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Abstract: To reduce the complexity of mixing systems and improve mixing efficiency， this paper proposes a valveless 
piezoelectric pump integrated with airfoil baffles， which embodies both active and passive mixing attributes. The 
airfoil baffles are designed using the asymmetric NACA63-412 profile. The impact of the airfoil angle of attack on the 
flow field within the tube and the output and mixing performance of the piezoelectric pump is investigated. 
Computational simulations of the tube with airfoil baffle indicated that as the angle of attack increases， the position of 
vortex generation at the leading and trailing edge regions of the airfoil baffle progressively moves forward in the 
direction of fluid flow. Then the vortex volume enlarges， and the vortex intensity within the flow field rises. 
Subsequently， the prototypes of valveless piezoelectric pumps at four different angles of attack are fabricated and their 
output performances are experimentally evaluated. The results demonstrate that the maximum output flow rate of the 
pump decreases with an increasing angle of attack. At an angle of attack of 0°， the maximum output flow rate of the 
pump reaches 225.3 ml/min. Mixing performance experiments are conducted using the piezoelectric pump for the 
synthesis of Fe3O4 particles. The findings indicate that as the angle of attack increases， the number of Fe3O4 particles 
formed in the mixture significantly rises， with a narrower particle size distribution and more regular morphology. At an 
angle of attack of 15°， the synthesized Fe3O4 particles have an approximate diameter of 10 μm. The outcomes of this 
paper offer valuable insights for the design of microfluidic systems， catering to the demands of material synthesis， 
chemistry， and biomedical applications.
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0 Introduction 

With the advancement of microfluidic and mi‑
crofabrication technologies， various microfluidic sys‑
tems have been proposed and applied in fields such 
as chemical reactions［1-3］， medical detection［4-6］， and 
biology engineering［7-9］. As a branch of microfluidic 
systems， micromixers play a crucial role in facilitat‑
ing close contact between reactant molecules in 
chemical and biological reactions［10-13］. Compared to 
macro-scale mixing systems， micromixers offer ad‑
vantages such as fast reaction rates， high efficiency， 

and minimal reagent consumption. Additionally， 
they feature simple structures， lower manufacturing 
costs， and easy integration with various detection 
systems.

Based on the differences in operating princi‑
ples， micromixers can be classified into two types： 
Active micromixers and passive micromixers［14-16］. 
Passive micromixers， based on their internal struc‑
tures， are further categorized into multilayer laminar 
flow［17］ and chaotic advection micromixers［18］. Cune‑
gatto et al.［19］ proposed a passive micromixer based 
on a Y‑shaped flow channel with a multi‑obstacle ar‑
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ray， which enhanced laminar flow disturbance by in‑
corporating circular obstacles and grooves within the 
flow channel units. Similarly， Sun et al.［20］ proposed 
a passive micromixer based on Tesla/hexagonal 
flow channels， which achieved highly efficient mix‑
ing across a wide Reynolds number range within 
short mixing lengths by incorporating Ω‑shaped and 
straight obstacles. Additionally， Sinha et al.［21］ de‑
veloped a three‑dimensional helical micromixer that 
induced secondary flow and chaotic advection 
through offset inlets and spiral channel geometry， 
achieving high‑efficiency mixing across a Reynolds 
number within a range of 8—400.

Active micromixers involve placing movable 
components within microchannels or using external 
excitation to periodically disturb the flow field. This 
approach aims to increase the contact area between 
fluid microdomains or induce chaotic advection， 
thereby enhancing mixing efficiency. Active micro‑
mixers， depending on their driving mechanisms， 
can be categorized into piezoelectric-driven［22］， 
acoustic-driven［23］， magnetic-driven［24］ and electric 
field-driven［25］. Generally， active micromixers exhib‑
it higher mixing efficiency compared to passive mi‑
cromixers. However， they are characterized by com ‑
plex structures， high costs， and challenges such as 
thermal gradients that can potentially damage biolog‑
ical samples. As a result， these micromixers are not 
always the optimal choice for chemical and biologi‑
cal applications［26］. Ward et al.［27］ pointed out that 
improving mixing methods could help utilize shorter 
channels. Therefore， they advocated combining ac‑
tive and passive mixing to leverage the advantages 
of both types. Deshmukh et al.［28］ integrated a micro-

