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ABSTRACT Existing valveless piezoelectric pumps are mostly based on the flow resistance mechanism to generate
unidirectional fluid pumping, resulting in inefficient energy conversion because the majority of mechanical energy is
consumed in terms of parasitic loss. In this paper, a novel tube structure composed of a Y-shaped tube and a ¢p-shaped
tube was proposed considering theory of jet inertia and vortex dissipation for the first time to improve energy efficiency.
After verifying its feasibility through the flow field simulation, the proposed tubes were integrated into a piezo-driven
chamber, and a novel valveless piezoelectric pump with the function of rectification (NVPPFR) was reported. Unlike
previous pumps, the reported pump directed the reflux fluid to another flow channel different from the pumping fluid,
thus improving pumping efficiency. Then, mathematical modeling was established, including the kinetic analysis of
vibrator, flow loss analysis of fluid, and pumping efficiency. Eventually, experiments were designed, and results showed
that NVPPFR had the function of rectification and net pumping effect. The maximum flow rate reached 6.89 mL/min,
and the pumping efficiency was up to 27%. The development of NVPPFR compensated for the inefficiency of traditional

valveless piezoelectric pumps, broadening the application prospect in biomedicine and biology fields.
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1 Introduction

With the increasing demand for accurate flow control,
diversified application scenarios, and complexity of fluid
transfer in microchannel, traditional pumps, such as gear
pumps and centrifugal pumps [1-5], have difficulty
achieving the requirements due to the limitations of their
structures and working principles. With the advantages of
low energy consumption, compact structure, miniaturiza-
tion, instant response, precisely controlled energy
transfer, and no electromagnetic interference, piezoelec-
tric pumps [6—16] have made remarkable progress as a
powerful technique for microfluidic transport, widely
used in biomedicine [17-23], thermal management
[24,25], precise driving [26-28], and fuel supply [29,30].
Generally, owing to the easier fabrication and simple
control strategies, valveless piezoelectric pumps driven
by resistance mechanism (VLPPRM) are more attractive
in micro-nano applications and have great values in
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research activities [31-42].

VLPPRMs mainly consist of two parts, pump chamber
driven by piezoelectric actuator and valves with no-
moving parts. So far, the no-moving parts contain conical
tubes [33,36,39], Y-shaped tubes [34,38], spiral tubes
[35], vortex diodes [42], and an unsymmetrical chamber
with blocks arranged [32]. By designing such structure
with a no-moving part, the flow resistances are different
when it flows forward and reverse, resulting in different
energy losses. Thus, the fluid flow is unidirectional from
a net flow standpoint. However, existing VLPPRMs have
a common defect of low energy efficiency because the
flow channel during suction is the same as that during
compression processes. However, the undesirable reflux
will happen and impinge the forward pumping fluid,
resulting in a majority of the kinetic energy consumed as
parasitic loss, which reduces the net flow rate with low
pumping efficiency.

To improve the net flow rate, researchers have
proposed several solutions mainly focused on two
aspects: the structure of vibrator and pump body. To the
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former, according to the resonant principle, output
amplitude can be amplified by using a resonant vibrator.
Park’s research group [43—45] first fabricated a resonant
piezoelectric pump with high power density, which has a
maximum power of 8.7 mW. Later, in Wang’s studies,
they proposed several resonant piezoelectric pumps, such
as folded piezoelectric structure [46] and beam—piezo-
electric structure [47]. They all were demonstrated
experimentally to realize amplifying output amplitudes
and high power density. Mohith’s research group
proposed a resonant piezoelectric pump with a flexural
amplifier and conducted a systematic research on
vibration and pumping performance [48—50]. Researchers
also proposed other resonant actuators, for example,
annular bimorph resonant vibrator [51], U-shaped
piezoelectric resonant vibrator [52], and flexible support
chamber [53]. The influences of different vibrator modes
of resonant piezoelectric actuator on output performance
were also explored. The results showed that the first and
third bending vibration modes generated simultaneously
would bring a higher pumping efficiency than the single-
vibrator mode [54].

To improve the structure of the pump body, researchers
mainly focus on the design of the no-moving-part valves.
Sayar and Farouk [55] investigated the influence of
overall pump size on pumping performance, taking a
valveless piezoelectric pump with a conical tube as the
research object. Ma et al. [56] proposed a piezoelectric
pump with rib structures integrated into the chamber,
which improved pump efficiency by confining the fluid
flowing from inlet to outlet in the shortest path. Zhao
et al. [57] proposed a valveless piezoelectric micropump
with a crescent-shaped structure to suppress reflux by
increasing reflux shock. As the number of crescent-
shaped structures increased, the flow rate also increased.
To achieve high net flow and low power consumption,
Kacar et al. [58] researched on divergence angle,
nozzle/diffuser diameters, lengths, and chamber height.
They also obtained the optimized parameters of the
pump. Zhang et al. [59] designed a double-outlet
valveless piezoelectric pump with a fluid-guiding body.
By reducing the return energy of the liquid, the pump’s
efficiency improved effectively.

To date, the above improved methods for inhibiting
backflow are not ideal because the most fundamental
problem has not been addressed for which the no-
moving-part valves’ structure characteristics of dual-
wizard pass is always existing. Currently, VLPPRMs
remain inefficient. Owing to sharing the same channel,
reverse flow resistance changes accordingly when
forward flow resistance changes, which greatly limits the
freedom of design and application.

