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Abstract The characteristics of a double-chamber valve-
less parallel micropump are analysed using a one-dimen-
sional non-linear model. The relationships between the
mean volume flux, pressure difference and (measurable)
characteristics of the pump are derived in a closed-form
expression which are validated against the numerical solu-
tions. These results show that when pump chambers are
driven exactly out of phase, the volume flux is maximum and
the variation of the pump chamber pressure is (significantly)
reduced. The model predictions were tested against the
experimental results of Olsson et al. (Sens Actuators A Phys
47:549-556, 1995) for both in and out of phase pumps. The
mean volume flux decreases linearly with pressure rise. For
both cases, the agreement is good and is an improvement
over previous analytical models. The implications of these
results for optimal pump design are discussed.

Keywords Micro pump - Analytical modeling -
Valveless parallel pump - Diffuser/nozzle pump

List of symbols

o Characterises the shape of the deformed planar
surface

p The ratio of pipe length from the junction to the
nozzles, to the external pipes

€ Dimensionless flow asymmetry
w Angular frequency of the actuator
0 Density
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My

Dimensionless time

Pressure-loss coefficient

Difference between the chamber pressure and mean
static pressure

Mean value of the dimensionless flow asymmetry
Fluctuating component of the dimensionless flow
asymmetry

Dimensionless velocity

Cross-sectional area of the channels
Cross-sectional area of the throat of the diffuser/
nozzle elements

Relative strength of the frictional force to the
dynamic force

Measures of the ratio of applied pressure to the
chamber pressure

Maximum volume displaced by the pump compared
to the volume of fluid in the system

Dimensionless mean flow asymmetry
Darcy-Weisbach friction factor

Wetted perimeter of the channel

Valve length (diffuser/nozzle element length)
Length of inlet and exit channels

Exit pressure

Inlet pressure

Water vapour pressure

Pressure after diffuser/nozzle elements

Pressure before diffuser/nozzle elements

Chamber pressure

Maximum volume flux

Pump volume flux

Reynolds number

Chamber radius

Chamber volume in the absence of surface
deflection

Amplitude of volume oscillation
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X4 Maximum deflection of actuator
Us Velocity

1 Introduction

The simplest configuration of valveless pumps consists of a
pump chamber connected to two diffuser/nozzle elements
(Fig. 1b). The volume displacement caused by diaphragm
deformation combined with the asymmetric pressure drop
across the diffuser/nozzle elements with the flow direction,
result in a rectified mean flow. These pumps are usually
characterised by a volume flow rate versus pressure drop
relation. Broadly, both experiments and numerical calcu-
lations report a linear decrease of the pump volume flux Q
with pressure drop across the pump AP, and so the char-
acteristics tend to be reported in terms of the maximum
volume flux Qy (for zero pressure drop) and the maximum
pressure drop AP, (for zero volume flux). The major
design challenge for developing compact micropumps is
that the volume flow rate and pressure rise are not large
enough for current applications. For instance the design
envelope, at least for electronic cooling, requires typical
value of 100 kPa for back pressure and 10 ml/min for the
maximum flow rate. Most attention has focused on using
multiply connected pumps to increase both the maximum
back pressure that the pump can overcome and maximum
volume flow rate. The simplest configurations, after the
single pump, are the double-chamber series and parallel
micropumps. The most comprehensive experimental-pub-
lished data exist for double-chamber parallel pumps (Ols-
son et al. 1995), and currently none for the case of double-
chamber series pumps and for this reason we focus in this
article on double-chamber parallel pumps.