pulsation pump with a T-shaped micromixer to de‑
sign a pressure-driven micromixer. This pulsation 
pump generated bubbles by heating the liquid， caus‑
ing them to alternate between formation and col‑
lapse within the channel， thereby driving and stop‑
ping the flow intermittently to induce alternating flu‑
id disturbances. Such velocity pulsations disrupted 
the fluid and increased their contact area， albeit at a 
lower driving frequency. Li et al.［29］ proposed a pul‑
sation-based micromixer without using any dynamic 
chips outsideed， achieving uniform mixing. This mi‑

cromixer consisted of an oscillator and a mixing 
unit， which utilizes a constant head pressure input 
to automatically generate pulsating pressure. Driven 
by pulsating pressure， periodic flow structures are 
generated within the mixing unit， promoting mixing 
within a short channel length. Wu et al.［30］ designed 
a micromixer composed of a microfluidic oscillator 
and a conical chamber. The oscillator included a 
small chamber with an elastic membrane that operat‑
ed through a negative resistance mechanism. Under 
pressure driving into the fluid and exceeding the crit‑
ical pumping pressure， the membrane underwent 
self-excited oscillations， converting the fluid into os‑
cillating flow. This mechanism effectively stretched 
and folded the fluid to enhance mixing. Both of 
these mixers required an external driving pump， 
which reduced system integration.

Piezoelectric actuators driven by piezoelectric 
materials are characterized by rapid response， high 
energy density， immunity to electromagnetic inter‑
ference， and ease of miniaturization［31-34］. There‑
fore， researchers have developed numerous piezo‑
electric micro-pump-driven mixers. Lee et al.［35］ inte‑
grated a mixing region with a triangular structure in‑
to an obstacle-type valveless piezoelectric micro-

pump for pumping and mixing solutions， achieving 
a maximum mixing index of 84%. Liu et al. ［36］ pro‑
posed a multi-stage mixing micro-mixer driven by a 
valveless piezoelectric pump. Two valveless piezo‑
electric pumps were integrated into the micromixer， 
where the inlet and outlet microchannels of the mi‑
cro-pumps were composed of diffuser/nozzle tubes 
and Tesla tubes. With a driving voltage of 60 V for 
a single micro-pump， the output flow rate was 
0.20 ml/min. When the driving signals of the two 
piezoelectric pumps held a phase difference of 180°， 
the mixing efficiency at the outlet of the micromixer 
reached 99.39%. Subsequently， Yang et al.［37］ uti‑
lized this mixing system for the synthesis of nano-sil‑
ver particles. Experimental results showed that as 
the driving voltage increased from 15 V to 60 V， 
the reaction performance of the mixing system grad‑
ually improved. The average particle size of AgNPs 
in the colloidal solution increased from 24.67 nm to 
25.93 nm， and the concentration increased from 
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0.541 to 1.602. The introduction of such mixing sys‑
tems has enhanced system integration. To further re‑
duce complexity and improve mixing efficiency， our 
research group has developed a high-flow valveless 
piezoelectric pump with airfoil baffles［38］. This pump 
utilized an airfoil-shaped structure as a baffle to 
achieve macroscopic unidirectional fluid output. The 
presence of the airfoil baffle generated a large vortex 
region within the flow channel. Coupled with the 
strong pulsation output characteristic of valveless 
piezoelectric pumps， this design may effectively en‑
hance mixing efficiency.

