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a b s t r a c t

The flow in a valveless micropump is analyzed using both the CFD method and the lumped-system method.
In the multidimensional simulation of the CFD model, the Navier–Stokes equations are solved using a
finite volume method suitable for the use of unstructured grids. The moving membrane is modeled by
imposing a reciprocating velocity boundary condition. It is seen that a good agreement with measurements
can be obtained for various back pressures by adopting an appropriate membrane shape blending the
parabolic and the trapezoidal profiles. The multidimensional predictions serve as benchmark solutions to
the lumped-system analysis. In the latter analysis two correlations for the loss coefficients of the nozzle
and the diffuser are employed. The results show that with a more accurate one of the two correlations,
a better agreement with the multidimensional calculations is yielded. The performance of the pump
can be evaluated by considering the pumping efficiency. The pumping efficiency can be approximately

formulated in two different ways, depending on the average ratios of the outlet flow rate to the inlet
flow rate in the pumping and supply stages. In the averaging process to determine the mean ratios, the
transient region between the pumping stage and the supply stage is excluded. This leads to even closer
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. Introduction

Microfluidic systems are of interest in medical testing, drug
elivery, chemical analysis, chip cooling and many others.
icrosystems have the advantages of small volume, cheap cost,

igh precision and fast reaction time. Micropumps are essential
evices in the microfluidic systems, which provide momentum to
ause fluid flow. The development of micropumps has been based
n various principles [1–3]. They can be divided into two categories:
echanical and non-mechanical [1]. Most mechanical pumps use

scillatory movement of mechanical parts to drive the flow. Some
xamples include check valve micropumps, peristaltic micropumps
nd rotary micropumps. In the non-mechanical category, the cause
f fluid flow is mainly via electric–fluid interactions, such us elec-
rokinetic micropumps, electrohydrodynamic micropumps, etc.

In general, mechanical micropumps have higher flow rates than
he non-mechanical micropumps. Among the various mechani-

al micropumps the valveless membrane micropumps have drawn
uch attention in recent years. The actuation of the reciprocating
embrane can be achieved by different ways, such as piezoelectric

iscs, pneumatic actuators, thermomechanic actuators, to name
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few. Most of the membrane micropumps are constructed with
ntake and exhaust valves to direct the fluid flow. During minia-
urization of these pumps, the presence of the moving valves
eads to manufacturing difficulties and suffers the risk of wear and
atigue. Furthermore, if particles are present in the pumps, there is
concern about valve clogging. To avoid these drawbacks, a novel

dea is to replace the moving valves with fluidic diodes, such as
ozzle/diffuser elements or the valvular conduits. Fluidic diodes
ave different flow resistances when the direction of the flow
hrough the devices is reversed. In the positive direction through
diffuser the velocity is reduced and static pressure is gradually

ecovered. As the fluid flows in the reversed direction, the device
unctions as a nozzle and larger loss is caused. Thus, for a recip-
ocating flow through such a device, it performs the function of
irecting a net flow in the positive direction. Incorporation of the
ozzle/diffuser elements into micropumps was realized first by
temme and Stemme [4] and then by Gerlach and Wurmus [5]. Ols-
on et al. [6] described a flat, planar design with the nozzle/diffuser
rranged in the same plane as the pump chamber. This kind of pla-
ar micropumps can be fabricated using a commercially available
njection-molding machine for compact disc manufacture [7]. This
eans that it can be produced in high volumes at low costs.
A simple way to analyze the flow in valveless micropumps is

he use of the lumped-system method. This approach ignores spa-
ial variation and focuses mainly on the time variation. Ullmann

http://www.sciencedirect.com/science/journal/09244247
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Nomenclature

AL, At areas of the two ends of the nozzle/diffuser
f oscillating frequency
Fc, Fd convective and diffusive fluxes
h deflection of the membrane
K loss coefficient
Kd, Kn loss coefficients of the diffuser and the nozzle
ṁ mass flux
P pressure
Pc pressure in the chamber
Pin, Pout pressures at the inlet and the outlet
Q volumetric flow rate
Q1, Q2 volumetric flow rates at the inlet and the outlet
r radial distance
ro radius of the pump chamber
rl radius of the piezo disc
�Sf surface vector of considered face
t time
T one oscillating period
Vm half the maximum volume swept by the membrane
w weighting factor
W oscillating velocity of the membrane
Z time-dependent variation of the deflection of the

membrane

Greek symbols
ˇ ratio of Q2 to Q1�ıpc distance vector connecting the principal node p and

the neighboring node c
� pumping efficiency
�R real efficiency
�1, �2, �3 approximate efficiencies
� fluid viscosity
� fluid density