Various methods have been applied to understand the
characteristics of parallel micropumps. Computational
fluid-dynamical (CFD) codes have been previously applied
to single- and double-chamber parallel micropumps (Cui
et al. 2008; Azarbadegan et al. 2009). The major challenge
in applying CFD to study valveless pumps in closed circuits
is the consistency between the volumetric change in the
pump chamber and the incompressibility of the working
fluid. For open systems, which are much closer to the
experimental configuration, the difficulty is that the
boundary conditions which must be applied at the pipe’s
inlet and outlet are unknown, because the direction of the
flow changes with time. The second difficulty is that the
Reynolds number based on the nozzle throat (hydraulic)
diameter can typically vary from zero to 4,600 over one
pumping cycle (Olsson et al. 1995). The transitional nature
of the flow, coupled with the requirement to resolve in
three-dimensions, means that flow must be highly resolved
to capture the unsteady flow separation which is responsible
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for the pressure losses in the valves. An alternative
approach is to use mathematical models. A number of
studies (Stemme and Stemme 1993; Gerlach and Wurmus
1995; Olsson et al. 1999; Pan et al. 2003; Ullmann 1998)
have applied this approach, largely employing a one-
dimensional description. The complexity of many such
models means that it is difficult to draw any general con-
clusions. The most relevant to our discussion are the models
developed by Stemme and Stemme (1993) and Eames et al.
(2009). In the recent study of Eames et al. (2009), a closed-
form expression for the relationship between the volume
flux and back pressure were derived which agreed with the
numerical solution of the non-linear one-dimensional model
and the published experimental results for single pumps.

The aim of this article is to analyse the characteristics of
double-chamber parallel valveless pumps to understand the
implications in terms of pumping volume flow rate and
maximum back pressure that can be overcome. This article
is structured as follows. The mathematical formulation is
presented in Sect. 2. The limiting case of the pumps being
exactly in and out of phase are studied analytically
(in Sect. 2.3). In order to validate this approach, we com-
pare our analytical results with the published results of
Olsson et al. (1995) in Sect. 3. We discussed the implica-
tions of this study for the design of parallel valveless
pumps in Sect. 4.

2 Mathematical formulation

Figure 1a shows a schematic of a double-chamber parallel
valveless pump. Both pump chambers are cylindrical
cavities (of radius R) whose planar surfaces are forced
vertically with an amplitude of maximum deflection X4 and
angular frequency w. Volume of chamber A, V,(¢), oscil-
lates with an amplitude V,, and is defined to be

Ve(t) = Vo — Vi sin o, (1)

where V is the chamber volume in the absence of surface
deflection. Geometrically, the amplitude of the maximum
volumetric displacement is related to X4 and R through

Vi = anR?Xg. (2)

o is a dimensionless coefficient which characterises the
shape of the deformed planar surface. The forcing for
volume of chamber A lags the forcing for chamber B by an
angle ¢ so that its volume is V.(r + ¢/w). The cross-
sectional area of the throat of the diffuser/nozzle elements
and channels are A; and Aj, respectively. The pump
overcomes an exit pressure of Pg and an inlet pressure of
Py. The pressure before and after the diffuser/nozzle ele-
ments for chamber A are P,; and P 5., respectively, and the
chamber pressure is defined to be Pca. Similarly, the
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Fig. 1 a Schematic of parallel
configuration of a two-chamber
valveless pump with flat-walled
diffuser/nozzle elements. b One
branch of the system (chamber
A) in (a) is divided into three
control volumes

pressure before and after the diffuser/nozzle elements for
chamber B are Ppg; and Pg., respectively, and the chamber
pressure is defined to be Pcg. In order to develop the one-
dimensional model for a parallel micropump, we used the
model of a single pump described by Eames et al. (2009)
as the basic building block.

2.1 One-dimensional model

A one-dimensional model is developed by applying the
Navier-Stokes and continuity equations for incompressible
flows, and using semi-empirical closures for wall drag and
pressure-drop coefficients across the diffuser/nozzle
elements.

Each of the two pump chambers in Fig. la can be
divided into three control volumes as illustrated in Fig. 1b.
In going from the differential to the integral form of the
momentum equation, we take integrals over a plane per-
pendicular to mean flow, assuming that the channels have a
uniform cross-sectional area A, then for the inlet and the
outlet channels momentum equation can be applied as
follows:

duAe (Pt - PAe) 1 Lr
== -5 — 3
p ar L 2pﬁ"Ae|uAe|on (3)
duy; (PAi — Ps) 1 L,
P4 BL 2Pf“A1|“A1|AO (4)

Here, the constant f§ (see Fig. 1) is the ratio of pipe length
from the junction to the nozzles, to the external pipes in the
circuit. L, is the wetted perimeter of the channel. The
viscous stresses on the channel walls are parametrised as
fpu? (White 2006) where f is the Darcy-Weisbach
friction factor or simply the friction coefficient; which is
assumed to be constant. The pressure-drops across the
diffuser/nozzle elements are estimated using a semi-
empirical relationship (Stemme and Stemme 1993):

1 Ao\

Pca — Pae = = {(uac) puiae|uac| ), (5)
2 A
1 Ao\ ?

