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Abstract: In order to reduce backflow and improve output performance, a valveless piezoelectric
pump with a reverse diversion channel was produced. The channel was designed based on the
structure of the Tesla valve, which has no moving parts and can produce a high-pressure drop
during reverse flow. Therefore, this special flowing channel can reduce the backflow of a valveless
piezoelectric pump, which has the characteristic of one-way conduction. This work first revealed
the relationship between the main structural parameters of the Tesla valve and the kinetic energy
difference of liquid. Then, by using simulation software, the structure was verified to have the
characteristics of effective suppression of the backflow of valveless piezoelectric pumps. Through
setting multiple simulations, some important parameters that include the optimal height between the
straight channels (H), the optimal angle () between the straight channel and the inclined channel,
as well as the optimal radius (R) of the channel were confirmed. Finally, a series of prototypes
were fabricated to test the output performance of this valveless piezoelectric pump. Comparing
the experimental results, the optimal parameters of the Tesla valve were determined. The results
suggest that when the parameters of the Tesla valve were H = 8 mm, « = 30°, and R = 3.4 mm, the
output performance of this piezoelectric pump became best, which had a maximum flow rate of
79.26 mL/min with a piezoelectric actuator diameter of 35 mm, an applied voltage of 350 Vp, and a
frequency of 28 Hz. The effect of this structure in reducing the return flow can be applied to fields
such as agricultural irrigation.

Keywords: valveless piezoelectric pump; backflow; tesla valve; flow rate

1. Introduction

The piezoelectric pump, as a branch of micropump, because of its advantages of easy
miniaturization, zero electromagnetic interference, and low noise, is greatly favored by
scholars and widely used in many fields such as biomedicine [1-3], fuel cells [4-6], cooling
systems [7-9], household appliances [10], as well as electronic sensors [11-13]. Among
all kinds of piezoelectric pumps, valveless piezoelectric pumps possess the advantage of
simple structure and high reliability, which receives much more attention.

Changing the physical structure of piezoelectric pumps to reduce its backflow and
improve its output performance is a good method. Zhang et al. [14] analyzed several
representative piezoelectric pumps from four perspectives: the structural design, working
mode, optimization, and application of the piezoelectric pump. Huang et al. [15] ana-
lyzed and studied the output performance of valveless piezoelectric pumps with vortex
diodes. Li et al. [16] conducted research on additive manufacturing technology related to
piezoelectric pumps. Wang et al. [17] designed and researched a valveless piezoelectric
pump based on a nozzle-shaped actuation chamber with an acoustic resonator profile.
Dau et al. [18] designed a cross-junction channel for the valveless piezoelectric pump to
increase the flow rate. Ma et al. [19] invented a piezoelectric pump based on centrifugal
force through the principle of metal tube swing. 1zzo et al. [20] designed a new type
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of no-moving-part (NMP) valve for piezoelectric pumps. Zhang et al. [21] designed a
spiral-tube-type valveless piezoelectric pump using the flow characteristics of the spiral
tube. Zhang et al. [22] designed a novel bidirectional valveless piezoelectric micropump
using the synthetic jet effect. However, there is a common backflow problem with valveless
piezoelectric pumps, which is one of the biggest drawbacks. Therefore, several scholars
have investigated piezoelectric pumps in terms of various structures [23,24] and appli-
cations [25-28]. In 2008, Tanaka et al. [29] used polymethyl methacrylate as a substrate
and traditional machining technology to manufacture the prototype. Two kinds of pumps
with nozzle depths of 0.5 and 0.2 mm were prepared, and the influence of nozzle depth
on pump flow rate was studied. The maximum flow rate of the pump at 400 Pa was
17 mL/min when the resonant frequency was about 6 kHz and the sinusoidal voltage was
30 Vpp. In 2014, Huang et al. [30] used fractal theory to analyze the flow resistance of
Y-shaped branching tubes and the flow rate of the pump. A valveless piezoelectric pump
with Y-shaped branching tubes with different fractal dimensions of diameter distribution
was prepared. The experimental results showed that the flow rate of the pump increased
with the fractal dimension of the pipe diameter. When the fractal dimension was 3, the
maximum flow rate of the valveless pump was 29.16 mL/min under a 100 V-, (13 Hz)
power supply. In 2020, Zhao et al. [31] designed and manufactured a valveless piezoelectric
pump with a multi-order meniscus resistive fluid structure in combination with 3D printing
technology. When the order of the meniscus structure was quadruple and the input driving
voltage and frequency were 220 V., and 82 Hz, respectively, the maximum output flow of
the piezoelectric pump was 286 mL/min. These structures can reduce liquid backflow to a
certain extent and provide a certain reference for the improvement of the structure.