Subscripts
c chamber
d diffuser
en entrance
ex exit
in inlet
max maximum value
n nozzle
out outlet
p pumping stage or parabolic profile
s supply stage
t trapezoidal profile
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Superscripts
t total value

8] proposed a simple model based on the principle of mass con-
ervation over the pump chamber. With this method a variety of
ingle-chamber and double-chamber micropumps were analyzed
o find the flow output rate. In the lump model of Olsson et al. [9],
he conservation of both the mass and energy was considered. A
ub-model, based on momentum balance over the membrane, was

ncluded to account for the interaction between the membrane and
he fluid flow. In the study of Pan et al. [10], the movement of the

embrane was modeled by a partial differential equation taken
rom the clamped-thin-plate theory. The equations were approx-
mately solved by the small parameter perturbation method and

w
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he Galerkin method. However, the flow unsteadiness within the
icropump was not taken into account. Pan et al. [11] showed that

his inertial force is not negligible, compared with the viscous loss,
n the dynamic coupling analysis.

The recent development of Navier–Stokes equations solvers
as made three-dimensional calculations possible in complicated
eometry. This multidimensional analysis approach can provide
ccurate solutions as well as detailed flow field. Nguyen and Huang
12] reported a numerical simulation of pulse-width-modulated

icropumps with nozzle/diffuser elements. The vibration of the
embrane was modeled by either a moving wall or moving veloc-

ties as the boundary condition. In both models, the interaction
etween the structure analysis and flow analysis is neglected. Yang
t al. [13] evaluated the performance of micropumps with two
hambers arranged in parallel or series combination. In the series
rrangement with 90◦ phase angle difference between the two
embranes, an eightfold increase of flow rate was yielded, relative

o the single-chamber pump. A study of complete coupling between
he electrical, mechanical and fluid systems in a piezoelectric-
ctuated micropumps was conducted by Fan et al. [14] using finite
lement method and computational fluid dynamics. The behavior
f the membrane at different frequencies, which may affect the
umping rate, was investigated. It was found that the pumping rate
s well as the deflection amplitude of the membrane increases with
he increasing frequency of the vibrating membrane for frequencies
ess than 7.5 kHz. Further increase of frequency leads to degradation
f pumping rate due to the undesirable deflection way of the mem-
rane. The fluid–structure interaction and the electro-mechanical
oupling were also employed in the studies by Yao et al. [15] and
eong and Kim [16].

It could be found from the above numerical studies that most
FD simulations were performed using commercial codes, espe-
ially the CFD-ACE. Recently, a computational procedure based
n the use of the fully conservative finite volume method and
he unstructured mesh was developed for both compressible and
ncompressible flows by the group of the present authors [17,18]. In
rder to analyze the periodic flow encountered in micropumps, this
ethod is modified to cope with the unsteady state. In addition, a
ay to implement the pressure boundary condition, easily applica-
le to unstructured grids, is addressed. A lumped-system analysis

s also conducted. The lump model is assessed by comparing with
he results obtained from multidimensional calculations.

. Multidimensional method

A drawing of the micropump under consideration is shown in
ig. 1. Only half of the pump is considered in calculations due to
ts symmetric geometry. The membrane is placed on the top of the

ain chamber with a diameter of 6 mm. A piezo disc of diameter
mm is attached to cause vibration of the membrane. The open-

ng on the left chamber is the inlet and that on the right chamber
he outlet. Both openings have a diameter 1 mm. Nozzle/diffuser
lements are used to connect the inlet and the outlet chambers on
oth sides of the main chamber. The length of this element is 1 mm
ith a diffusion angle of 7◦ and the width at the throat is 0.1 mm.

he height of the micropump is 0.2 mm.
The dynamics of the flow in the micropump is modeled by the

ncompressible Navier–Stokes equations which can be cast into the
ollowing form:
∂t
+ ∇ · (�V�) = �∇ � + S (1)

here � represents Cartesian velocity components and the source
includes the pressure gradients. Integrating the equation over a

ontrol volume, which can be of arbitrary geometry, and using the
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Fig. 1. Configuration o

ivergence theorem lead to:

� �V

�t
(� − �o) +

∫
s

�� �V · d
−→
S = �

∫
s

∇� · d�S + S �V (2)

here �V is the volume of the considered cell, �o denotes the
elocity component at old time step. Here the fully implicit scheme
s used for the time discretization. The convection and diffusion
erms have been transformed into a surface integral form by the
ivergence theorem. The convective flux through the surface of the
ontrol volume can be approximated by

c =
∑

�( �V · �S)f�f (3)

here the subscripts f stand for face values, �Sf is the surface vec-
or, and the summation is taken over all the faces of the control
olume surface. The face value �f is approximated using a scheme
lending the upwind and the central differences with a weighting
actor of 0.9 biased toward the central difference. The diffusive flux
s approximated by

d =
∑[

�S2
f

�ıpc · �Sf

(�c − �p) + �∇�f

(
�Sf − S2

f
�ıpc · �Sf

�ıpc

)]
(4)
he subscripts p and c denote the centroids of the principal cell and
he neighboring cell on the two sides adjacent to the face f, �ıpc is
he distance vector directed from node p to node c (see Fig. 2) ∇�f
epresents the gradient at the face obtained by linear interpolation
rom the two nodes p and c.

Fig. 2. Illustration of a typical control volume with neighboring cells.
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alveless micropump.

The coupling between the momentum and the continuity equa-
ions is treated in a manner similar to the SIMPLE algorithm.
he velocities and pressure are collocated on the centroid of
ach control volume. To avoid checkerboard oscillations result-
ng from the decoupling between the velocity and the pressure,
he momentum interpolation method is adopted. Details about
he discretization and the method can be found in the studies
17,18]. However, for unsteady flow the use of SIMPLE algorithm
equires iteration in each time step, which is time consuming.
herefore, the non-iterative, predictor–corrector procedure of PISO
lgorithm [19] is employed. In the predictor step, the momen-
um equation is solved using the prevailing pressure field. It is
ollowed by a corrector step in which the velocity and pressure
re adjusted such that the mass is conserved. Although the new
elocity field after the first corrector step satisfies the continu-
ty constraint, the momentum equation is not adequately solved.
he PISO algorithm relies on a second corrector to make the pres-
ure field get rid of the mass imbalance left by the predictor step
nd give letter approximation to the momentum conservation. It is
his step to make the PISO different from the SIMPLE and result
n higher computational efficiency even in steady flow calcula-
ions.

For the micropump under investigation, appropriate boundary
onditions must be imposed on both the membrane and the inlet
nd outlet. It is usual to specify a pressure difference across the
nlet and the outlet and the flow rate through these boundaries
re sought. To determine the mass flux, or the velocity, at an open
oundary with a specified pressure, one approach is to make an
pproximation to the momentum equation in a manner similar
o that used at an internal face. Although this method has been
uccessfully implemented in steady flow calculations [20,21], it
ay not be appropriate in the non-iterative procedure of the PISO

lgorithm because the mass is not conserved. In the following, a
ethod, ensuring conservation of mass, is described. Fig. 3 illus-

rates a control volume P next to an open boundary. The boundary
ressure Pb is prescribed at the centroid of this cell. As usually
one for non-staggered grid calculations, an extrapolation prac-
ice is undertaken to find the pressure on the boundary node B.

ith this boundary face pressure, the velocity at the node P can

e solved for in the momentum predictor step in the same way
s the other internal nodes. After the mass fluxes through all the
nternal faces are calculated using the momentum interpolation

ethod mentioned above, the mass flux through the open bound-
ry ṁb is then obtained via conservation of mass in this boundary
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ig. 3. Illustration of implementation of the pressure condition at a boundary cell.

ell.

˙ b +
∑

ṁi = 0 (5)

here ṁi denotes the mass flux through an internal face and the
ummation is taken over all the internal faces.

