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a b s t r a c t

A no-moving-part microfluidic oscillator was developed for mixing two reactants prior to their admission
into a microreactor. Instead of the spatial periodicity produced by static mixers, it achieves essentially the
same resultant effect by temporal periodicity. In one half of the oscillation period the oscillator directs
into its output one reactant, followed by the other reactant during the other half-period. Since the periods
eywords:
luidics
ixer
icromixer
scillator

are short, the flow in the output channel consists, like in the static mixers, of interleaved layers of the two
fluids – here, however, oriented perpendicularly relative to the flow direction. The oscillation depends
on dynamic effects so that there is a lower limit of Reynolds numbers at which the device can operate.
In experiments this limit was at Re ∼30, which makes the device well suited for use with present-day
microreactors, especially if the mixer is used to supply several reactors in parallel. Data from experiments
with two different models agree with very simple kinematic theory for oscillation frequency and for the

rs in
size of the generated laye

. Introduction

Our world is quite likely to be significantly changed, in a number
f ways, by the recent advent of microfluidic devices manufactured
y methods originally developed for semiconductor electronics [1]
often actually with electronic and fluidic circuitry made together
n the same chip. A particularly promising development is that of
hemical microreactors [2,3]. A part of the problem of microchem-
stry is efficient mixing of reactants in the absence of turbulence.
lthough microdevices with moving components were successfully
eveloped for the purpose, classical mechanical stirring – due to

ragility of tiny stirrers and their difficult manufacturing – is not a
ood idea at the typically sub-millimetre size. Better suited for han-
ling fluids are no-moving-part fluidic devices, based upon clever
se of aerodynamic phenomena in fixed-geometry cavities. These
pure fluidic” devices are more robust, reliable, and easier to make.
or the mixing, they usually follow the idea of the “static mixers”
4–7] known from the large-scale layouts. Basically, at their output
hey generate interleaved volumes of the two mixed fluids (or more
f the reaction is more complex than binary). The subsequent final
limination of concentration gradients is left to diffusion. Unfortu-

ately, at the low Reynolds numbers typical for microdevices the
iffusion is not efficient. The interleaved volumes have therefore
o be as thin as possible, with size (thickness) comparable to lami-
ar diffusion length. The “static” micromixers are therefore usually

∗ Tel.: +420 2 6605 2270.
E-mail address: tesar@it.cas.cz.

385-8947/$ – see front matter © 2009 Elsevier B.V. All rights reserved.
oi:10.1016/j.cej.2009.07.060
the output.
© 2009 Elsevier B.V. All rights reserved.

complex spatial structures with small passages through which the
fluids are forced to move. In general, such structures are rather
delicate and not easy to manufacture.

An interesting alternative, easier and less expensive to make, is
to produce the desirable spatial periodicity in a temporal way, by a
periodic flow process. The underlying idea is that of no-moving-
part fluidic oscillators [1,8,9,21,22]. These exist in two variants.
Some, usually configurationally simpler ones (though the theory of
their operation is often more complex), are based on hydrodynamic
instability. Others use the principle of a fluidic amplifier provided
with a feedback loop [1,21]. The instabilities are typically found at
Reynolds numbers of the order from Re ∼101 to 102. The versions
with feedback loop operate typically at higher Re ∼103 or more,
though with some care (usually calling for empirical development
to suppressing sensitivity to various side effects, [26]) they may be
developed to operate also at lower values Re ∼101 or 102. At Re
values below this limit, oscillation may be irregular and even dis-
appear as the available energy is consumed by viscous damping.
Though general trend in microfluidics is towards operation at pro-
gressively lower Re values, contemporary devices are rarely if at all
operated below the order Re ∼102. This is going to be the standard
– at least in pressure-driven microfluidics [1] – also in the foresee-
able future. Oscillators operating at these Reynolds number levels
are therefore a quite natural choice. Moreover, the mixers consid-
ered here, for pre-mixing the reactants before their entering the

reactor, are often operated at higher Re levels due to their handling
larger flow rates because they are often used to supply a group of
microreactors operating in parallel. This is typical for the parallel
tests performed in combinatorial chemistry [23] and also due to the
basic principle of “numbering-up” rather than scaling-up applied to

http://www.sciencedirect.com/science/journal/13858947
http://www.elsevier.com/locate/cej
mailto:tesar@it.cas.cz
dx.doi.org/10.1016/j.cej.2009.07.060
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deflected to the opposite sides. Their segments formed in the previ-
ous half-period are shifted away, into the exit channels, where they
formed the newly formed lamellae. Of course, the actual motions
are not such simple sideways shifts. Due to the jet flow motions
ig. 1. The discussed microfluidic mixer. Two opposing nozzles, supplied by the two
eagents A and B, generate colliding jets which, because of the instability, vibrate
ransversally. Absence of moving parts and the simple planar geometry, with work-
ng cavities of the same depth everywhere, make it suitable for micromanufacturing.

btain a larger output flow rate of reaction products. The longer dis-
ribution channels needed for the transport from the single mixer
o many microreactors are actually welcome as they provide the
pportunity for the laminar (Fickian) gradient diffusion to perform

ts job of removal of remaining concentration gradients.
Apart from the mixing, there are other possible useful applica-

ions in which two fluids are in mutual contact: an example may
e liquid phase extraction with transfer between two immiscible

iquids. Other feasibility tests were made, also in an application
imed at putting together small volumes of immiscible liquids, to
enerate oil droplets in water to make emulsions in food producing
pplications (salad dressings, ice-creams) [15].

