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Abstract: To investigate the impact of airfoil angle of attack on the output performance of
a valveless piezoelectric pump with airfoil baffles, this study conducted comprehensive
performance tests and full-flow field simulations of piezoelectric pumps across a range of
angles. At a driving voltage of 100 V and with a Clark Y airfoil set at an angle of 0°, the
piezoelectric pump reached a peak output flow rate of 200.7 mL/min. An increase in the
angle of attack corresponded to a decline in both the maximum output flow rate and the
maximum back pressure of the pump. Flow field simulation results demonstrated that an
increased airfoil angle of attack led to a gradual increase in entropy production within the
piezoelectric pump. Turbulent dissipation and wall entropy production were found to be
more pronounced compared to viscous entropy production. High turbulent dissipation
was primarily observed at the pump chamber inlet, the trailing edges of the airfoils in
both the inlet and outlet pipes, and the outlet bend. As the angle of attack increased, the
complexity of the vortex core structures within the flow field escalated as well. Regions
with significant wall entropy production were notably concentrated at the outlet bend.

Keywords: piezoelectric actuator; micropump; airfoil; vortex; entropy generation

1. Introduction

Piezoelectric micropumps, driven by piezoelectric actuators, are characterized by high
energy density, rapid response, absence of electromagnetic interference, and low energy
consumption [1-3]. These attributes render them highly suitable for a broad range of
applications in fields like biomedical engineering [4,5], thermal management [6], microflu-
idic systems [7], and fuel cells [8]. Among the varieties of piezoelectric pumps, valveless
piezoelectric pumps are favored by researchers due to their simple structure and lack of
internal moving valves, which facilitate processing and miniaturization [9,10]. However,
the structural characteristics of valveless piezoelectric pumps also lead to issues such as
high output backflow and inferior performance.

To enhance the output performance of valveless piezoelectric pumps, extensive re-
search has been conducted by scholars focusing on structural design, primarily involving
the development of channels with differential flow resistance. Currently, channels with
differential flow resistance commonly utilized in valveless piezoelectric pumps include
diffusion tubes [11], Tesla tubes [12], Y-shaped tubes [13], vortex tubes [14], and heart-
shaped tubes [15]. These channels exhibit resistance differences during the forward and
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reverse flow of fluids, thereby possessing unidirectional shut-off capabilities that can
substitute for moving valves within valveless pumps. Zhang et al. [16] discovered that
placing structurally asymmetric baffles within the pump chamber can also configure a
valveless piezoelectric pump. Consequently, various types of baffles, such as conical [17],
trapezoidal [18], hemispherical [19], and triangular [20] baffles, have been implemented
in valveless piezoelectric pumps. In our team’s previous research, an airfoil structure
was introduced into a piezoelectric pump, resulting in the design of a high-flow valveless
piezoelectric pump with airfoil baffles [21]. Experimental results indicated that with a
driving voltage of 100 V, the maximum output flow rate of the valveless piezoelectric pump
with airfoil baffles can reach 235.56 mL /min.

Concurrent with structural design research on valveless piezoelectric pumps, re-
searchers have also employed numerical computation methods to analyze the velocity
and pressure distribution within the pump’s internal flow field, as well as the pressure
loss coefficients of the channels, with the aim of optimizing the structural dimensions
of the piezoelectric pump and enhancing its output performance [22-24]. However, this
analytical approach is incapable of pinpointing the exact locations where energy losses
occur. In contrast, the entropy production method provides a means of linking unstable
flow with energy losses, allowing for the precise calculation of the specific sites of energy
loss. Huang et al. [25] applied the entropy production method to conduct energy loss
analyses on the hyperbolic channel, and subsequently optimized the structure of the flow-
resistant differential channels based on the computational outcomes. The experimental
results demonstrated that the output performance of the optimized piezoelectric pumps
was significantly superior to that prior to optimization. However, the study focused solely
on the optimization of the flow-resistant differential channels and did not encompass the
entire piezoelectric pump.

