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Abstract 
 
A new type of valveless piezoelectric micropump is presented. Synthetic jet and Coanda effect are utilized to achieve larger and bidi-

rectional flow rate. The numerical simulation applying the velocity and pressure boundary conditions as well as the SST turbulence 
model were utilized to research the performance and internal flow state of the micropump. The simulation method was tested by the pre-
vious experimental data and the results matched well. The results suggest that the flow rate of the micropump is related to the Reynolds 
number and frequency. The entrainment flow rate of synthetic jet accounts for over 80% of the total outflow rate. The outflow rate is 
much larger than the volume change of the micropump chambers. There is an optimal frequency to obtain the maximum flow rate re-
garding the volume change of the chambers as a constant. The fluctuation of the flow rate decreases with the increase of frequency. 
When the frequency is higher than 25 Hz, the outflow can be continuous. Working at the Reynolds number of 1000 and optimal fre-
quency of 50 Hz, the flow rate is 6.8 ml/min.   
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1. Introduction 

There is a promising future for Micro-fluidic system in the 
life sciences and chemical analysis fields such as pathological 
analysis, DNA sequencing and drug interactions [1-3]. Some 
great technologies like gene chip and biochip are developed 
by the system and now applied in the aforementioned and 
other fields [4, 5]. Micropumps function as crucial device 
supplying the energy for the fluid to overcome the resistance 
of the system. Micropumps can be classified into mechanical 
and non-mechanical ones generally according to the principle 
that how the fluid is transported [6]. Non-mechanical micro-
pumps such as the electroosmotic [7], magnetohydrodynamic 
[8], and electrowetting [9] micropumps drive the fluid directly 
by electric, magnetic or other types of energy without moving 
parts. However, they are not widely utilized for the complex 
structures and the relatively harsh working conditions as well 
as the low outlet pressure [10]. The mechanical micropumps 
work with vibrating diaphragms or rotating parts [11, 12], for 
instance, the vibrating diaphragm micropumps [13], rotary 
micropumps [14], and ferrofluid micropumps [15]. The piezo-
electric micropumps belonging to the vibrating diaphragm 

micropumps may utilize valves to control the flow direction. 
However, there are lots of disadvantages for micropumps with 
valves such as the performance reduction, unreliability be-
cause of wear and fatigue of the valves, high pressure loss 
near the check valves and a risk of valve clogging [16].   

Many researchers have focused on the piezoelectric micro-
pumps with no moving valves over the last few decades for 
the simple structure and great miniaturization potential. There 
is also a great advantage for the valveless piezoelectric micro-
pumps to transport the solution containing large cells or parti-
cles which are easy to cause valve clogging [17]. The valve-
less micropump based on diffuser/nozzle element is one of the 
most-investigated type of valveless piezoelectric micropumps 
so far. In 1993, the first valveless micropump based on dif-
fuser/nozzle with small diffuser angle was fabricated by 
Stemme and Stemme [18]. The oscillating chamber volume 
produced by a vibrating diaphragm and the unique dif-
fuser/nozzle element make the micropump work. There are a 
lot of researches have been reported on this type of micro-
pumps [18, 19]. The diffuser/nozzle element is the vital struc-
ture of the micropumps. However, at low Reynolds numbers, 
the loss coefficients of nozzle/diffuser will be close which 
means the flow rate and volumetric efficiency will be low 
under this circumstance.  

The synthetic jet as well as Coanda effect have been re-
searched in the micropump field to improve the flow rate and 
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efficiency. A classic synthetic jet actuator is usually composed 
of a sealed cavity with a flexible diaphragm on one side and 
an orifice on the other side. The diaphragm vibrates by driving 
voltage to change the volume of the cavity. In the suction 
stage, the diaphragm driven towards the opposite direction of 
orifice, fluid will be drained into the cavity. The discharge 
stage is that the diaphragm driven toward the orifice, making 
the ejection of fluid through the orifice. A series of vortexes 
appear at the edge of the orifice because of the shear force and 
keep moving far away from the orifice and would not be ef-
fected by the next suction stroke, which means the synthetic 
jet is a zero-net-mass-flux jet but also a nonzero momentum-
flux jet [20]. The Coanda effect which was first discovered by 
Henri Coanda in early 20th century is applied in the study. 
Energy exchange happens between jet and the surrounding 
fluid, then jet entrains fluid. However, the flow of the en-
trainment is restricted by the wall of the confined space, lead-
ing to the pressure difference between the wall and the jet. The 
deflection of the jet which caused by the pressure difference 
makes the jet attach to the boundary [21, 22].  

