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Abstract We investigate numerically the coalescence dynamics of two same droplets on a wettable substrate when the droplets
are subjected by the surface acoustic waves (SAW). For this purpose, dynamics of the flow is simulated using Lattice Boltzmann
method. At first, the coalescence phenomena are studied. Then, the effects of SAW on behaviors of droplets are illustrated. The
results show that in the pumping mode, regardless of the location, the droplets coalesce when the SAWs are applied. Also, we can
reduce the connection time about 60% by increasing the wave amplitude. Based on the results, the coalescence time is minimized
to a certain wave amplitude that in our study occurs in the wave amplitude number (ASAW) about 16. In the jetting mode, three
different dynamical behaviors are observed and are categorized with wave amplitude number. When ASAW < 8, the coalescence of
two droplets and the detachment of the formed droplet occurs, while we observe the periodic detachment and connection of droplets
for 8 <ASAW < 10. Then, two droplets affected by SAWs are removed from the surface for ASAW > 10. Also, we show that ASAW ≈14
is the optimum situation for removal of the droplets from the surface.

1 Introduction

Interfacial phenomena have long occupied the human mind, but we can say that the oldest scientific research on them has been
conducted by Young and Laplace [1]. Despite its widespread applications and simple appearance, this phenomenon is very complex
and still has many ambiguities. Therefore, the study of these phenomena remains an interesting field of research.

An important and interesting subject in the interfacial phenomena is the problem of coalescence. Yarin [2] has presented a
complete review paper about the drop impact dynamics, in which the splashing, spreading, and coalescence phenomena have been
investigated from a theoretical, experimental, and numerical point of view. Also, the kinematics and dynamics of the spreading,
pinching, and coalescence of droplets were experimentally studied by Fardin et al. in Ref. [3]. Based on scaling law and Ohnesorge
number, they extracted three self-similar situations for Newtonian fluids: visco-inertial, visco-capillary, and inertia-capillary. Sui
et al. [4] investigated the coalescence of two droplets located on a substrate in partially wetting phenomena. They show that for a
90° contact angle, the height of the connection bridge, with respect to the time, followed a power law with a 2/3 exponent up to
a threshold time and beyond that time with a 1/2 exponent. Furthermore, the coalescence of two same droplets on a hydrophilic
substrate was experimentally studied in Ref. [5]. The dynamics of coalescence of two spreading droplets has been experimentally
and theoretically investigated and the variation of connecting bridge with respect to time has been extracted by Ristenpart et al. [6].
In addition, Erkan investigated the coalescence phenomena for two droplets with different sizes [7], based on Reynolds equation
and lubrication assumption. Moreover, the coalescence of two pendant droplets was simulated via molecular dynamics by Liu et al.
[8] in the shear gas flow, and the regime diagrams were established.

As an example of applications of coalescence phenomena, separation of water droplets from crude oil was presented by Sian et al.
[9]. In this experimental work, a microfluidic device was designed to select the most suitable demulsifier. Coalescence phenomena
in emulsion generation are affected by fluids properties, system conditions, and diffusion and adsorption behaviors. A useful
device for designing these processes is microfluidic technology. Reference [10] presents a comprehensive review of these devices.
Effects of ultrasound phenomena on the water-in-oil emulsion were investigated by Adeyemi et al. [11]. The results of this study
showed that using ultrasonic waves, the coalescence time was reduced. Coalescence-induced droplet jumping without requiring any
external energy is studied in Ref. [12, 13]. When two droplets coalesce on a superhydrophobic surface, the formed droplet jumps
spontaneously. Also, Miot et al. [14] investigated numerical simulation of coalescence of three droplets. Their study was based on
an energy method.
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Control of the phenomena in the above-mentioned applications is an important issue and so, many researches are conducted in
this field. For example, Feng et al. [15] reviewed the passive and active methods of control in the laboratory on a chip. In the field
of active control of the coalescence phenomena, we can mention Ref. [16], wherein the coalescence of droplets under AC and DC
electric fields was studied. As another method, we can refer to acoustophoresis methods which are presented in Ref. [17].

Acoustofluidics is a modern research field in which fluids and particles are manipulated with acoustic waves that are generated
using piezoelectric transducers of typical frequency between a few kHz to several tens of MHz [18]. Di Sun et al. [19] presented
a piezoelectric transducer for droplet delivery and nebulization for mass spectrometry. Also, surface acoustic waves were used for
droplet generation in Ref. [20]. Biroun et al. [21] developed a numerical model to simulate the interactions between liquid and waves
and deformations of fluid–fluid interface. Also, the effect of the location of transducer on droplet dynamics was investigated. Water
droplet motion affected by SAWs has been simulated using COMSOL Multiphysics, and the effects of actuation parameters are
presented by Insepov et al. [22]. Nozzles jetting, which is very important and crucial in printing, is presented in [23, 24], and droplet
jetting at controlled angles was achieved. Brunet and Baudoin [25] investigated the unstationary dynamics of droplets affected by
SAW, and the effects of pressure radiation and acoustic streaming were clearly presented.

