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Abstract The influences of diverging angle, excitation
frequency and volume change rate of the pump chamber on
the valveless piezoelectric micropump with planar diffuser/
nozzle elements are studied. The diverging angle ranges
from 5° to 60°, the amplitude of the membrane ranges
from 0.5 to 80 wm, the excitation frequency ranges from
10 to 5000 Hz. The deformation model of the membrane
is verified by experiments. The performance of the micro-
pump is predicted by numerical simulation. The simulation
results agree with the experiment results very well. Statis-
tical analysis of the location and duration of vortexes in
internal flow field is used to reveal the relationships among
efficiency, diverging angle, frequency and chamber volume
change rate. As the frequency ranges from 100 to 1000 Hz,
the efficiency increases sharply because the tube is partially
blocked by vortexes at suction stage. The vortexes in the

M Xiuhua He
xiuhua.he @ujs.edu.cn

Jiawei Zhu
zhujiawei_ujs @sina.com

Xitong Zhang
zhangxitong_ujs @sina.com

Liang Xu
edward_anglo@ 126.com

Song Yang
yangmiaohao @ 126.com

School of Energy and Power Engineering, Jiangsu University,
No. 301, Xuefu Road, Zhenjiang 212013, Jiangsu Province,
People’s Republic of China

Hydraulic Machine Center, Jiangsu University, No. 301,
Xuefu Road, Zhenjiang 212013, Jiangsu Province, People’s
Republic of China

diffuser/nozzle elements is brought by the great adverse
pressure gradient at the high frequency.

List of symbols

a The radius of the central part

b The outer radius of the outer region

f Excitation frequency

H The deep of the diffuser/nozzle element
L The length of the diffuser/nozzle element
P;,,  The pressure at the inlet

P,, The pressure at the outlet

q(t)  Transient flow rare

R The rounding at the throat

T Period

v The average velocity at the throat

Vv The volume change of the pump chamber
wy The deflection of the central part

W, The deflection of the outer region

W The amplitude of the membrane

w The width of the throat

0 Diverging angle

P Density of the medium

n Efficiency of the piezoelectric micropump

1 Introduction

Micropump is the core component of the Micro-fluid-
ics-system. It can be classified into two categories: the
mechanical micropumps and the non-mechanical micro-
pumps by their pumping mechanisms (Singhal and Gari-
mella 2004). The mechanical micropumps use a moving
part to transport the fluid such as rotary pumps, vibrat-
ing diaphragm pumps, and peristaltic pumps (Ahn and
Allen 1995; Dewa and Deng 1997; Hsu and Le 2009).
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Non-mechanical micropumps have no moving parts and
drive the fluid directly by the electric, magnetic, thermal,
chemical and acoustic energy. In terms of this, electro-
kinetic micropumps, magnetokinetic micropumps, phase
change micropumps (Lu and Xie 2005; Wang and Cheng
2009; Kuo and Liu 2009; Su and Chen 2006; Aravind
and Kumar 2013; Cheng and Wu 2007) and other novel
micropumps are categorized as non-mechanical micro-
pumps. The piezoelectric micropump is a kind of vibrat-
ing diaphragm pumps, which has the great advantages
of small size, low power consumption, no electromag-
netic interference and insensitivity of fluid density, ionic
strength, acidity and basicity. In addition, the piezoelec-
tric micropump could pump the fluids successfully within
a wide viscosity range (Andersson and Wijngaart 2001).
Benefited from these outstanding performance above, the
piezoelectric micropump developed rapidly in the past
decades.

