The study will be divided

into three parts, namely the impact of nanodroplets on hydrophilic, hydrophobic, and

superhydrophobic spheres. Subsequently, corresponding phase diagrams will be organized based on
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the impact results on surfaces with different wettability, detailing the unique dynamic behaviors for
each outcome utilizing snapshots obtained from MD simulations. It will then focus on the
theoretical analyses of establishing transition criteria and contact times for droplet impacts on
superhydrophobic surfaces.
II. MODEL AND METHOD

Molecular dynamics simulations are utilized to study the behavior of nanodroplets when they
collide with solid spheres. These simulations are carried out using the LAMMPS software package,
designed for large-scale atomic and molecular simulations. The equations of atomic motion are
solved using the velocity-Verlet algorithm. The computational setup includes a solid platinum
sphere with variable diameters (Ds) from 2 nm to 16 nm and a spherical water droplet with a fixed
diameter of 8 nm (Do), which are placed in a simulation box of 80 nm x 80 nm x80 nm, depicted in
Figure 1. The solid platinum sphere and liquid water droplet are both modeled by face-centered
cubic (FCC) with a lattice constant of 0.39 nm and 0.49 nm, distinctively. In the simulation, the
solid platinum sphere is always placed on the center of the box, and the distance between the
bottom of the droplet and the top of the sphere is 2 nm. Moreover, to prevent the solid sphere from
deforming or disintegrating during droplet impact, a virtual spring force is added between the atoms
within the sphere. It should be mentioned that the water description employs the mW (monatomic
water) model, a coarse-grained approach introduced by Molinero and Moore,* which has been
widely used in MD studies of droplet-wall impacts.3**#830 This is not only because coarse-grained
models are computationally efficient, resulting in significant cost savings, but also because, even
with its structural simplifications, this model accurately replicates key characteristics of water, such

as density, surface tension, and viscosity. However, a caveat is that the absence of hydrogen atom
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reorientation leads to a viscosity that is three times lower than the experimental value. According to
Li et al.*’ the properties of mW water are p=996 kg m~, 4=283.7uPa s, and =66 mN m'. It is worth
noting that the droplet parameters here differ from those at the macroscopic scale. This is because
materials exhibit unique properties at the nanoscale that are different from those at the macroscopic
scale. Specifically, the enhanced surface interactions and the discreteness of matter at the nanoscale
have a significant impact on simulation results. Traditional macroscopic models often overlook
these nanoscale characteristics, so adjusted parameters are used in MD simulations to more

accurately capture these phenomena.

Y —
X \/’—Ds/Dﬂ :

Fig. 1. Schematic diagram of three-dimensional computation domains for droplet-sphere collision
system, where the red dashed box contains a droplet with a diameter of Do, while the blue dashed
box contains a solid sphere with a diameter of Ds. The diameter ratio is defined as A=Ds/Do, and the
velocity applied during the impact is Vo.

The Lennard-Jones 12-6 potentials are employed to simulate the interaction of solid-solid (s-s)

and solid-liquid (s-1), expressed as
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U(r)=48|:(0'/r)lz—(0'/r)1 (1)
where 7 represents the distance between two atoms, ¢ is the depth of the potential well, and o is the
distance at which the potential crosses zero. If the distance between two atoms is sufficiently large,
the potential value approaches zero, indicating negligible interactions. To reduce computational
costs from such negligible interactions, a cutoff distance, rcu=1 nm, is used.*’ The interaction
potential in the above formula is calculated only when r< rct. Based on earlier studies of
nanodroplet impacts on solid surfaces, the constant parameters are ovs =2.47 A, ov1=2.82 A, &=
0.69 eV, and another adjustable parameter &1, which is used to modify the wettability of solid
surfaces scales from 0.0236 eV (21°) to 0.0027 eV (160°).5!

After designing the initial simulation system and the interatomic interaction force field, the
first step is to perform energy minimization. This is achieved by adjusting the molecular structure to
lower the system's potential energy, ensuring that the force field parameters are appropriately
applied to the system, resulting in more accurate simulation outcomes. This brings the system to a
stable state, providing a reasonable starting point for subsequent simulations and calculations, while
also reducing convergence time. This is a crucial step in the MD simulations, providing a reliable
foundation for further simulations. The next step is to simulate the equilibrium state of the entire
system. The so-called equilibrium phase involves bringing the system into an NVT ensemble
(canonical ensemble) for 3 nanoseconds, during which a Nose-Hoover thermostat maintains the
system's temperature at 300 K. Subsequently, the system will be switched to an NVE ensemble
(microcanonical ensemble) for 2 nanoseconds, where the heat bath will be removed. The purpose of
running under this ensemble is to enable the atoms within the system to achieve a balanced state

without external energy input. Throughout the entire equilibrium stage, the centers of the
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nanodroplet and the solid sphere are fixed in their initial positions to prevent any interactions
between them. Once equilibrium is reached, indicated by stable energy, temperature, and pressure
levels, the simulation transitions to the next stage: the output stage. In this final output stage, the
system will be simulated under the NVE ensemble, and the command to fix the nanodroplet's center
of mass will be replaced with the application of a downward velocity (V0), thus facilitating the
collision process between the droplet and the sphere. This will also lead to different collision
outcomes based on the applied velocity. This stage must run for 0.3 ns to ensure complete output of
results under all conditions. For analysis, the position and velocity of each atom are recorded every
1 picosecond to track the dynamics of the system throughout the simulation. Periodic boundary
conditions are specified in the X and Y directions, whereas a reflecting wall is employed in the Z
direction. The coordinates of atoms are output every 1000 steps. Simulation results are analyzed by
the Ovito (Open Visualization Tool) software.”! During the numerical simulations, we observed
instances of asymmetry in the droplet shape. This is primarily attributed to the inherent randomness
and limitations of the MD method, where the irregular motion of molecules, coupled with the
reduced time scales involved, may lead to momentary asymmetry. However, such asymmetry does
not significantly impact the overall outcomes, as the droplet may regain symmetry over time, and
the essential parameters such as temperature, pressure, and energy stabilize during the simulation.
To further ensure the robustness of our results, repeated calculations were performed under varying
conditions, which confirmed the reliability of our findings.

