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PRESSURE-DRIVEN MICROFLUIDICS
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Summary: Microfluidics is a new field of fluid flow generati and control at
small scales, making possible fundamental changesome engineering and
biomedical fields. Particular advantages bring dms operating without moving
parts — but at the usually small Reynolds numbes difficult to use jet inertia,
upon which no-moving-part fluidics is based. Thpgrgoresents, on an example,
a solution: flow assisted - or downright driveny &pplied pressure difference.

1. Introduction

1.1. Meaning and Importance of Microfluidics

Microfluidics is a technique of maniputagi fluids at small scales - characteristic
dimension (e.g., channel width) of microfluidic dms is less than 1 mm. The small
dimensions are particularly suitable for handlirigects of biological and medical interest,
like bacteria and cells. Considerable part of aurfigerature on microfluidics thus discusses
detection, sampling, sorting of pathogens, and, asp, DNA analysis or drug delivery in
implanted devices Nevertheless, there are also riiamo uses of microfluidics in more
traditional engineering fields, like discoveryrew
materials (e.g., Tesa 2008), microchemistry,
sensors, or fuel management for fuel cells. At th{ MICROFLUIDICS :
small sizebecome important - in relation to thg e Better control of processes
volume forces acting on fluid. - surface effects & B ot ccons
result, present-day microfluidics often uses for , er seleciivity, higher yield
generating and controlling the fluid flow non- | ® Lesssampléneeded for analysis

o . . e More analyses simultaneously
traditional surface phenomena, _negllglble in the o Portability; Implantability
large-scale hydro- and aerodynamics. The common| ¢ pangerous substances safely handled

used fluid driving actions are: e Approaching cellular size
“Neutral” traditional fluid driving ;dgfjg;gg,gg‘,";f;ﬁ';,,ﬂ':s
* by pressure : :
* Dby centrifugal forces Fig. 1 Typical advantages brought by
* by surface tension the small size are those listed here as
. . encountered in microchemistry, which
EIectrohy.drodIynamlc (EHD) driving is one of the most suc)c/essfully
electrophoresis developing applications of this new
* electro-osmosis field.
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The electrokinetic phenomena applicable to the @aepoccur when a charged surface is
brought into contact with ions in a liquid. The fawe attracts counter-ions so that a diffuse
electric double layer forms on it (the layer thieks ranging froml0 .10° m to 2 .10° m).
Remaining ions away from the wall may be driverragding along the rest of the fluid — by
an applied electric field. The effect only becomsamificant for channel widths on the scale
of microns when the double-layer thickness is anegligible fraction of the channel width.

1.2. Pressure-Driven Microfluidic Flows

One of the reasons for remaining within the reamthe traditional “neutral” fluid
mechanics is the requirement the character of lgwtrekinetically driven fluid: the ions are
formed by dissociation of molecules of solutes omty polar liquids. This limits the
applicability of the electrokinetics to practicalbnly water. While water-based liquids are
widespread, especially in the biomedical applicatjathere are tasks where the fluid to be
handled is different — in particular, if it is agya

The spectrum of tasks the microfluidic devices yaut is extremely wide (cf., e.g., Tésa
2007). The most important and most often encoudtéask is control of flows. This is
performed by flow control valves. Despite therenigea range of various mechanofluidic
valves — with the flow acted upon by a movable na@atal component — the most promising
are the no-moving-part versions. They are easienanufacture, more reliable, and more
resistant to various adverse influences. FigureeBgnts an example. It is the simplest valve
possessing all four basic terminals (supply, cantrotput, and vent — many valves actually
have more terminals but there Are also ones opgyatithout the vent). Typically, the valve
is of planar shape, with cavities of constant depade by some of the modern
microfabrication methods, such as, e.g., etching.