Another application of SAW and acoustofluidics is manipulation, collection, and separation of micro- and nanoparticles. Based
on mechanical properties and size, SAWs can affect the particles. Ozer and Cetin [26] studied the effect of geometry and acoustic
properties of chip materials in particle manipulation via ultrasonic waves. A device was proposed in Ref. [27] which used three
modes of ultrasonic standing waves to separate particles in different parts of a microchannel.

During the last decade, acoustic manipulation to control special cellular organization has arisen and is used in tissue engineering
and regenerative medicine [28]. Also, Liu et al. [29] developed a chip for time-controlled reactions. Furthermore, minimizing droplet
impact contact time was investigated by Biroun et al. [30]. Moreover, active mixing of fluids and colloids at nanoscale (that surface
and viscous forces are dominant) is experimentally illustrated in Ref. [31]. In addition, a micro-heater using SAW was used in a
micro-reactor for temperature control [32]. Further, Lei et al. [33] presented a novel SAW-microfluidic jetting system with a vertical
capillary tube, and they showed that this system had apparent advantages in controllable jetting. Application of SAW in sensors
was reviewed by Mandal and Banerjee [34]. Also, materials, design, and coating technologies for surface acoustic waves sensors
are presented in Ref. [35].

Thermal distribution during SAW liquid atomization was experimentally investigated by Huang et al. [36]. They found that liquid
heating was due to viscous dissipation of irradiated wave energy. Also, researches show that droplets affected by intense surface
acoustic waves were vaporized if they match the theoretical resonance size [37]. Moreover, a three-layer substrate is presented in
Ref. [38], and based on it, a disposable device via SAW was developed. Huang et al. [39] showed that streaming did not significantly
affect the temperature in the liquid.

The main goal of this paper is to investigate the coalescence phenomena affected by SAWs. This problem can be applicable in
biochemical researches, particle sampling, particle/cell manipulation, removal of water droplets from the surfaces, and collection
of droplets from the surfaces. The investigation of the effects of SAW on the dynamics of coalescence such as coalescence time
and the hydrodynamics of the final phases of coalescence is the main scope of the present study. Also, the possible morphologies
of the entire coalescence of the sessile droplets affected by SAW are explored. For this purpose, a modified color gradient model,
based on multi-relaxation time (MRT), was used. The accuracy, stability, and verification of the numerical model is analyzed in
Ref. [40]. First, the coalescence of two same droplets located on a substrate is presented in this paper. In this problem, the main
novelties of this work comprise of simulation of phenomena using LBM method and the study of physics on hydrophobic surfaces.
Also, the obtained results are compared with reliable numerical results and experimental data. Then, the effects of SAWs on the
physical behaviors of droplets are illustrated. We studied the modeling of SAWs in our previous works such as [41–43], and the
important difference between this work and them is the investigation of the phenomena when two same droplets are subjected by
SAWs. Based on our knowledge, this physics has not been previously presented, neither numerically nor experimentally, and this is
the most important innovation of this work.

The rest of the present paper is organized as follows: In Sect. 2, the governing equations and the numerical methods are described.
Also, a definition of the problem is presented in this section. For validation purposes, numerical results are compared with reliable
experimental data. Then, the simulation of acoustofluidics is investigated in the last section of the paper, and it is described both
qualitatively and quantitatively. Finally, this manuscript tries to answer the coalescence phenomena how can be controlled, using
SAW. How can we reduce the connection time? And, what are the effects of SAW on the formed droplets?

2 Numerical method

In this study, some fluid and flow quantities are calculated using two-phase LBM simulations. Therefore, we applied a color gradient
model which was thoroughly described in our previous works [40–43]. So, in order to avoid repetition and prolongation, a brief
description of the method is presented here and interested readers should refer to the mentioned works.
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The present model has four steps, namely multi-relaxation-time (MRT) single-phase collision, perturbation, streaming, and
recoloring step. The streaming step is as follows:

f ki (�x + �ciδt, t + δt) � f ki (�x, t) +
(
�k

i

)1(
f ki (�x, t)

)
+

(
�k

i

)2(
f ki (�x, t)

)
. (1)

where f ki (�x, t) is the total distribution function in ith velocity direction at position �x and time t, subscript i is the lattice velocity
direction, superscript k represents the red and blue fluids (liquid or gas phases), �ci is the lattice velocity in ith direction, and δt is
the time step.