To validate the reliability of our MD code, a series of simulations of nanodroplet impacts on
solid surfaces were conducted and the results were compared with those from existing literature.

1.52

Specifically, the same initial conditions as Li et al.”>” were used, including droplet diameter, contact
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angle, and impact velocity. By comparing the temporal evolution of droplet spreading diameter, it

was found that the current simulation results were in excellent agreement with those of Li et a

1,2 as

shown in Fig. 2. This comparison demonstrates the high accuracy and reliability of our MD

simulation method. Similar validation processes can also be found in our previous works.
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Fig. 2. Comparison of temporal evolution of spreading diameter from the present simulation and the

previous study.’ Droplet diameter Do=13.2 nm, contact angle 6=125°, and impacting velocity

V0=2.33 and 6.65 A/ps.

III. RESULTS AND DISCUSSION

Based on previous studies, it can be concluded that wall wettability, droplet impact velocity,

and the diameter ratio between the droplet and the sphere are the three key factors affecting the

outcome of droplet-sphere impacts.!®!34648 Creating a three-dimensional phase diagram built on

these three parameters not only makes the chart overly complex, with excessive information and

difficulty in extracting key insights, but also increases the level of difficulty in understanding,

preventing a clear visualization of the relationships between the variables. Therefore, in this study,



AIP
é Publishing

we extract wall wettability as an individual variable, dividing it into hydrophilic, hydrophobic, and
superhydrophobic regions. Within each of these regions, a two-dimensional phase diagram using
droplet impact velocity and diameter ratio is constructed, aiming to present the findings in a clearer
and more comprehensible manner. It should be noted that to increase the diagram's general
applicability, the dimensional impact velocity is replaced with the dimensionless Weber number, as
is commonly done in most papers. 0154048
A. Impact on hydrophilic sphere

The hydrophilic region was analyzed using contact angles of 21°, 55°, and 75°. The impact
results for these three hydrophilic angles were found to be consistent. Specifically, as the impact
velocity increased, the outcomes sequentially exhibited deposition, covering, ligament-structured
dripping (dripping 1), and conical-structured dripping (dripping 2) when A<1. Here, four sets of
snapshots are provided as examples at 6=55°, 1=0.75, and We=4.83, 59.16, 120.73, 173.85 to
illustrate the four outcomes, as shown in Fig. 3. Fig. 3 (a) illustrates the process of the outcome of
deposition when We=4.83. The moment when the droplet contacts the spherical surface is defined as
time 0. Due to the inertia, the droplet spreads along the spherical surface after contacting it.
Furthermore, due to the hydrophilic nature of the surface, the adhesion force between the droplet
and the sphere is significant. As a result, the droplet quickly spreads on the sphere surface, forming
a wrapping liquid film, as shown in the snapshot at /=45 ps. However, due to the significant
adhesion work and viscous dissipation during spreading, the droplet has no excess surface energy
and kinetic energy after reaching its maximum spreading state, stabilizing on the sphere surface in
the form of a liquid film.

As the impact velocity increases, at We=59.16, due to the increase in kinetic energy, the droplet
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continues to spread on both sides of the sphere until it overlaps at the bottom, forming a complete
liquid film, achieving full coverage of the sphere, thus forming the covering state (Fig. 3b). If the
impact velocity continues to increase, at We=120.73, after covering the sphere, the droplet still has
residual kinetic energy, causing it to continue moving downward. However, due to the strong
wetting, the part of the liquid film close to the sphere remains attached to the surface. This leads to
the continuous elongation and thinning of the lower end of the droplet, forming a spindle shape.
Eventually, the droplet undergoes a breakage process at the narrowest point of the liquid film. As a
result, a portion of the droplet remains attached to the spherical surface in the form of a liquid film,
while the remaining part of the droplet detaches from the sphere and moves downward. This state is
referred to as dripping 1 (Fig. 3¢). Another newly identified type, dripping 2 (Fig. 3d), differs
significantly from dripping 1. After reaching the maximum spreading state represented at =9 ps, the
liquid film does not cover the sphere but instead moves downward as a whole in a conical shape.
Thus, at /=17 ps, most of the liquid separates from the sphere in a conical structure, leaving only a
few droplets attached to the sphere. The fundamental reason for these two different forms of
dripping is whether the provided kinetic energy can overcome the adhesion work generated by the
hydrophilic surface, allowing the droplet to move downward without adhering laterally to the
sphere. Similar conclusions have also been found and reported in.*”-4

It should be noted that at #=75°, a special state occurs as long as A<X1, namely the deposition
of a droplet at the bottom of the sphere. Taking 1=0.5 and We=30.18 as an example, the impact
process is shown in Fig. 4. It is found that when r<<60 ps, the development process of the droplet is
similar to that of #<X55 ps in Fig. 3b. However, in this process, as the wetting property weakens, the

adhesion work generated by the relative motion between the droplet and the sphere decreases. This
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allows the droplet to retain residual kinetic energy after completely wrapping the sphere, resulting
in the rupture of the liquid film at the top of the sphere at /=100 ps. The droplet then continues to
move downward along the sides of the sphere. However, its remaining kinetic energy is not
sufficient to detach it from the sphere, thus ultimately forming a special deposition form at the

bottom of the sphere.
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Fig. 3. Temporal evolutions of droplet profiles on the sphere at 8=55° and 4=0.75 at We = (a) 4.83,

