This article was downloaded by: [National Chiao Tung University BI3Z 5B AZ2]

On: 25 April 2014, At: 06:46

Publisher: Taylor & Francis

Informa Ltd Registered in England and Wales Registered Number: 1072954 Registered
office: Mortimer House, 37-41 Mortimer Street, London W1T 3JH, UK

Numerical Heat Transfer, Part A:
Applications: An International Journal of
Computation and Methodology

Publication details, including instructions for authors and
subscription information:
http://www.tandfonline.com/loi/unht20

Modeling of Valveless Micropumps

Yeng-Yung Tsui # & Shin-En Wu 2
# Department of Mechanical Engineering , National Chiao Tung

University , Taiwan, Republic of China
Published online: 10 Dec 2009.

To cite this article: Yeng-Yung Tsui & Shin-En Wu (2009) Modeling of Valveless Micropumps, Numerical
Heat Transfer, Part A: Applications: An International Journal of Computation and Methodology, 56:9,
727-745, DOI: 10.1080/10407780903466089

To link to this article: http://dx.doi.org/10.1080/10407780903466089

PLEASE SCROLL DOWN FOR ARTICLE

Taylor & Francis makes every effort to ensure the accuracy of all the information (the
“Content”) contained in the publications on our platform. However, Taylor & Francis,
our agents, and our licensors make no representations or warranties whatsoever as to
the accuracy, completeness, or suitability for any purpose of the Content. Any opinions
and views expressed in this publication are the opinions and views of the authors,

and are not the views of or endorsed by Taylor & Francis. The accuracy of the Content
should not be relied upon and should be independently verified with primary sources
of information. Taylor and Francis shall not be liable for any losses, actions, claims,
proceedings, demands, costs, expenses, damages, and other liabilities whatsoever or
howsoever caused arising directly or indirectly in connection with, in relation to or arising
out of the use of the Content.

This article may be used for research, teaching, and private study purposes. Any
substantial or systematic reproduction, redistribution, reselling, loan, sub-licensing,
systematic supply, or distribution in any form to anyone is expressly forbidden. Terms &
Conditions of access and use can be found at http://www.tandfonline.com/page/terms-
and-conditions



http://www.tandfonline.com/loi/unht20
http://www.tandfonline.com/action/showCitFormats?doi=10.1080/10407780903466089
http://dx.doi.org/10.1080/10407780903466089
http://www.tandfonline.com/page/terms-and-conditions
http://www.tandfonline.com/page/terms-and-conditions

Downloaded by [National Chiao Tung University | at 06:46 25 April 2014

Numerical Heat Transfer, Part A, 56: 727-745, 2009
Copyright © Taylor & Francis Group, LLC e
ISSN: 1040-7782 print/1521-0634 online

DOI: 10.1080/10407780903466089

Taylor & Francis
Taylor & Francis Group

MODELING OF VALVELESS MICROPUMPS

Yeng-Yung Tsui and Shin-En Wu
Department of Mechanical Engineering, National Chiao Tung University,
Taiwan, Republic of China

There are two difficulties encountered in modeling valveless micropumps using lumped-
element methods. The pressure loss coefficient for fluidic diodes used in valveless pumps
to rectify flow depends on the flow direction. A problem arises in choosing the proper loss
correlation because the flow direction is not known a priori. Another problem is the
quadratic form of the equation for the flow through the fluidic diodes, which brings about
multiple solutions. The above problems become even more serious in multi-chamber cases.
They are overcome in this study by suitably formulating the flow resistance. In addition, the
flow inertia is accounted for in the unsteady model. The steady and unsteady models are
evaluated by comparing with CFD simulations, which also serve to illustrate the flow field
in more detail. It is shown that, compared with the steady model, the variation of the flow
rate and pressure predicted by the unsteady model behaves in a close manner to those
obtained by multidimensional calculations.