Like most purely fluidic valves, the one shown iig.F1 is of the jet type. The fluid
supplied through the termin&lfrom a source (a flow generator, such as, egunap) issues

Fluid accelerated
nozzle

Control flow —

Constant A,
supply g N LOAD
flow G \ :

Load
loop

Common
terminal

Fig. 2 (Left) An example of a fluidic valve with the fobasic terminals. Fig. 3 (Right) A typical
use of the valve from Fig.1 for by-pass mode cdrifdlow in a load. Note that the pressure drop
across the load is essentially equal to the presse in the diffuser of the collector.
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Fig. 4 (Left) The basic principle of jet-type devicekiid accelerated in the nozzle can cross the gap
and get captured in the collector still with comsable energy. Fig. 5 (Right) A typical energy
conversions in a fluidic device: high velocity wduhean high losses downstream from the gap and to
prevent this to happen, fluid is to deceleratethéncollector’s diffuser.

from the main nozzle in the form of a jet. Thisatcelerated in the nozzle so as to be able to
traverse, due to its inertia, the open space betweenozzle and the collector (Fig. 4). When
captured in the collector that re-converts back tlibsed-conduit flow in the output terminal
Y, the fluid in large-scale fluidic devices usugligsses through a diffuser, Fig. 5 slowing it
down — because at the high velocity typical fos jgte losses (proportional roughly to the
square of velocity) would be inconveniently high.

The control action, in the form of the contrawl brought intaX (Figs. 2, 3), deflects the
jet so that the amount captured in the collectocobees smaller; the output flow thus
decreases. The valve, as shown in Fig. 3, is plaetdeen the fluid source and the device in
which the fluid flow is to be controlled. The valwperates in the by-pass control mode.
There os no turning-down action, typical for dieervalves. For example in microchemical
fluidics the load may be a microreactor suppliedrégctants from a micropump source and
the task of the valve is to adjust the requiredtaaa flow rate to fit the instantaneous reactor
operating conditions. The control may be eitH#N-0FF” or continuous.

With the decreasingrRe, typical for modern microfluidics, the friction fogs acting on
the fluid increase and tend to overcome the ineftike fluid jet. It then reaches the collector
entrance with insufficient convertible kinetic eggr Also the diffuser conversion efficiency
deteriorates at loRe, Fig. 6. The available output pressure becomes too smaliaade the
required flow through the load. Too much fluid leavthe valve through the vent terminal
even at zero control flow.

What can be done to improve these conditions Aa@he designer can either:

* Decrease the nozzle-to-collector distance to gegs bpportunity to the jet to slow down
by its mixing with the vent fluid, or

e Restrict the cross section of the vent terminahttke the spillover flow into the vent less
easy.
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Fig. 6 (Left) Due to high friction losses at loRRe, the jet fails to keep its kinetic energy and dts®
diffuser is ineffective Fig. 7 (Right) One possible solution evading the advérseRe effect is to
drive the fluid through the collector towards thad by a maintained pressure difference.

Both measures increase the pressure at the colletti@nce and hence force the fluid to pass
through the collector and the output connectedttdJnfortunately, both make it more
difficult to perform the control action. It become®re difficult (and calls for a higher control
power level) to deflect the jet sufficiently on ghort path. Also the increased resistance of
the vent makes it more difficult for the divertddid to leave the valve. If the cross-sectional
restriction is really considerable (as it is indg¢edobtain a significant effect at very small
Re, let us say below about00), it is not uncommon to find a surprising revereélthe
control effect: the admitted control fluid findsaasier to leave the valve through the collector
rather than through the very restricted vent. kdtef the expected decrease the output flow
rate tends (at least initially, before the confitolv obtains a large momentum) to increase
with increasing control flow rate.