(b) 59.16, (c) 120.73, and (d) 173.85.
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Fig. 4. Temporal evolutions of droplet profiles on the sphere at 6=75°, 1=0. 5 and We=30.18.
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When A>1, the impact outcomes differ significantly from those when A<1. At this region, only
two outcomes occur: deposition and splash. Specifically, when the sphere diameter is greater than
the droplet diameter, the impact results resemble those of a droplet impacting a flat surface. >
These two outcomes also occur only under hydrophilic conditions. Taking 6=75°, 1=2, We=97.79,
and We=173.85 as examples, two sets of snapshots are provided to illustrate the two outcomes, as
shown in Fig. 5. Due to the increase in sphere radius, when the droplet reaches its maximum

spreading extent, it can only be located at the upper part of the solid sphere's center (at /=20 ps in

Fig. 5a). Subsequently, it begins to contract and eventually stabilizes by depositing at the top of the

sphere.
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Top Vlew

=0 ps =5 ps =20 ps =60 ps =80 ps =95 ps

$60000

Top view
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Fig. 5. Temporal evolutions of droplet profiles on the sphere ath 6=75° and A=2 at We = (a) 97.79,

=5 ps =10 ps =15 ps =20 ps =45 ps

(b) 173.85.

If the impact velocity continues to increase, the strong adhesive effect of the hydrophilic
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surface on the liquid will cause the liquid film to promote splash (Fig. 5b). The splash emerges
along the perimeter of the extending liquid layer. In a macroscopic study by Bischofberger et al.>, a
comparable splash phenomenon was observed when a low-viscosity water-ethanol droplet at a
macroscale impacted a smooth glass surface, resulting in numerous small daughter droplets ejecting
above the lamella. In another MD simulation by Ma et al.*°, it was also been observed that when
nanoscale droplets impacted a hydrophilic surface with a contact angle of 33 degrees, this
phenomenon of initial edge fragmentation occurred. Wang et al.’” recently discussed the distinct
difference and underlying mechanism behind the splash phenomenon at these two scales. They
proposed that while the immediate splash of macroscale droplets is triggered by air bubbles beneath
the extending lamella, the Rayleigh-Taylor instability of ejected rims, induced by the rapidly
decelerating extending lamella, leads to the immediate splash of nanodroplets.

While the contact angle is an important factor influencing droplet impact behavior, within the
parameter range of this study, it is found that the trend of the phase diagrams is consistent across
different contact angles, with only slight differences at the critical points. Hence, the phase diagram
for the 55° contact angle based on the variations of the impact results with A and We is shown in Fig.
6 can be considered representative of the behavior at other contact angles, such as 21° and 75". In
this figure, deposition is marked by black squares, covering by red triangles, dripping 1 by blue
triangles, dripping 2 by pink triangles, and splash by green diamonds. It can be clearly seen that five
types of impact results appear in the hydrophilic region. It was found that when 0.5<A<1, the
results of droplet impact on the spherical surface showed four outcomes with increasing impact
velocity: deposition, covering, dripping 1, and dripping 2. However, at A=0.25, the first outcome of

deposition was missing. Even if the impact velocity is very small, the droplet will achieve complete
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covering status because the droplet radius is much larger than the sphere radius. As long as the
droplet contacts the sphere under the action of small velocity, it will continue to move downward
under the action of inertia and viscosity until it completely covers the entire sphere. With the
increase in sphere diameter, that is, an increase in A, this small inertia force is not enough to keep
the droplet moving downward. When its kinetic energy is consumed completely, the droplet cannot
achieve complete coverage of the sphere. Therefore, under low velocity conditions, the state is
stabilized on the solid sphere as deposition.

It is also observed that when A<0.5, the dripping state occupies a large proportion. However,
when 4>0.5, the proportion of deposition state gradually increases. When A>1, splash only occurs
when We reaches 150, while deposition state occurs under all other velocity conditions. Moreover, it
can be concluded that in the hydrophilic region, /=1 can be considered as the dividing line for
categorizing impact results into a complex region with smaller 4 (A<1) and a relatively simple
region similar to droplet impacting a flat surface with larger 4 (4>1). Additionally, the dripping state
only appears when A<1, while splash only occurs when A>1. It is important to note that in the case
of macroscopic droplet impact on hydrophilic spheres, it typically results in deposition or covering.
For example, the experimental results by Rioboo et al.>® show that at lower We, the droplet spreads
on the hydrophilic surface and eventually stabilizes into a deposition state. However, our MD
simulations show that at the nanoscale, droplets under the same conditions may exhibit different
behaviors. For instance, at higher We, droplets may undergo significant deformation and might
display partial dripping or splash phenomena, contrasting with the predominant deposition behavior
observed at the macroscopic scale. This discrepancy may arise from the complex interplay between

surface energy and droplet dynamics at the nanoscale.