INTRODUCTION

The piston-like reciprocating pumps rely on oscillations [1-3] of mechanical
parts to displace fluids. Flexible diaphragms activated by piezoelectric, thermopneu-
matic, and electrostatic actuators, among others, are usually used to fulfill the
reciprocation function. It is common for these pumps to incorporate check valves
to rectify the flow. During the supply mode of the pumping procedure, the check
valve at inlet is opened to allow fluid to enter the pump chamber as a result of the
underpressure created by the retreat of the diaphragm. The fluid is then repelled
out of the chamber through the outlet valve in the pump mode by reversing the
motion of the diaphragm. In microsystems, the sizes of the consisted devices are
in the scales ranging from several microns to millimeters. As a consequence of
miniaturization, micropumps in particle-delivering systems have to take a risk of
blocking by the particles present in the passage of the check valve. Besides, it is easy
to cause wear and fatigue of the mechanical valves during the oscillating movement
of these valves. Further, the manufacture of this kind of valves is difficult.

To avoid the problems above, the valveless micropump concept was intro-
duced. In these micropumps, the valves are replaced by fluidic diodes which do

Received 17 April 2009; accepted 14 October 2009.

The support of the National Science Council of the Republic of China is acknowledged.

Address correspondence to Yeng-Yung Tsui, Department of Mechanical Engineering, National
Chiao Tung University, 1001 Ta-Hsueh Road, Hsinchu 300, Taiwan, Republic of China. E-mail: yytsui@
mail.nctu.edu.tw

727



Downloaded by [National Chiao Tung University | at 06:46 25 April 2014

728 Y.-Y. TSUI AND S.-E. WU

NOMENCLATURE
A, A areas at the two sides of the R flow resistance of the nozzle/
nozzle/diffuser element diffuser element
h,, maximum deflection amplitude t time
Ky K, loss coefficients of the diffuser T one oscillating period
and the nozzle Vin maximum deflection amplitude
/ the length of the nozzle/diffuser of the volume swept by the
element membrane
L flow inductance of the nozzle/ U mean velocity
diffuser element 14 velocity vector
P pressure w time-dependent variation of the
P, back pressure at the outlet deflection of the membrane
Pin, Pout pressures at the inlet and outlet B ratio of Qoy to Qi
P, P, pressures at the two sides of the ngr real efficiency
nozzle/diffuser element ni, N2 approximate efficiencies
Py, P, pressures in the chambers 1 and 2 p fluid viscosity
of the micropump p fluid density
0 volumetric flow rate ® angular frequency of oscillation
Oins Qs Oour  flow rates through the inlet, .
central, and outlet nozzle/ Subscripts .
diffusers p pumping stage
r radial distance s supply stage
5, To radius of the piezo disc and the Superscripts
pump chamber 1 old values

not have any moving parts. The resistance of the fluid flow through these devices
depends on the flow direction. For a specified pressure difference across the fluidic
diode, the flow rate is higher in the forward direction than in the reverse direction.
This results in a net flow in the preferential direction.

Vortex diodes are a kind of fluidic diode that can be found in various engineer-
ing applications to regulate flow in macro scales. Works have been made to investi-
gate the influence of various parameters and to optimize the design of such devices
[4-6]. Realization of this concept in microfluidic flows was carried out recently by
Anduze et al. [7]. Another type of fluidic diode is the valvular conduit of Tesla [§],
which was first applied to microsystems by Forster et al. [9]. Its characteristics in
microflows were examined by Turowski et al. [10]. The geometry of this valve was
optimized by Gamboa et al. [11]. The simplest device to suit the purpose of rectifi-
cation of fluid flow is the nozzle/diffuser. It was incorporated in micropumps by
Stemme and Stemme [12] and Gerlach and Wurmus [13]. The flow characteristics
of this device in either flat-wall type or circular type were investigated by Olsson
et al. [14, 15] and Singhal et al. [16].

The development of CFD technologies has made them an important tool to
help engineers to tackle flow problems of increasing complexity. However, it is costly
to solve the Navier-Stokes equations, especially for three-dimensional, unsteady
flows. In the preliminary stage of design or optimization of a large system, it is com-
mon to model the system with a simple approach. The different parts of the system
are modeled as lumped elements with appropriate approximation of equations.
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These elements are then linked together to form a network which is ready for rapid
analysis [17, 18].