Since the main concern of this study is the fluid flow in the
ump, the interaction between the fluid and the structure is
eglected. The deflection of the membrane can be modeled by
rescribed shapes. The plate-and-shell theory of Timoshenko and
oinowsky-Krieger [22] leads to a fourth-order polynomial for the

eflection of a clamped circular plate with uniformly distributed
oad. The fluid–structure interaction calculations by Jeong and Kim
16] showed that the displacement of the piezoelectric membrane
aries in a trapezoidal-like profile. In the present study, the deflec-
ion of the membrane is modeled by a combination of two profiles.
ne is of parabolic profile:

p(r) = hmax

(
1 − r2

r2
o

)
(6)

The other is of trapezoidal profile:

t(r) = hmax · Max
(

1,
ro − r

ro − r1

)
(7)

ere hmax is the maximum deflection of the membrane at the cen-
er, ro the radius of the pump chamber, r1 the radius of the piezo disc,
nd r is the coordinate in the radial direction. These two profiles are
ombined in a linear manner:

(r) = (1 − w)hp(r) + wht(r) (8)

here w is a weighting factor. The determination of the weighting
actor depends on the pressure difference between the inlet and the
utlet, which will be given later in Section 5. Because of the small
embrane deflection (hmax = 1 �m) compared with the chamber

eight (0.2 mm), the influence of the variation of the pump chamber
an be ignored. Instead of the moving wall boundary condition, a
elocity in harmonic motion is imposed on the membrane which
s assumed to be fixed at its neutral position. The time-dependent
ariation of the deflection is given by

(r, t) = −h(r) cos(2�f · t) (9)

The oscillating velocity is then obtained as
(r, t) = 2�f · h(r) · sin(2�f · t) (10)

ere f is the frequency of the harmonic motion.
The flow in the pump is assumed to be stagnant initially. Cal-

ulations proceed until the variation of the flow becomes periodic.
ig. 4. Illustration of the three modes for the valveless pump. (A) Pump mode:
in < Pout < Pc; (B) supply mode: Pc < Pin < Pout; (C) transition: Pin < Pc < Pout.

t will be seen that at least three periods are required to reach the
ully periodic state.

. Lumped-system method

As shown in Fig. 4, the pumping process is divided into three
odes: pump mode (Pin < Pout < Pc), supply mode (Pc < Pin < Pout),

nd transition mode (Pin < Pc < Pout). Here Pc is the chamber pres-
ure, Pin the inlet pressure, and Pout is the outlet pressure. The inlet
ressure Pin is always smaller than the outlet pressure Pout. The
olumetric flux through a nozzle/diffuser element is related to the
ressure difference across this element by

P = �

2At
2

KQ 2 (11)

here K is the loss coefficient and At is the cross-sectional area
t the throat. With the mass conservation over the chamber, the
quations governing the three modes can be given in the following:

1) Pump mode (Pin < Pout < Pc): The fluid emerges from the cham-
ber due to the high chamber pressure Pc The intake element
functions as a nozzle and the outflow element behaves like a
diffuser.

−Q1 + Q2 = 2�f · Vm sin(2�f · t) (12a)

Pc = Pout + �

2At
2

K t
dQ 2

2 (12b)

Pc = Pin + �

2At
2

K t
nQ 2

1 (12c)

2) Supply mode (Pc < Pin < Pout): The fluid is forced to flow into the
chamber. Comparing with the pump mode, the functions of the
intake and outflow elements are reversed.
Q1 − Q2 = 2�f · Vm sin(2�f · t) (13a)

Pc = Pout − �

2At
2

K t
nQ 2

2 (13b)
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Pc = Pin − �

2At
2

K t
dQ 2

1 (13c)

3) Transition mode (Pin < Pc < Pout): In this case, the fluid outside
the outlet flows into the chamber and the outflow element
works as a nozzle. In the mean time, the fluid inside the cham-
ber flows out though the intake element, which also works as
a nozzle.

−Q1 − Q2 = 2�f · Vm sin(2�f · t) (14a)

Pc = Pout − �

2At
2

K t
nQ 2

2 (14b)

Pc = Pin + �

2At
2

K t
nQ 2

1 (14c)

n the above, K t
n and K t

d denote the total loss coefficients of the noz-
le and the diffuser, respectively, and Vm is one half of the maximum
olume swept by the membrane. It is noted that the flow rates Q1
nd Q2 are regarded as positive when they are in the direction of
-axis, i.e., in the direction from the left (inlet) to the right (outlet).
he above equations can be solved to find Q1, Q2 and Pc if the total
oss coefficients K t

d and K t
n are known.