AlIP
Publishing

L

180

m  deposition
g g g g % ® covering
v v A dripping 2
LS v i i v dripping 3
v v 4 Y 2 ¢ splash 1§
v ¥ & 1 - -
120F ¥ v 4 : . g
vy A4
v v A 1] ] ]
b i i
o 990F
= f i : :
] ]
ol & 4 3 : :
4 4 ] H H H
A ° [ u u u
t 8 & | i i
30F A ° u u u =
A [ u u u u
A ° ] ] ] u
[} ° ] [ ] ]
0 2 [ | [ | [ | [ | [ |
0.5 1.0 1.5 2.0

Fig. 6. Phase diagram of nanodroplet impact on a hydrophilic sphere, where We ranges from 1.21 to
173.84 and A ranges from 0.25 to 2.
B. Impact on hydrophobic sphere

In the hydrophobic region, we conducted comparative studies on the impact results of
nanodroplets at contact angles of 105°, 125°, and 135°. The results differ from those in the
hydrophilic region. In this region, under any diameter ratio condition, the rebound state occurs, and
the dripping 1 state no longer appears. Instead, a new state, dripping 3, emerges. The results at the
three contact angles are also similar, with slight differences in the critical points between adjacent
outcomes, as observed in the hydrophilic region.

Here, taking 6=125°, /=1, and We=1.21,19.32,59.16,146.08 as examples to illustrate four states:
deposition, rebound, dripping 2, and dripping 3, as shown in Fig. 7. When the droplet impacts the
sphere at a very low velocity, the provided kinetic energy is insufficient to overcome viscous

dissipation. Consequently, the droplet attaches to the hydrophobic spherical surface with a small

2
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contact angle, forming the deposition state (Fig. 7a). However, by slightly increasing the impact
velocity, the droplet exhibits an outcome of rebound (Fig. 7b). During this process, it is observed
that due to the enhanced hydrophobicity of the surface, the droplet no longer spreads completely
along both sides of the sphere, as shown in Fig. 3, but instead, the internal liquid close to the sphere
surface spreads along the sphere while a portion of the external liquid spreads laterally. This forms a
crown-like shape, similar to impacting on an invisible flat surface, thereby reducing the viscous
dissipation generated by the droplet's contact with the sphere. As a result, more residual kinetic

energy is accumulated, causing the droplet to contract and bounce off the spherical surface.
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Fig. 7. Temporal evolutions of droplet profiles on the sphere at 8=125° and A=1 at We = (a) 1.21,
(b) 19.32, (¢) 59.16, and (d) 146.08.

With the continued increase in impact velocity, the droplet still spreads both longitudinally and
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laterally. However, the increased downward kinetic energy causes the crown-shaped liquid film to
move downward simultaneously. This leads to stretching of the liquid film at the top of the sphere
until a hole appears, followed by the overall downward movement in a ring-shaped manner.
Subsequently, the liquid converges and overlaps at the lower end of the sphere to form a spherical
droplet, eventually detaching from the sphere to form the dripping 3 state, which is the dripping
form previously defined in the literatures'>*® (Fig. 7c). When the Weber number is very large, the
downward movement of the liquid film is rapid, causing the thin liquid film to be quickly torn apart,
resulting in the detachment of the liquid film containing more liquid in a conical shape. This
process is similar to the formation of dripping 2 on hydrophilic surfaces (Fig. 3d). Therefore, the
formation of the dripping 2 state is independent of the surface's hydrophilicity or hydrophobicity

and depends only on the Weber number.
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Fig. 8. Phase diagram of nanodroplet impact on a hydrophobic sphere, where We ranges from 1.21
to 173.84 and A ranges from 0.25 to 2.

In the hydrophobic region, when examining the phase diagram established based on 4 and We,
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it is noted that the change pattern of droplet impact on a solid sphere in this region is not simply
divided by /=1, unlike the uniform pattern observed in the hydrophilic region. Instead, it exhibits a
more complex and variable outcome, as shown in Fig. 8.

Unlike the hydrophilic region, even within the range of A<l, the resulting outcomes of
nanodroplet impact on the solid sphere are inconsistent. When 4=0.25, at very low impact velocities,
the droplet initially exhibits a rebound state, similar to an elastic collision. 22*> After impacting the
sphere, the droplet only undergoes minor deformation before immediately recoiling and bouncing
off. It is important to note that under the same contact angle conditions, there is no rebound
phenomenon when a droplet impacts a flat surface.® This phenomenon occurs due to the curvature
of the sphere, causing the droplet to spread laterally during impact, reducing the contact area
between the droplet and the sphere surface, thus minimizing the viscous dissipation.?* This leads to
the occurrence of rebound. Subsequently, with a slight increase in impact velocity, the droplet
covers the sphere surface. This is mainly because the solid sphere is relatively small compared with
the droplet, so it only requires a small velocity to completely wrap around the sphere. Once
covering occurs, the droplet cannot recoil and bounce off the surface anymore. Further increasing
the velocity results in the dripping 3 state. This is because the increase in velocity allows the droplet
to retain residual kinetic energy even after covering the sphere, leading to continued downward
movement. However, the corresponding range of impact velocities for this outcome is significantly
larger compared with the previous two outcomes. Finally, under the most impact condition, the
droplet exhibits the dripping 2 state, as shown in Fig. 7(d). The transition from dripping 3 to
dripping 2 occurs because as the impact velocity increases, the droplet does not return to a spherical

shape before detaching from the surface.
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When 4=0.50, at relatively low impact velocities, rebound still occurs first, followed by
covering. However, the range of impact velocities corresponding to these two outcomes is
significantly larger compared with that at A=0.25. This indicates that as the diameter of the solid
sphere increases, the droplet requires a higher velocity to achieve covering of the sphere.
Additionally, once covering occurs, more kinetic energy is needed to overcome the energy
dissipation generated by the relative motion between the droplet and the larger surface area of the
sphere. Similar to the results observed at /=0.25, under most impact conditions, the droplet exhibits
the dripping 2 state.

