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Abstract-- The aim of the paper is to contribute to the
modeling of unsteady slip flows in rectangular microchannels
with slowly varying cross-sections.
A model is proposed for a microdiffuser submitted to
sinusoidal pressure fluctuations at one of its ends. The role of
- the geometrical parameters is analyzed and the influence of slip
at the walls is underlined. It is notably shown that the band
pasz of the microdiffuser is underestimated, when slip at the
walls is not taken inte account.
Then the moedel is used to test the diode effect of such a diffuser
placed in a microchannel, submitted to sinusoidal pressure
fluctuations at its inlet. Two layouts (A and B) are considered:
the direction of the diffuser is such that section increases from
intet to outlet in layout A, and decreases in layout B. A gain is
defined as the ratio of the outlet over inlet fluctuating pressure
amplitudes. To characterize the transmission of pressure
fluctuations, an efficiency E of the diode is introduced. This
efficiency (defined as the ratio of the gain in layout A over the
gain in layout B) is studied, as a function of the frequency,
‘With a microdiffuser, E appears to be less than unity below a
critical frequency. This denotes a diode effect reversed
compared with the case of a diffuser with millimetric
dimensions, for which E is less than unity beyond a critical
frequency.
. An analysis of these results is presented, with the purpose of
better understanding the behavior of micropumps which use
difiuser/nozzle-type microdiodes, and can present a peak of the
mear flow at a precise frequency (typically between 1 kHz and
10 kHz), sometimes followed (for higher frequencies) by an
inversion of the mean flow direction. It is suggested that the
direction of the mean flow, as well as this typical frequency,
may be predicted by the previous model, assuming that the
mean flow resalfs from a change in the local mean pressure.
This change could be due to the increase of pressure
fiuctuations, notably through non-linear convective terms in
the momentum equation.

Index Terms—microftuidics, slip fiow, frequency behavior,
micropump, fluidic diode.

1 INTRODUCTION

In the last few years, interest for valveless micropumps has
noticeably increased. The use of specially designed fluidic
diodes, in place of classical passive microvalves, has the
advantage of Limiting wear, fatigue and clogging, usually
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favored by mechanical moving elements with complex
geometry. Foliowing first prototypes with millimetric
dimensions [1], several valveless micropumps have recently
been realized. These micropumps require two or four
nozzie/diffuser-type diodes, which are simply 2-D [2, 3, 4]
or 3-D [5,6} converging or diverging microchannels. These
diodes are placed upstream and downstream from a pump
chamber, submitted to periodic pressure and volume
changes induced by an excited oscillating membrane. Since
flow losses are not the same in a convergent or a divergent
channel, a mean flow is induced. Available experimental data
point out interesting features. As an example, a peak in the
pump rate vs. frequency characteristics [2,5,6] is observed.
This corresponds to an optimum efficiency of the
micropurmp, obtained for a precise vaiue of the exciting
frequency of the membrane. In some particular cases, the
mean flow [5,6] can even become negative for much higher
frequencies. Although simple models have been developed,
they are notably limited by a simplifying assumption of
quasi-static behavior. Moreover, these models are restricted
to an incompressible approach, unable to treat a gas fiow,
especially if dimensions are such that the regime becomes
rarefied. So, to come to a better understanding of how can
work a valveless micropump when it pumps a gas, 1t is
necessary to model unsteady gaseous flows through
nozzle/diffuser-type diodes, taking into account rarefied
effects. At the moment, there is no available tools to
completely achieve this aim. Nevertheless, several analytical
models of compressible flows in converging or diverging
channels were published during the seventies. For example,
low Reynolds effects have been studied by Manton [7], but
for a steady incompressible flow. Puised regimes have later
been considered, notably by Hall {8] for an incompressible
flow, and by Caen [9] for a compressible flow, but without
taking into account rarefaction effects. More recently,
Dorrepaal {101 has given an analytical solution for
incompressible flows in converging and diverging channels
with slip at the wall, but this slip was not due to rarefaction
effects. Slip flow effects due to an increase of the Knudsen
mumber in a converging/diverging channel has been studied
by Piekcos and Breuer [11}, but by a numerical method, using
direct stmulation Monte Carlo, and for a steady flow.

To complete these studies, the presert paperis 2
contribution to the modeling of unsteady gaseous slip flows
in rectangular microchannels with slowly varying cross-
sections. The results of the proposed model are analyzed
with the purpose of better understanding the behavior of
micropumps which use nozzle/diffuser-type microdiodes.