In this paper, to improve energy utilization efficiency,
the concept of half-wave rectification of electrotechnics
into fluid flow is utilized. Based on theory of jet inertia
and vortex dissipation, a composite tube (made by a

Y-shaped tube and a ¢-shaped tube jointing) with the
function of rectification is proposed. The fluid from
different flow directions flow through dissimilar flow
paths. Then, as no-moving part, the composite tubes are
integrated into a valveless piezoelectric pump. Herein, a
novel valveless piezoelectric pump with the function of
rectification (NVPPFR) is realized, which leads the reflux
into another path. Therefore, the forward fluid and the
reverse fluid are pumped in each flow channel without
extra kinetic energy loss by fluid collision, which
improves pumping efficiency. Furthermore, mathematical
modeling is established, including dynamic analysis of
piezoelectric vibrator, fluid dynamics, and efficiency
analysis. Finally, various experimental methods, such as
the test of amplitude, flow field, flow rate, and pressure,
are performed. The designed valveless piezoelectric pump
with novel flow path to improve energy efficiency is
demonstrated successfully.

2 Structural design

2.1 Design of composite tube

Figures 1(a) and 1(b) show the composite tube with the
function of rectification is composed of a Y-shaped tube
and a -shaped tube jointing. Specifically, the Y-shaped
tube is a three-way tube, consisting of two bifurcated
tubes and a confluence tube. The two bifurcated tubes are
bifurcated by the confluence tube at the angle of 2« and
symmetrically distributed with respect to the confluence
tube at the same time. The ¢-shaped tube is made up of
three parts, Channel 1, Channel 2, and a straight tube.
Channels 1 and 2 together form a symmetrical annular
channel that contains two same semi-arc tubes with the
center O/O’' and another semi-arc tube with the center O,.
The annular channel is connected to the straight tube to
form the tube shaped like the character . The two same
semi-arc tubes are tangent to another different semi-arc
tube and center O, and O" and Oy locate on a straight line.
The straight tube and the confluence tube are on the same
line that is tangent to the semi-arc tubes. The diameter of
cross-section of the tube is d, the length of the confluence
tube is L,, the length of the straight tube is L,, the radii of
the semi-arc tube are R, and R,, and the bifurcation angle
is .

The designed composite tube achieved the function of
rectification for the fluid, which contributed to the result
that the fluid from different directions flowed through
various flow paths. In Fig. 1(b), the fluid flowed through
Channel 1 in direction 1 while flowing through Channel 2
in direction 2. This phenomenon could be explained by
jet inertia [60] and vortex dissipation. On the one hand,
Figs. 1(c) and 1(d) show that when the fluid flowed
through Sections A and B, it mainly flowed along the
original direction under the action of inertia. On the other
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Fig. 1 Structure of composite tube and schematic diagram of rectification. (a) Structure of composite tube, (b) flows of fluid through
composite tube in different directions, (c) flows of fluid at Section A, (d) flows of fluid at Section B.

hand, as fluid flowed through the sharp edge of the
connection, Helmholtz discontinuity was observed,
generating vortices, constantly consuming the Kinetic
energy of the fluid, and slowing down the flow in
consequence.

To verify the feasibility of the proposed composite tube
further, the velocity field of the fluid inside composite
tube was simulated through computational fluid
dynamics. The flow domain of the composite tube was
established. The diameter d of the tubes is 2 mm, the
length L, of confluence tube is 4 mm, the length L, of
straight tube is 4 mm, and the bifurcation angle « is 45°.
The radii R, and R, are 4 and 8 mm, respectively. Liquid
water at room temperature was selected as the working
medium, the inlets were set as the boundary pressure of
100 Pa, and the outlets were defined as open boundaries
with relative pressure at 0. Non-slip boundaries were
defined at wall boundaries. Owing to multiple fluid
crossings, the realizable K—e model was selected for the
solution, using a steady-state analysis. Figure 2 presents
the simulation results, where the arrow represents the
flow direction, successfully verifying the above
rectification effect of the composite tube.

The influence of fluid inertia on the rectification effect
was also explored by setting different inlet pressures.
Velocity fields inside the composite tube under inlet
pressures of 100, 200, 300, 400, and 500 Pa were
simulated. A dimensionless parameter A;,, which

represents the velocity ratios of fluid between Channels 1
and 2, was defined to compare the rectification effects
quantitatively. The pressure loss of the fluid in the tube
with a constant cross-section was ignored. Thus, the fluid
velocities in Channels 1 and 2 were approximated by the
average velocities of the fluid in cross-sections 6—6 and

88 in Fig. 2, respectively. Hence, dimensionless
parameter 4; could be written as
A= M (1)

Jonin (ts, Ug) '
where f.. (4, ug) and f, (ug,us) are the maximum and
minimum values between ug and us, respectively.

Figures 3(a) and 3(b) show the average velocity of the
fluid in cross-sections 6—6 and 8—8 under the inlets with
different pressures. In both directions, the velocity
difference of the fluid between cross-sections 6—6 and
88 became more apparent with the increase of inlet
pressure. Figure 3(c) shows both velocity ratios increased
with the increasing pressure, which means the increasing
inlet pressure enhanced the function of rectification.
Hence, fluid inertia has a great promoting effect on the
rectification of fluid inside the composite tube.

