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The phase-field modeling (PFM) of water drop impact onto a dielectric hydrophobic parafilm surface is per-
formed to explore air entrapment and its influence on deposition and rebound phenomena. Local and global
characteristics of the drop impact are taken into account by using the combined Cahn-Hilliard and Navier-Stokes
equations. The modeling results of water drop impact are directly compared with our experimental measure-
ments in terms of maximum spreading distance, and air bubble size. The simulation results reveal that air can be
trapped under the liquid drop during the initial impact as well as during the retraction phase at the center of the
drop due to the closure of the liquid layer above a cavity. It is found that the drop diameter and the impact
velocity play significant roles in the air entrapment phenomena. The probability of air bubble formation is higher
at lower impact velocity and for larger drop size. The model is also capable of simulating the case of drop impact
onto a water surface, and the results are validated using prior literature data. In addition, the influence of the
phase-field variables and the mesh adaptation scheme on the PFM is studied and discussed. Thus, our findings
provide new qualitative and quantitative insights into the influence of air entrapment on drop deposition onto

hydrophobic and liquid surfaces.

1. Introduction

One of the fundamental requirements of painting and coating tech-
nologies is uniform and homogeneous deposition over the solid surface
for high-quality and durable applications. However, occasional air
entrapment under the liquid layer could negatively influence the dura-
bility of painting and coating layers leading to damaged solid surfaces.
An extensive research on this topic has led to a better understanding of
various natural phenomenon such as, impact of rain drops on water
bodies or plant leaves, soil erosion by rain, and different industrial ap-
plications such as, liquid spray cooling and coating, painting, ink-jet
printing, atomization (Jian et al., 2018; Langley et al., 2018; Yarin,
2006; Yarin and Weiss, 1995), etc. However, the understanding of the
influence of the entrapped air on the drop deposition at the fundamental
microscale level is scarce. Thus, in the present work, a phase-field model
(PFM) that enables the incorporation of microscopic details of air
entrapment under the water drop at different conditions is developed
and applied to simulate drop deposition onto dielectric hydrophobic
surface.

The behavior of the drop after impact depends on impact velocity,
size and shape as well as the properties such as surface tension, viscosity
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(Zhang et al., 2016), etc. The spreading and rebounding of the drop also
depend on the wettability of the solid surface (Zhang et al., 2016). The
surrounding gas also plays an important role in the drop impact dy-
namics (Mehdi-Nejad et al., 2003). One of the interesting phenomenon
during drop impact is the formation of air bubble, which is highly
dependent on the drop size and the impact velocity (Hung et al., 2013;
Sankaran et al., 2021).

In the last few years, a large number of experiments has been con-
ducted on drop impact on both solid and liquid surfaces. A detailed
discussion of various numerical and experimental work regarding liquid
drops impact is provided by Yarin (2006) and Yarin et al. (2017). Rio-
boo et al. (2002) study quantitively the influence of different parameters
such as drop diameter, drop velocity, liquid surface tension and vis-
cosity, surface roughness and wettability on the outcome of drop impact
onto a solid surface. Moita and Moreira, 2002 demonstrate that surface
roughness plays an important role for a range of Reynolds number (Re)
and Weber number (We). When impacting on a solid surface which is
super-hydrophobic in nature the water drop can fully bounce back
(Richard and Quéré, 2000). Xu et al. (2005) showed that the sur-
rounding gas can have a great effect on the shape and spreading of the
drop during impact.
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The entrapment of air bubble inside the liquid drop during impact
has gained a lot of attention in the early 1990s. Chandra and Avedisian
(1991) have first shown the formation of small air bubble inside the drop
during the impact of n-heptane liquid drops on steel plate surface. Air
entrapment during drop impact on liquid surfaces is also reported in
literature (Elmore, 1990; Hasan and Prosperetti, 1990). Weiss and Yarin
(1999) performed numerical simulation of drop impact onto liquid films
using boundary-integral method and analyzed the effect of the impact
Weber number on crown formation and entrapment of air bubble. Two
different kinds of bubble entrapment during drop impact on solid sur-
faces have been previously reported in the literature. The first one is
called impact bubble which is formed during the spreading due to the
enclosure of thin air layer under the drop (van Dam and Le Clerc, 2004).
Such a bubble entrapment could also stem from the electric forces
affecting the prompt splashing during drop splashing (Sankaran et al.,
2021). Bouwhuis et al. (2012) have conducted both experiments and
numerical simulations using boundary-integral method to analyze the
entrapment of air bubble formed during the initial impact of the ethanol
drop on solid surfaces. For ethanol drop impacting on a smooth glass
surface they demonstrated that there exists an optimum point based on
the drop size and impact velocity, where the volume of the entrapped
bubble is maximum. The second type is called entrapped bubble which is
formed during the retraction of the drop when the liquid layer of the
drop encloses above an air cavity (Ford and Furmidge, 1967; Hung et al.,
2013; Wang et al., 2012; Wu et al., 2021).

It is challenging to study experimentally the effect of characteristic
parameters and variables on air bubble formation. Alternatively, nu-
merical simulations allow exploring a large parameter space with
different variables and non-dimensional numbers to reveal the mecha-
nistic details of the origin of air entrapment phenomenon. Various
methods have been developed to model drop impact onto surfaces
(Worner, 2012), all of which can be mainly classified into two groups,
atomistic models and mesoscale models. Among the mesoscale models,
the level set method (Akhlaghi Amiri and Hamouda, 2013; Caviezel
et al., 2008), the volume of fluid method (Huang et al., 2012; Yokoi
et al., 2009), the spine-flux method (Mashayek and Ashgriz, 1995a,
1995b), the lattice Boltzmann method (Huang et al., 2012; Mitchell
et al., 2018; Tanaka et al., 2011) and the phase-field model (Jacqmin,
2000, 1999; Prokopev et al., 2019; Song et al., 2019; Vorobev et al.,
2020; Vorobev and Lyubimova, 2019; Wang et al., 2016; Yurkiv et al.,
2018) are more commonly used.

