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ABSTRACT

Spreading time, the time that an impacting droplet attains the maximum wetting area on a
solid surface, plays a critical role in many engineering applications particularly where heat
transfer or chemical reactions are involved. Although the impact dynamics of a droplet
significantly differ across the different spreading regimes depending on various collision
parameters, it still remains unclear (i) how the spreading time changes for each spreading
regime, and (ii) how the target curvature can affect the spreading time. In the present study,
the spreading time during droplet impact on a spherical target is systematically studied at the
three different spreading regimes for a wide range of impact parameters (Weber number,
equilibrium contact angle, Ohnesorge number and droplet-to-target size ratio). The changes
of spreading time depending on the impact parameters and underlying physical mechanisms
are analyzed in detail at the level of three different spreading regimes. Our results show that
the spreading time, proper time scales, dominant impact parameters and associated physical
behaviors all significantly and non-linearly change across the three spreading regimes. An
improved prediction model for the spreading time is also proposed for each regime, which is
now based on only the controllable variables and has an explicit form. The effect of target
curvature on the spreading time is further investigated, and finally, a data-driven prediction
model is proposed to represent the complicated and non-linear nature of the spreading time

broadly across the three spreading regimes.

Keywords: droplet impact; spreading time; multiphase flow simulation; prediction model;

data-driven analysis
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I[. INTRODUCTION

Collisions of droplets with solid surfaces can be found not only in a broad range of
modern technologies but also in everyday life [1,2]. Since droplet collision phenomena can
play crucial roles in the performance of diverse engineering applications such as spray
cooling and chilling [3], spray drying [4], wet-scrubbers [5], fluid catalytic cracking (FCC)
[6], trickle-bed reactors [7], microfluidic-based encapsulation of biomaterials [8] and tablet
coating [9], to name a few examples, their collision processes have naturally been of great
interest across various fields of chemical, mechanical, pharmaceutical, food and bio
industries [1,9-11]. In general, the collision behavior is dominated by a complicated
competition and interaction among inertial, viscous, and capillary forces (sometimes
including the gravitational force as well) at very small length and time scales [12,13].

For droplet impact problems with a solid surface much effort has focused on
investigating the maximum spreading extent (normally characterized by the maximum
spreading diameter) [14-17] and the spreading time [18-21]. The former measures “how
much a droplet can spread over a target surface”, while the latter quantifies “how long it takes
to reach the maximum spreading state”. Both quantities usually play critical roles in
determining process performance and efficiency particularly in the context of controlling the
droplet deposition process [1,12,19]. For example, the maximum spreading extent of a
catalyst particle significantly affects the catalyst efficiency as well as the system performance
of trickle-bed reactors [7] and the spreading time also plays an important role in collision
processes where heat transfer (e.g., droplet solidification) [14] and/or chemical reactions
(e.g., cracking reaction in the FCC system) [22] are involved.

After Chandra and Avedisian’s work [23] which has initiated a series of energy-balance-
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based theoretical approaches for estimating the maximum spreading diameter of droplets
numerous studies have been devoted to the spreading dynamics of droplets on a solid surface.
Based on the concept of the energy-balance between the collision instant and the maximum
spreading state Pasandideh-Fard et al. [24] proposed more refined length and time scales to
evaluate the energy loss in the boundary layer where the viscous dissipation occurs and their
approach has indeed provided a cornerstone for many later theoretical energy-balance-based
approaches [25,26]. This type of analysis was also widely utilized for estimating the rebound
criteria of bouncing droplets on a non-wettable surface [25] as well as the maximum
spreading extent [23-26]. Afterward, Roisman [27] considered the full Navier-Stokes
equations to estimate the flow field inside the droplet and proposed a semi-empirical model
using the experimentally fitted data. Later, his model was experimentally demonstrated to be
one of the most accurate models for the maximum spreading extent for a wide range of
Weber number and surface wettability [14]. Wilderman et al. [17] presented an interesting
analysis for high-speed drop impact problems. They showed that roughly one-half of the
initial (impact) kinetic energy can be converted into surface energy owing to a universal head
loss regardless of detailed impact conditions and energy dissipation mechanisms. More
recently some other sources causing extra energy loss during the spreading stage of droplets
have been found to affect the maximal spreading extent, e.g., residual kinetic energy in the
form of vortical flow inside a droplet [16] or energy loss due to ‘interface relaxation’ near a
solid surface [18]. Although there is still a debate on the maximum spreading extent [28], in
general, scaling laws of We!# derived from momentum conservation [16] and We'!”? derived
from energy conservation [29] have been experimentally shown to hold for the inviscid

regime (for less viscous droplets) whereas a Re!

rule [30] has worked well for a viscous
regime (for highly viscous droplets).

There have also been several attempts to examine spreading dynamics for droplet
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collision on curved surfaces such as a spherical target. Bakshi ef al. [31] experimentally
showed that the film thickness at the collision center undergoes three different phases: (i)
initial drop-deformation, (ii) inertia-dominated and (iii) viscosity-dominated. The
dimensionless film thickness profiles were collapsed on a single curve for the first and second
phases. Malgarinos et al.[32] used volume-of-fluid (VOF) simulation to study the problem of
drop collision on spherical targets. They investigated the boundary separating the coating
from the rebound regime, the film thickness, and the wetted area. Afterward, they further
performed extensive VOF simulations to study drop impact on a spherical particle including
phase change and reaction phenomena in a high temperature environment (T > 800 K) [33].
Zhang et al. presented two-dimensional [34] and three-dimensional [35] Lattice-Boltzmann
simulations. They examined the effects of Weber and Reynolds numbers on the film thickness
at the collision center, and their simulation results reproduced Bakshi et al.’s [31]
experimental observations well. Liang et al. [36] experimentally studied drops impacting on
wetted spherical targets, and they showed the drop-to-target curvature ratio played a critical
role in not only the spreading characteristics but also determining the splashing threshold.
Mitra et al. [37], Liu et al., [38], and Khurana et al. [39] proposed energy-balance-based
prediction models for evaluating the spreading extent on a spherical surface and their models
reproduced their experimental observations well. Yoon and Shin [40] also proposed scaling
laws and an empirical correlation for the maximum spreading diameter of a droplet colliding
with a spherical surface for a wide range of liquid viscosity. More recently, Yoon et al. [41]
proposed a data-driven prediction model for the maximum spreading that can be applied to
both a flat surface and a spherical surface. Although these studies reviewed above have
provided useful relations to estimate the maximum spreading extent as well as have notably
shed light on our understanding of the physical mechanisms of spreading droplets, they have

mainly focused on the maximum spreading extent itself rather than on the spreading time.
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We now review studies in the context of the spreading time which has been relatively
less well-explored compared to the maximum spreading extent. Although it has long been
understood that the contact time of a droplet is limited by the Rayleigh oscillation time [42]
which is a function of the drop’s density, diameter and surface tension coefficient, the energy-
balance-based approaches, at the very early stage, simply approximated the spreading time ¢
ignoring the effect of surface tension. Chandra and Avedisian [23] considered 7 to be 7= Dq /
Vini, where Dg and Vin; are the initial droplet diameter and the impact velocity, respectively.
This is indeed the advective characteristic time scale which has normally been used to
nondimensionalize the physical time scale [31], and also can be interpreted as the required
time for a droplet to reach zero height from its initial diameter, Dq, at a constant impact
velocity Vini. Pasandideh-Fard et al. [24] modified the spreading time to be 7 = 8Dq / 3Vini
based on a simple geometric assumption and mass conservation and their model has been
widely used in many other theoretical studies [26,43]. Recently, Antonini and Amirfazli [14]
experimentally showed that the spreading time 7 is considerably affected by surface
wettability. Lee et al. [44] also presented significant effects of liquid properties on z. They
replaced the initial drop diameter (Dq) in Pasandideh-Fard et al.’s model [24] with Dy, (Where
D is the maximum spreading diameter), suggesting an empirical model, 7 = b(Dm/Vini),
where b is the ratio of the surface tension coefficient between a working droplet and a water
droplet. Huang and Chen [18] and Wang et al. [45] also adopted a similar spreading time as
the model of Lee et al. [44]. Lin et al. [19] presented a remarkable experimental study for the
spreading time and systematically analyzed the effects of various collision parameters (e.g.,
impact velocity, liquid properties and surface wettability) on 7 for a very wide range of
collision conditions. They also proposed a new empirical model for the spreading time as a

