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Abstract 

Traditional atomization devices always exhibit many drawbacks, such as non-uniform atomization particle sizes, insta-
bility of transient atomization quantity and uncontrollability of precise energy, which seriously restrict further practical 
application of atomization inhalation therapy. The formation and separation process of droplets belongs to a micro-
phenomenon of atomization. The investigation of the droplet formation and separation process will be favorable for 
understanding the atomization mechanism. In present work, the Conservative Level Set Method (CLSM) is success-
fully applied on the simulation of the formation and separation of droplets in a medical piezoelectric atomization 
device induced by intra-hole fluctuation. The intra-hole fluctuation mechanism is systematically explored and ana-
lyzed, and also the expression of the volume change in the micro cone hole is built and evaluated. Both the control 
equation and simulation model of droplet formation and separation process have been well established by meshing 
the simulation model, and thereby the process of droplet formation and separation is simulated. The corresponding 
results demonstrate that the breaking time of droplets is decreased with the inlet velocity and liquid temperature 
rising, while enhanced with the liquid concentration increasing. Meanwhile, the volume of droplet is decreased with 
the inlet velocity and liquid concentration increasing, but increased with the liquid temperature rising. The velocity of 
droplet is enhanced with the inlet velocity and liquid temperature rising, and reduced with the increase of liquid con-
centration. When the large side diameter of micro-cone hole is set as 79 μm, the breaking time of the droplet reaches 
a minimum value of 38.7 μs, whereas the volume and the velocity of droplet reach a maximum value of 79.8 pL and 
4.46 m/s, respectively. This study provides theoretical guidance for the design of medical piezoelectric atomization 
devices and contributes to the promotion of inhalation therapy in practical use.
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1  Introduction
The corona virus disease 2019 (COVID-19) has swept the 
whole world since the end of 2019, thus it caused serious 
economic losses and casualties [1–3]. Up to now, there 
is still lacking specific medicine and vaccines precaution 

for COVID-19 virus. During the progress of fighting 
with the virus, the autoimmune ability of patients is 
particularly important. Interferon-β, as one of the anti-
virus treatment approaches, is inhaled by atomization to 
enhance the autoimmune function by stimulating human 
immune cells [4]. Interferon-β can be fully dispersed 
into tiny droplets produced by the effect of atomization 
device, which directly acts on respiratory epithelial cells. 
It is noteworthy that the inhalation therapy contains a 
relatively small dosage, avoiding and/or reducing the 
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systemic medication so as to obviously weaken the toxic 
and side effects of the drugs. Simultaneously, inhala-
tion therapy can relive the pain deriving from the injec-
tion and administration, since its operation is simple 
and convenient [5]. Accordingly, due to these advantages 
mentioned above, many scholars have focused on the 
investigation of the medical atomization device to satisfy 
the needs of atomization therapy.

In 2006, Vecellio [6] designed a kind of medical atom-
izer, which adopt electroplating technology to process 
6000 3-µm-diameter holes on the mesh plate. Under the 
excitation of the alternating current voltage, the piezo-
electric transducer generates high-frequency vibrations 
to cause the atomization of the drug solution to form an 
aerosol. The respiratory system is directly connected with 
the lesion, achieving targeted and quantitative adminis-
tration and reducing the side effects caused by systemic 
administration. In 2011, the laser ablation technology 
and electroforming technology were utilized by Lin et al. 
to prepare a palladium-nickel alloy nozzle plate having a 
nozzle diameter of 5  μm [7]. The nozzle plate prepared 
using such method is quite difficult and can be used at a 
frequency of 100 kHz. Studies have shown that the noz-
zle can effectively control the particle size of drug drop-
lets during the progress of atomizing a drug solution. The 
average particle size of the atomized droplets is approxi-
mately 3  μm, which satisfies the requirement that the 
drug particles must be less than 4 μm when absorbed by 
the lungs. In 2012, Beck-Broichsitter et  al. [8] proposed 
a vibrating-mesh-type nebulizer to atomize the prepared 
nanoparticle drugs. Experiments have confirmed that 
using nanoparticles to encapsulate sildenafil can main-
tain its stability and that atomizing the process does not 
affect the particle size, particle size distribution, or silde-
nafil content. In addition, other works on the inhalation 
therapy are also documented [9–11].