The phase-field modeling method or PFM, more specifically referred
to as the coupled Cahn-Hilliard-Navier-Stokes (CHNS) in the context of
the present problem, is one of the most highly regarded methods to
model a two-phase flow either liquid-air or liquid-liquid. For modeling
of drop impacts, the PFM helps to account for the topological changes of
the liquid drop shape with more ease. The basic concept and derivation
of the governing equations regarding PFM is described by Jacqmin
(2000, 1999) in details. Precisely, Jacqmin shows how to bind the so-
lutions of the Cahn-Hilliard (CH) equation and the Navier-Stokes (NS)
equations, by adding the continuum force into the NS equation and by
consideration of the velocity field obtained from the solution of the NS
equation into the modified CH equation. Several models have been later
developed using PFM for simulation of two-phase flow. (Bai et al., 2017)
perform a study of the drop formation process in a flow focusing on a
micro-channel at a low capillary number. They investigate the effect of
the size, the velocity along the downstream and the period of formation
of the drop and compare experimental and numerical results both
qualitatively anf quantitavely. An independent approach ideologically
close to the standard CHNS was developed in Yarin et al. (2005a, 2005b)
and applied to modeling of evaporation and precipitation of liquid blobs
inside carbon nanotubes. Zhang et al. (2016) apply the CHNS model and
study numerically the spreading, splashing and rebounding phenomena
during drop impact and investigate the effects of the Reynolds number
and the Weber Number. Yurkiv et al. (2018) implement the CHNS
modeling for the simulation of liquid drop impact onto a solid dielectric
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surface. They explain the effect of the applied voltage on the spreading,
rebounding of the drop and perform a comparative analysis between the
numerical and experimental observations. Lyubimova et al. (2019)
investigated the evolution of an isothermal binary mixture of two
miscible liquids in a confined domain. They reported that the interface
thickness is inversely proportional to the surface tension. Worner et al.
(2021) developed a diffuse interface phase-field solver to study the
spreading and rebound dynamics of sub-millimeter urea-water-solution
on hydrophobic substrates.

In this work, the PFM method is used to predict air bubble formation
in case of water drop impact on parafilm surface. Parafilm is a flexible
semi-transparent film which is hydrophobic. The static contact angle of
water drops on the parafilm surface is taken from the experimental
measurements as 103°. Two-dimensional axisymmetric domain is used
for all calculaitons. Several cases varying drop size and impact velocity
are considered. The relation between the drop size and impact velocity
using the dimensionless numbers (i.e., We and Fr) is discussed. The
modeling results are compared to our own experimental measurements
in terms of the maximum spreading distance of the drop on the solid
surface. Additionly, the PFM is applied to simulate the formation of
entrapped air bubble during water drop impact on water surface and the
results are compared with prior literature (Hasan and Prosperetti, 1990;
Pumphrey and Walton, 1988).

The structure of the present paper is as follows: First, the experi-
mental and numerical methodologies are described. Then, the results of
water drop impact on both parafilm surface (solid) and water (liquid)
are presented. At the end, conclusions are presented considering both
numerical and experimental results.

2. Methodology
2.1. Experimental

The experimental setup is similar to our previous work (Sankaran
et al., 2021; Yurkiv et al., 2021). Two types of experiments have been
conducted. In the first type, drops of different sizes (diameters) are
released onto a parafilm substrate from a fixed height. Parafilm M
Laboratory Film was obtained from Bemis manufacturer (#PM992). The
drop evolution upon their impact in the middle of the substrate is
recorded. In the second type of experiments, drops of a fixed size are
dripped onto the parafilm substrate from different heights (variable
impact velocities), and the resulting drop impact dynamics is
investigated.

Parafilm is overlaid on a glass slide and used as a dielectric substrate
for drop impact. Each specimen is carefully cut as a 2 cm (length) x 2 cm
(width) piece. The glass slide with the parafilm substrate on top of it is
mounted on an adjustable platform, which could be adjusted in three
directions. In particular, the height between the tip of the needle, which
releases drops, and the substrate surface can be adjusted. Additionally, a
fine-tune control along one of the horizontal axes allows one to aim the
center of the substrate for drop impact. In the case of experiments of the
first type, a needle height of h = 11.5 cm is fixed and the average impact
velocity is 1.45 m-s~!(measured from the video recordings). This ve-
locity is slightly lower (due to the effect of the air drag) than the estimate
of 1/2gh = 1.50 m-s~!, with g being the gravitational acceleration.

Pure water is used as the working fluid in all the experiments. A
laboratory syringe pump (NE-1000 Series) supplies the liquid into the
90°- bent 30G (G stands for gauge), 27G, 25G and 21G stainless steel
dispensing needles obtained from McMASTER-CARR, at the flow rate of
4 mL/h, which allows one to vary drop sizes. The out-of-focus 90° bent
needles facilitates placing the top camera right above the needles to
visualize the top view during drop impact and spreading. The average
drop diameters are about 2.20 mm, 2.50 mm, 2.65 mm and 3.07 mm
when the 30G, 27G, 25G and 21G needles are used, respectively.

In the experiments of the second type, water is supplied at a flow rate
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Fig. 1. Sketch of the computational domain, main governing equations and the
necessary boundary conditions used. The domain initially occupied by liquid is
shown in red, the domain initially occupied by air is shown in blue. The par-
afilm surface is shown in yellow color at the bottom (For interpretation of the
references to color in this figure legend, the reader is referred to the web
version of this article).

of 4 mL/h to a 90° bent 27G needle. The average drop diameter is about
2.50 mm. Here, drops detach and fall, due to gravity, onto the parafilm
substrate from different heights, and hence, variable impact velocities
are controlled by the height of the needle over the substrate. Only
normal drop impacts are studied here.

