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Abstract: The atomizer with micro cone apertures has advantages of ultra-fine atomized droplets, low power consumption and low
temperature rise. The current research of this kind of atomizer mainly focuses on the performance and its application while there is less
research of the principle of the atomization. Under the analysis of the dispenser and its micro-tapered aperture’s deformation, the volume
changes during the deformation and vibration of the micro-tapered aperture on the dispenser are calculated by coordinate transformation.
Based on the characters of the flow resistance in a cone aperture, it is found that the dynamic cone angle results from periodical changes
of the volume of the micro-tapered aperture of the atomizer and this change drives one-way flows. Besides, an experimental atomization
platform is established to measure the atomization rates with different resonance frequencies of the cone aperture atomizer. The
atomization performances of cone aperture and straight aperture atomizers are also measured. The experimental results show the
existence of the pumping effect of the dynamic tapered angle. This effect is usually observed in industries that require low dispersion
and micro- and nanoscale grain sizes, such as during production of high-pressure nozzles and inhalation therapy. Strategies to minimize
the pumping effect of the dynamic cone angle or improve future designs are important concerns. This research proposes that dynamic

micro-tapered angle is an important cause of atomization of the atomizer with micro cone apertures.

Keywords: atomization, nozzle/diffuser flow, dynamic cone angle, piezoelectric pump

1 Introduction

The applications of liquid atomization and ejection are
widely found. As MEMS technology develops, the
atomization field also develops with the trends to smaller
droplet sizes and lower dispersion. This significantly
improves the equipment for atomization inhalation
therapy!"). Food and Drug Administration’s (FDA) guidance
documents show that the mass median aerodynamic
diameter (MMAD) of the drug particles produced by any
inhalation equipment for bronchitis therapy should be less
than 5 pm so as to give adequate therapy®. Besides the
applications for inhalation therapy, the applications of
ultra-fine atomized droplets are also widely found in the
fields of printed circuits”®, 3D printing!®, precise surface
coating’® ), spray drying" " fire suppression''' ¥,
electronic equipment cooling , and so on.

The traditional atomization methods generally include
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two: pneumatic atomization and ultrasonic atomization.
Both these methods release energy to the liquid system to
break the surface tension of the liquid and allow droplets to
escape from the surface for atomization and ejection.
Droplets are formed only on the surface but energy is
applied to the entire liquid system. Hence, breaking the
liquid into droplets and ejecting these particles are neither
cost-effective nor energy-effective. Besides, the droplets
are formed and ejected in a random and uncontrolled
manner, which results in a wide range of droplet sizes.

To resolve the problems such as atomization rate not
high enough, large droplet size range and low energy
utilization, the atomizers with a plate which have micro
apertures on it are used to eject the liquid through the micro
apertures to form a spray. The introduction of micro
apertures makes the atomization process more controllable.
The atomizers with micro apertures are categorized into
two based on whether the plate is vibrating during
operations:  vibratory micro-aperture atomizer and
stationary micro-aperture atomizer.

In respect of stationary micro-aperture atomizers, HEIJ,
et all' 2" proposed a stationary micro-aperture atomizer
driven by piezoelectricity in 1999. This atomizer consists of
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a sealed liquid chamber with micro apertures and a piezo
actuator glued on the other side. When the diameter of its
micro apertures is 5 um and the driving frequency is
between 250 and 300 kHz, the produced droplets come
with an average diameter of 4.5 um. In 2007, PAN, et al*!/,
designed a stationary micro-aperture atomizer with the
micro aperture diameter of 8§ um and its operating power is
about 1 W. When the operating frequency is 16 kHz, the
atomization rate reaches 1.8 mL/min and the mass median
diameter (MMD) of the droplets could be 6.13 pm. With
the micro-aperture atomizer, the escaped droplets come
with a smaller range of sizes and velocities than the
traditional tools, but this atomizer could have a more
complicated structure as it needs an atomization chamber
with variable volume.