2. Layouts of Pressure Control

A simple partial closure of the ventvilpath by a fixed cross section restriction would
cause also other unwelcome effects in the ovdradli€ system circuits. Adjusting the proper
restriction is far from easy. In a system with anfer of mutually independent valves, the
simple restricting would produce a dependence efsystem on the instantaneous states in
the valves. A better solution is an adaptive thirgtFig. 7. In view of the fact that in the
context of MEMS it is not difficult to provide (peaps by doping and processing parts of the
same silicon chip on the surface of which are ttolexl microfluidic cavities) a pressure
sensor and the electronic control circuits, thesgpuee assisted (if the pressure difference
merely assists the non-negligible kinetic energyhefjet) and pressure driven valves are an
acceptable choice. The regulator is in effect aabée restrictor with changing exit cross
section — achieving a constant driving pressurieince between the vent gap in the control
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Fig. 8 (Left) The regulator generating the driving pressdifference usually operates by turning
down the fluid flow leaving the valve through thent. Fig. 9 (Right) There are situations where the
pressure difference in the vents may be maintadiregly by adjusting the common turning-down (or
throttling) valve.

valve and the load, see also Fig. 8. Quite oftha, fluidic circuits with the valves are so
arranged that the driving pressure may be maindainyea single regulator. There are rather
special (but surprisingly often encountered) milkeridic circuits consisting of a large number
of identical valves operated in a binary manner‘ Q" or “OFF” alternative regimes) so that a
constant a constant number of the valves at angy isnm the CLOSED” or “ON” state diverting
the supplied fluid flow into the vent, while allgtrest of valves are in thei@PEN" or “OFF”
state. This is, e.g., the case of the fluidic nplatker sampling unit to be discussed below. In
this case, the pressure control circuit, of courseffices with a simple passive throttling in
the common vent outlet, as shown in Fig. 9. Thettling valve may be adjustable (perhaps
manually), but this serves only for setting up tHlesirable operating conditions and
eliminating the influence of inevitable manufachgitolerances.

The problem of the required high controlveo needed to control the valves in these
regimes is a serious one. In most cases, it islgimgcessary to accept the strong control
flows as necessary. In the present author's expegidat has been often inevitable to operate
with the so called ,fractional“ gain, i.e. insteafithe usual amplifier properties of the control
valve the output signal in these cases is a meaidn of the input control signal. If the
operating Reynolds number is not very small so thatassisting pressure difference is not
high (precise meaning of what is “high” in this text will be given below in association
with the introduced paramet@e), the problem with the required high control poweay be
made easier — or perhaps solved - by just optimishre control action: increasing the
efficiency of the deflecting action of the contftdw. Decreasing the width of the control
nozzle may help, but the opportunities in this clien are limited, in particular by the
maximum aspect ratio (depth/width) of channels thay be produced by the currently stan-
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Fig. 10 Typical configuration of a fluidic circuit: thiéuid into the devices is supplied by a central
common source. Here the vent flows are dumpedatimwsphere — alternatively (especially if the
working fluid is a liquid) they may be recirculatedo the source.

dard isotropic etching manufacturing method. Iftgéacontaining the valves are etched
through, they may be stacked to obtain quite higpeat ratio, but this complicates the
manufacturing and assembly by another unwelcompefesive) step. Some helpful effect is
obtained by inclining the control nozzle towards thain nozzle, as is seen e.g. in Fig. 9.

The usual layout of obtaining the driving $sere difference by throttling the total vent
flow is shown in Fig. 13. Sometimes fluidic ciraudo not operate predictably and there is no
easy way of predicting at the design stage thd wftaent flow rates. Then the pressure
driving may require a different approach, perhajih wistributed pressure regulators — Fig.
11, provided theregulators can be made small aexbensive. Yet at another possibility is
generating the fluid flow directly at each fluidievice, as shown schematically in Fig. 12. Of
course, this requires rather simple and inexpensiveps — perhaps of the sort currently

—_ Electric power supplies
Distributed
local pressure
regulators Local flow;generators
i leg. pumpsﬂ
\ ) ‘