2.2 Design of NVPPFR with composite tubes

With the composite tubes as valves, an NVPPFR was
achieved. Figures 4(a) and 4(b) show that NVPPFR is
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Fig. 2 Simulation results of velocity field on the composite tube in (a) direction 1 on x—y plane and (b) direction 2 on x—y plane.
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Fig. 3 Simulation results of velocity under inlets with different pressures in directions (a) 1 and (b) 2, velocity of fluid varies with the
inlet pressure. (¢) Simulation results of velocity ratios vary with pressure.
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Fig. 4 Structure and working principle of NVPPFR. (a) Structure of NVPPFR, (b) partial view of NVPPFR, (c) flow mechanism during
suction, (d) flow mechanism during discharge, (e) calculated fluid pressure at different locations.

composed of piezoelectric vibrator, pump chamber, and
pump body. The pump body has two composite tubes
connected to the pump chamber as valves. The diameter
D, of the piezoelectric vibrator is 41 mm, the diameter D
of the pump chamber is 35 mm, and the chamber height &
is 0.8 mm. The distance s between two chamber outlets is
6 mm, and the radius R, of the bend tube connecting the
chamber outlets to the composite tubes is 2 mm. The
distance H between the composite tubes and the pump
chamber is 3 mm.

When a sinusoidal excitation was applied to the
piezoelectric vibrator, the conversion of electric energy
into mechanical energy occurs under the mechanical—
electrical coupling effect. Thus, mechanical stress was
generated, forcing the volume of the pump chamber to
change periodically. Figures 4(c) and 4(d) show that
during suction, the volume of the pump chamber increa-
sed with negative pressure occurring, and atmospheric
pressure pushed the external fluid through the composite
tubes into the pump chamber. During discharge, the
volume decreased, and the fluid in the pump chamber was
pressed out of the pump chamber through the composite
tubes. In a working cycle of “suction—compression”

processes, the reverse fluid was led to another channel
different from the forward fluid due to the rectification of
the composite tubes. Specifically, the external fluid was
inhaled into the pump chamber through Channel 1 during
suction, whereas the internal fluid was squeezed out
through Channel 2 during discharge.

Figure 4(e) shows the pressures of the fluid at different
locations. The pressure of the fluid at chamber outlets
changed as a sine wave in theory. Through the composite
tubes, the fluid was divided into two streams with the
pressure change of half sinusoid, which realized the half-
wave rectification in fluid flow. The net pressure outputs
of Channels 1 and 2 were better than that of the outer
joint. Reflux was avoided because the reverse fluid was
led to another channel. Hence, the pumping efficiencies
in Channels 1 and 2 were greatly improved compared
with that in the outer joint. The fluid would be pumped in
a unidirectional manner by NVPPFR on a net flow basis
due to the differences in kinetic energy loss of fluid
between Channels 1 and 2. Therefore, NVPPFRs had
rectification effect and pumping effect. Setting Channels
1 and 2 as outlets would obtain a high pumping
efficiency.
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3 Mathematical modeling
3.1 Dynamic model of piezoelectric vibrator

When the vibration mode of the vibrator is in the first-
order mode, the deformation surface is considered a
paraboloid. Therefore, the displacement g, velocity ¢, and
acceleration ¢ of any point on the piezoelectric vibrator
are expressed as

q=q(r,0)sin(2nft), )

. d[q(r,0)sin(2nf1)]
7= dt

=2nfq(r,0)cos(2nft), (3)

. &[q(r,0)sin@nfD)] 4

q= d t2 ’ ( )
where (7,6) refers to a location on the piezoelectric
vibrator, f is the working frequency of the piezoelectric
vibrator, and ¢ is time.

According to Eq. (3), the velocity of the piezoelectric
vibrator varies with time. Accordingly, the kinetic energy
generated by the piezoelectric vibrator varies over time.
In a period, the kinetic energy at the point above the
piezoelectric vibrator is expressed as

17@f

E(r,0) = fo ' m(@Ydt = g (r,6), (5)

where E (r,60) is the kinetic energy at the point above the
piezoelectric vibrator, and m is the mass of the
piezoelectric vibrator.

Hence, in unit time, the average kinetic energy per unit
mass at the point above the piezoelectric vibrator is
expressed as

LA L) T fq (r,6). (6)
om

The mechanical energy E generated by the deformation
of entire surface of piezoelectric vibrator is expressed as

2n RaE ’0
E :mL defo (a;m)frdr. %

If the mechanical energy produced by the vibrator
completely acts on the fluid of pump chamber, the
following relation is obtained:

1
E=E,= zpué, (8)

where E| is the initial energy of the fluid, p is the density
of the fluid, and u, is the fluid velocity of the chamber
outlet.

