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ABSTRACT  

In this study, we investigate the energy conversion and dissipation mechanisms of spreading 

droplets on a solid surface at a low Weber number regime, which neither conventional energy-

balance-based theories nor empirical scaling laws can completely explain. The energetic 

analysis presented in this study shows that on a hydrophilic surface, the actual primary energy 

source driving the spreading process is the initial surface energy not the initial kinetic energy. 

The conventional energy-balance-based approaches are found to be valid only for the spreading 

process on a hydrophobic surface. Particular attention is also paid to the roles of the capillary 

waves. The capillary waves are found to play significant roles in all of the important flow 

physics, i.e., the interfacial structure, the oscillatory motions and the rapid collapse of the liquid 

film, the onset of the viscous regime, and the energy loss mechanism. It is also shown that the 

energy dissipation caused by the capillary-wave-induced phenomena can be estimated to be 

25-35% and 55-65% of the total energy loss for a hydrophilic and a hydrophobic surface, 

respectively, at the low Weber number regime. 

 

Keywords: droplet impact; capillary wave; energetic analysis; multiphase flow; numerical 

simulation 
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I. INTRODUCTION 

Droplet collision on a solid surface is a ubiquitous phenomenon which is very frequently 

observed in our everyday life (e.g., raindrops falling on an umbrella or a plant leaf) and various 

engineering applications such as inkjet printing [1], medical diagnostics [2], forensic analysis 

[3], agricultural sprays [4], self-cleaning surfaces [5], spray drying [6], spray cooling and 

chilling [7] and so forth. This fascinating phenomenon is also widely applied not only to diverse 

chemical engineering processes, e.g., fluid catalytic cracking (FCC) [8] or trickle-bed reactors 

[9], but also to many encapsulation technologies [10]. 

The dynamics during the spreading process of a droplet is governed by a complicated 

interplay among inertial, viscous, capillary, and gravitational forces [11-14]. Characteristic 

length and time scales are small [15] and continue to change over time and space [16,17]. In 

general, when the inertial force is sufficiently high enough to overwhelm the cohesion force, a 

droplet can splash on a solid surface generating several satellite droplets [11-14]. Below the 

splashing threshold [18], on the other hand, a droplet can be either gently deposited or (partially 

or completely) rebounded on a target surface depending on surface wettability [11-14]. The 

spreading process for common droplet impacts at relatively high impact speed is generally 

driven by inertial forces but limited by either capillary effects or viscous damping [19,20]. For 

some applications such as inkjet printing, however, a droplet can collide onto a target at a very 

low impact speed (low impact Weber number) where the Weber number is on the order of 

O(100) to precisely control the quality of deposition [21]. In addition, in digital micro-

fabrication technology, a molten liquid droplet can often undergo low speed impact to ensure 

a precise deposition on three-dimensional micro-structures [22]. In such collision cases, at low 

Weber number, the capillary effects and associated phenomena play dominant roles in 

spreading dynamics [23]. 
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Numerous attempts have been made to understand the complex physical phenomena 

arising from droplet-solid interaction. Among others, many theoretical energetic studies, 

normally assisted by experiments, have been devoted to understanding the internal physics of 

droplets. The pioneering work of Chandra and Avedisian [24] has triggered a series of 

theoretical approaches based on the energy balance of a spreading droplet, which have been 

utilized as a powerful tool in recent decades to grasp the underlying physics for the spreading 

process. Under the assumption that the energy loss (i.e., viscous dissipation) occurs in the entire 

domain inside the droplet, Chandra and Avedisian [24] evaluated the magnitude of viscous 

dissipation and formulated an energy balance equation for the maximum spreading of the 

droplet. Afterward, many efforts have been made to better understand the droplet’s energy 

conversion process and energy loss mechanisms. Pasandideh-Fard et al. [25] proposed new 

time and length scales to more realistically evaluate the time and volume (based on the 

boundary layer thickness) where the energy loss occurs. Based on Pasandideh-Fard et al.’s 

model [25], Mao et al. [26] proposed a semi-empirical model to cover a wide range of liquid 

viscosity and their model showed good agreement with many existing experimental data. 

Ukiwe and Kwok [27] and Wang et al. [28] also proposed new energetic models to more 

accurately represent surface energy at the maximum spreading state. They considered the 

circular ridge [27] and the rim-lamella shape [28] of droplets. Roisman [29] presented a 

remarkable analytical work which satisfies the full Navier-Stokes equations to evaluate the 

flow field and the energy loss in the boundary layer in more detail. They also proposed a semi-

empirical correlation based on their theoretical analysis and experimentally fitted data, which 

has also been experimentally shown to be one of the most accurate representations of the 

spreading extent [17]. Wilderman et al. [30] presented an interesting interpretation of the 

energy balance during high speed impact of droplets. They considered various energy loss 

mechanisms during the spreading process and showed that roughly one-half of the initial 
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impact kinetic energy is transformed into surface energy due to a universal ‘head loss’, 

regardless of collision conditions and specific energy loss mechanisms. Huang and Chen [31] 

also showed an interesting energetic analysis of the droplet’s spreading behavior, focusing on 

the energy loss mechanism during spontaneous wetting (so called ‘interface relaxation’), and 

proposed an auxiliary dissipation to account for the contribution to the total energy loss for low 

speed impact problems.  

There have also been several attempts to better evaluate the time scale for which a droplet 

spreads over a solid surface, i.e., the time at which the energy loss occurs (the so-called 

‘spreading time’). Lee et al. [32] rescaled the spreading time using the maximum spreading 

diameter and surface tension coefficient of water to consider the effect of surface tension on 

the time scale that energy loss takes place. Lin et al. [33] and Du et al. [34] also proposed an 

improved representation of the spreading time, as a function of Weber number. More recently, 

Aksoy et al. [35] and Xu et al. [36] refined the spreading time as a function of both Weber and 

Reynolds number to include the effect of liquid viscosity. 

 Scaling laws are more empirical compared to theoretical analyses, but provide very useful 

tools to understand the spreading characteristics. Scheller and Bousfield [37] proposed a 

correlation for the maximum spreading of droplets as a function of Weber and Ohnesorge 

number. Clanet et al. [19] presented their well-known scaling laws, i.e., the maximum 

spreading can be scaled by We0.25 and Re0.2 for the capillary-limited and viscous-limited regime, 

respectively. Lann et al. [38] proposed a new empirical relation which is a broad cross-over 

between two regimes (i.e., from low- to high- impact velocity regimes) by interpolating two 

scaling laws (We0.5 and Re0.2). Recently, Yoon and Shin [39] also proposed empirical scaling 

laws for the maximum spreading of droplets which can be applied to both flat and curved 

surfaces. 

All these achievements reviewed above provide excellent insights which are of great help 
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in understanding the fundamental physics during the spreading process, and also can reproduce 

many experimentally observed spreading behaviors (e.g., the maximum spreading of droplets). 

However, as experimentally shown by Antonini et al. [17] and Lann et al. [38], the spreading 

behavior cannot yet be completely expressed well by a single representation for a broad range 

of collision conditions. Indeed, there still exist significant inconsistencies among many 

theoretical and empirical results. For example, some models for the maximum spreading [24-

28,30,31] include the effect of surface wettability whereas some others [19,29,37-39] exclude 

it. In addition, for energy-balance-based approaches, various contact angles, e.g., static or 

equilibrium contact angles [26,40], advancing contact angle [27], or contact angle at the 

maximum spreading state [25], have been used to account for the surface wettability.  It is 

therefore difficult to find a consensus among the model approaches and conclusions. For 

scaling laws, on the other hand, energy conservation and momentum conservation provide 

different scaling results for the maximum spreading of a droplet in the capillary regime, i.e., 

We0.5 (from energy conservation) [41] and We0.25 (from momentum conservation) [19]. In the 

viscous regime, energy conservation between kinetic energy and viscous dissipation yields 

Re0.2 [42] whereas conservation between kinetic and surface energy before collision and 

surface energy and viscous dissipation at the maximum spreading state yields Re0.25 [25]. Lann 

et al. [38] also experimentally showed that none of the various scaling laws (We0.5, We0.25, 

Re0.25, and Re0.2) holds for a wide range of liquid properties. All these inconsistencies 

mentioned above signify that our understanding of spreading behavior and the associated 

physics is still unclear in spite of the various existing studies in the context of both theoretical 

and empirical approaches. 