In order to simultaneously visualize the side and top views during
drop impact and evolution, two high-speed cameras (Phantom V210 and
Phantom Miro 4) are set up and synchronized. For the side viewing, back
lighting (LED lamp) illuminates the drop, and for the top viewing, front
lighting is employed. In recording the side views, the center of the lens of
the camera is aligned at the same horizontal level as that of the parafilm
substrate. The impact velocity is determined by the drop motion
observed in the side view. All measurements and experiments are per-
formed at room temperature.

2.2. Numerical

The simulation domain is defined in a 2-D axisymmetric cylindrical
coordinate system, where drop impact is assumed to take place normally
onto the solid surface that is considered to be ideally smooth (negligible
surface roughness). Fig. 1 illustrates the computational domain, the
main governing equations and the boundary conditions required for the
simulation.

The fundamental concepts of the described model is based upon the
work of Jacqmin (2000, 1999) and Yurkiv et al. (2018). The modeling
domain consists of two phases, the liquid drop (water) and the sur-
rounding air (gas). The main difference between PFM and other inter-
face tracking methods (Mashayek and Ashgriz, 1995a, 1995b) is that in
PFM a finite interface thickness between the two fluids is considered
whereas most other methods consider a sharp interface (Levich, 1962;
Worner, 2012). In addition to that, the PFM method facilitates a ther-
modynamic treatment of the phase interfaces, which makes it more
physically consistent for simulations of two-phase flows (Lowengrub
and Truskinovsky, 1998).

In the PFMV, the free energy functional (F(c)) is considered as the
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summation of different types of energy existing in the system (Jacqmin,
1999; Yurkiv et al., 2018)

F(e) = / [n (@) + fon @)V 8

In Eq. (1), the term f, (¢) defines the chemical free energy density which
is a function of the phase-field variable ¢c. This variable is used to model
the two phases, with ¢ = 1 for the surronding air phase and ¢ = —1 for
the liquid water drop phase. fex(c) denotes the excess free energy due to
the inhomogeneous distribution of the volume fraction (c) in the inter-
face region. The expressions for f., (¢) and fex (C) are given in Yurkiv et al.
(2018). The Cahn-Hilliard equation combined with the advective term,
which is a result of the minimization of the free energy, is used to express
the evolution of the phase-field variable ¢ (Jacqmin, 1999),

P
S+ V() = V-(M:Vg) ©)
where, ¢ = ()f,—(za is the chemical potential. The fluid velocity vector u (all

boldfaced symbols refer to vectors) in the above equation is calculated
from the NS equation and thus the equations are coupled.

The phase-field equation is coupled to a fluid flow (i.e., NS) equation
at the drop-air interface by means of the Two-Phase Flow, Phase Field
Coupling Feature (COMSOL®, 2018). An improved conservation of the
integral of the phase field variable (c) is obtained using the nonconser-
vative form provided that the discretization order of the phase field
variable is equal to or lower than the order of the pressure. Thus, the best
way is to use the non-conservative form initially and reduce the per-
centage of mass loss and then implement the conservative form.

The term M; in Eq. (2) is called the phase-field mobility or the
phenomenological mobility (Abels et al., 2012). This parameter de-
termines the interface relaxation time and the timescale of diffusion in
the CH equation. There are different ways to calculate the mobility. For
simulations of drop impact, M is typically considered to be proportional
to the square of the interface thickness (Bai et al., 2017; Lim and Lam,
2014) and can be defined as follows,

M; = yeg 3

The variable y is referred to as the mobility tuning parameter and term &;
is the measurement of the interfacial thickness.

Yue et al. (2007) presented a detailed analysis of the mass loss which
occurs due to the finite thickness of the interface in the PFM. By properly
adjusting ag, drop mass loss can be reduced during the time of interest. In
the case of drop impact onto a solid surface, the impact velocity of the
drop also plays an important role along with the interface thickness, as it
will change the advective term (V-(uc)) and the phase field term (V-
(M;Ve)) in the CH equation. Higher impact velocities will accelerate the
mass loss (Zhang et al., 2016).

For the simulation of the two-phase fluid flow, the NS equations are
used and are coupled with the CH equation (Eq. (2)). The mass balance
(continuity) equation and the momentum equation are given, respec-
tively, as follows:

Vau=0 )
Ju T
p E_i_u.vl, =—Vp+ V- [u(Vu+Vu")] + Fy + pg ®)

where, p is the pressure, p is the density of the fluid, y is the dynamic
viscosity and g is the gravitational acceleration. The source term, Fg, is
the surface tension force and is used to couple the NS and the CH
equations (Jacqmin, 1999),

Fy =¢Ve ©

This surface tension force term arises from the compositional gradient at
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Fig. 2. Steady-state drop shapes after impacting onto parafilm substrate with air bubble entrapped. Drop sizes: (a) 2.20 mm, (b) 2.50 mm, (¢) 2.65 mm and (d) 3.07

mm. The impact velocity is approximately 1.45 m-s~'. Scale bar is 2 mm.

the interface and modifies the general NS equations to account for the
two-phase flow effects in the PFM method. The chemical potential is
dependent on the interfacial thickness; therefore, the surface-tension
related body force is not constant during the liquid drop shape evolu-
tion. To keep the total free energy of the system constant, the variation
due to the change in the surface-tension force is balanced by properly
adjusting the interface thickness and thus, by adjusting the phenome-
nological mobility (Mg).