The valveless micropump incorporating nozzle/diffusers to rectify the pump-
ing flow is the main concern of this study. This kind of micropump has bean ana-
lyzed using lumped-system methods by several researchers [19-25]. The basic
concept for the lumped system is the conservation of overall mass fluxes into
and out of the pump chamber. Ullman [19] introduced a blocking pressure to
account for the stiffness of the piezoelectric membrane, which leads to a differential
equation for the mass conservation over the chamber. The model of Olsson et al.
[20] is based on conservation of both mass and energy. The interaction between the
membrane and the fluid flow is taken into account by including the piezoelectric
force and the chamber pressure in the momentum balance over the membrane.
In the studies of Pan et al. [21, 22], the vibration of the membrane was simulated
using an unsteady partial differential equation, based on the bending theory of thin
plate. In the models of Ullmann and coworkers [23, 24], the deformation of the
membrane is assumed to be a clamped or supported disk under the action of a con-
centrated force acting on the center. The inertias of the membrane as well as the
entire fluid in the system are included in the dynamic simulation. In a recent study
of Tsui and Lu [25], the flow in a valveless pump was analyzed using a static
lumped-system analysis and the CFD simulation. It was shown that the resulting
inlet- and outlet-flow variations and the pumping efficiencies obtained from the
lump model are close to the predictions by the CFD method and experimental data
for various back pressures.

In modeling of valveless micropump, it is essential to relate the pressure differ-
ence AP across the nozzle/diffuser element and the velocity through it. This relation
is usually given in the form

APzng2 (1)

where K is the loss coefficient and U the mean velocity at the throat of the nozzle/
diffuser. The loss coefficient K is a function of the velocity as well as the flow direc-
tion. This element functions as a diffuser in one flow direction and becomes a nozzle
in the other direction. This causes difficulties in solving the system of equations of
the flow problems because, in general, the flow direction is not known a priori. To
overcome this problem, the pumping process was divided into several modes in
which the flow direction is determined according to the sign of the pressure differ-
ence across this element [19, 21, 23, 25]. This situation becomes even worse when
multiple chambers are included in the micropump. Another difficulty encountered
is that the quadratic form in terms of velocity leads to non-unique solutions. It will
be shown in the following that the relation can be arranged in a form by which an
unique solution can be obtained without the need to divide the pumping process into
different modes for a micropump system with multi-chamber. In addition to the
lumped-system analysis, multidimensional calculations are also conducted in the
present study to illustrate the complicated flow structure in the pump system and
to validate the developed models.



Downloaded by [National Chiao Tung University | at 06:46 25 April 2014

730 Y.-Y. TSUI AND S.-E. WU

LUMP MODEL

The micropump considered in this study includes one or two chambers, along
with several nozzle/diffusers to connect the chambers and the inlet and outlet.
The resistance to the flow through the nozzle/diffusers is the main concern in the
modeling. The chamber has a relatively large volume. Compared with the chamber,
the displacement of the oscillating membrane is assumed to be insignificant. There-
fore, the flow resistance in the chamber is ignored for this low-compression ratio
pump in our model.

The relation of Eq. (1) between the pressure difference and the velocity can be
rewritten as

_p P

P, PI—K¢!—2A12Q7 P, > P (2a)
N P

P[—Pl—Kn—zAtzQ7 P, < P (2[))

where, as seen in Figure 1, P, and P, are the pressures at the throat on the left side
and that on the right side of the element, Q is the volumetric flow rate through it, 4,
the area of the throat, and K; and K, are the loss coefficients corresponding to the
functions of diffuser and nozzle, respectively. The flow rate is assumed to be positive
in the direction from the left to the right, or from the inlet to the outlet in the pump-
ing system. The above two relations can be combined into a single form.

i = [max (G0 ) o min(1G.0) 5 F 1o a

This model does not include the flow unsteadiness. To account for the unsteady
effects, an inertial term is added.