Therefore, to gain an in-depth understanding of the impact of airfoil angle of attack
on the flow field structure within the channel and the output performance of piezoelectric
pumps, this study positioned the Clark Y airfoil within the channel and designed valveless
piezoelectric pumps with airfoil baffles at various angles of attack. Experimental studies
were conducted to investigate the output performance of the valveless piezoelectric pumps
with airfoil baffles at different angles of attack. Subsequently, full-flow field simulations
were performed on the piezoelectric pumps, integrating the entropy production theory
and the Q criterion to study the energy dissipation characteristics of various components
within the pump. This investigation elucidates the influence of changes in the airfoil angle
of attack on energy dissipation within the flow field of the piezoelectric pump.

2. Structural Design and Working Principle

Figure 1 illustrates the assembly schematic of a valveless piezoelectric pump with
airfoil baffles. The pump primarily consists of inlet and outlet tubes with airfoil baffles
(Number Name Clark Y), a pump chamber, a cover plate, and a piezoelectric vibrator
with PZT-5A piezoelectric ceramic material. The pump body is assembled using a bolt
connection method. In order to facilitate the smooth installation of the pipe in the pump
flow and pressure test, and reduce the energy loss caused by the pipe diameter mismatch,
we used a straight tube for the inlet and an elbow tube (with high diameter reduction) for
the outlet. Table 1 presents the structural parameters of the piezoelectric pump.
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Figure 1. Assembly diagram of the valveless piezoelectric pump with airfoil baffles.

Table 1. Structural parameters.

Parameters Value

Chamber diameter 38 mm

Chamber depth 3 mm

Vibrator diameter 40 mm

Airfoil chord length 10 mm

Tube length 27 mm

Inlet tube diameter 8 mm

Outlet elbow tube diameter 3 mm
Distance between airfoil and chamber 12.5 mm

Figure 2 depicts the working principle schematic of the valveless piezoelectric pump
with airfoil baffles. The piezoelectric vibrator, excited by an alternating voltage, vibrates,
causing periodic changes in the volume of the pump chamber. When the volume of the
pump chamber increases, the pressure within the chamber decreases, and external fluid,
under the influence of a pressure differential, flows into the pump chamber through the
inlet and outlet tubes. This phase is known as the suction mode of the piezoelectric pump.
Conversely, when the volume of the pump chamber decreases, the pressure within the
chamber rises, and the fluid, again under the influence of a pressure differential, flows
out of the pump chamber through the inlet and outlet tubes. This phase is referred to as
the pumping mode of the piezoelectric pump. According to Ref. [21], the fluid encounters
less resistance when flowing from the leading edge to the trailing edge of the airfoil baffle
(forward flow) compared to when it flows from the trailing edge to the leading edge (reverse
flow), where the resistance is greater than that of the forward flow. Due to the unequal flow
resistance generated by the fluid flowing over the airfoil baffle in both directions, the flow
rates into and out of the inlet and outlet tubes during the suction and pumping processes
of the piezoelectric pump are unequal. The arrow width marked in the inlet and outlet tube
in Figure 2 represents the flow size. Thus, with the vibration of the piezoelectric vibrator,
the pump can macroscopically produce a unidirectional pulsating output.
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Figure 2. Schematic diagram of the working principle.

When the piezoelectric ceramic material is PZT-5A and the driving voltage is a si-
nusoidal function of the peak-to-peak value of 200 V, the flow resistance of the tubes
significantly affects the output performance of the piezoelectric pump. The pressure loss
coefficient (flow resistance coefficient) of the tube containing the airfoil baffle is denoted
as follows:

Ap
= 1
= 1)
where Ap represents the pressure difference at the inlet and outlet of the tube with an airfoil
baffle, p is the fluid density, and v is the average velocity of the fluid flowing through the
outlet of the tube with an airfoil baffle.
According to the Ref. [11], the output flow rate of the valveless piezoelectric pump

with airfoil baffles can be expressed as follows:

V0:2AVf<17?+1> @
172
p= 4 ®

Here, f is the driving frequency of the piezoelectric vibrator, AV is the volumetric
change in the pump chamber when the vibrator moves to its highest position, 7 is the
ratio of the forward to reverse flow resistance coefficients of the tube, also known as the
impedance ratio, ¢, is the forward flow resistance coefficient, and &y, is the reverse flow
resistance coefficient. The greater the impedance ratio, the stronger the unidirectional
cut-off ability in the tube, and the easier it is to form the macroscopic flow as shown in
Figure 2. From Equation (2), it is evident that ¢, # (}, enabling the unidirectional transport
of fluid by the valveless piezoelectric pump. The valveless piezoelectric pump possesses
the capability for unidirectional flow, enabling the transportation of fluid in a singular
direction without the necessity for unidirectional flow control valves. Furthermore, as the
angle of attack of the airfoil changes, the flow resistance coefficients of the tube are affected,
consequently influencing the output performance of the valveless piezoelectric pump with
airfoil baffles.
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3. Experimental Setup

The schematic diagram of the output performance test for the valveless piezoelectric
pump with airfoil baffles is depicted in Figure 3. A signal generator (AFG 3022B, Tektronix
Beaverton, OR, USA) and power amplifier (HVP-300D, NJEN, Nanjing, China) provide
a driving voltage of 100 V to excite the piezoelectric vibrator. The parameters of the
piezoelectric vibrators are shown in Table 2 [26]. Starting from 0° angle of attack, inlet
and outlet pipes with airfoil baffles of the same angle are selected to assemble a valveless
piezoelectric pump for multiple experiments. Subsequently, the driving frequency is
adjusted to obtain different working frequency intervals between different experimental
groups. Experiments are conducted within respective working ranges, each with a variation
of 1 Hz. Utilizing an analytical balance with a precision of 0.001 g [27], the mass of liquid
output by the valveless pump per unit time is measured to obtain the relationship curve
between the output flow rate and driving frequency at zero back pressure for the valveless
piezoelectric pump with airfoil baffles. During the flow rate test, a laser displacement
sensor (LK-G35, Keyence, Osaka, Japan) is employed to measure the displacement of the
center point of the circular vibrator. The test results are used to set the boundary conditions
for the flow field simulation. A straight pipe is connected at the outlet of the piezoelectric
pump, and the height difference in the liquid level at the inlet and outlet is recorded under
different driving frequencies to obtain the relationship curve between the output back
pressure at zero flow rate and the frequency for the valveless piezoelectric pump.

o Power
oo .
B o) amplifier
Waveform : :
generator Beaker -Electronic balance

Figure 3. Experimental schematic diagram.

The types of fluids suitable for piezoelectric micropumps mainly include pure water,
alcohols, ketones, and non-strong acids and bases with low viscosity values. In addi-
tion, considering electrolyte interference, experimental cleaning efficiency, environmental
protection, and economy, deionized water was used as the working medium in all tests.
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Table 2. Material parameters of the PZT vibrator.

. P . . _ e . Poisson’s Density Resonant Frequency
.m-2
Material Young’s Modulus (GPa) Piezoelectric Constant (C-m~2) Permittivity (F/m) Ratio (kg-m ) (kHz)
Beryllium bronze 128 / / 0.35 8600 /
121 754 752 0 0 0 0 0 —54
754 121 752 0 0 0 0 0 —54 8107 0 0
PZT-5A 752 752 111 0 0 0 0 0 15.8 ’ 9 / 7750 1.3+05
0 8.107 0 | x10
0 0 0 211 0 0 0 123 0 0 0 7346
0 0 0 0 21. 0 12. 0 0 ’
0 0 0 0 0 2. 0 0 0
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4. Flow Field Simulation

To establish different models of valveless piezoelectric pumps with airfoil baffles,
four angles of attack were chosen for the Clark Y airfoil: 0°, 5°, 10°, and 15°. Continuing
to increase the angle of attack of the airfoil leads to an enlargement of the diameter of
the inlet and outlet tubes, thereby increasing the pump chamber diameter. Considering
the dimensions of the piezoelectric vibrator used in the experiment, this study sets the
maximum angle of attack of the airfoil at 15°. Simulations of the transient flow field
in piezoelectric pumps were performed utilizing the CEX software, with calculations of
entropy generation carried out for three distinct areas: (1) the pump chamber, (2) the airfoil
baffle region, and (3) the outlet bend, as illustrated in Figure 4. The maximum displacement
data obtained from a laser displacement sensor for a circular piezoelectric vibrator were
configured as the motion parameter for the vibration on the upper surface of the pump
chamber, with the optimal output frequency corresponding to the vibration frequency
of the upper surface of the pump chamber under the given airfoil angle condition, with
the inlet and outlet set to atmospheric pressure and the no-slip condition applied to the
walls of the computational domain. The fluid was assumed to be incompressible, and the
SIMPLE algorithm was employed to obtain the velocity and pressure coupling solution.
The numerical convergence residual was 10~3. The working fluid was deionized water,
characterized by a density of 1000 kg/m?, and a dynamic viscosity of 1 x 1073 Pa-s.