The particle velocity vector in a D2Q9 LBM (two dimensions and nine moments) is as follows:

�c0 � (0, 0), �c1 � (1, 0), �c2 � (0, 1), �c3 � (−1, 0), �c4 � (0,−1), �c5 � (1, 1), �c6 � (−1, 1), �c7 � (−1,−1), �c8 � (1,−1). (2)

Also,
(
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)1
and

(
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)2
are MRT single-phase collision and perturbation operators, respectively. MRT operator is presented in

Eqs. (3).
(
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)1 � −(
M−1S

)(
mk

i − mkeq
i

)
(3)

M and its inverse matrix are presented in the appendix. Also, S is a diagonal matrix given by:

S � diag(s0, s1, s2, s3, s4, s5, s6, s7, s8) � diag
(
0, se, sζ , 0, sq , 0, sq , sv, sv

)
(4)

where the element si represents the relaxation parameter. These parameters are chosen as se � 1.25, sζ � 1.14, sq � 1.6 and, sv is
related to the dynamic viscosity of two fluids and is 1

τ
where τ is the relaxation time parameter which is related to fluid viscosity.

The equilibrium distribution function in the interaction mode space, mkeq
i , is obtained by:

mkeq � ρk
(

1,−3.6αk − 0.4 + 3|�u|2, 5.4αk − 1.4 − 3|�u|2, ux ,
(
−1.8αk − 0.2

)
ux , uy,

(
−1.8αk − 0.2

)
uy, u

2
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y, uxuy

)T
,

(5)

where �u is the flow velocity (ux and uy are x and y components, respectively), and it is obtained by:

�u �
∑∑

f ki �ci . (6)

αk is a free parameter that the stable interface assumption requires to satisfy the following relation:

ρR0

ρB0 � 1 − αB

1 − αR
(7)

Constraint of 0≤αk ≤1 should be satisfied to avoid the unreal value of the speed of sound and the negative value of fluid density.
Also, we can write mk

i � ∑
j Mi j f kj .

Perturbation,
(
�k

i

)2
operator is as follows:

(
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i

)2 � Ak

2
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⎤
⎥⎦ (8)

where Ak is a parameter that affects the interfacial tension and �f is the color gradient which is calculated as:

�f (�x, t) �
∑

�ci
[
ρR(�x + �ci�t, t) − ρB(�x + �ci�t, t)

]
. (9)

Besides, B0 � − 4
27 , Bi � 2

27 , for i � 1, 2, 3, 4 and Bi � 5
108 , for i � 5, 6, 7, 8. Using these parameters, the correct term due to

interfacial tension in the Navier–Stokes equations can be recovered. Weighted constants wi are calculated as: w0 � 4
9 , w1 � w2 �

w3 � w4 � 1
9 , w5 � w6 � w7 � w8 � 1

36 .
The following equation shows the relationship between surface tension coefficient σ and the parameter Ak :

σ � 5ρ
(
AR + AB

)

6τ
. (10)

Recoloring step is presented in Eq. (11):

f Ri (�x, t) � ρR

ρR + ρB

(
f ′R
i (�x, t) + f ′B

i (�x, t)
)

+ β
ρRρB

ρR + ρB
wi cos ϕi |�ci |, (11-a)

f Bi (�x, t) � ρB

ρR + ρB

(
f ′R
i (�x, t) + f ′B

i (�x, t)
)

− β
ρRρB

ρR + ρB
wi cos ϕi |�ci |. (11-b)
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Fig. 1 Physical model

Moreover, f ′k
i is the post-perturbation value of the distribution function, ϕi is the angle between �∇ρN and the lattice direction ci,

β is a parameter associated with the interface thickness and should take a value between zero and unity. Phase field, ρN , is defined
as follows:

ρN �
(

ρR

ρR0 − ρB

ρB0

)/(
ρR

ρR0 +
ρB

ρB0

)
, (12)

where ρR0
and ρB0

are the densities of the pure red and blue fluids, ρk is the density of each fluid:

ρk �
∑
i

f ki . (13)

In this paper, displacement of a two-dimensional drop affected by SAW is studied. The SAW has been modeled using a body
force acting on the fluid volume. The procedure of modeling this force is explained completely in Ref. [41], and interested readers
can refer to it. This force can be computed as follows:

�Fk
ext � −ρ

(
1 + α2

1

) 3
2 A2ω2ki exp 2(ki x + α1ki y)

[
sin θR�i + cos θR �j

]
, (14)

where A is SAW amplitude and ω is an angular frequency which is related to SAW frequency, f , via ω � 2π f . Moreover, α1 is the
attenuation coefficient, ki is the wave number, and θR is the radiation (Rayleigh) angle.

