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DEVELOPMENT OF A MICROFLUIDIC UNIT
FOR SEQUENCING FLUID SAMPLES FOR
COMPOSITION ANALYSIS
V. TESAŘ*, J. R. TIPPETTS, Y. Y. LOW and R. W. K. ALLEN
Department of Chemical and Process Engineering, The University of Sheffield, Sheffield, UK

A

microfluidic sample-sequencing unit was developed as a part of a high-throughput
catalyst screening facility. It may find applications wherever a fluid is to be selected
for analysis from any one of several sources, such as microreactors operating in
parallel. The novel feature is that the key components are fluidic valves having no moving parts
and operating at very low sample flow Reynolds numbers, typically below 100. The inertial
effects utilized in conventional no-moving-part fluidics are nearly absent; instead, the flows are
pressure-driven. Switching between input channels is by high-Reynolds-number control flows,
the jet pumping effect of which simultaneously cleans the downstream cavities to prevent crosscontamination between the samples. In the configuration discussed here, the integrated circuit
containing an array of 16 valves is etched into an 84 mm diameter stainless steel foil. This is
clamped into a massive assembly containing 16 mini-reactors operated at up to 400 C and
4 MPa. This paper describes the design basis and experience with prototypes. Results of CFD
analysis, with scrutiny of some discrepancies when compared with flow visualization, is
included.
Keywords: fluidics; microfluidics; sampling; no-moving-part valves.

large number of tests simultaneously and under identical
temperature and other conditions. Of course, also the size of
the sampling unit then has to be correspondingly small.
In principle, the sampling unit could be assembled from
standard moving part valves (as shown schematically in
Figure 2). However, devices such as solenoid valves often
rely on components (elastomeric seals, electrical insulation),
that degrade and emit contaminants at elevated temperatures, which are often typical in these tests—not only to
increase the reaction rate, but also to prevent condensation
and to enable quenching. Thermal control would be difficult
with a complex electromechanical system. Also the size
would be incompatible with the dimensions of microreactors. As a solution, no-moving-part fluidic valves have been
suggested.
Fluidic flow diverter valves are well established (e.g.
Priestman and Tippetts, 1984; Tesař, 2004). In the absence
of moving parts, the inertia of a jet of fluid, accelerated in a
nozzle, can be used to direct it to an appropriate outlet. At a
large scale, the fluidic sampling unit may be based upon
switching the flow by an array of wall-attachment bistable
diverters. Operating in turbulent flow, the Coanda effect
causes the jet to cling to either of two attachment walls
leading to outlet channels. In the present case, however, the
Reynolds number, Re (essentially a ratio of inertial to
viscous effects in fluids), is too low for any realistic way

INTRODUCTION
Taking samples for composition analysis is an important
operation in many chemical engineering processes. Analysers tend to be expensive instruments and it is not unusual to
use an analyser to process samples from many sources. This
also brings the additional advantage of analysing the
samples by the same process and the same calibration
settings. A flow switching sampling unit (sometimes
called a sequencer or multiplexer) is needed, operating
according to Figure 1. Of course, samples analysed sequentially require slow variations of their composition compared
with the sampling frequency, but this is seldom a problem.
Of increasing importance are applications of this sequential sampling mode in monitoring reaction products from a
number of reactors operating in parallel—Figure 2. The task
may be maintaining product quality in a plant achieving the
required large production rate by numbering-up rather than
scaling-up or the reactors. Another category is the combinatorial chemistry. This is a field where the tendency is to
use small test reactors, perhaps even microreactors (e.g.
Ehrfeld, 2000). The small size makes it possible to operate a
*Correspondence to: Professor V. Tesař, Department of Chemical and
Process Engineering, The University of Sheffield, Mappin Street, Sheffield
SI 3JD, UK.
E-mail: v.tesar@sheffield.ac.uk
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Figure 1. The developed unit essentially performs a conversion of the
spatial separation between fluid samples on the input side into their
temporal separation at the output.

of generating a jet-like flow of the sample to use such
effects.
This paper describes an alternative approach using pressure driven flow in the no-moving-part fluidic valves. The
aim was to utilize recent advances of micro-fluidics to build
an integrated sampling unit with channels and interaction
cavities made by etching in a single component.