In particular, we take note of the fact that a droplet can spread over a solid surface by 

purely capillary effects acting on the contact line, even in cases where the initial impact kinetic 

energy is very low (or even zero). For example, it has been experimentally [43] and numerically 
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[23] shown that the maximum spreading of a millimetric droplet can reach above its initial 

droplet diameter measured before contact [23,43], although the initial impact velocity is zero. 

This spreading phenomena without impact kinetic energy is called spontaneous spreading 

[28,31,40]. There must also be energy dissipation even for the case of spontaneous spreading 

due to motion of the droplet [31,40]. 

Such spreading phenomena at low impact kinetic energy (i.e., low Weber number) cannot 

be explained well by either conventional energy-balance-based theoretical approaches or 

existing scaling laws. In fact, if the initial impact velocity of a droplet approaches zero, most 

of the scaling laws (and empirical models) [19,29,37-39] converge to a zero value for the 

maximum spreading diameter (therefore yielding a zero value for the maximum spreading 

extent under zero impact velocity), which is physically impossible [43]. In addition, since most 

of the energy-balance-based theories [24-27,33,34,44] are also based on the assumption that 

the initial impact kinetic energy drives the spreading process and is transformed into surface 

energy or viscous dissipation, such a capillary-driven spreading behavior for low Weber 

number (including spontaneous spreading) cannot be explained well by those theories. More 

specifically, most energy-balance-based theories [24-27,33,34,44] also converge to a zero 

value of energy loss during the spreading process if the impact velocity approaches zero (in 

this case, the maximum spreading of the droplet is determined by a function of only surface 

wettability) because they consider the energy loss mechanism to be the viscous dissipation in 

the thin boundary layer and characterize the amount of energy loss using the Reynolds number. 

This result as well is physically unrealistic. 

What is the actual potential energy driving the spreading process at low (or zero) impact 

kinetic energy (i.e., at a low Weber number regime)? It is evidently the surface energy 

associated capillary effects on a solid surface. In this context, one can find significant 

knowledge gaps in the above literature, which can be summarized as follows:  
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(i) The detailed changes in energy components and the primary energy source for 

driving the spreading process in the low Weber number regime are still unclear. 

To the best of our knowledge, surface energy has not been highlighted as a primary 

energy source even though it is obviously the major driving energy source for low 

speed impact problems (or spontaneous spreading). 

 

(ii) Energy loss mechanisms for droplet impact at low Weber number are also still 

unclear, because most of the existing studies have mainly focused on viscous 

dissipation in the thin boundary layer. Although a few numerical studies have 

recently shed light on some other causes of energy dissipation, e.g., dissipation due 

to bubble entrapment and escape [45], residual kinetic energy [46], dissipation in 

the thin layer near a solid surface caused by spontaneous spreading [31], it still 

remains difficult to understand how the droplet’s energy is dissipated during 

capillary-driven spreading in the low Weber number regime. 

 

In this study, we present an energetic analysis of spreading droplets at low Weber number 

which cannot be explained by either conventional energy-balance-based theories or empirical 

scaling laws. Based on our detailed numerical simulations, changes of the energy budget and 

flow structure during the capillary-driven spreading process are captured in detail. In addition, 

particular attention is paid to the capillary waves, which demonstrate a significant role in the 

flow physics and energy loss mechanisms. Quantitative analysis of the energy loss caused by 

the capillary waves is also presented. To the best of our knowledge, this study is the first 

attempt not only to explain changes in the energy budget, considering surface energy as a 

primary energy source for driving the capillary-driven spreading process, but also to quantify 

energy loss caused by capillary-wave-induced phenomena. 
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II. SIMULATION METHOD 

A. Numerical method 

Since the current study aims at understanding the physical behavior of a spreading droplet 

in the low Weber number regime, our existing numerical setup remains predominantly intact. 

In this section, therefore, a brief introduction of our simulation methods is given rather than a 

fully detailed description. Readers can refer to our previous studies for more detailed 

information on our numerical formulations [23,39,47,48] and method validation. 

For incompressible flow, the governing equations that are applied to both the liquid and 

gas phases and that are solved on a fixed Cartesian grid (Eulerian grid) are based on a single-

field formulation: 

 

 0 =u  (1) 

 

 ( )T
P

t
   +  = − + +  + +  

u
u u g u u F  (2) 

 

where u and P are the velocity vector and the pressure, respectively, and g is the gravitational 

acceleration. ρ and μ are the density and viscosity, respectively. F is the surface tension force 

which is considered only at the phase (liquid–gas) interface, and can be represented by using 

the following continuum surface force (CSF) [49,50] formulation:  

 

 
H I= F   (3) 

 

where σ is the surface tension coefficient. κH is the curvature of the interface and can be 

computed as follows: 
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 L
H


=


F G

G G
 (4) 

 

 ( )
( )L f f f d
t

s 


= −F n x x  (5) 

 

 ( )
( ) f f d
t

s


= −G n x x  (6) 

 

Here, xf is the position of the liquid-gas interface Γ(t). The line integrals (or surface 

integrals in 3D simulations) are evaluated over a line element, ds, (or area element in 3D). κf is 

the interface curvature directly obtained from the Lagrangian interface. nf is the unit normal 

vector and δ(x-xf) is the Dirac delta distribution function. Note that δ(x-xf) has a non-zero value 

only at the interface (x = xf). 

The physical properties (density and viscosity) of each phase (liquid and gas) denoted as 

b can be described using an indicator function I which has the characteristics of the Heaviside 

function and varies from zero (0) in one phase (liquid) to one (1) in the other phase (gas):  

 

 ( )d a db b b b I= + −  (7) 

 

where the subscripts d and a denote the droplet (liquid) and air (gas), respectively. 

As an interface method, the level contour reconstruction method (LCRM) [51-53] is used 

to represent the liquid-gas interfacial boundary. The LCRM is a hybridization of two well-

established interface methods, i.e., front tracking [49,54] and level set [55]. In the LCRM, 

Lagrangian marker elements are tracked to accurately represent the phase interface (as in the 
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original front tracking method) but are reconstructed by using the distance function which 

provides level set characteristics. This hybridization allows us to avoid the ‘logical connectivity’ 

which is the most well-known drawback of the original front tracking method. Because the 

reconstruction procedure is performed on each cell-face on the Cartesian (Eulerian) grid, every 

Lagrangian marker element (i.e., line in 2D and triangle in 3D simulations) can be naturally 

(implicitly) connected, thus even highly dynamic interfaces do not require complex algorithmic 

treatment for topological changes of the interface.  

The positions of the interfacial elements (xf) are advected in time with the interfacial 

velocity uf, by the second-order Runge-Kutta method. For elements which are not located on 

the contact line, uf is directly obtained by interpolating the velocity field. On the other hand, 

for elements which are in contact with a surface, i.e., contact line elements, their velocity is 

determined by the Navier-slip condition to avoid a stress singularity. In this case, the contact 

line velocity (UCL) is computed as UCL = λ(∂u/∂n)wall, where ∂u/∂n is the shear strain rate on 

the wall. For the proportionality slip constant λ, we used the formerly validated value [53], i.e., 

a quarter of the grid size. 

To consider contact angle hysteresis, the dynamic contact angle (θdyn) is modeled as a 

function of the equilibrium contact angle (θeqi) and the contact line velocity as follows [56]: 

 

 ( )

1/3

eqi mda CL

1

dyn

1/3

eqi mdr CL

2

Ca
min , ,   if  0  (for spreading)

Ca
max , ,   if  0  (for receding).  