2.3. Boundary conditions

Considering the surface to be ideal and the impact to be exactly
perpendicular to the surface, axial symmetry can be assumed for the
modeling purpose and so a 2D axisymmetric physical domain is
considered. The dynamics of the contact line in the phase-field formu-
lation is very important and several approaches have been proposed to
study this (Alpak et al., 2016; Bai et al., 2017; Ding and Spelt, 2007;
Zhang et al., 2016). The wetting (contact angle) boundary condition for
the advective CH equation is expressed in the form of the geometrical
formulation. In this formulation, for a given prescribed contact angle 6,
the wetting condition is given by Ding and Spelt (2007)

n-e Ve = —ecos(6,)|Ve| 7
Additionally, it is required to use the non-penetration boundary condi-
tion at the solid surface while solving the CH equation (Eq. (4))

nVe =0 8)
Eq. (8) implies that the chemical potential flux does not penetrate

through the solid surface. At the solid parafilm surface, the no-slip
boundary condition is applied,

u=0 (C)]

The open boundary conditions are used at all other boundaries. This is

implemented in the model by imposing a pressure at the free surface, i.
e., at the boundary, while keeping the normal outflow velocity zero.
Computational implementation. The model is simulated in the COM-
SOL Multiphysics software version 5.5 using CFD module implementing
phase-field and laminar flow. The adaptive mesh algorithm with the
gradient of PFM variable as the error indicator, as well as the adaptive
time stepping (backward differentiation formula) are used. The PFM
variable ¢ changes only across the interface between the liquid drop and
air, and thus it is suitable for use as an error indicator during the com-
putations. While using the adaptive meshing, both longest edge refine-
ment and general modification methods are implemented. Considering
finite element method scheme, the longest edge of the element is divided
into two equal pieces while using longest edge refinement. In the general
modification approach, the elements are made more isotropic by moving
mesh vertices and collapsing elements that are too small to coarsen the
mesh and thereby eliminating some poor-quality elements by creating
new elements. It is found that using the general modification approach
makes the simulation faster and time efficient than using longest edge
refinement. The details of the analysis are provided in the supplemen-
tary material. The MUMPS (COMSOL, 2018) solver which is used to
solve the system of linear equations for a finite element problem, is
implemented to solve the initialization stage and the transient stage.

3. Results
In this section, first the experimental observations are analyzed,
followed by the numerical results. The results of the two studies are

compared by considering the evolution of the drop, the maximum
spreading, and the formation of the air bubble.

3.1. Experimental results

Individual water drops are dripped onto the parafilm substrate from
a fixed height of 11.5 cm in the case of the experiments of the first type.
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Table 1
Effect of drop size on bubble entrapment.

Presence of
bubbles (out
of 10 trials)

V (m/s) D (mm) We Fr

1.45 + 0.01 m/s 2.20 + 0.01 mm 63.41 + 1.18
1.47 £ 0.01 m/s 2.50 + 0.01 mm 74.05 + 1.32
1.44 £ 0.01 m/s 2.65 + 0.01 mm 75.33 £+ 1.35
1.44 £ 0.01 m/s 3.07 + 0.01 mm 87.26 + 1.52

97.51 £ 1.56 3/10
88.20 +£1.37 7/10
79.84 +£1.26 7/10
68.92 + 1.07 10/10

The top view recorded by a high-speed camera captured the impact and
evolution of the drops at a rate of 1000 fps. Fig. 2 depicts the recorded
steady-state shapes of the drops after they impacted onto the parafilm
surface. It should be emphasized that the average drop diameters re-
ported in Fig. 2 were measured from the side views recorded by a high-
speed camera while drop was in flight in air before impact onto the
parafilm surface. Accordingly, all average drop diameters have a stan-
dard deviation of +£0.01 mm.

The maximum spreading occurrs within the first few milliseconds
after the drop impact. During the recoil stage, surface tension pulls the
liquid back and the drops reach an equilibrium state, as shown in Fig. 2.
Ten consecutive trials are conducted for each of the drop sizes studied.
After each trial, the remaining liquid was removed by placing task
wipers over the drop without rubbing the surface to avoid scratches on
the parafilm surface. Among them, only 3 out of 10 trials reveal a bubble
entrapped in the case of drop diameters of 2.20 mm. Moreover, 7 out of
10 trials reveal bubble entrapment in the case of drop diameters of 2.50
mm and 2.65 mm. In the case of drops of 3.07 mm diameter, all the trials
reveal a bubble entrapped, as shown in Fig. 2d. The experimental results
demonstrate that, as the drop diameter is increased, the higher is the
probability of air being entrapped after drop impact onto parafilm sur-
face, as shown in Table 1. Note that the different top-view drop shapes in
Fig. 2 are due to the uncontrollable drop oscillations in flight before the
drop impacts onto the parafilm surface. Thus, the initial contact that
each drop makes with the solid surface slightly varies from trial to trial.

Fig. 3. Steady-state drop shapes after impact onto parafilm substrate with air bubble entraped. The impact velocities: (a) 1.08 m-s~%, (b) 1.47 m-s !, (¢) 2.05 m-s™},
and (d) 2.37 m-s~L. Drop diameter is approximately 2.50 mm. Scale bar is 2 mm.
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The remaining 9 trials conducted with the drop diameter of 2.65 mm
(Fig. 2c) revealed a combination of circular and non-circular drop
shapes with a predominance of the circular ones. The effect of the
substrate roughness on the receding motion of the contact line explains
the difference in the drop footprints shown in Fig. 2. Also, the snapshots
captured in panels a through d in Fig. 2 represent the most repeatable
bubble position in each trial for each drop diameter studied
experimentally.

Similarly, in the experiments of the second type, individual water
drops of a fixed diameter of ~2.50 mm drip onto the parafilm substrate
from four different heights. Hence, four different impact velocities, 1.08
m-s~ !, 1.47m-s1, 2.05m-s"! and 2.37 m-s”}, are explored. It should be
emphasized that these impact velocities are the average values of ten
trials conducted for each impact height. The top view recorded by a
high-speed camera capture the impact and evolution of drops at a rate of
1000 fps. Fig. 3 depicts the recorded steady-state shapes attained by the
drops after their impact onto the parafilm surface.