Luo et al. presented a valveless micropump applying syn-
thetic jet in 2001 [23]. In 2011, a synthetic jet-type micro-
pump for transporting air was presented by Jong et al. [24], 
the optimal structure parameters of this micropump were de-
termined by numerical analysis. In 2014, a Coanda effect-type 
micropump was proposed by Yang et al. [25]. This kind of 
micropump has a larger volume efficiency than normal ones 
which could be over 50%. In 2015, a valveless micropump 
applying synthetic jet which can achieve bidirectional flow 
rate was designed by Zhang et al. [26], the direction control of 
the flow could be achieved by controlling the excitation volt-
ages on the two piezoelectric actuators. However, the excita-
tion voltage on one actuator has to be much less than the other 
one in order to make the difference between two actuators’ 
displacements for generating the Coanda effect, which means 
the flow rate mainly depends on only one actuator. Therefore, 
the volumetric efficiency of this micropump is not improved 
much compared with the micropump with single chamber.  

The numercial simulation is used to study a new type of mi-
cropump which can transport the liquid bidirectionally in this 
research. The advantages of larger flow rate and continuous 
outflow make it more efficient than nozzle/diffuser micro-
pumps under some circumstances [27]. Furthermore, the flow 
direction can be changed by controlling the excitation voltages 
of three piezoelectric actuators (strong voltages on two actua-
tors and weak voltage on the rest one). The total displace-
ments of the two actuators is much lager than only one actua-
tor, so the flow rate of the micropump with three chambers is 
much lager than which with only two. The comparison be-
tween the micropumps with two and three chambers has been 
done, it shows that the flow rates of each micropump are 1.9 
ml/min and 6.8 ml/min at the optimal working conditions 
respectively. And the volumetric efficiency λ of the micro-
pumps with two and three chambers can be 0.99 and 1.8, re-
spectively. Both volume change of chambers and instantane-

ous flow rates of the micropumps with two and three cham-
bers are shown as Fig. 1 regarding each chamber’s volume 
change as a constant of 1.92 ml/min.  

 
2. Structure and principle 

2.1 Structure  

Fig. 2(a) shows the structure of the micropump. It is com-
posed of two pump body layers and a cover. The pizeoelectric 
actuators are set in the cover. The inlet and outlet are fabri-
cated in the body layer 1 while the synthetic jet element as 
well as three chambers are manufactured in the layer 2. The 

 
 
Fig. 1. Volume change of the chambers and outflow rates of micro-
pumps with two and three chambers in a cycle (volume change for 
each chamber is 1.92 ml/min, f = 50 hz). 

 

 
(a) 

 

 
(b) 

 
Fig. 2. (a) Structure of micropump; (b) structure of synthetic jet ele-
ment. 
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silicon, glass or PMMA can be used to fabricate the pump 
body as well as cover which will be bonded together by an-
odic bonding or adhesive. 

Fig. 2(b) shows the structure of synthetic jet element which 
is crucial to the micropump. Pump chamber 1, chamber 2 and 
chamber 3 and the diffuser are connected by the channel A1, 
A2 and A3, respectively. The diffuser and the synthetic jet 
room are connected by channel B1and B2. The channel C1 
and C2 are set after the synthetic jet room, connecting with the 
inlet and the outlet, respectively. 

 
2.2 Principle  

For example, the actuator 1 and the actuator 2 are excited by 
the same synchronous voltages while the actuator 3 stays 
static. According to the Coanda effect, pressure difference 
occurs in the diffuser which makes jet flow attach to channel 
B2. Therefore the actuator 1 functions as the power element 
and the actuator 2 serves as the power element as well as the 
controller of the pump direction. As the actuators oscillating, 
they alternatively draw in or blow out the ambient fluid. Ac-
cording to the pattern of the actuators, a working cycle can be 
divided into two stages, the discharge stage and the suction 
stage as shown in Fig. 3. 