Both the atomization rate and particle size are expected 
to play a pronounced role in the inhalation therapy. 
Olseni et al. [12, 13] found that when the average size of 
drug particle was smaller than 5  μm, the drugs can be 
effectively delivered to the airway and lungs, and thereby 
deposited on a lesion by gravity.

It should be pointed out that for drug particles depos-
ited on the lesion, the mean diameter of drug particles 
cannot be larger than 4  μm. Simultaneously, a constant 
atomization rate can make the patients feel more com-
fortable during the treatment process.

In the process of atomization, the formation and sepa-
ration of droplets are considered as a typical gas-liquid 
two-phase flow. It is difficult in tracing the free inter-
face of gas-liquid two-phase flow. A Marker-And-Cell 
(MAC) method [14] to track the position of free surface 
was developed by Harlow et  al. Subsequently, scholars 

proposed some methods to solve these problems. For 
instance, Simplified-MAC (SMAC) [15], Volume of Fluid 
(VOF) [16], Level Set Method (LSM) [17].

Currently, VOF and LSM are regarded as two most 
commonly free interface tracking approaches. By com-
parison, LSM seems to be more popular in interface 
tracking application, because the information of unit 
normal vector and curvature radius of interface can be 
obtained. This overcomes the shortcomings of VOF 
method deriving from the difficulties in simulating the 
necessary unit normal vector and curvature radius [18]. 
Nevertheless, the traditional LSM also shows poor con-
servation easily resulting in mass loss, thus affecting the 
accurate positioning of the interface leads to an appear-
ance of wrong results. In order to improve the con-
servation of mass, in the convective phase of the level 
set, several hybrid methods have been employed, for 
instance, combining LSM with VOF to obtain VOF-LSM 
[19]. However, this algorithm will increase the complex-
ity of computation and waste the advantages of LSM. For 
simplification of the calculation process of VOF-LSM 
and promotion in the accuracy of LSM, Olsson et al. [20] 
proposed a CLSM approach on the basis of LSM. The key 
point of CLSM is to utilize a 0.5 horizontal plane work-
ing as the gas-liquid interface, which can successfully 
improve the calculation accuracy [21–24].

The formation and separation process of droplets is 
ascribed to be a micro phenomenon of atomization. 
Studies on droplet formation and separation process will 
be conducive to understand the atomization mechanism. 
In this study, the CLSM is successfully adopted on the 
simulation of the formation and separation of droplets 
in a medical piezoelectric atomization device induced by 
intra-hole fluctuation. The intra-hole fluctuation mecha-
nism is systematically analyzed, and the expression of the 
volume change of the micro cone hole is evaluated. Both 
the control equation and simulation model of droplet for-
mation and separation process are established. Simulta-
neously, the process of droplet formation and separation 
is simulated. This study reveals the atomization mecha-
nism of the medical piezoelectric atomization device 
induced by intra-hole fluctuations from a micro perspec-
tive. It is anticipated to provide some theoretical guid-
ance for the design of medical piezoelectric atomization 
devices and contribute to the promotion of inhalation 
therapy in practical use.

2 � Construction of Atomization Experiment 
Platform

Figure  1 shows the atomization experiment platform of 
the medical piezoelectric atomization device induced by 
intra-hole fluctuation. Insulating clamps were used to 
mount the atomizer piece and fixed by a machine vise, 
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which was placed on the lifting platform. The height of 
the atomizer piece was adjusted by the lifting platform to 
make sure the atomizer piece only touch the cotton stick 
(there was no gap or applied force between the sheet 
atomizer piece only touched the cotton stick (there was 
no gap or applied force between the sheet and the swab). 
The cotton stick was placed in a container filled with 
liquid. Because of the capillary force action, the liquid 
was flowed from the container to the atomizer piece as 
indicated by the blue arrow. Under the excitation of AC 

signal, the inner wall of the micro cone hole will fluctu-
ate and cause the change of the volume of the micro cone 
hole. Simultaneously, because of the existence of the dif-
ference between the positive and negative flow resistance 
of the micro cone hole, it will produce a pumping effect 
[25–30] to remove the liquid from the cotton stick to the 
external environment, thereby producing the atomiza-
tion phenomenon. Figure 2 illustrates the photograph of 
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Figure 1  Atomization experiment platform of the medical 
piezoelectric atomization device induced by intra-hole fluctuations
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Figure 2  Photograph of the atomization experiment of the medical 
piezoelectric atomization device induced by intra-hole fluctuations
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Figure 3  The schematic diagram showing the structure and 
parameters of the atomizer piece used in this work

Figure 4  The schematic diagram of deformation process of 
micro-cone hole in a cycle

Figure 5  Schematic diagram of coordinate settings of the dispenser 
[25]
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the atomization experiment of the medical piezoelectric 
atomization device induced by intra-hole fluctuation.