0.43

function of Weber number, i.e., 7" = 0.92We"43, Here, 7" is the rescaled spreading time using

a modified capillary time scale (pDn’/80)"> based on the maximal spreading diameter, D,
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where p and ¢ are the density of a droplet and the surface tension coefficient, respectively. Du

et al. [21] also proposed a similar empirical model (z° = 1.47We***) as Lin et al.’s model

[19]. More recently, Aksoy et al. [20] showed the effect of liquid viscosity on the spreading

time and proposed an empirical model as a function of both Weber and Reynolds number, i.e.,

T = 2We045Re 09,

Even considering the numerous studies heretofore undertaken, it still remains difficult to

comprehensively understand how the spreading time of a droplet can be affected by various

collision parameters for a wide range of impact parameters. In particular, one can find

significant knowledge gaps as follows:

(ii)

It is well-known that drop spreading dynamics vary significantly across the
different spreading regimes. For example, a drop’s physical behavior and its
maximum spreading extent change considerably across inviscid and viscous
regimes [16,29,30]. However, it is still unclear how the spreading time (7)
changes for different spreading regimes, because the existing studies have usually
studied the global behavior of spreading time at a general level, not focused on
detailed changes and associated physical mechanisms at the level of each

different spreading regime.

Although the significant effects from impact parameters (e.g., We, Re, surface
wettability, etc.) on the spreading time have been evidently demonstrated by
many experiments [14,18-20,44], it is not easy yet to model the spreading time
using those impact parameters. All recent scaling laws (or empirical models)
reviewed above [18-21,44,45] have still been a function of the maximum

spreading diameter (D) which is usually unknown. Since the effects of impact
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parameters are already reflected in Dy, [14-17,25,27], D cannot be considered as
a controllable independent variable to model 7 resulting in the limitation of direct
“physical interpretation” of relations between the impact parameters and the
spreading time. In addition, the existing models [18-21,44,45] cannot be
explicitly solved due to the multiple unknown variables (i.e., the maximum

spreading diameter and the spreading time) leading to inconvenience for users.

(i)  The effect of surface curvature on the spreading time has not been systematically
investigated so far. Although a few recent numerical studies [46,47] have
demonstrated that the surface curvature can affect the spreading time of the
droplet collision system, it is still unclear that how the spreading time changes
depending on the surface curvature for different spreading regimes. In addition,
to the best of our knowledge, there has not yet been a prediction model for the

spreading time which can consider the effect of surface curvature.

In this study, we expand our previous work [41] which examined the maximum
spreading extent, now focusing on the systematic investigation of the spreading time which is
another important design parameter in the droplet collision system. Based on our verified
computational framework, effects of important impact parameters (i.e., collision velocity,
surface wettability, liquid viscosity, surface tension and surface curvature) on the spreading
time are quantified for a wide range of impact parameters. In particular, detailed changes in
the spreading time and associated underlying mechanisms are analyzed for three different
spreading regimes to better understand the complicated physical behaviors. A new prediction
model for the spreading time using only controllable independent variables is presented for

each regime, and a data-driven prediction model for the entire spreading regime is also
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proposed broadly covering all ranges of impact parameters considered in the present study.
The remainder of the current paper is organized as follows: Section II provides a brief
introduction of the simulation methods used herein. Section III quantitatively and
systematically examines the spreading time of a droplet collision system. Physical analysis
and prediction models are also presented in this section. The major findings are summarized

in Section IV.

II. COMPUTATIONAL FORMULATION

Since we primarily focus on understanding the physical characteristics of the spreading
time, and have utilized the same computational framework as in our previous studies
[40,41,48,49], we provide here a brief introduction of our numerical methods used in this
study rather than a fully detailed explanation. For more algorithmic details and relevant
techniques on our simulation methods, and for our various benchmark tests including grid
convergence characteristics, readers can refer to our previous work [40,41,48,49]. Note also
that our computational framework has been extensively applied to diverse droplet collision
cases for various types of solid surface including flat substrates [49], spherical objects
[40,41,48], cylindrical targets [50] and has also been streamlined (using an adaptive-mesh-
refinement approach [51]) and parallelized [52].

For incompressible flows the governing equations can be applied to all three phases
(solid, liquid and gas) and are solved on a fixed Cartesian (Eulerian) grid as a single-field

formulation:

V-u=0 (1)
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p{g—?+u-Vu}:—VP+pg+V-,u(Vu+VuT)+F )

where u, P and g are the velocity vector, the pressure, and the gravitational acceleration,
respectively. p is the density and u is the viscosity. The surface tension force F is considered
only at the phase (gas-liquid) interface and can be modeled by the following hybrid

representation based on the continuum-surface-force (CSF) formulation [53]:
F=ox,VI (3)

where xn is the curvature field. Note that 7/ is the indicator function which has the
characteristics of the Heaviside function, varying from 0 (zero) in one phase (liquid droplet)
to 1 (one) in the other phase (ambient air).

The physical properties of both phases (i.e., the ambient air and the liquid droplet) can

also be assigned by using the indicator function / as follows:
p=p+(p—pu)l @)

ﬂ:ﬂd+(ﬂa_ﬂd)l ®)

Here, the subscript “d” denotes droplet, whereas “a” denotes air. Note that this common
approach has been broadly applied to various multiphase-flow simulations and more detailed
techniques dealing with the surface tension force and the physical properties near the gas-
liquid phase interface can be found in Unverdi and Tryggvason [54] and Brackbill et al. [53].

10
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Our dynamic contact angle modeling technique is given in Appendix A, and further details of
the discretization of the governing equations, time-stepping, and other solution techniques
used in the present study can also be found in Yoon ef al. [41] and Yoon and Shin [48].

One of the most essential algorithms for this type of multiphase-flow simulation is an
interface tracking method. Here we use the level contour reconstruction method (LCRM) [55-
57] to track the gas-liquid phase interface. The LCRM is a hybrid method benefitting from
two of the most well-established and popular interface tracking methods, i.e., level set [58]
and front tracking [54]. In the LCRM the phase interface is basically represented by using
(Lagrangian) moving marker elements (lines in 2D simulations and triangles in 3D
simulations, as in the original front tracking method) but the moving elements are re-meshed
using the distance function which is the key feature of the level set method. Such a
reconstruction procedure can allow us to avoid the algorithmic complexity of dealing with the
connectivity among the moving interface elements which is the most well-known
shortcoming of the original front tracking method. Note that each moving element can always
be implicitly (naturally) interconnected without any further artificial connection technique
because the reconstruction procedure is performed at each boundary between cells (i.e., at
cell faces) on the fixed Cartesian grid. Note also that the LCRM retains the tracking
capability of the original front tracking method (i.e., accurate representation of the phase
interface using moving markers) while avoiding the complex algorithmic difficulties in
handling the topology changes (e.g., deformation, pinch-off or coalescence of the phase
interface). For more details on the LCRM readers can refer to Shin and Juric [55,56].