The pressure loss across a nozzle or a diffuser consists of
hree parts. The major part is that due to the flow in the noz-
le/diffuser itself. Other losses result from the sudden contraction
t the entrance as well as the sudden expansion at the exit. The
otal loss coefficients can be expressed as [23]

t
d = Kd,en + Kd + At

AL
Kd,ex (15a)

t
n =

(
At

AL

)2

Kn,en + Kn + Kn,ex (15b)

here At/AL is the area ratio of the two ends of the nozzle/diffuser
ith At being the smaller one and AL the larger one. For sharp-

dge entrances, as in the present study, Kd,en = Kn,en = 0.4 and for
xits, Kd,ex = Kn,ex = 1 regardless of the shape of the exit region [24].
he major loss coefficients, in general, depend upon the Reynolds
umber, or the flow rate. To simplify the problem, both Kd and Kn

re assumed to be a function of one half of the instantaneous flow
ate displaced by the membrane:

d(t) = Kd(Q (t) = �fVm|sin(2�ft)|) (16a)

n(t) = Kn(Q (t) = �fVm|sin(2�ft)|) (16b)

Three-dimensional simulations have been conducted to find the
orrelation between the loss coefficients and the flow rate. The
eometry of the nozzle/diffuser element is the same as that used in
he present micropump. The results (model A) are shown in Fig. 5.
t is not surprised that the total loss coefficient for the nozzle K t

n
s greater than the total loss coefficient for the diffuser K t

d. The
elationships can be expressed as

t
d = 1.315 × 10−7Q−0.921 + 0.5981 (17a)

t
n = 1.173 × 10−6Q−0.8112 + 1.204 (17b)

In determination of the above correlations, three levels of grid
ith 15,000, 33,600, and 53,760 cells were tested. It was revealed

hat only minor differences were detected among the results for
ifferent grids.

A model was proposed by Yang et al. [25] to correlate the

ressure loss and the Reynolds number for the flow through a
icronozzle/diffuser. Employing this model leads to the following

orrelations:

t
d = 1.5838 × 10−8Q−0.9995 + 0.602 (18a)

a

V

ig. 5. Variation of the loss coefficients against the flow rate for the nozzle and
iffuser for the two models.

t
n = 1.5838 × 10−8Q−0.998 + 1.081 (18b)

They are also shown in Fig. 5 as model B. The correlations for
he two models are valid for Reynolds numbers less than 400. The
ows in the present micropump fall in this range.

. Pumping efficiency

The real efficiency of the membrane pump is defined by

R = �Q

2Vm
(19)

ere �Q is the net volume of the flow through the pump in one
eriod T and 2Vm is the volume swept by the membrane from the
op dead center (TDC) to the bottom dead center (BDC). The change
ate of volume of this harmonic motion can be written as

dV

dt
= 2�fVm sin(2�ft) (20)

The net flow volume through the pump in one period T is
btained from

Q = 1
2

∫ T

0

(Q2(t) − Q1(t)) dt (21)

here Q1 is the flow rate into the chamber at the inlet and Q2 that
ut of the chamber at the outlet. We assume that Q1 varies in a
armonic manner similar to the membrane:

1(t) = Qm sin(2�ft) (22)

hen

Q = Qm

2

∫ T

0

(ˇ(t) − 1) sin(2�ft) dt (23)

here ˇ is the ratio of the outlet flux to the inlet flux.

(t) = Q2(t)
Q1(t)

(24)
The change rate of the chamber volume dV/dt is equal to 2Q1
pproximately. Thus,

m = Qm

�f
(25)
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the vibration is 1.0 �m. The large ratio of the chamber height to the
vibration amplitude justifies the use of moving velocity instead of
moving surface as the boundary condition. Zero pressure is spec-
ified at the inlet and various back pressures Pb, ranging from 0 to
5900 Pa, are set at the outlet. Calculations were undertaken for a
Y.-Y. Tsui, S.-L. Lu / Sensors an

ubstituting Eqs. (23) and (25) into Eq. (19) yields an approximate
umping efficiency denoted by �1:

1 = �f

4

∫ T

0

(ˇ(t) − 1) sin(2�ft) dt (26)