THE TASK
In the present case, the sampling unit was developed for
use in a high-throughput catalyst testing facility (Adams et
al., 2000). The task was to sample small gas flows from 16
small catalytic reactors. The reaction investigated was the
Fischer–Tropfsch hydrogenation of carbon monoxide to
ethanol, typically at 400 C and at 4 MPa (Wilkin et al.,
2002). The sampling unit consisted of 16 valves arranged in
a radial array around the central outlet to the analyser. The
number 16 was chosen after computer-aided design trials
confirmed this to be a suitable number to constitute a
generation size for use in genetic algorithm searching
techniques. The sampling unit was manufactured as a
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single stainless steel foil with the integral fluidic circuit
cavities etched into it in a single etching step. The circuit
was fed with the necessary supply and control flows by
apertures drilled normal in the top and bottom clamping
components, and similarly provided on the other side with
the vent apertures for dumping the samples not needed at a
particular instant of time. Even though for simplicity the
states of the valves are here described as ‘Open’ and
‘Closed’, they in fact operated by diverting, damping the
sample flow since its interruption in the ‘Closed’ valve
would adversely influence the essential requirement of
similarity of conditions in all reactors.
The main features of the specification were as follows:
 the sampled gas was mixture of hydrogen and carbon
monoxide;
 the whole flow from any reactor was the ‘sample’, unlike
other systems in which just a small fraction was sampled;
despite this, the flow rate available—dictated by the reactor
residence time—was very small, ca 320  109 m3 s1 per
reactor;
 cool nitrogen gas was used as the control medium, fed
through an individual line per each valve; hence for the
initial designs, no fluidic control logic was needed.
 the chosen method of manufacture was etching into a
stainless steel foil; the best reproducibility was obtained
when the etching was done from both sides all the way
through the foil, which was then clamped between thick
bottom and top cover plates to form the closed channels;
 the narrowest part of the channel, the nozzles, was in the
first prototype of 0.34 mm width; foils 0.25 mm thick
resulted in the rather small nozzle aspect ratio 0.735. Later,
in the second prototype, the nozzles were made wider,
of 0.4 mm width, and the aspect ratio was increased to 1.0
(i.e. the depth being the same as the width, the limit
possible with etching) by using 0.4 mm thick foils. This
change was required to improve manufacturing reproducibility as well as aerodynamic performance.

Figure 2. Analysis of reaction products from several mini-reactors sharing a single analyser. This schematic representation shows a mechanical sampling unit,
with the flowpaths closed by solenoid valves.
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Figure 3. With an array of fluidic valves, it is possible to generate small flows
guaranteeing high sample purity. The small reverse flows into the ‘closed’
valve remove all remains of previously tested samples from the inactive
channels in the junction circuit. The sacrificed ‘guard’ flow in the ‘open’
valve eliminates possible contamination by fluid from the common vent.

As a consequence, several severe constraints were
imposed on the fluidic valves. The effective Reynolds
number in the 0.25 mm deep  0.34 mm wide channel,
with typical flow velocity 3.8 m s1 and sample gas kinematic viscosity of 40  106 m2 s1, was only Re ¼ 32. If
this flow were emitted as a jet, it would have practically no
useful inertia as the flow field would be totally dominated by
viscous forces.
An unusual feature of the specified task was the strict
requirements of sample purity and elimination of any crosscontamination between them. In particular, it was required
to eliminate the presence of other samples in the ‘dead’
cavities between the ‘closed’ state valves and the junctions
downstream from them (Figure 3). Even though the sample
fluids there were immobile, there was a danger of their
possible spread into the tested sample by diffusion or
induced motions. This was eliminated by ‘purging’ or
‘cleaning reverse flows’ generated in the valves in their
‘closed’ state.
Another potential area of contamination was the ‘open’
state valve. In contrast to a closed mechanical valve, in which
the fluids are separated by solid components, no such
absolute separation exists in the no-moving-part fluidic
valves. The control fluid was neutral, but even its presence
in the sample was unwelcome, placing increased demands on
analyser sensitivity. A worse danger was possible uncontrolled mixing with the fluid in the common vent, into which
was dumped all the diverted samples in the ‘closed’ state
valves. Although a return of the uncontrolled sample mixture
from the vent into the valve was not very likely, it was
required to remove even this danger by sacrificing a certain
percentage of the sample and forcing it to flow into the vent.
A ‘guard flow’ equal to 6% of the supplied total was
specified as the amount sufficient to oppose any conceivable
contaminating backflow from the vent.