Again, by mechanism, the piezoelectric micropump can
be classified as piezoelectric micropumps with valves and
valveless piezoelectric micropumps. The first piezoelectric
micropump with valves is fabricated by W.J. Spencer at
Sandia National Laboratory in 1978 (Spencer 1978). This
kind of micropump has the advantages of high efficiency
and great output pressure (Bodén 2006). However, mov-
ing parts are prone to wear and difficult to manufacture.
Besides, the movement of the passive valve and the vol-
ume change of the pump chamber are out of sync at high
excitation frequency (Tanaka and Tsukamoto 2008). The
mechanism of valveless piezoelectric micropump is based
on the flow characteristics in the special tubes and avoid
the disadvantages of the piezoelectric micropumps with
valves. The valveless piezoelectric micropumps are sim-
ple structure, easy fabrication (Wang and Hsu 2009), bet-
ter performance at high excitation frequency (Stemme and
Stemme 1993; Olsson et al. 1995; Nguyen et al. 2002) and
more suitable for miniaturization and integration. There
are various special tubes in valveless micropumps, such
as diffuser/nozzles, Tesla tubes, saw-tooth tubes, V-shape
tubes, three-way diffuser/nozzle elements, R-NMP micro-
valves (Wang and Chen 2014; Guan et al. 2009; Yuan and
Yang 2015; Izzo et al. 2007) and so on. Valveless piezoe-
lectric micropumps with diffuser/nozzle elements are stud-
ied widely.

Jiang and Zhou (1998) investigate the valveless piezo-
electric micropumps. They discovery that the perfor-
mance of the micropumps relies on the tube parameters
and Reynolds numbers. The diverging flow coefficient,
the converging flow coefficient and the flow coefficient
ratio of nozzle to diffuser all decrease with an increase
in diverging angles which range from 5° to 10°. The net
flow direction is determined by the flow coefficient ratio.
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Olsson and Stemme (2000) find that the net flow direction
depends on diverging angle but not the length. And the
experiments results agree well with the simulations results
at low Reynolds numbers. Singhal et al. (2004) present
the relationships between the pressure loss coefficient and
diverging angles. The results show that the pressure loss
coefficients for low Reynolds number laminar flows are a
strong function of the flow Reynolds number, especially, at
small diffuser angles. The variation of pressure loss coef-
ficient with Reynolds number follows opposite trends for
small and large diffuser angles. In 2005, valveless piezo-
electric micropump is used to improve the performance of
the direct methanol fuel cell by Zhang and Wang (2005).
The relationships of current density and net power output
at different excitation frequency and flow rate are given. A
larger excitation frequency could decrease the power con-
sumption of the micropump. Wang and Hsu (2009) make
an intensive study of pressure loss coefficient in diffuser/
nozzle elements as the diverging angles range from 4° to
120° and the Reynolds numbers range from 100 to 2000.
They find that the optimal angle is 40° when the Reynolds
number is 100; the optimal angle is 20° when the Reyn-
olds number is larger than 500. He and Cai (2014) employ
the commercial software CFX to study the transient flow
characteristics in planar diffuser/nozzles element. The
investigation is reported as the diverging angles are 5° and
10° at different frequency numbers. They discovery that
the flow resistance coefficients increase with an increase in
frequency. The net flow through the tubes cuts down while
the duration of vortexes increases.

In valveless micropump, the efficiency is defined as the
ratio of the net flow and the volume change of the pump
chamber in a cycle (Singhal et al. 2004). The efficiency
of diffuser/nozzle micropumps reported in the literature
is very low, generally between 0.01 and 0.2. Hence, it is
important to improve the efficiency by means of further
study.

The previous researches indicate that the efficiency of
the valveless micropumps with diffuser/nozzle elements is
determined by the parameters of the diffuser/nozzles, the
excitation frequency and the Reynolds numbers. Neverthe-
less, the effect of the frequency is paid little attention to. In
this paper, the displacement of the membrane is studied by
experiment firstly. And then, the influences of the diverg-
ing angle, excitation frequency and volume change rate
of the pump chamber on the efficiency are presented. The
relationships among the influence factors, the vortex char-
acteristics and the efficiency of micropumps are discussed
by the statistical analysis of the location and duration of the
vortexes in internal flow field. The analyses of the distribu-
tions of the pressure in outlet tubes are applied as supple-
mentary explanations.
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2 Operation principle

The piezoelectric membrane is employed as the driving
device in the valveless piezoelectric micropump with pla-
nar diffuser/nozzle elements. The two planar diffuser/noz-
zle elements have the same divergence. When an alternative
voltage is applied on the membrane, the working stages are
shown as Fig. 1. The membrane moves from the solid lines
to the dashed lines.