The formulation can be further simplified if the flow rate can
e represented by some constants. It was seen that the variation
f the ratio is considerably flat in either the pumping stage or the
upply stage except near the transition region. Two average flow
atios corresponding to the pumping stage and the supply stage
re defined as

p = 5
2T

∫ 9T/20

T/20

ˇ(t) dt (27a)

s = 5
2T

∫ 19T/20

11T/20

ˇ(t) dt (27b)

The reason for the integration over 2T/5 only is to avoid the tran-
ition region, which will become clearer in the case tests shown
ater. Eq. (26) can then be integrated to yield:

2 = �f

4

[∫ T/2

0

(ˇp − 1) sin(2�ft) dt +
∫ T

T/2

(ˇs − 1) sin(2�ft) dt

]

= 1
4

(ˇp − ˇs) (28)

This pumping efficiency only depends on the constant ratios ˇp

nd ˇs. It is noted that in general, ˇp > 1 and ˇs < 1.
Another simplified form of pumping efficiency can be derived

rom the following assumptions for Q1 and Q2 in the first half
eriod:

1(t) = Qm1 sin(2�ft) (29a)

2(t) = Qm2 sin(2�ft) (29b)

hus,

Q =
∫ T/2

0

(Q2(t) − Q1(t)) dt = 1
�f

(Qm2 − Qm1) (30)

ince

m = 1
2�f

(Qm1 + Qm2), (31)

he pumping efficiency can be given by

3 = Qm2 − Qm1

Qm2 + Qm1
(32)

et

p = Qm2

Qm1
(33)

It is obtained

3 = ˇp − 1
ˇp + 1

(34)

In the multidimensional and lumped-system analyses, ˇp is esti-
ated using Eq. (27a). It is interesting to notice that the same

xpression for the pumping efficiency �3 can be found in the study

f Olsson et al. [4] by replacing ˇp by the square root of efficiency

f the nozzle/diffuser �1/2
nd where

nd = Kn

Kd
(35) F

(

ig. 6. The net flow rates in each period for different levels of grid for the case Pb = 0.

n and Kd are loss coefficients of the nozzle and the diffuser, respec-
ively. It can be noticed from Eq. (11) that for a constant pressure
oss across a nozzle/diffuser, K1/2 ∼ 1/Q.

. Results

The settings of the geometry of the micropump are given in
ig. 1. It is assumed that the membrane reciprocates in a harmonic
otion with a frequency of 2200 Hz. The maximum amplitude of
ig. 7. Variation of the flow rates at the inlet (Q1) and outlet (Q2) for (a) Pb = 0 and
b) Pb = 5310 Pa.
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Fig. 8. The plots of streamlines and pressure c

umber of periods. The net flow rates averaged over each period
or different levels of grid are given in Fig. 6 for the case with Pb = 0.
t can be observed that it takes at least three periods for the flow to
ecome fully periodic.

The pumping effect caused by the valveless micropump
ecomes clear by viewing the variation of the flow rates −Q1 (neg-
tive value of Q1) and Q2, as shown in Fig. 7. For the case Pb = 0 the
ow rate at the outlet Q2 is higher than the flow rate at the inlet −Q1

n the first half of a period (the pumping stage) due to the diffuser
unction of the element connecting the outlet chamber and the noz-
le function of the element connecting the inlet chamber. In the
econd half of the period, the absolute value of Q2 becomes lower
han that of Q1 because the flow direction is reversed (the supply
tage). The flow rate Q2 can be approximately expressed by a sinu-
oidal function a + b sin ωt and the flow rate −Q1 by−a + b sin ωt. The
onstant a represents the net flow rate. For the case Pb = 5310 Pa
he variations of the flow rates −Q1 and Q2 are very close to
ach other and the net flow rate, or the constant a, approaches
ero.

To illustrate the flow field, the plots of streamlines and pressure
ontours in the two nozzle/diffuser regions at t = T/4 and 3T/4 are

hown in Figs. 8 and 9, respectively. At t = T/4 in the pumping stage,
he flow is directed from the main chamber toward the inlet and
he outlet chambers. The discharge element on the left functions as
nozzle and that on the right as a diffuser. The pressure decreases

a
h
i
fi

Fig. 9. The plots of streamlines and pressure contour
rs in the two nozzle/diffuser regions at t = T/4.

radually is the nozzle whereas the pressure drops sharply at the
ntrance of the diffuser and then recovers gradually. It can be seen
hat there exists a recirculation zone near the entrance corner in
he nozzle and another recirculation zone before the fluid enters
he nozzle. The former is caused by the sharp entrance while the
atter is due to the fact that as seen in Fig. 9 for t = 3T/4, the recircula-
ion formed by the flow emerging from the nozzle/diffuse element
n the supply stage persists and moves down toward the central
egion during the pump stage. The recirculating flow leads to a low
ressure region at the entrance of the nozzle and, thus, causes addi-
ional losses. The flow type is reversed in the supply stage at t = 3T/4.
t can be detected that both the velocity and pressure fields in Fig. 9
re very similar to those in Fig. 8 except that the roles of the two
ozzle/diffuser elements are interchanged.