In order to apply external body forces, the term Fi is added to Eq. (3):

F � M−1
(
I − 1

2
S

)
MF̃, (15)

where I is a 9×9 unit matrix and F̃ is as follows:

F̃i � wi
[
3(�ci − �u) + 9(�ci · �u)�ci

] · �F, (16)

where �F is the body force.
In this study, periodic and no-slip boundary conditions are used. Indeed, the periodic boundary condition applies to the trans-

formation step. For this purpose, the particles that leave on one boundary are reintroduced on the opposite side of the simulation
domain. No-slip boundary condition is applied at the solid wall using a simple bounce-back scheme. The contact angle θ is enforced
on the wall through the modified [40] geometrical formulation proposed by Ding and Spelt [44].

2.1 Simulation setup

Two droplets with a certain diameter and contact angle are loaded on the path taken by a SAW propagating through the substrate
(Fig. 1). Density and viscosity ratios are 1000 and 15, respectively, and the surface tension coefficient is 0.072 N/m [45]. The no-slip
boundary condition is implemented on the substrate and the upper side. The periodic boundary condition is applied to the other
sides. The schematic of the problem is presented in Fig. 1.

3 Results and discussions

The obtained results are presented here. At first, the verification of numerical simulation is studied. Then, the main physics is
illustrated.
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Fig. 2 Schematic of the problem

Fig. 3 Connection bridge radius

3.1 Verification results

For verification of simulation, the coalescence phenomena near the substrate are firstly studied. Then, a single droplet subjected by
SAWs is presented. All results are compared with reliable and available numerical and experimental data. So, we can conclude that
the numerical procedure is proper for studying the intended problem.

3.1.1 Coalescence phenomena

The coalescence of droplets is a phenomenon which arises in many multi-phase flow applications such as sintering, separation, and
microfluidics [4]. In this situation, two droplets merge together and a bigger droplet is formed [5]. From a physical point of view,
this is described with the minimization of surface energy. In this section, we investigate the coalescence of two droplets located on
a solid substrate.

The flow parameters used for the simulation of coalescence phenomena are shown in Fig. 2. The distance between two droplets
(d) and the interface width (w) are the most important parameters and determine the conditions of the coalescence. The diameter of
the droplets is 2r and the contact angle is set to be θ . Calculations are performed in a rectangular domain with 401×201 uniform
mesh. Periodic boundary conditions are applied on the open boundaries and the geometrical wetting boundary condition and the
bounce-back boundary condition are used on the other boundaries.

When the coalescence phenomenon starts and two droplets come in contact with each other, a connection bridge is first formed
between them. This parameter is another important one in our study. The schematic of the coalescence and the connection bridge
radius (dm) are presented in Fig. 3.

First, two droplets with contact angle θ � 90° in three different positions are assumed: d/w� 1.1, 1.8, and 3.2. The time evolution
of droplets is shown in Fig. 4. We can observe that if d/w > 2, the coalescence does not happen. With this point of view, our results
are similar to the numerical results presented by Zheng et al. in Ref. [46]. Also, t0 (the time when the phenomenon is started) is
presented in Table 1. As we expect, it can be shown that when the distance between two droplets is reduced, the coalescence time
will be reduced.

Variation of dm/r versus t–t0 is presented in Fig. 5. Based on the results obtained by Reis and Phillips [47], the final radius of the
droplet will be equal to

√
2r . So, the parameter dm/r must approach

√
2 and the numerical results show this value.

Ristenpart et al. [6], based on inviscid considerations, developed an analytical relation for variation of connection bridge:

dm ∼
(

σh3
0

μR2
0

)1/2√
t, (17)

where σ is surface tension coefficient, h0 is the initial height of droplet, μ is viscosity coefficient, and R0 is the droplet radius.

Therefore, we can show that in our problem dm
r ∼

(
σ

R0μ

)1/2√
t . This analytical solution is compared with the numerical results

in Fig. 5. Albeit, the analytical solution in the steady condition is not valid due to inviscid considerations. We can observe that the
numerical results follow the analytical solution with a relatively good accuracy. In Fig. 5, the maximum error is about 16%.

Then, the effect of hydrophobicity on the coalescence is investigated. For this purpose, a hydrophilic surface with contact angle
θ � 27° and a hydrophobic surface with θ � 120° are considered. In order to compare the numerical results with the available
experimental data, these contact angles have been considered. Results show that in order to start the coalescence phenomenon on
a hydrophobic surface, the distance between two droplets must be reduced to about d/w≈1.0. On the other hand, on hydrophilic
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Fig. 4 Time evolution of the droplets located in different distances: a d/w � 3.2, b d/w � 1.8, and c d/w � 1.1

surfaces, if d/w < 3.0, we can observe the coalescence. The time evolution of droplets in these conditions are presented in Figs. 6
and 7 (for hydrophilic and hydrophobic surface, respectively), and the numerical results are compared with experimental data.