Recently, studies have analyzed the application of Tesla valves in pumps. The Tesla
valve is a passive one-way valve with a fixed geometry, which has one-way conduction
characteristics and can replace a movable valve [32]. In 2020, Heng et al. [33] designed a
centrifugal pump model based on the Tesla vane pump for conveying mud and multiphase
flow, and they conducted preliminary experimental tests. Tran et al. [34] developed a
valveless micropump based on the combined principle of the nozzle and Tesla element to
correct the synthetic jet, which can work under low voltage. However, there is still little
research on the Tesla valve in the direction of piezoelectric pumps, and there is a lack of
specific research on the structural parameter design and performance of the Tesla valve.

In this study, in order to improve the output performance of valveless piezoelectric
pumps, a valveless piezoelectric pump with a reverse diversion channel was presented.
The structure was designed based on the principle of the Tesla valve, using its one-way
conduction characteristics to inhibit the backflow of valveless piezoelectric pumps. Based
on the structure mentioned in the next section, we mainly studied the influence of the
height between the straight channels (H), the angle («x) between the straight channel and
the inclined channel, as well as the radius of the channel (R) on the output performance
of the piezoelectric pump, and we analyzed its theory. We then simulated it through
simulation software and finally manufactured it through 3D printing technology to test
the flow rate at different influencing factors. Comparing the experimental data, the best
structural performance parameters could be obtained.

2. Design and Principle
2.1. Piezoelectric Pump Design

With reference to Figure 1, the configuration of the proposed piezoelectric pump with
the Tesla valve is given. The size of the pump body is 100 mm x 50 mm x 20 mm. The
internal and external pipe diameters are 4 and 6 mm, respectively, at the inlet and outlet.
The piezoelectric pump is mainly composed of the pump cover, seal ring, pump body,
piezoelectric actuator, seal shim, pump base with the Tesla valve, outlet pipe, and inlet
pipe. A piezoelectric actuator is installed between the pump body and the pump cover,
which is sealed by bolts, and the fluid is sealed in the pump body by a seal shim.
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Figure 1. Structure of the valveless piezoelectric pump with Tesla valve assembly.

The structure of the reverse diversion channel based on the principle of one-way
conduction of the Tesla valve was designed. When the fluid flows forward, the total energy
loss is small; when the fluid flows in the reverse direction, the energy loss is great. It can
be concluded that the structure of the Tesla valve can reduce liquid backflow and has the
characteristic of one-way conduction.

2.2. Working Principle of the Piezoelectric Pump

The internal pressure of the pump chamber changes periodically, when the piezo-
electric actuator is excited by a sinusoidal signal to generate vibration. Due to the special
structure of the Tesla valve, it makes the amount of liquid inflow and liquid outflow dif-
ferent, and the piezoelectric pump expresses a one-way conduction characteristic. The
working principle of the valveless piezoelectric pump with the Tesla valve structure can be
divided into two main stages: the liquid inflow and the liquid outflow.

Liquid inflow stage: from time tg to t;, the piezoelectric actuator turns upward
(Figure 2a), the volume of the pump chamber increases, the pressure reduces, and fluid
enters the pump chamber through the inlet and the outlet. Based on the structural principle
of the Tesla valve, it makes more fluid enter the pump chamber through the inlet and less
fluid enter the pump chamber through the outlet.