Central
fluid

source l
le.g., pump) o

Vent flows ~
into atmosphere

Fig. 11 (Left) Alternative to the configuration from Fig0: the fluid pressure is adjusted separately
at each driven fluidic device. Because of the tgb@mexistence of microfluidic and electronic citsu

on the same chip, the needed large number of egsilémost of them, after all, rather simple) may
represent no problem.Fig. 12 (Right) Yet another alternative configuration: edicidic device has

its own flow generator.
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Fig. 13 Usual configuration of driving pressure keepimguits: essentially a combination of the
layouts from Figs. 8 and 9. The pressure is maiathiby throttling the total vent flow. Individual
pressure requirements of various valves are tateraccount by the restrictors.

developed for control of flow past bodies by a &argumber of small synthetic jets. At any
case, the design of the fluidic circuits involvitige generation of suitable driving pressure
differences complicates the fluidic circuit desigithe more so, that at the same time the no-
moving-part fluidic devices require proper matchofgources and loads to achieve effective
power transfer.

3.  An Example: Microfluidic Sampling Unit

It may be useful to describe the practical etspef these problems on a practical example
from the present author's experience with valvegraiing at low Reynolds numbers.
Because of the special demand for purity of thedlehfluids, the particular design task was
admittedly slightly more difficult to solve than is in typical cases. The essential
experimental investigations, typically for preseiaty microfluidics, were performed on
scaled-up laboratory models. The higher than useiaands on the pressure adjustment led to
more fundamental investigations involving numeritavfield computations, which showed
the importance of the dimensionless pressure pdesme

3.1. TheTask

The small size of microreactors and other micrdiltidevices makes it possible to perform a
large number of chemical tests in parallel undemimally identical pressure and temperature
conditions and this is particularly useful for disering new materials and drugs (Tiesa
2008). In particular, one of the very attractiveesiof microfluidics (and the associated
microchemistry) was discovery of new and more ¢ifeccatalysts. This was the aim of an
interdisciplinary collaborative research projetitigh Throughput Parallel Catalyst
Testing" supported by the Institute of Applied Cataly&ds, involving a development of a
suitable microfluidic catalyst testing system. Té&gstem was specifically intended for
identifying advanced heterogeneous catalysts foe Rischer-Tropsch process. This is a
chemical reaction of immense importance, its diakb being a high required temperature
and pressure level at which the reaction takespl&lse reaction is a catalysed one, strongly
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Fig. 14 (Left) Schematic representation of the microflaidatalyst testing facility. Fig. 15 (Right)
Schematic representation of the operation of therafiliidic valve — switching between th&PEN”
and ‘CLOSED” states. The sampling unit essentially consists lafrge humber such valves.

dependent on use of catalysts, which are usuabgdan mixtures of iron and cobalt. The
process converts carbon monoxide gas and hydrogenirgo liquid hydrocarbon fuels,
lubrication oils, or ethanol. Recently, a combioatiof gasification of biomass (and
household refuse) and the Fischer-Tropsch synthesiensidered to be a very promising
route to produce renewable transportation fuelsoAthere are investigations underway to
reduce the otherwise seemingly unavoiddb@® emissions generated by combustion engines
by using solar power to convert the emissions ihi® suitableCO reactant for Fischer-
Tropsch production of hydrocarbons.

New catalysts are still being soUgta decrease the present inconveniently high reduir
pressure and temperature and improve the selgctind yield of the reaction. The efficiency
of the catalysts is measured by composition aralgkithe reaction products (Wilkin et al.,
2002). In the ;(Ac system the instrument used is [&analyser. As it is very singular and
expensive and the reaction kinetics is not highwidts decided to use a single analyser
supplied by samples in a cyclic manner from indinadreactors. The task of selecting a
particular sample is performed by the sampling,Ufid. 14. This is essentially (Té&s2002b)

a multiplexer containing a large number of seqadigtiopened valves, each operating in the
two-position QPEN - CLOSED) regimes as shown in Fig. 15.