Figure  3 shows the structure and parameters of the 
atomizer piece. It can be seen from Figure 3 that the pie-
zoelectric vibrator is composed of dispenser and piezo-
electric ceramic ring. The outer diameter, inner diameter, 
and thickness of the piezoelectric ceramic ring are set as 
values of 15.96 mm, 7.69 mm and 0.63 mm, respectively, 
while the diameter and thickness of the dispenser are 
15.96 mm and 0.05 mm respectively. The taper holes with 
diameter of 740 μm were machined in the center area of 
the piezoelectric atomizer.

3 � Theoretical Analysis of the Intra‑hole Fluctuation 
Mechanism in the Medical Piezoelectric 
Atomization Device

Figure  4 shows the deformation process of micro-cone 
hole in a cycle. Under the excitation of AC voltage, the 
piezoelectric ceramic ring can generate alternating com-
pressive and tensile forces on the dispenser to drive the 
vibration of the dispenser. As the micro cone hole is 
located on the substrate, the inner wall of the micro-cone 
hole can fluctuate with the vibration of the dispenser 
causing a change in volume, and then the pressure change 
inside the micro-cone hole can produce atomization. 
This cycle continues as long as the piezoelectric ceramic 
ring is remained to deliver the required stimulation.

The coordinate system is built by Kirchhoff hypothesis, 
the neutral surface of the dispenser is set as the xy plane 
and the z axial is perpendicular to it, as shown in Fig-
ure 5(a). According to the Kirchhoff hypothesis, the veloc-
ity and amplitude of the upper and lower vibrations of the 
dispenser are symmetric with respect to the equilibrium 
position. In order to better illustrate the deformation of the 
apertures, the xz plane is shown in Figure 5(b). Simultane-
ously, there is no movement of the dispenser neutral sur-
face in x and y directions. Any straight line which is vertical 
to the neutral surface before its deformation is still vertical 
to the elastic and flexible plane after its deformation. The 
length of the line remains the same during this progress.

When the neutral surface is set as a plane of q(x,y), the 
movement from N to N’ on the dispenser is given in Fig-
ure  6, in which the MN line is perpendicular to the xy 
plane, and M’N’ line is perpendicular to the surface q(x,y).

After the occurrence of deformation, the point of M(x0, 
y0, 0) is changed to another position as M’ [x0, y0, q(x0, y0)]. 
According to Kirchhoff hypothesis, Eq. (1) is the normal 
format at M’ on the neutral surface after the deformation:

where qx and qy refer to the partial derivatives of q(x,y) at 
x0 and y0, respectively.

According to Kirchhoff hypothesis, after calculation the 
equation of |MN | =

∣

∣M′N ′
∣

∣ = |z0| can be achieved.

The coordinate of N’ is calculated by Eqs. (1) and (2), and 
the result is shown as Eq. (3).

where b = z0

/

(

1+ q2x + q2y

)
1
2.

The surface equation for a micro-cone hole is written by 
Eq. (4).

where α is the half angle of micro-cone hole, and rm is the 
diameter of the circle on its neutral surface.

In order to estimate the entire volume changes of the 
micro-cone hole, it’s necessary to calculate the volume 
changes of its micro unit.

It is assumed that a micro unit at point E1(x, y, z), its 
dimensions are Δx, Δy and Δz, respectively. The result of its 
volume before the deformation is calculated by Eq. (5).

With the help of second order Taylor expansion of the 
function at point E1(x, y, z), and the ignorance of the infini-
tesimal of high order, the vectors of the three sides of the 
micro unit at the top after deformation can be obtained 
using the Eqs. (6)–(8).

(1)
{

x = x0 − qx[z − q(x0, y0)],
y = y0 − qy[z − q(x0, y0)],

(2)

[

(x0 − x
′

0)
2 + (y0 − y

′

0)
2 + (q(x0, y0)− z

′

0)
2
]
1
2
= |z0|.

(3)(x0 − bqx, y0 − bqy, b+ q)

(4)
(

x2 + y2
)

1
2
= − tan

(α

2

)

· z + rm,

(5)�Vf = �x ·�y ·�z.