Liquid outflow stage: from time t; to tp, the piezoelectric actuator turns downward
(Figure 2b), the volume of the pump chamber reduces, and the pressure increases while
pushing the fluid flows out through the inlet and the outlet simultaneously. Due to the Tesla
valve structure, more fluid outflows through the outlet and less fluid outflows through
the inlet.

The difference in flow rate between the two stages results in the continuous operation
of the piezoelectric pump. In the photograph of the working principle, the blue lines
represent the high flow rate and the white lines represent the low flow rate. Besides, the
direction of the arrow represents the direction of water.
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Figure 2. The valveless piezoelectric pump with the reverse diversion working principle: (a) liquid inflow; (b) liquid outflow.

3. Theoretical Analysis

As shown in Figure 3, H is the height between the straight channels, o is the angle
between the straight channel and the inclined channel, and R is the optimal radius of the
channel. In order to establish the relationship between the Tesla valve and the whole stage
kinetic energy difference of the piezoelectric pump, the channel is divided into several parts.
In the whole stage, including liquid inflowing and liquid outflowing, the main energy
loss of the system includes two primary aspects: one is the friction loss, and the other is
the local loss caused by the geometric shape and size change of the pipeline boundary.
According to the Darcy-Weisbach Formula, the friction loss (/) and the location loss (k)

are calculated as: .
he=A5%5

{ el @

] o2

where [ is the pipe length through which water flows; d is the equivalent inner diameter of
the pipe; U is the average flow velocity through the pipe section; g is the acceleration of
gravity; A is the coefficient of pressure loss along friction, which is obtained by the Nigolas’
curve and Moody diagrams; ¢ is the local loss coefficient, which can be obtained according
to the local loss coefficient table, and its value mainly depends on the local change in water
flow, the geometry shape, and the size of the boundary. In this design, considering that the
radius and horizontal angle of the curve channel are identical, the value of ¢ is invariable.
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Figure 3. The structure of a Tesla valve: (a) liquid inflow; (b) liquid outflow.

At the stage of liquid inflow (as shown in Figure 3a), the friction loss of each part from

I to I includes hf hfz’ hfz,hf3, hf4, hfs, hf5, and hfﬁ,' the local loss of each part from /; to

lg includes h]1 , h]z' h]3, and hj ,- According to the Darcy—Weisbach formula, the total friction

loss and local loss at this stage are as follows:
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In Equation (2), v and v represent the inflow speed; vy, vy, 52, U3, Uy, Us, 55, and vy,
respectively, represent the average flow velocity of liquid in each part (from [; to lg) at
the stage of liquid inflow. In particular, both parts I, and I5 include an inclined channel
and a straight round channel. On the one hand, v, represents the average flow velocity
of the inclined channel at part I; v, represents the average flow velocity of the straight
round channel at part I,; v5 and Vs, respectively, represent the average flow velocity of
the inclined channel and the average flow velocity of the straight round channel at part

Is. On the other hand, hy, and h f,, respectively, represent the friction loss in the inclined

channel and the straight round channel at part I; 7, and h 5, Tespectively, represent the
friction loss and the straight round channel in the inclined channel at part I5; d represents
the inside diameter and is 2.8 mm.
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At the stage of liquid outflow (as shown in Figure 3b), the friction loss of each part
from [ to lg includes hfl, hfz, hfz, hf3, hf4, hf5, hfs/ and hfé, the local loss of each part from
I to I includes h]1, h]2, h]s/ and h . The total friction loss and local loss at this stage are
as follows:

6
£y ho? h I3 3% ly 947 lg 96>

Elhff =MG2¢ T Mg 23 +)‘3d 25 +/\4d 2 + As i 5 2 +)‘6d 2
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From Equation (3), 91, 02, U2, 03, 04, 35, Us, and 0, respectively, represent the average
flow velocity of liquid in each part (from I; to [g). 9, represents the average flow velocity
of the inclined channel at part I5; ¥, represents the average flow velocity of the straight
round channel at part I5; 95 and Us, respectively, represent the average flow velocity of the
inclined channel and the average flow velocity of the straight round channel at part Is. / 5

and Efz, respectively, represent the friction loss in the inclined channel and the straight

round channel at part I; / s and Efs/ respectively, represent the friction loss in the inclined
channel and in the straight round channel at part 5.
In summary, the total energy loss (}_ /1,y) can be obtained:

6 6 4 4
Yo ho=) hp+Y kgt ) hp+ Y e+ Y b+ ) 4)
i=1 i=1 i=1 i=1

According to the relationship between pressure, force, and energy, the following

equation can be obtained:
P, = pgh
F=P,S ®)
W = Fl = pghS = pghlS

In this model, the head loss along the way is h = I = hy, and the local head loss is
h =1 = h;. The total energy loss can be obtained:

6 ~ 6 4 4 \?
ZWZpg(thl.+th+2hfi+2hf+2hri+2hri> S 6)
i=1 i=1 i=1 i=1

where S is the cross-sectional area of the pipeline (2 x 2 mm?).
According to the kinetic energy theorem, the following equation can be obtained:

1, 1 2 (1 1,
-y W= S0+ Smo <2mvl + 2m06 ) 7)

where we define:
2 8)

| —

Ey = smo? + zmv2
Epp, = 21’}101 + 2m06
Among these equations, Eg represents the total energy generated by the piezoelectric

vibrator. Ey; is the initial kinetic energy and Ej is the final kinetic energy.
From Equations (7) and (8), the following can be obtained:

EqQ—) W=Eu—Ep )
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From Equation (9), it can be concluded that under the condition that the energy
generated by the piezoelectric vibrator (Eg) is unchanged, the trends of kinetic energy
difference (Ex; — Ejy) and the total loss energy (}_ W) are opposite. Therefore, the greater
the energy that is lost, the smaller the kinetic energy differs, and the smaller the energy
does work on the fluid, which will lead to a smaller flow rate. On the contrary, the lower
the energy that is lost, the more the kinetic energy differs, and the more the energy does
work on the fluid, resulting in a greater flow rate. At the same time, the kinetic energy
difference is related to the energy loss and the important parameters of the Tesla valve
(H, «, R).

4. Simulation Analysis
4.1. Simulation Settings

To determine the optimal parameters of the Tesla valve and verify the correctness
of the working principle, ANSYS 15.0 was used for the finite element analysis (FEA) of
the Tesla valve, and CFX software was used for the simulation of the flow field. Models
were set-up with different heights (H = 5, 6, 7, 8, and 9 mm), different angles («x = 30,
45, 60, 75, and 90°), and different radii (R = 2.8, 3.1, 3.4, 3.7, and 4.0 mm). Although the
Reynolds number of the structure was 20 and belongs to the range of laminar flow, due to
the experimental research, the fluid can produce a violent impact when it flows through
the pump chamber. Therefore, the k—¢ turbulence equation was adopted. In the physical
model, the fluid medium selected for the simulation was water, the fluid temperature was
25 °C, the density was 1000 kg/m?, the inlet flow rate was set to 20 mm/s, and the outlet
gauge pressure was set to 0 Pa. The roughness of the wall was set to 0.05 mm, which is
consistent with the 3D printing layer. The parameters of the physical model are shown in
Table 1. The best simulation parameter value can be determined by comparing the forward
and reverse flow difference. The simulation data are shown in Figure 4. It can be seen that
when H = 8 mm, o = 30°, and R = 4 mm, the flow velocity difference is largest. Compared
with experimental research, when H = 8 mm and « = 30°, the flow velocity difference
is largest. For the R factor, as 3.4 and 4.0 mm are both extreme points in the simulation
process, it needs to be determined in conjunction with experimental results. Finally, it can
be concluded through experimental analysis that 3.4 mm is the best parameter. Therefore,
the Tesla valve with the optimal height (H = 8 mm), the optimal angle (x = 30°), and the
optimal radius (R = 3.4 mm) was simulated.