Therefore， in this study， we develop a valve‑
less piezoelectric mixing pump with airfoil baffles us‑
ing the asymmetric NACA63-412 airfoil as the baf‑
fle structure. We investigate the transport and mix‑
ing performance of this valveless piezoelectric mix‑
ing pump using Fe3O4 micro particles as the synthe‑
sis target. First， computational fluid dynamics simu‑
lations are conducted on the flow field inside the 
tube containing an airfoil baffle to study the transient 
evolution characteristics of vortices， revealing the 
influence of airfoil angle of attack on the flow field 
dynamics. Second， experimental tests are per‑
formed on the output performance of the valveless 
piezoelectric mixing pump with airfoil baffles to ana‑
lyze the impact of the airfoil angle of attack on the 
pump’s output capabilities. Finally， Fe3O4 micro 
particle synthesis experiments are conducted using 
the valveless piezoelectric mixing pump. By analyz‑
ing the particle size and morphology of the synthe‑
sized particles， the mixing performance of the valve‑
less piezoelectric mixing pump with airfoil baffles is 
evaluated. This study aims to provide a new per‑
spective for the design of high-performance and easi‑
ly integrable micro mixers， catering to application 
needs in fields such as material synthesis， chemis‑
try， and biomedical sciences.

1 Working Principle and Structur⁃
al Design 

Ref.［38］ reveals that when fluid flows along an 
airfoil baffle from the leading edge to the trailing 
edge （forward flow）， the adverse pressure gradient 

is small， preventing the occurrence of boundary lay‑
er separation. Separation may only occur at the trail‑
ing edge due to sudden expansion， resulting in low‑
er flow resistance. When fluid flows from the trail‑
ing edge to the leading edge of the airfoil （reverse 
flow）， boundary layer separation occurs after pass‑
ing over the highest point of the airfoil surface， cre‑
ating a low-pressure region. Consequently， the flow 
resistance during reverse flow is greater than that 
during forward flow. Fig.1 illustrates the valveless 
piezoelectric mixing pump with airfoil baffles. The 
piezoelectric vibrator vibrates in response to alternat‑
ing voltage， causing periodic changes in the pump 
chamber volume. When the chamber volume in‑
creases， the internal pressure decreases， allowing 
external fluid to flow into the chamber through the 
inlet and outlet tubes under the influence of the pres‑
sure differential. This phase is regarded as the suc‑
tion process of the piezoelectric pump. Conversely， 
as the chamber volume decreases， the internal pres‑
sure rises， forcing fluid to exit the chamber through 
the inlet and outlet tubes due to the pressure differ‑
ential. This phase is known as the pumping process 
of the piezoelectric pump. Due to the unequal flow 
resistance experienced by fluid passing over the air‑
foil baffle in both forward and reverse directions， 
the flow rates of fluid entering and exiting the inlet 
and the outlet tubes during the suction and pumping 
processes of the piezoelectric pump are different. 
Therefore， with the vibration of the piezoelectric vi‑
brator， the piezoelectric mixing pump can macro‑
scopically generate a unidirectional pulsating output.

When the support and driving conditions of the 
piezoelectric vibrator are established， the flow resis‑
tance caused by the airfoil baffle in both forward and 

Fig.1　Schematic diagrams of a valveless piezoelectric pump 
with airfoil baffles
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reverse directions will affect the output performance 
of the piezoelectric mixing pump.

The pressure loss coefficient （friction coeffi‑
cient） for a tube with an airfoil is determined by

ξ = Δp
ρV 2 /2

(1)

where Δp represents the pressure difference across 
the tube with an airfoil； ρ the fluid density； and V 
the average flow velocity at the outlet of the tube. 
The outlet flow rate of the tube can be expressed as

q = A ( 2
ρ ) 1 2( Δp

ξ ) 1 2

(2)

where A is the cross-sectional area at the outlet of 
the tube with an airfoil.

According to Ref.［39］， the output flow rate of 
the valveless piezoelectric mixing pump can be ex‑
pressed as
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ηba = ξb
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(4)

where f is the driving frequency of the piezoelectric 
vibrator； ΔV the volume change of the pump cham ‑
ber when the vibrator moves to its highest position； 
ηba the ratio of the flow resistance coefficients （im‑
pedance ratio） of the tube in forward and reverse di‑
rections； ξa the flow resistance coefficient in the for‑
ward direction and ξb the flow resistance coefficient 
in the reverse direction. Eq.（3） indicates that ξa≠
ξb， allowing the piezoelectric mixing pump to trans‑
port fluid in a unidirectional manner.