The variation of dm as a function of time is illustrated in Fig. 8 for θ � 27° and 120°. The time of starting of coalescence is
0.12 s for hydrophobic surface and 1 s for hydrophilic surface. Therefore, we can conclude that if θ is increased, d/w in which the
coalescence is started is reduced. In other words, droplets have more tendencies to coalesce on the hydrophilic surfaces. Also, by
increasing the θ , the steady value of dm/r is increased. Also, by increasing the θ , the time to reach the steady dm/r is decreased, and
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Table 1 Time of starting the
coalescence at different distances

d/w t0

1.1 0.76

1.8 3.11

in other words, the minimization of the surface energy happens faster on hydrophobic surfaces. Note that based on results presented
in Ref. [48], in the coalescence of two droplets in a periodic domain, before two droplets merge to become a single droplet, some
oscillations are generated at the surface of the droplet, which ensure that the effects of surface tension are properly implemented in
the numerical method. When we investigate the coalescence of sessile droplets, these oscillations are appeared as step-like behaviors.
So, when the rate of minimization of surface energy increases, these behaviors are damped faster.

The reason to the coalescence phenomenon is the minimization of surface energy. When two droplets are coalesced and one
droplet is formed, the surface area is decreased and with respect to fixed surface tension coefficient, surface tension force is decreased.
The surface area on a hydrophilic substrate is the minimum and so, the tendency to coalesce is increased, while this coalescence
reaches a steady state in a long duration of time.

3.1.2 Droplet manipulation using SAW

In this section, we want to verify the modeling of the effects of SAWs on droplet dynamics. For this purpose, the valuable experimental
data presented by Wang et al. [49] are used. Acoustofluidics along surfaces based on AlN/Si is investigated in this reference where
the wavelength of this substrate is 64 microns and the radiation angle is 16.9°.

At first, the pumping mode is considered; the wave frequency is set to 80.35 MHz, and for some wave amplitudes, the numerical
results are compared with experimental data (Fig. 9 and Table 2). Also, with a wave amplitude of 7.19 nm, the jetting mode is
simulated and compared with experimental data in Fig. 10. These results show that the numerical modeling is relatively close to
the experimental data. Also, we performed a perfect investigation on this problem in our previous works such as [41–43, 50] and
interested readers can refer to them.

In the previous section, we presented the coalescence phenomena and compared our results with reliable numerical and experi-
mental data. In the present section, we investigated the dynamical behaviors of droplet affected by SAW, while in our previous works,
these phenomena were completely presented, too. Therefore, it can be inferred that the study of the phenomenon, which involves the
combination of the two mentioned problems, can be performed based on the developed numerical method with acceptable accuracy.
So, this physics is studied in the next section.

3.2 Coalescence affected by SAW

The active control of droplets coalescence dynamics using SAW is the purpose of this work. Dynamical behaviors of droplets
and different parameters such as contact time, coalescence time, maximum spreading, and the velocity of moving droplets can be

Fig. 5 Variation of connection bridge as a function of time
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Fig. 6 Coalescence phenomenon on a hydrophilic surface: a numerical results and b experimental data [5]
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Fig. 7 Coalescence phenomenon on a hydrophobic surface
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Fig. 8 Effect of hydrophobicity on connection bridge: a θ � 27° and b θ � 120°

Fig. 9 Droplet shape in pumping mode: a experimental data presented by Wang et al. [49] and b numerical results

Table 2 Comparison of droplet
velocity with experimental data

A (nm) Experimental velocity of moving droplet (mm/s) Numerical velocity of moving droplet (mm/s)

3.51 20 23.2

4.07 30 31

4.6 40 39.8

affected by SAW in coalescence phenomena. Before investigating the results, we examine the dynamics of the phenomenon with
a force diagram (Fig. 11). As stated, when two droplets are located at a certain distance, they merge together. So, we can consider
that an interfacial force (coalescence force) acts on the droplets and moves them. The SAW force is applied to flow control and
with definition, it is a body force that is exponentially reduced in space and acts on the contact point of the droplet. Because the
wavelength is smaller than the droplet radius, the energy of the wave is completely transferred to the first droplet. FSAW has two
components: FSAWx which is superimposed to coalescence force, and FSAWy which is normal to the surface and is opposed to surface
tension force. When FSAWy overcomes surface tension force, the droplet is broken and even detached from the surface.

With respect to the parameters presented in Fig. 2, two distributions of the droplets are considered and illustrated in Fig. 12. These
two situations are d/w � 1.1 and 3.2. For generation of droplets, firstly, the static droplet is solved, and then, using the translation
and the copy of droplets, they are loaded on the surface at the certain places.