The equilibrium shapes of the drops shown in panels (a), (b) and (c)
in Fig. 3 reveal bubble entrapment. Here, 9 trials out of 10 capture a
bubble entrapped in the case of drops with an impact velocity of 1.05
m-s~L. Moreover, 7 trials out of 10, and 6 trials out of 10 capture a
bubble entrapped for the impact velocities of 1.47 m-s~! and 2.05 m-s~},
repectively. On the other hand, none of the ten trials reveal bubble
entrapment in the case of the highest impact velocity of 2.37 m-s~".

Table 2
Effect of drop velocity on bubble entrapment.

Presence of
bubbles (out
of 10 trials)

V (m/s) D (mm) We Fr

1.08 & 0.01 m/s 2.50 + 0.01 mm 39.97 + 0.91
1.47 £ 0.01 m/s 2.50 + 0.01 mm 74.05 + 1.32
2.05 £ 0.01 m/s 2.50 £ 0.01 mm 144.02 £ 2.00
2.37 £ 0.01 m/s 2.50 £+ 0.01 mm 192.50 + 2.42

47.60 £ 0.97 9/10
88.20 +1.37 7/10
171.53 £2.01 6/10
229.26 +£2.39  0/10

(b)

1
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Fig. 4. (Left-hand side column) Median cross-section of the predicted drop. Blue color corresponds to air, and red color corresponds to water drop. (The middle
column) Velocity vectors. (The right-hand side column) Pressure field evolution during the drop impact. The drop diameter is 2.5 mm, and the initial drop velocity is
1.45 m-s~! (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article).

These results demonstrate that as the impact velocity is increased, the
lower is the probability of air being entrapped after drop impact onto
parafilm surface, as shown in Table 2.

3.2. Modeling results

3.2.1. Parametrization

For the CHNS simulations, the parameters used are the phase-field
mobility, the interface thickness, the viscosity and density of both the
phases, the drop radius and the impact velocity. Ideally, energy dissi-
pation across the interface can be reduced by decreasing the diffuse
interface thickness. Moreover, smaller thickness will lead to lower mass
loss of the drop as the interface thickness is directly proportional to the
drop shrinkage. However, the interface thickness should be selected
considering computational cost and capability to achieve accurate re-
sults efficiently. Furthermore, based on our prior experience with
COMSOL, there should be at least two quadratic triangular mesh ele-
ments across the interface between the two fluids for proper interface
development. Overall, the interface thickness should be chosen consid-
ering that the numerical solution of the phase-field variable is smooth
enough to express the diffusive interface and the solution is numerically
converged both in the fluid’s bulk and on the interface with reasonable
time step size. The CHNS model is run using proper adaptive mesh al-
gorithm with an adaptive time step size to satisfy the above-mentioned
criteria. The adaptive mesh approach correctly tracks the moving
interface and increases the resolution of the mesh locally at the interface
to a predefined acceptable value at each time step to predict the

evolution of the drop shape properly. If an adaptive mesh algorithm is
not implemented, then a very finely structured mesh is used in the entire
modeling domain to obtain accurate results. For all present calculations
the interface thickness is 40 pm.

The phenomenological mobility, or conventionally known as phase-
field mobility, Mg, is another significant parameter. This parameter is
also known as the Onsager transport coefficient. In the CHNS modeling
the phenomenological mobility is used to control both the interface
movement and the shape of the drop. Thus, the parameter M; should be
chosen appropriately; otherwise, the simulation solutions will not be
physically correct. If M; is very large, then the diffusion term will over
damp the flow and if it is too small, then the solution may not converge
numerically. There is no exact formula to calculate the mobility; how-
ever, a good approach to select its value is through comparison with
experimental results. A more elaborate discussion regarding the selec-
tion of the mobility tuning parameter and the interface thickness in the
CHNS modeling is provided by Bai et al. (2017). In our work, the
mobility was tuned to obtain a good agreement with the experimental
measurements of the drop impact onto the solid surface in terms of time
of maximum spread. As a result, the mobility value is taken as 4.8 x
108 m3s-kgL.

Proper mesh resolution is required for every numerical simulation so
that the solutions are mesh independent. The mesh resolution should be
adequate to minimize the energy dissipation at the interface and for
smooth transition of the physical parameters across the interface. The
finite element method is used for the discretization of the governing
equations in the numerical solution. The mesh is created using the
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Fig. 5. (Left-hand side column) Median cross-section of the predicted drop. Blue color corresponds to air, and red color corresponds to water drop. (The middle
column) Velocity vectors. (The right-hand side column) Pressure field evolution during the drop impact. The drop diameter is 1 mm, and the initial drop velocity is
1.45 m-s~! (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article).

COMSOL’s inbuilt mesh building scheme. For conservation of the phase-
field variable, at least two or three elements are kept within the air-drop
interface and so the interface region has a very fine mesh. This is done by
properly tuning the number of elements along the interface (the
maximum element size of 0.0536 mm and the minimum element size of
0.00016 mm for a domain size of 8 mm x 14 mm which is used to obtain
results in Fig. 4) to achieve optimum refinement along that surface. A
coarser mesh is used in the domain consisting of air and a relatively finer
mesh is used inside the liquid drop domain. A gradual change in the size
of the elements from the interface to the rest of the domain is applied.

3.2.2. Simulation results for formation of entrapped air

The impact of water drop on hydrophobic parafilm surface is pre-
sented in this section. To model the phase-field interface, the thickness
(&z) of the interface is taken as 40 um which is constant throughout the
simulation. The mobility tuning parameter (y) is chosen by comparing
with the experimental results and the value is 30 m-s-kg™!.

The diameter of the water drop is taken to be 2.5 mm and the initial
drop velocity is chosen to be 1.45 m-s~*. This impact velocity is imposed
on the entire drop uniformly and is perpendicular to the horizontal solid
surface. The density, dynamic viscosity and surface tension coefficient
(y) of the water drop at 20 °C are 1000 kg~m’3, 1 mPa-s and 72.0
mN-m ™}, respectively. The initial velocity of the surrounding air is set to
zero.