(6)vx =







�x − bqxx�x − bxqx�x,

−
�

bqyx�x + bxqy�x
�

,

bx�x + qx�x






,
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M
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Figure 6  Deformation process of a point in the dispenser
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As mentioned above, the dispenser is vibrating sym-
metrically to the original neutral surface. For simpli-
fied the calculation, it is reasonable to assume that 
the function of the neutral surface is q(x, y) when the 
dispenser reaches the highest position during vibra-
tions, and the function of the neutral surface is -q(x, y) 
when the dispenser reaches the lowest position during 
vibrations.

The volumes of a micro-cone hole can be evaluated 
by Eq. (9) when the dispenser reaches the highest posi-
tions during the vibration progress.

where s = 1+ q2x + q2y.
The volumes of a micro-cone hole can be calculated 

by Eq. (10) when the dispenser reaches the lowest 
positions during vibrations.

(7)vy =







−
�

bqxy�y+ byqx�y
�

,

�y− bqyy�y− byqy�y,

by�y+ qy�y






,

(8)vz =
[

−bzqx�z,−bzqy�z, bz�z
]

.

(9)

Vu =

���

�









s
1
2 + z2

�

qxxqyy − q2xy

�

s−
3
2+

z

�

−qyy − qxx − q2y qxx+

2qxqyqxy − q2xqyy

�

s−1









dV ,

where s = 1+ q2x + q2y.
Based on the above calculation, the volume change 

of the micro-cone hole is directly proportional to the 
driving voltage during a vibration cycle. The volume 
change caused by the fluctuation of the inner wall of 
the micro cone hole can provide the driving force for 
atomization of the atomizer.

4 � Numerical Simulation of the Formation 
and Separation Process of Droplets

Actually, during the atomization process, the formation 
and separation process of droplets belongs to a typical 
gas-liquid two-phase flow. It brings difficulties in tracing 
of the free interface of the gas-liquid two-phase flow due 
to their complexity.

4.1 � Establishment of Governing Equations
In this study, the CLSM approach is used to describe 
the characters of liquid interface. In this method, the 0.5 
level is used as the interface of liquid and air. The CLSM 
can present a high calculation accuracy to distinguish 
and divide the liquid and air. The mass and momentum 
transfer of fluid are expressed by the incompressible 
N-S equation (including surface tension). Because of the 
velocity of liquid and air is lower than that of sound, they 
can be treated as incompressible fluid. Accordingly, the 
N-S equation and continuity equation can be obtained as 
followings.

where Re = ρrefureflref
/

µref
 , Fr = uref.

(

lref · g
)− 1

2 , We =
ρrefu

2
ref
lref

σ
 . 

ρref, uref, lref, μref are density, viscosity, length, velocity, 
respectively, they are all constant parameters. σ is surface 
tension coefficient.

For CLSM, the 0.5 level is used as the interface of liquid 
and air, in which the factor of 1 is used for liquid, and the fac-
tor of 0 is used for air. At the interface between liquid and air, 
the parameter of Φ transition from 0 to 1 is smooth. There-
fore, the convection equation of the level set function after 
reinitialization can be rewritten as follows:

(12)











(ρ�u)t +∇ · (ρ�u�u) = −∇p+ 1
Re∇

�

µ

�

∇�u+ (∇�u)T
��

+ ρ

Fr2
�eg +

1
We

�Fsv ,

∇ · �u = 0,

�t + ∇ · (��u) = 0,

(13)

∂�

∂t
+ �u · ∇�+ γ





�

∇ ·

�

�(1−�)
∇�

|∇�|

��

−

ε∇ · ∇�



 = 0,

where s = 1+ q2x + q2y.
The maximum change (Eq. (11)) of the micro-cone 

hole volume during vibrations can be confirmed by the 
subtraction of Eqs. (9) and (10).

(10)Vd =

���

�









s
1
2 + z2

�
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�
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3
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z

�

qyy + qxx + q2y qxx−

2qxqyqxy + q2xqyy

�
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







dV ,

(11)

�VK =

∫∫∫

�

[

2z

(

qyy + qxx + q2y qxx−

2qxqyqxy + q2xqyy

)

s−1

]

dV ,
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where, ε is determined by the thickness of the interface 
between liquid and air, ε = hc/2 , hc represents the size 
of a typical grid of droplets passing through the region. 
γ is determined by the amount of reinitialization, that is, 
the stability of the level set function Φ, which is mainly 
affected by the interface velocity of liquid and air.