The oscillator device under consideration in the present paper
as based on the instability phenomenon found in colliding oppos-

ng liquid jets by this author, together with Dr. Tippetts and Dr.
ow in 1999 [10] at the University of Sheffield. This was then actu-
lly an unwanted regime appearing in a low-Reynolds-number
urn-down microvalve [11], which was intended to control steady,
on-oscillatory flows. The effect was rather surprising. At first,
o feedback mechanism leading to the sustained oscillation was
bvious. The effect was believed to be a discovery, deserving an
pplication for a Patent [12] and a communication at a Sympo-
ium [13]. Only much later its was learned that the self-oscillation
henomenon in colliding jets was already discussed in literature
y Denshchikov et al. [16] in 1983 and mentioned even earlier by
omoto et al. [17], in 1972. Although remaining relatively unknown,
t least in the context of microfluidic mixing, the effect was since
hen studied by Johnson and Wood [18] and Gregory et al. [19] in
005.

. Colliding jets oscillator

.1. Configuration

The device discussed in the present paper was configured as
hown in Fig. 1. It belongs into the category of fluidic oscillators not
ossessing an apparent, immediately recognisable feedback loop,
ith the oscillation mechanism based on hydrodynamic instabil-
ty. The device is extremely simple, containing no-moving-parts.
he design is planar, essentially a cavity of constant depth every-
here, closed on top by a flat cover plate – not shown in Fig. 1.

he shape, possessing two mutually perpendicular symmetry axes,
orms two nozzles opposing one another. The nozzles – each
Fig. 2. Schematic representation of the interleaved layers produced by a microfluidic
mixer. The illustration attempts to show the blurring and gradual disappearance of
the layers due to diffusion.

connected to the supply of one of the two reactants – generate col-
liding fluid jets. In a certain Re range the jets enter a self-excited
transversal periodic oscillation regime. The symmetric shape with
two output channels means a single mixer supplies two micro-
reactors.

The mixer generates in the exit channels essentially the same
result as produced by the “passive static mixers” – the devices trac-
ing their origin to an invention patented in 1965 [24] and applied
at the microscale as described e.g. in Ref. [4] or [7], or produced
by other, less known types such as, e.g. the vortex mixer [12]. In
these devices the output flow in the exit channel(s) consists of
interleaved layers or lamellae of the two fluids. Contrary to most
static mixer principles, where the generated neighbouring small
volumes are elongated in the direction of the flow, in the present
case the layers are oriented perpendicularly, Fig. 2, to the channel
axis.

Existing literature mentions large-scale colliding jets used in
mixing application [20], but in that case, due to the stochastic char-
acter of turbulence, the jets did not exhibit the coherent oscillation
which is used in the present case.

The mechanism of lamellae formation in the oscillator from
Fig. 1, with the transversal oscillation of the two jets, is shown
schematically in Fig. 3. While one of the jets, in Fig. 1 the one from
the supply terminal A, is deflected to the left-hand side, the other
jet, supplied from B, is directed to the right-hand side. The oscil-
lation half-period lasts long enough for both length segments of
the two jets reaching up to the opposite side of the interaction cav-
ity. During the subsequent half-period the jets are switched and
Fig. 3. Drastically simplified schematic representation of the formation, by alternat-
ing sideways deflection of the jet segments leaving the nozzles, of the interleaved
layers – or lamellae – of the two reagents A and B.
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Fig. 4. Photograph of steady asymmetric non-oscillating flow at very low Re = 18 in
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quency much lower and therefore easier to record. At the typical
water temperatures during the model visualisation experiments,
the water viscosity was in the vicinity of

�m = 1.25 × 10−6 m2/s (6)
he bistable asymmetric bifurcation regime in the colliding-jets valve [11]. Origi-
al colour picture was processed by posterization – drastic reduction of the colour
alette to mere two hues – which was rather easy in the regime with very slow

aminar diffusion of the dyed fluid.

he lamellae are deformed. Even more pronounced deformations
re due to the inevitable vortical character of the motions. Nev-
rtheless, the idealised picture shown in Fig. 3 is a useful starting
oint for further considerations – in particular, the widths ı of the

amellae in parallel-walls channel are seen in Fig. 3 to be essen-
ially comparable to the jet widths. In the investigated design, as
hown in Fig. 1 however, the exit channel walls are divergent so
hat the channel width – and, consequently, length of the lamellae
increases in the flow direction. The elongation makes the lamellae

hinner.
In some microfluidic static mixers, the lamellae in the output

ow are lead for repeated processing into another mixer stage
usually applying of the same layer-generating principle at a

maller scale. This leads to fragmentation of the lamellae into
maller yet volumes. This may be done also here (as specifically
entioned in the original Patent Application [12]) but generally

s not found necessary in the present case: the generated lay-
rs oriented perpendicularly to the flow direction are elongated
and thus become thinner) due to their deformation into the “half-

oon” shapes, gradually growing in their lengths, due to the typical
elocity profile shapes of the laminar flow. This is accentuated
y the typical length of the channel leading from the micromixer
o the microreactor - the length that has to be of considerable
nyway to provide the opportunity for the rather slow Fickian
ixing.

