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Abstract

This paper presents design issues and a numerical model of a micromachined pump based on acoustic streaming in water. Influences
of channel height, wave amplitude, and backpressure on the velocity profile and flow rate are investigated. Using these results, design
rules for the acoustic micropump are derived. Thermal transport effects of the acoustic streaming are also discussed in order to integrate a
thermal flow sensor into the pump or to apply the pump for cooling purposes. q 1999 Elsevier Science S.A. All rights reserved.
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1. Introduction

In recent years, microfluidic devices have been emerg-
ing as an important product of the microsystem technol-
ogy. Microfluidic devices may be employed in chemical
and microbiological analysis, in order to reduce analysis
time and required sample volumes. Micropumps are signif-
icant components for delivering samples in such micro-
analysis systems. Therefore, micropumps have become a
‘hot’ topic of microfludics research. Several review papers
have shown diverse micromachined pumping principles
w x1–3 . Micromachined pumps can be classified by actuat-

Žing principles piezoelectric, pneumatic, thermopneumatic,
. Žthermomechanic, electrostatic or pump principles re-

ciprocating, peristaltic, electrohydrodynamic, electroos-
.motic, ultrasonic . Most reported pumps are based on the

use of passive valves or diffuserrnozzle elements. Since
most of these principles are based on the viscous flow, the
high fluidic impedance of micromachined channel systems
should be seriously considered. Using the so-called ‘ac-
tive’ channel is a possible solution of the impedance
problem. A ‘active’ channel can transport liquid and gases
by itself. Electrohydrodynamic pumping with travelling
wave potentials, and the ultrasonic pumping reported in
this paper belong to this channel type.
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Several recent publications have concerned flexural plate
Ž . w xwave FPW devices for pumping liquids or gases 4–6 .

The pumping is based on the phenomenon of acoustic
streaming. When a flexural wave propagates in a thin
membrane, a high intensity acoustic field appears in the
fluid near the membrane. This acoustic field causes fluid
flow in the direction of wave propagation. The first-order
particle velocity varies as an exponential function. Thus,
only a fast moving fluid layer exists close to the mem-
brane. The basic FPW-device is shown in Fig. 1. This
device consists of rectangular flow channel that has a thin
membrane on the bottom. The composite membrane is
made of low-stress silicon nitride, piezoelectric zinc oxide,
and aluminum. Typical membrane thicknesses range from
1 to 3 mm. The FPW have a typical frequency of 3 MHz
and a wavelength of 100 mm. Interdigitated transducers
Ž .IDTs , arrays of finger pairs placed at wavelength inter-
vals on the piezoelectric film, generate the flexural waves.

The FPW-studies referenced above are limited to ana-
lytical models and experimental observations. Because of
the complexity of the acoustic streaming and the pumping
effect, a systematic design and optimization of acoustic
micropumps is only possible with numerical models. Also,
the published works concentrated only on the mass trans-
port caused by acoustic streaming, and did not investigate
its effects for thermal transport.

This paper presents a numerical investigation for under-
standing the principle of acoustic streaming and a system-
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Fig. 1. Classical FPW-device.

atic optimizing of the pumping performance. Influences of
channel height, wave amplitude, and backpressure are
investigated. Using these numerical results, the design
rules for acoustic micropumps can be derived. Also, the
thermal transport caused by acoustic streaming is investi-

Žgated and evaluated for possible applications e.g., cooling,
.thermal flow sensing . The feasibility of integrating a

thermal flow sensor into the pump is demonstrated.

2. Model formulation

The numerical simulation is carried out with a CFD-
Ž .software package of the CFDRC http:rrwww.cfdrc.com .

In general, the CFD code solves the following equations
for the numerical model: the continuity equation, the mo-
mentum equation, and the energy equation.

In order to simulate the compressible flow, the software
permits the user to modify the fluid density using the ideal
gas law or a second-order function of pressure. Tempera-

Žture dependency of fluid properties e.g., viscosity, den-
.sity can also be considered. Results in this paper will

neglect the temperature dependency.
Fig. 2 shows the two-dimensional model of the FPW-

device that was simulated. The channel is three wave-
Ž .lengths long 3ls300 mm . The model contains a mov-

ing wall as the bottom flexural surface, a rigid wall as the
opposite upper surface, and inlet and outlet boundaries.