CL

U
q

U

U
q

 



 

     +  
    = 
     +       

 (8) 

 

where the capillary number Ca is defined as Ca = μUCL/σ. θmda is the maximum advancing 

contact angle and θmdr is the minimum receding contact angle. q1 and q2 are experimentally 
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determined constants in relation with the surface conditions, and the same values as Yokoi et 

al. [56] are applied in the present study (q1 = 9.0  10−9 and q2 = 9.0  10−8). Note also that in 

the current study, the contact angle hysteresis is set to ±2.5°, because it is assumed that the 

solid surface is well-prepared [39]. 

Fig.1 illustrates the computational geometry with boundary conditions applied in this study. 

A two-dimensional axi-symmetric simulation is considered in order to reduce the required 

numerical resources. Note that the droplet impact behavior would be essentially identical to 

that from full three-dimensional simulations in the low Weber number regime [57], since there 

are no meaningful changes in flow structure in the circumferential direction (e.g., cusps or 

fingering [11-12]), which are generally observed during collisions at high Weber number (e.g., 

splashing phenomena). The lengths of the simulation domain in the axial (z) and radial (r) 

directions are set as ZL = 7.5Dd and RL = 10Dd, respectively, where Dd denotes the diameter of 

the droplet. Open boundary conditions are applied to the upper and right boundaries, whereas 

a solid wall boundary condition is applied to the lower boundary. An axi-symmetric boundary 

condition is applied to the left boundary. Before the collision with a target, the droplet is 

artificially accelerated by using an enhanced gravity field to ensure that the initial impact 

velocity reaches a predetermined velocity value. The effects of initial deformation before the 

impact and turbulence are not considered, owing to their negligible effects [58].  

Note that the numerical framework described herein has been utilized in our various 

previous studies on droplet collision problems, and has also been thoroughly validated by 

comparisons with diverse experimental works for a wide range of impact conditions including 

at low Weber number [23,47,48]. More detailed information on our simulation methods, e.g., 

the advection of the phase interface, the reconstruction of Lagrangian interface elements, and 

other simulation techniques can also be found in [23,39,47,48]. 
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B. Computation of energy components 

A common approach [39,59] is used to calculate each energy component of the droplet, 

i.e., the kinetic energy (Ek), the gravitational energy (Eg), the surface energy (Es), and the 

viscous dissipation (Ed). The kinetic (Ek) and gravitational energy (Eg) can be obtained as: 

 

 ( )2 2

k d

1
d

2
r zE u u


= +   (9) 

 g d dE gz=   (10) 

 

Here, Λ and zd denote the volume and the volumetric centroid of the droplet, respectively. The 

surface energy Es is calculated as: 

 

 s LG LS eqicosE A A  = −   (11) 

 

Here, ALG and ALS are the liquid-gas interfacial area and the liquid-solid contact area (i.e., 

wetted area), respectively. Therefore, the first term (σALG) in Eq.(11) denotes the liquid-gas 

interfacial surface energy, whereas the second term (σALS·cosθeqi) accounts for the capillary 

effect on the liquid-solid contact area, which is essentially a function of the surface wettability 

and the wetted area. 

The viscous dissipation Ed is calculated as: 

 

 ( )d
0

d d
t

E t


=     (12) 

 

where the dissipation function Φ is: 
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2 2 2 2

d

1
2

2

r r z r zu u u u u

r r z z r


            = + + + +                    
 (13) 

 

Note that the calculations of zd, ALG, and ALS are very straightforward since the liquid-gas 

interface and the location of the contact line are explicitly tracked using the Lagrangian 

elements. Note also that this approach was validated in our previous study [39] by a comparison 

with an existing study [30]. 

 

III. RESULTS AND DISCUSSION 

A. Validations 

In this subsection, we validate our numerical method for simulating droplet spreading 

problems in the low Weber number regime. Since the spreading process is significantly affected 

by surface wettability and the associated capillary effect at low Weber number, our benchmark 

test results are compared to existing experimental results for three different surface wettabilities 

(i.e., hydrophilic, neutral, and hydrophobic surfaces). Note that water droplets are considered 

for its versatility for all simulation cases considered in this paper. Therefore, the density and 

the viscosity of the droplet are set as ρd = 998.2 kg/m3 and μa = 0.001 N s/m2, respectively. The 

surface tension coefficient is set to be σ = 0.0728 N/m. 

In Fig.2(a), the temporal variations of the nondimensional spreading diameter β* (β* = β/Dd, 

where β is the contact diameter between the droplet and the solid surface) for three different 

grid resolutions are depicted. All simulation conditions are the same as in the existing 

experiment of Lee et al. [43], i.e., the surface wettability is hydrophilic (steel, θeqi = 61°) and 

the initial impact velocity (Vini) is set as zero (i.e., the spreading process is completely driven 

by the capillary effect without impact kinetic energy). The diameter of the droplet is set as Dd 
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= 2 mm. The inset in Fig.2(a) shows the interfacial morphologies at t = 0.02 s obtained by using 

the three different grid resolutions. As can be seen, mesh convergence is almost achieved at 32 

CPR (cells per radius of droplet) in terms of both qualitative and quantitative measurement, 

and the maximum value of β* is consistent with the previous experimental result [marked by a 

black cross in Fig.2(a)] [43]. Note that in the present study, to be on the safe side, a grid 

resolution of 64 CPR is applied to all later simulation cases. 

In Fig.2(b), we compare the temporal variation of β* with the experimental result of Huang 

and Chen [31] for a hydrophobic surface (parafilm, θeqi = 110°). The diameter of the droplet 

and the impact velocity are Dd = 2.7 mm and Vini = 0.49 m/s, respectively. The corresponding 

Weber number (We = ρdVini2Dd/σ) is We = 8.9. Three insets in Fig.2(b) compare the simulated 

droplet’s interfacial morphologies with the experimental observations at t = 0.97, 1.98, and 

4.75 s. As shown, our simulation result shows good agreement with the existing experimental 

result [31]. 

In Fig.2(c), we further validate our simulation capability by a comparison of the 

nondimensional film thickness h* (h* = h/Dd, where h is the height of the liquid film measured 

at the collision center) with the experimental result of Mitra et al. [60], for a neutral surface 

(brass, θeqi = 86°). Note that experimental data for the temporal evolution of the film thickness 

on a flat substrate at this low We regime are very rare since it is a difficult quantity to precisely 

measure in the experiment, owing to the limited camera-based measurements (viewing the 

central area of the droplet is usually obscured by the outer rim due to its concave shape at the 

central region) [61]. Therefore, quantitative analysis of the film thickness has been mainly 

carried out on curved surfaces (e.g., on a particle) in experimental studies [60-62]. We also 

consider here the droplet impact on a spherical particle using the same numerical formulation 

described in the above section to compare our simulated h* with the existing experiment. 

Fig.2(c) depicts the temporal evolution of h* on the brass particle which has a diameter of 3 

T
hi

s 
is

 th
e 

au
th

or
’s

 p
ee

r 
re

vi
ew

ed
, a

cc
ep

te
d 

m
an

us
cr

ip
t. 

H
ow

ev
er

, t
he

 o
nl

in
e 

ve
rs

io
n 

of
 r

ec
or

d 
w

ill
 b

e 
di

ffe
re

nt
 fr

om
 th

is
 v

er
si

on
 o

nc
e 

it 
ha

s 
be

en
 c

op
ye

di
te

d 
an

d 
ty

pe
se

t.

P
L

E
A

S
E

 C
IT

E
 T

H
IS

 A
R

T
IC

L
E

 A
S

 D
O

I:
 1

0
.1

0
6
3
/5

.0
1
3
8
3
7
8



Accepted to Phys. Fluids 10.1063/5.0138378

 

16 

 

mm. The diameter of the droplet and the impact velocity are set as Dd = 2.61 mm and Vini = 

0.73 m/s, respectively, thus the corresponding Weber number is We = 19.1. As seen in the figure, 

our simulation result again shows good agreement with the existing experimental result [60]. 

From our benchmark tests shown in Fig.2, we concluded that our numerical methods can 

reasonably simulate the spreading phenomena of droplets on various solid surfaces, from 

hydrophilic to hydrophobic, in the context of both qualitative and quantitative comparisons. 