The sampled and analysed fluids are gasgscally hydrogen, carbon monoxide,
methane, and Syngas, which is a mixture of hydragel carbon monoxide. The conditions
inside the reactor are severe: temperatures typigathe range fron200 - 400 °C and
absolute pressures up tbMPa. The pressure inside the sampling unit may be dseckhy
passing the exit flow of reactants through a bahKlaw restrictors, but it nevertheless
remains at a considerable level and together with unavoidable high temperature (the
system operates inside an oven) were among thersaittat led to the decision to design the
system as consisting of no-moving-part microfluidriats.

“In August 2008, Louisiana State University annaghthey had received $2.9 million funding from th&
Department of Energy for development of new catalfsr Fischer-Tropsch reaction.
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Fig. 16 (Left) Typical temperature and pressure levelsame locations in the catalyst testing
facility. Fig. 17 (Right) The basic parts of the sampling unit ane ttainless steel plates, each
containing a circular pattern @6 etched diverter valves surrounding the central atubptlet.

The valves in the sampling unit operate m ‘tBN-OFF” regimes. Only one of them at any
time in the OPEN” state, allowing the sample to pass into the awlyThe control flow was

to be nitrogen (chemically neutral with respectthe tested reactants), supplied from an
external source.

The factor severely limiting the samplingtutesign was the small handled gas flow rate.
The chemical engineers who designed the reactomnaugiged the output flow rate to be only
600 ml/hour. Combined with the high viscosity of the gas & kigh temperature levels, the
resultant Reynolds numbers in a reasonably sizea va the sampling units were typically
as low asRe ~ 90. The pressure driven operation was therefore asséy. Since the valve
operation in parallel in theON-OFF” manner, the total vent flow rates are quite preable.
Together with the constancy of the total supplyflgpassing through the main nozzles) and
of the total control flow (only one valve activédlis makes the task of designing the pressure
driven microfluidic system in principle relativesimple: according to Fig. 9 it suffices to
place the constant cross-section restrictor (agsgupto the regulated one in Fig. 13) into the
common outlet from all vent terminals.
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3.2. Operating principle and Guard Flows

Due to very little previous experience with the @en at the very small Reynolds
number (although still above the sub-dynamic liptie choice of the operating principle vas
based on preliminary tests with several operatipnakiples considered suitable for the task.
The tests were performed in laboratory using seafedransparent laboratory models with
cavities made by laser cutting. The working fluidsmvater. The main method in these tests
was flow visualisation, for which different watdoivs were dyed by different dyes — Fig. 18.
Results of these tests are described in more dettie references Tesa001, Tesa2002a,
and Tesa2003.

Initially, the principles that seemed to be mosirpising were those based on blocking the
flowpath by the control fluid — 1 and 2 in Fig. IBaey can work reliably in very loRe
creeping flows. Unfortunately, they were to be datkkscarded because of the increasing
emphasis placed by the chemists and chemical esginavolved in the project on two
aspects of the valve operation.

VALVE PRINCIPLES FOR VERY LOW Re

Available nozzle

1 Area So . 3 : exit cross section
‘ e G limited by the
control fluid blob

blockage | v}
available §
autflow g

| ® Turning down

Reference: e Continuous
Tesaf 2002a
Collector entrance
2 Fluid flooded by
i R control fluid
plug g

plugged by
control
fuid

S

® Diverting
¢ On - Off

Reference: | ®n
Tesai 2003 X

Fluid swept away

3 Removal by powerful
control jet
Powerful \
control
) ® Diverting
Reference: | X & . On o
Tesar 2001 W n-

Fig. 18 Three operating principles of microfluidic no-mogipart flow control valves considered
for the microfluidic catalyst testing facility. Threquirement of “guard flows” has led to selectihg
removal principle #3.
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Fig. 19 (Left) One of the water flow visualisation studi@s scaled-up model. The control flow from
X generates by jet-pumping action the return “gudlal (orange colour arrow). Unfortunately the
supply flow from the reactor is blocked (the blusa shows returning part of the control flowfig.
20 (Right) Basic features of the final valve desigsdaf the idea of very powerful control flow.