ŽThe cyclic boundary condition forces all variables e.g.,
.velocity, pressure at the inlet and outlet to be equal. In the

cases of applying a backpressure and modeling the thermal
transport, constant pressure boundaries are used for inlet
and outlet. Fig. 2 shows how points on the device surface
move elliptically in a counterclockwise direction as the
flexural wave travels from left to right. The vertical dis-
placement D y of the membrane is given by:

D ysA sin v tykx , 1Ž . Ž .0

where A is the wave amplitude, vs2p f is the angular0

frequency of the wave, and ks2prl is the wave number.
With a membrane thickness d, the horizontal displacement

w xis 7 :

D xs A p drl cos v tykx . 2Ž . Ž . Ž .0

Thus, the ratio of the minor to the major axis of the
ellipse is given by p drl. For instance, with a wavelength
of ls100 mm and a membrane thickness of ds3 mm,
the ratio of the minor to major axis of the elliptical motion
is 0.093.

A user library routine written in FORTRAN modifies the
grid positions and velocity boundary conditions. Essential
parameters of the model, and the current time and grid
position, can be provided from pre-defined user constants
and user routines of the software package. In order to
make a realistic initial condition, the wave amplitude is
described as a function of time:

A t sA 1yexp ytrt , 3Ž . Ž . Ž .Ž .0 max

i.e., the disturbance increases gradually from zero.
For the results in this paper, we assume a time constant

t of one wave period, Ts1rf. The simulation extends
over more than 15 periods with 10 time steps each. The
pressure field and the first-order velocity field for each
time step are saved and used as the initial conditions for
the next time step. The time-averaged velocity field can
then be calculated and depicted using MATLAB. The results
of this strategy for calculating the time-averaged velocity
field are illustrated in Fig. 3.

With the known time-averaged particle velocity profile
˙Ž .for the fluid, u y , the volume flow rate Q can be calcu-

Ž .lated by integrating u y over the channel height:

h
Q̇sw u y d y 4Ž . Ž .H

0

where w is the channel width and h is the channel height.
In this two-dimensional model, the channel width of the
model is assumed to be ws1 m.

3. Optimization of pumping performance

In order to optimize the FPW-pump, the dependence of
velocity profile and flow rate on following parameters are
investigated: the wave amplitude, the channel height, and
the backpressure.

Fig. 2. Model of FPW-pump devices.



( )N.T. Nguyen, R.M. WhiterSensors and Actuators 77 1999 229–236 231

Ž . Ž .Fig. 3. Simulation results for the micromachined FPW-pump. a The time-dependent velocity. b The time-averaged velocity field in the channel resulting
from the time-dependent velocity fields.

3.1. Influence of waÕe amplitude

Fig. 4 depicts the velocity profile as function of channel
height and wave amplitude. The curve at the bottom
represents the parabolic characteristic of the maximum
velocity. Increasing the wave amplitude increases the
time-averaged velocity over the whole channel. This leads
to the same parabolic characteristics of the volume flow

Ž .rate Fig. 5 .
The circles in Fig. 5 are the simulation results of the

volume flow rate; the solid line represents the second-order
polynomial fitting function. These non-linear character-

w xistics were observed experimentally by Moroney et al. 4 .
The results here show already that the flow rate varies as
square of driving voltage, which is proportional to the
wave amplitude. Therefore, the wave amplitude and conse-
quently the driving voltage, are the most important param-
eters for controlling the flow rate of the pump.

3.2. Influence of channel height

The velocity profiles in a channel with different heights
and the wave amplitude of 0.1 nm are shown in Fig. 6. The
curve at the bottom represents the maximum velocity of
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Fig. 4. Velocity profile over the channel height of 50 mm driven by
different wave amplitudes.

each profile. The amplitude of the first-order particle ve-
locity for the evanescent disturbance in the fluid adjacent
to the membrane varies as:

nsn exp yzrd 5Ž . Ž .max a

where the acoustic evanescent length d is calculated asa

following:

l
d s flr2p , 6Ž .a 2

2p 1y c rc( Ž .p s

c is the phase velocity of the plate wave and c is thep s
w xspeed of sound in the fluid 4 . This curve shows clearly

that the maximum velocity stays constant with a channel
height that is greater than the evanescent decay length of
the acoustic wave in the fluid. The particle velocities in the
channel beyond the evanescent decay distance are small.

Ž .The maximum velocity is constant Fig. 6 . Therefore, the

Ž .Fig. 5. Volume flow rates vs. wave amplitude 3 mm=50 mm channel .
The circles are simulated results, and the solid line is the second-order
polynomial fitting function.

Fig. 6. Velocity profile with different channel heights driven by a wave
whose amplitude is 0.1 nm.

volume flow rates of a channel with heights greater than
twice the evanescent distance are invariable at constant
driving wave amplitude. That can be proved in Fig. 7,
which shows the volume flow rate vs. the channel height.