In Fig. la, d, as the volume of the pump chamber
increases, the fluid is sucked into the pump chamber.
According to the acceleration of the membrane, the two
stages are named as acceleration suction stage and decel-
eration suction stage, respectively. The inlet flow rate
is larger than the outlet flow rate as the flow resistance
in diverging direction is smaller than that in converg-
ing direction at small diverging angles (Singhal et al.
2004). In Fig. 1b, c, as the volume of the pump chamber
decreases, the fluid is discharged from the pump cham-
ber. The flow rate through the outlet tube is larger than
that through the inlet tube. The two stages are named as
acceleration pump stage and deceleration pump stage,
respectively.

The mean flow rate through the tubes at the suction stage
could be written as

o) T/4 T
&=TU1qmmﬁ/ WW] (D)
0 3T/4

The mean flow rate through the tubes at the pump stage
could be written as

2 3T/4
%:7/ q(r)dt (2)
T Jrsa

where ¢(?) is the transient flow rate, Q is the flow rate, the
subscript s denotes the suction stage and p denotes the
pump stage, T is the time of a cycle.
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Fig. 1 The schematic of working stages

The fluid is assumed incompressible as the variation of
the pressure in the chamber is not great. And the net flow
rate Q,,, could be described as follow

Onet = (Qinlet,s + Qinlet,p)/2 = (Qoutlet,p + Qoutlet,s)/2
_ ! ' Ndt )
=7 /0 q(1)

where Q,,,, and Q,,,., denote the mean flow rate through
the inlet tube and the outlet tube, respectively.

3 Experiments
3.1 Experimental setup

The piezoelectric micropump is fabricated by MEMS tech-
nology. The diffuser/nozzle elements and chamber on the
silicon wafer are fabricated by deep reactive ion etching
and sealed with a glass wafer bonded to the silicon wafer.
The piezoelectric vibrator is composed of the piezoelec-
tric ceramic (PZT), the binder and the membrane (copper).
Figure 2 shows the exploded view of the micropump. The
width of the throat (the minimum width of the diffuser/
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Diffuser/Nozzle element

Outlet

/
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A __ Pump chamber
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Fig. 2 The exploded view of the piezoelectric micropump
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nozzle element) is 150 pm. The length and depth of the dif-
fuser/nozzle element are 3 mm and 150 pwm, respectively.
The rounding at the throat is 75 pwm. The diverging angle is
7° and the diameter of the pump chamber is 10 mm.

The schematic and photo of the experimental appara-
tus are shown in Fig. 3. The piezoelectric micropump is
driven by a series of sinusoidal voltage with different fre-
quencies. The voltage is provided by the function generator
(Tektronix, AFG3022B) and amplified by a power ampli-
fier (Fo Neng, HVP-300A). The excitation voltage is moni-
tored by oscilloscope (Tektronix, TBS1022). The scanning
vibrometer (polytec MSA-500) is employed to measure the
membrane displacement. The flow rate of the micropump
is obtained by measuring the mass of fluid transported in

/ __—-scanning vibrometer

__~micropump

_workbench
_-function generator
oo 5
=1 - &
== power amplifier __oscilloscope
] S8 g
Vo | 7 e S8
VIEE
O O O ]
[oJo e
‘ Yoo
(@

Fig. 3 The schematic and photo of the experimental apparatus

Fig. 4 a The schematic of structure, b computational domain
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5 min by using an electronic balance (Jiming, JM-A). The
medium is distilled water. In order to improve the filling of
the chamber with water, the system is well primed continu-
ously with 99 % Ethanol to clean the chamber and remove
air, initially.

4 Simulations
4.1 Structure parameters and boundary conditions
The schematic of the structure and computational domain

are shown as Fig. 4. The minimum width W of the diffuser/
nozzle element is 100 pm; the ratio of the length and width

Outlet

Outlet tube

Inlet tube Dynamic mesh

(b)
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Table 1 The volume change rate under different w, x f

Table 3 Time step independence for 7° diffuser at f = 100 Hz

1

Wonae X M s~ The volume change

rate/ml s~
500 0.071
550 0.078
600 0.085
700 0.099
800 0.113

is 15 (Wang and Hsu 2009); the depth H is 100 pum; the
rounding R is 50 um; the diverging angles 6 range from 5°
to 60°; the radius of the piezoelectric disk a is 4.5 mm; the
radius of the membrane b is 5 mm.