.2. Laboratory models

The oscillatory unsteadiness of colliding flows was encountered
n flow visualisation studies of scaled-up models of microfluidic
urn-down valves, developed for control of flow rate of reaction
roducts from a chemical microreactor. At the very low Reynolds
umbers, at which this valve was to operate, fluidic vortex-type
alves otherwise used for no-moving-part flow turning-down [1]
ease to be useful. The developed valves therefore tested another
rinciple – “plugging” the exit [25] by an opposing jet of control
uid, Fig. 4. The geometry of this valve was the starting point in the
esign of the oscillator mixer, which differs mainly in the symmetry
in the valve the width of the control nozzle, at the top in Fig. 4, was
symmetrically smaller).

Developing the oscillator was guided by the opportunity to apply
t for mixing hydrogen and carbon monoxide in a microfluidic sam-

ling unit for testing catalysts for Fischer-Tropsch synthesis [14].
he development – like in the microvalve case – was guided by
ata and experience gained in visualisations of water flow in scaled
p laboratory models. Data acquisition was mainly by video record-

ng the flowfield, made observable by addition of dye to the water
urnal 155 (2009) 789–799 791

supplied to one inlet while the water in the opposite inlet was
clear. Velocities were measured by tracing, in the video frames,
progression of a particle carried with the fluid. There are several
good reasons for development work at the enlarged scale and one –
in spite of the intended application to mix the two gases - working
with water. Besides the scaling-up making the model easier to make
by standard manufacturing methods (avoiding the complications
associated with the microscale) and the accessibility for chang-
ing the geometry if required, this approach brings the advantage
of significantly slower modelled time.

While the condition for similarity of steady flows is generally
known to be the equality of Reynolds number Re

Re = bw

�
(1)

where b (m), Fig. 5, is the width of the nozzles, w [m/s] is the mean
velocity in the nozzle exit, and � (m2/s) is kinematic viscosity of the
fluid – similarity of periodic processes (not influenced by moving
mechanical components) requires identical value of Stokes number

Sk = Re Sh = f b2

�
(2)

a product of Re and Strouhal number

Sh = f b

w
(3)

where f (Hz) is the frequency of oscillation.
If the length scaling factor is �

� = b

bm
(4)

where bm is the model nozzle width, then the time scaling factor,
due to Eq. (2), is

� = f

fm
= �2 �

�m
(5)

where fm is the frequency in the model experiment. Obviously, the
Stokes number scaling leads to operating the water model at a fre-
Fig. 5. Geometry of the first laboratory model M1 – scaled up to nozzle widths
b = 3.4 mm – as used in the initial experiments. The cavities were made by laser
cutting in 1.5 mm thick perspex (PMMA) plate.
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Fig. 6. The mixer with geometry corresponding to the first model M1 as used in the
catalyst combinatorial testing facility built for IAC – Institute of Applied Catalysis,

eral foils on top of one another. This new feature stemmed from
the recognition of the strong influence of the nozzle aspect ratio
� = h/b on the minimum Re value at which the self-excited oscilla-
tion remain reliable. The total height h (and hence the aspect ratio
�) of the cavities could be now varied by changing the number of

Fig. 7. The stack of the stainless steel foils in which were made – by through etching
– the cavities of the second laboratory model M2. The foils were of circular shape,
with extensions for mutual foil positioning on both sides. Again, the cavities were
closed by flat perspex (PMMA) plates so as to make observable the motions in the
cavities, visualised by addition of dye to fluid B while the other fluid A remained
clear.
92 V. Tesař / Chemical Enginee

hile the typical value of viscosity of the synthetic gas mixture is
0 times larger

= 50 × 10−6 m2/s (7)

Conditions in the mixer, with the two different fluids, is compli-
ated; nevertheless it is indicative of the model test conditions that
n the model scaled up � = 10 times the processes, according to Eq.
5), would be as much as � = 4000 times slower.

In a binary mixer in general, supplied by two different fluids hav-
ng different viscosities, two different Reynolds numbers should be
n principle stated. This was not a problem here, where only single
e value Eq. (1) sufficed for characterisation. The ratio of the two
ow rates was invariant, fixed by the stoichiometric requirements
f the chemical reaction in the connected microreactor. Moreover

n the discussed flow visualisation investigations, the same fluid –
ater – was supplied into both nozzles. The change in proper-

ies (density, viscosity) due to addition of the very small amount
f the very powerful Victoria blue dye was checked and found
egligible.

Several laboratory models were used. The two most important
nes are described here as M1 and M2. All were made by removal of
aterial in a relatively thin plate, which was covered from top by flat

over plate and on the bottom side by flat surface of a substrate. To
ake possible the flow visualisation, both cover plate and the sub-

trate were made of transparent material – polymethylmetacrylate
MMA. The shape of the removed part of the central plate between
hem, was in all models mutually geometrically similar – as defined
y the relative dimensions in Fig. 5. With the oscillatory mechanism
ot well understood and the time available for the mixer develop-
ent limited, there was no opportunity for testing any departures

rom the shape that was found able to produce the oscillation.
The first model M1, arranged as shown in Fig. 5, was investi-

ated using the test rig originally made for experiments with the
urn-down microvalve and shared with it also the manufacturing

ethod of the cavities made by laser cutting in a h = 1.5 mm thin
MMA plate. Also the nozzle width b = 3.4 mm was the same. It oper-
ted successfully, though not at very low Re values. The oscillation
eased to be regular as Reynolds number was decreased towards
e = 100. At and below this value the oscillation ceased completely.
evertheless, this was acceptable using the same geometry scaled
own to the for the Fischer-Tropsch synthesis tests mixer [14] as
hown in Fig. 6.