The first aspect that gradually came into the famiuattention was callesameness of the
operating conditions inside all the reactors -udahg the reactor the output flow from which
was allowed at a particular time the sample to pass the analyser. Obviously, the area
blockage principle 1 in Fig. 18 has from this ga@hview the disadvantage as it caused large
variations in the flow rate and pressure level tigasn from the valve, where there is the
reactor (cf. Fig. 14). In principle, the reactavil could be maintained constant by arranging
two blockage valves side-by-side operated in ardifd (opening the blockage into the
analyzer is simultaneous with closing the flow itk@ vent). This, however, was seen as
substantially complicating the fluidic circuitry.

Then came another aspect considered to be incghagimportant: thesample purity. The
composition of the reaction products are under soomelitions only rather weakly influenced
by the properties of the tested catalysts. Theyaimlhas to be very sensitive. Reliable
evaluation could be put into jeopardy even by ségh cross-contamination between the
individual samples. It should be said that perfecttual isolation of the samples is not an
easy problem in a system in which the samples areseparated by a material wall. There
are, in fact, two possible causes of the contananat and bith have to be eliminated by
judicious design of the flow switching microfluidi@lves.

The first possibility for cotamination arises Imetvents which, as discussed above, were
to be all connected according to Fig. 9 to the cemraqualisation volume. In this volume
exists an uncontrollable mixture of various sampbesught there from all theCLOSED"
valves. Although not very likely to happen, a pb#gy cannot be excluded altogether that
due to some unexpected operating conditions thisung can flow or creep into the sample
passing through the singl8PEN" valve into the analyser. A solution to this prefl (Tesa
2002b and also Tesat al. 2004) was sought and found in sacrificingnaall proportion of
the sample from theOPEN" valve and let this "guard” flow permanently maw& the vent —
Fig. 22. The dangerous uncontrolled mixture camgedtfrom the venV into the outputy.
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Fig. 21 (Left) Another alternative of the interaction regim flow visualisation tests. The blockage
of the reactor flow is removed, but there is negemping driven “guard” flow. Fig. 22 (Centre)
The desirable operation of the valve in tBEEN” states.Fig. 23 (Right) The desirable operation of
the valve in the CLOSED” state.

The second contamination possibility is associatgtth the remains of the previous
sample which fills the volume between the valved @re analyser. This can be, in principle,
removed by flushing this "dead" space with sometnaédiuid, but such solution was found
again to lead to unpleasant complexity. Some measiurelieving the problem was obtained
by arranging the valves into groups (each contgidih valves, Fig. 17) around the common
central exit outlet to the analyzer — this minirsisiee “dead” volume. Nevertheless, an active
cleaning action was necessary and a solution (nsurapler than with the flushing — Tdsa
2002b) was found in the removal of the previous @am from the "dead" volume by
reversing the direction of the fluid flow downstmedrom the valve in the CLOSED" valves —
Fig. 23. This reversal "guard" flow would agaim@ve and sacrifice some small amount
from the currently analysed sample.

3.3. Deflection Control Valve

The two flow blocking principles of valve opemat — the first and second one in Fig. 18
— were unable to generate this reversed "guardv.flas a result, the winning solution
selected for the final valve design was the ldstdtprinciple in Fig. 18. To generate the flow
reversal in the output termin#l it uses the jet-pumping, entrainment effect ef ¢ontrol jet.
This is made possible by the inclination of thatecol nozzle, Fig. 20 (of course, the best jet
pumping action would be achieved with the controkzie and the output collector being
parallel, but this cannot generated the desirabfiection effect). As already mentioned in
connection with Figs. 9 and 13, the properly inetircontrol jet possesses a higher efficiency
of the flow deflection of the supplied flow fro® into the vent. Nevertheless, at the small
Reynolds numbers the necessary control flow iseghigh — this results in the "fractional”
flow gain in the valve, a paradoxical feature, tleey opposite to the usual reasonably high
gain of standard large-scale fluidic valves, mdstioich can operate as fluidic amplifiers.
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Fig. 24 Geometry of the valve in the teste@times scaled-up model of the sampling unit.