Surface tension  plays a dominant role in the process 
of droplet spraying. For the simulation, the surface ten-
sion should be taken into account to achieve the droplet 
velocity and size.

The continuous surface tension model is adopted 
under this condition.

where n, σ, κ(�), δ(�) are direction vector of interface, 
surface  tension  coefficient, curvature, Dirac delta func-
tion of interface, respectively.

(14)Fsv = σδ(�)κ(�)n,

In order to improve the calculation accuracy of sur-
face tension, the surface tension is further modified by 
the weak solution form of momentum equation (Eq. 
(15)).

where I is defined as an identity matrix.
In order to simplify the calculation, Dirac delta func-

tion is approximated as Eq. (16).

4.2 � Simulation Model
Figure  7(a) shows the geometric outline of the liquid 
gas interface containing the air and the liquid chamber. 
In Figure 7(a), the symbols of l1, l2, l3, l4, l5, l6, l7 and l8 
represent the radius of the liquid storage chamber, the 
thickness of the liquid storage chamber, the length of the 
conical nozzle, the length of the tip of the conical nozzle, 
the radius of the tip of the conical nozzle, the length of 
the air chamber, and the outlet radius, respectively. The 
related characteristic dimensions of the geometric con-
tour are listed in Table  1. In order to precisely analyze 
the cross section between liquid and air, adaptive mesh 
generation is used, that is, in the simulation process, with 
the interface moving, the mesh will be updated automati-
cally. Figure 7(b) shows the mesh generation diagram, we 
using numerous triangular meshes to divide the model, 
we can obtain 73196 mesh nodes and 721633 elements. 
Because the model is set as an axisymmetric image and 
only half one side is taken as a representation for calcula-
tion, and then the other one side model can be obtained 
through the mapping principle.

In present study, the atomization process of atomizer 
is also simulated by COMSOL software. The temperature 
of water is selected as the parameter of liquid part, and 

(15)Fsv = ∇ ·
[

σ

(

I −
(

nn
T
))

δ(�)

]

,

(16)δ(�) = 6|�(1−�)||∇�|.

Liquid

Air

l1
l2
l3

l4l5

l6

l7

(a)

(b)

Figure 7  The applied simulation model and mesh partition used in 
CLSM method

Table 1  Feature size of simulation model

Liquid chamber Air chamber

l1 (mm) l2 (mm) l3 (mm) l4 (mm) l5 (mm) l6 (mm) l7 (mm)

0.08 0.05 0.05 0.01 0.02 1 0.2

Table 2  Physical properties of liquid materials

Medium Density (kg/m3) Dynamic viscosity 
(N·s/m2)

Surface 
tension 
(N/m)

Water 997.07 8.934 × 10−4 0.072

Air 1.225 1.789 × 10−5
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the surrounding medium is air. For the corresponding 
calculation of gas-liquid two-phase flow, the fluid region 
covers the water and air, and their physical properties are 
required to be fixed before the calculation. Table 2 shows 
the physical properties of liquid materials, including the 
density of liquid materials, the dynamic viscosity of liq-
uid materials, and the surface tension of liquid materials, 
where the surface tension of air is set to the value of 0.

In Figure  7(a), the lines marked by the colors of red, 
green, black and blue denote the inlet, the outlet, the wall, 
and the interface between gas and liquid, respectively. 
Additionally, the water liquid below the interface is indi-
cated as blue line, and air is above the interface, and all 
the wall surfaces are supposed with no sliding. The target 
(brown part) is set as “wetted wall” condition with a con-
tact angle of π/2. The outlet is set to a constant pressure 
of 1 atmosphere. By applying an inlet velocity v(r) as the 
vibration velocity of the piezoelectric vibrator, the instan-
taneous velocity in z direction is: v(r,t) = sin(wt)·v(r), the 
unit of t is s, w is frequency. When a sinusoidal signal is 
applied, the water fills the entire conical nozzle.