Figure 1 illustrates the simulation geometry and boundary conditions used in this study.
All simulations are performed in a (two-dimensional) axi-symmetric domain. The axi-
symmetric boundary condition is set for the left boundary whereas open boundary conditions

are set for the right, upper and lower boundaries. The lengths of the physical domain are set

11
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as Ry = 7.5 (in the radial  direction) and Zr = 20 (in the axial z direction) times the droplet
radius, respectively, which are sufficiently large compared to the size of the droplet. Note that
near the splashing threshold [59,60] the droplet rim may exhibit considerable asymmetric
behavior along the circumferential direction (e.g., fingering or cusp of lamella [12,13]).
Therefore, we set the simulation conditions sufficiently below the splashing threshold
(specific conditions will be described later) to ensure that our axi-symmetric formulation can
be a reasonable approach to reducing the necessary computational resources [41,51]. A
droplet impacts onto a stationary spherical target at an initial impact velocity, (Vini) and Ds is

the diameter of the spherical target where the subscript “s” denotes the target surface.

III. RESULTS AND DISCUSSION

The spreading dynamics of a droplet on a solid surface is primarily dominated by a
complicated time-and-space dependent interplay among inertial, viscous, and capillary effects
[12,13] and to characterize their relative importance, three non-dimensional variables, i.e., the
Weber number (We = paVini’Dd/o), the Reynolds number (Re = pqViniDd/ud) and the
Ohnesorge number [Oh = ud/(paoDq)’>] have usually been used. Because Oh can also be
represented by using We and Re (i.e., Oh = We%*/Re) the spreading dynamics can basically
be characterized by two of these numbers. Here we use We and Oh as impact parameters with
two other variables, i.e., the equilibrium contact angle (6eqi) and the droplet-to-target size
ratio (Q) which characterize surface wettability and the curvature of the target surface,
respectively.

Three characteristic time scales are considered, i.e., the advective time, ta = Dd/Vini
[30,61], the capillary time, t. = (pD4*/805)*> [16,62], and the viscous time. ty = uaDd/c [16,62].

The physical time scale, ¢, can be non-dimensionalized by the three characteristic time scales

12
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above and the non-dimensional advective, capillary, and viscous time scales are denoted by
(" =t/t), t (& =t/t),t, " =t/1), respectively.

To sufficiently cover the broad range of impact parameters, and to systematically
examine the effects of impact parameters on the spreading time, we consider a total of 2400
collision cases. The droplet diameter and the density are fixed at Dg = 2 mm and pg = 998.2
kg/m?, respectively. The physical properties of the gas phase (ambient air) and the surface
tension coefficient are also fixed (pa = 1.2 kg/m?, ya = 0.000018 N s/m?, and ¢ = 0.0728 N/m).

Four collision parameters, i.e., We, Oh, 6cqi and Q are varied by controlling the impact
velocity (Vini), droplet viscosity (u4), equilibrium contact angle (eqi) and the diameter of the
target (Ds), respectively. The splashing threshold is usually described by We and Oh [59,63],
and splashing can be observed more easily on a small spherical target compared to that on a
flat substrate [63]. Since splashing can occur near We ~ 150 — 160 if Q ~ 1/4 — 1/2 (for
millimetric water drops, Oh ~ 0.0026) [48,63], we consider a range of Weber number below
110 (1 < We < 110) to ensure that the collision outcomes would not fall into the splashing
region. Therefore, a total of 12 cases of We (i.e., We =1, 2, 4, 6, 8, 10, 20, 30, 50, 70, 90, and
110) are selected (the initial impact velocity Vini is varied from 0.190 to 2.003 m/s).

Also, we considered a broad range of Oh number (0.0013 < Oh < 0.7869), a total of 10
cases of Oh (i.e., Oh = 0.0013, 0.0026, 0.0052, 0.0104, 0.0262, 0.0525, 0.1049, 0.2620,
0.5246 and 0.7869) are selected (the droplet viscosity uq is varied from 0.0005 to 0.3 N s/m?).
Note that such a range of droplet viscosity considered herein corresponds to a range of 0.5 —
300 times the viscosity of a water droplet which covers a range of Oh of most practical
interest among diverse engineering fields, e.g., gasoline (Oh ~ 0.0018), water (Oh ~ 0.0026),
ethyl alcohol (Oh ~ 0.0063), squalene (Oh ~ 0.05), and printable ink (Oh ~ 0.1-1.0) with the
given droplet diameter (2 mm) [64,65]. 5 cases of Oeqi (i.€., Oeqi = 20°, 55°, 90°, 125° and

160°) are also selected to cover a wide range of surface wettability from hydrophilic to

13
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(super) hydrophobic surfaces.

The impact physics on a spherical target is practically identical to that on a flat substrate
if a droplet collides onto a sufficiently large spherical target which has a diameter 10 times
larger than the droplet (i.e., Q < 1/10) [38,47]. Note that this assumption has been
experimentally [38] and numerically [40,41] confirmed. Conversely, collision dynamics can
differ greatly on a sufficiently small spherical target because a target can be fully coated by
the droplet. In this case the typical maximum spreading state cannot be observed and full
coating can usually be observed where Q > 1/1.5 [39,48]. Therefore, we here examine the
effect of target size between those two thresholds (1/10 < Q < 1/1.5) and 4 cases of the
droplet-to-target size ratio (i.e., Q = 1/10, 1/4, 1/3, 1/2) are selected.

As a result, a total of 2400 collision cases (12 Weber numbers, 10 Ohnesorge numbers, 5
surface wettabilities and 4 droplet-to-target size ratios) are considered in the current study.
This large dataset will also be used to train a deep neural network to formulate a data-driven
prediction model as a non-linear regressor as well as to systematically examine the effects of
4 collision parameters (We, Oh, 6cqi and Q) on the physical behavior of the spreading time.
For more details of the simulation settings readers can also refer to our previous study

[40,41].

A. Review of typical spreading dynamics

The schematic diagram in Figure 2 summarizes the different spreading regimes for the
droplet-solid collision system depending on its physical behavior. If a droplet collides onto a
solid surface with sufficiently high inertia, splashing can occur where tiny re-atomized
droplets are generated [12,13]. It has been found that higher We and lower Oh normally
promote splashing [59] but the detailed threshold for the onset of splashing can also be

affected by many other collision environments, e.g., surface roughness [63], target curvature

14
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[63] and ambient gas pressure [60], etc. Conversely, if a droplet impacts onto a solid surface
with very low inertia compared to surface tension, i.e., at very low Weber number (We < 1), a
droplet can behave like an elastic ball, sometimes bouncing off a solid surface numerous
times [66]. This region is the so-called elastic regime.

Between those two thresholds (i.e., above the elastic threshold and under the splashing
threshold), in general, a droplet spreads over a solid surface and then reaches a maximum
spreading state. Afterward, the droplet can retract and is eventually deposited on a surface (or
can also bounce off a surface depending on surface hydrophobicity) [12,13]. Such a
spreading regime can typically be categorized into the following three sub-regimes depending
on the underlying physical mechanisms: (i) capillary-driven spreading at relatively low
Weber number [41,61], (ii) inertia-driven but capillary-limited (inviscid) at high We and low
Oh [16,40,62] and (iii) inertia-driven but viscous-limited at high We and high Oh [16,40,62].