Note also that our simulation methods used herein have been extensively and thoroughly 

validated by comparisons with many experimental works [23,39,47,48] including low Weber 

number collision cases [23,47,48]. 

 

B. Capillary wave driven spreading and flow characteristics 

Based on our validated computational framework above, in this subsection, we examine 

the spreading behavior and flow characteristics for two different surfaces wettabilities, i.e., 

hydrophilic (θeqi = 20°) and hydrophobic surfaces (θeqi = 125°), and present the significant role 

of the capillary waves in more detail. To observe the typical spreading characteristics in the 

low Weber number regime, in the following numerical simulations the diameter of the droplet 

(Dd) and the impact velocity (Vini) are set as Dd = 2 mm and Vini = 0.355 m/s, respectively, thus 

the corresponding Weber number is We = 3.5. The time is now also non-dimensionalised using 

the capillary-inertial time scale tc = (ρDd3/8σ)0.5, and the non-dimensional capillary-inertial time 

τ is defined as τ = t / tc hereafter, unless otherwise mentioned. 

Fig.3 depicts the droplet’s morphologies and velocity vectors, on the hydrophilic surface 

during the spreading process. At a very early stage of spreading [Fig.3(a)], the bottom part of 

the droplet is squeezed, and a capillary wave starts to be formed above the contact line. 

Afterward, the droplet quickly spreads and wets the solid surface owing to its strong wetting 

nature and low equilibrium contact angle on the hydrophilic surface [Fig.3(b)]. Since the 
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contact line moves faster than the upper part of the droplet, the valley (trough) of the capillary 

wave is clearly formed above the contact line [see black arrow in Fig.3(b)]. As the contact line 

moves outward, the gradient of local curvature along the liquid-gas interface increases [63,64], 

and the contact line acts like a moving wave source [65]. These waves generated in the vicinity 

of the contact line are propagated to the top part of the droplet along the liquid-gas interface, 

leading to the interfacial shape captured in Fig.3(c) [31,63]. Such an interfacial structure caused 

by the capillary waves is called a ‘pyramidal structure’ showing a staircase-like shape [46] [see 

black arrow in Fig.3(c)]. Note that this pyramidal structure has also been observed in other 

previous experiments and simulations at similar impact conditions (We ~ 4 - 5) on both 

hydrophilic and hydrophobic surfaces [25,46]. At this time, strong redirections of the liquid 

flow are seen inside the droplet near the valley of the capillary wave, whereas vortical motions 

of the gas flow are observed outside the interface. The traveling waves encounter each other at 

the central top part of the droplet, resulting in oscillatory motion of the top part due to wave 

interference [31]. The increased downward velocity vectors resulting from the first oscillation 

are depicted in the zoom-in of the dashed red box of Fig.3(c). Note that the velocities of these 

downward flows are much faster than the initial impact velocity [compare the sizes of velocity 

vectors between Fig.3(a) and Fig.3(c)]. The top part of the droplet rises again due to its second 

oscillatory motion, and the upward flow with locally induced vortical motions are captured in 

the zoom-in of the dashed red box of Fig.3(d). The third oscillatory motion at the central top 

part leads to the rapid collapsing of the liquid film [33,63], and a strong downward flow is 

observed during this collapse, as depicted in Fig.3(e). Since the liquid film at the collision 

center is drastically thinned due to this rapid collapse, the central top part of the liquid film 

encounters the growing boundary layer from the solid surface. Therefore, the liquid flow inside 

the droplet enters the viscous regime [61,62] and the droplet starts to be considerably affected 

by viscous damping. After this moment, the change in the liquid film thickness becomes 

T
hi

s 
is

 th
e 

au
th

or
’s

 p
ee

r 
re

vi
ew

ed
, a

cc
ep

te
d 

m
an

us
cr

ip
t. 

H
ow

ev
er

, t
he

 o
nl

in
e 

ve
rs

io
n 

of
 r

ec
or

d 
w

ill
 b

e 
di

ffe
re

nt
 fr

om
 th

is
 v

er
si

on
 o

nc
e 

it 
ha

s 
be

en
 c

op
ye

di
te

d 
an

d 
ty

pe
se

t.

P
L

E
A

S
E

 C
IT

E
 T

H
IS

 A
R

T
IC

L
E

 A
S

 D
O

I:
 1

0
.1

0
6
3
/5

.0
1
3
8
3
7
8



Accepted to Phys. Fluids 10.1063/5.0138378

 

18 

 

minimized, and is almost kept at a very thin level (we will discuss the growth of the boundary 

layer and entry into the viscous regime in detail later). At the maximum spreading state, the 

droplet forms a toroidal shape with a thin center, as shown in Fig.3(f). Note that the retraction 

process is not fully demonstrated since here we mainly focus on the spreading stage (i.e., the 

recoiling motion is beyond the current scope). 

Fig.4 shows the case for the hydrophobic surface. At a very early stage of the spreading 

process [Fig.4(a)], similar behaviors to those for the hydrophilic surface (i.e., the squeezed 

bottom part of the droplet and the formation of waves) are observed near the contact line. 

However, unlike where a valley of the wave is developed above the contact line for the 

hydrophilic surface, a peak (crest) of the wave is observed [see black arrow in Fig.4(b)], due 

to the slow motion of the contact line and the non-wetting nature of the hydrophobic surface. 

Since the capillary waves are primarily generated by the difference between the equilibrium 

contact angle and the apparent contact angle at the initial stage, the hydrophobic surface 

provides relatively reduced local interface curvature near the contact line and weaker waves 

[64,65] compared to the hydrophilic surface. Therefore, the interfacial shape is relatively 

rounded in the vicinity of the contact line, and the staircase-like structure is much more 

smoothed [see black arrow in Fig.4(c)]. In Fig.4(c) and (d), the first (downward) and second 

(upward) oscillatory motions are also observed, respectively, as depicted in the zoom-in of the 

dashed red boxes. The third oscillation and induced rapid collapse of the central top part are 

also captured in Fig.4(e). However, its deformation is relatively less severe due to the weaker 

capillary waves and smoothed staircase-like structure, which eventually leads to weaker 

downward fluid motion compared to that on the hydrophilic surface. Even though the liquid 

film is rapidly collapsing, its thickness is still sufficiently thick compared to the boundary layer 

thickness [Fig.4(f)], thus the droplet cannot enter the viscous regime. Therefore, the central top 

part of the droplet (and its film thickness) rises up again at the subsequent stage, without notable 
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viscous resistance (the detailed rising motion is not demonstrated here but will be discussed 

later). At the maximum spreading state, the droplet forms a toroidal shape with a thicker center 

[Fig.4(f)]. 

In order to examine in more detail the dependence of different characteristics of the 

capillary waves on surface wettability, the time-dependent wave propagation behavior is 

quantitatively compared in Fig.5. The capillary waves of the droplet at given time instants can 

be characterized by the radius of the deformed droplet interface rw, as illustrated in Fig.5(a). 

The point C can be regarded as the moving reference point for measuring rw, and the position 

of C is updated ensuring that the distance between the point C and the central top part of the 

droplet (point A) is always kept as the initial droplet radius rd. ψ denotes the angle between the 

axis of symmetry and the position vector of rw. Fig.5(b) and (c) depict the propagation of the 

capillary waves for the hydrophilic and hydrophobic surfaces shown in Fig.3 and Fig.4, 

respectively. The time-dependent angular distributions of rw (normalized by rd) are compared 

in detail. For both surfaces, as seen, the amplitudes of the waves globally increase as the 

droplets spread over the surfaces. However, the amplitudes on the hydrophilic surface at given 

time instants are roughly double those on the hydrophobic surface, signifying that the capillary 

waves are much stronger on the hydrophilic surface. In addition, on the hydrophilic surface, 

the valley of the capillary wave is formed near the contact line [left side of the contact line in 

Fig.5(b)] as shown above in Fig.3. Conversely, the peak of the wave and the rounded shape are 

observed near the contact line on the hydrophobic surface.  