The deformation model of the membrane proposed by
Bu et al. (2003) is employed. In Bu’s method, the mem-
brane is divided into two sections: the central part (a
bimorph) of radius a and the outer region (an annulus with
inner radius of a and outer radius of »). The thickness of the
binder is neglected for its thin thickness. When a sinusoidal
excitation voltage is applied to the PZT disc, the deflection
of the central part w,(r) and the outer region w,(r) are given
by Egs. (4), (5) (Yang et al. 2014):

P2r2 — 22

wi(r) = Wmax(l + W

)sin Qufy, O=r=a (4

b* +2b%Iny,

2
W2(’)=Wmax< i )sinanfr), @<r<b (5
b

where w,,, is the amplitude of the center of the membrane;
f1is the excitation frequencys; ¢ is the time.

The time-varying geometry of the dynamic mesh is
given by Eqs. (4), (5). The volume change rate (volume
change per second) of the pump chamber depends on
Wpax and f. In order to analyze the influence of w,,, and f,
independently, an assumption is proposed that the volume
change rate is fixed. The relationships between w_ . x f
and the volume change rate are shown in Table 1.

1

Time step/s Flow rate/ml min™ Relative error/%

1/(50f)

1/(100f)
1/(200f)
1/(400f)

0.539 0.73
0.536 0.17
0.536 0.08
0.535 -

0.075

0.050

0.025

-1

0.000 —

-0.025

Massflow/ mits

-0.050 —

-0.075 . . . )
0.000 0.001 0.002

Tls

Fig. 5 The flow rate of the outlet tube in ten cycles as the excitation
frequency is 5000 Hz and 6 = 10°

The working medium is water, which temperature is
25 °C, the density is 1.01 x 10°> kg/m> and the kinematic
viscosity is 1 x 107® m%/s. No-slip conditions are applied to
the walls; the ambient pressure is the atmospheric pressure;
the initial state is motionless. The SST model (Shear-Stress
Transport k-w model) is used in the simulation because of
the high accurate prediction of flows with strong adverse
pressure gradients and separation (Menter et al. 2003).

The grid and time step sensitivity studies are carried out
and the results are shown in Tables 2 and 3, respectively.
All errors are calculated relative to the data from the fin-
est one. The number of 2,088,660 elements is enough for
the simulation. So, the number of the grid ranging from
2,088,660 to 2,798,080 is reasonable. The influence of time

Table 2 Grid independence for

. Mesh at diffuser neck Total grid number Flow rate/ml min~' Relative error/%
7¢ diffuser at f = 100 Hz (W x H)

10 x 10 332,545 0.544 7.10
20 x 10 468,670 0.544 7.15
20 x 20 954,060 0.536 5.51
30 x 20 1,520,440 0.524 3.12
30 x 30 2,088,660 0.511 0.64
30 x 40 2,798,080 0.508 -
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step is not conspicuous. The relative error is only 0.73 %
when the time step is 1/(50f). The time step setting at 1/
(100f) is suitable.

As Fig. 5 shown, the transient flow rate is tended to be
stable gradually until the eighth cycle (the relative differ-
ence of the mean flow rate between the current cycle and
the next cycle is less than 1 %). Therefore, when the excita-
tion frequency is less than 200 Hz, the number of cycles is
set at two; when excitation frequency ranges from 200 to
1000 Hz, the number of cycles is set at three; when excita-
tion frequency is larger than 1000 Hz, the number of cycles
is set at ten.