_ 0 pl  dQ
P’P’{ma"<|Q| )K m‘“<Q| ) ]w'Q'Q+ Ay de Y

Figure 1. The nozzle/diffuser element and equivalent electrical circuit.



Downloaded by [National Chiao Tung University | at 06:46 25 April 2014

MODELING OF VALVELESS MICROPUMPS 731

In the last term, / is the length of the nozzle/diffuser element and 4, is the
cross-sectional area at the side opposite to the throat (see Figure 1).

The fluidic system can be represented by an electrical equivalent circuit with the
flow rate analogous to the electrical current and the pressure to the voltage [17, 18].
The above equation can be interpreted as an R-L circuit (see Figure 1).

_ 49
AP=RQ+ L (5)

where R designates the flow resistance and L the inductance.

_ 0 NaY P
R= [max (@,O>Kd — min <@,O>Kn:| 2—A%|Q‘ (6a)

pl
L =—" 6b
%(At‘FAl) ( )

The resistance is variable, depending on the flow rate and the flow direction, and the
inductance is constant for a specific nozzle/diffuser.

A micropump with two chambers under investigation is schematically sketched
in Figure 2. The equations for the three nozzle/diffuser elements are expressed as

d in
Pin - Pl = RinQin + ol C%l (761)
d
P — P, = Rch + ol thC (7[))
P R P, P ot
Q ﬁQc _—
Inﬁ ’\I I\ Qout
Flo _Pi F:JE :Pa
Pl C L
| =~ Ca | | = Cu |
I lQm I I JQME I
| | =
a1
I — I
[ 1] 1|1 |
[ Ry R [ 1 Rou |
p | L ]| Le ]I Low | P
' i — =000 iPl i — =000 I PeI — =000 i o
L LI o || Que ]

Figure 2. The valveless micropump with double chambers and equivalent electrical network.
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d
P2 - Pout = Rothout + O(L% (7C)

where Pj,, P, P, and P, denote the pressures at the inlet, chamber 1, chamber 2
and the outlet, respectively, and Q;,, Q., and Q,, the flow rates through the inlet,
central, and outlet nozzle/diffusers. The constant o is 1 for the unsteady model
and 0 for the steady-state model. The inductances for the three nozzle/diffusers
are the same because of identical elements used.

The membranes of the chambers are assumed to move in a harmonic motion,
which is true if the driving frequency is much lower than the natural frequency of the
membranes. Therefore, the conservation of mass for the two chambers gives

Oc— Oin=0m = Vo Sin(ﬁ)l) (8(1)
Oout — Q¢ = Q2 = Vo Sin((ﬂl + 8) (Sb)

where V,, is the volume change amplitude of the vibrating membranes, o the angular
frequency of the vibration, and o represents the difference in phase angle between the
two membranes. The harmonic motion can be regarded as the homogeneous sol-
ution of an L-C circuit:

d

Qm L/ o
L=+ o | Q=0 9)

with L,,C,,=1/ o” and L,, = pytm /A, (,,, is the thickness of the membrane and 4,,
the area), which is subject to the initial conditions.

0m(0) = V,,@sin(d) (10a)

Q. (0) = V,,»* cos(8) (105)

The equivalent electrical network for the lumped system is displayed in
Figure 2. It is noted that the force imposed on the membranes by the dynamic press-
ure in the chambers is ignored in this simulation (Py;=P; and Py, =P, in the
network). For more accurate modeling, this effect can be included by imposing
forcing terms P; — Py; and P, — Py, on the left-hand side of Eq. (9) for the two
membranes.

To close the problem, the loss coefficients K, and K; need to be determined
from either experiments or multidimensional calculations. The following correlations
are adopted from reference [25] because the same nozzle/diffuser is used.