Fig.6 quantitatively analyses the temporal variations of the nondimensional film thickness 

(h*) measured at the collision center for the two cases shown in Fig.3 and Fig.4. Note that in 

Fig. 6, a different time scale, i.e., the advective time scale  (ta = Dd/Vini) is considered to compare 

our simulation results with the existing studies, and the non-dimensional advective time τa is 

denoted as τa = t / ta. If a droplet collides on a solid surface at a sufficiently high We, temporal 
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changes in h* can be well described by the universal solutions [61,62]. During the first phase, 

the so-called ‘initial drop deformation period’, h* is not affected by the presence of the solid 

surface and can be simply described as h* = 1 – τa.  In this phase, the top part of the liquid film 

shows rigid-body-like motion [61,62].  Afterward, for the second phase, the so-called ‘inertia 

dominated period’, flow in the lamella far from the edge (i.e., far from the contact line) can be 

assumed to be mainly dominated by the inertial effect without notable viscous resistance, thus 

the internal liquid motion can be described by the inviscid solution which has the same form 

as the well-known far-field asymptotic solution [66]. During the second (inertia dominated) 

phase, h* can be represented by the universal curve, i.e., h* = 0.39/(0.25+τa)2 [61]. Note that 

these universal profiles have also been theoretically [61,62], experimentally [62], and 

numerically [48] confirmed. As examples, the temporal variations of h* for 6 additional cases 

at the high We regime (We = 50, 70, and 90, and θeqi = 20° and 125°) are plotted together in 

Fig.6 (see black solid lines). As depicted in the zoom-in of the gray dashed box, it is clearly 

observed that h* for all those high We cases collapse onto the two universal curves (green 

dashed lines) showing an excellent agreement with the existing studies [48,61,62]. 

For spreading at the low We regime, however, h* can be represented by the universal 

solution only for the early stage of the first phase (τa ≤ 0.4), and h* significantly diverges from 

the universal profiles (compare red and blue solid lines with the green dashed lines) after τa ~ 

0.4, because the motion of the liquid film is no longer governed by inertial effects but primarily 

dominated by the capillary waves, even in the central part of the droplet which is quite far from 

the contact line. Near τa ~ 0.4, the oscillatory motions and the subsequent rapid collapsing of 

h* are observed, resulting from the merging of the capillary waves at the central top part of the 

droplet (see the zoom-in of the orange dashed box). As already described in Figs.3 and 4 above, 

the collapse of h* is more drastic on the hydrophilic surface (θeqi = 20°) due to the stronger 

capillary waves. Note that the difference of h* near the final stage depending on the surface 
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wettability (i.e., staying at minimal level on the hydrophilic surface whereas it rises again on 

the hydrophobic surface) is primarily determined by the onset of the viscous regime which is 

also dominated by the capillary waves and associated phenomena (i.e., how much the liquid 

film collapses due to the oscillatory motions). 

 

C. Energetics of the spreading droplet : primary energy source for driving 

the spreading process 

In section 3.B above, we have investigated the capillary-driven spreading behaviors and 

flow structures at low Weber number, and the dominant roles of the capillary waves depending 

on the surface wettability have been observed. During the entire spreading process, capillary 

waves have been found to play a significant role in determining the droplet’s interfacial 

morphologies (e.g., staircase-like structures), the oscillatory motions of the central top part and 

its collapse, and the onset of the viscous regime. We now examine the energetics of the droplet, 

focusing on the changes in the energy components of the droplet in detail. 

Fig.7 and Fig.8 depict the temporal changes in the energy components of the droplet for 

the two cases analyzed above (θeqi = 20° and 125°, We = 3.5). In Fig.7, the changes in all energy 

components are plotted together in the first subfigure [Fig.7(a)] whereas the changes in the 

kinetic energy (Ek), the surface energy (Es), the cumulated viscous dissipation (Ed), and the 

gravitational energy (Eg) are separately plotted in the other subfigures [Fig.7(b-e)]. Note that 

the energy loss caused by contact angle hysteresis, which can be scaled as σDm2(θadv – θrec) 

where Dm is the maximum spreading extent of droplets, can be negligible due to the low contact 

angle hysteresis considered herein (±2.5°). Each energy component is normalized by the initial 

kinetic energy Ek,ini, whereas the non-dimensional capillary-inertial time τ is rescaled by the 

maximum spreading time τmax (therefore, τ / τmax = 1 stands for the maximum spreading state).  

Note that the initial surface energy (Es / Ek,ini) at the collision instant (τ / τmax = 0) is more than 
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three times the initial kinetic energy (Ek / Ek,ini), meaning that surface energy can play a more 

dominant role in the spreading process than kinetic energy. 

On the hydrophilic surface (θeqi = 20°), since a decrease in the surface energy as the droplet 

spreads over a solid surface is energetically favorable [67], Es / Ek,ini naturally decreases during 

the spreading process. Basically, both the kinetic energy and the surface energy decrease until 

the droplet reaches the maximum spreading state (τ / τmax = 1), and they are all converted into 

viscous dissipation. It is interesting to observe that the kinetic energy even increases at the early 

stage of the spreading process [see τ / τmax ≤ 0.2 in Fig.7(b)]. This indicates that the initial 

impact velocity is accelerated by the capillary effect acting in the vicinity of the contact line 

even after the collision instant. Note that this is contrary to the conventional assumption [24-

27,33,34], which assumes that the initial kinetic energy is transformed into either surface 

energy or viscous dissipation. Such an energy transition from surface energy to kinetic energy 

highlights that the “real potential energy source (not meaning gravitational energy)” driving 

the spreading process on the hydrophilic surface is the initial surface energy not the initial 

kinetic energy. Since this energy transition from surface energy to kinetic energy occurs near a 

solid surface, a considerable part of the transformed kinetic energy is presumably dissipated by 

the strong viscous resistance from the surface. Although the detailed internal transition process 

(from surface energy to kinetic energy, and then eventually to viscous dissipation) cannot be 

explicitly captured because it occurs coincidently as well as implicitly, it is evident that surface 

energy is transformed into kinetic energy and finally dissipated by viscous resistance. The 

underlying physical mechanism driving the spreading process is the capillary effect acting near 

the contact line.  

It is also observed that the kinetic energy quickly decreases near τ / τmax = 0.62, and the 

change in the surface energy is minimized after τ / τmax = 0.62 [see Figs.7(b) and (c)]. This is 

presumably caused by the onset of the viscous regime. After near τ / τmax = 0.62, the kinetic 
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energy is quickly dissipated whereas the changes in the surface energy are minimized. For this 

period, two different surface energy terms, i.e., the liquid-gas interfacial energy [σALG in 

Eq.(11)] and the capillary energy acting on the contact area [σALS·cosθeqi in Eq.(11)], are almost 

counterbalanced. In other words, the liquid-gas interfacial energy continues to increase but the 

capillary energy gradually decreases until the droplet reaches the maximum spreading state (we 

will check that the onset of the viscous regime occurs near τ / τmax = 0.62 later). Overall, at the 

maximum spreading state (τ / τmax = 1), the total amount of the cumulated viscous dissipation 

Ed,max / Ek,ini is 3.79, which is the same as the sum of the decrease in the surface energy [(Es,ini 

- Es,max)/Ek,ini = 2.68], the decrease in the kinetic energy [(Ek,ini – Ek,max)/Ek,ini = 0.97], and the 

decrease in the gravitational energy [(Eg,ini – Eg,max)/Ek,ini = 0.14], where the subscript ‘max’ 

denotes the maximum spreading state. In other words, a total of 3.79Ek,ini contributes to the 

spreading process and is dissipated, and a major contributor is apparently the surface energy 

(2.68Ek,ini, about 70% of the total contribution). 