When we want to study the problems such as coalescence phenomena, one approach is related to probability balance equations
(PBE). For example, the state of distribution of a population, such as size, is considered, and related transport equations are
investigated based on PBE [51]. So, the knowledge about the distribution of shape, size, composition, etc., for the droplets is so
important to present accurate transport equations [52]. Using droplet distribution function, we can compute the fluid properties,
and simulate the flow field (for example with CFD). Also, in order to understand thermodynamics, especially in problems that
thermodynamic equilibrium cannot be considered or about non-Newtonian fluids, thermo-statistical distribution functions are one
of the useful tools [53].

In the physics, the distribution function of a system is a seven-variable function such as f (x, y, z, t, u, v, w) which gives the
number of particles that are near the position (x, y, z) and have velocity (u, v, w), at time t [54]. The distribution function is
specialized with respect to a certain coordinate, and in some references, it is named cumulative distribution function [55]. Also,
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Fig. 10 Droplet shape in jetting mode: a experimental data presented by Wang et al. [49] and b numerical results

Fig. 11 Force diagram of coalescence phenomena subjected to SAW

Fig. 12 Distribution of droplets

every distribution function is increasing and right-continuous function, and its limits at minus infinity and positive infinity satisfy 0
and 1, respectively [56]. Based on normal distribution, distribution function is defined as follows:

f � n
( m

2πKT

) 3
2

exp

(
−m

(
u2 + v2 + w2

)

2KT

)
, (18)

where K is Boltzmann constant, T is temperature, n is density number, and m is particle mass. When the thermodynamic equilibrium
is considered, distribution function is named Maxwellian.

In general, the shape of droplet distribution function is modeled as lognormal, Rosin–Rammler, and non-fundamental and
determines size, mass, and range of density for droplets. These models are compared in Ref. [57], and the choice of each has been
examined for different issues. Note there are two major classes of droplet distribution function models: (1) correlations models and
(2) detailed simulation models. The first one relies on non-dimensional parameters such as Reynolds number or Weber number,
whereas the second class is based on computation of differential equations for equilibrium and transition of droplet size. For more
details, interested readers should refer to [52].

The dynamical behaviors of droplets can be classified in two main modes: pumping and jetting. In the pumping mode, droplets
are moved with SAW and the detachment of them is not observed, while in the jetting mode, the droplets (separately or droplet
formed after coalescence) are broken down and detached portions of them are formed. At first, we study the pumping mode.

We presented the important parameters which describe the interaction of SAW and droplet in Ref. [50]. In this work, the effects
of wave frequency (f ) and SAW amplitude number (ASAW), which is defined as follow, are considered:

ASAW � Aρσ

μ2 , (19)

where A is the wave amplitude and ρ is the density of the fluid. At first, the frequency of 64.5 MHz and 4 <ASAW < 33 are considered
and droplets are located at a distance of d/w � 1.1 and 3.2. (We know that when d/w < 2, the coalescence phenomenon happens
naturally.) Note that in this frequency and range of ASAW just the pumping mode is observed.

Time evolution of dynamical behaviors of droplets when d/w � 1.1 and ASAW � 14.8 are presented in Fig. 13. SAW moves the
first droplet and when two droplets coalesce, the formed droplet continues moving subjected to waves. The main importance of
these dynamical behaviors is in the case of d/w � 3.2; using SAW, we could coalesce the droplets.
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Fig. 13 Dynamical behaviors of coalescence phenomena affected by SAW in the pumping mode

Fig. 14 Connection time affected by SAW: a d/w � 1.1 and b d/w � 3.2

The effect of SAW on the connection time is presented in Fig. 14. At d/w � 1.1, the connection occurs after 0.76 ms, and this
time can be reduced by SAW. Also, when d/w � 3.2, the coalescence phenomena are observed by applying the SAW, while at
this distance, the droplets did not coalesce together. Additionally, these diagrams show that by increasing the wave amplitude the
connection time is decreased because the energy transferred to the first droplet has been increased.

The coalescence time as a function of ASAW is illustrated in Fig. 15. With these results, the coalescence time firstly decreases,
and by increasing ASAW, it is increased. As explained before, the coalescence phenomena occur to minimize the surface energy.
When the wave amplitude is increased, the kinetic energy of droplets is increased, and they coalesce together quickly. However,
when ASAW is greater than about 16, the dynamical behaviors of droplets subjected to SAW overcome the behaviors of coalescence
phenomenon and the minimization of the surface energy becomes difficult and so, the time required to form the steady shape of the
final droplet is increased.