Figure 4. Schematic representation of the microfluidic valve. The flow to
the analyser is driven in the ‘open’ state by the applied constant pressure
difference DPYV. Its proper magnitude is regulated by turning down the
‘guard’ flow spilled over into the easier way out through the vent V. The jet
pumping part is not active.

magnitude smaller than those typical for conventional nomoving-part fluidics. Devices such as vortex valves and
Coanda effect diverters cannot be contemplated since they
require Re values above 800 for even meagre performance.
Vortex valves would not be suitable anyway, since their flow
throttling action would interfere with the operation of the
reactors.
In present-day microfluidic devices, the lack of the
inertial effects is often circumvented by applying the electro-osmotic flow driving effect. This is, unfortunately, out of
question in the present case of the gas as the working fluid.
The chosen operating principle was to drive the flow by a
constant applied pressure difference, maintained by an
external regulator. As presented in the schematic representation (Figure 4) and the practical realization of the valve (in
its initially proposed form, later changed) shown in Figure 5
(Allen et al., 2000), there are two exits from the valve: a
much easier way through the large vent V and the more
difficult path through the output terminal Y and the
connected analyser. Most fluid would tend to leave through

PRESSURE DRIVEN LOW Re MICROFLUIDICS
The combination of sub-millimetre size and low flow
rates is characteristic for microfluidics (Stone and Kim,
2001; Tesař, 2001). The operating Re range in the ‘open’
state is in the present case some two decimal orders of

Figure 5. Initial version of the microfluidic valve corresponding to the
schematic representation in Figure 4. Planar layout, the constant-depth
cavities are made by etching in stainless steel. The integral jet pump was
quite rudimentary (no diffuser).
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the vent, but this is prevented in the ‘open’ state valves by
increased pressure in V relative to the downstream terminal
of the analyser. Since the pressure drop across the analyser is
constant (the analyser flow rate and its hydrodynamic
properties do not vary) and the vent pressure increase is
larger than this analyser pressure drop, there is a pressure
difference DPYV between Y and V oriented so as to help the
sample to flow towards the Y terminal. Only a small ‘guard
flow’ is left to spill over into V. The lower the Reynolds
number is, the higher the assisting pressure difference must
be. At very low Re, the flow into the analyser is simply
pressure-driven rather than just pressure-assisted. This is
actually a very effective method which makes possible to
force into the output Y irrespective of Re a much higher
proportion of supplied flow than is achieved by the jet
inertia in the classical fluidics.
The problem is, however, the mechanism of the output
flow control required to vary (or to stop completely in the
present case of two-positional ‘open’–‘closed’ control) the
output flow rate. The control action operates by preventing
some (or all) sample fluid from entering the output channel
in the valve in spite of the influence of the permanently
acting pressure difference DPYV. This is not easy and the
power required for the control action is relatively high.
Fortunately, in the present application (and, indeed, in
microfluidic flow control in general) the ‘gain’ of the
conventional fluidic amplifier context is unimportant. The
control flow Reynolds number may be chosen much higher
than that of the controlled sample flow, resulting in the
‘fractional gain’, less and even much less than 1.0. The high
Re control flow is needed to provide the dynamic flow forces
capable of carrying the sample fluid away from the output
channel entrance.
In the present case, an integral part of the valve is a jet
pump (Figure 6) with the output channel connected to its
suction port. The control flow thus generates a suction effect
which can not only reduce the output flow to zero by
overcoming the driving pressure, but can continue beyond,
so far that the output flow becomes negative. This results in
the required ‘purging reverse flow’.
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Figure 6. The microfluidic valve shown schematically in the ‘closed’ state.
The driving pressure effect pushing the sample fluid into the output Y is
overcome by the jet-pumping action of the powerful control jet.