3.2 Fluid dynamic model

Fluid resists deformation and produces internal friction to
reduce the relative motion of the fluid because the actual
fluid is viscous. According to Newton’s law of viscosity,
the shear stress caused by the relative motion of fluid

layers is 7;, in laminar flow. The turbulent shear stress
caused by velocity fluctuation is 7, in turbulent flow,
which is obtained by Prandtl mixing length theory.
Subscript i and r represent flow direction i and flow
channel r, respectively. Therefore, the kinetic energy loss
of the fluid in the flow channel is regarded as the results
of shear stress 7;,, and turbulent shear stress 7;,. Thus, the
following relationships are observed:

L, = |:glr(Tlrller2):|’ )

§2r (T2r1 > T2r2)

dulr
/‘llr_
Tir _ dylr
|:T2rl:|_ dl/tz, ’ (10)
#2r dy2,
(5]
||\ |2 & (11)
T2 dqu 2 r rl
MZV(@)

where ¢, is the energy loss coefficient in the direction i
inside flow channel r, y; is the dynamic coefficient of

. . du,'r . . . . .
viscosity, — 1is the velocity gradient of fluid, and [, is

the Prandtl l;nixing length. Subscript i represents the
direction of fluid flow. When i is 1 and 2, the fluid flows
along directions 1 and 2, respectively. Subscript r
represents the flow channel. » of 1 and 2 represent the
flow channels 1 and 2, respectively.

In Sections A and B, as shown in Figs. 1(c) and 1(d),
the cross-sectional area of the fluid expands suddenly,
and the fluid flows with the wall constraints of the tube
and forms a jet flow without wall constraints. Therefore,
based on the flow characteristics of jet flow, the flows of
fluid at Sections A and B are deduced. The velocity ratios
of fluid in Channels 1 and 2 are expressed as a
dimensionless parameter 4;, and the specific derivation is
shown in Appendix. Thus, the kinetic energy E, of the
fluid is expressed as the following matrix:

A 1
E, E, A+1 A+1
E, = = E 12
[EZI Ezz} 1 A 0 (12)
A+l AB+1

As a result, the fluid kinetic energy loss AE, is
expressed as

AEirzgrEir- (13)

In addition, due to the different flow rates of fluid
between flow channels 1 and 2, mutual pulling force and
additional shear stress will be generated during the

parallel flow, resulting in extra energy loss AE,. Thus, it
can be expressed as
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AE; = ¢, E,, (14)
where ¢, is the extra energy loss coefficient when fluid
flowed in the direction i.

In conclusion, based on the analysis of the above, the
total energy loss AE; of fluid flowing in directions 1 and
2 are expressed in matrix form as

2

AE, é/l]
AE, 1

412 {lc

E,. (15)
+§2e

1

2
2
*ZZI/l§+1 L+l
The energy loss coefficient ¢, is expressed in matrix
form as

AE,’ = |:
+4n

2

A
a 511 +4n +1+§1e y
{i_ 42 1 /12 ( )
lem"‘gzz/lz_i_l"‘{ze

Accordingly, the flow rate Q of pump at outer joint is
given by [28]

0=avrl Al

+4+41
where AV represents the volume variation of pump
chamber in a half period. If the working fluid is
considered incompressible, according to Ref. [13], and
AV can be expressed as AV = ngR>.

(17)

3.3 Efficiency analysis

During the work cycle of suction and compression, the
kineticenergy loss AE of the fluid pumped in a
unidirectional manner in the outer joint is expressed as

E =|AE, - AE,| =|(AE), = AEy) — (AE,, - AEy)|. (18)
Pumping efficiency # in the outer joint can be
expressed as

_AE
n= I (19)
Pumping efficiency 7, in Channels 1 and 2 can be
expressed as

AE, —AE,,

E, , (20)

7712‘

AE]2 _AEZZ

i @D

’72=‘

4 Experiment design

Stereo lithography apparatus was adopted, and transpa-
rent photosensitive resin was used to make the pumps
with a molding dimensional accuracy of 0.1 mm. Their

parameters are shown in Table 1. The parameters of
piezoelectric vibrator used are shown in Table 2.

An experiment was carried out in an indoor environ-
ment with no wind interference at a room temperature of
25 °C. The working fluid medium of the sample pump is
deionized water with viscosity of 1000 Pa-s.

The function signal generator (AFG1062, Tektronix,
USA) was used to provide sinusoidal signal. Then, it was
amplified by the power amplifier (HAS4051, NF, Japan)
and applied to the piezoelectric vibrator. Performance
tests of NVPPFR were carried out, as shown in Fig. 5,
mainly including the amplitude test of vibrator, flow rate
test, and pressure test of NVPPFR. The oscilloscope
(DSO-X2004A, Keysight, USA) was used to monitor the
actual applied voltage, current, and frequency of the
piezoelectric vibrator. For the amplitude test, the laser
displacement sensor (LKHO020 (the resolution is 1 um),
Keyence, Japan) was used to measure the amplitudes of
the vibrator with the air and deionized water. To obtain
the surface deformation of the vibrator, nine equally
spaced points were marked, as shown in Fig. 5(b), and the
amplitude of each point was measured in the experiments.
The flow rate under zero back pressure was tested, as
shown in Figure 5(c).

Moreover, Fig. 5(e) shows that to verify the improving
pumping efficiency at flow channel 2 further, the forward
and reverse pressures at outer joints 3 were tested through
dynamic pressure sensor (HM90, HELM, Germany). The
range of measurement is between —30 and 30 kPa,
accuracy is 0.25%, frequency response is less than
20 kHz, and natural frequency is more than 700 kHz.