If We is sufficiently small (i.e., We on the order of 10°%), spreading dynamics is primarily
driven by capillary effects acting on the three-phase triple contact line [61,67,68]. At such a
capillary-driven spreading regime (i.e., regime 1 in Fig.2, also denoted as “CD regime”
hereafter), surface wettability and the associated wetting nature can play more significant
roles in the spreading process rather than inertial effects due to the low Weber number
[18,41]. At a very early stage of contact the apparent contact angle (0ap) is nearly 180° which
is far from its equilibrium contact angle (feqi). Therefore, the capillary force which can be
scaled as Fc ~ 6Rw(0ap — Oeqi) (Where Ry is the contact radius) starts to act near the contact line
and drive the spreading process. Note that this capillary effect can make a droplet spread over
a solid surface even if the initial collision velocity is zero and it has also been experimentally
[15] and numerically [41] confirmed that the maximum spreading extent of millimetric
droplets can be larger than the initial droplet diameter in cases of zero impact velocity. In

Fig.2 the CD regime is indicated by the blue region.
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If We is sufficiently large [i.e., We > O(10')] but Oh is small [i.e., Oh < O(1072)], the
spreading process is primarily governed by inertial effects but is terminated by the capillary
limit [16,40,62]. At this inertia-driven but capillary-limited (inviscid) regime (i.e., regime 2 in
Fig.2, also denoted as “IC regime” hereafter), the effects of surface wettability and viscous
dissipation play minor roles in the spreading process, due to the high We and low Oh
numbers. In other words, a droplet can spread over a surface until the interfacial deformation
is no longer available. The spreading dynamics in the IC regime can also be characterized by
the ejection of a thin liquid sheet (i.e., jetting lamella) at the initial stage [69], and
considerable deformation of the leading edge outer rim can be expected during the
subsequent spreading stage [27,40,70]. The maximum spreading extent can be scaled by the
Weber number, and We!”# [16,40,62] and We!? [29] rules have been shown to work well. In
Fig.2 the IC regime is indicated by the red region.

On the other hand, if both We and Oh are sufficiently large [i.e., We > O(10") and Oh >
0(1072)], the spreading process is primarily governed by inertial effects but is terminated by
the viscous limit [16,40,62]. At this inertia-driven but viscous-limited spreading regime (i.e.,
regime 3 in Fig.2, also denoted as “IV regime” hereafter), the effect of viscous dissipation
plays a significant role whereas the effect of surface wettability is still negligible due to the
high We and Oh numbers. In other words, a droplet can spread over a surface until all the
initial impact (kinetic) energy is dissipated by viscous damping. No lamella ejection is
expected in this viscous regime [19] owing to the strong viscous resistance which hinders the
interfacial deformation. The maximum spreading extent can be scaled by the Reynolds
number and a Re'” rule has been found to hold well [16,29,40,62]. In Fig.2 the IV regime is
indicated by the green region.

Note that, in the present study, we focus on these three spreading regimes (i.e., CD, IC,

and IV regimes). The other collision regimes (elastic regime and splashing regime) are
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beyond the current scope due to their different collision phenomena and different area of
interest among the scientific communities.

Figure 3 depicts the typical spreading processes of droplets for the three different
spreading regimes summarized in Fig.2 above. The morphological evolutions of spreading
droplets for the CD, IC, and IV regimes are presented in Fig.3(a), (b), and (c), respectively.
Note that the (non-dimensional) advective time scale (z.") is used for all cases in Fig.3, since
here we simply focus on describing the typical spreading processes rather than addressing
their detailed physical interpretations. Note also that the collision cases where Q = 1/10
which can reasonably be regarded as a flat substrate [38,47] are considered in Fig.3 due to its
generality. As seen in Fig.3(a), the capillary effect acting near the contact line drives the
spreading process for the CD regime. The upper-part of the droplet can nearly maintain its
spherical shape owing to the low Weber number (low impact velocity), whereas a capillary
wave is formed above the contact line due to the local interfacial curvature [see t,° = 0.34 in
Fig.3(a)] [18,19,68]. As the capillary waves propagate to the central part of the droplet, the
droplet shows a staircase-like pyramidal structure [18,19,68] without significant interface
deformation (0.34 < #," < 0.50). After the maximum spreading state, the oscillatory motion of
the central part is observed in the vertical direction and then the droplet reaches an
equilibrium state (0.50 < £," < 5.00).

In the IC regime, as seen in Fig.3(b), a thin liquid sheet (lamella) is ejected above the
solid surface due to the strong inertial effect overwhelming the surface tension without
significant viscous resistance [see t,- = 0.25 in Fig.3(b)]. The droplet rapidly spreads over the
surface and the thin lamella continues consuming liquid mass, forming a thick rim at the
leading edge of the lamella (0.80 < #," < 1.74) [27,40,61,70]. As the lamella spreads on a
surface, the leading edge of the lamella is detached from the surface due to its strong radial

motion at z,° = 0.80. After the maximum spreading state, the droplet starts its retraction
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motion, driven by the capillary effect, to reduce the increased surface energy during the
spreading stage (1.74 < £," < 8.00).

In the IV regime, as explained above, no notable lamella ejection is observed [19]. The
interfacial deformation is significantly hindered by the strong viscous damping. After the
maximum spreading state (z,° = 0.98), the central part of the droplet slightly and slowly rises
again, reaching the equilibrium state, but no meaningful recoiling motion is seen in terms of
its wetted area. Note that all these results showing the evolutions of the droplet morphologies
for the three spreading regimes depicted in Fig.3 are consistent with the experimental
observations of Lin et al. [19].

Figure 4 quantifies the temporal evolution of the spreading extent characterized by the
non-dimensional spreading diameter f* (8° = B/D4 where B denotes the arc length of the
droplet in contact with a solid target, see the inset in Fig.4) of the droplets for the three
collision cases shown in Fig.3. Note that, for the CD and the IC regimes, detecting the
spreading time with the maximum value of f° can be straightforward because the droplet
starts its recoiling motion soon after the maximum spreading state (see black solid line and
blue dashed line). The corresponding time for the maximum value of §” is visually evident.
Conversely, as shown in Fig.3(c), usually no obvious recoiling stage occurs for the IV regime
due to the high viscous resistance (see red dotted line in Fig.4). In this case, detecting the
spreading time can be quite confusing and even a very small disturbance in 4" can lead to a
critical bias for measuring the spreading time. Therefore, to avoid such a complexity, the time
when a droplet attains 95 % of the maximum value of £* is defined as the spreading time as
marked by three triangles in Fig.4 (see also green arrow). Note that, hereafter, the non-
dimensional forms of the spreading time are denoted by 7. (if the advective time scale is

used), 7. (if the capillary time scale is used) and 7y (if the viscous time scale is used).
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B. Validations

In the above subsection, we addressed the typical spreading dynamics for the three
different spreading regimes. Before we start analyzing the spreading time for each regime in
more detail in this subsection, we validate our simulation method by comparisons with
existing experimental results to check its capability for simulating the droplet collision
phenomena in terms of the spreading time.

Figure 5 compares our simulation results with the experimental data of Mitra et al. [2]
and Banitabaei and Amirfazli [71] focusing on the collision behavior on spherical targets for
a broad range of We (We = 0.9 — 155.5). First, Fig.5(a) depicts the temporal variation of £
and the morphological evolution of the droplet for the low Weber number case (We = 0.9).
The insets in Fig.5(a) shows the interfacial shapes captured by the experiment (on the right
side of each panel) [2] and by the current simulation (on the left side of each panel) at three
different time instants (#." = 0.24, 0.47, and 0.71). As seen, our simulation result shows a
good agreement with the experimental observation. Fig.5(b) depicts the temporal variation of
the non-dimensional film thickness, A" [h* = h/D4, where h is the liquid film thickness
measured on the impact center, see the inset on the lower-left corner in Fig.5(b)] and the
morphological evolutions of the droplet for the high Weber number case (We = 155.5). The
other insets in Fig.5(b) show the interfacial shapes captured by the experiment [71] and by
the current simulation at four different time instants (,* = 0.30, 0.60, 1.05 and 1.95). Again,
our simulation result shows a good agreement with the experimental observation. Since the
liquid film thickness is one of the most sensitive parameters to the mesh size in this type of
numerical simulations [72], we here present our grid-convergence test result as well in
Fig.5(b). As seen in the dashed gray box, our simulated /4" almost converges at 32 CPR (cells
per radius) as in our previous study [48,51]. Overall, our simulation result shows an excellent

agreement with the experimental result [71] in terms of both qualitative and quantitative
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comparisons. Note also that all simulation cases presented in the current study have been
performed with 64 CPR to be on the safe side.