K;=1.315x 10770791 40.5981 (11a)

K, =1.173 x 1076078112 11 204 (115)

The differential equations can be discretized using the Euler implicit scheme or
any other higher-order schemes. As an example, a finite difference analogue of Eq. (5)
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is given as

o
1292 ro—ar (12)

At
where the superscripts o denote the last time values and the flow resistance R’ is
estimated using the old flow rate Q°. The system of nonlinear algebraic equations arising

from Egs. (7) and (8) can easily be solved for Q,, O., Qou> P1, and P, using MATLAB.

MULTIDIMENSIONAL METHOD

The geometrical configuration of the two-chamber system is illustrated in
Figure 3. The membranes of the pump, driven by piezoelectric disks, oscillate in a
harmonic motion. The deflection of the membranes is assumed to distribute in a
trapezoidal profile.

ro —

w(r,t) = —hy, - Min(l,r .
00—

r) cos(mt) (13)

where rq is the radius of the chamber, r; that of the piezo disc, and /4, the maximum
deflection at the center of the membrane. The maximum deflection is 1 um, whereas
the height of the chamber is 0.2 mm. Obviously, the change of the chamber volume
caused by the membrane vibration is insignificant. To simplify the simulation, the
volume of the chamber is assumed to be constant, i.e., the computational grid is fixed
without motion. It is the oscillating velocity, obtained by differentiating the above
equation, imposed on the membranes as boundary condition.

The flow is assumed to be incompressible. Due to the micro size of the pump,
the Reynolds number is small, resulting in laminar flows. The conservation equations
of mass and momentum are given by

V-pV =0 (14)

L_\_J—) N

0.1 mf; F 1-{1 //

r‘?’“‘\\;\,g/

/ 7. , _ TN
l_ L Smm llmmj_lnnnj_ 4 Ilmmllmm I lmm_L 4mm ]_lmm ]_lmm ]_l Sty J
l Qin T Qout
1 — | — |
lmm I Lmm

0.2mm

Figure 3. Configuration of the micropump with double chambers.
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The differential equations are discretized using unstructured-grid techniques. Details
of this method were described in references [26, 27]. A brief description is addressed
in the following.

The equations are integrated over a control volume first. With the use of
divergence theorem, the volume integrals of the convection and diffusion terms
are transformed into surface integrals. The convective flux through the surface of
the control volume is further approximated using a scheme blending the central
difference and the upwind difference with a weighting biased toward the central
difference. To handle the diffusive flux for the grid of arbitrary topology, an
over-relaxed approach is employed.

All variables are collocated at the center of each cell. To avoid checkerboard
oscillations arising in the non-staggered grid arrangement, the momentum interp-
olation method is used to obtain the velocities and, thus, the mass flux on the surface
of the control volume. Similar to the SIMPLE algorithm, a pressure-correction
equation is derived by forcing the mass fluxes through all the faces of the control
volume to satisfy the continuity constraint. However, the SIMPLE algorithm relies
on iteration around the momentum equation and the pressure-correction equation to
tackle the coupling between them. This procedure is time-consuming for unsteady
calculations. Therefore, the non-iterative, predictor-corrector procedure of PISO
[28] is employed in this study. In the predictor step of this algorithm, the momentum
equation is solved for the velocities using the prevailing pressure field. In the follow-
ing corrector steps, the velocities and pressure are corrected via solving the
pressure-correction equation obtained from mass conservation. In general, two
corrector steps are sufficient to get rid of the mass residual left by the velocities in
the predictor step.

As for boundary conditions, the no-slip condition is imposed on all solid walls
except for the membranes where, as described above, oscillating velocities are pre-
scribed. Pressures are specified at the openings of the inlet and outlet. In order to
derive the flows through the open boundaries from the given pressures, a method,
which ensures mass conservation at the mesh cells next to the boundaries, was
adopted [25].

RESULTS AND DISCUSSION

Micropumps with single chamber and double chambers are under consider-
ation. Zero pressure is assumed at the inlet and various back pressures are specified
at the outlet. The membranes oscillate at a frequency of 2200 Hz. Only half the pump
is considered in multidimensional calculations because of its geometric symmetry.
Validation of the multidimensional method has been done in the study [25], in
which a micropump with single chamber was considered. It was shown that with a
suitable assumption of membrane deflection, good agreement with experimental
measurements of net flow rate at various back pressures is obtained.