Table 1 Structural parameters of piezoelectric pumps

Pump dmm  Ly/mm  Lymm  R/mm  Rymm  a/(°)
1 2 4 4 4 8 30
2 2 4 4 4 8 35
3 2 4 4 4 8 40
4 2 4 4 4 8 45
Table 2  Structural parameters of vibrator

Parameters Values

Resonant frequency 2.1 kHz
Resonant impedance <175 Q

Free capacitance 450 nF

Metal plate diameter 41 mm

Metal plate thickness 0.23 mm

Metal plate density 8.5 x 10% kg/m>

Ceramic disc diameter 36 mm
Ceramic disc thickness 0.30 mm
Ceramic disc density 7.5 x 103 kg/m?
Total mass 43¢
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Fig. 5 Performance test of NVPPFR. (a) Bottom and (b) front views of pump; (c) diagram of experimental setups; (d) amplitude test;
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5 Results and discussion
5.1 Amplitude and kinetic energy of vibrator

Figures 6(a) and 6(b) show the measurement results of
the amplitude over the center of vibrators at different
pumps and conditions. When deionized water was the
working medium, the four groups of pumps showed a
good consistency. The amplitudes among them increased
at first and then decreased with the change of frequency.
PZT (lead zirconate titanate piezoelectric ceramics)
pumps 1, 2, 3, and 4 had maximum amplitudes of
49.5 um at 44 Hz, 60 pm at 44 Hz, 64.5 pm at 38 Hz, and
30.5 um at 50 Hz, respectively. However, when air was
the working medium, the amplitude of the vibrator varied
with frequency as a horizontal line. Hence, the type of
fluid the pump coupled with had a substantial effect on
the mechanical performance of the vibrators. In addition,
an approximate linear relationship was noted between
amplitude and voltage at the fixed driving frequency of
40 Hz in the range from 50 to 100 V.

According to Eq. (6), the kinetic energy per unit mass
of the vibrators at different driving frequencies and
voltages could be calculated, as shown in Figs. 6(c) and
6(d). The trends were consistent with the amplitude of the
vibrators. PZT pumps 1, 2, 3, and 4 had maximum kinetic
energies of 52 mm?2/s? at 46 Hz, 70 mm?/s? at 44 Hz,
71 mm?%/s? at 42 Hz, and 22 mm?%/s2 at 50 Hz, respec-
tively. However, the kinetic energy of the vibrator with
the working medium of air increased slowly with the
increasing frequency.

Moreover, to explore the mode of vibrator, PZT pump
4 was taken as the study sample. Then, the amplitudes of
nine equally spaced points at the surface of vibrator were
also measured at the driving voltage of 100 V and the
driving frequency of 50 Hz in the experiments.
Accordingly, the distribution of kinetic energy on the
piezoelectric vibrator was obtained, as shown in Fig. 7.
The kinetic energy of the vibrator was highest at the
center and decayed from the center to the edge. Thus, the
variation trends of the kinetic energy along the radial
direction were isotropic. Therefore, the vibration of
vibrator was roughly regarded in the first-order model.

The above results concluded an evident variance of
kinetic energy of vibrator at different driving frequencies
under the same driving voltage. Hence, selecting the
appropriate driving frequency was vital for a high
conversion efficiency. In the operating frequency range of
pumps, the mode of vibration was first order, which
usually had the ability to generate more kinetic energy.
Therefore, the designed pumps had a high energy
efficiency.

5.2 Output performances of NVPPFR

When the vibrator had a higher amplitude, the proposed
pump had a rectification effect due to the increasing
inertia of fluid, resulting in a pumping effect. Figure 8
shows the average pumping flow rate of PZT pump 4 at
measurement times of 20, 40, and 60 s. The pumping
flow rate at the measurement time of 20 s was the
maximum, whereas that at the measurement time of 60 s
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Fig. 6 Amplitude and kinetic energy of vibrators over different pumps. Variation of amplitude with (a) frequency and (b) voltage, and
variation of kinetic energy per unit mass with (c) frequency and (d) voltage.

was the minimum because the phenomenon of siphonage
appeared and increased pumping resistance as the
pumping continued. Therefore, the arithmetic mean of
three sets of data measured in different measurement
times was selected as the experimental results for the next
data analysis. In terms of error, the upper limit of error
was the difference between arithmetic mean value and
flow rate at 20 s. Similarly, the lower error limit was the
difference between arithmetic mean value and flow rate at
60 s.

Hence, the measurement results of net flow rates
among the four pumps varied with frequency and voltage,
as shown in Fig. 9. The pumping direction of these
sample pumps was direction 1, and the trends of flow rate
were approximately consistent with the kinetic energy
curve of the vibrators. Under a fixed voltage of 100 V,
PZT pumps 1, 2, 3, and 4 had maximum net flow rates of
8.02 mL/min at 46 Hz, 12.58 mL/min at 40 Hz,
13.29 mL/min at 38 Hz, and 6.89 mL/min at 44 Hz,
respectively. In the range from 50 to 100 V, the flow rate
increased with the increasing voltage. The measurement
results clearly exhibit that the characteristic of flow rate
was consistent with the kinetic energy of the vibrator that
was the immediate cause of the pumping flow rate of the

pumps. Hence, the output performances of pumps could
be adjusted by driving frequency and voltage.