Pai — Pca = = {(uai) puailuail 0. (6)
2 A

The pressure-loss coefficient { changes magnitude
depending on the direction of the flow through the
diffuser/nozzle elements and is defined by:
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UA; > Oa
up; <0.

tus) = { 2 )
The pressure-loss coefficient is higher for a nozzle than a
diffuser, i.e. {_ > {, (generally this applies to small wall
angles (Olsson et al. 2000)). A fundamental assumption in
this model is that a constant pressure-loss coefficient can be
defined which corresponds to the steady flow value. In
each forcing cycle, fluid moves a characteristic distance
~Vu/A; from the throat of the diffuser/nozzle element.
When V,,,/A; > L,, where L, is the valve length (diffuser/
nozzle element length), sufficient fluid is pushed through
the diffuser/nozzle elements so a constant pressure-loss
coefficient is appropriate. For V,/A; < Ly, a streaming
flow develops. In this regime, the pump is very inefficient
and may not even generate a rectified mean flow and the
assumption of a constant pressure-loss coefficient is no
longer appropriate.

The conservation of mass requires that the difference
between the flux out of and into the pump chamber to be
equal to the rate of decrease of the pump chamber volume

dv,

Ao(upe — upi) = — el (D COS . (8)
Adding (3) and (4), and using (5) and (6), we obtain
d(uAe +uAi) _ (Pf - PQ)
p dr SL
1. L pllune)unelune| (Ao\’
2pr0 (Unc|uac| + uai|uail) 28L A
 pL(uai)uailuail (Ao g )
2L A

The analysis of a single pump (as expressed by 9) is the
same as Eames et al. (2009). With the same approach, the
following equations can be applied to chamber B and the
whole system depicted in Fig. 1:

du, (Pe—P¢) 1 L
_———— — — — 1
” I 2Pful|ul|AO, (10)
dll2 (PS —P[) 1 Lr
du, _1 L 1
P4 I 2Pfuz|M2|A07 (11)
dusg; (Pgi — P;) 1 L,
— = ilui| —, 12
P4 AL 5 Plus |up |A0 (12)
duge (Pf _PBe) 1 L—r
_ _1 I 13
p dr AL 2pfuBe|uBe|A0» (13)
1 Ao\’
Pcp — Py = > ((upe) putpeupe| | = ) (14)
2 A
1 Ao\’
Pg; — Pcg = EC(MBi)PuBi‘uBi| (A—O> ; (15)
1
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Ao (upe — upi) = Vo cos(wt + ¢), (16)
Upe - UBe = U, (17)
Upi + Ui = us. (18)

The system of equations are non-dimensionalised using
T = ot, U, = Aou./Vno. The dimensionless groups are
defined as

(Pe=PYA) . _ Va (A)

P 2pLVpo?

Cy=—L"m
VY

~aLag\ay (19)

The dimensionless groups C,, C and C4 correspond,
respectively, to measures of the ratio of applied pressure
to the chamber pressure, the maximum volume displaced
by the pump compared to the volume of fluid in the system,
and the relative strength of the frictional force to the
dynamic force. Since, the flows iia. and i, are dominated
by the contribution from volumetric change of the pump
chambers, %Cos T, it is more useful to discuss the pump
properties in terms of the flow asymmetry, defined by

1 1
€= lpe — Ecosr = Ua; —|—§cos T, (20)

EZﬁBe

—%cos(f-i-(ﬁ) :ﬂBi“"%COS(T"’_(ﬁ)' (21)

From (17), (18), (20) and (21), #; and i, can be written as
follows

1 1
i = 2e+§cosr+§cos(r+¢>), (22)

1 1
i = Ze—icosr—icos(r—&-q’)). (23)

