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ABSTRACT

In this paper, we will present the numerical investigation of
acoustically driven flow in micromachined flexural plate wave
pumps using computational fluid dynamics (CFD). The simulation
uses moving grids and moving wall models of a commercially
available CFD tool (CFDRC Corporation). The simulation is
carried out for a two-dimensional simple channel structure. The
results will be discussed at the end of this paper.

INTRODUCTION

Recently there has been considerable interest on the use of
flexural plate wave (FPW) devices for pumping fluid [1,2]. The
pumping principle is based on the phenomenon of acoustic
streaming in which high intensity acoustic fields cause the fluid
flow. The acoustic field occurs near a surface on which flexural
plate waves propagate. This pumping principle enables the
realization of an “active” micro channel, which overcomes the high
impedance problem encountered during the delivery of fluids
through micro channels.
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Figure 1. Classical flexural plate wave device

In our previous work [3], an analytical theory was presented,
which has demonstrated that acoustic streaming in the fluid is
responsible for the pumping effect. Recently a numerical study of
flow through wavy-walled channels that is similar to our case was
reported [4]. However, this work only studied the first-order
velocity field. Our paper presents the numerical results of time-
averaged velocity field that causes acoustic streaming.

The numerical model is based on pumping water with a basic
FPW-device shown in Fig. 1. The device consists of a rectangular
flow channel that has a thin membrane on the bottom. The
membrane is made of piezoelectric zinc oxide, aluminum, and low-
stress silicon nitride. The typical thickness of the membrane
measures from 1 to 3 microns. The flexural plate waves have a
typical frequency of 3MHz and a wavelength of 100 microns.
Interdigitated transducers (IDTs), that are arrays of finger pairs
placed at wavelength intervals, generate the flexural plate waves.

FORMULATION OF THE NUMERICAL MODEL

Fig. 2 describes the two-dimensional model of the FPW-
device. The channel model has a length of three wavelengths
(34 =3002n ). Wave amplitude and channel height are 10»m and
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5040m respectively. The model contains a moving wall as the

flexural surface, a rigid wall as the opposite surface and two cyclic
boundaries as inlet and outlet. The cyclic boundary condition
forces all variables (e. g., velocity, pressure) at the inlet and outlet
to be equal. Fig. 2 shows how points on the device surface move
elliptically in a counterclockwise direction as the flexural wave
travels from left to right.

Rigid wall boundary
Cyclic Cyclic
boundary boundary ~[-"i h
Ao
X
y Moving wall (FPW-membrane)
Figure 2. Model of FPW-pump devices
The vertical displacement Ay of the plate is given by:
Ay = Ay sin(wt - kx) , ()]

where 4, is the wave amplitude, @ = 274/ is the angular frequency

of the wave, and & =27z /A isthe wave number. With a membrane
thickness d, the horizontal displacement is [S]:

Ax = (Ayd | A)cos(wt — kx) . ()]
Thus the ratio of the minor to the major axis of the ellipse is given
by md/A . For instance, with the wavelength of A2 =100.n and

the membrane thickness of d =3/om, the ratio of the minor to

major axis of the elliptical motion will be 0.093.
From Egs. (1) and (2) the velocity boundary conditions for
the moving wall are:
» = d(AX)/dt = -27% (Aodf | A)sin(et — kx) 6
v,, = d(Ay)/ dt = 22f4 cos(at - kx) @)
Since the CFD program implements both the moving wall
and moving grid, there are two ways for building flexural plate
wave boundary conditions: updating grid coordinates in the whole
model or updating wall velocity components on the moving wall.
Using the first strategy, we assume that the computational
grid moves elliptically. The grid position is updated for every time
step using equations (1) and (2). For the second case we assume
that the wave amplitude is much smaller than channel height h
(several tens of nanometers versus several tens or hundreds of
microns). The grids don’t move; only the velocities of the moving
wall are updated for every time step using Eqs. (3) and (4). The
results presented in this paper were obtained with the first strategy.
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:

Ay(8) = Apax (1 —exp(—t/ 7)) 5)
For the results in this paper, we assume a time constant t for water
of one wave period T =1/ f . The simulation extends over more
then 15 periods with 10 time steps each. The pressure field and the

first-order velocity field of every time step are saved and used as
the initial condition for the next time step. The time-averaged
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velocity field can be than calculated and depicted by using
MATLAB.

RESULTS

Fig. 4(a) illustrates the evolution of the pressure distribution
in a one-wavelength portion of the channel over one time period.
The mesh plot represents the pressure values of the last contour
plot. Fig. 4(a) shows clearly that the acoustic field is evanescent
with a decay length of about 20um .

Fig. 4(b) shows the time-dependent velocity field of the same
region shown in Fig. 4(a). Using this field, the time-averaged
velocity field shown in Fig. 4(c) can then be calculated. This field
is responsible for the pumping effect. A shear viscous field
penetration depth of about Sum can be observed in Fig. 5. The

maximum time-averaged velocity is 2.2 mm/s.

CONCLUSIONS

We have demonstrated the numerical simulation of the
pumping effect in flexural plate wave devices using commercial
CFD tools. However, the simulation is very time consuming. For a
model with 3240 elements and 150 sime steps (15 periods), the
results presented in this paper took about 24 hours running on 200
MHz Pentium-PC with Windows NT. An optimization considering
the number of grids, time step and time constant of the wave
amplitude function could be done in order to get a faster simulation
with acceptable accuracy. Most importantly the results reported in
this paper show that the systematic design and optimization of
acouskc micropumps is possible.
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Figure 5. Profile of the time-averaged velocity over the channel
height (velocity component in x-direction)
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Figure 4. Simulation results for the micromachined FPW-pump. (a) The pressure fields over a time period T (propagation is in the x
direction). (b) The velocity fields corresponding to the pressure fields shown in (a). (c) The time-averaged velocity field in the channel

resulting from the time-dependent velocity fields in (b) .
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