As the angle of attack of the airfoil changes， the 
intensity and spatial distribution of vortical structures 
vary within the flow field in the tube， thereby influ‑
encing the transport and mixing performance of the 
valveless piezoelectric mixing pump with airfoil baf‑
fles. To investigate this， the asymmetric airfoil NA ‑
CA63-412 is chosen as the baffle， and four valveless 
piezoelectric mixing pumps are designed with airfoil 
angles of 0°， 5°， 10°， and 15° as the attack angles. 
The pump mainly consists of inlet and outlet tubes 
with an airfoil， a pump chamber， a cover plate， and a 
piezoelectric vibrator， as shown in Fig.2.

2 Flow Field Simulation 

To study the transient evolution characteristics 
of vortices in the flow field within the tube and eluci‑
date the influence of airfoil angle of attack on vortex 
structure intensity and spatial distribution， transient 
numerical simulations of the flow field in the tube 
are conducted by COMSOL software. Four differ‑
ent models of the tubes with asymmetric airfoil NA ‑
CA63-412 at angles of attack of 0°， 5°， 10°， and 15° 
are established. The airfoil baffle has a chord length 
of 10 mm， and the inner diameter of the tube is 
8 mm. The simulation medium is liquid water with a 
density of 1 000 kg/m³ and a dynamic viscosity of 
1×10-³ Pa·s. At the inlet boundary， a velocity 
boundary condition is applied， set as pulsatile veloci‑
ty with a frequency of 42 Hz. The SIMPLE algo‑
rithm is employed to solve the coupled equations for 
flow field velocity and pressure.

Considering the accuracy of the computational 
results and the computational load， a detailed exami‑
nation of the computational domain grid is conduct‑
ed. Validation is performed using grid cell counts of 
2.1 million， 2.5 million， 2.9 million， 3.3 million， 
and 3.5 million. The net output flow rates computed 
with 3.5 million grid cells are compared with those 
with 2.1 million， 2.5 million， 2.9 million， and 
3.3 million grid cells， resulting in ratios of 94.2%， 
97.5%， 98.6%， and 99.3%， respectively. These 
results are shown in Fig.3. Considering both compu‑
tational time and accuracy， a grid cell count of ap‑
proximately 3.3 million is selected for the flow field 
simulations.

Fig.2　Assembly schematic of valveless piezoelectric mixing 
pump with airfoil baffles
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Helicity is an important physical quantity that 
measures the topology of turbulent vortices in a flow 
field. Therefore， a method based on regularized he‑
licity is employed to identify the distribution of vorti‑
ces within the tube and to study the transient evolu‑
tion characteristics of these vortices. Regularized he‑
licity is defined as the dot product of velocity and 
vorticity， divided by the product of the magnitudes 
of velocity and vorticity. The expression is given by

H n = V·ω
||V · || ω

(5)

where V represents the velocity vector and ω the 
vorticity vector. The normalized helicity Hn ranges 
between -1 and 1. In the vortex core region of the 
flow field， the direction of the velocity vector tends 
to align with the direction of the vorticity vector， 
the value of Hn tends towards ±1. The sign of Hn 
indicates the direction of rotation of the vortex： If 
Hn is positive， the vortex rotates counterclockwise 
relative to the flow direction； if Hn is negative， the 
vortex rotates clockwise relative to the flow direc‑
tion. The larger the absolute value of Hn， the stron‑
ger the intensity of the vortex.

3 Experimental Setup 

The pump body and tube containing the air‑
foil baffle are manufactured using Stereolithogra‑
phy （SLA） 3D printing technology with photosen‑
sitive resin. The piezoelectric vibrator used in the 
experiment is a composite circular plate type made 
from PZT-5A material. The structural parameters 
of the pump body and the piezoelectric vibrator for 
the piezoelectric mixing pump are shown in 
Table 1.