5.3 Pumping efficiency at outer joint and local flow
channel

According to previous analysis, the pumping efficiency
for the outer joint was obtained by Eq. (19) that is
expressed as 5 =AE/E,, and AE was obtained by
pumping flow rate Q measured in the experiment
according to the following relationship:

1
AE = Epuz, (22)

where u is the sum of velocity vectors of fluid at the outer
joint. u can be calculated by u = Q/S = Q/ (nr?), where S

represents the sectional area of the composite tube.
According to Eq. (8), E, was obtained by the amplitude

q expressed as

E, = Lo
0 — zpum
can be calculated by u,=AVf/(2S)=

(23)

where u,
gD’ f/(8r°).
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Thus, the pumping efficiency for the outer joint was
expressed as

u? 160°
N="5= o (24)
u; 7w fq*D

In addition, pumping efficiency for Channel 2 was
obtained by #, = AE,/E,, and E, could be obtained by
fluid pressure measured in the experiment. The fluid
pressure change in Channel 2 was obtained by
experiment. The pressure in compression was defined as

(@

Kinetic energy per unit
mass/(mm?-s2)

~
=3
~

Kinetic energy per unit
mass/(mm?-s?)

Fig. 7 Distribution of kinetic energy on piezoelectric vibrator.
Distribution of kinetic energy on (a) x—y plane and (b) x——=z
space.
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forward pressure, whereas that in suction was defined as
reverse pressure. At the excitation frequency of 40 Hz
and voltage of 120 V, the relationship between fluid
pressure and time was a harmonic wave with “noise,” as
shown in Fig. 10(a). After 1 Hz fast Fourier transforma-
tion, the processed curve could be obtained. The variation
of forward pressure P; and reverse pressure P, with
frequency were measured, as shown in Fig. 10(b).

Based on the measuring result of pressure, AE, and E,
could be approximated as

AEZ |Pf r| s (25)

Ey=P;+P. (26)

Therefore, pumping efficiency # and #, for the outer
joint and Channel 2 were obtained as well, as shown in
Fig. 11. Both efficiencies increased at first and then
decreased with the change of frequency. When the
efficiencies were at their peaks, their frequencies were
approximately the same. Pumping efficiency 7 for the
outer joint had the maximum of 3.64% at 38 Hz,
however, efficiency #, for Channel 2 had the maximum of
26.41% at 46 Hz, which was nearly seven times as much

Flow rate/(mL-min™")
N W A Y 3 00 O
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Fig. 8 Flow rate at measurement times of 20, 40, and 60 s.
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Fig. 9 Net flow rate of different pumps. Variation of net flow rate with (a) frequency and (b) voltage.
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Fig. 11 Calculated results of conversion efficiency for outer
joint and Channel 2.

as 7. This result verified the feasibility of proposed pump
for improving the energy efficiency and indirectly
showed that it had the function of rectification.

5.4 Discussion of results

Figure 6 shows a clear variance in the amplitude of the

vibrator with different working mediums. When the
working medium was air, the amplitude of the vibrator
varied with frequency as a horizontal line. However, the
amplitude increased first and then decreased with the
frequency when deionized water was used. This
phenomenon could be explained based on fluid elasticity.
The fluid of the pump chamber and the piezoelectric
vibrator were considered a unified fluid—solid coupling
system. The vibrator acted on the fluid in the pump
chamber and generated dynamic pressure of the fluid,
which depended on the displacement, velocity, and
acceleration of the elastic system vibration. At the same
time, the dynamic pressure would change the
displacement, velocity, and acceleration in turn. This
interaction between vibrator and fluid showed as inertia
coupling, damping coupling, and elasticity coupling,
which caused the elastic system to produce attachment
mass, damping, and stiffness. Therefore, its general
equation of motion could be expressed as

(M. + Myl{g} +[C. + Culig) + [K. + Kulig) = {F}, (27)

where [M,+My], [C.+Cyl, and [K,+Ky] are the
combined mass matrix, combined damping matrix, and
combined stiffness matrix in the unified fluid—solid
coupling system, respectively, M, C,, and K, are the
mass, damping, and stiffness of the vibrator, respectively,
My, Cy, and K;; are the attachment mass, damping, and
stiffness causing by fluid coupling, respectively. F is the
vector sum of the exciting force.

For the system, resonance frequency f, was expressed
as

K/M

n — 27[ b

where K is the stiffness of the elastic system, and M is
the mass of the elastic system.

The attachment mass My and stiffness Ky produced by
the elastic system were dissimilar when different kinds of
fluids were coupled to the piezoelectric vibrators due to
the compressibility difference among various kinds of
fluid. Hence, the amplitude and resonance frequency of
the piezoelectric vibrator diffed when air and water were
used as working medium.