When 1=0.75, unlike the results for the first two diameter ratios, at this point, due to the
relatively close ratio between the sphere diameter and the droplet diameter, when the droplet
impacts the sphere at a low velocity, it obtains more spreading space, completely consuming its
kinetic energy, and eventually stabilizes at the top of the sphere, forming the deposition state.
Moreover, the proportion of rebound states increases significantly, indicating that with the increase
in sphere diameter, the maximum spreading diameter of the droplet on the sphere surface increases

under the same velocity, 60

allowing more surface energy to be stored during the droplet spreading
process. The stored surface energy eventually causes the droplet to recoil and bounce off the surface.
On the other hand, when 1==0.75, the covering state no longer occurs after the droplet impacts the
sphere. This is because even with an increase in impact velocity, resulting in the droplet covering
the sphere, it remains in an unstable state. The thin liquid film formed by the covering is prone to
rupture at the top of the sphere due to the presence of residual kinetic energy, and the larger surface

energy causes the droplet to contract towards the bottom of the sphere, leading to dripping.

Therefore, rebound and dripping represent the two detachment forms of the droplet at the top and



AIP
é Publishing

bottom of the sphere, respectively.

At 1=1.00, the impact results are similar to those at /=0.75. When the droplet impacts the
sphere at a low velocity, it initially exhibits the deposition state. As the impact velocity increases,
the droplet gains enough energy to rebound from the surface, resulting in a bouncing state.
Moreover, the corresponding velocity range for this state further increases. With increasing impact
velocity, the dripping 3 and dripping 2 states occur.

However, when A>1, the impact results under the previous four diameter ratio conditions show
significant differences. In this range, at relatively low impact velocities, the droplet still exhibits the
deposition state first, followed by rebound. However, the range of impact velocities corresponding
to rebound increases significantly. Furthermore, with further increase in impact velocity, similar to
the conclusions in the hydrophilic region, the droplet no longer exhibits dripping states but rather
splash. Thus, it is once again demonstrated that dripping states only occur when A<X1, while splash
only occurs when 2>1. Taking 1=1.5 and We=10.87, 43.46, 173.85 as examples, the corresponding
three states are displayed in Fig. S1 (Supplementary Materials).

Through comparison of the phase diagrams in the hydrophilic and hydrophobic regions, it is
observed that the major difference in droplet impact on wetting surfaces lies in the outcomes of
rebound, dripping 3, and covering. Due to the enhanced hydrophobicity, at lower velocities, the
droplet tends to rebound from the surface after impacting the sphere. Additionally, when 1<X1,
within a broad range of velocities, the droplet tends to rupture at the top due to the enhanced
hydrophobicity after impacting the sphere, making it unable to maintain the covering morphology.
Subsequently, due to insufficient kinetic energy, the droplet contracts into a spherical shape and

detaches from the bottom of the sphere, referred to as dripping 3. Furthermore, the covering state in



Publishing

AIP

\

the hydrophobic region only occupies a very small proportion at 2=0.25 and 0.5, unlike in the
hydrophilic region where a large velocity range for covering is observed as long as A<<1. This is
because the hydrophobic surface exerts a repulsive force on the droplet atoms, making it difficult
for the droplet to achieve a stable covering state. Only at smaller 4, where the droplet diameter is
significantly larger than the sphere diameter, and at lower velocities, it is possible to achieve
complete coverage of the sphere without rupturing the liquid film at the top of the droplet.
Therefore, the enhancement of hydrophobicity is the fundamental reason for the differences in these
three outcomes. On the other hand, unlike macroscopic droplet impact on hydrophilic spheres,
macroscopic droplets impacting hydrophobic spheres typically exhibit rebound behavior, as

discussed in detail in the experimental study by Antonini et al.*3

. At the macroscopic scale, droplets
on hydrophobic surfaces tend to undergo an expansion-retraction process and may eventually
rebound completely off the surface. However, our MD simulations show that at the nanoscale,
droplets are more prone to splash or dripping phenomena, especially at higher We. This observation
suggests that at the nanoscale, the energy dissipation mechanisms of droplets on hydrophobic

surfaces differ from those at the macroscopic scale, resulting in greater fluid instability and the

possibility of splashing even at lower critical We.
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Fig. 9. (a) The relationship between dimensionless contact time 7 and 1 for various We. (b) The
relationship between dimensionless contact time 7 and We for various 4.

Because in applications such as self-cleaning and anti-icing, contact time is the most crucial
factor, we summarized the contact time for all rebound cases based on the phase diagram in Fig. 8,
and the dimensionless contact time (7',7=7/n) as a function of A for distinct We (1<We<110) is
presented in Fig. 9a. At We=1.21 and 4.83, the dimensionless contact time increases with the
increase in 4. This is because, at these relatively low impact velocities, the droplet deformation is
also small, and the spreading primarily occurs in the lateral direction, similar to impacting on an
invisible flat surface (Fig. 7b). Therefore, the increase of 4 increases the contact area between the
droplet and the wall, thereby enhancing the adhesive effect of the wall on the droplet during the
spreading and retracting processes, leading to an increase in contact time. While We>10.87, the
dimensionless contact time first decreases and then increases as A increases. As We increases, the
deformation of the droplet upon impact also increases, causing it to spread along the spherical
surface. Therefore, even if 4 slightly increases, it can be considered that there is no effect on the
contact area between the droplet and the wall during the spreading process. Here, inertial force is
the main factor affecting droplet impact; its increase accelerates the spreading and retracting of the
droplet, thereby reducing the contact time. However, with the further increase in A (2>1), at the top
of the sphere, the liquid film is stretched until a hole appears, and under capillary action, the film
continues to spread along the sphere, leading to an increase in the hole diameter and eventually
forming a ring-shaped liquid film surrounding the solid sphere. Therefore, during the retraction
process of this ring-shaped film, it needs to move upward first, overlap at the top of the sphere to

form a spherical droplet, and then bounce off the sphere, ultimately resulting in a significant
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increase in contact time, and the corresponding impacting process can be found in Fig. S2
(Supplementary Materials).