5 � Results and Discussion
5.1 � Process of Droplet Formation
In this study, the research object of the  atomized drop-
let is pure water, and its physical properties are listed in 
Table  2. The process of droplet formation is simulated, 
and the changes of velocity and pressure in the process of 
droplet formation are discussed. In this case, the entrance 
boundary condition is set as a sine function with the 
maximum speed of 0.35 m/s, and the droplet spray pro-
cess is obtained as shown in Figure 8. The process can be 
divided into several important stages in the droplet spray 
process: elongation, necking, fracture, formation of satel-
lite droplet, fusion of satellite droplet and main droplet, 
droplet formation and other stages.

At the initial stage, due to the positive pressure inside 
the micro cone hole, the liquid will gradually flow out to 

form a liquid column. After a period of time, a “tongue 
like” bulge will be produced. Under the action of surface 
tension, the front end of the liquid column will shrink 
into a circle. It can be seen from the velocity nephogram 
of the process of droplet formation shown in Figure  9 
that the velocity of the fluid in the central region of the 
micro cone hole is higher than that of the nearby fluid. It 
can be explained by the fact that the fluid near the wall of 
the micro cone hole is much more significantly affected 
by the wall adhesion force. Furthermore, as the pressure 
nephogram of the droplet formation process shown in 
Figure 10, the internal pressure of the droplet is greater 
than the external pressure, and thus the difference in 
the pressure can provide the driving force for the move-
ment of the droplet. For the duration of 21 μs, the liquid 
column is suppressed extending, and then necking phe-
nomenon occurs under the combined action of negative 
pressure, inertia, pipe wall friction and surface tension in 
the micro cone hole. At this stage, through the velocity 
nephogram, it is apparent that the velocity of the front 
end of the droplet is larger than that of the back end, 
so that the liquid column will be gradually elongated. 
The front part and backward part of the liquid column 
is named as the main droplet and tail droplet, respec-
tively. The velocity difference between the main droplet 
and the tail droplet will keep the liquid column growth. 
At 38.8 μs, the liquid column will break completely and 
spray out. According to the velocity nephogram above, 
the front-end velocity of droplet is greater than that of 
back-end droplet. As time prolongs to 52.3 μs, the main 
droplet and tail droplet will be disconnected to form sat-
ellite droplet. Subsequently, the main droplet will form 
a stable circle under the combined action of the main 
air force and surface tension. After the formation of 
the spherical droplet, the air resistance of the droplet is 
enhanced, and the droplet speed is reduced. Simultane-
ously, it can be seen from the pressure nephogram that 
the pressure inside the satellite droplet is greater than 

10μs 20μs 40μs30μs 50μs 60μs 80μs70μs 100μs90μs 110μs 120μs 130μs 140μs  
Figure 8  Process of droplet formation
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that of the main droplet, which can provide more power 
for the movement of the satellite droplet, so that the sat-
ellite droplet will gradually fuse with the main droplet 
ahead. During the last stage of 71.7 μs, the satellite drop-
let will fuse with the main droplet.

5.2 � Effects of Inlet Velocity on Droplet Formation
Figure  11 shows the relationships among breaking time 
of droplet, volume of droplet, velocity of droplet and 
inlet velocity. The simulation results show that when 
pure water is selected as the liquid at the temperature of 
25 ℃, the volume and velocity of droplet almost linearly 
increase with inlet velocity increasing, while the breaking 
time of the droplet decreases. However, when the inlet 
velocity is greater, this shows that the deformation of the 
piezoelectric vibrator is larger, and the energy applied to 
the liquid is also large. With the applied energy increas-
ing, the droplet is easier to get rid of the bondage of the 
surface tension and spray into the air, so the breaking 

time of droplet is decreased. Similarly, with the energy 
increasing, larger initial kinetic energy is achieved for 
the droplet, and thereby its velocity will be larger. With 
extent of deformation increasing, the volume of liquid at 
the injection point will increase in one cycle, so the vol-
ume of droplet will be also enhanced.

5.3 � Effects of Liquid Temperature on Droplet Formation
Figure  12 shows the relationships among breaking time 
of droplet, volume of droplet, velocity of droplet and liq-
uid temperature. The simulation results demonstrate that 
when the inlet velocity is 0.35 m/s and pure water is cho-
sen as liquid source, the droplet volume decreases and 
the droplet velocity increases with the temperature and 
breaking time of liquid increasing. But the overall change 
trend is not obvious. This phenomenon can be ascribed 
to the following factors: (1) with the increase of liquid 
temperature, the viscosity and surface tension of the liq-
uid will decrease. (2) The energy consumed to overcome 

Figure 9  Velocity nephogram of the process of droplet formation
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the viscous resistance will be reduced, and the velocity 
of the droplet will be increased. (3) With the decrease 
of viscosity, the resistance of droplet formation will 
be decreased, and the breaking time of droplet will be 
decreased, and the volume of droplet will be increased.