At first, the proper adaptive mesh algorithm is selected to track the
moving interface accurately, while keeping the computation time and

memory as minimum as possible. Then, with the optimum settings all
the simulations have been performed. It is found that the longest edge
refinement adaptation scheme (0.06% mass change) is more efficient
than the general modification adaptation scheme (1.51% mass change)
considering the mass change. However, for both cases, the mass change
is almost negligible. Another important fact to consider is the compu-
tational time. The general modification scheme takes considerably less
computational time and storage than those of the longest edge refine-
ment whereas the shapes of the drop at each time step for both the
schemes are identical. Considering all the facts, the general modification
method is chosen for all simulations.

The simulation results of drop impact, spreading and air bubble
entrapment for water drop on parafilm surface are shown in Fig. 4 as a
cross-section of a 2D axisymmetric domain. The left column in this
figure represents the time evolution of the drop shape, with the blue
color denoting the gas phase (surrounding air) and the red color refer-
ring to the water drop. The middle column represents velocity magni-
tudes and vectors, and the right column represents the pressure field
over time. The maximum spreading distance (Smqx) of the drop is 7.26
mm and it occurs at the time of 4.5 ms. The evolution of the drop
morphology suggests that in the early stage of the spreading phase, there
exists two parts for the drop: the outer rim and the middle shoulder.
After the drop touches the parafilm surface, it spreads rapidly and forms
an outer rim that continuously spreads during the first few milliseconds
and reaches the maximum spreading after which the drop retracts due to
hydrophobic nature of the surface. During the retraction phase there is a
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Fig. 6. (Left-hand side column) Median cross-section of the predicted drop. Blue color corresponds to air, and red color corresponds to water drop. (The middle
column) Velocity vectors. (The right-hand side column) Pressure field evolution during the drop impact. The drop diameter is 3 mm, and the initial drop velocity is
1.45 m-s~! (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article).

formation of air cavity at the center of the drop and the top liquid layer
of the drop encloses the cavity (see supplementary video) and thus an
entrapped air bubble is formed.

Inspecting the velocity magnitudes and velocity vectors shown in the
middle column of Fig. 4, it is observed that the velocity reaches the
highest values at the initial moment of the drop impact and after that it
decreases gradually. During the rebounding phase, there is the forma-
tion of a neck in the drop and the velocity magnitude is higher in that
region than the rest and this necking leads to detachment and formation
of a satellite drop (see supplementary video).

Next, the pressure field variation over time during the impact is
analyzed (Fig. 4, right column). As expected, the maximum pressure is
observed during the initial stages of the impact. In addition, it can be
noticed that the pressure inside the air bubble is higher than the sur-
rounding water drop pressure, which is responsible for the entrapped
bubble to exist in the center of the drop.

3.2.3. Effect of the drop diameter

The diameter of the drop plays a significant role in the air bubble
formation during the impact onto the solid hydrophobic surface. We
have performed a series of calculations varying the drop diameter and
studied how it affects the air bubble formation. Fig. 5 presents the results
of 1 mm diameter water drop impact, similarly to Fig. 3 for the 2.5 mm
diameter. The results shown in Fig. 5 suggest that when the diameter is
decreased to 1 mm, the maximum spreading distance is reduced to 2 mm
and no air bubble is observed. The results (not shown here) for a drop of
diameter of 2 mm have also revealed no air bubble entrapment with a

maximum spreading distance of 5.4 mm.

When the diameter is increased from 2.5 mm to 3 mm the maximum
spreading distance increases to 9.3 mm and the air cavity is formed at
the center of the drop during the retraction phase (Fig. 6). Therefore, for
the same constant velocity, the air bubble is formed when the diameter
of the drop is large enough. The maximum spreading distance is
increased when the size of the drop is increased, and it takes a longer
time to attain maximum spreading. Also comparing Figs. 4-6, it is
observed when the diameter is increased a vortex is formed in the air, on
each side of the drop during the spreading and the size of the vortex
increases with increased diameter. This is because during the spreading
a thick rim is formed at the edge of the drop which creates a circular
motion of the surrounding air which creates the vortex. Since the open
boundary condition is implemented for the simulation, the vortex
eventually leaves the computational domain.

3.2.4. Effect of the impact velocity

In this analysis, the drop diameter is kept constant at 2.5 mm, and the
impact velocity of the drop is varied. For impact velocity of 1.08 m-s ™
the maximum spreading distance is reduced to 6.3 mm (Fig. 7)
comparing to the case of 1.45 m-s~! impact velocity (cf. Fig. 4). Also, in
this case, an air bubble is formed at the center.

Fig. 8 shows the simulation results when the impact velocity is 2.37
m-s~ L. For this case the maximum spreading distance is increased to 8.7
mm significantly larger than that in the previous case. For this higher
impact velocity, no air cavity is observed. Thus, for a constant size of the
drop when the velocity is low there is a higher probability of air bubble
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Fig. 7. (Left-hand side column) Median cross-section of the predicted drop. Blue color corresponds to air, and red color corresponds to water drop. (The middle
column) Velocity vectors. (The right-hand side column) Pressure field evolution during the drop impact. The drop diameter is 2.5 mm, and the initial drop velocity is
1.08 m-s~! (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article).

formation. It can be concluded that to avoid air entrapment, the impact
velocity must be high. Moreover, the maximum spreading distance is
increased with the increase of the impact velocity, and it reaches the
maximum spread condition faster. For higher impact velocities, a vortex
is formed, which becomes larger with increasing the velocity.