Fig.8 depicts the case for the hydrophobic surface (θeqi = 125°). As seen in Fig.8(a), Es / 

Ek,ini increases during the spreading process because reducing the surface energy as the droplet 

spreads over a solid surface is energetically unfavorable on the hydrophobic surface. For this 

case on the non-wettable surface, the only decreasing energy component is the kinetic energy 

(the gravitational energy also slightly decreases but its contribution is very minor). As seen, Ek 

/ Ek,ini continues to decrease until the maximum spreading state, and is converted into Es / Ek,ini 

and Ed / Ek,ini. Therefore, the conventional assumption that the initial kinetic energy drives the 

spreading process and is transformed into either the surface energy or the viscous dissipation 

is still valid for this non-wettable surface. At the maximum spreading state (τ / τmax = 1), Ed / 

Ek,ini = 0.34, which is significantly less than the amount of energy dissipation on the hydrophilic 

surface (the energy dissipation and detailed mechanisms will be quantitatively analyzed later). 

Overall, at τ / τmax = 1, the sum of the decrease in the kinetic energy [(Ek,ini – Ek,max)/Ek,ini = 
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0.99] and the decrease in the gravitational energy [(Eg,ini – Eg,max)/Ek,ini = 0.11] is the same as 

the sum of the increase in the surface energy [(Es,max - Es,ini)/Ek,ini = 0.76] and the cumulated 

viscous dissipation (Ed,max / Ek,ini = 0.34). In other words, a total of 1.10Ek,ini contributes to the 

spreading process and is dissipated, and a major contributor is obviously the kinetic energy 

(0.99Ek,ini, about 90% of the total contribution). 

Since the energy budget can provide useful insights and to understand changes in energy 

profiles more easily, in Fig.9 we re-draw the energy profiles analyzed above using the energy 

budget concept [30] to help understand how the droplet’s initial driving energy sources are 

converted into other energy terms. For the hydrophilic surface, as shown in Fig.7 above, the 

primary energy source is the initial surface energy (about 70% of the total contribution) and it 

is transformed into kinetic energy by inducing liquid motion near the contact line. This 

increased kinetic energy is eventually dissipated by viscous dissipation. Therefore, in Fig.9(a), 

energy-variation quantities are now normalized by the total change in three energy sources [i.e., 

∆Et = ∆Ek + ∆Es + ∆Eg = (Ek,ini – Ek,max) + (Es,ini – Es,max) + (Eg,ini – Eg,max)] to include the surface 

energy as an energy source. E*k (E*k = Ek / ∆Et) and E*d (E*d = Ed / ∆Et) in Fig.9(a) denote the 

kinetic energy and the cumulated viscous dissipation normalized by ∆Et, respectively, whereas 

the gravitational energy is not separately plotted for simplicity, owing to its minor role (its 

contribution is lumped into the kinetic energy). To clarify the physical interpretation of Fig.9(a), 

an example diagram is also added to the upper-right corner. Note that the regions above the 

black line (orange region in the example), below the blue line (blue region in the example), and 

between the black and blue lines (green region in the example) represent the budget of the 

kinetic energy, the viscous dissipation, and the surface energy, respectively. It is reasonable to 

understand the spreading process on the hydrophilic surface as one where the initial surface 

energy is transformed into kinetic energy and then this increased kinetic energy is eventually 

(and also coincidently) converted into viscous dissipation, driving the spreading process until 
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the flow enters the viscous regime [see τ / τmax ~ 0.62 indicated by green dashed line in Fig.9(a)]. 

Note that the time for onset of the viscous regime is denoted by τvis hereafter. At τ = τvis, the 

droplet still has enough kinetic energy presumably resulting from the accelerated flow motions 

of the capillary effects and the rapid collapse of the central top part and induced flow motions, 

but which is quickly dissipated after τvis 

Conversely, for the hydrophobic surface, the primary energy source is the initial kinetic 

energy (about 90% of the total contribution) and it is transformed into surface energy and 

viscous dissipation as shown in Fig.8. Therefore, energy-variation quantities can still be 

normalized by the initial kinetic energy, because it is the de facto unique energy source for the 

spreading process. ∆E*s [∆E*s = (Es – Es, ini) / Ek,ini] and E*d (E*d = Ed / Ek,ini) in Fig.9(b) denote 

the variation of surface energy and the cumulated viscous dissipation normalized by Ek,ini, 

respectively. Note that for the hydrophobic surface, the regions above the black line (green 

region in the example), below the blue line (blue region in the example), and between the black 

and blue lines (orange region in example) represent the budget of the surface energy, the 

viscous dissipation, and the kinetic energy, respectively. As seen, the initial kinetic energy 

drives the spreading motion, and about 70% of the initial kinetic energy is transformed into 

surface energy. 

 

D. Energy loss mechanisms 

In section 3.C above, we have investigated the overall changes in the energy components 

and the energy budgets for both the hydrophilic and the hydrophobic surfaces. We now examine 

the energy loss mechanisms for the spreading droplet at the low We regime in more detail.  

For the hydrophilic case, in Fig.10, the spatial distributions of the viscous dissipation 

calculated from Eq.(13) are depicted at the left side of each panel, whereas interfacial 

morphologies and velocity vectors are shown in the right side of each panel. At the very early 
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stages, as seen, the energy dissipation mainly appears in the area where collision occurs and 

the liquid is squeezed [see Fig.10(a)]. As the capillary waves developed near the contact line 

are propagated to the top part of the droplet, the energy dissipation locally but strongly occurs 

where the gradient of interface curvature is high (i.e., near the valley of the wave) and the 

oscillation occurs (i.e., near the central top part) [see Fig.10(c-d)]. In particular, when the 

central top part is rapidly collapsed, significant dissipation is observed in almost the entire part 

of the central region [see Fig.10(e)]. At τ / τmax = 0.62, as mentioned above, the liquid film is 

drastically thinned due to the rapid collapse, and the top part of the liquid film encounters the 

growing boundary layer [see Fig.10(f)], signifying the onset of the viscous regime [61,62]. 

Afterward, the flow inside the droplet is quickly dissipated by the viscous damping but the 

droplet can continue its spreading mainly due to the capillary effect. At the maximum spreading 

state, as the flow motions almost stop, energy dissipation disappears except for some parts near 

the solid surface [see Fig.10(g)]. Note that considerable viscous dissipation is observed near 

the solid wall during almost the entire spreading process because the capillary effect acting 

near the contact line continues inducing flow motion near the wall. 

For the hydrophobic case, in Fig.11, the energy loss mechanisms are seen to be similar to 

those for the hydrophilic surface. The energy dissipation is observed mainly where the gradient 

of the interface curvature is high, where the oscillations and the induced rapid collapse occur, 

and near the solid wall. However, all of those contributions are obviously less than those for 

the hydrophilic surface and in particular, significantly reduced energy dissipation is observed 

near the solid wall compared to that on the hydrophilic surface due to the non-wettable nature 

of the hydrophobic surface (e.g., smaller wetting area and wetting velocity). 

Overall, all the energy dissipation for both the hydrophilic and the hydrophobic surfaces 

are shown to be primarily caused by the two following mechanisms: (i) capillary-wave-induced 

dissipation (e.g., the flow redirections near the capillary waves, the induced oscillatory motions 
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of the interface and the rapid collapse of the liquid film) and (ii) the near-wall dissipation. 

We now quantitatively compare the relative importance of those two energy loss 

mechanisms. Since it is reasonable to consider that the near-wall dissipation mainly occurs in 

the boundary layer [25], those two different dissipation quantities (i.e., capillary-wave-induced 

dissipation at the outer flow regime, and the near-wall dissipation in the boundary layer) can 

be spatially separated by the boundary layer. Indeed, an exact evaluation for the boundary layer 

thickness is very difficult owing to the complex flow structure inside the droplet (and is also 

beyond the current scope). Although some approximate values for the boundary layer thickness 

have been proposed as a constant value [25,34], those simple approximations are improper for 

this type of analysis because the boundary layer thickness varies considerably over time. 

Therefore, the time-dependent boundary layer thickness should be considered to separately 

quantify two different energy dissipation quantities. The boundary layer thickness as a function 

of time can be scaled as δ0.99 ~ α(νt)0.5 where the numerical prefactor α has been proposed to 

be from 1.00 [41] to 1.88 [29].  