This is near the maximum we can afford in view of the
limitations of analyser sensitivity.
As seen in Figure 8 comparing the conditions in the
‘open’ and ‘closed’ state valves mutually connected to form
the sampling unit, the magnitude of the pressure loss in the
‘open’ state equals the pressure difference generated by the
jet pumping in the ‘closed’ state. This influenced the basic
argument in the first prototype design. If the flow through
the valve in the ‘open’ state is made easier, producing less
pressure drop due to hydraulic losses, then the effectiveness
of the jet pumping (required to generate no more than the
3% mentioned above) also need not be high. A design with
rudimentary integral jet pump element, as shown in Figure 7
was expected to suffice, since the jet pumping has then to
overcome less opposing pressure difference.
A design based upon these ideas, with simplified jet
pump—as opposed to the fully fledged jet pump design

FIRST PROTOTYPE
The initial ideas were influenced by consideration of the
hydraulic loss in the ‘open’ flow state. If the sample flow has
to leave through the jet pump element (cf. Figure 4), then its
complicated path gives rise to loss that is excessive in
comparison with the standards of large scale fluidics. An
effective jet pump incorporated into the valve, as shown e.g.
in Figure 10, presents a really complex ‘open’ flow path.
Since effectiveness of small diffusers is generally poor, to
say the least, a simplified diffuser-less version according
Figure 5 was therefore considered.
At the same time, it is obvious that the reverse flows
generated by jet pumping in the ‘closed’ state will be very
small. This represents a loss of sample fluid which is taken
upstream from the junctions (cf Figure 3). With just a single
‘open’ valve the number of ‘closed’ state valves is large. In
the present case of a 16-channel sampling unit, a purge flow
in one valve amounting to a mere 3% of the passing sample
flow represents in total sacrificing 15  3 ¼ 45%; together
with the additional loss due to the 6% ‘guard’ flow this
means a loss of more than 50% of the available reactor flow.

Figure 7. The first tested prototype version of the valve. To keep the driving
pressure difference DPYV small, this version was designed with as straight
as possible flow path from the reactor (located upstream from S) to the
analyser (connected to V). This made the jet pump part even more
rudimentary—and less effective.

Trans IChemE, Part A, Chemical Engineering Research and Design, 2004, 82(A6): 708–718
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Figure 8. Schematic circuit diagram of the simplest version of the sampling
unit—with only two valves, one in the ‘open’, the other, in the ‘closed’state.
The constant driving pressure difference DPYV is applied between the two
exit terminals.

shown in Figure 10—was developed up to the stage of a
practically tested prototype sampling unit, Figure 11. To
give an idea (on a simplified two-channel case) how the
driving pressure in the ‘open’ is actually obtained, Figure 9
shows it to be mainly the result of throttling the common
vent flow which contains the large control flows of the
‘closed’ valves. This basic idea proved reasonable. There
were some problems with reproducibility—the valves were