II. MICRODIFFUSER AND MICRONOZZLE MODELING

In this section, a rectangular microchannel with slowly
varying cross-section (ﬁo -a) is considered. It canbe a
diffuser (if' its cross-section increases along = ) or a nozzle
(if this section decreases). The depth and the semi-angle of
the diffiiser -or nozzle- are re5pect1veiy denoted by 2% and
@ . The diffuser -or nozzle- is discretized into » uniform
pneumatic lines with the same length / (fig. 1-b). The cross-
section of each of these elementary segments is
characterized by its width 2 b, and its aspect ratio

(1)

Figure 1-b

For each elementary line, the following assumptions have
been made:

- the flow under consideration is assumed to be
laminar and to behave as an ideal gas flow. The shear
viscosity and thermal conductivity are assumed constant.

" -the gas is initially at rest and then subjected to
small pressure fluctuations. Each variable (pressure, density,
temperature and velocity) may be written as follows:

8(x, 5.2} + g(x.,2,2} . The fluctuations g are supposed
small compared with the mean values g for the pressure,

the density and the temperature.

- the flow is considered as fully developed in each
elementary line; this requires angle & to be small enough.

- the fluctuating flow is supposed parailei to the 2-
axis, that is, a plane wave hypothesis is made, The sole z
component of velocity is denoted by w. _

- the fluctuating pressure is constant within the
Cross-section.
Then, as & result of the previous assumptions, the fluctuating
gas flow in each pneumatic line must satisfy the following
continuity, momentum balance, energy conservation and
state equations:
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in which p, p, 7 are respectively the fluctuations of
density, pressure and temperature. C, denotes the specific
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heat at constant pressure; 7 and p represent the gas
temperature and density at rest; u denotes the shear
viscosity, r the gas constant and ¢ the time variable; o
denotes the Prandtl number and is defined by:

k
where £ is the coefficient of thermal conductivity.
With encountered dimensions in microsystems and under
usual pressure and temperature conditions, flow is rarefied
with slip and temperature jump ai the walls. These
conditions are represented by Maxweli-Smoluchowski first
order equations.
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In these equations, X represents the Knudsen number
defined as -

-
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where A is the molecular mean free path. 7 represents the

ratio of the specific heats and «, denotes the thermal

accommodation coefficient. The coefficient x is equal to

2-¢ where & is a constant very nearly unity and &

Xy

denotes Maxwell’s specular reflection coefficient.

As shown in a previous paper [12], the inlet pressure and
mass flow complex amplitudes can be related to the outlet
pressure and mass flow complex amplitudes for a pneumatic
line % , the length of which is /, the cross-sectional area

S and the aspect ratio a; . Assuming that the singular
pressure drop which is due to the sudden enlargement is
neglected with respect to the distributed pressure drop (this
is justified because of the small Reynolds numbers), the flow
through the diffuser is modeled as a flow through »
pneumatic lines connected in series. Under sinusoidal pulsed
regime, the relation between the inlet and the outlet pressure
and mass flow complex amplitudes is, for a microdiffuser or
a micronozzle:

z B, B,
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where subscripts e and s respectively refer to the
diffuser/nozzle inlet and outlet, and
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where f; =y/Z, I and n, = JZ, /1, are respectively the

propagation factor and the characteristic impedance of the
segment 4. In these equations,

2pu -1

L=Ter . 15

* Fod Skz a [¢] ( )
with

@® s 2 .
a; sin”(&;)

) w Ai 16

i ; B°(1+2 Kxsin?(3,)) (5,7 + jo,)>? % (16}
and

'\(btz +ja)r) "

A= a;
canh b +jw,
a;
- )
: J I
142 K52 + ja, tanh[————"‘%w
a J
where £ =1, », = hzmﬁ/ # and b, are the solutions of
1
bwmmbh=—o 18
; K (18
Similarly, '
. ST .
Ip=jm 5 [;f—ZjoaJ,(y—l) yr} (19)
with

4] « 2
— a; sin”(c;)
W"ZC_2(1+¢ Sn2@)) (e + jo, )2 O

iml Vi

20
and

(c,-z-z-j o, o) .

tanh(‘fciz +jm o]

\ %

- (21)
Vel +jw, o
I+d4¢’+jo, o tanh[——:—-&:———

T
a;

where ¢= [i’lﬁ) A Ky and ¢, are the solutions of
o, J{yr+eo

1 .
,-fanz-=- 22
C. [of ¢ ( )