Therefore, in Fig.12(a), we first plot the changes in two energy dissipation quantities for 

4 different numerical prefactors i.e., α = 1.00, 1.88, 3.00 and 4.00. The energy dissipation at 

the outer flow region and the dissipation in the boundary layer are denoted as Ed,o (blue lines) 

and Ed,i (red lines), respectively, whereas the total dissipation (which is essentially the same as 

the sum of Ed,o and Ed,i) is denoted as Ed,t (black line). As seen, if α = 1.00, Ed,o and Ed,i show 

quite different profiles to the other cases (compare thick solid lines with the others). This means 

that there exist considerable changes in the flow motions across the estimated boundary layer, 

which is physically improper in the context of the definition of boundary layer.  Since there is 

no notable difference in Ed,o and Ed,i for the other three cases (α = 1.88, 3.00, and 4.00), they 

all could be candidates for the approximation of boundary layer thickness. Here we choose the 

model of Roisman (α = 1.88) [29] since it was derived considering the full Navier-Stokes 
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equations. 

Figs.12(b) and (c) depict the temporal variations of the nondimensional film thickness h* 

shown in Fig.6 again, but now the time-dependent boundary layer thickness estimated by the 

chosen model is also plotted. Note that the boundary layer thickness is also nondimensionalized 

as δ*0.99 ~ 1.88(τ/Re)0.5. For the hydrophilic surface, as seen in Fig.12(b), since the rapid 

collapse of top liquid film occurs (see 0.4 ≤ τ / τmax ≤ 0.6) due to the capillary waves after the 

oscillatory motion of the central top part of the droplet, a large decrease in h* is seen. After the 

onset of the viscous regime (τvis), however, the decrease in h* is suddenly suppressed and the 

change in h* is eventually minimized even after the maximum spreading state (τ / τmax > 1) due 

to the significant viscous resistance. Note that h* does not rise again despite its oscillatory 

nature and the surface tension force acting on the concave interfacial shape at the central part. 

Conversely, on the hydrophobic surface, the rapid collapse of the central part of the droplet is 

relatively less drastic compared to that on the hydrophilic surface, thus it doesn’t encounter the 

boundary layer (the droplet cannot enter the viscous regime). As seen in Fig.12(c), h* can start 

to rapidly rise again after the maximum spreading state (τ / τmax > 1) without significant viscous 

resistance. From Fig.12, the estimated boundary layer thickness seems to reasonably explain 

the different physical behavior of the film thickness depending on the surface wettability. 

To further visually validate our estimation of boundary layer thickness, in Fig.13, the 

viscous dissipation fields and the time-dependent growing boundary layer are compared 

together. As seen, the estimated boundary layer thickness (see yellow lines) can sharply 

separate those two flow regions, from the early collision stage [Fig.13(a)] to τ = τvis [Fig.13(c)]. 

Overall, we conclude that our estimation of the time-dependent boundary layer thickness can 

spatially separate two flow regions (the outer flow region and the inner boundary layer) and 

the associated energy loss mechanisms (the capillary-wave-induced dissipation and the near-

wall dissipation) well. 
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Based on the estimation of boundary layer thickness checked above, in Fig.14, the 

accumulated total energy dissipation Ed,t is now separately quantified as (i) the capillary-wave-

induced dissipation in the outer region (denoted by Ed,o), and (ii) the near-wall dissipation in 

the boundary layer (denoted by Ed,i). All dissipation quantities are normalized by the total 

energy dissipation at τ = τmax. As seen in Fig.14(a), on the hydrophilic surface, about 70% of 

the total energy loss occurs in the boundary layer until τ = τmax (see red dotted line), signifying 

that the major energy loss mechanism is the near-wall dissipation. Note that after τ = τvis, no 

meaningful change in Ed,o is observed because most parts of the entire flow field enter the 

viscous regime and the flow in the liquid film is mainly affected by considerable viscous 

damping. On the hydrophobic surface, conversely, the droplet cannot enter the viscous regime. 

In this case, the capillary-wave-induced dissipation continues to increase until τ = τmax, and 

accounts for more than half (about 55%) of the total energy loss at τ = τmax [see blue dashed 

line in Fig.14(b)]. 

In Fig.15, we further examine the relative importance of two different energy loss 

mechanisms for a wider range of Weber number. Fig.15(a) and (b) depict the normalized Ed,o 

for the hydrophilic and the hydrophobic surface, respectively, for a range of 1 ≤ We ≤ 10. Note 

also that this range of Weber number has generally been known as the capillary-driven 

spreading regime [23]. As seen in Fig.15(a), Ed,o, the energy loss in the outer flow region 

primarily caused by the capillary waves, accounts for about 25-35% of the total energy loss for 

the hydrophilic surface. Conversely, on the hydrophobic surface, Ed,o is kept at about 55-65% 

for a range of Weber number considered herein. We concluded that the major trends shown in 

Fig.14 above hold for the capillary-driven spreading regime [i.e., for a Weber number range on 

the order of O(100)]. 

Note also that if We further increases, the spreading dynamics and associated energy loss 

mechanism can significantly differ from those shown in Fig.15 [30,31,39]. For high speed 

T
hi

s 
is

 th
e 

au
th

or
’s

 p
ee

r 
re

vi
ew

ed
, a

cc
ep

te
d 

m
an

us
cr

ip
t. 

H
ow

ev
er

, t
he

 o
nl

in
e 

ve
rs

io
n 

of
 r

ec
or

d 
w

ill
 b

e 
di

ffe
re

nt
 fr

om
 th

is
 v

er
si

on
 o

nc
e 

it 
ha

s 
be

en
 c

op
ye

di
te

d 
an

d 
ty

pe
se

t.

P
L

E
A

S
E

 C
IT

E
 T

H
IS

 A
R

T
IC

L
E

 A
S

 D
O

I:
 1

0
.1

0
6
3
/5

.0
1
3
8
3
7
8



Accepted to Phys. Fluids 10.1063/5.0138378

 

30 

 

impact cases where the impact velocity is much higher than the velocity of the contact line, the 

flow physics is primarily dominated by the inertial force, whereas the role of surface wettability 

can usually be minor [19,20,30,39]. At an initial stage of the high speed impact, a thin liquid 

sheet (lamella) is rapidly ejected near a solid surface because the droplet is significantly 

compressed due to the strong inertial effect [29,68]. While the capillary effect still acts near the 

leading edge of the jetted lamella, the capillary wave cannot be propagated to the central part 

of the droplet since its propagation velocity is less than the impact speed [68]. Hence, the 

capillary waves are locked near the leading edge, forming a thick rounded rim (blob) [29,68]. 

The typical shape of spreading droplets for high speed impact cases can be characterized by a 

radially expanding lamella sheet bounded by a thick rim [29], and a quite different energy loss 

mechanism has been found (e.g., dissipation in the bulk, lamella, rim, shear boundary layer, 

and the residual vortical fluid motion, etc) [19,30,46]. Note that the regime transition from the 

low speed impact (capillary-driven spreading at low We) to the high speed impact (inertia-

driven spreading at high We) has been observed on the order of We ~ 10 - 40 [29-31,69]. 

Finally, we observed similar dissipation trends to Figs.10-11 from the cases where We = 0 

as well (i.e., spontaneous spreading cases without initial kinetic energy). Although a separate 

quantification of two energy loss quantities (Ed,o and Ed,i) is difficult since the approximation 

of the time-dependent boundary layer thickness based on Re cannot be applicable due to the 

zero impact velocity (Re = 0), evident effects of the capillary waves on the spreading dynamics 

and the two observed energy dissipation mechanisms (i.e., the capillary-wave-induced 

dissipation and the near-wall dissipation) were found to be qualitatively similar with those 

shown in the present study. 
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IV. CONCLUSIONS 

In this study, the energetic analysis and the energy loss mechanisms of a spreading droplet 

in the low Weber number regime are investigated. With detailed direct numerical simulation, 

the changes in the energy budget and the flow structures are captured in detail. It is shown that 

the spreading behavior at  low Weber number is primarily dominated by the surface wettability 

and the associated capillary effects.  