The vibrator of a piezoelectric pump is tested 
by a laser Doppler vibrometer （PSV‑300F‑B， Poly‑
tec Ltd.， Germany） in a swept‑frequency experi‑
ment to determine its resonant frequency corre‑
sponding to the first‑order bending vibration mode. 
The output performance tests of the valveless piezo‑
electric mixing pump with airfoil baffles include ex‑
periments on output flow rate and output back pres‑
sure. The schematic of the output performance ex‑
periment is shown in Fig.4. A signal generator and 
power amplifier provide a driving voltage of 100 V 
to excite the piezoelectric vibrator， and the output 
of the piezoelectric pump is controlled by adjusting 
the driving frequency. To measure the output flow 
rate under zero back pressure conditions， a balance 
is used to weigh the mass of liquid output per unit 
time， yielding a curve of output flow rate versus fre‑
quency variation. Under maximum flow rate condi‑
tions， the output flow rate of the pump is tested at 
different driving voltages by adjusting the driving 
voltage of the piezoelectric vibrator. Subsequently， 
an L-shaped tube is connected at the pump outlet to 
record the difference in liquid levels between the out‑
let and inlet under different driving frequencies， gen‑
erating a curve of output back pressure versus fre‑
quency variation. All output performance tests of 
the piezoelectric mixing pump use deionized water 
as the working fluid.

This study employs co-precipitation to prepare 
Fe3O4 particles and characterizes their morphology 
and particle size to assess the mixing performance of 
the valveless piezoelectric pump with airfoil baffles. 
The required solutions for the experiment consist of 
FeCl3， FeSO4， and saturated NaOH solution. The 
reaction principle is

Fe2 + + 2Fe3 + + 8OH- → Fe3 O 4 ( s )+ 4H 2 O (6)
FeCl3 and FeSO4 solutions are mixed in a 1∶1 

ratio， and the solution concentrations include FeCl ₃ 
（0.1 M）， FeSO ₄ （0.05 M）， NaOH （1.5 M）， fol‑

Fig.3　Grid independence validation results

Table 1　Structural parameters of the piezoelectric mix⁃
ing pump mm

Parameter

Value

Chamber 
diameter

40

Chamber 
depth

4

Vibrator 
diameter

45

Vibrator 
thickness

0.5
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lowed by the addition of saturated NaOH solution to 
achieve mixed solution of pH > 9. Subsequently， 
distilled water is added to prepare the mixed solu‑
tion. Using valveless piezoelectric mixing pumps 
with different angles of attack of the airfoil， circula‑
tion mixing and pumping experiments are conducted 
for 15 min. The temperature is 25 ℃ （room temper‑
ature， controlled）. The piezoelectric pump operates 
at 100 V， 42 Hz （resonant frequency）， while the 
magnetic stirrer operates at 1 000 r/min. Finally， 
samples are directly taken from the mixed solution， 
and the morphology of the generated particles is ob‑
served using a scanning electron microscope （Kath‑
Matic， KS-X1500） for their characteristics. Image 
processing is then performed to analyze the particle 
size distribution. The flowchart of the mixing experi‑
ment is shown in Fig.5. Simultaneously， a magnetic 
stirrer is used to stir the mixed solution （FeCl3， Fe‑
SO4， and saturated NaOH solution） to obtain mic‑
roparticle products which serve as the control group 
for comparative evaluation of the mixing perfor‑
mance of the airfoil-based valveless piezoelectric 
mixing pump.