Table 1. The parameters of the physical model.

Name Parameters or Medium
Fluid medium Water
Temperature 25°C
Density 1000 kg/m?
Inlet flow rate 20mm/s
Outlet pressure 0Pa

Roughness of wall 0.05 mm
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Figure 4. Forward and reverse flow velocity difference: (a) Flow velocity difference under different
H. (b) Flow velocity difference under different x. (c) Flow velocity difference under different R.

4.2. Optimal Design Simulation

As is shown in Figure 5, the simulated velocity streamlines of the Tesla valve with
the optimal height (H = 8 mm), the optimal angle (« = 30°), and the optimal radius
(R = 3.4 mm) are presented. Figure 5a,b, respectively, represent the forward and reverse
velocity streamlines. It can be seen that when the fluid flows forward into the chamber,
most of the fluid directly flows along the inclined channel and a little of the fluid flows
along the straight round channel at the inlet. Meanwhile, most of the fluid directly outflows
the chamber along the inclined channel and a little of the fluid outflows along the straight
round channel at the outlet, as shown in Figure 5a. When the fluid flows in the reverse
direction into the chamber, most of the fluid flows along the inclined channel and the
straight round channel at the inlet. At the same time, a little of the fluid outflows the
chamber along the inclined channel and the straight round channel at the outlet, as shown
in Figure 5b. By comparing the simulation outlet velocity of the forward and reverse flow,
it is clear that the outlet velocity of the forward flow (22.8 mm/s) is greater than the outlet
velocity of the reverse flow (20.4 mm/s). It can prove that the valveless piezoelectric pump
with the reverse diversion channel can reduce the backflow and has the characteristic of
one-way conduction.
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Figure 5. The forward and reverse flow simulation diagram of the optimal structure: (a) The forward velocity streamlines.
(b) The reverse velocity streamlines.

5. Experimental Research

In order to further verify the effectiveness of the valveless piezoelectric pump with
the reverse diversion channel design, experimental tests are essential. At first, several
sets of piezoelectric pump prototypes were designed and manufactured; five sets of data
with a channel height H of 5-9 mm (the interval is 1 mm), channel angle « of 30-90°
(the interval is 15°), and channel radius R of 2.7-4.0 mm (the interval is 0.3 mm) were
selected to make a piezoelectric pump prototype, as shown in Figure 6. The parameter
values of the test prototype were consistent with those of the simulation model. Then,
the output performance of the piezoelectric pump under different design parameters was
tested. Finally, comparing the experimental results, the optimal parameters of the Tesla
valve were determined. The characteristics of the piezoelectric actuator were as follows:
the diameters of the copper substrate, ceramic plate, and piezoelectric film, and the total
thicknesses were 35, 25, 0.1, and 0.5 mm.

The test system was established, as shown in Figure 7. The main test devices included
a waveform generator (DG 4162, Beijing RIGOL Technology, Beijing, China), a power
amplifier (HSA 4051, NF, Yokohama, Japan), an electronic balance, two beakers, and
a bracket. Changing the voltage and frequency of the driving signal to react on the
piezoelectric actuator can control the output level of the piezoelectric pump. The output
flow rate of the piezoelectric pump was also measured.

The flow rate test was mainly divided into three parts. In the first part, the experi-
mental steps were as follows: first, under a specific voltage, the output characteristics of
the piezoelectric pump at different frequencies (from 1 Hz to no flow time) were tested;
by comparing the flow rate, the optimal frequency can be obtained. Then, under the
optimal frequency, the relationships between the voltage and output flow of piezoelectric
micropumps with the height of the Tesla valve were tested mainly once per 10 V using a
signal generator from 70 to 350 V... Similarly, by comparing the flow rate, the optimal
voltage can be acquired. Finally, under the optimal voltage, the output characteristics of
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the piezoelectric pump at different frequencies (from 17 to 42 Hz) were tested. In summary,
under the optimal frequency, the relationships between voltage and output flow of the
piezoelectric micropump can be obtained. Under the optimal voltage, the relationships
between frequency and output flow of the piezoelectric micropump can also be obtained.
In the second part, using the same experimental method, the connection between the angle
of the channel o and the flow rate was established. In the third part, establishing the
connection between the radius of the channel R and the flow rate, the test method was the
same as the first part.