The required return flow from the outpdtmust be very small — it comes from the only flow
through the OPEN” state valve and if the jet pumping were veryeefive, the very existence
of the analysed sample at the exit of the singtmuld/be endangered by too much being taken
from it by all those CLOSED" valves. Thus a rather primitive, not very effitci€jet pump”
design in Figs. 19 and 22 does suffice when drigen by the rather powerful control flow.
Development of the proper geometry, involving tegesal contradictory requirements, was
rather difficult. Apart from numerical flowfield ecoputations of chosen possible alternatives
it involved also experimental verification of theentral core interaction region of the valves
using water flow visualisations in scaled-up labonamodels, Figs. 19 and 29.
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Fig. 25 (Left) The fluidic diverter valve. The rather sl constant-depth cavities are made by
etching in stainless steel plate, according to Big. Fig. 26 (Right) Flow visualisation of the
“CLOSED” state in the scaled-up model operated with dyatew

At the final development stage, there welmratory tests of the complet@:1 scaled-
up plate containing 16 valves. These were made in transparent material
(polymethylmetacrylate - Perspex) and the flows evearainly investigated Again using
mainly the flow visualisation (Figs. 26, 27, 28 af@#). Th interest in these final tests
concentrated on two aspects: the studies of méltvalinteractions between the valves in the
plate and proper adjustment if the driving presglififerences. In the example photograph
presented in Fig. 27 the valve at left is in tiGeOSED” state, its orange-dyed flow prevented
from reaching the central exit (on top of the piejuby the action of the transparent control
flow. p The neighbouring valve at right in Fig. 23 in the ‘OPEN” state.

In its mechanical design, the sampling was essentially a stack of thin stainless steel
plates. The geometry of the valves is presentetihenworkshop drawing of the scaled-up
model in Fig. 24. The total number of the valveaswdivided into groups, each group
comprising16 valves. These were arranged in a circular patsemmounding the central
common vent space, as shown in Fig. 17. The plates clamped between solid stainless
steel pieces, the sealing of the valve cavitigedalpon the rather large clamping force.

The isotropic etching of the final designtlee small microvalves for the actual catalyst
testing system — 0®.34 mm diameter of the main (supply) nozzle — in therd&ss steel
plates was performed by an external supplier.
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Fig. 27 (Left) Photograph of the tests made with the scafethboratory model, with cavities laser-
cut in perspex plates. The flow visualisation tdetst were run using water; individual flows were
discriminated by various dissolved dyes.

3.4. Similarity Parameter: the Te Number

The main problem of the pressure-driven micraoiics, the proper adjustment of the
driving pressure differences, is demonstrated igsFR8 and 29. Both show side-by-side
results of the flow visualisation and numericaiffeeld computation — the latter displaying
the computed pathlines.

In both examples, the valve is in thdPEN" state, without any action of the control
flow. The fluid — the sample to be analysed — capfiom the reactor through the supply inlet
S has in this state to pass through the valve witlly anvery small proportion being spilled
over into the venV — this sacrificed small proportion is the "guariiw protecting the
sample from an accidental contact with the mixfréuids inside the common vent space.
At the small Reynolds numbers, shown in the picutiee inertia of a jet formed in the nozzle
cannot compete successfully with the slowing-dowatioa of the viscous friction. It has to be
supplemented — or even substituted by the drivingsgure difference. In the example
presented in Fig. 28, the assisting pressurevsobly not sufficient. Most of the fluid (two
thirds) leaving the main nozzle prefers the easi@y out from the valve through the vent
and does not progress to the outpiand from there to the analyzer. The amount of diss |
is shown in the picture in terms of the relativépa mass flow rate
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— where OMS [kg/s] is the mass flow rate of the sample fed into thgoluterminalS

of the valve, while oMy [kg/s] is the mass flow rate of the sample actually reaglhe
output terminal¥.