The vibratory micro-aperture atomizer investigated here
combines the vibrators with micro apertures. The structure
of this atomizer is simple because it doesn’t need the
atomization chamber which has variable volume. Besides,
it benefits from the same controllable atomization process
with the atomizer discussed above. In 1986, MAEHARA,
et al®* >, first proposed the atomizer with this structure
and improved the structure. SHEN, et al®* !, improved the
dispenser by replacing with a cymbal-shaped powerful
dispenser. Under a frequency of 127.89 kHz and an
atomizer rate of 0.5 mL/min, the atomizer designed by
SHEN, et al is able to produce the droplets with a MMAD
of 4.07 um. This atomizer can operate with high viscosity
fluids (cP>3.5) and deliver high quality atomization of
them with only about 1.2 W consumption. Perfect to the
portable atomization inhabitation therapy, this atomizer
brings a lot of benefits such as easy operations and its small
size.

Several difficulties prevent further reduction of the
droplet size and its range. These difficulties are attributed
to how the micro-tapered aperture atomizer works.

2 Review on the Structure and Principle
of Atomizers

Fig. 1 shows the schematic structure of the micro-tapered
aperture atomizer device. This device consists of an
atomizer and a water tank. The atomizer consists of a
piezoceramic ring and a dispenser which is a stainless steel
sheet with micro-tapered apertures. When driven by the
high-frequency vibrations of the piezoceramic ring, the
dispenser is also vibrating, which allows ejection and
atomization.

For how this atomizer works, MAEHARA, et al**?,
suggested that the sound pressure generated in the liquid
which is caused by the vibrations of the dispenser results in
atomization. LU, et al''>?®!, suggested that the efficiency of
the dispenser pumping mechanism depends on the balance
between inertial and capillary forces; when the dispenser
moves to the flared side, the liquid is pinched off as
droplets passing through the cone nozzle; when the

dispenser moves the tapered side, the liquid adheres to the
orifice through capillary force.

Fluid tank

Piezoceramic ring
Dispenser

Tapered aperture

Fluid

Fig. 1. Illustration of the atomizer structure

All the above suggestions don’t include the contributions
of cone apertures to atomization. The aim of this paper is to
investigate the dynamic cone angle phenomenon during
vibrations and analyze its pumping effect on the liquid as
well as to prove it helps to dispenser’s pumping and
atomization effect.

3 Dispenser Vibrations

3.1 Deformation of micro-tapered apertures

The dispenser is deformed as driven by the piezoceramic
ring. Its deformation also results in the deformation of cone
apertures in the dispenser. Calculating the deformation of
cone apertures is necessary to investigate the atomization
from the dispenser. Hence, in order to calculate the
deformation of cone apertures when the dispenser is
vibrating, the following conditions are assumed:

(1) When the dispenser is vibrating in the upward and
downward directions, the deformation and velocity are
symmetrical with respect to the original neutral surface.

(2) The dispenser Kirchhoff
hypothesis.

The coordinate system is created with above assumptions,
the neutral surface of the dispenser is xy plane and the z
axial is perpendicular to it, as shown in Fig. 2(a). In order
to illustrate the deformation of the apertures easily, the xz
plane is shown in Fig. 2(b). According to Kirchhoff
hypothesis, there is no movement of the dispenser neutral
surface 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. If the
neutral surface is z=f (x, y) after its deformation, the
movement from P to P’ on the dispenser is shown in Fig.
2(c), where PPy is perpendicular to xy plane and P'Py’ is
perpendicular to the surface f'(x, y).

According to Kirchhoff hypothesis, the point Py (xo, o, 0)
changes to Py/[xq, yo, fixo, yo)] after the deformation. Eq. (1)
is to calculate the normal at Py’ on the neutral surface after
the deformation, where £, and f, respectively refer to the
partial derivatives of f{x, y) at x, and yy:

x—xg = filz— f(x0, 0],
Y=Y = fy[sz(xoayo)}

vibrations meet the

()
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(b) Profile of a tapered aperture
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(c) Deformation process of a point in the dispenser

Fig. 2. Schematic coordinate of the dispenser

Before the deformation, the distance between P and P, is
|zo|. With |PPo|=|P'Py’| which is obtained from Kirchhoff
hypothesis, following equation results:

G =30+ =70 +(f G y) —20) =|20]- @)

The coordinate of P’ is calculated with Eq. (1) and Eq.
(2), and the result is (x,—af,,y,—af,,a+ [f), where

a:zo/dl—l—ff—l-fyz.