—_

i 2 Area of the airfoil baffle

R i3 J:lPumpchamber
| 2 | |

| |

' - '3 Outlet bend

|
o1

L—

Figure 4. Flow field simulation model.

As the fluid moves through the pump, mechanical energy is transformed into internal
energy due to the fluid’s viscosity and Reynolds stresses, leading to entropy generation
within the pump. This generation is primarily attributed to three factors: direct dissipation
from the fluid’s mean velocity, turbulence dissipation from the fluid’s pulsation velocity,
and wall dissipation due to the high velocity gradient near the pipe wall, which is the result
of fluid viscosity.

The formula for the rate of entropy generation due to the mean velocity is as follows:

—\2 —\ 2 _\ 2
+aj 2+ aj+a£ + a£+a£ +2E aj 2+ aj 2+ 870 (4)
ox dz  Ox dy  dy T |\ox ay 0z
The rate of entropy generation due to pulsation velocity is as follows:
o D (o N ow BN [ ()DL (00T (Y 5)
9x oz ox ay oy T |\ ox ay 0z

Here, 1, U, W represent the mean velocity components in the x, y, z directions in m/s;
u', v/, w' are the pulsation velocity components in the same directions in m/s; T is the
temperature in K; y is the dynamic viscosity of the fluid in Pa-s; and g is the effective
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dynamic viscosity, also in Pa-s, which can be determined using the formula (6), where y; is
the turbulent dynamic viscosity in Pa-s.

Heff= MU+t (6)

Since the pulsation velocity components are not calculable in the Reynolds-averaged
equations, the rate of entropy generation due to pulsation velocity can be estimated using
Formula (7), where the empirical coefficient § = 0.09, f is the characteristic frequency of
turbulence in Hz, k is the turbulent kinetic energy in m?/s2, and o is the density in kg/ cm?.

_ gtk

Spp! = ‘B T (7)
By integrating these components of the entropy production rate over the defined

region, the direct dissipation entropy production S57’ (W/k) and turbulence dissipation

entropy production Sp5'(W/k) can be derived.

S5 = / spydV 8)

Spy = /sDZ/dV ©9)

The formula for entropy generation near the wall is as follows:
Sps = | ——dA (10)
A

where T is the wall shear stress in Pa, A is the area in m2, and ? is the velocity near the wall
surface in m/s.
Thus, the total entropy production within the computational domain is as follows:

Sp= Sp7' +Sp5 +5p3 (11)

To examine the correlation between entropy generation and the flow field structure
within the pump, especially when the output flow rate of the piezoelectric pump is affected
by changes in the airfoil baffle’s angle of attack, it is essential to determine the characteristics
of the vortices within the pump. This study used the Q criterion for identifying vortices in
the computational results.

The Q criterion is defined as follows:

1
Q= 5 (2% - 855, (12)

where (; is the rotation tensor and Sj; is the strain rate tensor. A positive Q value indicates
the presence of vortex structures in the flow field, with a higher Q value signifying greater
vortex strength.