4 Results and Discussion 

At four characteristic instants within one veloci‑
ty cycle， the results of the flow field computations 
are selected. Vortex identification using regularized 
helicity reveal the distribution of vortex iso-surfac‑
es， as shown in Fig.6. At time 0， when the fluid 
flows forward over the airfoil， vortices predominant‑
ly form near the leading and trailing edges of the air‑
foil. Particularly， symmetric vortices of approxi‑
mately equal size and opposite rotation directions 
are generated near the wall surface of the tube. At 
T/4， when the fluid velocity reaches its peak in the 
forward direction， vortices near the leading edges of 
the airfoil and close to the walls of the tube further 
evolve， forming multiscale vortex structures. Partic‑
ularly， smaller vortices initially present near the up‑
per and lower surfaces of the airfoil near the trailing 
edge and adjacent to the walls of the tube undergo 
further development. This results in the generation 
of numerous multiscale vortex structures and their 
shedding， with the volumes of these vortex struc‑
tures decreasing along the direction of fluid flow. At 
T/2， when the fluid starts to flow in reverse over 
the airfoil， symmetric vortices of equal scale and op‑
posite rotation directions are observed near the trail‑
ing edge of the airfoil and adjacent to the walls of 
the tube. However， the volumes of vortices on the 
upper and the lower surfaces of the airfoil are differ‑
ent. Fewer vortices are generated in the region near 
the leading edge of the airfoil. At 3T/4， when the 
fluid velocity reaches its peak in reverse flow， multi‑
scale vortex systems are observed near the upper 
and the lower surfaces of the airfoil near the trailing 
edge and adjacent to the walls of the tube. These 
vortex systems primarily migrate and develop along 
the axial direction. In the region near the leading 
edge of the airfoil， the distribution of vortex sys‑
tems is more complex. The shedding vortices from 
the trailing edge interact with the vortices generated 
in the leading edge region， forming multiscale com ‑
plex vortex systems. Moreover， the total volume of 
vortex systems on the lower surface of the airfoil 
baffle is larger than that on the upper surface.

From Fig.6， it is evident that vortices in the 

Fig.4　Output performance experiment

Fig.5　Flow chart of mixing experiment
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flow field mainly form near the leading and trailing 
edges of the airfoil. The size and position of these 
vortices vary with time， and interactions between 

vortices at different locations result in multiscale 
complex vortex systems. Over one cycle， as the an‑
gle of attack increases and the fluid flows forward 
and then reverses over the airfoil， the positions 
where vortices form near the leading and trailing 
edges of the airfoil gradually move forward along 
the direction of fluid flow， and their volumes in‑
crease progressively. Additionally， the symmetry of 
vortices and the shedding phenomenon become 
more pronounced， indicating that the angle of attack 
significantly influences the formation and develop‑
ment of vortices. Next is the enhancement of unidi‑
rectional pulsation by vortex dynamics. As shown in 
Fig.6， the transient evolution of vortices within the 
flow field further amplifies the asymmetry of the re‑
sistance to forward and reverse flows. In the for‑
ward flow phase， small‑scale vortices predominant‑
ly form near the trailing edge of the guide vane， ex‑
hibiting periodic shedding with lower energy dissipa‑
tion. Here， fluid energy is primarily directed toward 
driving outflow. In the reverse flow phase， during 
backflow， a large‑scale vortex develops near the 
leading edge of the guide vane due to the adverse 
pressure gradient. The generation， migration， and 
interaction of these vortices induce intense turbulent 
mixing， leading to significantly increased energy 
losses， thereby suppressing reverse flow. And the 
simulations reveal that as the attack angle increases， 
both the vortex intensity and spatial asymmetry in‑
tensify.

Fig.7 shows the regularized helicity curves of 
the flow field vortices. A larger absolute value of Hn 
indicates stronger vortices. It can be seen from Fig.7 
that as the angle of attack increases， the strength of 

Fig.6　Iso-surface distribution of vortices inside a tube with 
an airfoil baffle

Fig.7　Regularized vorticity curves of the flow field
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the flow field vortices also increases.
Fig.8 presents the vibration test results of the 

piezoelectric vibrator. The results indicate that the 
first-order bending resonance frequency of the piezo‑
electric vibrator used in this pump is 158.5 Hz under 
no-load conditions （without fluid or tubing connec‑
tions）.