5 Results and analysis
5.1 Experimental results and discussion

The profile of the membrane is investigated as the voltage
is 150 V,_, and the frequency is 100 Hz. The center point
of the membrane is set as the origin of coordinate. The dis-
placement of the membrane is measured along the radius and
the results are shown in Fig. 6. The amplitude of the center
point is 8.44 pwm. The results calculated by Egs. (4), (5)
agree well with the experimental results. The relative errors
are less than 5 % as radius ranges from O to 3.5 mm. How-
ever, the relative error is 17.3 and 18 % as the radius is 4
and 4.5 mm, respectively. The accuracy of Bu’s model is not
very good at the common boundary of the central part and
the outer region. In spite of this, the model is still suitable.
The responses of w,,, to the voltage are studied when
the frequency is 100 Hz. The step of voltage is 25V, .. The
results are displayed in Fig. 7. The relationship between

10 =

Bu's method
o experiment

displacement/um
N
1

00 05 10 15 20 25 30 35 40 45 5
radius/mm

Fig. 6 The profile of the membrane when the voltage is 150 V,,_, and
the frequency is 100 Hz
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Fig. 8 The comparison of the experiments and simulations
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Fig. 9 The volume change rate and the efficiency in the experiments
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Fig. 10 The efficiency under different diverging angles and frequen-
cies when w,,, x f= 500

W and voltage is linear. That means the volume change
rate increases linearly with an increase in voltage.

The flow rate of the micropump is measured when the
voltage is 150 V_, and the frequency ranges from 50 to
400 Hz. The numerical simulations are used to predict the
performance of the micropump. In these cases, the SST
mode and the laminar mode are employed. The comparison
of the experiment results and simulation results are shown
in Fig. 8. Obviously, the results of SST mode coincide with
the experiments better than those of laminar mode. The
maximum relative error against the results of SST mode and
experiment is 8.5 %. The maximum Reynolds numbers of
these cases range from 700 to 1200. The assumption of tur-
bulent flow is more reasonable. The conclusion agree with
Gravesen’s (Gravesen and Branebjerg 1993) and Peng’s
(Peng et al. 1994).

The flow rate depends on the volume change rate and
efficiency. As shown in Fig. 9, the volume change rate
is variable. And the efficiency increases as an increase
in frequency. As the frequency is less than 150 Hz, the
volume change rate increases sharply with an increase
in frequency. The flow rate increases. As the frequency
ranges from 150 to 250 Hz, the volume change rate
decreases slightly with an increase in frequency. The flow
rate still increases due to an increase in efficiency. How-
ever, as the frequency ranges from 250 to 300 Hz, the
volume change rate decreases sharply with an increase
in frequency. And the flow rate decreases. Similarly, it is
easy to explain the increase of flow rate as the frequency
is larger than 300 Hz. If the influence of volume change
rate on the efficiency is neglected, the trend of efficiency
in the experiments corresponds to the simulations (refer
to Fig. 10).

0.22

—e—10Hz(10°)
100Hz(10°)

1000Hz(10°)
0.18 4 —e—5000Hz(10°)
—u— 10Hz(60°)
0.16 —=—100Hz(60°)
od —u— 1000H2(60°)
0.14 /
>

—a— 5000Hz(60°)
0.12 4 S

&
0104—"

0.08 - .
0.06 T__._”—l\./

0.04 4

0.20

Efficiency

0.02 4

0.00 T ——

w_ X flpmst-1

Fig. 11 The efficiency under different frequencies and w,,, X f
when diverging angles are 10° and 60°

5.2 Simulation results and analysis

The efficiency of the valveless piezoelectric micropump
with diffuser/nozzle elements is defined as the ratio of the
net flow and the volume change of the pump chamber in a
cycle

i f()T‘Iindt . foTQOutdt
vV

where ¢ is the transient flow rate, V is the volume change.
The efficiency of the micropump is presented in Fig. 10
as the diverging angle ranges from 5° to 60° and the fre-
quency ranges from 10 to 5000 Hz. The optimal diverg-
ing angle is 10° as f < 1000 Hz. In addition, the efficiency
decreases with an increase in diverging angle as 6 > 20°.
The excitation frequency has no significant effect on the
efficiency when f < 100 Hz. The efficiency of each micro-
pumps increases with a rise in excitation frequency as the
frequency ranges from 100 to 1000 Hz and the maximum
increment is 7.77 % when the diverging angle is 10°. Then,
the efficiency decreases with an increase in frequency as the
frequency is larger than 1000 Hz. The efficiency decreases
by 59.2, 50.5 and 29.9 % when 6 = 5°, 10° and 20°, respec-
tively. On the contrary, the efficiency increases by 85.3
and 156 % when 6 = 40°, 60°, respectively. Besides, the
maximum efficiency reaches 19.67 % when 6 = 10° and

(6)

£= 1000 Hz.