After carrying out some algebraic operations and then
simplification the following equation can be obtained,

de G C
dt . 24p 4428
+ {(iige ) itge iige | + {(tpi )itgi g )

Cq
T 4428

+ aiipe|iiae| + aiigi|igi| + aiipe |ipe|)- (24)

(C(liae)tinetine| + C(Tiai)tiai|iiail

(2’21 ‘Ijt1| + 2ﬁ2|ﬂ2| + aﬂAi‘ﬁAd

In the following sections, the general trend of ¢ is studied.
2.2 Numerical solution

Equation 24 was solved using Matlab and the solver
ODE113. For the purpose of the numerical calculations, we
set {_ =2 and f§ = 1. Figure 2 shows the variation of 2¢
with time for C, = 0, Cq = 0.0387, and C = 0.1842 (these
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Fig. 2 The variation of the flow asymmetry 2¢ with dimensionless
time is shown for contrasting values of the pressure-drop asymmetry
(£_/C,). The initial transient is created as the pump starts from rest.
The chosen values are C, = 0, Cg = 0.0387, C = 0.1842 and § = 1.
The solid and dotted curves show the variations of the flow
asymmetry when the pumps are driven exactly out of phase (¢
= 7) or in phase (¢ = 0), respectively

values are taken from experimental data of Stemme and
Stemme (1993)), with the pressure-drop asymmetry { /(.
varying from 1 to 2.5. As {_/{, increases, the average
value of 2e increases, but the fluctuations are a small
component to this. Figure 3 shows the dependence of 2¢ on
phase angle ¢ for C, = 0, Cq = 0.0387, C = 0.1842, {_/
{, =2,{, =1, and f = 1. It shows that by increasing ¢
from O to 7w, non-dimensionalised mean flow rate 2¢
increases. This implies changing the phase angle, ¢, is a
way of controlling the flow behaviour.

2.3 Analytical solution

From Fig. 3, we see that the flow asymmetry is bounded by
the values obtained when ¢ = 0 and 7, is either in or out of

0.12

0.1 |

3

vl e[y

0.08

il
<)

2¢e(T)

0.06 - ‘
0.04

0.02

0 50 100 150 200 250 300 350
T

Fig. 3 The variation of the flow asymmetry 2e¢ with dimensionless
time is plotted for contrasting values of phase angle, ¢. The imposed
pressure-drop is set to zero (C, = 0), with the other variables are
fixed at C4 = 0.0387, C = 0.1842, and f = 1. The pressure-drop
asymmetry is {_/{, =2

phase. There is a transient solution before € settles down to
a periodic oscillation. For Fig. 3, we see that the transient
mean settles down after 7~ 30, which physically corre-
sponds to 1~30/w~10"% — 10~*s. A more detailed anal-
ysis demonstrates that the transient time is weakly
dependent on C and Cp,. The flow asymmetry then settles
down to a mean and periodically oscillating components. In
studying the dynamics of the parallel pump, we, therefore,
restrict our attention to ¢ = 0 and 7 and use subscripts 0
and 7 to refer to these two limiting cases.

After some time, the flow asymmetry settles down with
a mean value and fluctuating components, € = ¢ + €. We
use this assumption that € is periodic to solve (24). When €
is periodic with a period of 2m, e(t) = e(t + 2m) for all
values of 7. This requires that f02 "de = 0 and by integrating
(24) over the period O to 27, we obtain the constraint

= 2nCy — CL (2n(e + %) +4%) + CL_(2n( + %)
- 4E) - (32 + Sﬁ)CdE =0, (25)
for ¢ = 0 and

—21C, — C{ (2n(& + é) +4¢) + CL_(2n(E + %) )
— 8Cy(2me* + Pe) =0, (26)

for ¢ = 7.
From (23), the mean flow rate for the parallel pump is
E4 = 2¢. Therefore, for the ¢ = 0 and ¢ = =, the non-
dimensionalised mean flow asymmetries are
T -4 -8G/C
8( 4+ +(8+2p)Cq/C’
LT - 8G/C
T 8( 4+, +2BC4/C’

Ey (27)

(28)

Figure 4 illustrates a comparison between first order solu-
tions (27), (28) and the numerical solution to (24). The
agreement is excellent except for large values of C and
large pressure-drop asymmetry.