Fig.9 shows the output performance curves of 
valveless piezoelectric mixing pumps with different 
angles of attack airfoil baffles. Fig.9（a） depicts the 
flow rate-frequency curves. It can be observed that 
the maximum output flow rate of the piezoelectric 
mixing pump decreases gradually with an increasing 
angle of attack of the airfoil baffle. At 0° angle of at‑
tack， the maximum output flow rate of the valveless 
piezoelectric mixing pump with airfoil baffles is 
225.3 ml/min. Fig.9（b） shows the flow rate-volt‑
age curves of the valveless piezoelectric mixing 
pump at its optimal operating point. As the driving 
voltage increases， the output flow rate of the piezo‑
electric pump also increases. At a driving voltage of 
110 V， the output flow rate of the valveless piezo‑
electric mixing pump with 0° angle of attack airfoil 
baffles reaches 242.52 ml/min. Fig.9（c） shows the 
output backpressure-frequency curves of the valve‑
less piezoelectric mixing pump with the airfoil baf‑
fles. It can be observed that as the angle of attack of 
the airfoil baffle increases， the output backpressure 
of the piezoelectric mixing pump decreases， and the 
frequency at which maximum output backpressure 
occurs also decreases with an increasing angle of at‑
tack. At 0° angle of attack， the maximum output 
backpressure of the valveless piezoelectric mixing 
pump with the airfoil baffles is 813.2 Pa.

The experimental results in Figs.8，9 indicate 
that the optimal operating frequency of the piezoelec‑
tric pump （the frequency corresponding to peak 
flow rate） differs significantly from the no-load reso‑
nance frequency of the vibrator. Specifically， during 
the output performance tests， the addition of inlet/
outlet tubing and working fluid substantially increas‑
es the system’s equivalent mass and alters its me‑
chanical impedance， leading to a reduction in the 
resonant frequency. Consequently， the optimal oper‑
ating frequency for maximum flow rate （42 Hz at 0° 
angle of attack） is notably lower than the first-order 
bending resonance frequency of the piezoelectric vi‑
brator （158.5 Hz）.

Fig.8　Vibration test results of the piezoelectric vibrator

Fig.9　Output performance curves of the valveless piezoelec‑
tric mixing pump
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This study also compares the output flow rate 
of the proposed piezoelectric pump with existing 
piezoelectric pump-driven micromixers， as summa‑
rized in Table 2. The results demonstrate that at a 
driving voltage of 100 V， the pump achieves a maxi‑
mum output flow rate of 225.3 ml/min at 0° angle of 
attack， significantly outperforming comparable de‑
vices. This highlights the pump’s superior capabili‑
ty for high-flow applications.

Fig.10 shows micrographs of the reaction solu‑
tion after 15 min of mixing. Specifically， Fig.10（a） 
depicts the micrograph of the mixture stirred with a 
magnetic stirrer. Figs.10（b—e） show micrographs 
of the mixture after mixing using valveless piezoelec‑
tric mixing pumps with airfoil baffles at different an‑
gles of attack.

To further quantitatively analyze the size and 
quantity of the generated Fe3O4 particles， we intro‑
duce the Feret diameter concept， which measures 
the diameter passing through the center of a particle 
in any direction. We perform edge-based image seg‑
mentation on the micrographs of the particles， as de‑
picted in Fig.11. Subsequently， based on the results 
of image processing， we measure the diameters and 
count the particles to obtain the Feret diameter dis‑

tribution of the Fe3O4 particles， as shown in Fig.12. 
Figs.11，12，show that at 0° angle of attack， the 
Fe3O4 particles generated by the piezoelectric mixing 
pump have a diameter predominantly around 50 μm， 
with irregular shapes and relatively few in number. 
At 5° angle of attack， the particle diameter is ap‑
proximately 30 μm， showing slight improvement in 
both diameter and shape， with an increased number 
of Fe3O4 particles， though the diameter distribution 
is wider. With 10° angle of attack， the Fe3O4 parti‑
cles in the mixture have a diameter of around 
20 μm， exhibiting more regular shapes and a signifi‑
cant increase in quantity. At 15° angle of attack， the 
particle diameter distribution ranges around 10 μm， 
with regular shapes and a sharp increase in particle 
quantity. In contrast， the generated particles using a 
magnetic stirrer exhibit a wider diameter range from 
10 μm to 70 μm， with a broader distribution. Fur‑
thermore， both the morphology and quantity of the 
generated particles are notably inferior compared to 
those generated by the piezoelectric mixing pump at 
15° angle of attack.