The small nozzle exit aspect ratio � = h/b = 0.44 did not earlier
ause troubles in the turn-down microvalve. In the oscillator, how-
ver, it became soon obvious that the small value leads to strong
amping of the oscillatory motions by the inevitably large friction
n both the top cover plate and the substrate plate. In fact, this
uppression of the tendency to oscillation was a welcome stabilis-
ng effect on the operation of the colliding-jets valve in which flow
ulsation was undesirable. Now, however, the inability to oscillate
t small Reynolds numbers was an obstacle in the way towards
enerating very small mixed fluids lamellae in the exit. This was,
ortunately, not a serious problem in producing the syngas, because
hanks to the extreme molecular diffusivity of hydrogen the very
hin lamellae were not necessary.

To investigate the possibilities of mixing other, less diffusive flu-
ds, a new family of models was later developed. Of them, particular

entioning deserves the second model M2, as shown in Fig. 7, with
ts absolute dimensions presented in Fig. 8. Essentially, these later

odels were smaller than M1. With newly acquired camcorder lens
t became possible to video record processes of physically smaller

ize. In the model M2 the nozzle width was b = 1.0 mm. The shape of
he cavities, as presented in Fig. 8, agrees in the critical central part
ith the geometry as presented in Fig. 5, but the shapes of outer

arts now corresponded to the oscillator from Fig. 6. Like those, the
avities were made (by Microponents Ltd., Birmingham) by etching
London. It supplied 16 reactors performing simultaneous Fischer-Tropsch processes
[14]. To withstand the high temperature and pressure levels, the cavity was made
by etching in stainless steel foil. No flow visualisations were planned so that there
was no need for a transparent substrate.

in stainless steel foils. They were, however, now etched through.
Not only this made again possible the visualisation of the flow in
transmitted light. They could be used in a stack consisting of sev-
Fig. 8. Geometry of the cavities in the test model M2, made by etching.
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of stoichiometry and reactants have different physical properties,
the momentum fluxes in the two nozzles cannot be expected to be
equal. The symmetric situation of the equal jet momentum flow
rates in most subsequent experiments, as a result, are an exception
ig. 9. Posterisation (reduction of the number of colours) helped to identify the
eedback loop, necessary for maintaining the self-excited oscillation.

he foils in the stack. Most tests were made with stacks contain-
ng either 5 or 10 foils, so that the aspect ratio was either � = 1.25
r � = 2.5, respectively – the values evidently much larger than in
he model M1. As could be expected with the higher aspect ratio,
he oscillation persisted when the flow rate was decreased, to sig-
ificantly lower Reynolds numbers. There were oscillation at Re as

ow as Re = 30 observed with � = 2.5, though below about Re = 50 the
scillation ceased to be regular and reliable and most experiments
ere performed at slightly higher flow rates.

. Experiments: flow visualisation

.1. Identification of the feedback mechanism

Available experimental equipment made possible two forms of
nvestigations: observations of the flowfield, visualised by dyeing
ne of the mixed fluids, and measurements of the oscillation fre-
uency as a function of the supplied water flow rate. Unfortunately,
he available time for performing the experiments did not admit
completely systematic investigation. It was necessary to concen-

rate just on the conditions of immediate interest for the particular
pplications.

A useful method of processing the flow visualisation video
mages prior to analysing them was “posterising”, drastic reduction
f the original continuous colour palette [27,29]. This procedure
onsisted first of identifying isophote contours in the image and
hen filling a constant colour (or shade of grey) between two
eighbouring isophotes. The original continuous distribution of
olours (or shades) was thus replaced by a limited number of
qual-colour regions. The shapes of these regions provide an inter-
sting information about the character of the flowfield – perhaps
omewhat surprisingly, considering the fact that this procedure
ctually decreases the amount of information contained in the
mage. In this particular case of the problem of mixing two fluids,
ery useful information about the motion of the two mixed com-
onents was gained by limiting the number of colours to mere two
Figs. 4, 9 and 10). The resultant two areas with different colours
ere and their delimiting boundary roughly thus provide a cue

bout what volumes are occupied, at a particular instant of time,
y the two fluids. The example of the posterised image in Fig. 9,
as used for identification of the feedback loop action – which, is

enerally a necessity for presence of self-excited oscillation – but

s rather elusive in the discussed oscillator, where the character of
he feedback action was not obvious.

The rather surprising aspect of the oscillation mechanism is the
ature of the force that causes the jets to change their flow direction
urnal 155 (2009) 789–799 793

and deflect. Because of the symmetry of the solid boundaries, there
is no obvious reason for an asymmetric, sideways motion of the
jets. Indeed, at very low Reynolds numbers, Re < 10, the flowfield is
always perfectly symmetric – and there is no oscillation. The nec-
essary condition the unsteadiness is symmetry breaking. This, in its
earliest stage, leads first to steady asymmetry, as demonstrated for
Re = 18 in Fig. 4. Observation of the flowfield shows, that roughly
above this value, if the Reynolds number is increased further, the
flowfield becomes complicated by emergence and presence of vor-
tical motion. A certain role in the subsequent development of the
flowfield may also play the fluidic resistances of the exit channels.
If the deflected inclined jet cannot freely move away through the
exit, it is turned back and is forced to form a loop, as shown in the
posterised video frame in Fig. 9. Loop formation is very probably
associated with the tendency of shear flows rolling up through the
Kelvin-Helmholtz instability [28].