Considering the accuracy of the computational results and the computational time,
a mesh independence study was conducted on the computational domain prior to calcu-
lations, using mesh cell numbers of 1.6 million, 1.8 million, 2 million, and 2.2 million for
validation. Taking the flow simulation values of the 2.2 million mesh model as a benchmark
for verification, the results of the mesh independence verification for the model are shown
in Table 3. Consequently, this study selected a mesh scheme with approximately 2 million
mesh cells for numerical computation.
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Table 3. Results of the mesh independence verification.
No. Mesh Number Net Output Flow Ratio
Gl 1.6 million 94.197%
G2 1.8 million 97.454%
G3 2.0 million 98.581%
G4 2.2 million /

200

Flow rate Q/(mL/min)
% ! o
o ) )

~
o

5. Results and Discussion

Figure 5 illustrates the experimental performance curves of the valveless piezoelectric
pump with airfoil baffles at various angles of attack. Specifically, Figure 5a illustrates the
relationship between flow rate and frequency for these pumps. It can be observed that the
output flow rate of the pumps varies significantly with changes in the driving frequency of
the piezoelectric vibrator, and this output flow rate decreases as the angle of attack of the
airfoil increases. At an angle of attack of 0° for the Clark Y airfoil, the maximum output
flow rate of the pump is 200.7 mL/min. At an angle of attack of 15°, the maximum output
flow rate is reduced to 163.4 mL/min. Within the frequency range of 30-43 Hz, the pump
with an airfoil angle of attack of 5° exhibits a higher output flow rate compared to that
with an angle of attack of 0°. Figure 5b presents the back pressure—frequency curves of
the piezoelectric pumps. The output back pressure of the valveless piezoelectric pumps
increases and then decreases with an increase in piezoelectric vibrator driving frequency,
and this maximum back pressure decreases with an increase in the airfoil angle of attack.
Specifically, at an angle of attack of 0° for the Clark Y airfoil, the maximum output back
pressure of the pump is 784.4 Pa, and at an angle of attack of 15°, it is reduced to 600.7 Pa.
The results show that the valveless piezoelectric pump with airfoil baffles has a high output
flow, so it is suitable for applications with a large flow demand. Figure 6 presents the
experimental displacement values of the piezoelectric vibrator and the simulated flow
rates of the pump. It can be observed that as the angle of attack of the airfoil increases,
the maximum amplitude of the vibrator decreases. At an angle of attack of 0°, the central
maximum amplitude of the piezoelectric vibrator reaches 53 um. When the airfoil angle
of attack is 15°, the maximum error between the simulated and experimental flow rates
of the piezoelectric pump is 14%. This discrepancy arises from the use of the maximum
amplitude at the center point of the piezoelectric vibrator as the displacement load in the
flow field simulation, which consequently results in the simulated values being slightly
higher than the experimental values.

| —c 800 +
—_— 50 DCE
I —a—10° 600 L
—v—15° g
7
W
- £400
—~
3
i 00 |
C__1 L 1 L I , 1 L 1 , 1 L 1 0 . 1 L 1 L 1 L 1 .
30 35 40 45 50 55 60 25 30 35 40 45 50
Frequency ffHz Frequency fiHz
(a) (b)

Figure 5. Performance curves of the valveless piezoelectric pump with airfoil baffles: (a) flow
rate—frequency curve; (b) back pressure—frequency curve.
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Figure 6. Displacement of vibrator and pump flow rate.

Figure 7 presents the entropy production curves of valveless piezoelectric pumps with
airfoil baffles at various angles of attack. The results indicate that as the angle of attack of
the airfoil increases, the entropy production within the piezoelectric pump also gradually
increases, with turbulence dissipation entropy production and wall entropy production
constituting a larger proportion compared to viscous entropy production.

125 175
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Figure 7. Entropy production curves of the pumps.

Figure 8 illustrates the turbulence entropy production contour maps and vortex struc-
ture distribution of the valveless piezoelectric pumps with airfoil baffles at different angles
of attack. It can be observed that the high entropy production zones within the piezoelectric
pump are primarily located at the pump chamber inlet, the trailing edge of the airfoil in the
inlet pipe, the trailing edge of the airfoil in the outlet pipe, and the outlet bend. The greater
the angle of attack of the airfoil baffle in the valveless piezoelectric pump, the greater the
turbulence dissipation entropy production and the complexity of the vortex core structure
at the pump chamber inlet, the trailing edge of the airfoil in the inlet pipe, the trailing edge
of the airfoil in the outlet pipe, and the outlet bend.
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(b)

(©)
|

|

(d)