Fig. 9b plots the dimensionless contact time as a function of We for distinct 4. When 1=0.25,
rebound occurs only at We=1.21 without a noticeable trend, hence no analysis is conducted. Under
all other A conditions, the dimensionless contact time exhibits a trend of initially decreasing and
then increasing. The decrease in contact time is similar to that observed when a droplet impacts a
flat surface at low velocities, where the droplet undergoes minimal deformation and behaves akin to
an elastic sphere in Hertz contact.?2*% As the impact velocity gradually increases, the degree of
droplet deformation increases, deviating from the elastic sphere impact law, and the droplet's higher
kinetic energy accelerates both the spreading and retraction processes, thus reducing the rebound
time.!2141360 By comparing the impact processes under different We numbers when 1<1, it is
observed that when the droplet achieves the maximum spreading, if the lowest plane of the liquid
film does not exceed the center of the solid sphere, the dimensionless contact time gradually
decreases with increasing of We. However, when the liquid film continues to spread downward,
causing the lowest plane to surpass the center of the solid sphere, the spreading and retraction
processes of the droplet consume more time due to a significant increase in viscous dissipation
during the impact process. The specific formula can be found in the energy analysis of section 3.3.

When 7>1, the reason for the increased dimensionless contact time at higher We is different
from that when A<X 1. It is observed that when />1, due to the increased diameter of the solid sphere,
even at larger We numbers, the spreading's lowest plane cannot exceed the center of the solid sphere.
However, with increasing We, the higher downward kinetic energy causes the coronal liquid film in

the spreading state to move downward simultaneously. Consequently, a hole appeared at the top of
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the sphere, leading to an increase in contact time (Fig. S2).
C. Impact on superhydrophobic sphere

With the increasing maturity of superhydrophobic surface fabrication techniques, the impact
behavior of droplets on superhydrophobic surfaces has been widely applied in fields such as
self-cleaning, anti-icing, microfluidic systems, biomedical fields.®'** Therefore, this paper also
delves into the study of the superhydrophobic region. Additionally, we will further explore the
differences between macroscopic and nanoscale droplets in several key aspects through quantitative
analysis. Specifically, we will further demonstrate the scale effects between the two scales through
theoretical models in terms of droplet morphology changes, energy, spreading dynamics, and
contact time. It is worth noting that the simulation method used in this study does not explicitly
account for the effects of surface microstructures but instead achieves superhydrophobic behavior
by adjusting the molecular-level surface wettability. This approach effectively simplifies the
calculations while still capturing the main features of surface chemical interactions and has been
widely applied in similar studies. In future research, we plan to further investigate the potential
impact of microstructures on surface wettability through higher-resolution simulations. In this area,
the impact results of droplets are more regular, similar to the hydrophilic region, and can be divided
by A=1. When A<:1, the impact results of droplets on the spherical surface exhibit three outcomes
with increasing impact velocity: rebound, dripping 3, and dripping 2. When 2>1, with increasing
impact velocity, droplets first exhibit rebound and then splash. As the various morphologies
mentioned above have been elaborately discussed in section 3.2, snapshots are not specifically
displayed here. Using 8=160° as an example, we have established the phase diagram for droplet

impact on superhydrophobic solid spheres based on different 4 and We numbers, as illustrated in Fig.
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1.5 shows that

10. However, on superhydrophobic surfaces, the experimental study by Liu et a
droplets tend to exhibit complete rebound, with little to no residual on the surface. Our MD
simulation results support this observation; however, at the nanoscale, the rebound behavior of
droplets on superhydrophobic surfaces may exhibit higher sensitivity. For example, within specific
Weber number ranges, droplets may not rebound as smoothly as in macroscopic experiments but
may instead undergo asymmetric rebound or even splashing. This further demonstrates that at the

nanoscale, due to surface effects and the high kinetic energy of molecules within the droplet, the

rebound behavior becomes more complex.
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Fig. 10. Phase diagram of nanodroplet impact on a superhydrophobic sphere, where We ranges from
1.21 to 173.84 and A ranges from 0.25 to 2.

After comparing the phase diagram results of the hydrophilic and hydrophobic regions, it is
evident that on superhydrophobic surfaces, due to the excessive hydrophobicity, droplets do not stay
on the sphere. Thus, deposition or covering does not occur, only rebound from the top of the sphere

and dripping from the bottom are observed when A<X1. Therefore, only two forms of detachment
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states of droplets on superhydrophobic surfaces are generated. Consequently, based on the principle
of energy conservation, we established a theoretical model to quantitatively predict the critical
transition conditions between the outcomes of rebound and dripping.

Based on the snapshots of the droplet impact process in Fig. 7, the impact droplet forms a
crown-shaped structure. Generally, if there is still surplus kinetic energy to continue spreading after
the plane at the bottom end of the crown-shaped liquid film surpasses the bottom vertex of the solid
sphere, dripping occurs. Conversely, if the plane at the bottom end of the crown-shaped liquid film
remains above the sphere before reaching maximum expansion, rebound occurs. Therefore, it is
assumed that there exists a critical state between droplet rebound and dripping. In this state, the
droplet has reached maximum expansion without any surplus energy. The initial and critical states

of the droplet impact are illustrated in Fig. 11.