As an jllustration, the simple case of a diffuser eiement
closed at its outlet by a rigid wall (fig. 6) is considered. The
outlet instantaneous mass flow is thus equal to zero. So, the
ratio of the outlet over inlet compiex fluctuating pressure
amplitudes can be obtained from equation (13) as:
Bs_1 (23)
Pe Bl
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As our interest lies more in the ratio of the outlet over the
inlet pressure amplitudes, & gain P* obtained fron: the
modulus of equation (23) is defined:

P |
pr= P: (24
I ANALYSIS

The previous model is now used to check the influence of
geometrical parameters and Knudsen number on the
frequency response of a micro diffuser or nozzle. As an
example, theoretical results for a diffuser element are
presented in this paper.

The diffuser element in question has a depth ranging from
.62 pmto 10 um. Consequently, under usual pressure and
temperature conditions (7 =293 K and F~11 MPa), the
Knudsen numbers X are between .015 and .1. Each diffuser
element is discretized into 100 uniform segments with equal
lengths, Figures 2, 3, 4 and 5 respectively emphasize the role
of the number of segments , the length I, the depth 2/ and
the semi-angle @ on the band pass at -3 dB for example. It
is shown that whatever the case, the band pass is
underestimated when slip is not taking into account.

10000 15006 20000
Figure 2: Influence of discretization. #=10; 20; 60; 100.

In figure 2, the microdiffuser is 6 um in depth, 1 mm in
length, the inlet is 6um in width and the semi-angle is 3.5°.
The evolution of the microdiffuser gain P, * is plotted for
different values of the mumber . As » increases, the curves
converge to an asymptotic solution. For » higher than 100,
the deviation to this solution can be neglected. Note that the
assumption of a fully developed flow inside each elementary
segment of the diffuser only involves that angle o has to
remain small. Actually, the choice of number », that is the
choice of the elementary segments length /, does not seem to
modify the validity of this assumption: as / decreases, the
variation of the channel width also decreases, and the
undeveloped effects are negligible, since they are restricted
to 2 very small area.



Figure 3 represents the evolution of the gain Fy* asa

function of the frequency for different values of the depth
2h. The diffuser divergence semi-angle is 3.5°, the length L
is Imm, the neck width is 6 um and the depth has a value of
1 pm and .6 um. The increase of the diffuser inlet area
obviously leads the band pass to increase. The influence of
slip at the walls is pointed out, by comparing the slip model
with a no-slip model (for which X=0).
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Eigure 3: Influence of the microdiffuser depth 24.

Figure 4 represents the evolution of the ratio F;* for
different lengths L. The inlet width is 6 um. the depth is
Ium and the semi-angle is 3.5°. The decrease of the length
naturally leads the band pass to increase whether slip is
taking into account or not.
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Figure 4: Influence of the microdiffuser length Z.

In figure 3, the infet area is 6 ym”, the length is ! mm and
the semi-angle has a value of 2° and 5°. The outlet area
increases with &, which leads to a decrease of B,
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Figure 5: Influence of the microdiffuser semi-angle « .

In short, the analysis emphasizes two points. The behavior
of a microdiffuser is not inherently different from the one of
a sub-mullimetric diffuser. But it is shown that by not taking
nto account slip at the walls, the band pass of the
microdiffuser is underestimated.

IV. DIODE-TYPE BEHAVIOR OF THE MICRO

. DIFFUSER/NOZZLE
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Figure 6: Layouts of a diode placed in a channel.

The model is used to test the diode effect of a micro
diffuser/nozzle placed in a microchannel and submitted to
sinuscidal pressure fluctuations at its inlet. Two layouts A
and B are considered (fig. 6). In layout A, the tested eiement
is a diffuser, which section increases from inlet to outlet. In
layout B, the same element is used as a nozzle and its
section decreases from inlet to outlet. To obtain an
exploitable comparison between the two layouts, dimensions
(al,az,as,L,,Lz,lg) are the same in layouts A and B. The
analysis of the frequency behavior for each layout shows
significant differences, which is characteristic of a dynamic
dicde effect. So, in order to charactetize the dissymmetry of

the pressure fluctuations transmission, an efficiency E of the
diode is introduced. This efficiency

E_f_*g__&; }ﬁ
T P*y |Pely/ (Pely

defined as the ratio of the gain in layout A over the gain in
layout B, is studied as a fiunction of the frequency. Some
results are shown in figure 7, for different values of the
depth 2%, with [ = [, = L; =3mm, a, =a, = 467 um

and a, =100um , which corresponds to & =3.5°.