In figure 6 we further validate our simulation results focusing on the quantification of the
spreading time for a broad range of We and Oh. Fig.6(a) depicts the non-dimensional
spreading time, 7., for the low Oh case (Oh = 0.0026 for a water drop). As seen, our
simulation result is consistent with the experimentally measured data of Huang and Chen
[18]. A small deviation can be attributed to the difference of the definition of spreading time
(i.e., we defined the spreading time as the time that a droplet attains 95% of the maximum
spreading extent. See Fig.4 and its explanation). In Fig.6(b), we compare the simulated .
with the existing numerical result [21] and empirical correlation [19] for the high Oh case
(Oh = 0.62 in the case where the droplet is 240 times the viscosity of a water drop). Our
result again shows an excellent agreement with the existing results [19,21].

Further validation test results for drop impact problems are also extensively provided in
Appendix B, which were presented in our previous study. From Figs.5 — 6 and Appendix B,
we can conclude that our simulation methods used in this study can reasonably reproduce the
experimental data for a wide range of collision parameters in the context of both qualitative
and quantitative comparisons. Note that the current numerical framework has been widely
applied to various droplet-solid collision problems and has been thoroughly validated against
many existing experimental data [40,41,48,49,51]. Note also that the impact parameters
considered in our current and previous validation tests reasonably cover the practical
conditions used in the current study (0 < We < 110, 20° < i < 160°, 0.0013 < Oh < 0.7869

and 1/10 <Q < 1/2).

C. Effects of collision parameters on the spreading time and prediction

models
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We now analyze the spreading time for the three different spreading regimes addressed
above, i.e., the capillary-driven (CD), the inertia-driven but capillary-limited (IC) and the
inertia-driven but viscous-limited (IV) regimes in more detail and present a prediction model
for each regime. Note that the collision cases for a flat surface (2 = 1/10) are chosen first for
demonstrating our results owing to its generality. Then we further extend our analysis
considering the effect of the droplet-to-target size ratio (€2).

We first examine the spreading time for the CD regime (We < 10'). At this low We
region the spreading dynamics is primarily governed by its wetting nature and the associated
capillary effect where surface wettability plays a dominant role. Therefore, the capillary time
scale, f.°, can be an appropriate time scale for analyzing physical characteristics of the
spreading time in this regime [16,19].

Figure 7(a), (b), and (c) depict the effects of We, feqi and Oh on the spreading profiles,
respectively. As seen in Fig.7(a), the spreading time (z.) basically decreases as We increases
whereas the maximum value of 8" (denoted as S max hereafter) increases with We. This result
is natural because higher spreading velocity can be attained at the high We cases [19], thus a
shorter spreading time is needed. Note that this is also consistent with the experimental
observation of Lin et al. [19]. For the cases shown in Fig.7(a), 7., where We = 10 (z. = 0.69),
is about 21 % shorter compared to that for the case where We = 2 (z. = 0.87). In Fig.7(b), as
expected, the dominant effect of the surface wettability is seen. The droplet can spread for a
longer time over the surface as .q; decreases (i.e., as the surface becomes hydrophilic) and
can attain a larger spreading extent as well owing to the strongly wettable nature of the
hydrophilic surface. This result is also consistent with the existing experimental data [19,43].
For the cases shown in Fig.7(b), ., where Ocqi = 20° (7. = 1.38), is almost double the case
where Geqi = 160° (7. = 0.70).

It is interesting to observe the effect of Oh on z.. As depicted in Fig.7(c), for relatively
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low Oh cases (Oh < 0.0104, see 4 dashed lines), no meaningful effect of Oh is seen because
the spreading process is primarily driven by the capillary effect and is also terminated by the
capillary limit due to the negligible role of the viscous resistance at such low Oh numbers
[16,40]. Note also that this trend is consistent with the existing experimental observation of
Lee et al. [15] who showed that there was no notable difference of the spreading time
between a water droplet (Oh ~ 0.0026) and a glycerol mixture (Oh ~ 0.0263, about 10 times
the viscosity of a water droplet) under the given surface conditions (feqi =52° — 61°) in the
low We region (We < 2.5). Conversely, the spreading profiles start to be affected by Oh as Oh
further increases above Oh > 0.0262 [see solid lines in Fig.7(c)] and the recoiling stages
disappear for much higher Oh cases (Oh > 0.1049) owing to the significant viscous damping.
The interesting point is that no notable difference of z. can be found even for higher Oh cases
(zc is almost constant for the entire range of Oh). We found that this is because Oh primarily
affects the spreading velocity, not the spreading time, for the higher Oh region. To check the
effect of Oh on the spreading velocity in more detail, in Fig.7(d) and (e), we plot the non-
dimensional spreading velocity V5" (defined as V5" = B'max / 7c) and the non-dimensional
maximum spreading extent 8 max for the cases shown in Fig.7(c), respectively. As seen, V" is
nearly constant for the low Oh region (roughly where Oh < 0.01), whereas it significantly
decreases as Oh increases in the high Oh region (Oh > 0.05). Since the effect of Oh on " max
(this result in Fig.7(e) is also consistent with the existing experimental result [16]) evidently
shows exactly the same trend as the effect of Oh on Vs', 7. can be considered almost
independent of Oh for the entire range of Oh.

It is also interesting to compare the spreading mechanism for this CD regime with the
retraction mechanism for high-speed impact cases. In fact, both processes (i.e., spreading of
low-speed impact and retraction of high-speed impact) are presumably based on the same

physical mechanism, i.e., capillary-driven motion under viscous resistance. In the high-speed
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impact case, at the beginning of the retraction stage (i.e., right after the maximum spreading
state), the droplet shows a severely deformed interfacial shape and its motion is almost
stopped. Then we begin to see the capillary-driven recoiling motion under viscous resistance,
to reduce its increased surface energy caused by surface deformation during the former
spreading stage [62]. Since the spreading stage in the CD regime is also driven by the
capillary effect under viscous resistance, one can expect that there should essentially and
naturally be consistent physical characteristics between the spreading behavior of the low-
speed impact in the CD regime and the retraction behavior of the high-speed impact cases.
We found that the spreading velocity in the CD regime analyzed in Fig.7(d) demonstrates the
same trend as the retraction characteristics which were experimentally observed by Bartolo et
al. [62]. They showed that the retraction rate of a droplet is not affected by Oh where Oh <
0.05, whereas it is strongly reduced as Oh increases where Oh > 0.05. Their result shows an
excellent agreement with our findings described in Figs.7(c) and (d).

In Fig.7 above, we observed the obvious effects of We and 6cqi on 7., whereas the effect
of Oh can be negligible. Therefore, 7. in the CD regime can be properly represented by We

and Oeqi and we propose a prediction model:

7, =(1.66-0.316

) We o (©)
In figure 8, a total of 600 7. data are plotted with the prediction model in Eq.(6). As seen,
all 7. data for a range of We < 10 can nearly be collapsed on the single curve (see black solid
line), regardless of Oh. Above the threshold of We ~ 10 (i.e., beyond the CD regime) z.
cannot be properly represented by Eq.(6).
We now examine the spreading time for the IC regime [We > O(10') and Oh < O(107?)].

At this high We but low Oh region, the spreading dynamics is primarily dominated by the
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strong inertial effect but terminated by the capillary limit [16,40,62]. Therefore, the capillary
time scale, ", can still be applicable for this regime [16,19].