From (10) to (18), the full expressions for the difference
between the chamber pressures and mean static pressure
are

1
APy :PCA*E(P1+PE)

LVn?
:%((ﬂ-l-l)sinwt—i—sin(wt—i—d)))
0
LALV:w? . S i~ [
PV | s line| + o] — i)
0

pV2a?

W(U”Ai)”Ad“Aﬂ — L(liae)ineiinel),

(29)
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Fig. 4 The variation of the
rectified mean flow E(= 2€)

with the pressure coefficient C, 0.1

(Cq = 0.0387, f = 1) is shown. 0.09

a The pressure asymmetry is '

varied from {_/{, = 1.25t0 2.5 0.08

and C = 0.0184. b The pressure

asymmetry is fixed at {_/ 0.07

{4, = 2 and C is varied. The

numerical solutions to (24) are 0.06

plotted as symbols open circle M

and open left pointing triangle 0.05

for  =mand ¢ =0,

respectively, and the 0.04

expressions (27) and (28) as 0.03

solid and dotted lines, '

respectively 0.02
0.01

0
0.09
0.08
0.07
0.06
0.05
m
0.04
0.03
0.02
0.01
0

1
APg =Pcp *E(PIJFPE)

LVno?
:%(sinwt—i—(ﬂ—kl)sin(wt—i—qﬁ))
0
LLV3iw?® e
P (i | il | + ] — )
0
VZw? N
_p422 (C(uipi )it | it | —  (iime )tipe|tipe|)- (30)
1

The chamber pressures have four main contributions: the
mean pressure between the inlet and outlet, an inertial
contribution caused by the fluid acceleration, the pressure-
drop associated with the frictional losses in the system
(excluding the diffuser/nozzle elements) and the pressure-
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Cp x 107

drop across the diffuser/nozzle elements. Since the pipe
friction factor fis typically small the inertial effect dominates
the unsteady pressure contribution, AP(r)=Pc—3(Pi+
Pg), because (LAg/Vm)/(A3/A3)~10>—10*>1. Since
f < 1, the unwieldy expressions (29) and (30) are given to
leading order by

2
APcp(t) ~ — % ((B+ 1) sinwt + sin(wr + ¢)),
(31)
2
APcg(t) ~ — % (sinwt + (B + 1) sin(wt + ¢)).

(32)
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For in phase chamber forcing (¢p = 0), (31 and 32) reduce
to

(B +2)pLVyo?

sin wt, (33)
while for out of phase forcing (¢ = =), (31 and 32) reduce

to

BpLVima?®

sin wt.
24,

APpr, = —APg,~ — (34)
For pumps driven out of phase there is no large scale
oscillatory motion throughout the pipes beyond the junc-
tions and so the unsteady pressure contribution is small.
Figure 5 shows a comparison between (29 and 30) and (31
and 32) where f=0.001 and f= 0.1 in (a) and (b),
respectively. It can be seen that the agreement is excellent

in (a) as f < 1, whereas the agreement is poor in (b) as

Fig. 5 The unsteady x 10°

f=0.1. Additionally, the figure confirms the domination
of the inertial contribution to the unsteady pressure com-
ponent only when f < 1.

3 Comparison between the model and Olsson et al.
(1995) data

In order to compare theoretical results for the maximum
volume flux Qp (for zero pressure head) and maximum
pressure difference AP, (for zero flow) against the
experiments of Olsson et al. (1995), (27) and (28) are
expressed in dimensional form as

Qo _T -0
Vo 80+, +(8+2B)Cy/C’

APpA? 1
V2 =16 (=44,
m

(35)

component of chamber pressure 1
AP is plotted as a function of
time t. Full blue curve is
calculated numerically from
(29) and taking ¢ = 0, and
corresponds to AP, which is 04
equal to APgy where ¢ = 0.
The blue open circle 02
corresponds to (33) which
defines the leading order inertial
contribution to the unsteady
chamber pressure where ¢ = 0.
Full red and black curves are 04}
calculated numerically from
(29) and (30), respectively -0.6
where ¢ = =, and correspond to
AP, and APpg, respectively.
The red and black open circle

0.8 [

0.6 [

AP(Pa)

(a)

AP, (=APg,) (29)
0 APyp(=APg) (33) |
AP, (29)

correspond to AP, and APg, 0
from (34), respectively, which
define the leading order inertial s

0.002

0.004 0.012 0.014 0.016

contribution to the unsteady 6
chamber pressure where ¢ = 7.