In order to discuss the acoustofluidic mechanism, notice that the wave transfers the energy to the droplet. This energy transfer
leads to a faster droplet motion and completion of the coalescence phenomena in the shorter duration of time interval, while the
volume of fluid increases after coalescence. Until ASAW ~ 16, the energy level (compared to the volume of the formed droplet) is
not significantly increased and so, the coalescence time is reduced. But, from ASAW ≥16, the energy level compared to volume
of droplet is increased, and the minimization of the surface energy occurs in the longer time interval, and so the coalescence time
begins to increase.

The shape of the formed droplet is investigated in Fig. 16. Note that in this figure, the maximum height of the droplet and the
wetting length were normalized by the radius of a single droplet. By increasing the ASAW, the droplet height is increased, and this
is the effect of the FSAWy in Fig. 11. Therefore, the wetting length is reduced and the droplet reaches a shape that can be moved by
SAW.
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Fig. 15 Effect of SAW on the coalescence time

Fig. 16 Variation of droplet shape: a non-dimensional droplet height and b non-dimensional wetting length

Reynolds number (Re) versus ASAW is investigated in Fig. 17. This parameter is defined as follows:

Re � ρul

μ
, (20)

where l is the characteristic length and is considered as the droplet radius and u is the velocity of the moving droplet. In this figure,
the solid, dash-dot, and dash lines are for d/w � 1.1, d/w � 3.2, and formed droplet, respectively. First, we can observe that the
droplet moves faster when the wave amplitude is increased. The second and more important result is that the droplet which is located
in the distance of d/w � 1.1 moves faster than the other one. In the distance of d/w � 1.1, the coalescence force is applied on the
droplet, in addition to the tangential component of acoustic force. The superposition of these two forces moves the droplet too fast.

To investigate the jetting mode, we set the wave frequency equal to 271 MHz in our numerical laboratory. In this condition, three
different dynamical behaviors are observed and presented below. Also, the detachment efficiency parameter is defined in order to
study the performance of the SAW in this mode. It is important to note that the distance d/w does not change the dynamical behaviors
in the jetting mode and the differences occur only in the time intervals of events.
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Fig. 17 Re–ASAW diagram

Fig. 18 First dynamical behaviors of coalescence phenomena affected by SAW in the jetting mode

The first dynamics of jetting is related to ASAW < 8. In this situation, the height of the first droplet is increased, affected by SAW.
Then, at a point above the substrate, connection of two droplets occurs. So, two droplets coalesce together and the wave energy
causes the formed droplet to detach from the surface (Fig. 18).

The second dynamics occurs when 8 <ASAW < 10 and the time evolution of behaviors of droplets is illustrated in Fig. 19. We
observe that droplets show periodic behaviors: the first droplet affected by SAW is detached from the surface, then the waves reach
the second droplet. This droplet begins the jetting process and a vortical field is generated near the surface (Fig. 20). The detached
droplet places in the vortical field and, while it is affected by the vorticities, it places on the substrate again. So, the phenomena are
repeated and, in this situation, no mass is actually detached from the surface.

Finally, the third dynamical behaviors are presented in Fig. 21. In this situation, the wave energy is enough to detach two droplets
(completely or a portion of them) from the wall. For these conditions, ASAW must be greater than 10.

In this section, we want to make a comparison between different wave amplitudes in order to investigate the performance of using
SAW to remove the droplets from the surface. For this purpose, we define the detachment efficiency parameter as the removed mass
from the surface (m) per unit time stand for detachment of droplet (t). Note, we normalize the removed mass by the sum of the mass
of two initial droplets, namely m01 + m02 (indices of 1 and 2 are related to the first and the second droplets, and 0 denotes the initial
condition) and time by wave frequency and so, this parameter is a non-dimensional quantity and it is defined as, m

t
1

(m01+m02) f .
The variation of the detachment efficiency parameter versusASAW is presented in Fig. 22. At first, because the dynamical behaviors

are an approach to the second dynamics, this parameter is reduced. Then, by increasing the wave amplitude, the removed mass is
increased and the time of jetting is reduced and so, the detachment efficiency parameter is increased until near ASAW equal to 14.
When ASAW > 14, the detachment time is decreased by increasing the wave amplitude, but the removed mass is decreased, too.