Fig. 3(a) shows the diagram of discharge stage. The QA2,d is 
equal to QA1,d due to the same driving voltage. The maximum 
volume change V of the pump chamber connected with the 
channel A1 and channel A2 is set as 

A2,d A1,d= .V Q Q=                                  (1) 

 
Impacted by the discharging of the fluid which from the 

vertical direction, the fluid from the channel A1 turns to the 
channel B2, producing a pressure differential in the diffuser 
area. The jet flow is forced to attach the wall of the diffuser 
speedily because of the Coanda effect. Therefore, QB2,d is  
larger than QB1,d significantly because most of fluid is draining 
into the channel B2 during this stage. So, the relationship be-
tween QB2,d and QB1,d is 

 
1, 2, (0 1) .B d B dQ Qb b= < <<                         (2) 

 
Based on continuity equation 
 

A1,d A2,d B1,d B2,d .Q Q Q Q+ = +                         (3) 
 
Based on Eqs. (1)-(3), it is found that 
 

B2,d

2 .
1

VQ
b

=
+

                                    (4) 

 
In the synthetic jet room, the main jet flow from the channel 

B2 produces a series of vortexes entraining the fluid drained 
out of the channel B1 and sucking from the channel C1 as 
well. The main jet flow from the channel B2 as well as the 
entrainment fluid are supposed to enter into the channel C2 
and then flow out through the outlet. The total outflow rate 
can be expressed as 

 
C2,d E,d B2,d .Q Q Q= +                                (5) 

 
Using Eqs. (4) and (5), QC2,d will be got as 
 

C2,d E,d

2 .
1

VQ Q
b

= +
+

                                (6)                         

 
The suction stage is shown in Fig. 3(b). Because of the 

symmetry of the structure, the flow rates drains into the chan-
nel B1 and B2 are nearly the same. We set 

 
B1,s B2,s .Q Q V= =                                   (7) 

 
Simultaneously, the vortexes generated within discharge 

stage still exist during this stage and continue entraining the 
fluid from channel C1 to channel C2. Thus QC2,s can be calcu-
lated as 

 
C2,s C1,s E,s2 .Q V Q Q= - = -                            (8) 

 
The outlet flow rate Qout can be obtained by Eq. (9) using 

Eqs. (6) and (8) 
 

out C2,d C2,s E,d E,s

2 .
1

Q Q Q V Q Q
b

= - = + +
+

            (9) 

 
(a)   

 

 
(b)  

 
Fig. 3. (a) Discharge stage; (b) suction stage. 
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Define λ as the volumetric efficiency, which means the ratio 
of the outlet flow rate to the volume change of the pump 
chambers in a cycle. 

 
out E1

2 1 2
Q Q

V V
l

b
= = +

+
                            (10) 

 
where 
 

, , .E E d E sQ Q Q= +                                 (11) 

 

The first term 1
1 b+

in the Eq. (10) describes the volumetric 

efficiency attributed to the Coanda effect for the only relative 

coefficient β. The second term E

2
Q
V

 describes the contribu-

tion of the synthetic jet. It suggests that the outflow perform-
ance of the micropump is attributed to both of the Coanda 
effect and synthetic jet. 

What is more, when the actuator 2 stays static and the actua-
tor 3 vibrates as the power and the controlling element of the 
pump flow instead, the flow direction changes. In the mean-
time, the characteristic of the micropump will not change be-
cause the synthetic jet element is symmetrical. Therefore, the 
bidirectional pump flow can be achieved through choosing the 
actuator 2 or actuator 3 to vibrate alternatively. 

 
3. Numerical simulation 

3.1 Flow model and boundary condition setting 

In order to obtain the internal flow state as well as the flow 
rate within the micropump, a numerical simulation was done 
with the medium of incompressible water at ordinary tempera-
ture. Define the Reynolds number as: 

 
4A u

duRe
c
u u

æ ö
ç ÷
è ø= =                             (12) 

 
where c and A are the wetted perimeter and area of the dif-
fuser throat, respectively; u is the mean velocity on the section 
plane of the throat; u is the kinematic viscosity of the media. 
Table 1 shows the structural size of the synthetic jet element. 
In this simulation, as the Reynolds number ranged from 250 to 
1000, the flow model used the SST turbulence model for cal-
culating the flow in the boundary layer more properly [28-30]. 

Fig. 4. illustrates the simulation domain and the boundary 
locations. The ‘Chamber 1’ and ‘Chamber 2’ were set as ‘ve-
locity Inlet’ , whose values were calculated by the Eq. (13) to 
model the vibration of the piezoelectric diaphragms stimulated 
by the the sinusoidal alternating voltage. The ‘Inlet ’and ‘Out-
let’ were set as the ‘Pressure outlet’, whose pressure were set 
as 1 atm. The overall grid number reached as much as about 
2000000. 

m m

2sin t sin 2 ftU U U
T
p p= =（ ） （ ）              (13)  

 
where Um means the maximum mean velocity in the section 
plane of the boundary condition; T is the time of a cycle and 
its reciprocal f is the stimulating frequency. 