not identical and the system had to be later complicated by
individually adjustable resistors. Some results obtained with
these valves were published by Tesař (2001, 2002a, b). The
sampling unit could work well, but unfortunately only in the
‘pressure assisted’ regime of Reynolds numbers higher than
about 100. This corresponds to a flow rate higher than was
actually available from the catalyst testing reactors.
Apparently, the quest for low hydraulic losses in the
‘open’ state is valid only in flows with at least some dynamic
effects. In the ‘subdynamic’ (Tesař, 2003), pressure-driven
regime, entered if the Reynolds number was decreased to
the required level around Re ¼ 30, the shape of the cavities
becomes nearly immaterial. The pressure drop is mainly
generated by the friction and a substantial proportion of it
on the ‘floor’ and ‘ceiling’ cover plates. This friction component was high in the low aspect ratio (0.25=0.34 ¼ 0.735,
cf. Figure 11) channels. The driving pressure required
became very high and this was impossible to overcome
with reasonable control flow rates in the vestigial jet pumping elements. Later evaluations indicated that the control
flow rate needed to generate the jet pumping effect would
have to be at least 40 times the sample mass flow rate
supplied into the valve (in standard fluidics terms this is
represents a flow ‘gain’ of only 0.025). With the low viscosity of the cold nitrogen control gas and the 0.27 mm-wide
control nozzle (to get higher control jet velocity, around
55 m s1), the Reynolds number of the control jet was only

Figure 9. Schematic representation of the flows and pressure differences in the simplest two-valve sampling unit from Figure 8 is indicative of the complexity
of the task to adjust and keep them all in proper proportion.
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Figure 10. Alternative design of the microfluidic valve with enhanced jet
pumping effect. Note (in comparison with Figures 5 and 7) the presence of
the full jet pump with mixing tube and a long diffuser.

around Re ¼ 1000, just high enough to get some vortex
entrainment effect but no real turbulent jet pumping—and
yet the attempts to force flow rates of this magnitude
resulted in extremely high pressure levels, causing recurrent
problems with leaks.

SECOND PROTOTYPE
The disappointment with the first prototype indicated
the invalidity of the argument about the advantages of the
simplified jet pump shape (Figure 7). Improvement of the
reverse flow generating efficiency made possible by incorporating a full jet pump element with a mixing channel and
a diffuser, in line with the idea shown in Figure 9, was
clearly a necessity, despite the resulting increase in the
required driving pressure difference DPYV to be overcome
in the ‘closed’ state.

Figure 11. Photograph of the first prototype sampling unit containing 16
valves (and also spiral-shaped upstream restrictors). The unit was made by
through (two-sided) etching in 0.25 mm thin stainless steel foil. The valves
are not extremely small, the main nozzle width being 0.34 mm, but due to
the working fluid being high viscosity hot gas at small flow rate, they were
operated at very low Re around 32, typical for microfluidics.

713

Figure 12. The version of the microfluidic valve used in the second
sampling unit prototype. The size was increased and a full jet pump
incorporated, with a long diffuser having its axis bent to match the original
vent outlet location.

Efficiency was also improved by increasing the valve size.
The minimum width of the nozzles was enlarged to 0.4 mm.
Also the plate thickness was increased to 0.4 mm. The larger
channel cross sections and the higher aspect ratio 1.0
eliminated too large a pressure drop rise. Since the new
valve plate was to be used with the original neighbouring
components, the locations of the terminals were retained.
The larger jet pumps, however, did not fit between the
existing terminals and this necessitated the somewhat unusual
shape with the ‘bent’ axis, as shown in Figure 12. Diffusers of
‘bent’ shape are less effective, but here the ‘bend’ is located
very much downstream where the velocities are already low.
The larger size of the valves is visible from the photograph of
the complete sampling unit, Figure 14, when compared with
the original Figure 11. Also the original oval vent holes in the
bottom plate were increased by drilling. Their shape became
round and this resulted in the changed, rounded shapes of
the vent terminals in the sampling unit foil (Figure 11).
Fortunately, also the available flow rate from the reactors
could be increased somewhat in the second prototype test
facility.

Figure 13. Essential dimensions of the second prototype valve. The larger
size has led to a larger operational supply flow Reynolds number, Re ¼ 79.2.
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Figure 15. Computed pathlines in the second prototype valve in its ‘open’
state. The sample fluid from the reactor (inlet S) passes unhindered into the
analyser output Y, with only the small ‘guard’ flow spilled over into the vent V.