5.4 � Effect of Liquid Concentration on Droplet Formation
Figure 13 shows the relationship among breaking time 
of droplet, volume of droplet, velocity of droplet and 
liquid concentration. It can be concluded from the sim-
ulation results that when the inlet velocity is 0.35 m/s 
and the liquid temperature is 25 ℃, the breaking time 
and volume of droplet increase, and the velocity of 
droplet decreases, but the overall change trend is not 
obvious. The reason for the above phenomenon can be 
described by the fact that with the increase of the con-
centration of NaCl solution, the viscosity and surface 
tension of the liquid increased. The energy is consumed 
to overcome the viscous resistance increment and the 
velocity of the droplet reduction. With the droplet vis-
cosity increasing, the resistance of droplet formation 
is increased, whereas the breaking time of the droplet 
increases but the volume decreases.

5.5 � Effects of Micro‑cone Hole Angle on Droplet Formation
In order to verify the influences of the cone angle on the 
droplet formation process, the small side diameter of 
micro-cone hole is set as 10  μm. By changing the large 
side diameter of micro-cone hole, the taper hole with 
different angles can be obtained. Figure  14 shows the 
relationships among breaking time of droplet, drop-
let volume, droplet velocity and large side diameter of 
micro-cone hole. The simulation data show that when the 
liquid is selected as pure water, the liquid temperature is 
25 ℃, the inlet velocity is 0.35 m/s, the breaking time of 
the droplet exhibits a minimal value of 38.7 μs when the 
large side diameter of the micro nozzle is 79 μm, the vol-
ume of the droplet is 79.8 pL, the velocity of the droplet 
reach at a maximum value of 4.46 m/s. The reason for the 
above phenomenon is that the micro-cone hole partici-
pates in the formation of droplets. Owing to the varia-
tion in the large side diameter of the micro-cone hole, the 
flow resistance is also changing constantly, which affects 
the formation of the droplet.

Figure 10  Pressure nephogram of the process of droplet formation
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Figure 12  The relationship among breaking time of droplet, volume of droplet, velocity of droplet and liquid temperature
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6 � Conclusions
In this study, the separation and formation process of 
droplets in a medical piezoelectric atomization device 
induced by intra-hole fluctuation were investigated. The 
related atomization mechanisms were revealed from the 
micro point of view. This work is anticipated to provide 
theoretical guidance for designing a novel kind of medi-
cal piezoelectric atomization device. The conclusions are 
drawn as follows.

(1)	 In order to tackle the issue that the level set method 
usually causes mass loss during droplet separa-
tion, which affects the accurate positioning of the 
interface, Conservative Level Set Method (CLSM) 
is applied to the simulation of the formation and 
separation of droplets in atomizer. Besides, the 
droplet separation process of atomizer was simu-
lated by COMSOL software. The simulation model 
of liquid-gas interface was established, in which 
the mesh division, material property setting and 
boundary condition setting were carried out.

(2)	 The simulation results demonstrate that the fluid 
velocity in the central region of the micro cone hole 
is greater than that of the nearby fluid, while the 
internal pressure of the droplet is greater than the 
external pressure. Such difference in the pressure 
can provide the driving force for the movement of 
the droplet. In particular, the effects of inlet veloc-
ity, liquid temperature, liquid concentration and the 
angle of micro-cone hole on the droplet separation 
process were systematically discussed.

(3)	 Based on the simulation results, it is apparent that 
the breaking time of droplet decreases with the 
inlet velocity and liquid temperature increasing, 
but increases with the concentration of NaCl solu-
tion increasing. When the diameter of the large 

side diameter of the micro-cone hole is 79 μm, the 
breaking time of droplet is shortened to a value of 
38.7  μs. The volume of droplet decrease with the 
increase of the inlet velocity and the concentration 
of NaCl solution, whereas increases with the liquid 
temperature increasing. Under the same conditions, 
the volume of droplet reaches the largest value of 
79.8 pL. The velocity of droplet increases with the 
inlet velocity and liquid temperature increasing, 
and decreases with the concentration of NaCl solu-
tion increasing, and thus the velocity reaches the 
maximum value of 4.46 m/s.
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