The efficiency of the micropumps at 10° and 60°
is shown in Fig. 11 as w,, x franges from 500 to 800.
Although the net flow rate increases with an increase in
volume change rate (Azarbadegan and Eames 2011), the
efficiency decreases at a wide range of frequency except
that frequency is 5000 Hz.
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Fig. 12 The distributions of the velocity and the pressure loss in the tubes with different diverging angles as the frequency is 10 Hz. a t = 0.4T.
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Fig. 13 The distribution of the velocity in the outlet tube in a cycle under different frequency. a f = 100 Hz. b f = 1000 Hz, ¢ f = 5000 Hz

5.2.1 The influence of the diverging angles on efficiency

The distributions of the velocity and the pressure loss
in the outlet tubes are shown in Fig. 12 as the diverg-
ing angles range from 5° to 60° and the frequency
is 10 Hz. As 6 < 10°, no boundary layer separation
occurs. As the diverging angle increases, the pressure
loss (the difference in pressure between the left side
of the buff chamber and the outlet, refer to Fig. 19)
in the diverging direction decreases rapidly because
of pressure recovery (the phenomenon of an increase
in pressure in diverging flow due to the transforma-
tion of kinetic energy to pressure energy). As 6 > 20°,
the boundary layer separation appears and the diverg-
ing flow is independent of the diverging angles. The
flow regime is jet flow. There are two vortexes on both
sides of the mainstream. With an increase in diverging
angles, the effective diffusion region (the region within
the boundary of the jet flow in the tubes) of the fluid is

almost invariant; the pressure loss is almost invariant
identically. In Fig. 12b, the distributions of the veloc-
ity are similar in different angels as the fluid flows in
the contraction direction. No boundary layer separa-
tion occurs in the tubes. The pressure loss depends on
the pressure loss of sudden contraction. Consequently,
as 6 < 10°, the efficiency is determined by the diverg-
ing flow because of the effective diffusion region; as
0 > 20°, the efficiency is determined by the converg-
ing flow because of the sudden contraction pressure
loss.

5.2.2 The influence of the excitation frequency
on efficiency

As the frequency ranges from 100 to 5000 Hz and 6 = 10°,
the distributions of the velocity in the outlet tube are
shown in Fig. 13, the start of the boundary layer separa-
tion and the disappearance of the vortexes in the outlet
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Table 4 The start of the boundary layer separation and the disap-
pearance of the vortexes in the outlet tube as 6 = 10°

Frequency/Hz Boundary layer separation The disappearance
inception/T of the vortexes/T

10 - -

50 0.68T 0.78T

100 0.58T 0.80T

1000 0.62T 0.98T

5000 0.70T 0.85T

——10Hz
—50Hz
100Hz
= 1000Hz
——5000Hz

0.05 3

0.00 -

flow rate / ml s*-1

-0.05 <

v T . T v T .
0.00 0.25 0.50 0.75 1.00
normalization time / T

Fig. 14 The flow rate of the outlet tube as the frequency ranges from
10 to 5000 Hz and 6 = 10°

tube are shown in Table 4 and the flow rates are shown in
Fig. 14. As f < 100 Hz, the flow regimes are similar, the
flow rate curves almost overlap. The boundary layer sep-
aration occurs at the end of the tubes in the deceleration
pump stage. The effective diffusion region and the effi-
ciency decrease slightly with an increase in the frequency.
As f= 1000 Hz, during the deceleration suction stage, the
vortexes at the end of the tube expand as time goes on. In
this process, the tube is partially blocked and the flow rate
decreases in contraction direction, the deceleration suction
stage ends in advance. At the acceleration pump stage, the
flow regime is similar to the flow regimes as f < 100 Hz.
During the deceleration pump stage, the boundary layer
separation appears in the middle of the tube. With the
process goes on, the region of the boundary layer separa-
tion extend to the throat and the end of the tube, the effec-
tive diffusion region decreases. The vortexes caused by
the boundary layer separation would not disappear until
the end of the acceleration suction stage. The start of the
acceleration suction stage delays, the tube is partially
blocked by the vortex at the suction stage and the flow
resistance in the contraction direction increases relatively,
the efficiency increases. As f = 5000 Hz, the flow regimes
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at the first two stages are similar to the flow regimes at
f < 100 Hz. The boundary layer separation appears after
0.7 T. The vortexes have little time to gain energy and dis-
appear rapidly at the acceleration suction stage. The effect
of blocking is slight. Hence, the efficiency is smaller than
that at 1000 Hz.