Figure 9(a) depicts the effect of We on the spreading profiles. z. first decreases as We
increases for the CD regime (see 5 dashed lines) as shown in Fig.7(a) above, but it increases
again if We further increases (We > 30) as the collision dynamics sufficiently enter the IC
regime (see 6 solid lines). This somewhat interesting result can be attributed to the severe
deformation of the leading edge of the lamella and its relaxation phenomena [40]. As the
droplet spreads over the surface the leading edge of the lamella continues deforming. The tip
of the lamella is detached from the surface, and it also continues growing as a rim by
consuming the liquid mass from the central region of the droplet [27,70]. Note that such a
deformed rim plays an important role in determining the maximum wetting area [70] since
the volume of the rim is not small [27] and the maximum wetting area is attained during the
relaxation period of the rim [40]. Therefore, a more deformed shape at higher We leads to the
longer relaxation time of the rim and eventually the longer spreading time. Fan ef al. [73] also
experimentally showed that the spreading time of a water droplet on a spherical target first
decreases as We increases, then it again increases with We if We > 36.5, showing an
agreement with our results in Fig.9(a). However, the authors think it would be ideal if our
physical interpretation of the underlying mechanism shown in Fig.(b) could also be
confirmed by additional experiments.

Fig.9(b) illustrates such a deformation and relaxation process of the rim in more detail.
For the relatively low We case (We = 20), as depicted on the left side of Fig.9(b), the droplet
continues its spreading process until it reaches the maximum spreading state and no
significant deformation of the lamella edge is observed because the spreading dynamics does
not fully enter the IC regime yet. Conversely, for the high We case where We = 110 [see the

right side of Fig.9(b)], a severe deformation of the rim detached from the surface is clearly
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captured at 7.~ = 0.607. (see black line). Then the rim begins its relaxation to reduce the
surface energy and eventually reaches the maximum spreading state (see pink line). Note that
the relaxation period takes quite a long time (about 40 % of . in this case) eventually leading
to the delayed ..

Fig.9(c) and (d) show the effects of f.qi and Oh on the spreading profiles, respectively.
As seen, no meaningful effect of Geqi on 7. is observed, because the effect of the surface
wettability is overwhelmed by the strong inertial effect during most of the spreading stage
[27,41]. Although the surface wettability plays a non-negligible role in the spreading profiles
near the maximum spreading state and after z. (i.e., during the retraction stage) where the
spreading velocity and the associated inertial effect are at a minimal level, the effect of fcqi on
7. is almost negligible until the droplet reaches nearly the maximum spreading state. For this
case 7. can be considered to be a constant value regardless of the surface wettability. The
effect of Oh on z. is also not meaningful if Oh is sufficiently small. As seen in Fig.9(d), z. is
not affected by Oh if Oh < 102 (see 3 solid lines, i.e., at IC regime), whereas 7. decreases as
Oh increases if Oh > 107 (see 3 dashed lines, i.e., beyond the IC regime). This result is also
consistent with the existing result of Zhu et al. [46] who demonstrated that the spreading
dynamics is independent of Oh for low Oh, whereas it is strongly affected by Oh for high Oh
under similar We conditions as the present study (We > 25). Their proposed threshold (Oh ~
0.008) is also consistent with the current observation (Oh ~ 0.01).

In Fig.9 above, we observed the obvious effect of We on 7., whereas the effects of G
and Oh can be negligible. Therefore, 7. in the IC regime can be properly represented by We

and we propose a prediction model:

r,=0.31we""® (7)
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In figure 10, a total of 150 z. data are plotted with the prediction model in Eq.(7). As
seen, all 7. data for a range of We > 30 can nearly be collapsed on the single curve (see black
solid line) regardless of feqi and Oh.

We now examine the spreading time for the IV regime [We > O(10') and Oh > O(1072)].
At this high We and Oh region the spreading dynamics is primarily dominated by the strong
inertial effect but terminated by the viscous limit [16,40,62]. Therefore, the viscous time
scale, #,", would be the proper scale in this regime.

Figure 11(a), (b), and (c) depict the effects of We, feqi, and Oh on the spreading profiles,
respectively. As seen in Fig.11(a), the spreading time, v, naturally decreases as We increases
due to the higher spreading velocity [19]. The delayed spreading time shown in the IC regime
(caused by the relaxation period of the deformed lamella rim) is not observed in this IV
regime because the interfacial deformation is significantly restricted by the strong viscous
damping. No meaningful effect of feqi on 7y is seen [see Fig.11(b)] due to its minor role
compared to the strong inertial and viscous effects. Conversely, as expected, the dominant
effect of Oh on 7y is obviously detected in Fig.11(c). Since the spreading stage is terminated
much earlier for higher Oh cases under the given We due to increased viscous resistance (i.e.,
the initial kinetic energy is more quickly dissipated [44]), 7v is significantly reduced for
higher Oh conditions. Note that the effect of Oh on 7, observed in Fig.11(c) is also consistent
with the existing experimental observation [19,44].

In Fig.11 above, we observed the obvious effects of We and Oh on 7y, whereas the effect
of feqi can still be negligible. Therefore, 7z, in the IV regime can be properly represented by

We and Oh, and we propose a prediction model:

7, =0.30h"PWe " (8)
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In figure 12, a total of 250 7z, data are plotted with the prediction model in Eq.(8). As
seen, all 7y data for a range of We > 30 can nearly be collapsed on the single curve (see black

solid line), regardless of Ocq;.

D. Effect of target curvature and data-driven prediction model

In the above subsection, we addressed the effects of the three collision parameters (We,
Oeqi, and Oh) on the spreading time for the three different spreading regimes (CD, IC, and IV
regimes) and a prediction model was presented for each regime for the cases where Q = 1/10
(for a flat surface). We now expand our analysis considering the surface curvature which has
been relatively less explored. The effect of the target curvature characterized by the droplet-
to-target size ratio (2) on the spreading time and a new prediction model for the spreading
time which can be applied to the entire range of the 4 collision parameters will be presented
in this subsection.

Figure 13(a), (b), and (c) depict the effects of Q on the spreading profiles for the CD, the
IC, and the IV regime, respectively. In the CD regime, as seen in Fig.13(a), 7. increases with
Q (on the smaller target). This behavior is attributed to the reduced capillary force acting near
the contact line for the smaller targets. As described above, at this low We level, the dominant
force driving the spreading process is the capillary force F. [which can be scaled as F. ~
0Rw(Oap — Oeqi)] formed at the initial stage of contact. At the instant that a droplet contacts a
solid surface, its apparent contact angle (#ap) is almost close to 180° and the difference
between the apparent contact angle and the equilibrium contact angle results in the capillary
force F. on the contact line. Since such an apparent contact angle at the initial contact stage is
formed at a lower level on the smaller target [see fap2 and yellow dashed line in the zoom-in
of the dashed black box, in Fig.13(d)] compared to the bigger target (see Gap1), ap — Geqi and

F. are reduced on the smaller targets eventually leading to lower spreading velocity and
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longer spreading time. For the cases shown in Fig.13(a), z. where Q = 1/2 (z. = 0.99) is about
21 % longer compared to that for the flat surface (QQ = 1/10, z. = 0.82).

As seen in Fig.13(b), the effect of Q on 7. is apparently observed also in the IC regime,
i.e., 7c increases on the smaller targets. Note that the trend of the effect of Q on . in the IC
regime is also consistent with many existing studies [40,46,47] and this behavior is attributed
to the reduced lamella deformation on the smaller target [40]. As already shown in Fig.3(b)
above, a thin lamella sheet is ejected at the early stage of spreading. Although the motion of
bulk liquid is primarily dominated by inviscid inertial effects [16,40,62], the dynamics in the
vicinity of the lamella jet is locally but considerably affected by viscous effects [20,69]. Since
the smaller targets provide more space in the vertical direction as in an expanding channel
flow for the lamella sheet being ejected [i.e., higher { is provided on smaller targets as
illustrated in the zoom-in of the dashed red box in Fig.13(d)] the local velocity of the radially
expanding lamella jet is reduced on the smaller targets. Therefore, the lamella jet develops
less sharply, having a more rounded and bluff shape [40,69]. This allows the droplet to
expend its kinetic energy more efficiently for the spreading itself rather than the rim
deformation detached from the surface eventually leading to the longer spreading time as
well as the longer spreading extent compared to those on the larger targets (under the same
kinetic energy level). A more detailed physical mechanism for the reduced lamella
deformation on smaller targets can be found in the existing numerical study [40]. For the
cases shown in Fig.13(b), 7., where Q = 1/2 (z. = 0.80) is about 45 % longer compared to that
for the flat surface (Q = 1/10, 7. = 0.55).