The boundary conditions and the flow model were tested by 
the comparison with the previous experiment data applied by 
Krishnan and Mohseni [20]. The relevant parameters in the 
testing simulation are referred to the paper reported by them. 
The working media was incompressible air at normal tem-

Table 1. Structural size of synthetic jet element.  
 

Structural symbol Value 

q (°) 90 

LA (mm) 1100 

dd (mm) 100 

Ld (mm) 400 

qd (°) 30 

hB (mm) 150 

dAB (mm) 100 

yB (mm) 1500 

hC (mm) 600  

dC (mm) 600 

ls (mm) 1500 

ds (mm) 4500 

hs (mm) 1000 

D (mm) 1000 

 

 
 
Fig. 4. Simulation domain. 

 

 
 
Fig. 5. Comparison of the simulation with experimental normalized 
velocity profiles. 
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perature. Fig. 5 illustrates the comparison of the normalized 
streamwise velocity profiles ur/umax at the distance of 15 dd 

from the virtual origin x0 in cylindrical coordinates between 
the simulation and the experimental results respectively, 
where dd is the diameter of the synthetic jet actuator exit; ur is 

the velocity along radical direction; umax is the maximum of ur; 
x0 is the virtual origin based on velocity. 

 
3.2 Results and discussion 

Fig. 6 shows the internal flow state in the diffuser and the 
synthetic jet room at four specific moments of a cycle when 
Re = 1000 and f = 50 Hz. The first half of the period is dis-
charge stage and the second half is suction stage. The Coanda 
effect appears at 0.25 T in the diffuser. Simultaneously, a se-
ries of vortexes generated by the main jet from channel B2 
move downstream with the jet, and retrain the fluid through 
channel C1 and the channel B1. There is a speed reduction of 
the fluid in the channel B2 during 0.25T to 0.5T. However, the 
vortexes are still strong enough to suck more fluid from chan-
nel C1. From 0.5T to 1T, the fluid sucked from the channel 
B1 and B2 into the diffuser is equal. In the synthetic jet room, 
the vortexes continue dissipating but still entraining fluid from 
the channel C1 during 0.75 T to 1 T. 

Fig. 7 illustrates the volume change of the pump chambers 
and instantaneous flow rates of the channel B2 as well as the 
outlet in a cycle when Re is 1000 and frequency is 50 Hz. q > 
0 indicates the fluid is drained out of channel B2 or outlet. On 
the contrary, q < 0 means that fluid is drained into the channel.  

The results demonstrate the continuous pump flow during a 
whole cycle can be achieved for the instantaneous flow rate of 
the outlet is all positive. It is obvious that the flow rate curve 
of outlet is always above channel B2. That indicates the jet  
entrains fluid in the synthetic jet room all the time. The flow 
rate of channel B2 is 0.82 ml/min, and the outlet is 6.8 ml/min. 
The jet entrainment QE contributes most to the final outlet 
flow rate in this situation for about 88%. The λ is calculated 
to be 1.8 which means the outlet flow rate is 1.8 times to the 
volume change of the pump chambers. 

The Reynolds number is found to be a essential dimen-
sionless number which affects the function of the micropump 
strongly. Fig. 8 shows the flow rates of outlet and channel B2 
as well as λ at different Res. With the increase of Reynolds 
number, the flow rates of the channel B2 increases very 
slowly, but there is approximate linear correlation of the outlet 
flow rates as the Re increases from 250 to 1000. It reveals the 
great improvement of the outlet flow rate chiefly because of 

 
 

 
(a) 

 

 
 

 
(b) 

 
Fig. 6. (a) Flow state of discharge stage in the diffuser and the syn-
thetic jet room in a cycle; (b) flow state of suction stage in the diffuser 
and the synthetic jet room during a cycle (Re = 1000, f = 50 hz). 

 

 
 
Fig. 7. Volume change of the chamber, flow rates of channel B2 and 
outlet during a cycle (Re = 1000, f = 50 hz). 
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the large growth of the entrainment flow rate which caused by 
the synthetic jet. For the same reason, the λ can be over 1 
when the Re is larger than 500, and comes to 1.8 as Re = 1000. 

Fig. 9 illustrates the flow rates of the outlet and the channel 
B2 as well as the λ of the micropump at different driving fre-
quencies (10 Hz-400 Hz) when Re = 1000. Based on the 
method of the numerical simulation utilized here, the volume 
change of the pump chambers (1.88 ml/min when the Re = 
1000) per unit time is a constant if the Re is invariable. There-
fore, the curves of the outlet flow rate and the λ share the same 
shape as shown in the figure. The flow rate of the outlet can 
reach the maximum value as f = 50 Hz, and then decreases if 
the frequency is higher or lower than 50 Hz. However, as the 
frequency increases, the flow rate through the channel B2 
remains very low and almost unchanged. The results suggest 
that there is an optimal driving frequency to obtain the maxi-
mum flow rate for this type of micropump (it is 50 Hz in this 
case). Moreover, the frequency impacts little on the flow rate 
caused by Coanda effect, but a lot on the entrainment flow rate, 
which contributes most to the flow rate of the outlet. 