Obviously, the insufficient driving pressure inetlegime shown in Fig. 28 must be
increased to get proper valve operation. This r&eda the second example, shown in Fig. 29.
There, onlyl3 % of the available sample fluid is lost by beingllegi over into the vent — in
spite of the fact that the Reynolds numRBerin this case is very small indeed.

For the proper adjustment of the driving pressiires very useful to have a complete

dependence of the relative output flov!Y on the acting pressure difference. Such
dependences were evaluated by the present autheou@se, as could be expected, with so
many variables in the problem, even for geometsicaimilar valves this is not a simple
function. It was, however, discovered, that a msichple dependence is found if instead of
the acting pressure one uses the dimensionlessmpterTe, as presented in Fig. 30 (or its

Numerical computation Flow visualisation

'h'afryr small |
flo mttt\put-

Re =128 M, =0.336
Te = 33

Fig. 28 Computed (at left) and visualised (at right) flow the ‘OPEN” state in the microvalve
operated at a typical low Reynolds number. Inespitthe open flowpaths frol® to Y (there is no
control flow in X), an unacceptably large proportiod6(4 %) of the sample fluid escapes into the
ventV.
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Numerical computation Flow visualisation

Re=3.50 p,= 0.87
Te = 154

HelpiofMiss ¥ LowandiDr iR, | SIHEE Satip
iE gratefllyaciopwibled, :

Fig. 29 The pressure driven flow through the same valvie &&g. 28. Despite the Reynolds
number here being much lower, the pressure eftebtgacterised by the large value of the
dimensionless paramet€e) can force mosig7%) of the sample fluid to pass through

alternative variants - Tes2004, also Tesaet al., 2005). An example of such simplified
dependence for the valves discussed above is peesiernthe left-hand part of Fig. 30. In this

case, what remains of the complex multi-paramgg¢@endence is just a dependence?’,l'Y
on two dimensionless parameters,T@and on Reynolds numb&e. Moreover, all these
all curves — some of them found experimentally,ecghby numerical computations —
approach the same common asymptotic straight Tihe.lower is Reynolds numb&e, the
better the behaviour is approaching the asymptabiel Yor the limit of sub-dynamic flows.
This is an important finding, of immense importarfoe low Reynolds numbepressure
driven microfluidics in general (Tesat al., 2005).

4. Summary

Despite the seemingly proliferated use of unusual aometimes downright exotic
operating principles in present-day microfluididbe use of the more or less classical
mechanism of pushing the fluid through the deviaeitees by an applied pressure difference
is not losing its importance. There are applicatich such as when handling a high-
temperature gas — where it is simply indispensaflee presented example has shown how
the pressure levels in the fluidic circuits is te adjusted to obtain the proper operating
conditions. In this presented application exampiggre there were unusually strict
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Adjusting proper driving pressure difference

No spillover value
Toe 1 Characterisation number 1€

Te= ZNHIE
OMs »
AP [Pa] ... pressure drop

C}Ms lkgls] ... mass flow rata
b [ml .. nozzle exit width

moomr 4o

N My=5665 10°Te

Te » [mifs] .. viscosity
{— h Iml .. height of cavities

| |
50 100 200

Parameter of more fundamental importance:
of the valve

Fig. 30 A useful parameter for characterization of the gues-driving effects (and design of the
corresponding pressure regulation circuits) wasdao be the dimensionless number.

requirements on securing protective "guard” flothe, task of adjusting the proper pressure
levels at various locations became rather difficult

It was found extremely useful to employ foolving the task the dimensionless
characterisation numbé@ie as defined in Fig. 30 ( or in its alternative aaitis - Tesa2004).
At very low Re "subdynamic regime (Tesa et al., 2005) Reynolds number ceases to be the
similarity parameter and no more provides the praparacterisation of operating conditions,
it is this parametefe that takes over the role of the decisive factor.
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