Table 2　Flow rate comparison of different piezoelectric 
pump⁃driven micromixers

Study
Liu et al. [36]

Lee et al.[35]

This work

Voltage/V
60
40

100

Flow rate/(ml⋅min-1)
0.2

0.156
225.3

Fig.12　Feret diameter distribution of Fe3O4 particles

Fig.11　Processed images of Fe3O4 particles
Fig.10　Micrographs of the mixed solution
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5 Conclusions 

We utilize the asymmetric airfoil NACA63-412 
as a baffle to construct a valveless piezoelectric mix‑
ing pump and investigate the influence of varying an‑
gles of attack on the flow field inside the tube and 
the output performance of the piezoelectric pump. 
Simulation results indicate that with increasing an‑
gle of attack， the positions where vortices are gener‑
ated around the leading edge and trailing edge of the 
airfoil shift forward along the flow direction， and 
their volumes gradually increase. Additionally， the 
symmetry and shedding phenomena of the vortices 
become more pronounced， leading to increased vor‑
tex intensity in the flow field， which effectively en‑
hances mixing efficiency. Experimental results on 
the output performance of the piezoelectric pump 
show that as the angle of attack increases， the maxi‑
mum output flow rate gradually decreases. Specifi‑
cally， at 0° angle of attack， the maximum output 
flow rate of the valveless piezoelectric mixing pump 
with the airfoil baffles is 225.3 ml/min， with a maxi‑
mum output backpressure of 813.2 Pa. Using Fe3O4 
microparticles as the synthesis target， experiments 
are conducted on the mixing performance of the 
valveless piezoelectric mixing pump with airfoil baf‑
fles. The results indicate that with an increasing an‑
gle of attack， the number of Fe3O4 particles generat‑
ed in the mixture significantly increases， resulting in 
a narrower particle size distribution and more regu‑
lar particle morphology. The proposed valveless 
piezoelectric mixing pump with airfoil baffles exhib‑
its excellent output and mixing performance. This 
pump shows promising applications in material syn‑
thesis， chemistry， and biomedical fields， enhancing 
system integration and improving mixing efficiency.
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翼型挡体无阀压电混合泵的传输和混合特性研究

熊 健 1， 邝 铭 1， 王 璐 2， AFFANE Hiba1， 黄亚冬 1， 黄 俊 1

（1.江苏大学流体机械工程技术研究中心，镇江  212013，中国； 
2.华能甘肃能源开发有限公司，兰州  730070，中国）

摘要：为了降低混合系统的复杂性、提高混合效率，以非对称翼型 NACA63‑412 为挡体，提出了具有主动混合与

被动混合特点的翼型挡体无阀压电混合泵。研究了翼型迎角变化对流管内流场和压电混合泵输出、混合性能的

影响。对含翼型流管进行了流场模拟，结果表明，随翼型迎角的增大，当流体分别以正向和反向流经翼型挡体

时，涡旋在翼型的前缘区域与尾缘区域的形成位点会随着流体流动方向的改变而逐步向前迁移。体积逐渐增

大，且流场涡旋强度增大。随后，制作了 4 种不同迎角的翼型挡体无阀压电混合泵样机并进行了输出性能试验。

结果表明，随翼型迎角的增大，压电混合泵的最大输出流量逐渐减小。当翼型迎角为 0°时，翼型挡体无阀压电混

合泵的最大输出流量为 225.3 ml/min。以 Fe3O4 微颗粒为合成对象，利用翼型挡体无阀压电混合泵进行了混合

性能试验。结果表明：随翼型迎角的增大，混合液内生成的 Fe3O4粒子数量明显增加，粒径分布变窄，且粒子形貌

越发规则。当翼型迎角为 15°时，生成的 Fe3O4 粒子粒径约为 10 μm。该研究结果可为微流控系统的设计提供有

效参考，满足材料合成、化学和生物医学等领域的应用需求。

关键词：微混合器；翼型挡体；压电泵；涡旋；Fe3O4粒子
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