The results show that optimizing the channel height
only makes sense with values less then the evanescent

Ž .decay distance for the acoustic wave about 20 mm . In
this shallow channel, the time-averaged velocity has a
typical parabolic profile and high values of the maximum

Ž .velocity Fig. 6 . However, decreasing the channel height
does not change the flow rate as fast as the maximum
velocity because the flow rate is proportional to the maxi-
mum velocity and the channel height, respectively. A
5-mm high channel has about 10 times the maximum

Ž .velocity Fig. 6 but only about two times the volume flow
Ž .rate compared to one whose height is 50 mm Fig. 8 .

ŽFig. 7. Volume flow rates vs. channel heights 3 mm=50 mm channel,
.10 nm wave amplitude . The circles are simulated results, and the solid

curve is non-linear fitting function.
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Fig. 8. Velocity profile in a 5-mm channel. The circles are time-averaged
velocities of acoustic streaming, and the solid line is the equivalent
Poiseulle flow profile. The driven membrane is at hsy5=10y6 m.

An interesting effect that can be observed here is that if
the channel height is smaller then the evanescent viscous

Ž .decay length about 5 mm , the velocity profile becomes
parabolic. Fig. 8 compares the time-averaged velocity pro-

Ž .file for acoustic streaming circles with the ideal profile of
Ž .laminar Poiseulle flow solid line . The time-average ve-

Ž .locity distribution for Poiseulle flow u y can be described
as:

2y y
u y s4u y q 7Ž . Ž .max ž / ž /h h

where u is the maximum velocity, and h is the channelmax

height. The pressure drop over a channel length L is
derived from the momentum equation:

d2 u umax
D pshL sy8hL . 8Ž .2 2d y h

In the example of Fig. 9, for water with a shear
viscosity of hs0.8=10y3, and a maximum velocity of
u s0.02 mrs, a pressure gradient of D prLs5.12=max

106 Parm would be needed for an equivalent Poiseulle

Fig. 9. Velocity profile of 50-mm channel with different backpressure
Ž 5 U 5 .gradients `: 0 Parm; q: 0.5=10 Parm; : 1.74=10 Parm .

Fig. 10. Velocity profile of 5-mm channel with different backpressure
Ž 5 U 5 .gradients `: 0 Parm; q: 51.2=10 Parm; : 66.7=10 Parm .

flow. This example shows that pumping principle based on
acoustic streaming is suitable for channels whose heights
are in the micron range, since an equivalent Poiseulle flow
in such a channel would require an extremely high external
pressure.

3.3. Influence of the backpressure

The pumping performance can be investigated by apply-
ing a backpressure opposite to the pumping direction
Ž .wave propagation direction . In this case, two aspects
should be considered: the hydraulic impedance of the
channel and the pumping performance. If there is no
feedback between amplitude of the wave and the channel
height, the shallower the channel the higher is the hy-
draulic impedance and the higher is the pumping perfor-
mance, as shown in Section 3.2

If a backpressure opposes against the acoustic streaming
flow, the flow in the channel is a combination of viscous

Fig. 11. Pumping performance against backpressure over 8 mm channel
Ž . Ž .with different channel heights: 50 mm circles , 5 mm squares .



( )N.T. Nguyen, R.M. WhiterSensors and Actuators 77 1999 229–236234

Fig. 12. Entrance region of an acoustic induced flow into a ‘passive’
Ž .channel 50-mm channel; velocity values in mrs .

Ž .and acoustic streaming Fig. 9 . This flow phenomenon
w xwas observed experimentally by Luginbuhl et al. 5 .

Fig. 10 compares the velocity profiles for different
backpressures in a 5-mm channel. The transition between
the two flow regimes, the one dominated by acoustic

Ž .streaming forward flow and the other one dominated by
Ž .Poiseulle flow backward flow , is clear.

Fig. 11 compares the pumping performance of pumps
with different channel heights. A backpressure gradient of
67 barrm against acoustic streaming with 10 nm wave
amplitude will be needed for creating a zero flow in a
5-mm channel. This backpressure is about 50 times the
value needed for a 50-mm channel. That can be explained
by the higher velocity and the higher hydraulic impedance
of the shallower channel.

3.4. Entrance length of the acoustically induced flow

In practice, the acoustically-driven flow will enter a
region with a rigid wall after its generation in the FPW-
pump. In the entrance region, the acoustic streaming be-

ŽFig. 13. Temperature distribution along the FPW-wall neglecting the
heat conduction in the nitride membrane; 5 mm channel height; 100 mm

. 8 2heater width with a constant heat flux of 0.25=10 Wrm . Wave
Ž . Ž . Ž .amplitudes are 0.5 nm 1 , 10 nm 2 and 100 nm 3 .

Ž .Fig. 14. Heat loss caused by forced convection of acoustic streaming =
ŽU . Ž .and Poiseulle flow 3 mm=5 mm channel, 100 mm heater width .

comes a Poiseulle flow. The transition between these two
flow domains is illustrated in Fig. 12. The contour lines
represent the horizontal components of the velocity field.
The entrance length in water is about 50 mm in the 50-mm

Ž .flow channel. In shallow channels 5 mm high , the transi-
tion would be not recognizable because of the parabolic
profile of the acoustically induced flow.