Figure 14. Photograph of the second prototype sampling unit—again with
16 valves in a radial array—made by etching, this time in a thicker, 0.4 mm
stainless steel foil.

driving pressure difference DPYV as shown in Figure 16.
The quantity plotted on the vertical co-ordinate is the ratio:
mY 0 ¼

Despite none of these changes being a substantial one, the
result was remarkable. The increased size helped to deal
with the manufacturing reproducibility problem. The supply
flow Reynolds number rose to Re ¼ 79.2. Also the control
flow required for switching is much smaller. The overall
sampling unit performance became satisfactory.
Tests were made not only with the full-scale integrated
circuit, but the valve behaviour was also investigated using
five-times scaled-up transparent laboratory models, which
made possible flow visualization—the Stokes number similarity resulting in favourably longer time scales suitable for
convenient observation and video recording of the switching, too fast in the full scale. Also helpful were CFD
flowfield computations. Fluent 5 with various alternative
turbulence models (which, however, did not lead to noticeably different predictions) was used, mostly with rng handling of low Re turbulence. The computation domain was
discretized by an unstructured tetrahedral grid with typically
more than 105 elements, adapted by refining the grid in the
regions of high velocity gradient.
In view of the value Re ¼ 79.2 above, the need of
turbulence modeling may sound surprising, but this was
necessary for handling properly the powerful control flows
which can attain temporarily much higher Re values and
indeed reach a turbulent regime (quite welcome, in fact, as
the turbulence improves the jet pumping effect).

_Y
M
_S
M

(1)

_ Y (kg s1) to the
of the output flow into the analyser: M
1
_
sample flow rate MS (kg s ) from the reactor. The required
6% ‘guard’ flow corresponds to mY0 ¼ 0.94. The quantity
plotted on the horizontal axis is the driving pressure difference DPYV non-dimensionalized to the pressure parameter,
Te given by
Te ¼

DPYV 2hb2
_ Sn
M

(2)

where h (m) is the depth of cavities, b (m) is the nozzle exit
width, and n (m2 s1) is the fluid kinematic viscosity. Following the unknown author of the first published discussion of
this useful parameter (Anonymous, 2000), this dimensionless quantity may be called the ‘Tesař number’. It is extremely
useful in other contexts as well (e.g. Tesař, 2004). For the

THE ‘OPEN’ STATE
Typical computed flow paths in the ‘open’ valve as shown
in Figure 15 agree very well with laboratory model flow
visualizations. The basic problem of this state is adjusting
the driving pressure difference DPYV so as to obtain a
suitable ‘guard’ flow spillover into the vent. This adjustment
is helped by finding the dependence between the relative
output flow in the ‘open’ no-control-flow state and the

Figure 16. Diagram used to adjust the driving pressure: the relative output
flow rate mY0 (into the analyser) in the ‘open’ state (zero control flow)
dependence on the applied driving pressure drop, plotted by means of a
dimensionless pressure parameter Te.
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relative flow magnitudes, of interest in the adjustments, with
a mY0 value near to unity, the dependence found by numerical
computations in reasonable 4% agreement with experimental data may be well represented for the discussed valve
at Re ¼ 79.2 by the straight line
mY 0 ¼ 0:00133 Te þ 0:0622

(3)

It is possible to obtain zero spillover, mY0 ¼ 1.0 with
Te ¼ 705 and the desirable mY0 ¼ 0.94 with Te ¼ 660, with
the driving pressure difference
DPYV ¼ 45:6 Pa

(4)

(the negative sign of the result is due to the custom in
fluidics of vent pressure being taken as the reference).
Another useful view of the problem may be gained form
Figure 17. In that case, the computations for the ‘open’ state
valve were performed at constant (rather small) values of the
pressure parameter Te. It was the supply flow Reynolds
number that was varied. The response of the relative output
flow mY0 is clearly different at large Re where the small
applied pressure difference DPYV ceases to be important and
all three computed examples tend to follow the common
asymptotic line, and at small Re on the sample flow rate
where mY0 tends to become constant and Re-independent. In
the former dynamic regime, the valve may be operated
without the driving pressure (although the discussed shape
Figure 13 is not suitable for this operation mode, in principle
a sufficiently high mY0 may be obtained using the kinetic
energy of the jet leaving the supply channel). More interesting in the present context is the latter, ‘subdynamic’ flow
regime (Tesař 2000, 2003) with self-similar flow patterns,
practically uninfluenced by fluid inertia and dependent
solely on the pressure driving effect. The existence of a
clearly different regime at very low Reynolds numbers has
sometimes been questioned—Figure 17, however, demonstrates a well-defined distinct critical transition Reynolds
number, Recrit (a suitable definiton of which may be the