The distributions of the velocity in the outlet tube under
different diverging angels as f = 1000 Hz and ¢t = 0.86T are
shown in Fig. 15. The tubes are partially blocked by the
vortexes in contraction direction. The effects of vortexes
are more significant in small diverging angle tubes. With
an increase in diverging angles, the flow region increases,
the effect of blocking decreases. Consequently, the ampli-
fication of the efficiency decreases with an increase in
diverging angles. However, as 6 = 5°, the appearance of the
boundary layer separation is too late. The vortexes have lit-
tle time to gain energy. The duration of the vortexes is just
0.15 T at the acceleration suction stage. As the vortexes dis-
appear, the fluid is sucked into the pump chamber normally,
so the amplification of the efficiency is smaller than that
case with 6 = 10°.

In Fig. 16, as f = 5000 Hz, the boundary layer separation
appears at 0.58 T and 0.55 7, when 6 = 40° and 6 = 60°,
respectively. The vortexes disappear until the end of the
acceleration suction stage. The tubes are blocked partially.
As f= 1000 Hz, the vortexes are located in the middle/end
of the tube at the acceleration suction stage. The effects
of the vortexes are not really great because the widths at
the end of the tubes are wide enough. Nevertheless, when
f = 5000 Hz, the location of the vortexes are not far from
the throat. The effective regions of the tubes in converg-
ing direction are smaller. The efficiency higher than that of
f=1000 Hz (refer to Fig. 10).

5.2.3 The influence of the volume change rate on efficiency

As shown in Fig. 17, when 6 = 10° and w,,,, x f = 500,
the transient Reynolds number is about 740. There is no
boundary layer separation in the tube. With the increase in
volume change rate, as w,,, X f = 800, the transient Reyn-
olds number is about 1150, the flow regime is jet flow in
the middle of the tube and the effective diffusion region
decreases. The vortexes consume the energy of the main
flow, which result in the reduction of efficiency. When
0 = 60°, the flow regime is jet flow at the pump stage. With
an increase in volume change rate, the width of the jet flow
decreases, namely, the effective diffusion region decreases.
As wy.. X f = 500, the width of the jet flow at the end
of the tube is 48.84 % wider than that of w_, x f = 800.
Hence, the efficiency of the micropump decreases slightly
with a rise in volume change rate when f < 1000 Hz.

The distributions of the velocity in the outlet tubes as
Whax X f =500 and w,, x f= 800 are shown in Fig. 18.
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Fig. 15 The distributions of the velocity in outlet tube with different angles when f= 1000 Hz, t = 0.86T
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Fig. 16 The distributions of the velocity in the outlet tubes when ¢ = 0.8T

As presented, when f = 5000 Hz, the vortexes expand
during the deceleration suction stage because of the phase
difference between flow rate and pressure. The relative
pressure in pump chamber is positive (refer to 5.2.4),

the adverse pressure gradient accelerates the develop-
ment of the vortexes. As an increase in volume change
rate, the pressure in pump chamber increases. As 6 = 10°
and w,,, x f = 500, the vortexes expand at 0.15 T. It
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Fig. 18 The distributions of the velocity at the outlet tubes when f = 5000 Hz. a W,,,, x f=500.b W, x f= 800
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Fig. 19 The distributions of the pressure in the outlet tube at different frequency when 6 = 10°. a At 0.14 T.b At 0.5 7. c At 0.7 7. d at 0.86 T

would be 0.08 T as w,,,, x f= 800, almost half the time
in advance. As 6 = 60° and w,,, x f = 500, there is no
boundary layer separation. As w,,, x f = 800, the vortex
occurs in the front of the tube at t = 0.177 because of an
increase in adverse pressure gradient. Therefore, the effi-
ciency increases with an increase in volume change rate
at f = 5000 Hz due to the vortexes at the deceleration suc-
tion stage.