3.2 Volume changes of micro-tapered apertures

Using the effect of d3; piezoceramic ring, the vibration is
stimulated, and then the elastic deformations of the metal
sheets at the upper and lower sides of the neutral surface
are generated. The metal sheets at both sides of the neutral
surface are stretched or compressed. The direction where
the metal sheet stretches is opposite against the direction
where it compresses. Fig. 3 illustrates the highest and
lowest positions of a micro-tapered aperture in a cycle.

Neutral
surface

Fig. 3. Deformation occurs when a single cone aperture is
vibrating in the upward and downward directions

When driven by periodic excited vibrations, a point on
the non-neutral surface moves in two available cycles: 1)
stretched from equilibrium to its limit, released back to
equilibrium, compressed from equilibrium to its limit, and
then released back to equilibrium; or 2) compressed from
equilibrium to its limit, released back to equilibrium,
stretched from equilibrium to its limit, and then released
back to equilibrium. The cycle does not stop as the
piezoceramic ring continues to deliver excitation. During
the cycle, the micro-tapered aperture volume varies with
the changes in the cone angle.

The fluid flow in the micro-tapered aperture is closely
connected with its volume changes. In order to find out the
flow in this aperture, its volume changes must be calculated
first. The surface equation for a micro-tapered aperture is
shown as Eq. (3), where 6 is the half angle of an aperture
and r,, is the diameter of the circle on its neutral surface. In
order to calculate the entire volume changes of an aperture,
it’s necessary to calculate the volume changes of its micro
unit. There is a micro unit at point (x, y, z). Its dimensions
are Ax, Ay and Az and its volume before the deformation is
AxAyAz. The coordinates of the points (x+Ax, y, z), (x,
yv+Ay, z) and (x, y, z+Az) after the deformation can be
obtained with the point deformation equation. With the
second order Taylor expansion of the function at (x, y, z)
and the ignorance of the infinitesimal of high order, the
vectors of the three sides of the micro unit at the top after
the deformation can be calculated (see Eq. (4)):

JXi 4y =—tan@ez+r,, 3)

v, =[Ax—af Ax—a, fAx,
— fyxAx - axfyAx, a Ax+ f Ax],

v, =[-af Ay —a, fAy, “4)
Ay—af, Ay —a,f,Ay,a,Ay + f,AV],

v, =[—a.f,Az,—a, f,Az,a,Az].

The volume of its micro unit after the deformation can be
obtained through the determinant composed of the three
vectors v,, v, and v.. As shown in Fig. 3, the aperture
volume becomes smaller when the dispenser is vibrating in
the upward direction and becomes larger when the
dispenser is vibrating in the downward direction. The
dispenser is vibrating symmetrically to the original neutral
surface. Hence, If the function of the neutral surface is f{x,
) when the dispenser reaches the highest position during
vibrations, the function of the neutral surface is —f(x, y)
when the dispenser reaches the lowest position during
vibrations. Eq. (5) and Eq. (6) respectively calculate the
volumes of a cone aperture when the dispenser reaches the
highest and lowest positions during vibrations. In these
equations, s=1-+£"+f,>+f>. The maximum change (Eq.
(7)) of the cone aperture volume during vibrations can be
obtained with Eq. (6) minus Eq. (5):
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V= [ Ws + 2ty = 12057 +
0

Z(_.fyy - fm - fy2f;cx + 2f;c.fyﬂg* - Jpxzf)gz )S_l ]dV’ (5)

o = [[ 201 20
0

Z(fyy + +fv2fm _Zf:\/fyfxy +fx2fyy)sfl]dV, (6)
0
Zf;‘f‘}’f:\fy +f:\¢2f:vy)sil]dV’ (7)

4 Flow Analysis

4.1 Flow resistance

With the cone aperture volume changes, there are flows
inward to or outward from the aperture. The inward and
outward flows are closely related with the flow resistance
coefficient which is defined as follows:

k=2 ®)

I >
27

where p is the density of the fluid, v is the average velocity
of the fluid, Ap is the pressure drop.