3.2.5. Sensitivity analysis

Additionally, we have performed a sensitivity study of the mobility
tuning parameter and the interface thickness similarly to that in (Fink
et al., 2018; Yurkiv et al., 2018). Specifically, we changed these pa-
rameters to observe the change in the maximum spreading distance
keeping the drop diameter and the impact velocity constant at 2.5 mm
and 1.45 m-s~!, respectively. Six cases are selected for checking the
sensitivity of the model: (i) increasing the interface thickness from 40 to
44 um (10%), (ii) increasing the mobility tuning parameter from 30 to
33 m~s~kg’1 (10%), (iii) increasing both the interface thickness and the
mobility tuning parameter by 10%, (iv) decreasing the interface thick-
ness from 40 to 36 um (10%), (v) decreasing the mobility tuning
parameter from 30 to 27 m-s~kg’1 (10%), and (vi) decreasing both the
interface thickness and the mobility tuning parameter by 10%. The re-
sults show that for the first case the maximum spreading distance de-
creases from 7.26 mm to 7.22 mm, and for the second case it decreases to
7.24 mm. For the third case, the maximum spreading distance changes
to 7.20 mm, which is the most significant among all, whereas, for cases
(iv), (v) and (vi) the maximum spreading distance increases to 7.30 mm,
7.27 mm and 7.32 mm, respectively. Consistent with the results of Bai
et al. (2017), it is observed that small changes in the values of e;or y do

not lead to noticeable changes in the drop shape prediction; however, if
they are changed together it could lead to a larger change. Such small
changes in the maximum spreading distance are almost negligible with
respect to the changes in the phase field parameters. As mentioned by
Bai et al. (2017), here we can similarly observe that the mobility (M)
which is the product of the tuning mobility and the square of the
interfacial thickness, must be kept constant to predict the physical
process accurately. When the mobility tuning parameter and the inter-
face thickness are varied by an equal percentage, the variation in the
mobility is higher for the latter case. Hence, the interface thickness has a
slightly more pronounced effect on the simulation results than the
mobility tuning parameter does. Additionally, the effect of the Cahn
number (Cn), which is the ratio of the interface thickness and the drop
diameter (Worner et al., 2021), on the maximum spreading distance is
analyzed. In all the simulations the range of the values of Cn varies from
0.0095 to 0.04. From the simulations, two cases with drop diameters of 3
mm (Cn = 0.013) and 1 mm (Cn = 0.04) are chosen. The impact velocity
and the mobility tuning parameter (y) are kept constant at 1.45 m-s ™+
and 30 m-s-kg~?, respectively. In the first case, the interface thickness is
changed to 60 um, resulting in Cn = 0.02. The maximum spreading
distance is found to be 9.1 mm, compared to 9.3 mm for Cn = 0.0133. In
the second case, the interface thickness is changed to 20 um, resulting in
Cn = 0.02, and the maximum spreading distance is found to be 2.1 mm,
compared to 2.0 mm for Cn = 0.04. This shows that the effect of the
change in the value of Cn-number in our cases is small and the results are
almost similar.
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Fig. 8. (Left-hand side column) Median cross-section of the predicted drop. Blue color corresponds to air, and red color corresponds to water drop. (The middle
column) Velocity vectors. (The right-hand side column) Pressure field evolution during the drop impact. The drop diameter is 2.5 mm, and the initial drop velocity is
2.37 m-s ! (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article).
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Fig. 9. Comparison between (upper row) the experimentally observed shapes and (bottom row) the predicted drop shapes at different times. The drop diameter is 2.5

mm, and the initial drop velocity is 1.45 m-s~!. Scale bar is 2 mm.

3.2.6. Comparison between the experiment and the simulation results

In this section the numerical and the experimental results are
compared for a case with drop diameter 2.5 mm and impact velocity
1.45ms . Fig. 9 shows that the model predicts the drop shapes almost
similarly to those observed experimentally. The maximum spreading
distance is 7.26 mm in the simulation whereas it is 7.14 mm in the case
of the experiment. The maximum spreading distance can also be
calculated from the value of We using the theoretical formula proposed
by Pasandideh-Fard et al. (1996):

10
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where Dpax is the maximum spreading diameter, and D, is the initial
drop diameter. From the formula, the maximum spreading has been
predicted to be 7.88 mm compared to 7.26 mm in our simulation, which
reveals a good agreement of our simulation results with the prior
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theoretical estimate.The numerical simulation is able to predict the
formation of air bubble in the center of the drop as seen in the experi-
ment. However, an exact comparison of the drop shape is almost
impossible because the present simulation is axisymmetric whereas
there is a deviation from the axial symmetry in the experiment. Also, the
exact morphology of the surface is not replicated in the simulation, and
this may affect the shapes of the drop at different stages. Consequently,
rather than a quantitative comparison, a qualitative comparison be-
tween the simulation and the experiment is more reasonable.

To further validate our model, it has been extended to reproduce the
results of Worner et al. (2021), where the drop diameter is 2 mm and the
contact angle and impact velocity are 106° and 0.52 m-s~?, respectively.
Fig. 10 shows that the predicted shapes obtained from our model are in
good agreement with the simulation results reported by Worner et al.
(2021) and the experimental observations of Lin et al. (2018). The
present simulation also correctly predicts the air bubble formation as
seen in the figure.

3.2.7. Bubble formation in terms of We and Fr

In this section, the following non-dimensional numbers are used to
characterize the bubble formation:

_ 2pU°R

2
We , Fr = L
y 2gR

1D

Here, R is the initial volume-equivalent radius of the drop (characteristic
length) and U is the reference velocity (impact velocity). These two
parameters are sufficient for the study of the impact event when the drop
is assumed to be spherical during the moment of impact (Hasan and
Prosperetti, 1990). The Weber number (We) is a dimensionless number
that is frequently used for analysis of multiphase fluid flows particularly
when there is a curved interface between two different fluids. It is a
measure of the relative importance of the fluid’s inertia and the surface
tension force. The Froude number (Fr) is defined as the ratio of the flow
inertia to the gravitational force. The We is varied from 27 to 230 and
the Fr is varied from 35 to 300 approximately. In addition to that the
Reynolds number or Re ("%) varies from 720 to 4080 for all simulated
cases. Fig. 11 shows that the results of the numerical simulation are in
close agreement with the experimental observations on a We-Fr plane. A
low Fr means that either the velocity is low, or the diameter is large and
for both of these cases there is a high probability of bubble entrapment.
However, when the Fr is increased due to an increase in velocity or
decrease in diameter, the chances of air bubble entrapment decreases,
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Fig. 10. Comparison between the experimental results of Lin et al. (2018) (upper row), simulation results of Worner et al. (2021) (middle row) and our own nu-
merical simulations (bottom row). The drop diameter is 2 mm, and the initial drop velocity is 0.52 m-s~*. Scale bar is 1 mm.
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Fig. 11. Bubble formation as a function of We and Fr.