Figure 17. Reynolds number dependence of the zero control action relative
output flow at three different magnitudes of the ‘Tesař number’ pressure
parameter. Note the pronounced transition into the subdynamic regime as
Re decreases.
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minimum mY0 value attained with a given constant pressure
parameter value).
Verification experiments were conducted using a scaledup model in acrylic plastic. The five-times-scaled valve was
tested with fluids (air and water) different from those of the
actual sampled gas. This provided an opportunity for testing
the universality of the dimensionless representation using
the variables of equations (1) and (2) of Figure 16. The
results were satisfactory. With cold air, the value of the
driving pressure for the model was
DPYV ¼ 2:11 Pa

(5)

evaluated from the conditions of equal Te in equation (3)
and equal Re. The experimental spillover magnitude did not
differ substantially from that given by equation (3).
THE ‘CLOSED’ STATE AND TRANSFER
CHARACTERISTIC
Computations were found to be in very good agreement
with experimental data (obtained both with the actual valve
and with its scaled-up model) not only in the ‘open’ state but
also in the ‘closed’ state. The computed pathlines for the
latter are shown in Figure 18. Thanks to the more efficient
jet pump part, the cleaning reverse flow in the output
terminal was found easily to match the target mY ¼ 0.03.
As shown in Figure 19, to obtain this state requires relative
control flow rate
mx ¼

_X
M
_S
M

(6)

[defined in analogy to equation (1)] equal to mx ¼ 9.2, i.e.
only a control flow roughly nine-times the sample flow rate
as opposed to the estimated (but practically unattainable)
relative control flow rate mx ¼ 40 of the first prototype
design. Detailed measurements of all 16 component valves
revealed differences of 4% of the full range caused by
manufacturing tolerances of the etching or misalignments in
the assembly process. This magnitude of the deviations did

Figure 18. Computed pathlines the ‘closed’ state (cf. Figure 4). The
powerful control flow (white lines) pushes the sample fluid from S (black
lines at right) into the vent V. At the same time it generates the jet-pumping
suction effect in the analyser terminal Y, creating there the desired cleaning
return flow (black lines on the left).
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not lead to essential problems, but they required a choice of
slightly different operational ‘closed’ state with larger
nominal return cleaning flows.
With the satisfactory agreements between experiments
and numerical flowfield solutions both in the ‘open’ and the
‘closed’ states, it came as a real surprise that the transfer
characteristic of computed and experimental steady state
points between these two extreme states showed a considerable disagreement. This is shown in Figure 19, which is a
plot of the flow transfer characteristic. The individual states
shown there are obtained by admitting gradually increased
control flow rates into the control terminal X while the
driving pressure difference is re-adjusted at each state to its
constant value. The discrepancy has almost no practical
consequences, because the real transition between the two
end states during the switching is very fast and the unsteady
process is certainly different from the succession of steady
states. Nevertheless it created a considerable distrust in the
computational results—the more difficult to explain since
the characteristics evidently consists of two segments and in
the first one, called ‘phase A’, the agreement remains
equally good as in the fully ‘open’ state. The disagreement
is found only in the next ‘phase B’.
The physical difference between the two phases is as
follows:
 In phase A, as shown schematically in Figure 20 and by
flow visualization in Figure 21, the dynamic action of the
control flow is so weak that it allows sample fluid (black
in the pictures) to flow to the output terminal Y. The
relative output flow mY increases in response to growing
input flow as the control fluid is simply added to the flow
coming from S. This increase follows the straight line
predicted on the basis of absence of dynamic effects in
the ‘subdynamic’ regime. Visualization (in the scaled up
model, Figure 21) shows the flowfield remaining a
smooth, low-Re laminar flow without vortices.
 In subsequent phase B, as shown by the computed steadystate pathlines in the crucial central part of the jet pump
element, Figure 22, dynamic effects become important.