As the sectional area of the cone aperture in z direction is
not consistent, the velocity of the fluid also changes when it
is flowing. For easy calculation, the velocity of the flows at
the neutral surface is considered as a reference here, and
the pressure loss coefficient ¢ is introduced here. The
pressure loss coefficient ¢ is defined as follows:

A
£=12-, ©)
2
—pv
5 PVm
where v, is the average velocity of the flows at the neutral
surface.
The relation between the pressure loss and resistance
coefficients is shown in Eq. (10), where 4,, is the sectional

area of a cone aperture at the neutral surface and A4 is the
sectional area where actual flows start:

(10

The sectional area of a cone aperture and its resistance
coefficient keep changing during dispenser vibrations. For
easy calculation, the average area during the vibrations (i.e.,
the sectional area when it is static) is used for calculations
in this paper. The sectional areas of the cone apertures at
A4, and BB, are A, and Ag respectively. RA:(Am/AA)2

and RB:(Am/AB)2 are defined here. The flow resistance in a
cone aperture involves: the loss due to the local resistance
when there are flows inward to or outward from it and the
loss when the fluid flows through the diffuser or nozzle
element. Because the shape of the cone aperture changes
when the dispenser is vibrating, the average resistance
coefficient value is used for calculations. When the volume
of a cone aperture decreases, the fluid in it flows toward
both sides and its flow resistance consists of the on-way
resistance from the aperture and the local resistance for
outflows. The pressure lost coefficients can be calculated
with

5 oul = kou R + k >
Aout YA (1 l)

Spout = KouRp +kpg-
Likewise, the pressure lost coefficient found when the
fluid flows toward the cone aperture can be calculated with

fAin = (kin + kAd )RA’

(12)
é:Bin = (kin +an )RB
Based on the equation for the equivalent pressure lost
coefficient, the volume rate of the flows in or out of the
cone aperture can be calculated:

_ 2
qv DE Ay

4.2 Flows driven by the dynamic cone angle

When the dispenser vibrates upward, the volume of the
cone aperture decreases and the fluid in the aperture flows
out through the two sides. The decreased volume is equal to
the amount of fluid that flows out. In order to calculate the
fluid flows caused by the changes of the aperture, the fluid
pressure changes in the liquid chamber are ignored and the
pressure at both sides of the dispenser is assumed to be the
same. The relationship between variables of volume and
flow resistance is obtained:

\/ 2Ap,y + \/ 20D
pngut P gBout
where 7 is the vibration cycle of the dispenser.

When the dispenser vibrates downward, the volume of

the cone aperture increases and the fluid flows toward the
aperture. The volume increase is equal to the amount of

inflows:
2Ap. 2Ap.
pm + pm
\ pén \ Pl

When Ap;, and Ap,, are calculated with Eq. (14) and Eq.

(13)

AT
2

AV = : (14)

AV =

(15)

AT
5
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(15) respectively, the volume of the flows out of A4,
during a cycle and the resulted volume rate can be obtained
as follows:

\/§Ain §B0ut B \/‘onut gBin

Vit = AV, (16)
(NERREN N [ NENEN
@va = 1fViers )

where 7 is the number of apertures and f is the vibration
frequency. As the denominator in Eq. (16) is greater than
zero, the direction of the macroscopic flow is determined
by whether the numerator is positive or negative. When
V>0, the macroscopic flow is from BB, to 4,4,; when
V1et<<0, the macroscopic flow is from 4,4, to B\B,; when
Vaet=0, the macroscopic flow is 0, which means the
deformation of the micro-tapered aperture cannot result in
atomization. For the attribute of being positive or negative,

\/ fAin §B0ut - \/ §A0ut §Bin is in consistent with §Ain §B0ut -
éAout gBin . §Ain §B0ut - §A0ut éBin

follows:

can be calculated as

SainSBout — SaoutSBin = RaRpkoy (kpq — k) +
kiy (Rykgg — Rk py ) + (Rykagkpg — Rgkpnky, ). (18)

Eq. (18) shows that whether it is positive or negative is
not determined by the values of k., and k; but the
difference between kaq and kg, and the difference between
kpa/Rp and ka,/Ra. Fig. 4 shows the flow resistances in the
diffuser element®”. When its cone angle is about 5°, the
flow resistance coefficient reaches the minimum of about
0.13. The flow resistance in the nozzle element is much
smaller. When the cone angle is 30°, the flow resistance
coefficient is 0.02; when the angle reaches 60°, the flow
resistance coefficient is only 0.07. OLSSON"*! made a
comparison between the result obtained from the numerical
calculation for conical flows and the result mentioned in
Ref. [27] and it is found that the characterizes of the flow
resistances in the nozzle/diffuser elements at a micro-size
level are similar to those at a normal-size level. Hence,

kag>kgn, ka>kan, and also Rpkg,>Rpka, because of Rp<R,.