and it can be seen from Fig. 11 that at very large Fr there is no bubble
formation. When the We is high due to larger drop size then the Fris low
(top left region of Fig. 11) and in this region air bubble formation is more
prominent. On the other hand, when the We is high due to larger impact
velocity then the Fris high (top right region of Fig. 11) and in this region
there is no formation of air bubble. Finally, when the We is increased, a
higher Fr is needed to achieve drop impact without bubble. There is a
maximum limit of how large the We or the Fr can be as the maximum
impact velocity is equal to the terminal velocity of the corresponding
drop and the terminal velocity is dependent on the drop size. Though
some regions in Fig. 11 do not have sufficient data points, the trend is
considered to be continuous as the probability of air bubble formation
always increases with an increase in drop diameter or a decrease in the
impact velocity.

3.2.8. Drop impact onto water surface

Finally, the model is modified to simulate the case when the drop
impacts onto a water surface. The simulation results are validated with
results of Hasan and Prosperetti (1990). The drop diameter is 3.8 mm
and the impact velocity is 1.53 m-s 1. The problem is considered
axisymmetric, and the flow is laminar. To model the phase-field inter-
face, the thickness (¢;) of the interface is set equal to 40 um. Fig. 12
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Fig. 12. (Left-hand side column) Median cross-section of the predicted crater. Blue color corresponds to air, and red color corresponds to water drop. (The middle
column) Velocity vectors. (The right-hand side column) Pressure field evolution during the drop impact. The drop diameter is 3.8 mm, and the initial drop velocity is
1.53 m-s~! (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article).

shows that due to the drop impact, a crater is formed in the water sur-
face. Initially, the cavity has an almost cylindrical shape with a rounded
nose. Then, the motion of the liquid at the perimeter of the crater stops
and reverses its direction at different times along the depth of the crater.
Though the tip of the cavity keeps growing, the sidewalls reverse their
outward motion and start moving in the inward direction with a velocity
that increases with depth. As a consequence of this situation, there is a
formation of a peculiar funnel shape in the last few steps, which leads to
an air bubble entrapment during the pinching-off of the narrow tip.
There is a significant increase of pressure inside the air bubble formed at
the tip.

The results are validated by comparison with the experimental re-
sults of Pumphrey and Walton (1988) and the numerical simulation of
Hasan and Prosperetti (1990) (cf. Fig. 13). It is seen that the model is in
good agreement with the experimental data and the prior numerical
simulations conducted using the boundary-integral method. The initial
time step is different because the initial height of the drop over the free
water surface is considered different for our present model and the
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experimental results. Moreover, rather than a quantitative analysis a
qualitative comparison is more sensible. This further validates that the
present model is accurate and can be used for similar drop related
problems. Moreover, it can be seen that high pressure build up inside the
air bubble is common for both cases (impacts on solid or liquid surfaces)
and it is one of the main reasons for the entrapped air bubble to keep
intact. The difference is that for solid surface the velocity magnitude
near the bubble is constant (Fig. 4) whereas for liquid surface the ve-
locity magnitude is higher in the bubble region and the direction of the
flow is upward (Fig. 4). This is because for the impact on solid surface,
the bubble is formed on top of the parafilm surface where the liquid
velocity is zero considering the no-slip boundary condition but for the
liquid surface, the top layer is moving and the direction of the flow is
upward during the time of air entrapment. The current model is able to
predict the shapes in both situations
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Fig. 13. Comparison between (a) experimental results of (Pumphrey and Walton, 1988), (b) numerical results of (Hasan and Prosperetti, 1990) and (c) model’s

prediction. The drop diameter is 3.8 mm, and the initial drop velocity is 1.53 m-s~'. The times are in the dimensional units t* = R

4. Conclusion

In this work, the air bubble formation during the water drop impact
on a solid hydrophobic Parafilm surface has been discussed along with
experimental validation. The coupled Cahn-Hilliard and Navier-Stokes
equations, usually referred as the CHNS equations, are used for the
numerical simulation. The two-phase flow is considered to be laminar
and the interface between the two fluids has a finite thickness. The
adaptive mesh algorithm which is required to track the moving interface
in a two-phase flow has been discussed in detail. In addition, the
application of the non-conservative and conservative forms of the CH
equation and its impact on the mass loss of the system has been
analyzed. The significance of the phase-field parameters (interface
thickness and mobility tuning parameter) while predicting the time
evolution of the drop shape has also been studied. It is found that the
mobility value must be chosen for a PFM model by a trial-and-error
approach (comparison with experimental results) for a specific problem.

The model successfully predicts the drop shape in a qualitative
agreement with the experimental results. The model reveals that for water
drop impact on a hydrophobic parafilm surface there is a chance of air
bubble entrapment during the retraction phase. The effects of the drop
diameter and the impact velocity are studied. It is found that for a con-
stant drop diameter, decreasing the velocity leads to a higher chance of
formation of air bubble. Similarly, increasing the diameter while keeping
the velocity constant, leads to a higher chance of formation of air bubble.

Furthermore, the proposed model is also able to accurately predict
air bubble entrapment following water drop impact onto water surface,
which creates an expanding and collapsing crater. The latter case was
validated by comparison with the experimental data and numerical
simulations from literature.

In addition, it is found that the mobility in a PFM model should be
calculated by a trial-and-error approach (comparison with experimental
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results) for a specific problem, as it has been done in the above-
mentioned simulations.
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