Initial state Critical state

Fig. 11. Schematics of the initial state and critical state for the transition from rebound to dripping
regimes, where the impacting droplet forms a crown shape surrounding the sphere in the critical
state.

During the impact process, the energy expressions for the two states satisfy the equation:

Ek,0+Es,0:Ek+Es+Evis (2)
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where Ex, and Eso are the initial kinetic energy and surface energy; Ex and Es are the critical kinetic
energy and surface energy; and Evis is the viscous dissipation. The energy terms at the initial state
can be obtained from
Ero= %pDSVo2 3)
Ey0=Va g0+ Ve Ags.0 = Vet TDG 47 - w(ADo) * Q)
where 1 and ys are the gas—liquid and gas—solid surface tensions, respectively; 4gl.0 and Agso are
the surface area of the initial droplet and solid sphere. Upon reaching the critical state (Fig. 11), the
droplet's kinetic energy usually accounts for less than 5% of the initial total energy at maximum

spreading.”® Consequently, the energy components become.
P g q Y. gy p

E,~0 5)
E, = yglAgl +yada (6)

where yis is the liquid-solid surface tension and is connected to yg1 and ygs through Young’s equation,

namely,
721€08 Oy = Ygs — Vs @

where & is taken to be the static contact angle (). It is worth noting that Young's equation was
used within this theoretical framework. Although Young's equation was originally proposed for
macroscopic scales, recent research has shown that it remains applicable under specific nanoscale
conditions, such as when the surface is sufficiently smooth, the droplet size is relatively large, and
the system is somewhat idealized.’”%® Therefore, in our study, where the system meets these specific
conditions, Young's equation remains a reasonable and useful tool. Because the solid sphere is
completely enveloped by the droplet, the surface energy at the critical state consists of two parts:
the gas-liquid interface area of the spherical droplet and the solid-liquid interface area where it

contacts the solid sphere. The calculation results are as follows:
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2+32°
Agl = 3) ﬂDOz (8)

Ay=m(ADy)? ©
Unlike macroscopic droplet impacts, at this scale, the calculation of viscous dissipation only
considers the boundary layer. As we move to the nanoscale, velocity gradients exist throughout the
entire droplet.’>3*4% Therefore, the calculation formula can refer to the method proposed by Mao,*’
where viscous dissipation includes both the boundary layer and the interior of the droplet, expressed

as:

L We <Lw,max> 2y We

D, ) — 91°DZRe (10)

By substituting equations (3)-(10) into equation (2), we obtain the critical condition for the rebound

and dripping outcomes of impact droplets on small superhydrophobic spheres, i.e.,

8> We
2 DA —
- °059> 32DiRe  ° an

2+34°
3

We+12<17

As anticipated, the critical curves derived from the theoretical model [Eq. (11)] effectively
matches the transition between the rebound and dripping outcomes when A<1, as depicted in Figs. 8
and 10. As the diameter ratio increases, the critical Weber numbers for the transition between
rebound and dripping, as determined by both simulations and the theoretical model, also increase,
and closely align. Despite a slight deviation at some diameter ratios, it might stem from the
assumption about the critical state, such as simplifying the shape of the deformed droplet, or
estimating viscous dissipation. Given the complexity of fluid flow during droplet impact, this
deviation is acceptable and indicates that the theoretical model can reliably predict the final
outcome of a droplet impacting a small superhydrophobic sphere. It should be noted that Liu et al.'®

also established a theoretical boundary between the rebound and dripping states using the energy

conservation method. However, their geometric model and energy dissipation were proposed based
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on a macroscopic scale, which does not correspond with our microscopic results, as demonstrated in

the study by Wang et al.*

. However, in Wang's research on the impact of nano-droplets on a sphere,
the theoretical model derived is based on the proportionality between the difference in surface
energy and the difference in kinetic energy.*® This is only applicable to the range where the
coefficient of restitution does not change with the Weber number, meaning the rebound time does
not vary with the Weber number.32>° However, as shown in Fig. 12b, during the transition from the
rebound state to the dripping state, the rebound time no longer falls within the range where it is
independent of the Weber number. Therefore, this theoretical model does not accurately reflect the
real energy relationship at the critical state.

Whether it is a droplet impact on a superhydrophobic flat surface or a spherical surface, the
phenomenon of rebound is the most crucial outcome. Therefore, we extracted the dimensionless
contact time of the rebound cases from Fig. 10 and analyzed them, as shown in Fig. 12. In Fig. 12a,
when 1.21<We<10.87, the dimensionless contact time first decreases and then increases with the
increase in A. This is significantly different from the trend observed on hydrophobic surfaces (Fig.
8a), but the reason for the increase in contact time is the same: the increase in the contact area
between the droplet and the wall. The initial decreasing trend is due to the enhanced hydrophobicity,
causing the droplet to spread mainly in the horizontal direction upon impact. Therefore, a smaller 1
does not affect the contact area, and the contact time is determined solely by the inertial force.
When 19.32<We<43.46, the dimensionless contact time first decreases and then remains unchanged
with the increase in 4. The reason for the decreasing trend in contact time is that the smaller the 4,
the more pronounced the curvature effect becomes. Specifically, when 4 is smaller, the spreading of

the droplet is significantly influenced by the curvature, leading to a greater extent of wrapping and
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spreading. Therefore, the entire spreading and retraction process takes longer. However, as A
increases, the degree of spreading stabilizes and becomes more consistent, the curvature effect
gradually diminishes or even disappears, and the contact time tends to remain constant. At
We>59.16, the dimensionless contact time decreases with the increase in A. At this point, a hole
appears at the top of the liquid film in all impact processes, and the influence of curvature
disappears. Inertial force becomes the dominant force affecting the contact time. Therefore, the

greater the impact velocity, the shorter the contact time is.
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Fig. 12. (a) The relationship between dimensionless contact time 7 and A for various We. (b) The
relationship between dimensionless contact time 7 and We for various .