The effect of Q on 7y in the IV regime is depicted in Fig.13(c). As seen, no meaningful
effect of Q on 7y is observed for this highly viscous regime. Although the maximum
spreading extent is slightly increased on the smaller targets due to the reduced energy

dissipation [40], zv is almost constant in terms of its practical measurement.
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In figure 14, we refine the regime map (shown in Fig.2 above) to summarize the major
findings presented so far, including the details of the physical behaviors of the spreading
time. The underlying physical mechanism governing the spreading process, the characteristic
time scale, the effects of various collision parameters on the spreading time and the
prediction model (for a flat surface) are also presented for each regime. Note that the effects
of 4 collision parameters, i.e., We, Geqi, Oh, and Q are indicated by 4 different markers, i.e.,
circles, squares, triangles and inverted triangles, respectively. If a certain parameter has a
positive (or negative) effect on the spreading time, its effect is indicated by a red (or blue)
marker, whereas an empty marker is used if its effect is negligible. For example, if the
spreading time increases with We, the effect of We is marked by a filled red circle.
Conversely, the effect of We is marked by a filled blue circle if the spreading time decreases
as We increases.

Fig.14 highlights the complex nature of the spreading time owing to the different
physical mechanism for each regime. The effects of the impact parameters (We, fcqi, Oh and
Q) also play different roles. For instance, the effect of We is positively related to the
spreading time for the CD and the IV regime, whereas it is negatively related to the spreading
time for the IC regime. In particular, none of the 4 impact parameters shows a consistent
effect across the three spreading regimes, which highlights the significant nonlinearity and
complexity of the spreading time. The characteristic time scales are also different.

Therefore, formulating a single correlation for the spreading time as a broad cross-over
across the three different spreading regimes is quite difficult since it should cover all the
different physical mechanisms, different characteristic time scales, and different effects of the
collision parameters. In addition, if the effect of the target curvature (i.e., the effect of Q) on
the spreading time were to be considered together, the problem would be much more

complicated. Rather than formulating a single correlation, therefore, we consider here a data-
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driven approach to model such complex and non-linear behavior of the spreading time across
all the spreading regimes.

Recently, data-driven approaches have been broadly applied to model complicated fluid
phenomena such as turbulent flows [74] or multiphase flow systems [75]. For droplet impact
problems as well, the maximum spreading extent [41], the splashing threshold [76], and the
lamella area [77] have successfully been modeled using data-driven techniques, based on
their powerful ability to correlate non-linear relations among large datasets and reduce the
level of complexity.

The spreading time can basically be modeled as a function of 4 impact parameters as

follows:

Ta =f(We, Oh, geqi, Q) (9)

Here, the advective time scale is applied for our data-driven prediction model, in order to
treat our dataset in a consistent manner. f is the non-linear and complicated (unknown)
function between inputs (4 impact parameters) and output (z.) data which is now modeled by
using an artificial intelligence technique. The multilayer neural network, also called the
multilayer perceptron (MLP) [78], is utilized as a nonlinear regressor to model the function f.
Figure 15 illustrates the schematic diagram of the typical MLP structure. The MLP consists of
the input layer (marked by red nodes), the multiple hidden layers (marked by green nodes)
and the output layer (marked by blue nodes). Each layer usually consists of a number of
nodes (also called neurons), whereas the last output layer has only one output node. The 4
input features (We, Oh, 64 and Q) are provided from the input layer to the first hidden layer
and then linear combinations of the input features are calculated on each node. Such linear

combinations are nonlinearized by using an activation function and then are delivered to the
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next hidden layer. Such an operation is called a feedforward procedure and is applied to all
the subsequent layers. The last output layer has no nonlinearization operation and provides
the final output value.

A total of 2400 impact cases (12 Weber numbers, 10 Ohnesorge numbers, 5 surface
wettabilities, and 4 droplet-to-target size ratios) are utilized to set the dataset. The dataset is
randomly split into 3 parts: the training dataset (70 %, 1680 data points), the validation
dataset (15 %, 360 data points) and the test dataset (15 %, 360 data points). The training
dataset and the test dataset are used to train our MLP model and finally test the accuracy of
the trained model, respectively, whereas the validation dataset is utilized to check if
overfitting occurs during the training process. More detailed information on our MLP
modeling and its training procedure can be found in the Appendix C.

Figure 16 compares the spreading time predicted by our data-driven model with the true
values (measured values from our numerical simulations). 360 data points from the test
dataset are plotted for comparison (see black circles). As can be seen, 7, predicted by our
MLP model demonstrates a good agreement with the true dataset, showing that the mean
square error (MSE) is on the order of O(10"*) (MSE = 5.23 x 10*). Note that, except for only
a few cases, all the tested cases fall inside a deviation range of + 15%. Note that all the test
data samples shown in Fig.16 have not been used for the training process of our MLP model.
To the best of our knowledge, our prediction model is the first data-driven model for the
spreading time of the droplet collision system which can be applied for a curved spherical
target. As one of the most universal models, the current model can cover a very broad range
of impact parameters across not only the three spreading regimes (i.e., CD, IC, IV regimes
and the transition area among them as well), but also a wide range of droplet-to-target size
ratio (from a flat substrate to a small spherical target).

Last but not least, the authors would like to clarify that there is no physics in the current
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data-driven prediction model, which can indeed be understood as providing both pros and
cons [75]. The fact that such a data-driven approach is not fully based on a physical
background might be a reason for which it has been less attractive to some scientific
communities compared to conventional approaches supported by strong physical principles
[79,80]. However, both approaches share identical goals, i.e., modeling complicated
phenomena which usually need to consider many multi-dimensional variables [80,81]. The
advantages of data-driven approaches can also be that users would not need to consider
physics models alone for those complex system because data-driven models basically don’t
rely on constraints attributed to physics [75]. This characteristic allows them to work as a
useful non-linear regressor. For example, the current data-driven prediction model can predict
the spreading time even for transition regimes marked in the gray zones in Fig.14, which is
apparently very difficult to predict using Eqs. 6 — 8 above due to their non-linear nature. This
clearly shows the advantage of data-driven approaches at least in the context of engineering

applications and practical usefulness.

IV. CONCLUSION

In this study we quantitatively and systematically investigate the spreading time of droplet
impact onto a spherical target for a wide range of impact parameters (0 < We < 110, 20° <
Ocqi < 160°, 0.0013 < Oh < 0.7869 and 1/10 < Q < 1/2). A total of 2400 collision cases are
simulated and are used to better understand the physical behavior of the spreading time. This
large simulation dataset is also used for training a data-driven prediction model as well as for
the derivation of prediction models.

For the three different spreading regimes, i.e., the capillary-driven (CD), the inertia-
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driven but capillary-limited (IC) and the inertia-driven but viscous-limited (IV) regimes, the
effects of the impact parameters on the spreading time are analyzed in detail. Not only the
spreading time, but also proper time scales, dominant impact parameters and associated
physical behaviors all significantly and non-linearly change across the three spreading
regimes. The spreading time is primarily dominated by the We and 6.q in the CD regime
whereas only the Weber number plays a meaningful role in the IC regime. In the IV regime it
is mainly affected by We and Oh. An improved prediction model is also presented for each
regime. To the best of our knowledge, these proposed prediction models (Egs. 6-8) are the
first models for the spreading time using only the controllable independent variables (e.g.,
We, Oh and 6.q) in explicit form which can provide more straightforward solutions compared
to the existing models [18-21,44,45].