(25)
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Figure 7: Diode efficiency for different values of the depth.

The main result is: with a microdiffuser (2% = 6jum ), E
appears to be less than unity below a critical frequency. This
denotes a diode effect reversed compared with the case of a
diffuser with millimetric or sub-millimetric dimensions

{2h =100umin figure 7), for which £ is less than unity
beyond a critical frequency. Note also that the influence of
shp (taken into account in figure 7) is not negligible when
2k = 6um . However, ship has little influence on the values

of characteristic frequencies (i.e. the frequencies for which
E is an extremum or equal to unity).

V. ABOUT MICROPUMPING

The question is now: to what measure does the efficiency F
give useful information about the behavior of a valveless
micropump with diffuser/nozzle-type diodes ? In other
words, are we able to predict if, for a given pumping
amplitude, there is an optimum frequency for which the
mean flow of the micropump is maximurn 7 Is there also a
possible critical frequency, beyond which an inversion of the
pumping direction appears ?

We suggest that the difference of P* evohution for a nozzle
and a diffuser (expresses by the deviation of efficiency £
from unity) is one of the main causes of a mean flow
appearance. So, it is assumed that there is a transfer from
fluctuating energy to mean energy, which results in an
increase of the local mean pressure. For a given exciting
frequency, due to the difference of P* evolution, this
increase is not the same at the outlet of the diffuser and at
the outlet of the nozzle, placed on both sides of the pumping
chamber.

In fact, the transfer from fluctuating t¢ mean pressure is 2
known phenomena, which can be explained by taking into
account non-linear effects, notably due to convective terms
in the momentum equation. Although these non-linear terms
have not been considered in the previous model - this can
slightly modify the amplitude and the shape of E vs. f
characteristics -, it seems that these characteristics can be
qualitatively exploited.

In an attempt to validate these assumptions, simple
experimental measurements have been performed, but at
first on a device (fig. 8) with millimetric dimensions, for
reasons of available pressure sensors dimensions.
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Layout B %
Figure 8: Schema of miliimetric experimental setup.

A sinusoidal pressure fluctuation - around atmospheric
pressure - is generated in chamber C. This chamber is
connected to another chamber A (or B) through a diffaser
(or 2 nozzle). Geometrical dimensions are the same in
layouts A or B. A hole has been drilled at the end of both
chambers A and B. Its impedance is large enough, in order
not to appreciably modify the flow dynamics of the system.
The fluctuating and above all the mean flows can be
observed, by mean of 2 bubble in a capillary placed at the
hole outlet. Both fluctuating and mean pressures are
measured using sensors located in sections e, s 4 and Sp.
The main observations are:

- for each layout, a mean flow is observed, as soon as the
fluctuating pressure amplitude in section s, (or sp)reaches
a sufficient level.

- this flow is maximum when the amplitude is maximom
(which corresponds, for the millimetric device, to a
Tesonance).

- it is noticed that this flow is correlated to an increase of the
local mean pressure £, (or F,_ ) in sections, (or sp).

Since 7, and P, have different values for a given

frequency £, the flow is different in the two layouts, which

can explain the behavior of a pump made of two diodes
placed on both sides of 2 pumping chamber.

The efficiency E previously defined can be correlated with
an efficiency

E ho ok (26
)

expressing the dissymmetry of the mean pressure in layouts
Aand B; F, being the atmospheric pressure, which is also
the mean pressure 7, in chamber C. As an example, a
typical comparison between the theoretical efficiency £
(fig. 9) and the experimental efficiency E,, (fig. 10) is
presented. The same typical frequencies are observed, and
the inversion phenomena appears for E (linked to pressure
fluctuations) as well as for £, (linked to the mean

pressures).
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Figure 9: Theoretical efficiency £ .
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F Figure 10; Experimental efficiency E,.

V1. PERSPECTIVES

Further works will be notably focused on:

- the theoretical relation between fluctuating and mean flow,
by taking into account the non-linear effects,

- systematic experimental validations, with diodes of sub-
millimetric and micrometric dimensions,

- the optimization of the diodes geometry, in fimction of the
behavior of the actuating membrane, in order to reach the
best possible efficiency of the pump.
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