An important effect then taking place is the returning direction
of the moving tip of the jet. As the jet is turned back, it is seen in Fig. 9
to act on itself in its most sensitive location – in the region where
the jet leaves the nozzle. That an action in this location suffices to
deflect the jet is a well-known fact, employed in the vast category
of fluidic jet-deflection amplifiers (cf., e.g., their description in Ref.
[1]). Here the deflecting action at the nozzle exit is applied to the
jet itself. It is forced back to return into its original flow direction
but overswings – because of fluid inertia – and becomes deflected
to the opposite side. It seems quite probable that this is the reason
why the colliding jets oscillate.

3.2. Frequency for unequal momentum rates

In the first flow visualisation experiments, with the model M1,
two oscillatory regimes were video recorded, with the images then
analysed one by one. These experiments were marked G and H. The
conditions in both experiments were quite similar, Reynolds num-
bers for the flows of fluid B were Re = 410 in the G case and Re = 415
in the H case. The difference between them was asymmetry of the
flow were significant asymmetry of the flows in the latter case:
while in the case G the ratio of nozzle exit velocities wA/wB was
1.1, in the case H it was 1.81. In the mixer applications where flow
rates of the pre-mixed reactant are determined by the requirements
Fig. 10. A posterised picture from the video record frame of oscillation in the regime
G in the model M1. The darker arrow at left was drawn to indicate the progressively
increasing the darker region filled by the fluid B. Visible asymmetry of the left and
right side of the generated shapes is due to unequal hydraulic resistances of the
different tubings connected to the exits.
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lator mixer at three different instants of time in the same oscillation
process. The experiment was made with the model M2 at velocity
ratio very near to wA/wB = 1. Each of the frames is here accompa-
nied, at the right-hand side, by an enlarged posterised picture of the
94 V. Tesař / Chemical Enginee

ather than the normal state. The asymmetry influences the oscil-
ation mechanism and the two experiments, G and H were made
o investigate this effect. Of course, in the geometrically symmet-
ic model operated with water in both nozzles, the only possibility
ow to vary the momentum flux ratio was changing the ratio of the
wo jet exit velocities, wA/wB.

It was found that the resultant highly eccentric position of the
ean stagnation point in the case H leads to less regular oscil-

ation. In the extreme cases of |wA/wB| > 2 the oscillation may be
alted altogether. This not happen in the experiment H. What was

ound was a significant decrease of the oscillation frequency, which
esulted in Strouhal number – Eq. (3) – equal to Sh = 0.022 – nearly

ere one half of Sh = 0.041 found in the experiment G with nearly
omentum flow rates.

.3. Bulging and deformation of the feedback loop

Another information gained from detailed observations of the
isualised oscillation is the character of the jet flows, which in
ts details differs from the simplistic introductory idea presented
n Fig. 3. The trend towards vortical motions [29] is reflected in
he video clip images in formation and growth of bulges, which

ay be explained with help of Fig. 10. This illustration presents
he central part of a video frame, showing flowfield inside the

odel M1 during the experimental run G. The image was pro-
essed by the posterisation. In the situation shown there, the flow
f the fluid B, made visible by dye addition and shown here in
darker shade of the grey colour, is seen to be bifurcated into

he left-hand branch and right-hand branch. The branch on the
eft is more intensive and is deflected less. Its smaller deflection
ngle relative to the original direction of the outflow from its noz-
le contrasts with the practically perpendicular flow direction on
he right. The necessity to move at a larger turning angle makes
he right-hand branch weaker. At left, the growing darker jet of
uid B visibly cannot continue unobstructed into the left-hand
xit channel. It encounters there the previously produced inter-
eaved layers and this forces this branch to turn back. It is this
ranch that obviously forms the feedback loop, as already dis-
ussed in association with Fig. 9. The tip of the darker left-hand
et branch loop is in Fig. 10 just about going to act back on the
pwards-directed jet near its nozzle exit. This loop region is seen

n the posterised image as the bulge “b”. Before the jet turned back
anages to change the direction of the exit flow, it forms a big-

er bulge “b”, which gradually grows, because it is supplied by
dditional fluid B leaving the bottom nozzle. At the same time a
imilar gradually bulging loop of the lighter-shade fluid A is formed
t right, downstream from the exit from the upper nozzle. When
he feedback loop action becomes significant, it constricts the bot-
om part of the bulge while its bent part near the jet tip remains
ide.

A consequence of this process is seen at the right-hand part
f the illustration, where similar bulge formations and their later
onstrictions took place in previous oscillation periods. As a result
f these previous cycles, it is possible to recognise at the right-
and side the residua of the wide parts of the bulges “b”. They
re mutually separated by the interleaving thin regions of the
ight-grey fluid A which has left the top nozzle and later became
onstricted.

This mechanism of bulge formation and growth is the dependent
n the hydraulic resistance which the deflected jet meets in the
xit channel. This fact was recognised later and in most of these

xperiments the resistances were not adjusted and were not the
ame in the two exits. As a result the formation of the layers was
ifferent at the two sides. Structures formed in the exit channel on
he left-hand side were far from a perfect mirror image of what is
een at right – this is remarkable, e.g., in Fig. 11.
Fig. 11. Left: frame from video clip showing the oscillation in model M2. Right:
enlarged and posterised central part of the picture with the thick line indicating the
positive slope of the demarcation line on the nozzle axis.