From the analysis above, the conclusion that AV>0 is
obtained. In a complete vibration cycle, the macroscopic
flows from BB, to 4,4, are generated in the cone aperture.

If the apertures in the dispenser are straight, Ra=Rp=1
and kaq=kan=kpo=kgnq4. Likewise, when V=0, the net flow
in the apertures is 0 during a complete vibration cycle,
which means there is no flow.

The volume changes of the micro-tapered aperture when
the dispenser is vibrating and the difference between the
flow resistances in the nozzle and diffuser elements make
the micro-tapered aperture dynamic; this phenomenon is
called a dynamic cone angle. It can be seen from the above
discussions that the dynamic cone angle is capable to drive

one-way flows directly, and the dynamic cone angle works
as a pump.

4.3 Flows driven by the volume changes of liquid
chamber

When the dispenser is vibrating, the volume of the cone
aperture changes and the volume of the liquid chamber also
changes because of the deformation of the dispenser. The
way that these flows are produced is how the conical-flow
valveless piezoelectric pump works. When the cone angle
is small, the flow resistance in the diffuser element is less
than it in the nozzle element. As the angle of the cone
aperture increases, the boundary layer separation happens
in the diffuser element and its resistance increases
significantly, but the flow resistance in the nozzle element
increases in a small amount (Fig. 4). Hence, when the angle
of the cone aperture increases to a particular value, the flow
resistance in the nozzle element becomes smaller than it in
the diffuser element. Fig. 5*! shows the relations between
the cone aperture pressure lost coefficient and the angle,
both of which are obtained from the test.

——— Thin inlet boundary flow
—— Fully developed inlet flow

Flow resistance coefficient k

1 1 1 1 1 1
0 20 40 60 80 100 120 140 160 180
Total inluded diffuser angle 26/ ()

Fig. 4. Curves of the flow resistance coefficients
of a diffuser element

0.7
&gq of diffuser > //o-”O
06| Arf‘a P
(O)
g 05k diffuser /,o/
2 . : ; s
5 direction l
a":s 0.4 ?,}' &, of nozzle
o ]
2 M
SuF 03
g e d=2 mm
2 o2k Aé?a L =10 mm
= nozzle L;=5mm
01k direction
1 | 1 | |
0 20 40 60 80 100
Cone angle 20/(°)
Fig. 5. Pressure loss coefficient curves created with the

experiment on the flows in the nozzle and diffuser elements

Fig. 5 shows that when the angle of the cone aperture is
greater than 35°, the flow resistance in the diffuser element
is higher than it in the nozzle element. In this way, a
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one-way flow can be produced after a complete cycle. The
volume rate that is driven by the changes of the liquid
chamber volume can be calculated with Eq. (19)?:

§ _fn
Gr. = AV f 220

19

fd +§n ( )
where AV, is the changes of the liquid chamber volume,
and & and &, are the flow resistance coefficients in the
diffuser and nozzle elements respectively. With the volume
changes of the cone aperture and liquid chamber, the
overall volume rate can be calculated as follows:

9y =y, + dye- (20)

S Results and Experimental Validation

5.1 Dynamic cone angle pumping effect calculation

Following calculations and tests are carried out for the
atomizer with straight apertures and the atomizer with cone
apertures. The specific parameters of these atomizers are
shown in Table 1. Fig. 6 shows the micro-tapered apertures
photographed by a microscope.

Table 1. Geometric parameters of the atomizer
Atomizer parameter Value
Outer diameter of the piezoelectric ceramic ring do,/mm 16
Inner diameter of the piezoelectric ceramic ring d;,/mm 8
Thickness of the piezoelectric ceramic ring 7,/mm 1
Diameter of the dispenser dyq/mm 20
Thickness of the dispenser #/pum 100
Diameter of straight apertures d,/pum 100
Large diameter of cone apertures diarg /pum 110
Small diameter of cone apertures dymai/pm 7

T
(a) Schematic diagram of
the straight aperture

(d) Schematic diagram of
the tapered aperture

L
102.96 um

(b) Microphotograph of
one side of a straight aperture

(e) Microphotograph of the
flared side of the tapered aperture

102.00 pm

A

(¢) Microphotograph of the (f) Microphotograph of the
other side of a straights aperture tapered side of the tapered aperture