5.2.4 The analysis of the pressure

The distributions of the pressure along the outlet tube
are shown in Fig. 19. The left side of the buffer cham-
ber is designated as origin and the relative position X is
defined as the ratio of absolute position to throat width.
In Fig. 19a, as f < 100 Hz, the relative pressure in pump
chamber is negative, so the flow resistance is relatively
small; when f > 1000 Hz, the relative pressure in pump
chamber is positive due to the phase difference between
the pressure and the flow rate (He and Cai 2014). The

pressure gradient is opposite to the flow direction, the
fluid sucked into the pump chamber decreases. When
f = 1000 Hz, the positive pressure in the pump chamber
accelerates the development the vortexes at the end of the
tube. As shown in Fig. 19 (b), when f = 1000 Hz, the dis-
tribution of the pressure in the tube is similar to that at the
low frequency, it proves that the flow regimes are similar
during acceleration pump stage. As shown in Fig. 19c,
when f = 1000 Hz, the relative pressure in pump chamber
is negative. The boundary layer separates in advance due
to the adverse pressure gradient, then the boundary layer
separation point moves to the throat gradually, the bound-
ary layer separation region develops very well. When
/= 5000 Hz, the boundary layer separation point would be
kept near the throat because of the overlarge adverse pres-
sure gradient, the development of boundary layer separa-
tion region is restricted. As shown in Fig. 19d, compared
with the cases at the low frequency, the pressure loss is
greater when f = 1000 Hz, which proves that the vortexes
consume energy at the acceleration suction stage. The tube
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is partially blocked in converging direction and the effi-
ciency increases.

6 Conclusions

1. The displacement of the membrane is measured by
experiment, the results agree with the deformation
model of the membrane very well. The volume change
of pump chamber in a circle increases linearly with an
increase in voltage.

2. The efficiency is almost independent of the frequency
as f < 100 Hz; the efficiency increases with an increase
in frequency as 100 Hz < f < 1000 Hz. The efficiency
decreases with an increase in frequency as f> 1000 Hz
and 6 < 20°. On the contrary, the efficiency increases
with an increase in frequency as f > 1000 Hz and
6 > 40°. The optimal angle is 10° as f < 1000 Hz. The
efficiency decreases with an increase in pump cham-
ber volume change rate as f < 1000 Hz; however, the
efficiency increases with an increase in pump chamber
volume change rate as f = 5000 Hz.

3. The effective diffusion region is used to explain the
effect of the diverging angle on the efficiency. The
diverging flow is restricted by the walls as 6 < 10°.
With an increase in diverging angles, the effective dif-
fusion region increases. The efficiency is dictated by
the diverging flow. As 6 > 20°, the flow regime is jet
flow, the effective diffusion region is almost invariant
as the pump chamber volume change rate is fixed. The
efficiency depends on the converging flow.

4. The relationships among the efficiency, the fre-
quency and the characteristics of the vortexes are
revealed. The efficiency increases due to the exist-
ence of the vortexes in the tube at the suction stage as
100 Hz < f < 1000 Hz. As 1000 Hz < f < 5000 Hz
and 0 < 20° there is no boundary layer separa-
tion in the tubes, the efficiency decreases. As
1000 Hz < f < 5000 Hz and 6 > 40°, the vortexes
appear in the front of the tube, the efficiency increases.

5. The micropump efficiency decreases with an increase
in volume change rate when f < 1000 Hz. The flow
regime is jet flow at the end of the tube, the flow resist-
ance increases in diverging direction. Nevertheless, the
tendency is opposite when f = 5000 Hz. The efficiency
increases due to the vortexes caused by the great
adverse pressure gradient.

In further work, the real flow field in miropumps should
be obtained by Micro-PIV (Micro Particle Image Veloci-
metry). The quantitative relationship between the effi-
ciency and frequency is expected by mathematics mod-
eling. In addition, optimization methods (such as response
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surface method, orthogonal array table method) would be
employed to get the optimal parameters.
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