Inaf=0.001 andinb f = 0.1.

In these cases f =1, L =1m, 4
o = 4007 (rad/s), V,, =

14.175 mm?, {_ = 2, and

{4+ =1 (Color figure online) 2

2}

4+

AP, (=APg,) (29) | |
O APy (=ARy,) (33)
AP, (29)

0.004 0.006 0.008 0.01

t(s)

0.012 0.014 0.016
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where ¢ = 0. Similarly, for ¢ = 7= we have

Q _ = -0

Vm® 80+ (s +2BCq/C’

AP 1 g : ’ (36)
pVI%lwz _1_6( - +)'

Olsson et al. (1995) applied the model developed by
Stemme and Stemme (1993) to estimate the maximum
volume flux (Qp) and maximum pressure-drop that can be
overcome (AP.,.) for two-chamber parallel pump as
follows

Qo 2L /0P =1 APpuAl {

Vo (bl Va0 (L) 1)
(37)

The characteristic scales of Qy and AP, derived in (35)
and (36) (Vo and ,()Vﬁ1 >, respectively) are identical to
those in (37), which is to be anticipated. The expressions
for Qy/Viyo in (35) and (36) are the same order of mag-
nitude as (37), and Qp = 0 (in the absence of friction)
when {_/{, = 1. However, as the phase angle, ¢, and
frictional losses have not been considered in (37), the
maximum volume flux cannot be predicted neither
according to the changes in the phase angle nor the mag-
nitude of the friction coefficient, f. Comparing (35), (36)
and (37), a major difference arises in the magnitude and
form of AP aA3/pVZ * where (_/{, = 1. (35) and (36)
show that when {_/{, = 1 and in the absence of friction
AP.x = 0, whereas (37) predicts a positive value for
AP ,.x Which is physically impossible.

Olsson et al. (1995) designed and studied a two-cham-
ber parallel pump with flat-walled diffuser/nozzle ele-
ments. The two identical pump chambers had radii of
R = 6.5 mm and depth of 0.3 mm. The flat chamber walls
were driven by four piezoelectric discs of radii 5 mm. The
diffuser/nozzle elements had a neck width of 0.3 mm, an
outlet width of 1.0 mm and length of 4.1 mm with a
slightly rounded inlet. When ¢ = 0 and ¢ = m, the exci-
tation frequencies were 470 and 540 Hz, respectively. The
diameter of the connecting tubes were about 1.0 mm.
Olsson et al. (1995) measured the steady pressure-drop
coefficients across the diffuser/nozzle element ({_, {,).
The surface deformation can be assumed to be close to a
paraboloid (¢ =~ 0.5) as the cylindrical pressure chamber
diaphragm is deformed by a piezoelectric actuator (slightly
smaller than R). Potential sources of error in making a
comparison between experimental measurements and (35)
and (36) arise from o, f3, pipe length L and the friction
coefficient f. From (19), the ratio C4/C can be expressed as
Ca LfL <A1>2

c = A \ay (38)
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The first group of terms on the right-hand side of (38), L fL/
Ao, contains the unknowns f and L. The pipe length, L, is
not known, but taking a typical length of 0.1 m, the ratio
C4/C is equal to 94.25f. The nominal Reynolds number
Re = Vw0 /A}v has a typical value of 01,400 when ¢ = 0
and 04,600 when ¢ = 7. The Moody chart can be used to
estimate the friction coefficient values, but it should be
noted that the Moody chart is for a fully developed flow in
circular pipes and here the flow is not fully developed.
Therefore, the friction coefficient f varies approximately
over the range 0.03-0.1. In order to test (35) and (36), we
estimate the maximum volume displaced using (2) and plot
QO/nR2 Xqw and AP, . A%/p(nR2 Xd)zw2 against the pre-
diction by assuming f = 0.