(a)

Reverse diversion
channel
Piezoelectric
actuator

Figure 6. (a) Parts drawing of the valveless piezoelectric pump with reverse diversion channel
(Tesla valve) with fluid guiding body; (b) prototype of the valveless piezoelectric pump with reverse
diversion channel (Tesla valve).
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| -
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I
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Figure 7. The photograph of the experimental system.

The output flow rate of the pump as a function of voltage and frequency with different
design parameter values of the height of the straight channel H is as shown in Figure 8.
It can be seen that with the increase in voltage, the flow rate linearly increases at the
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optimum frequency, because with the climb in voltage, the deformation displacement in
the piezoelectric actuator rises, which makes the change in pump chamber volume increase,
and the flow rate augment. Under the optimum voltage, with the increase in frequency,
the flow rate first increases and then decreases. The reason why the flow rate decreases is
that when the driving frequency of the piezoelectric actuator is too high, the deformation
of the piezoelectric actuator decreases, and when the vibration direction changes too fast,
the volume change of the pump chamber can cause the pressure to change too fast and the
pressure in the chamber to decrease. As can be seen from the frequency-flow curve, when
H =7 mm, f = 30 Hz, due to the experimental system reaching resonant frequency, and the
flow rate suddenly increases to the maximum. Therefore, spikes will occur. Meanwhile,
the various piezoelectric pumps perform best at frequencies between 24 and 32 Hz and
have better low-frequency output characteristics. As shown in Figure 9, it is obvious that
when the design parameters of height H increases, the best flow rate first increases and
then decreases. As H increases, compared with the three-dimensional model shown in
Figure S1 and Table S1 (Supporting Information), the length of the arc channel increases,
and the effect of suppressing the return flow (the fluid flows from the outlet during the
scheduling outflow) is enhanced. Although the loss along the way increases at this time,
the flow rate will still increase. When the H value is large, the length of the inclined flow
path continues to increase, and the loss along the way continues to increase. At this time,
the effect of suppressing the return flow is worse than the energy loss caused by the loss
along the way, so the flow rate will drop first. Therefore, changing the design parameters
of height H will affect the output performance of the piezoelectric pump. When H = 8 mm,
f=28Hz, and V =350 V., the output performance of the piezoelectric pump is best.

80 |
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Figure 8. The trend of flow rate with the height of the Tesla valve at different voltages and frequencies: (a) the voltage—flow

curve; (b) the frequency—flow curve.

80 [
275F
E70F
265}
o60f
Ss5l
Zsol
“ast

4() 1 ' 1 M 1 N 1 N 1
g/ 8

H (mm)

(¥}
[=)}
O

Figure 9. Corresponding maximum flow under different H.

When H = 8 mm, the relationships between voltage, frequency, and output flow
of piezoelectric micro-pumps with different design parameter values of the angle of the
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channel o are as shown in Figure 10. It highlights the continuous growth of the flow rate
with the increase in the voltage at the optimum frequency of each prototype. In particular,
from the frequency—flow curve, when « = 75° and the frequency increases from 38 to 42 Hz,
the trend of flow rate decline drops from 19.64 to 0 mL/min. For the reason that air bubbles
generated during the flow of the liquid, the output performance of the piezoelectric pump
was affected. As is shown in Figure 11, with the increase in the angle «, the flow rate
first decreases and then increases. The reason seems to be that as the angle increases, the
loss along the way increases, so the flow rate will decrease. When the angle continues
to increase, comparing with the three-dimensional model shown in Figure S2 and Table
S2 (Supporting Information), the arc length of the arc flow channel at this time increases,
which enhances the effect of suppressing the backflow, so the flow rate will increase. When
H=8mm, o =30°, f =28 Hz, and V = 350 V., the piezoelectric pump can reach the best
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Figure 10. The trend of flow rate with the angle of the Tesla valve at different voltages and frequencies: (a) the voltage—flow
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Figure 11. Corresponding maximum flow under different «.