Fig. 10 shows the instantaneous flow rates of the outlet at 
various frequencies (10 - 400 Hz) as Re = 1000. It reveals that 
the fluctuation of the flow rate decreases while the frequency 
increases. Generally, the outflow rate with f = 400 Hz (0.0075 
ml/s < qout < 0.10 ml/s) is much lower than that with f = 10 Hz 
(-0.033 ml/s < qout < 0.31 ml/s). The curve of the flow rate 
with f = 400 Hz (0.0075 ml/s < qout < 0.10 ml/s) is more 
smooth than that with f = 10 Hz (-0.033 ml/s < qout < 0.31 

ml/s). And it is found out that the curve is always above zero 
line when f > 25 Hz which means the continuous outflow can 
be realized under this circumstance. 

 
4. Conclusions 

A new type of micropump which can transport liquid bidi-
rectionally has been designed. It has the advantage of large 
flow rate as much as 6.8 ml/min when Re = 1000 and f = 
50 Hz. Furthermore, the flow direction can be controlled using 
Coanda effect which functions by choosing two piezoelectric 
actuators of three to be the active ones. 

The results obtained by numerical simulation show the en-
trainment flow rate QE always exists during the whole cycle 
and plays a crucial role in the final outlet flow rate. Since the 
volume change of the chambers is much lower than the outlet 
flow rate, so λ can be over 1. 

The micropump can achieve higher flow rate and λ as the 
Re increases. The outlet flow rate nearly increases linearly 
with the increasing Re, mainly because of the great improve-
ment of the entrainment flow rate caused by the synthetic jet.  

The maximum flow rate and λ for this type of micropump 
can be obtained at an optimal frequency when the volume 
change of the chambers is a constant. The frequency impacts 
little on the flow rate caused by Coanda effect, but a lot on the 
entrainment flow rate. Moreover, the fluctuation of flow rate 
decreases with the increase of frequency. When f > 25 Hz, the 
micropump can achieve continuous outflow. 

This kind of micropump can be applied in the Micro-fluidic 
system especially for chemical analysis, sample injection, 
mixing and segregation et al. The large, continuous outflow of 
this valveless piezoelectric micropump meets the requirements 
of transporting fluid in the Micro-fluidic system and improves 
its efficacy as well. The micropump is able to realize the bidi-
rectional transport in the system. 
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Fig. 9. Flow rates of outlet and channel B2 and l at different frequen-
cies (Re = 1000). 
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Nomenclature------------------------------------------------------------------------ 

A   : Area of diffuser throat  
D      : Inlet and outlet diameter 
Da    : Outlet diameter of synthetic jet actuator 
dAB    : Depth of channel A1, A2, B1, B2; diffuser 
d      : Diameter of the synthetic jet actuator exit   
dC     : Width of channel C1 and C2 
dd     : Width of diffuser throat  
ds     : Width of synthetic jet room  
f       : Frequency 
hB     : Width of channel B1 and channel B2  
hC     : Depth of channel C1 and C2  
hs     : Depth of synthetic jet room  
LA     : Length of channel A1 and A2  
Ld     : Length of diffuser  
ls      : Length of synthetic jet room  
Q      : Local flow rate 
Qout    : Outlet flow rate during a cycle 
QE     : Entrained flowrate caused by synthetic jet in a cycle 
qout    : Instantaneous outlet flowrate  
r      : Length in radius direction 
T      : Time of a cycle 
U      : Mean velocity applied in boundary condition 
Um     : Max mean velocity applied in boundary condition 
u      : Mean velocity in throat cross section 
ua     : Axial velocity on the axial of synthetic jet actuator 
ur       : Mean velocity along radical direction 
V      : Volume change of pump chambers  
yB      : Distance from channel B1 to channel B2 
β      : Ratio of the QB2,d to QB1,d 
q           : Angle of channel A1 and A2 
qd      : Diffuser angle  
λ      : Volumetric efficiency 
u      : Kinematic viscosity of water 
χ      : Wetted perimeter of the diffuser throat 
x0        : Virtual origin based on velocity 
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