This physics is shown in Fig. 23, and its reason is related to the normal component of surface acoustic wave force. The rate of
increase in FSAWy is such that it causes a sudden increase in the height of droplet and as a result, a portion of the mass is separated
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Fig. 19 Second dynamical behaviors of coalescence phenomena affected by SAW in the jetting mode

Fig. 20 Velocity field near the droplets

from the main droplet. Therefore, a great amount of the mass (relative to previous conditions) remains on the wall and the detachment
efficiency parameter is decreased.
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Fig. 21 Third dynamical behaviors of coalescence phenomena affected by SAW in the jetting mode

Fig. 22 Variation of detachment efficiency parameter

Fig. 23 Comparison of the amount of removed mass: a ASAW � 11.5 and b ASAW � 15.8

To discuss about optimality of ASAW � 14 for removing droplets from the surface, note that, the detachment efficiency is defined
based on the time at which the first portion of droplet is removed. Also, the jetting phenomena occur based on a comparison of
the magnitude of FSAWy and the surface force (Fsurface), which is related to surface tension (when FSAWy > Fsurface, dynamical
behaviors of droplet is in the jetting mode). In the situations ofASAW > 10, by increasing wave energy, component of FSAWy increases
(compared to Fsurface), and so more mass in shorter duration of time is removed that leads to an increase in detachment efficiency.
When ASAW > 14, the energy transferred to the fluid is so much and FSAWy � Fsurface. In this situation, the dynamical behaviors
of droplet are on the verge of atomization mode. This leads to the detachment of a small portion of fluid from the droplet, near the
surface, whereas with passing of time, the largest portion of droplet is detached, but based on definition (presented in this article),
because the first removed mass of droplet is reduced, the detachment efficiency is reduced. Note that, because of limitation in
developed code, the atomization mode cannot be investigated.

For explaining the physical insights, note that when two droplets are located at the distance of d/w > 2, they do not coalesce,
whereas when d/w < 2, the coalescence is observed. When the SAW reaches to the first droplet (based on the direction of wave
propagation), due to viscosity, the energy of wave is transferred to the droplet and so, it begins to move and coalesces with adjacent
droplet. When d/w > 2, this is so important. Based on transfer of the energy, the droplet may be jetted, which was investigated in
three different ranges of ASAW (a parameter that describes the wave energy) in this research.

123



Eur. Phys. J. Plus         (2022) 137:975 Page 17 of 19   975 

4 Conclusion

In this paper, the coalescence of two same droplets subjected to surface acoustic waves has been simulated by the multi-relaxation
time color gradient model of Lattice Boltzmann method. The acoustic force has been implemented as an external body force.

At first, the coalescence of two droplets located on a substrate was investigated, and the obtained results were compared with
reliable results. Based on the findings, when the contact angle θ was equal to 90°, two droplets located at a distance of d/w > 2 did
not coalesce. Also, when the distance of two droplets was reduced, the connection time was reduced as well. We showed that the
connection bridge, with respect to the time, followed a power law with a 1/2 exponent up to a threshold time, and beyond that time,
it approached a constant value. The hydrophobicity in these phenomena was studied, too. We concluded that if θ was increased,
d/w, in which the coalescence was started, was reduced. In other words, droplets had more tendencies to coalesce on the hydrophilic
surfaces. Also, by increasing the θ , the steady value of dm/r was increased. By increasing the θ , the time to reach the steady dm/r
was decreased.

Then, the effects of SAWs on the physics of coalescence were illustrated. For analyses of the results, we considered a coalescence
force which was implemented in the force diagram of the problem. Because the wavelength is smaller than the radius of droplets, the
acoustic force was only affected on the first droplet. We observed that even in the distance of d/w > 2, two droplets coalesced, and
using SAWs, we could control the dynamical behaviors of the droplets. The connection time was reduced when the wave amplitude
was increased.

The dynamical behaviors of droplets subjected to SAW overcame the behaviors of the coalescence phenomenon and the mini-
mization of the surface energy became difficult and so, the coalescence time was increased. By increasing the wave amplitude, the
height of the final droplet was increased and the wetting length was reduced.

In the jetting mode, three different dynamical behaviors were observed: 1—the coalescence of two droplets and the detachment
of the formed droplet for ASAW < 8, 2—periodic detachment and connection of droplets for 8 <ASAW < 10, and 3—detachment of
two droplets for ASAW > 10. With a definition of detachment efficiency parameter, we showed that ASAW ≈14 is optimum for the
removal of the droplets from the surface.

This study can be applicable in the problems that they are based on coalescence phenomena (such as demulsifier of water from
crude oil, spray coating, and heat transfer in the spray cooling), in order to strengthen the intended phenomena. For example, the
connection time was reduced, using SAW, and it is important for increasing the mixing efficiency. Another application is removal
of droplets from the surfaces, which can be used in anti-icing devices [58]. As one scenario, the droplets can be collected on the
surface and then remove the formed droplet. For future works, we can consider the distribution of droplets with different sizes, or
more importantly, having a layer of liquid and analyze its formation and emission of droplets. This last case would be more relevant
to removing a layer of water from the surfaces.

Data Availability Statement This manuscript has associated data in a data repository. [Authors’ comment: The authors confirm that the data supporting
the findings of this study are available within the article.]
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