Fig. 6. Straight apertures and cone apertures photographed

by KEYENCE VHX-1000

In order to investigate how the angle of a micro-tapered
aperture impacts on the atomizer rate, Eq. (16) is used here
to calculate the net flow from A4, surface during a
vibrating cycle when the cone angle is changing from 5° to
60° and the diameter of neutral surface of the micro-tapered
aperture is 58.5 pm. Fig. 7 shows the result. As shown in
the figure, the net flow is increasing and then decreasing as
the angle of the cone aperture is becoming larger. The main
reason for its increase is that the flow resistant in the
diffuser element increases as the angle increases and this
allows the difference shown in the numerator of Eq. (16) to
increase as well. The net flow rate reaches the maximum at
about 24° and then decreases to about 0. The main reason
of its decrease is that R, value increases as the angle
increases and this allows the denominator of Eq. (16) to
increase as well.

0.15 -

<

—_

N
T

0.09r

0.06 -

Net flow Vn/AV

0.03

1 |
0 10 20 30 40 50 60
Cone angle 26/(°)

Fig. 7. Net flows caused by the dynamic cone
angle effect during a vibrating cycle

5.2 Experimental validation

To validate the principle, two tests are carried out. First,
followings are determined at 5-200 kHz by a laser
vibrometer (PSV-300F): resonance points, vibration mode
diagrams and the atomizer rates under the resonance
frequencies. The structure of the atomizer device to be
measured is illustrated in Fig. 8(a). It consists of a water
tank and an atomizer, with the flared side of the dispenser
in contact with the water. Figs. 9(a)-9(e) shows the
resonance frequencies and their vibration modes. It also
illustrates that the dispenser is deformed in a more complex
way as the resonance frequency increases. Fig. 9(f) shows
the atomizer rates under the resonance points found when
the peak-to-peak voltage is 50 V and that when the
frequency is 9.44 kHz or 21.58 kHz, the atomizer cannot
produce effective atomization with only drops formed on
the dispenser.

. Dispenser
Dispenser P }
Piezoceramic ring

Tank @ Fluid
Cotton stick Tank

(@) (b)

Schematic equipment for the experiment

)00000000000000¢

Fig. 8.
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(b) f=21.58 kHz

(a) f=9.44 kHz

(¢) f=5538 kHz (d) f=113.58kHz  (e) f:153-94 kHz

0.8

Atomization rate g, /(mL+min-1)

1 1
0 50 100 150

Frequency f/kHz
(f) Atomization rates at resonance points

Fig. 9. Experimental results for the cone aperture dispenser

Fig. 9 shows that dispenser is deformed in a more
complex way as the frequency increases, which means the
deformation curvature also increases. However, the
vibration amplitude decreases as the resonance frequency
increases, which allows the volume changing rate of the
water tank to decrease, but the atomizer rate under the
resonant frequency generally increases incrementally. This
finding disagrees with previous discussions on the pumping
effect caused by volume changes of the water tank as well
as the atomization generated under ultrasound conditions.
However, the dynamic cone angle shown in Fig. 3 has
larger changes as the changing rate of the dispenser
deformation curvature increases. Eq. (7) shows that the
volume changing rate of a micro-tapered aperture increases
as the changing rate of the deformation curvature increases.
This allows the dynamic cone angle pumping effect
calculated with Eq. (16) to become stronger and so the
atomizer rate also increases. Hence, the vibration and
elastic deformation of the dispenser allow the
micro-dynamic cone angle to work as a pump. There are
two possible reasons for the reduction of the atomization
rate when the frequency reaches 153.94 kHz. The first is
that the overall displacement amplitude decreases at higher
resonance modes and the rate of change also decreases. The
second reason is that the flow velocity in the aperture
increases with increasing frequency, and this leads to the
increased flow resistance.