3.5. Thermal transfer caused by acoustic streaming

If the acoustic streaming induces a net mass transfer as
described above, it also causes a thermal transfer. Fig. 13
shows the results of a coupled thermal-flow simulation for

Žthe FPW-pump. A limited length of the membrane 100
.mm is heated with a constant heating power. Heat conduc-

tion in the nitride membrane is neglected. The acoustic
streaming causes a very weak thermal transfer effect be-
cause of the small time-averaged fluid flow rate. A cooling

Fig. 15. Characteristics of temperature difference between two heater
Ž .ends of the profile shown in Fig. 14 3 mm=5 mm channel .



( )N.T. Nguyen, R.M. WhiterSensors and Actuators 77 1999 229–236 235

effect can only be observed with the large wave amplitude
of 100 nm. Because of the heat transfer to the opposite
wall, the forced convection of acoustic streaming is more
effective than that produced by Poiseulle flow for the same
net flow rate. Fig. 14 compares the convective heat loss:

˙ ˙P Q sP Q yP 0 9Ž . Ž .Ž . Ž .convective

˙Ž .for these two flow types, where P Q is the heat loss with
Ž .a fluid flow, and P 0 is the heat loss with no flow. The

heat loss of acoustic streaming in the low flow rate range
is about 100 times larger than that of Poiseulle flow
because the heat transfer to the opposite wall dominates
the forced convection in the streaming direction. At a
higher net flow rate, the heat transfer to the opposite wall
is no longer more effective than that in the streaming
direction, and the heat loss of Poiseulle flow exceeds that

Ž .of streaming Fig. 14 .
The heat transfer of the FPW-pump does not appear

suitable for cooling applications. However, it is large
enough for detecting the flow in the channel. There are
three types of thermal flow sensors: hot-wire type, calori-

w xmetric type and time-of-flight type 8 . Because of the
weak forced convection, the first type is not applicable.
The third type is difficult to simulate because of time step
problems. While the frequency of the heat pulse is in the
kilohertz range, the pumping frequency is several mega-
hertz. A transient simulation of the model would thus
require several hundred thousand time steps. Therefore,
our numerical model results on only the second type of
sensing, which measures the asymmetry of temperature
profile near the heater.

ŽIn the working range of a 5-mm FPW-pump 0 to 10
nm wave amplitude, heater temperature about 40 K above

.the fluid temperature , the temperature difference between
Ž .the two heater edges changes about 1 K Fig. 15 . This

temperature change is detectable. It is possible to integrate
a thermal flow sensor into the pumping membrane for
detecting and controlling the generated fluid flow. Temper-

Žature sensors can be made in form of thermopiles poly-
silicon–aluminum couple, for process compatibility with

.the FPW-device with a sufficient thermoelectric coeffi-
cient.

4. Validation

For comparison with the measurement of flow velocity
w xmade with the thermal sensor, results of Moroney 9 were

taken. The velocities along the membrane surface are
measured with a closed FPW-device. A cover slip acts as a
cap on the well to reduce evaporation. Polystyrene parti-
cles having a 2.3-mm diameter and a specific gravity of
1.05 were used for tracing the flow. The simulated results
are flow velocity evaluated at 2 mm above the membrane.
Because of the high velocity gradient near the surface and

Ž .Fig. 16. Velocity at the membrane surface: measured circles , simulated
Ž .and corrected by K s1r7 solid curve and squares .

the complicated interaction between flowing fluid and
solid particles, the velocity of the particles is expected to
be smaller than the velocity at 2 mm above the membrane.
The simulated results here are corrected by a factor K in
order to fit the experimental results:

u sKu . 10Ž .corrected simulated

Therefore, Fig. 16 should be seen as a qualitative compari-
son.

5. Conclusions

This paper presents a numerical study of the FPW-mi-
cropump. The pumping performance based on acoustic
streaming is investigated with different variable parame-
ters: wave amplitude, channel height and backpressure.
Design optimization can be derived from these results.
Micropumps with channel heights of a few micrometers
show a good performance because of their high flow rate
and high hydraulic impedance against backpressure. How-
ever, the influence of the small channel height on the wave
amplitude should be investigated in further works.

The thermal transfer caused by acoustic streaming has
also been investigated. Results suggest that acoustic
streaming is not suitable for cooling applications because
of the weak forced convection. A FPW-device with a
integrated thermal flow sensor was made. The character-
istics were measured and agreed well with results reported
here. The results of this device will be reported elsewhere
w x10 .
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