The energetic analysis presented in this study shows that on the hydrophilic surface, the real 

potential energy source driving the spreading process is the initial surface energy (which is 

transformed into kinetic energy as well as viscous dissipation), not the initial kinetic energy. 

This allows us to note the limitation of the conventional energy-balance-based approaches 

based on the assumption that the spreading is driven by the initial kinetic energy which is 

converted into surface energy and viscous dissipation during the spreading process. Such a 

conventional approach has been found to be valid only for the hydrophobic surface. 

Particular attention is also paid to the role of the capillary waves. Most of the important flow 

physics, i.e., the (staircase-like) interfacial structure, the oscillatory motion of the central part 

of the liquid film and its collapse, the onset of the viscous regime, and the energy dissipation, 

are significantly affected by the capillary-wave-induced phenomena. It is also shown that the 

capillary-wave-induced energy dissipation can be estimated to be about 25-35% and about 55-

65% of the total energy loss for the hydrophilic and the hydrophobic surface, respectively, and 

that such trends hold globally for a range of 1 ≤ We ≤ 10, i.e., the capillary-driven spreading 

regime. 
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FIGURES 

 

 

 

 

 
Fig. 1. Computational geometry and boundary conditions for the droplet impact on a solid 
surface. 
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Fig. 2. Benchmark tests. (a) Evolution of the nondimensional spreading diameters (β*= β/Dd) 
for a droplet spreading on a hydrophilic surface (steel, θeqi = 61°) at zero impact velocity (We 
= 0). The experimental result of Lee et al. [43] for the maximum value of β* is marked by a 
black cross. The inset depicts the droplet morphologies simulated by using three different grid 
resolutions (16, 32, and 64 CPR) at t = 0.02 s. (b) Evolution of the nondimensional spreading 
diameter (β*) for a droplet spreading on a hydrophobic surface (parafilm, θeqi = 110°) at low 
Weber number regime (We = 8.9). The experimental result of Huang and Chen [31] is marked 
by black squares. The insets compare the interfacial morphologies of the droplet between the 
experiment [31] and the current simulation for three different time instants (t = 0.97, 1.98, and 
4.75 ms). Reproduced with permission from H. Huang and X. Chen, "Energetic analysis of 
drop’s maximum spreading on solid surface with low impact speed", Phys. Fluids 30, 022106 
(2018). Copyright 2018 AIP Publishing LLC. (c) Evolution of the nondimensional film 
thickness (h*=h/Dd) measured at the collision center for a droplet spreading on a neutral particle 
surface (brass, θeqi = 86°) at an intermediate Weber number regime (We = 19.1). The 
experimental result of Mitra et al. [60] is marked by black squares. The inset depicts the 
schematic diagram for measuring h*. 
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Fig. 3. Evolution of droplet morphologies (left image in each panel) and velocity vectors (right 
image in each panel) for the hydrophilic surface case. We = 3.5 and θeqi = 20°. (a) τ = 0.09, (b) 
τ = 0.20, (c) τ = 0.61, (d) τ = 0.68, (e) τ = 1.02, and (f) τ = 1.92. 
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Fig. 4. Evolution of droplet morphologies (left image in each panel) and velocity vectors (right 
image in each panel) for the hydrophobic surface case. We = 3.5 and θeqi = 125°. (a) τ = 0.09, 
(b) τ = 0.24, (c) τ = 0.56, (d) τ = 0.59, (e) τ = 0.93, and (f) τ = 1.05. 
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Fig. 5. Typical propagations of the capillary waves. (a) Schematic diagram for measuring rw/rd. 
(b) Wave propagation during droplet spreading on the hydrophilic surface (We = 3.5 and θeqi = 
20°). (c) Wave propagation during droplet spreading on the hydrophobic surface (We = 3.5 and 
θeqi = 125°). 
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Fig. 6. Temporal variations of the nondimensional film thickness h*. Two green dashed lines 
indicate the universal profiles of h* for collision cases at the high Weber number regime: h* = 
1 – τa for the first (initial drop deformation) phase and h* = 0.39/(0.25+τa)2 for the second 
(inertia dominated) phase [61]. Two different background colors also represent the first and the 
second phases of the universal profiles for the high Weber number regime. 
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Fig. 7. Energetic analysis of the droplet collision for the hydrophilic surface case. We = 3.5 and 
θeqi = 20°. (a) changes in all energy components, (b) change in the kinetic energy, (c) change 
in the surface energy, (d) change in the viscous dissipation, and (e) change in the gravitational 
energy. All energy terms are normalized by the initial kinetic energy Ek,ini. 
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Fig. 8. Energetic analysis of the droplet collision for the hydrophobic surface case. We = 3.5 
and θeqi = 125°. (a) changes in all energy components, (b) change in the kinetic energy, (c) 
change in the surface energy, (d) change in the viscous dissipation, and (e) change in the 
gravitational energy. All energy terms are normalized by the initial kinetic energy Ek,ini. 
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Fig. 9. Temporal changes in the energy budget. An example diagram is inserted to the upper-
right corner of each subfigure, to clarify its physical interpretation. (a) Energy budget of the 
spreading droplet on the hydrophilic surface (We = 3.5 and θeqi = 20°). Ek and Ed are normalized 
by ∆Et, i.e., the total decrease in three energy sources (∆Et = ∆Ek + ∆Es + ∆Eg). (b) Energy 
budget of the spreading droplet on the hydrophobic surface (We = 3.5 and θeqi = 125°). ∆Es and 
Ed are normalized by the initial kinetic energy Ek,ini. 
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Fig. 10. Evolution of the energy dissipation fields (left image in each panel) and velocity 
vectors (right image in each panel) for the hydrophilic surface case. We = 3.5 and θeqi = 20°. 
(a) τ / τmax = 0.044, (b) τ / τmax = 0.100, (c) τ / τmax = 0.318, (d) τ / τmax = 0.359, (e) τ / τmax = 
0.534, (f) τ / τmax = 0.620 (i.e., τvis), and (g) τ / τmax = 1.000. 
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Fig. 11. Evolution of energy dissipation fields (left image in each panel) and velocity vectors 
(right image in each panel) for the hydrophobic surface case. We = 3.5 and θeqi = 125°. (a) τ / 
τmax = 0.088, (b) τ / τmax = 0.230, (c) τ / τmax = 0.530, (d) τ / τmax = 0.573, (e) τ / τmax = 0.880, and 
(f) τ / τmax = 1.000. 
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Fig. 12. (a) A preliminary test for the separate quantification of two energy dissipation 
quantities (the capillary-wave-induced dissipation in the outer flow region and the near wall 
dissipation in the boundary layer) for 4 different numerical prefactors (α = 1.00, 1.88, 3.00, and 
4.00). The collision case shown in Figs. 3,7, and 10 are chosen for the test. (b) Temporal 
variations of the nondimensional film thickness h* and nondimensional boundary layer 
thickness δ*0.99 for the hydrophilic surface (We = 3.5 and θeqi = 20°). (c) Temporal variations 
of the nondimensional film thickness h* and nondimensional boundary layer thickness δ*0.99 
for the hydrophobic surface (We = 3.5 and θeqi = 125°).  
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Fig. 13. Evolution of the energy dissipation fields (We = 3.5 and θeqi = 20°). The time-
dependent growing boundary layers are plotted together. (a) τ / τmax = 0.15, (b) τ / τmax = 0.38, 
and (c) τ / τmax = 0.62 (i.e., τvis). 
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Fig. 14. Comparisons of two energy dissipation quantities: the capillary-wave-induced 
dissipation (Ed,o) and the near wall dissipation (Ed,i). We = 3.5. (a) hydrophilic surface (θeqi = 
20°), and (b) hydrophobic surface (θeqi = 125°). 
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Fig. 15. Share of the capillary-wave-induced dissipation (Ed,o) to the total energy dissipation 
(Ed,t) as a function of Weber number. (a) hydrophilic surface (θeqi = 20°), and (b) hydrophobic 
surface (θeqi = 125°). 
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