The non-dimensional experimental data are plotted in
Fig. 6 and compared with predictions based on (35), (36) and
(37). A detailed analysis of the data shows when ¢ = 0, V,,,/
AL,~04 — 09 and when ¢ = n, V,/AL,~0.6 — 2.6.
We expect the theoretical model to provide a slightly better
agreement when ¢ = = than ¢ = 0 for Qg as V. /AL, is
greater for ¢ = m, which is confirmed as seen in Fig. 6a. The
expression (37) also provides a good quantitative compari-
son with their experimental results for Q, but overestimates
AP .« by a factor of 27 — 64. Our expressions (35) and (36)
are in average within 50% of the experiment measurements
for pressure. This difference is likely to come from the o
value which is estimated. Another source of error raises from
the fact that as V,,,/A L, is small, a streaming flow will tend to
develop and the assumption of a constant pressure-loss
coefficient may no longer be appropriate.

4 Implications for pump design

Cavitation is one of the main constraints in pump design as
it can damage the pump and reduce its efficiency signifi-
cantly. In order to prevent cavitation Pca, Pcg > Py,
where P, is water vapour pressure. Vapour pressure is a
function of temperature, and for water in 30°C P, is about
4 kPa. From (33) and (34), we obtained the constraints

1 (2 + B)pVimLa?

(Pg + P1) — Py > (39)

2 24 ’

when ¢ = 0 and

1 BpVmLa?

~(Pg+Py) — P, > P 4
5 (Pe + P1) > o, (40)

when ¢ = 7. These estimates suggest that cavitation is less
problematic when ¢ = 7 as the amplitude of the chamber
pressure fluctuations is smaller.

Cavitation can be avoided by controlling chamber
pressure. From (35 and 39) and (36 and 40) the ratio of the
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Fig. 6 Comparison between the 0.05
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maximum pressure that can be overcome to the average

pump chamber pressure satisfies

AP nax AVl = C4)
LWPg+P)—P, ~ 82+PAIL "’
where ¢ = 0 and

AP nax AVl —C4)
1(PE+Pr)— Py 8BATL ,

where ¢ = m. These provide a useful criterion for avoiding
cavitation, which is an important parameter to design a

robust micropump.

5 Conclusions

The conclusions from this detailed analysis are

(a) An analytical model has been developed and applied

to study double-chamber parallel

(41)

(42)

valveless

(b)

. 2 2¢ 12,2
Analytical (APmaxTAl/p(nR X d) ")

micropumps. The mean rectified flow is shown to
decrease linearly with back pressure, which is
consistent with published studies of both single and
double chamber pumps. The predicted maximum
rectified volume flux and maximum back pressure
were compared with the experiments of Olsson et al.
(1995). The predictions for the rectified mean flow
were on average a 10-15% improvement on the
Stemme and Stemme (1993) predictions. More sig-
nificantly were the improvements in the prediction of
the maximum back pressure which could be
overcome.

The parallel pump performs the best when the
chambers are driven exactly out of phase because
the rectified mean flow is largest (see Fig. 3). When
the chambers are driven exactly out of phase, there is
no large scale oscillation of the flow in the system and
consequently the minimum chamber pressure is more
favourable to reducing cavitation.
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(c) One of the constraints is the presence of cavitation
inside the chamber which can disrupt the flow and
significantly reduce pump efficiency. This is because
gas or vapour bubble are easily compressed and they
can absorb the volumetric change in the pump
chamber, preventing the flow through the diffuser/
nozzle elements. The model is capable of predicting
when cavitation may occur.

One of the major challenges in applying CFD to micro-
pumps are the definition of the boundary conditions. The
advantage of the modeling approach presented, which
includes some of the detailed physics, is that it enables the
boundary conditions to be defined realistically.

A major advantage of the model is that it applies to
valveless pumps which are driven by any type of forcing,
providing that the mean flow is driven by rectification. The
difficulty in applying this approach is that values of (.
which are currently obtained from a steady flow measure-
ments are not readily available for different geometries.
The value of o depends on how the chamber pump is
deformed which depends on the fluid-structure interaction
in the chamber.
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