Figure 8. Turbulent entropy production (left) and vortex distribution (right) of the pump at different
angles of attack: (a) 0°; (b) 5°; (c) 10°; and (d) 15°.
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When the airfoil baffle is at a 0° angle of attack, the vortex core structure is relatively
simple. A region of weaker vortical structures is formed between the inlet airfoil baffle and
the pump chamber, while a limited yet stronger vortex core emerges between the outlet
airfoil baffle and the outlet bend, subsequently converging to create a vortical structure
at the outlet bend. At this moment, the fluid flow near the airfoil baffle is more stable,
with less flow separation, and both the vortex and turbulence intensities are relatively
low. Additionally, the low entropy production at the pump chamber inlet and outlet bend
indicates minimal energy loss. When the angle of attack increases to 5°, the vortex core
structure becomes more complex. The vortical structures between the inlet airfoil baffle and
the pump chamber disseminate and extend towards the airfoil surface, while the vortices
between the outlet airfoil baffle and the outlet bend distinctly converge. The increase in the
angle of attack leads to flow separation at the trailing edge of the airfoil, forming distinct
vortex cores. Concurrently, there is a significant increase in entropy production at the
trailing edge of the airfoil and the outlet bend, indicating increased energy loss in these
zones. At a 10° angle of attack, the vortical structures in the region between the inlet airfoil
baffle and the pump chamber diffusely spread across the airfoil surface, resulting in the
presence of some vortices at the leading edge of the airfoil. Although the number of vortical
structures between the outlet airfoil baffle and the outlet bend does not markedly increase,
the scale of these vortices is significantly enhanced. The enhancement of vortex phenomena
leads to an expansion of high entropy production zones. The high entropy production
zones at the trailing edge of the airfoil and the outlet bend expand significantly, resulting in
a substantial increase in energy loss. This indicates that a larger angle of attack leads to
increased turbulence at the leading and trailing edges of the airfoil, a more complex vortex
core structure, and, consequently, increased energy loss in the flow. When the angle of
attack is increased to 15°, the vortex core structure at the trailing edge of the airfoil and
the outlet bend reaches its maximum complexity, and the vortex phenomena become more
intense. In the area between the inlet airfoil baffle and the pump chamber, the vortices
clearly diffuse, forming a complete vortical structure at the leading edge of the airfoil,
while both the number and size of vortical structures between the outlet airfoil baffle and
the outlet bend show significant enhancement. The larger angle of attack results in an
increased area of flow separation and an expansion of vortex intensity and range, leading
to significant energy loss and enhanced turbulence.

Figure 9 illustrates the proportion of wall entropy production in the total wall entropy
production of different components. It can be observed that the wall entropy production
is predominantly concentrated in the outlet bend component. This is attributed to the
presence of a converging section and a curved section in this component, where the fluid,
after passing the airfoil baffle, enters this part, leading to an increased velocity gradient.
The proportion of wall entropy production for the airfoil baffle remains unchanged.
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Figure 9. Proportion of wall entropy production of different components.
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6. Conclusions

To deeply understand the impact of the airfoil angle of attack on the output per-
formance of valveless piezoelectric pumps with airfoil baffles, this study experimentally
investigated the output characteristics of valveless piezoelectric pumps with airfoil baffles
at various angles of attack, and performed simulation calculations for the entire flow field of
the piezoelectric pump. The experimental results indicate that as the airfoil angle of attack
increases, both the maximum output flow rate and the maximum output back pressure
of the piezoelectric pump decrease. At a 0° angle of attack for the Clark Y airfoil, the
maximum output flow rate of the pump is 200.7 mL/min, with a maximum output back
pressure of 784.4 Pa. The flow field simulation results show that with an increase in the
airfoil angle of attack, the entropy production within the piezoelectric pump also gradually
increases, with turbulence dissipation entropy production and wall entropy production
constituting a larger proportion compared to viscous entropy production. Notably, regions
of high turbulence dissipation entropy production within the pump are primarily located
at the pump chamber inlet, the trailing edge of the airfoil in the inlet pipe, the trailing
edge of the airfoil in the outlet pipe, and the outlet bend. As the angle of attack of the
airfoil baffle increases, the complexity of the vortex core structure in the flow field also
increases. The areas of high wall entropy production are mainly concentrated in the outlet
bend component.
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