(28)

5.5 Comparison with previous fluid diodes

In electronic components, where current is allowed to
flow in a single direction only, a device with two
electrodes is called an electronic diode. When the current
flows forward, the forward resistance is very small, and
the current can pass through. However, the reverse
resistance is high and the current is blocked when it flows
in the opposite direction. Thus, the electronic diodes
realize the current of the single wizard, which can change
the alternating current into a single direction of pulsating
direct current.
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In the fluid components, the characteristics of the
resistance difference mechanism of the electronic diode
are applied to the fluid flow. The tube with difference
resistance between positive and negative flow, which is
called fluid diode, such as conical tube, Tesla tube, Y-
shaped tube, and vortex diodes, is proposed, and its
working principle is shown in Fig. 12(a). The positive
and negative fluids flow along the same flow channel of
the tube. However, the flow resistances of the fluid in
different directions through the flow channel are
dissimilar. For example, the flow resistance of the fluid
along the conical tube is different in the direction of
nozzle and diffuser, and the flow resistance along the Y-
shaped tube is different in the direction of diversion and
confluence. The piezoelectric pumps with fluid diodes
can pump the fluid in a unidirectional manner due to
difference resistance. This mechanism will unavoidably
bring the reflux to impinge the forward pumping fluid,
which results in poor efficiency.

Compared with the fluid diode above, the composite
tube proposed in this paper has the function of
rectification. Figure 12(b) shows that the forward fluid
flows through Channel 1, whereas the reverse fluid flows
through Channel 2. Thus, the composite tube is called the
fluid rectifier diode. The piezoelectric pump with the
fluid rectifier diode can correct the reflux fluid to another
flow channel different from the pumping fluid. Therefore,
in the whole pumping cycle, the forward fluid and the
reverse fluid are pumped in each flow channel without
extra kinetic energy loss caused by collision of reflux,
which improves pumping efficiency. Furthermore,
different from traditional fluid diodes, the proposed fluid
rectifier diode can realize the advantage that the flow

(@)

resistance in one direction can be changed separately
without affecting the flow resistance in the other direction
due to the characteristics of rectification. This setup is
unattainable for traditional fluid diode because the reverse
flow resistance changes accordingly when the forward
flow resistance is changed because they share the same
channel. Hence, the proposed fluid rectifier diode greatly
increases the freedom of flow channel design for
valveless piezoelectric pump, which will benefit
designing a piezoelectric pump realizing bidirectional
pumping by only controlling driving frequency. It is one
of the unsolved issues in the field of piezoelectric pumps
and needs to be addressed in our next work.

6 Conclusions

To improve energy efficiency, a composite tube with the
function of rectification was proposed based on theory of
jet inertia and vortex dissipation. Then, as no-moving
part, the composite tubes were integrated into a valveless
piezoelectric pump. Thus, an NVPPFR was proposed.
Theoretical analysis, simulation, and experiments were
conducted to prove its pumping effect, rectification, and
high energy efficiency. The following results were
obtained:

e NVPPFRs had the pumping effect with the maximum
flow rate of 13.29 mL/min.

e The kinetic energy of the vibrator could be adjusted
by driving frequencies and voltage, and selecting the
appropriate driving frequency was vital for a high
conversion efficiency.

e NVPPFR could rectify the reflux fluid to another

AN AN

- Flow channel
A il
\VAAVARV/IEE '
Fluid diode

(b)

Flow channel 1

{ '; 'b'.

JANWA
\VARVERV/

JAWA

(] (l

Flow channel 2

Fluid rectifier diode

» Forward fluid Reverse fluid

Fig. 12
and (b) the proposed fluid rectifier diodes.

Comparison between previous fluid diodes and the proposed fluid rectifier diode: working principle of (a) previous fluid diodes
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flow channel different from the pumping fluid, which
realized the forward fluid and reverse fluid pumped in
each flow channel without extra kinetic energy loss by
fluid collision. The pumping efficiency for Channel 2
reached 26.41%, which was nearly seven times as much
as that for the outer joint.

e The amplitude and the resonance frequency of the
piezoelectric vibrator varied when different working
media were used because the attachment mass My and
stiffness Ky produced by the elastic system were
dissimilar when different kinds of fluids were coupled to
piezoelectric vibrators.

Appendix

Figure A1 is the simplified hydrodynamic model of fluid
flow in the composite tube. In Fig. Al(a), the average
velocity u,; of the fluid at cross-section 3—3 was regarded
as equally distributed velocity when the fluid flowed in
direction 1. At Section A, the fluid was considered jet
flow, the diffusion angle of jet flow was (3, and the
thickness of the jet diffused in a linear manner. Thus, the
velocity Umw of the fluid on the cross-section m'n’ was
approximately in the form of Gaussian normal
distribution. Therefore, the velocity equation on the
cross-section m'n’ could be expressed as

2
_ V1
Uy = Uim€XP _bz s
half-1

where u,,, is the maximum velocity of the fluid flowing in
direction 1 at cross-section m'n’, and by, is the half
characteristic thickness of the jet in direction 1, which is
equal to the distance from the place with velocity
Uy = Uin/e to axis x;. When jet thickness diffusion

(AT)

coefficient in direction 1 is &, and jet thickness in
direction 1 is by, half-characteristic thickness by, is
given by buaei = Ecoer-1Dinict-

According to the conservation of momentum flux of the
jet between sections mn and m'n’, the following
relationship could be obtained:

pirsd = L Pllpdy.