The effect of target curvature on the spreading time is also analyzed in detail for the
three different spreading regimes, showing complicated trends due to its non-linear nature.
Finally, a data-driven prediction model is proposed to predict the spreading time broadly
across the three different spreading regimes. Our proposed data-driven model shows good
prediction capability for the full ranges of impact parameters considered in the present study
and also shows a good agreement with our simulation dataset.

The limitation of the current study is as follows: (i) As in the existing models, prediction
models (Egs. 6-8) are still not derived from physical background. Further efforts are needed
to combine “physics-based models” which could be helpful in understanding such
complicated behavior within the existing empirical results. (ii) Users need to be careful in
using the proposed data-driven model. Although our numerical methods have thoroughly
been validated, the number of current data samples (2400 cases) is still insufficient to model
the spreading time for the entire spreading regime compared to other common data-driven

models trained using “big-data”. Our numerical data used for the training are also confined to
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the current impact conditions (0 < We < 110, 20° < feqi < 160°, 0.0013 < Oh < 0.7869 and
1/10 < Q < 1/2). Broader ranges of impact parameters, and more precise and abundant data
samples can improve the applicability and accuracy of the current model. (iii) While the
current axi-symmetric simulation code is sufficiently validated, full three-dimensional
simulations are still essential to better understand those complicated physical phenomena. In
particular, impact dynamics at high We and low Oh where the liquid sheets and rim can be
highly deformed still need to be captured more precisely. We are currently working on these

1Ssues.

APPENDIX A: Details of the dynamic contact angle

modeling

The dynamic contact angle fqyn is basically modeled as a function of the equilibrium
contact angle and the velocity of the contact line, as in well-known previous numerical
studies on drop impact problems [82,83]. In the present study, we use the model of Yokoi et

al. [83]:

1/3
min| 6, .+(2J , Gmda], if U, 20 (for spreading)

Opn (Ugy ) = (A

C 1/3
max| 6 A+(—aj , 0

mdr

], if U, <0 (for receding).

Ca is the capillary number (Ca = uUctr/o), where UcL is the velocity of the contact line.

Contact angle hysteresis is represented by the difference between the allowable minimum
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(Omar) and maximum (fmda) contact angles, and the dynamic contact angle (fayn) can always
be maintained between Omdr and Omda. q1 and g2 are experimentally measured constants, and
the same values as in Yokoi et al. [83] (g1 = 9.0 x 107 and g2 = 9.0 x 107®) are applied to the

current study.

APPENDIX B: Validation tests in our previous studies

We here introduce our validation test results presented in our previous studies. Figure
17(a) compares the maximum spreading extent " max computed by our simulation with Mao
et al. [25]’s semi-empirical model which is well-known as one of the most accurate models
that can be applied for a wide range of drop viscosity [84]. S max shows generally good
agreement with the existing model of Mao et al. [25] for a wide range of We number (30 <
We < 90) and Oh number (0.0013 < Oh < 0.7869). Note that a discrepancy shown at the very
low Oh region (Oh < 0.0026) is attributed to the limitation of shape approximation in Mao et
al.’s model [25], which overestimates 8 max if the viscosity is very low and the surface tension
force plays an important role [25,84]. Therefore, in figure 17(b), we compare our simulated
B max again with the well-known viscous-free scaling law proposed by Clanet et al. [16]. As
can be seen, for cases with very low Oh number (Oh = 0.0026), our simulation result shows
an excellent agreement with the existing scaling law [16].

In figure 17(c), we further compare our simulated time-dependent non-dimensional
spreading diameter B° with three existing experimental results to see if our numerical
framework can simulate the impact phenomena well on spherical targets. The solid lines in
Fig. 17(c) depict the simulation results, whereas the red squares, blue circles, and black
crosses show the experimental results from Mitra et al. [2], Liu et al. [38], and Khurana et al.
[39], respectively. Our simulation results also show good agreement with the existing
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experimental observations in the literature, in the context of dynamic spreading
characteristics. Overall, we concluded that our simulation framework can simulate the drop
impact phenomena on both flat and spherical targets well for a wide range of collision
parameters. Note again that these validation tests shown in figure 17 are not new tests, but

were already presented in our previous study [40].
APPENDIX C: Details of MLP training

The output value on the n'" node in the m™ layer is:

Nm4
a :g[ w,’,'}a,”“1 +b,’,”J (C1)
1

k=

Here, N stands for the number of nodes of each layer. The function g denotes the nonlinear
activation function. wy is the weight between the /™ node of the previous layer and the n™
node of the current layer whereas b is the bias.

The weights (w) and biases (b) are adjustable coefficients and are first initialized as
random variables and zero, respectively. w and b are continuously updated during the training
process, minimizing the loss function based on the back-propagation algorithm [85]. In the

current study, the mean square error (MSE) is used as a loss function:

1 ¢ 2
MSE = M;(Ta - ra(p)) (C2)

where M is the number of data points considered and 7z.p) is the predicted value of the
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spreading time using the trained MLP model.

Three hyperparameters (i.e., the activation function, the number of nodes at each hidden
layer and the number of hidden layers) can usually be selected by the user. We chose the
common rectified linear unit function (generally called ReLU) as our activation function
owing to its well-known capability for deep neural networks [86]. The ReLU can be written

as:

g(x) = ReLU(x) = max(x, 0) (C3)

Two other hyperparameters are set by manual search because the current dataset is relatively
very simple. Finally, a 4 % 30 (4 hidden layers and 30 neurons in each hidden layer)
architecture is chosen as the MLP network. The ADAM optimization procedure [87,88] is
used for the MLP training and the computational implementation for the MLP training is
performed using the open-source libraries Keras [89] and TensorFlow [90]. For more details
on the deep learning architecture and its training techniques readers can refer to Nielsen [91].

The training of our MLP model is carried out until the validation MSE (measured from
the validation dataset) reaches a steady state. After 3300 training epochs the validation MSE

converges to a steady state of about 4.62 x 10 (see Fig.18).
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mechanism driving the spreading process, the characteristic time scale, the effects from 4
impact parameters (We, feqi, Oh, and Q) and the prediction models are also presented for each

regime.
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1560  Fig. 15. Schematic diagram of the multilayer perceptron (MLP) used in the current study.
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1594  Fig. 16. Comparison of the spreading time, 7., between predicted data by using the data-
1595  driven (MLP) model and true (measured) data obtained by our simulations. The deviation
1596  range of = 15% is marked by the two dashed-black lines.
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Fig. 17. Validation comparisons between our simulation results and existing experimental
results. (a) Comparison with Mao ef al.’s [25] semi-empirical model for droplet impact with a
flat surface (30 < We <90, 0.0013 < Oh <0.7869). (b) Comparison with Clanet et al.’s [16]
empirical scaling law for droplet impact with a flat surface (30 < We < 110, Oh = 0.0026). (c)
comparisons with the experimental data of Mitra et al. (red squares; We = 0.9, Q = 0.83, Ocqi =
85°, Oh = 0.0024) [2], Liu et al. (blue circles; We = 19.2, Q = 0.15, Oeqi = 93°, Oh = 0.0022)
[38], and Khurana et al. (black crosses; We = 35.3, Q = 0.60, i = 85°, Oh = 0.0022) [39] for
droplet impact with a spherical target. Reproduced with permission from I. Yoon and S. Shin
[40], “Maximal spreading of droplet during collision on particle: effects of liquid viscosity
and surface curvature,” Phys. Fluids 33, 083310 (2021). Copyright 2021 AIP Publishing
LLC.
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