In Fig. 12b, when 4=0.25, similar to the results on the hydrophobic spherical surface in Section
3.2, rebound only occurs at We=1.21. This indicates that under such extremely small diameter ratios,
whether on a hydrophobic or superhydrophobic surface, only at low velocities will there be a
rebound similar to that of an elastic sphere. As the impact velocity increases slightly, the post
impact morphology changes. For the rest of the diameter ratio conditions, the contact time initially
decreases and then increases, which is consistent with the rebound time pattern on a hydrophobic

sphere. The reason for this trend is also unified and can be found in detail in Section 3.2.
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Unlike the impact of droplets on a hydrophobic sphere, in the mid-Weber number range, the
contact time exhibits a generally constant trend, which is similar to droplets impacting on a
superhydrophobic flat surface.3? It was proposed for the first time in their study that, during the
impact of nanoscale droplets, the contact time no longer follows macroscopic laws. It is not only
related to the Weber number but also to the Reynolds number. Their work quantitatively
demonstrated the key role of viscous in the impact process of nanoscale droplets, proposing that the
contact time t~ (Ro/Vo)We?*Re’'®. Subsequently, Wang et al.** and Ma et al.®’ derived that the
maximum spreading factor and the rebound time on surfaces with different wettabilities were both
proportional to We*>Re™. Therefore, the contact time on solid spheres is needed to be established
by extending the effectiveness of this scaling law from flat surfaces to solid spheres.

To extend the scaling relationship of contact time for nanoscale droplet impacts from flat
surfaces to spherical surfaces, an important influencing factor, 4, must be considered. Therefore, for
droplet impacts on cylinders at the macroscale, a revised Weber number is introduced to account for
the interplay between inertia and capillarity on curved surfaces, expressed as We'=We/l."%7
Similarly, a revised Reynolds number can be expressed as Re’=Re//. Thus, the new revised scaling
relationship can be expressed as t~(Do/Vo)We**Re’® 113, To verify this scaling, four more sets of
simulations were carried out at 4=0.75, 1.00, 1.50, and 2.00, using impact velocities that fall within
the constant contact time region for these radius ratio conditions. We define a revised dimensionless
time as £'=t/(Do/V0) and plot all data in a £ ~We?*Re® 271 coordinate system. Intriguingly, all four
sets of data collapse onto a single universal curve, as shown in Fig. 13, thereby verifying this

scaling.
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Fig. 13. Revised dimensionless contact time ¢* as a function of We**Re™3 1" for various A,
fitted with a power-law £'~We?3Re 13 113,

IV. CONCLUSION

This study investigates the impact dynamics of nanodroplet on solid spheres, using the MD
simulations. The simulations explored a wide parametric range with We from 1.2 to 173.8, A from
0.25 to 2, and & from 21° to 160°, aiming to reveal a detailed understanding of the impact dynamics
and comprehensively report the outcome regimes. When a droplet impacts on a hydrophilic sphere,
five impact outcomes are observed: deposition, covering, ligament-structured dripping,
conical-structured dripping, and splash. Moreover, /=1 can be regarded as the boundary dividing
the impact outcomes into a complex region with smaller A values (A<X1) and a relatively simple
region similar to droplet impacts on flat surfaces with larger 1 values (4>1). Dripping states only
occur when A<X1, while splash only occurs when A>1. When a droplet impacts on a hydrophobic

sphere, six impact outcomes are observed: deposition, rebound, covering, dripping,

3
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conical-structured dripping, and splash. Due to enhanced hydrophobicity, compared with impacts on
hydrophilic spheres, rebound and dripping outcomes emerge, while ligament-structured dripping no
longer occurs. Additionally, the proportion of covering outcomes decreases significantly.
Furthermore, we calculated the contact time for all rebound cases and found that under all A
conditions, as Weber number increases, the contact time initially decreases and then increases. This
is mainly attributed to different spreading and recoiling behaviors during droplet impact, resulting
in varying viscous dissipation. When a droplet impacts on a superhydrophobic sphere, the impact
outcomes are more regular. Similar to the hydrophilic region, =1 can also serve as a boundary,
when A<X1, deposition, dripping, and conical-structured dripping are observed, while when 1>1,
only rebound and splash are observed.

An energy analysis of impacts on superhydrophobic solid spheres was carried out to
systematically explore the effects of A and We on rebound and dripping criteria. A theoretical model
correlating We, 6, and A has been established and the findings in this study demonstrate that the
criteria for rebound and dripping can be effectively predicted using this theoretical model, which
takes into account surface curvature and wettability. Furthermore the rebound time of droplet
impact on superhydrophobic spherical surfaces has been investigated. By introducing the modified
Weber (We/l) and Reynolds (Re/1) numbers, we extended the scaling law of contact time
previously established for droplet impact on superhydrophobic flat surfaces to spherical surfaces.

The new scaling relationship is £~ (Do/Vo)We**Re’ V3113

, which agrees well with the simulated
results. The findings in this study enhance the understanding of droplet impact on solid spheres,

contributing significantly to the control of impact dynamics in applications like painting, spray

cooling, coating, 3D printing, drug delivery, and various other fields.
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SUPPLEMENTARY MATERIAL

See the supplementary material for details on the nanodroplets impacting a hydrophobic
surface (S1), and the impact and rebound process of a nanodroplet with a hole (S2).
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