3.4. Motions of the demarcation line

The mechanism of the oscillation of the colliding jets is quite
complex. Both jets bifurcate into two branches, directed into oppo-
site directions, and the directions of their motion vary substantially
during the oscillation cycle. What was clearly seen and relatively
easy to follow in the sequence of Images – especially when pos-
terised to only two colours (or shades of grey in the pictures shown
here), was the demarcation line between the two fluid regions
near the location of the jets’ mutual impingement. The branches
of the bifurcated jets in this location followed and were nearly par-
allel there to the demarcation line. While in the steady flows at
extremely low Reynolds numbers the bifurcation is balanced, with
equal intensity of the two branch flows, in the oscillatory regime
the division is unequal and varies in the course of each oscillation
cycle. The consequence are the varying feedback-loop bulges seen
in the visualisation pictures, growing alternatively on the opposite
sides of the axis of symmetry of the nozzles and then becom-
ing detached and flattened. In this process of bulges growth and
deformation, the demarcating line between the two fluids A and
B undergoes visible changes. Most apparent are the changes of its
slope.

Of course, static pictures cannot convey the impressions
obtained by observations in the video clips of the bifurcation,
formation of the bulges, their elongation, deformation, and final
change into the lamellae. Some idea may be nevertheless gained
from the following three frames, presented in Figs. 11–13, taken
from one of the video clips. They show the flowfield inside the oscil-
Fig. 12. Left: frame from video clip showing the oscillation in model M2. The same
experiment, picture taken at a different time than the one in Fig. 12. The dark area
at the bottom and centre of the image is the reflection of the camcorder from the
glossy top surface of the model. Right: enlarged and posterised central part of the
picture with the thick line indicating the zero slope of the demarcation line on the
nozzle axis. The dark coloured jet at this phase bifurcates.
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Fig. 13. Left: frame from video clip showing another phase of the oscillation in
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Fig. 14. The two measured geometric parameters evaluated in the demarcation

assumption of a constant jet velocity w (evaluated from the sup-
plied flow rate and nozzle exit cross section) and the approximated
simple expression for the jet path shown in Fig. 17.

Fig. 15. Periodic variation of the inclination angle ˛ of the demarcation line slope
(defined in Fig. 14) as it was measured in the frames of the video clip. It was by
fitting the harmonic dependence that the oscillation frequency for experiment G
with model M1 was determined.
odel M2, again during the same experiment as in Fig. 11. Right: enlarged and pos-
erised central part of the picture with the thick line indicating the negative slope
f the demarcation line on the nozzle axis. The downwards directed branch of the
ifurcated dark-colour jet is constricted and loses its importance.

entral interaction region. Drawn in these accompanying illustra-
ions is a thick black line, indicative of the demarcation line slope.
he examples presented in Figs. 11 and 13 were selected so as to
how approximately the states with the extreme positive and neg-
tive inclinations. In Fig. 12 is shown the transition between the
wo extremes – the intermediate state with zero inclination of the
emarcation line. Only in this state there is a temporarily balanced
ifurcation into jet branches of nearly the same intensity. Here,
owever, it is not a steady balanced state – it is an instant in dynamic
nsteady regime with the jet actually overswinging from one side
o the opposite one – a process based on fluid inertia.

As already mentioned, only later was recognised the fact that for
ymmetry of the mixing process it is important to pay attention to
he hydraulic conditions in the exit tubing leading the mixture from
he exit channels of the model. In the experiments Figs. 11–13 are
een the consequences of the unbalanced exits (the flow in the exit
irected down in the picture is visibly faster than the one leading up

rom the interaction region). What was worse, subsequent analysis
ndicated that the tubing formed a U-tube with its own resonance
hat, in some regimes, could interfere with the investigated process.
nother interesting aspect were the discernible changes of the stag-
ation point position – varying distance x in Fig. 14. These motions
re indicative of the periodic variations of the relative intensities
f the two branches of the bifurcating jets and this made them an

nteresting object of a detailed study. The study was made using
he video clip of the experimental run G with the larger model M1.
oth parameters defined in Fig. 14 were found to vary in a prac-
ically harmonic manner – although there are some demonstrably
ystematic deviations, the most obvious that of the point “e” Fig. 16,
hich may suggest a more complex spectrum.

It was actually in the diagrams like Figs. 15 and 16 that the oscil-
ation frequency f = 1.46 Hz (and the parameters computed from it,
ike Sh = 0.041, mentioned above) were determined. Interestingly,
his frequency is very low compared with the characteristic fre-
uency w/b = 35.3 Hz. Indeed, the surprisingly low Strouhal number
h = 0.041 should be noted as a value a decimal order of magnitude
maller than what would correspond to the basic varicose (“colum-
ar”) instability of a fluid jet. This indicates the feedback mechanism

s here different – a suggestion also supported by the fact of sub-
tantially decreased Sh due to momentum fluxes unbalance in the
xperiment H.

. Analysis
.1. Simple kinematic theory for frequency

Validity of the hypothesis about the feedback mechanism, based
n the idea of the jet forming a loop derived from inspection of
point on the common axis of the two nozzles in the individual frames of the video
clip record of the experiment G with model M1. The parameters are the inclination
angle ˛ and the distance x form the left-hand nozzle.

images like Fig. 9, was tested by evaluating the oscillation frequency
that would follow from this hypothesis.