Single Chamber Case

The net flow rates for a number of back pressures predicted by both the
steady and unsteady lump models and the multidimensional calculations are
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Figure 4. Comparison of predicted net flow rates for the single chamber case at various back pressures.

shown in Figure 4. A similar trend between the lumped-system analyses and the
CFD calculations is observed, with higher flow rates for the lump models. The
unsteady model gives better agreement than the steady model, which is further
evidenced in Figure 5a, showing the time variation of both the inlet and outlet
flow rates in one period for back pressure P,=15900Pa. It can be detected that
the curves for the steady model is not as smooth as the others during the times
at the beginning, end, and one half of a period. These times correspond to the
transition stages between the pump and the supply modes. The non-smoothness
is ascribed to the inertial effect not taken into account, which becomes significant
when the driving velocity of the membrane is small in the transition stages [25]. In
the steady model, the variation of flow rate is a direct reflection of the variation
of the pressure in the chamber. As shown in Figure 5b, the chamber pressure var-
ies in a sinusoidal-like manner for the steady model, which is of the same phase as
the flow rates through the nozzle/diffuser elements shown in Figure 5a. Those for
the unsteady model and the CFD simulation are similar to each other, but at a
phase angle of about 90° different from that of the steady model. This phenom-
enon becomes clear through the following understanding. For constant flow
resistance, the theoretical solution of Eq. (5) reveals that there is a phase differ-
ence angle tan ™! oL/R between the pressure difference AP and the flow rate Q. In
our calculations, the ratio oL/R falls in the range between 1 and 15, correspond-
ing to phase angles 45° and 86°, respectively. The value 1 occurs at around 1=
T/4 and 3T/4 and the value 15 at t=0 and 7/2. This means that at the start
and middle of a period, the flow inertia dominates, resulting in about 90° phase
angle; whereas, in the mid-half period, the effect of the flow resistance also plays
an important role because the flow velocity is high at this stage. The instan-
taneous pressure at the center of the chamber close to the wall, obtained by
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Figure 5. Variation of (a) the flow rates at the inlet and outlet and (b) the pressure in the chamber for the
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single chamber case at P, = 5900 Pa.

the 3-D calculation, varies significantly with time due to the extremely compli-

cated, unsteady flow formed in the chamber.

The real efficiency ng of the pump is defined as the ratio of the net pumping
flow volume to the volume swept by the reciprocating membrane in one period.

An approximation to the efficiency can be expressed as [25]

(0]

T
n = 5/0 (B(?) — 1) sin(wt)dt
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CFD Simulation
..... — Unsteady Mode
— — — Steady Model

0.5

Figure 6. Comparison of flow rate ratios p obtained by the 3-D simulation and the two lump models for
P, =5900 Pa.

where B is the ratio of the outlet flux to the inlet flux.

_ QOllt

B(l) Qin

(17)

As seen in Figure 6, the variation of the flux ratio of the unsteady lump model is
similar to that of the multidimensional calculations, but not the steady model,
especially at the transition times between the supply stages and the pump stages.
A difficulty in utilizing Eq. (16) to estimate the pumping efficiency comes from
the fact that the values of Q.. and Q;, approach zero during the transitions
times, which results in a large variation of their ratio. To soothe the above prob-
lem, two mean flow ratios corresponding to the pump and supply stages are
defined as

T/2—a
b= B (184)

2 T—a
=gy ], B0 (180

where the interval a is chosen as 7/20 [25]. The mean flow ratios for different
back pressures are shown in Figure 7. Substituting into Eq. (16) yields a simple
form of pumping efficiency.

na=2(,~ B (19)
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18
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Figure 7. Comparison of mean flow rate ratios p, and B, obtained by the 3-D simulation and the two lump
models.