The multidimensional solution procedure is validated by com-
aring the predicted net flow rates with the measurements of
lsson et al. [7], as shown in Fig. 10. The calculations were per-

ormed using the parabolic, trapezoidal, and blending profiles, as
iven by Eq. (7). As expected, the net flow rates decrease when the
ack pressure increases. In general, the flow rates are overpredicted
y using the trapezoidal profile, especially for sufficiently large Pb,

nd underpredicted when the parabolic profile is employed. The
igher flow rate obtained by using the trapezoidal profile is due to

ts larger volume displacement. The strategy in the blending pro-
le is to use the trapezoidal profile at Pb = 0, the parabolic profile

s in the two nozzle/diffuser regions at t = 3T/4.
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The variation of the flow rate ratio ˇ(=Q2/Q1) is shown in Fig. 13.
Generally, the value of ˇ is greater than 1 in the first half of the
period (the pumping stage) and less than 1 in the second half (the
supply stage) in the case Pb = 0, implying a net flow from the inlet to
ig. 10. Comparison of predicted net flow rates using different membrane profiles
ith measurements at various back pressures.

t Pb = 5900 Pa, and a linear combination of the two in between. As
een from the figure, the resulting flow rates become much closer
o the experiment data.

Calculations were conducted using grids with 65,288, 117,232
nd 210,258 cells. The computational time step is T/400 for the
wo coarse meshes and is reduced to T/800 for the finest mesh to
uppress instabilities which may lead to divergence of the solu-
ion procedure. As shown in Fig. 6, moderate differences in the
esults for different meshes could be detected. No further efforts
ere taken to find fully grid-independent solutions due to too
uch computer resources required. However, it can be concluded

rom the above tests that with a suitable membrane profile accu-
ate results can be obtained. The multidimensional results serve
s benchmark solutions for the lumped-system analysis to com-
are. Two different expressions have been described to correlate
he loss coefficients and the flow rates for the nozzle/diffuser ele-

ent. Eqs. (17a) and (17b), termed model A, were obtained from
he multidimensional simulation for the nozzle/diffuser configura-
ion considered in the present study. Eqs. (18a) and (18b), termed
s model B, were adopted from the study of Yang et al. [25]. The
esulting flow rates at the outlet (Q2) in one period are presented
n Fig. 11 for back pressures Pb = 0 and 5310 Pa. The first half of the
eriod corresponds to the pumping stage and the second half the
upply stage. The positive Q2 indicates the flow out of the outlet.
t is seen that the curves by the models follow the multidimen-
ional results closely for the case with Pb = 0. It can be detected
hat the values of Q2 at t/T = 0 and 1 are not zero in the multi-
imensional calculations due to the inertial effect of the flow at
he end of the supply mode. This effect is not accounted for in the
ump models. The differences between the multidimensional simu-
ation and the model results increase with increasing back pressure.
here appears non-smoothness in the variation of Q2 obtained by
he lumped-system analyses in the transition region between the
umping stage and the supply stage. This is also ascribable to the

nertial effect not taken into account. It is noted that the driving
omentum of the membrane is low in the transition stage and,
hus, the inertial effect becomes more prominent. When a pressure
ifference exists between the inlet and the outlet, the variation of
he pressure in the chamber becomes not so regular, resulting in
he kinks seen in Fig. 11b. Comparing with the multidimensional

F
t

ig. 11. Variation of the flow rates at the outlet in one period predicted by the 3D
imulation and the two lump models for (a) Pb = 0 and (b) Pb = 5310 Pa.

imulation, closer agreement is obtained by the model A. This is
vident in Fig. 12 by examining the real efficiency �R.
ig. 12. Comparison of the real efficiencies predicted by the 3D simulation and the
wo lump models.
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he 3D simulation and the two lump models for (a) Pb = 0 and (b) Pb = 5310 Pa.