The atomizer rates are measured when the atomizer is in
the forward and reverse directions (defined in Fig. 10 and
Fig. 11). Because the atomizer rates under both forward
and reverse directions need to be measured, the fluid is
supplied to the atomizer with a cotton stick here, in order
to prevent short circuits of the electrodes on the

piezoceramic ring. The equipment to be measured is
shown in Fig. 8(b). The dispenser was kept a short
distance to the cotton stick during this measurement. As
effected by the water surface tension, a liquid bridge will
be formed between the cotton stick and the dispenser. The
liquid to be atomized is supplied with this liquid bridge.

o

= ~

g 00 f=113.58 kHz

E o0t

5

g 001-

=

>

8 YUs

s

% —0.01 i

by Foward direction
= —0.02F

s E@ Reverse direction
= —-0.03F-

N I I I | | 1 |
£ 200 30 40 50 60 70 80
< Peak-to-peak voltage Vpp/V

Fig. 10. Difference values of the atomizer rates
of the micro straight aperture atomizer before and
after the direction change

012 f=113.60 kHz

v

0.08 -

m Foward direction

0.06 -

Atomization rate difference value Ag_/(mL.min—1)

0.04 -
Reverse direction

0.02
ol

| | | 1 | | |

20 30 40 50 60 70 80

Peak-to-peak voltage Vpp/V
Fig. 11. Difference values of the atomizer rates of the

micro-tapered aperture atomizer before and
after the direction change

Fig. 10 shows the atomization rate difference values
with the voltage at 113.58 kHz when the micro straight
aperture atomizer is in the forward and reverse directions.
As constrained by the processing method, the micro
straight aperture with the same dimensions as the
micro-tapered aperture is unavailable. The micro straight
aperture with a diameter of about 100 um is used in this
letter.

The experiment illustrated in Fig. 10 shows that
atomization can be generated under both forward and
reverse directions when the voltage is from 20 V to about
40 V. When the voltage increases, the atomization rate also
increases. However, as the voltage increases, the atomizer
rates under the forward and reverse directions are basically
the same and almost no atomizer rate difference value is
caused.

Fig. 11 shows the atomization rate difference values
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with the voltage at 113.60 kHz when the micro-tapered
aperture atomizer is operating in the forward and reverse
directions. It is found during the measurement that no
visible atomization, instead only drops are observed at the
micro-tapered aperture under the forward and reverse
directions when the voltage is less than 30 V. For the
micro-tapered aperture under the forward direction, visible
atomization is generated when the voltage is higher than
30 V, and the atomization rate increases when the voltage
increases. For the micro-tapered aperture under the reverse
direction, only water drops are formed even when the
voltage reaches 70 V. However, when the voltage is greater
than 70 V and reaches 80 V, atomization begins. The
atomization rate measured under the forward direction is
much higher than that measured under the reverse
direction. The atomization rate difference increases as the
voltage increases. In the test described above, aperture
directions are directly related to atomization conditions,
and the micro-tapered aperture produces effects.

6 Conclusions

(1) In this letter, the dynamic cone angle effect on the
atomization is proven theoretically. The volume of a
micro-tapered aperture in the dispenser changes when the
dispenser is vibrating. In the micro-tapered aperture, flows
are observed in both nozzle and diffuser elements. As the
flow resistances in the nozzle and diffuser elements are
different, the flow rates in the nozzle and diffuser elements
are also different, which allows the macroscopic flow from
the flared side to the tapered side in the aperture. This is
how the dynamic cone angle phenomenon drives the
dispenser atomization.

(2) The pumping effect of the dynamic cone angle
occurs only when the material of the dispenser has good
elasticity, poor rigidity, or strong periodic force. The
dispenser with micro-tapered apertures can be easily
actuated by the high-frequency vibration of a piezoceramic
ring. In this case, the dynamic tapered aperture enhances
the pumping action while increasing the range of droplet
sizes. This effect is commonly found in nozzles for
high-pressure engines and printers that need smaller
droplet sizes and lower dispersion. Reducing the dynamic
tapered angle pumping effect may be an important
endeavor to improve nozzles for high-pressure engines and
printers.

(3) In the experiments, the atomizer rates of the
atomizer with a micro straight aperture dispenser in the
forward and reverse directions are almost the same, while
the atomizer rates of the atomizer with a micro tapered
aperture dispenser in the forward and reverser directions
are significantly different. The difference value increases
as the voltage increases. Also, it is found by measurements
that the atomizer rate under each resonance point is
connected with the degree, to which the cone aperture is
deformed but independent on the degree, to which the

dispenser is deformed. It is fully validated in these two
experiments that the dynamic cone angle phenomenon
drives the atomization. The atomizers with Dbetter
performance are especially applicable in the fields
including Inhalation therapy, nano-atomization dry, and so
on.
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