The resulting approximate efficiencies are given in Figure 8. Good agreement with
the real efficiencies obtained by the CFD simulation can be found.

Double Chamber Case

The net flow rates for the micropump with two chambers operating without
phase difference for different back pressures are presented in Figure 9. As in the

22
: —©&—— MR -CFD Simulation
20« —.mfg—=15 -CFD Simulation
{ ’\\ —-—=y—-—"3 -Unsteady Model
1850 N — =\~ —M2 -Steady Model
16

NroM2 (%)
®© S N B
O\I\II\II\I\'I\II\I\I\\II\\\I[\I

[«

N

R BN RN SN SNEN A S |
1000 2000 3000 4000 5000 6000

Back Pressure (Pa)

N

Figure 8. Comparison of predicted efficiencies by the 3-D simulation and the two lump models.
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Figure 9. Comparison of predicted net flow rates for the double-chamber case with zero phase angles at
various back pressures.

single chamber case, the predicted flow rates by the lump models are higher than
the multidimensional calculations. However, the overpredictions are much higher
for the double chamber micropump. It is noted that the loss coefficients for the
nozzle/diffusers used in the lump models are based on steady-state flows. As will
be seen latter, vortices may be formed periodically in the nozzle/diffusers and in
the chambers, which will hinder the flow through these elements and, thus, brings
about higher loss. This effect is more significant with multiple chambers. Although
the net flow rates obtained by the steady model are close to the multidimensional
results, it does not mean that the flow characteristics are better depicted by this
model. The net pumping rate can be obtained by integrating the instantaneous flow
rate through any one of the three nozzle/diffuser elements over one period. As
shown in Figure 10, the instantaneous flow rates through the three elements for
the unsteady model resemble those obtained by the CFD simulation. This is
especially evident by examining the variation of the flow through the center element
(Q.). This flow rate represents the difference between those through the inlet
element and the outlet one, i.e., Q.= (Qin+ Qour)/2, Which can be yielded by sub-
tracting Eq. (8b) from Eq. (8a) with 6=0. The wavy patterns for the unsteady
model and the CFD simulation are similar. Both vary in the same phase with a
frequency two times that of the member. The values obtained by the two analyses
are positive for the entire period, indicating that this center element always plays a
function of diffuser for this in-phase operation. The flow rate predicted by the
steady model varies in a half-wave form in both the pump stage and the supply
stage. Its value is higher than that of the unsteady model in the middle regions
of the pump and supply stages, but becomes negative during the transition times
between the two stages. This results in lower net flow rate for the steady model
than that for the unsteady model after integration and, thus, better agreement with
the CFD simulations.
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Figure 10. Variation of flow rate for the double-chamber case with zero phase angles.

Comparison of the CFD results shown in Figures 4 and 9 reveals that the net
flow rate is slightly increased from 0.99 ml/min for the single chamber pump to
1.22 ml/min for the double chamber pump at zero back pressure. However, the
decreasing rate of the latter is much lower when a back pressure is present. At
P, =5900 Pa, the net flow rate is 0.3 ml/min for the single chamber case, comparing
with 0.91 ml/min for the double chamber case.

Figure 11 presents the effects of the phase angle between the oscillating mem-
branes of the two chambers for back pressures P, =0 and 2950 Pa. The net flow rate
decreases with the increase of the phase angle until 180°, followed by an increase.
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Figure 11. Comparison of predicted net flow rates at various phase angles for (a) P,=0 and (b)

P, =2950Pa.
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The variation is symmetrical to the 180°. The results obtained by the different
methods behave in a similar fashion, with the simple analyses giving higher net
pumping rates. It has been noticed that in the study of Yang et al. [29], the net flow
rate for a double chamber micropump varies in a sinusoidal-like manner, with a peak
at 90° and negative values for the phase angles greater than 180°. It is believed that
the cause of the characteristic difference between the two studies is mainly due to the
large difference in compression ratio. The chamber height is 500 pm and the
maximum deflection of the membrane is 250 um in the study of Yang et al., whereas
the corresponding values are 200 um and 1 um in the present study. The large oscil-
lating amplitude in the study of Yang et al. has considerable effect on the flow in
the pump with the resulting flow resistance greatly increased in both the nozzle/
diffusers and the chambers. A difference exists in the flow resistance between the
two chambers, which varies with the phase angle. However, the resistance is small
and the difference can be neglected in the present study because of the small
compression ratio.