After gaining the two parameters of H = 8 mm and « = 30°, the determination of the
third parameter (the radius of the channel R) was tested. The testing results were as follows:
from Figure 12, it can be shown that the trend of flow rate with the radius of the Tesla valve
at different voltages and frequencies is the same as testing H and «. From Figure 13, as
the radius increases, the flow rate first increases and then decreases. The possible reason
is that when the radius increases, in the scheduling stage (when the piezoelectric sheet
moves downward), the effect of inhibiting the discharge of fluid from the outlet becomes
greater. When the radius increases to a large enough size, the loss along the way during
the return flow will increase, and the returned liquid will not have enough power to return
to the chamber along the long oblique flow path. Therefore, the maximum flow rate will
decrease. Besides, when R = 3.4 mm, the system has reached the resonance state. With
R =4 mm, there are more bubbles in the experiment under the resonance state, which
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affects the output flow of the channel. However, in the simulation stage of R = 4 mm,
due to the influence of bubbles being ignored, the effect of the flow rate caused by the
increase in the radius is greater than the effect of the loss along the way, so the flow rate is
largest in the simulation stage of R = 4 mm. Therefore, there will be differences between
simulation and experimental results when R = 4 mm. Considering the specific conditions
of the experiment, R = 3.4 mm is selected as the best parameter. When H = 8 mm, « = 30°,
R =34 mm,f =28 Hz, and V =350 V., the piezoelectric pump has the best flow rate,
which is 79.26 mL/min.

80 F——R=2.8 mm, /=30 Hz r V=350 Vi, R=2.8 mm
- R=3.1 mm, f=27 Hz — 70 [ p l —v—RiS.l mm
=70 | _ = —e—R=3.4 mm
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Figure 12. The trend of flow rate with the radius of the Tesla valve at different voltages and frequencies: (a) the voltage—flow

curve; (b) the frequency—flow curve.
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Figure 13. Corresponding maximum flow under different R.

Finally, after conducting an experimental comparison of three sets of parameters, the
optimal parameters of the Tesla valve were determined. The results suggest that when
the parameters of the Tesla valve are H = 8 mm, « = 30°, and R = 3.4 mm, the output
performance of this piezoelectric pump becomes best, which has a maximum flow rate
of 79.26 mL/min with a piezoelectric actuator diameter of 35 mm, an applied voltage of
350 Vp-p, and a frequency of 28 Hz.

6. Conclusions

This paper aimed to obtain the best output performance of a valveless piezoelectric
pump with an optimal channel structure size. First, based on the Tesla valve principle, a
valveless piezoelectric pump with a reverse diversion channel was proposed. Secondly,
through theoretical and simulation analysis, it was verified that the structure has the
characteristics of reducing backflow and one-way conduction. Finally, a series of prototypes
were made to test the output performance of this valveless piezoelectric pump, and the
best structural parameters were obtained by comparing the experimental data. This
piezoelectric pump with the Tesla valve of H = 8 mm, « = 30°, and R = 3.4 mm had the
best performance, and it was fabricated through 3D printing technology. The maximum
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flow rate was 79.26 mL/min, when driven by the applied voltage of 350 V., at 28 Hz.
The effect of this structure in reducing the return flow can be applied to fields such as
agricultural irrigation.

Supplementary Materials: The following are available online at https://www.mdpi.com/article/10
.3390/ electronics10141712/s1, Figure S1: the length of the arc channel in different H. Table S1: the
length of the arc channel in different H. Figure S2: the length of the arc channel in different «. Table
S2: the length of the arc channel in different «.
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