With the knowledge of the velocity of the jet, the oscillation
period may be evaluated from the time the jet requires to traverse
the loop path. Of course, an exact evaluation of the path length
and velocity (varying in time) would be extremely complicated.
An approximate theory was therefore set up arriving at accept-
able order-of-magnitude results under the drastically simplifying
Fig. 16. Also varying periodically is the relative magnitude of the distance x (Fig. 14).
Systematic deviations of the point “e” suggests the oscillation may be not simply
harmonic.
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tinued by an unexpected change apparent in Fig. 18: the oscillation
frequency levelled off and remained constant at fres – or at its higher
multiple. This was explained by the rather sensitive processes in
the oscillator becoming locked to an external resonant effect. Later,
this resonance was discovered to be a parasitic effect, caused by
ig. 17. Extremely simplified expression for the feedback loop length used – together
ith measured jet velocity – in the kinematic model of the oscillation.

This ignores the jet motion in the transversal direction, so that
he values resulting from the approximation are certainly shorter
han the real flowpath. The corresponding shorter travel time may
e partly compensated by the neglect of the decrease of the real

et velocity along the loop. This approximation also assumes the
et moves up to the opposite wall of the exit channel before it
s turned back, which it does not – as seen e.g. in Fig. 9. Never-
heless, the simplification leads to quite simple expression for the
eriod

tp = 2b

ˇw
(1 + �) = 2 jet path lengths

nozzle exit velocity
(8)

or oscillation frequency

= 1
�tp

= ˇw

2b(1 + �)
(9)

nd Strouhal number

h = f b

w
= ˇ

2(1 + �)
(10)

he non-dimensionalised frequency in Eq. (10) is dependent solely
pon the geometric parameters ˇ and �, defined in Fig. 5. In the
xperiment G with the model M1, characterised by the nozzle width
= 3.4 mm, these parameters were

= 0.15 (11)

= 0.46 (12)

nd the idealised jet path

b

ˇ
(1 + �) = 33.1 mm (13)

he nozzle-exit velocity, evaluated from the flow rate measured by
owmeter, was

= 0.118 m/s (14)

o that from Eq. (9) the theory predicts frequency

theor = 1.783 Hz (15)

ctually measured frequency, evaluated by the harmonic fit in
igs. 15 and 16, was

= 1.618 Hz (16)
t is possible to improve upon the accuracy of these expressions by
ntroducing an additive correcting term � of the order 1.0, evaluated
rom comparisons with experimental data. Apart from taking into
ccount the longer, curved path that the jet travels, it also represents
n allowance for the variations (decrease) of the jet velocity along
urnal 155 (2009) 789–799

its path, as well as for the fact that oscillation period, due to the
finite jet switching time, is not simply equal to two travel times.
The corrected jet path, replacing Eq. (13), is then

m(� + �) = b

ˇ
(� + �) (17)

whereby the expressions in Eqs. (8)–(10) are replaced by

�tp = 2 b

ˇw
(� + �) (18)

f = 1
�tp

= ˇw

2b(� + �)
(19)

Sh = f b

w
= ˇ

2(� + �)
(20)

In the case of the experiment G discussed above, the prediction
may be brought into perfect correspondence with the experimental
observation using the corrected version of the expressions with

� = 1.1489 (18′)

the required correction of slightly less than mere 15% is a remark-
able success for the so simple theory.

Plausibility of this theory was further increased when it was
found that it is possible to predict with a reasonably small
error also the oscillation frequency found in experiments with
the model M2, in its various versions with different aspect
ratios.

Of course, the neglect in the theory of the friction effect influ-
encing the jet motion at small aspect ratios is one of the obvious
weaknesses of this approximation.

The experimental evaluations of the oscillation frequency –
again by analysis of video clips – in the M2 case, at velocity ratio
wA/wB = 1, found the oscillation period to depend on the aspect
ratio � quite significantly. The experimental runs were made with
� = 1.25 and � = 2.5 at several different flow velocities in each case.
The results are presented in Fig. 18. As expected, with both � val-
ues the frequency increased with increasing velocity, in agreement
with the idea of typical trend of constant Strouhal number Sh. Also
predictable was the fact that reliable, regular oscillation required
higher flow rates – and in Fig. 18 higher Reynolds numbers – in the
version with the smaller aspect ratio �.

The increase of frequency with flow rate, however, was discon-
Fig. 18. Dependence of oscillation frequency on the nozzle exit velocity found by
analysis of video clips of experiments with the model M2. The kinematic theory
discussed above predicts a monotonous linear growth, equal for any aspect ratio �.
Actual data show an influence of � and a locking-in to a parasitic resonance in the
outlets.
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Fig. 19. The universal expression for the oscillation frequency – expressed in the
dimensionless form of Strouhal number Sh – valid for any aspect ratio � as long
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Fig. 20. Positions of the boundary between the two fluids were determined in the

V = 1
2f

w bh (24)

For the experiments performed with the model M2, its magnitudes
are plotted in Fig. 22.
s the conditions avoid the locking to a parasitic resonance. The behaviour of the
odel M1 could be brought into general agreement by the explanation that it was

lso influenced by the locking – of course, with just single available data point the
uggested slope is purely hypothetical.

onditions in the U-tube inadvertently set up in the connection
ubes Thus only the results at lower Reynolds numbers should be
onsidered.