t
m
m
s
s
i
t
u
c
t

a
c
a
s
s
m
s
E
p
t
s

Fig. 13. Comparison of the flow rate ratios ˇ in one period obtained by t

he outlet. In the pumping stage, the curve obtained by the multidi-
ensional simulation is of concave type and those by the two lump
odels are of convex type. The curve types for the multidimen-

ional simulation and the models are interchanged in the supply
tage. The different types of curves are believed to be caused by the
nertial effect being absent in the lump models. With Pb = 5310 Pa,
here is almost no net flow. This is reflected in the fact that the val-
es of ˇ become close to one, as seen in Fig. 13b. In contrast to the
ase Pb = 0, the curves for the multidimensional simulation and the
wo models are of the same type.

It can be seen from the above figure that the value of ˇ may
pproach positive or negative infinity and completely different
haracteristics in ˇ appear in the multidimensional calculations
nd the model predictions in the transition region. This is the rea-
on why the two mean flow ratios ˇp and ˇs, appearing in the
implified formulations for pumping efficiency (�2 and �3), are esti-
ated by averaging over 4T/5 only in the corresponding first and
econd halves of a period to avoid the transition region as done in
qs. (27a) and (27b). The variations of ˇp and ˇs for different back
ressures are displayed in Fig. 14. Obviously, by using the model A
he agreement with the multidimensional simulation is closer. As
hown in Fig. 15, the approximate efficiencies �2 and �3 obtained

Fig. 14. Comparison of the flow rate ratios ˇp and ˇs obtained by the 3D simulation
and the two lump models.
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ig. 15. Comparison of the predicted efficiencies �2 and �3 by the 3D simulation
nd the two lump models.

rom the multidimensional simulation are only marginally lower
han the real efficiencies �R. The under-estimate of the approxi-

ate efficiencies by the lumped-system analysis is considerable,
ith the model A being the better. The comparison between the

wo approximate efficiencies indicates that �3 is slightly better at
igh back pressures. It is of interest to notice that comparing with
he real efficiencies �R obtained from the lumped models shown in
ig. 12, the approximate efficiencies �2 and �3 of the lump models
re even closer to the �R obtained by the multidimensional cal-
ulations. This is ascribed to the smart ignorance of the transition
egions in calculating ˇp and ˇs.

. Conclusions
A CFD solution method has been developed to examine the
nsteady flow field prevailing in the valveless micropump. The con-
ervative equations are solved using the finite volume approach
ithin the frame of unstructured grid. The pressure bound-

[

[

ators A 148 (2008) 138–148 147

ry conditions specified at the inlet and outlet openings are
ackled using a mass conservation treatment, which is more
ppropriate for unsteady flow calculations. The vibration of the
embrane is modeled by a reciprocating velocity boundary con-

ition derived from a harmonic motion. The deflection of the
embrane during vibration is assumed to be of a shape blend-

ng the parabolic and trapezoidal curve profiles. The different
haracteristics of the nozzle and the diffuser results in a net
umping flow from the inlet to the outlet. The agreement in the
et flow rate between predictions and measurements is satisfac-
ory.

The performance of the micropump has also been analyzed
sing the lumped-system method. In the lump model the relations
etween the loss coefficients and the flow rates for the nozzle and
he diffuser are expressed in two descriptions. One of the two cor-
elations is obtained by the multidimensional simulation for the
onsidered nozzle/diffuser element. With this specially tailored
orrelation, a better agreement with the CFD calculations has been
chieved.

The pumping performance depends upon the ratio of the outlet
ow rate to the inlet flow rate. Comparing with the multidimen-
ional calculations, the variation of the flow rate ratio is quite
ifferent in the lumped-system analysis, especially in the transi-
ion region between the pumping stage and the supply stage, due
o the inertial effect not taken into account in this simple method.
he pumping efficiency of the pump has been formulated in two
implified expressions which are functions of the mean ratios of
he two flow rates. In the averaging process to determine the mean
atios in the pumping and supply stages, the transition regions are
gnored to reduce the influence of the inertial effect not accounted
or in the lumped-system analysis. This simply results in better
greement with the CFD calculations in terms of the pumping
fficiency.
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