Figure 19. Flow transfer characteristic: dependence of the relative output
mass flow rate mY on the relative control mass flow rate mX. The switching
from ‘open’ to ‘closed’ state progresses through two distinct phases, A and B.

Figure 20. Schematic representation of the sample flow (black line) and the
control flow (white) in phase A, when the control effect is weak and does
not suffice to prevent the sample from reaching the output Y.

The momentum of control flow displaces the sample fluid
(black) away from the jet pump. Nevertheless, the driving
pressure difference DPYV is still strong enough to move
some fluid into the output Y. Now, however, it is the
control fluid (white) which flows there. In Figure 22 it is
seen to be helped in getting to the output channel by the
rotational motion of the strong stationary vortex, which is
also a dynamic phenomenon. Note that the vortex is held
at the left wall L of the output channel entrance. This may
resemble the similar dominant vortex computed for the
‘closed’ state, Figure 18. In that case, however, the vortex
is attached to the right wall R. Obviously, in the course of
the transition process towards the ‘closed’ state the vortex
has to move form one wall to the other—which means its

Figure 21. Scaled-up laboratory model visualization of the flows in the
subdynamic phase A. The sample fluid is modelled by dark dyed water, the
control flow by transparent water.
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Figure 24. Visualization of the same phase B flow after some elapsed time:
the vortex was shed away and with it disappeared the effect helping the
control flow into the output channel.

Figure 22. Computed flowfield in the phase B is dominated by the large
standing vortex attached to the left wall of the output channel entrance. It
the control fluid in its getting into the output channel.

location inside the inlet of the output channel cannot be
very secure.
In contrast to the computations, flow visualization has
shown the vortex to be present only for a limited duration
(fortunately, Stokes number similarity slows the speed in
scaled-up models, especially with lower viscosity fluids so
that there is enough time for the vortex to be observed,
Figure 23). Later, the vortex is shed, carried away with the
flow (Figure 24). In its absence, the control fluid is no more
helped into the output channel. This explains the observed
lower than computed output flow rate. What seemed to be a
spectacular failure of the numerical predictions was found to

be due to the steady-state simulation misrepresenting the
time-dependent vortex shedding.

CONCLUSIONS
A sampling unit has been developed, producing at its
output a sequence of samples for delivery to a destination
such as a composition analyser, with an array of microfluidic
valves as its key components. Because of very low Re, due
to handling hot gas in small available flow rates, these nomoving-part valves rely on pressure driving the sample in
one, ‘open’ valve. In the remaining valves of the array this is
neutralized by the powerful, high Re control flow of inert
gas and by its entrainment effect generated in an integral
valve part shaped as a jet pump. The task was complicated
by the requirements to generate additional purging and
protective flows to eliminate cross-contamination between
the samples.
In this context ‘high performance’ has an unusual aspect.
In fluidic amplifier terms the valves have flow and pressure
‘gains’ that are very poor, much less than unity. Yet the unit
meets demands—the small size, low cost achieved by being
made in a single by manufacturing step, resistance to high
temperature, small handled flow rates, and the requirement
of extreme sample purity—which would be too severe for
conventional devices.
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Adams, C., Tesař, V., Allen, R.W.K., Tippetts, J.R. and Low, Y.Y., 2000,
High throughput catalyst testing: a novel multichannel microreactor with
microfluidic flow control system, in 8th NICE (Network for Industrial
Catalysis in Europe) Workshop on Fast Analytical Screening of Catalyst
and Fast Catalyst Testing, Espoo, Finland, September 2000.
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Tesař, V., 2001, Microfluidic valves flow control at low Reynolds numbers,
J Visual, 4(1): 51–60.
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