The variation of the flow rates through the three nozzle/diffusers for phase
angles 60° and 150° is given in Figure 12 for P, =2950Pa. It can be seen that the
amplitudes of Q;, and Q. decrease with the increasing phase angle, which leads
to a decrease of the net flow. In contrast, the flow rate Q. gradually increases with
the phase angle. The following relation can be derived from Egs. (8a) and (8b).

=~

m®

Q. == (O + Qout) + (sin(wt) — sin(w? + 3)) (20)

N —
N‘

The second term in the above is negligible for small phase angles. Its importance is
increased with the phase angle till 180°. At phase angle of 180°, it becomes a sine
function. However, this term does not contribute to the net flow because the inte-
gration of it over a period is zero.
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Figure 12. Variation of flow rate at P, =2950 Pa for the double-chamber case with («) phase angle 60° and
(b) phase angle 150°.
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Figure 13. Streamlines and pressure contours at ¢ = 7/4 for phase angle 60° and P, =0 Pa.

As an illustration of the flow field, streamlines, and pressure contours at 1= T/4
and 37/4, corresponding to the pump stage and the supply stage, respectively, are
shown in Figures 13 and 14 for phase angle 60° and P,=0. In the pump stage,
the flow is directed out of the two main chambers through the inlet part and the
outlet part. The inlet channel serves as a nozzle in which the pressure decreases
gradually. It can be detected that a small recirculation zone appears at the entrance
of the nozzle, where a low pressure region can be identified in the pressure contour
plots. The outlet channel functions as a diffuser. Small vortices are located in the

-180000

Figure 14. Streamlines and pressure contours at t=37/4 for phase angle 60° and P, =0Pa.
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region near the throat. The pressure drops sharply first, followed by gradual
recovery. The pressure in the first main chamber is higher than that in the second
chamber with the central channel working as a diffuser. There is a large-scale vortex
flow in the center region in the first chamber, which forces the flow to make a sharp
turn to enter the inlet and the central elements. The recirculating flows in the nozzle/
diffusers and the chambers are time-dependent and their appearance will cause
additional losses which are not accounted for in the lump models. At the supply
stage, the functions of the three elements are reversed. The pressure in the second
chamber becomes higher. Small vortices can also be found in the nozzle/diffusers
and larger-scale recirculating flows in the chambers.

CONCLUSION

Simple models based on the concept of lumped elements have been developed
for analysis of the flow in valveless micropump system. The models overcome the
problem of a non-unique solution and allow the use of multiple chambers. The iner-
tial effect was included as an unsteady model. The results show that in comparison
with the steady model, the unsteady model can portray the characteristics of the flow
in the pumping system more closely as evidenced by comparing with the CFD
simulation. The net flows obtained by the lump models are higher than those by
the multidimensional calculations due to the complicated recirculating flows in the
pump causing additional losses. It was shown that the net pumping flow is increased
only marginally when the system is changed from the single chamber to the double
chamber. However, the double-chamber system has a higher capability to resist the
decline in pumping effectiveness, as back pressures are imposed at the outlet. The net
flow is reduced when a phase angle exists between the vibrating membranes of the
two chambers. This is in contrast to other studies in which there exists a peak value
of net flow at a certain phase angle. The cause of this difference is owing to the
insignificant compression ratio assumed in the present pump configuration. For a
system with high compression ratio the flow resistance in the pump chamber must
be accounted for in the model. Micropumps with three chambers have been seen
in biological sample processing and drug delivery applications. The working of these
pumping systems is based on the peristalsis concept. Extension of the present models
to the peristaltic micropumps is straightforward and such work is under way.
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