Substituting Eq. (Al) into Eq. (A2), the maximum
velocity u,,, could be written as

(A2)

()
Um = Ups.
g

Therefore, on the x;—y; plane, the flow rates Qg5 and
Qs,; for the flow of the fluid from Section 3-3 to Sections
5-5 and 7-7 are expressed as a matrix for

Osis | _ d/2um'“'dy'
P e

—00

(A3)

(A4)

When flowing in direction 1, dimensionless parameter
A, can be used to express the velocity ratios of fluid in
Channels 1 and 2. Thus, the velocity ratios was approxi-
mated as

o

U dy
2, = Lo canfr A (AS)
Os17 fiw U dy)

Given that kinetic energy is a quadratic function of
velocity, the relationship of the kinetic energy of fluid in
Channels 1 and 2 was expressed as

Erll
Er12
where E,, is the kinetic energy of fluid in Channel 1

= 2 (A6)

(b)

d

Direction 1

Fig. Al

QU
o el e

|

=)

Direction 2

Model of fluid dynamics in composite tube: fluid dynamics at (a) Section A and (b) Section B.
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when fluid flows in direction 1, and E,, is the kinetic
energy of fluid in Channel 2 when fluid flows in
direction 1.

The fluid dynamics at Section B was also analyzed
based on the flow characteristics of the jet. In Fig. A1(b),
when the fluid flowed from direction 2, the velocity
equation on Section g’h’ was expressed as

y2
Ugty = Upy EXP (— b 2 ), (A7)
half-2
where u,,, is the maximum velocity of the fluid flowing in
direction 2 at cross-section g'h’, and by, is the half-
characteristic thickness of jet, which is equal to the
distance from the place with velocity iy, = /e to axis
X,. When thickness diffusion coefficient of the jet is &,
and jet thickness is by,,, half-characteristic thickness
Dhaes 18 given by byaes = Scocr2Dinia-
Therefore, on the x,—, plane, flow rates Qs,s, Osa7, and
Qq; for the flow of the fluid from Section 9-9 to Sections
6—6, 7-7, and 8—8 were expressed as a matrix for

a2 U dy,

Oss i
O | = o ug’h’dyZ (A8)
Oss 2 fom o dy,

When the fluid flowed in direction 2, dimensionless
parameter A, can be used to express the velocity ratios of
fluid in Channels 1 and 2. Thus, A, can be written as

a5
1, = Osos _ J;) ”g’h/dyZ

2 - 0o .
Osz6 + Os7 Uy dy,

dn

(A9)

Therefore, the relationship of the kinetic energy of fluid
in Channels 1 and 2 was expressed as

Er22

E.,
where E,,, is the kinetic energy of fluid in Channel 1
when fluid flowed in direction 2, and E,,, is the kinetic
energy of fluid in Channel 2 when fluid flowed in
direction 2.

According to jet inertia, the larger the flow velocity u of
the fluid is, the smaller the diffusion angle of the jet.
Thus, the value of dimensionless parameter A; satisfies
the following relationship:

=1, (A10)

limA; = co. (A11)
Uu—oo

Nomenclature

Draici Half characteristic thickness of jet in direction i

binii Jet thickness in direction i

C, Damping of the vibrator

Cy Attachment damping causing by fluid coupling

Ey
AE
E.
AE,
AE,
AE,
E(r,0)

~

max

S~

min

Pfapr
4.9.4

R,
Ry, Ry

Uy
AV
(,0)

Ecoef-i

Diameter of cross-section of tube
Diameter of pump chamber

Diameter of piezoelectric vibrator

Mechanical energy generated by the deformation of entire

surface of piezoelectric vibrator
Initial kinetic energy of fluid

Kinetic energy loss of fluid
Kinetic energy of the fluid
Total energy loss of fluid flowing
Extra kinetic energy loss of fluid

Kinetic energy loss of fluid

Kinetic energy at the point above the piezoelectric vibrator

Working frequency of the piezoelectric vibrator
Function that takes the maximum value
Function that takes the minimum value
Resonance frequency

Vector sum of the exciting force

Chamber height

Distance between composite tubes and pump chamber
Stiffness of the elastic system

Attachment stiffness causing by fluid coupling
Stiffness of the vibrator

Length of the confluence tube

Length of the straight tube

Prandtl mixing length

Mass of the piezoelectric vibrator

Mass of elastic system

Attachment mass causing by fluid coupling
Mass of the vibrator

Forward and reverse pressures, respectively

Displacement, velocity, and acceleration of the piezoelectric

vibrator, respectively
Flow rate of pump

Radius of bend tube

Radii of the semi-arc tube

Distance between chamber outlets

Sectional area of the composite tube

Time

Sum of velocity vectors of fluid at the outer joint

Fluid velocity of the chamber outlet

Maximum velocity of the fluid flowing in direction 1 at

cross-section m'n’

Velocity of the fluid on the cross-section m’n’
Volume variation of pump chamber in a half period
Polar point

Bifurcation angle of tubes

Diffusion angle of jet flow

Thickness diffusion coefficient in direction i
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Y Density of the fluid

n Pumping efficiency in the outer joint

n, Pumping efficiency in Channel »

e Energy loss coefficient in the direction i inside flow channel
”

& Extra energy loss coefficient when fluid flowed in the

direction i

Tirl Shear stress in the direction i

Tira Turbulent shear stress in the direction i

A; Velocity ratios of fluid between Channels 1 and 2
Hir Dynamic coefficient of viscosity

% Velocity gradient of fluid

dyr

Subscript

i(i=12) Flow direction i

r(r=12) Flow channel
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