In the results with the model M2, the influence of � could be
liminated if the results were plotted with the frequency multiplied
y the square root the aspect ratio – Fig. 19. Thus the generally
pplicable scaling law for mixers geometrically similar in plan but
aving different depths h of the cavities may be written as.

h
√

� = 0.06 (19′)

.2. Generated layered structures

All micromixers generate interleaved thin layers – or slender
olumns – of the two mixed fluids and so does also the discussed
scillator when used as a mixer. Even though the actual shape of
he layers is far from simple (cf. Fig. 10) the conceptual model of
ig. 3 may be useful. It is desirable to have the layer thickness ı as
mall as possible, to make easier the final Fickian blending within
n available length l of the connected channel (Fig. 2). The process
f generating and depositing the layers in the exit channel may
e modelled quite simply: the time it takes for a layer to form is
ne half of the oscillation period �tp. During this time, the flow in
he exit channels travels the distance wp �tp/2, dependent upon
he flow velocity wp in the exit channel. Even though complicated
elocity profile is likely to by develop (Fig. 20), in the simplified
pproximation it is possible to assume constant velocity across the
ross section equal to the nozzle exit velocity w multiplied by the
rea ratio ˇ.

p = ˇ w (20′)

on-dimensionalised with respect to the nozzle width b, the resul-
ant expression for the relative layer thickness is simply:

ı

b
= � + � (21)

btained by inserting the expression for �tp from Eq. (17). This
inear law of layer formation is supported by experimental results
hown in Fig. 21.
With the numerical values for experiment G, the theoretical
rediction is:

ı

b
= 1.6 (22)
frames of the video record of the experiment G with model M1. They were made
clearly distinguishable by the posterisation. With known frame-capturing frequency
of the camera, the data provided interesting information about the generated lamel-
lae.

while the linear fit through the experimental values in Fig. 21
resulted in

ı

b
= 1.53 (23)

this represents a remarkably small, only 4% error.
What is really needed in the applications may be best expressed

by means of the volume V of the lamella formed in one output chan-
nel. It is evaluated as the volume flow rate passing through one of
the nozzles delivered into the channel during one oscillation period.
Since the fluid flows there, with velocity w through the rectangular
area bh during only one half of the period, the volume is
Fig. 21. Measured positions of the interfaces, Fig. 20, in individual frames of the
video record of the experiment G with model M1, provide information about the
thickness ı of the generated layers as well as their propagation in the exit channel.
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Fig. 22. Volume of one of the two fluids delivered during one oscillation period into
the exit channel of the model M2. For easier elimination of concentration gradient
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efore the entry into the microreactor, the volume has to be as small as possible.
his is, perhaps somewhat surprisingly, better achieved with the smaller aspect
atio �.

Using the definition of aspect ratio �, the volume is

= 1
2f

w �b2 (25)

f b

w

√
� = 0.06

y invocation of Eq. (19), deposited as a layer across the exit channel
n one period is therefore

= 1
0.12

(
b
√

�
)3

(26)

omewhat surprisingly, the ways towards making the volume V
mall are:
decreasing mixer size (characterised by the nozzle exit width b),
or
decreasing the aspect ratio �

. Conclusions

Micromixers in general generate in their exit channels thin
ayers (or, in general, small volumes V) of the two fluids placed
ide by side. The design discussed here achieves this by an opera-
ion periodic in time – performed in a very simply shaped cavity,
asy to make by micromanufacturing. Apart from the mixing, the
esign may be used with mutually immiscible liquids for produc-

ng monodisperse emulsions or for liquid–liquid extraction. Despite
he extreme simplicity of the device geometry, the mechanism of
he oscillation is obviously rather complex – and in the experiments
hat could be made it was unfortunately obscured by a parasitic res-
nance. Nevertheless, based on a drastically simplified hypothesis
f the jet forming a vortical feedback loop, an extremely simple
actually only kinematic rather than dynamic) theory explaining
he device behaviour was set up and its predictions were found to
e in agreement with the experimental findings, within reasonably
mall errors.

Experiments performed with two – mutually very similar but of
ifferent size – scaled-up models demonstrated capability of oper-
ting at Reynolds number of the order as low as 10–100, which

s less than the typical demands placed on mixers, which usually
upply a number of microreactors.

Unfortunately, the support for this research was terminated –
nd the author also had to return to his home country – before
complete systematic parameter study could be performed. The

[

urnal 155 (2009) 789–799

usefulness of the device seems, however, to be without doubt and
its advantages are such that they deserve reporting the findings
from even such a not finalised project.
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27] V. Tesař, J. Barker, Dominant vortices in impinging jet flows, Journal of Visuali-

sation Japan 5 (2) (2002) 121.

28] S. Kida, M. Tanaka, Dynamics of vortical structures in a homogeneous shear
flows, Journal of Fluid Mechanics 274 (1994) 43.

29] H. Schade, A. Michalke, Zur Enststehung von Wirbeln in einer freien Gren-
zschicht (On formation of vortices in a free shear layer – in German), Zeitschrift
für Flugwissenschaften 10 (1962) 147.


	Oscillator micromixer
	Introduction
	Colliding jets oscillator
	Configuration
	Laboratory models

	Experiments: flow visualisation
	Identification of the feedback mechanism
	Frequency for unequal momentum rates
	Bulging and deformation of the feedback loop
	Motions of the demarcation line

	Analysis
	Simple kinematic theory for frequency
	Generated layered structures

	Conclusions
	Acknowledgments
	References


