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a b s t r a c t

Numerical flowfield computation studies were performed to obtain qualitative understanding of the
pressure regulating mechanism of the simplest pressure regulator – an almost unknown no-moving-part
fluidic device capable of keeping a constant pressure difference across a load in spite of the hydraulic prop-
eywords:
luidics
ressure regulation
assive regulator
oading characteristic

erties of the latter varying in a wide range. Two application examples are discussed. In one of them, the
load is a box, in which the regulator sized in hundreds of millimetres maintains pressurised atmosphere.
In the other case, a millimetre-sized regulator is made as an integral part of a microfluidic circuit. Due to
the purely empirical way in which the regulator geometry was developed, there has been no clear idea
about its functioning. The computations run to obtain an insight into the pressure-keeping effect indi-
cate an unexpected considerable flowfield three-dimensionality (despite the nominally two-dimensional

al rol
geometry) and an essenti

. Introduction

.1. The task

Maintaining operational conditions, pressure being among them
very important one, is a task requested very often in chemical

ngineering. Accordingly, a vast number of pressure regulators are
ffered on the market (e.g., [1]), starting from the classical versions
ith mechanical feedback between a pressure-sensing membrane

nd a mechanical flow-control valve and ending at electronic circuit
ersions with semi-conductor pressure sensors and the valve driven
y an electric servomechanism. None of these versions are really

nexpensive. In addition, their disadvantages are the considerable
olume they occupy and, despite their generally good reliability
ecord, the possibility of malfunctioning due to membrane or spring
upture or seizing of the moving parts.

There are two main reasons that may require pressure regulation
n a system (Table 1). In the case discussed here, it is assumed that

fluid flow passes through a load – such as, e.g., a microreactor
the hydrodynamic properties of which vary, resulting without

he regulator in excursions from the desirable pressure levels. The
ask of the regulator is to maintain constant the pressure difference

cross this load. The change in the pressure without the regulator
epends on the loading characteristic of the fluid flow source. The
egulator placed between the source and the load changes, in effect,
he characteristic so that its shape is flat horizontal so that at all
perating conditions the pressure remains the same.

∗ 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.2009.07.048
e of a recently identified (Tesař, 2009) pressure recovery mechanism.
© 2009 Elsevier B.V. All rights reserved.

1.2. Open-loop regulator with fixed-geometry cavity

An extremely simple solution to the regulator question dis-
cussed in the present paper is the fluidic device according to ref.
[2]. In the absence of a feedback loop control, the pressure may
not be kept perfectly constant, but it certainly avoids large pressure
excursions which is what is really required in majority of cases.
The operation without any pressure sensor or feedback control
loop means the regulating effect depends wholly on the internal
aerodynamics. The geometry of this device was developed in mid-
1970 of the last century [2,3]. Unfortunately, since then it remained
practically unknown. It exhibits an almost perfectly flat loading
characteristic, with extreme pressure excursions typically less than
1–2% even with vast variations of the load connected to its ter-
minals. Containing no moving or elastically deformed components
and consisting of only quite simple-shaped fixed-geometry cavities,
this regulator device is easily manufactured. It may be even made
by etching in a chip as an integral part of a microfluidic circuit in
which the pressure is regulated. There is nothing that could possi-
bly break or seize, thus exhibiting a permanent, maintenance-free
reliability. It is robust, resistant to vibration, to high temperature
(since, because of the simple geometry, it may be made from refrac-
tory material), and is not prone to being impaired or damaged by
overloading.

The geometry of the device was originally [3] developed by an
empirical procedure of gradual adjustment of shape details of the

internal cavity. The success of the pressure-maintaining capabil-
ity was later verified independently by other researchers (e.g., [4]).
Nevertheless, the precise reasons for the pressure-keeping mecha-
nism of the geometry as simple as that presented in Fig. 1 remained
until now rather enigmatic.

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.2009.07.048
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Nomenclature

b nozzle width (m)
eV fluid specific energy in terminal V (m2/s2)
eY fluid specific energy in terminal Y (m2/s2)
h depth of cavities (m)
Ṁ mass flow rate (kg/s)
ṀY mass flow rate (kg/s)
ṀS mass flow rate (kg/s)
P pressure (Pa)
PS pressure in the supply terminal S (Pa)
PV pressure in the vent terminal V (Pa)
PY pressure in the output terminal Y (Pa)
Re Reynolds number (–)
s splitter distance (m)
X1 axial distance (m)

Greek letters
�e specific energy drop (m2/s2)
�P pressure drop across the load (Pa)
�PS pressure drop between terminals S and V (Pa)
�PY pressure drop between terminals Y and V (Pa)
� aspect ratio (–)
� relative flow rate (–)
�Y relative control flow rate (–)
� relative pressure difference (–)
� relative supply pressure difference (–)
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Fig. 1. The pressure regulating cavities according to ref. [2]. Fluid is supplied into S,
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�Y relative output pressure difference (–)

.3. Example: protective pressurisation

Because of their tiny dimensions, channels of modern microflu-
dic devices – such as, among others, chemical microreactors used in
arallel tests in combinatorial chemistry [5] – may be easily clogged

y foreign objects of the size so small that they would cause no
roblems whatsoever in other branches of engineering. Quite dan-
erous may be dust or aerosol particles carried by surrounding air.
he microdevices have to be supplied with carefully filtered fluids

able 1
he task of a pressure regulator is to suppress the variation of the conditions in the loa
iscussed here is intended to eliminate the cause A by changing the source characteristic

lternative causes of pressure variations across the load

aried hydrodynamic properties of the load

haracteristics of the load vary – e.g., by increasing the size of the
ross-sectional area available for the fluid flow. With three different
reas – leading to the three load characteristics, L1, L2, and L3 – three
ifferent values of the pressure drop across the load �Pload are
btained at the relevant intersections with the characteristic of the
uid source (e.g., a pump)
the load is connected between the two exit terminals Y (output) and V (vent), the
latter open to the common terminal – atmosphere (when working with air) or to
the main tank (in the case of liquid).

and if it is necessary to access their internal cavities – e.g., for chang-
ing the contents of heterogeneous catalyst inside the microreactor
– the operation has to be made in a protective atmosphere, usually
at an increased pressure.

Experience with simple pressurisation by a blower as shown in
Fig. 2 has been, unfortunately, rather unpleasant. The blower must
be dimensioned so as to provide a sufficient pressure difference
�Pb (Fig. 3) even in the situations occurring, e.g., after opening the
access door or the glove being torn.

Because of the typical shape of the blower loading character-
istics (the dependences of the generated pressure difference – or
more generally difference in specific energy �e of the fluid – on
the air flow rate), as presented in Fig. 3, the pressure difference
between the box and the atmosphere increases to unpleasant and,
indeed, potentially dangerous levels �Pa if the box is fully closed.
The sloping shape of the characteristic is, of course, the conse-

quence of inevitable hydraulic losses both in the blower as well
as in other components of the system. As the flow rate decreases,
the effect of these losses ceases to be felt and the pressure can reach
inconvenient magnitudes.

d, which arise due to either one of the causes A or B. The fluidic regulator device
into a horizontal line, so that all the intersection points lie at �Pload = const.

B

Variations in the fluid source

Characteristics of the fluid source – e.g., a pump – vary, e.g., due to opening
or closing a flowpath into other loads. With three different source
characteristics, S1, S2, and S3 – three different values of the pressure drop
across the load are obtained at the intersections with the characteristic of
the load (e.g., a chemical reactor)
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Fig. 4. Insertion of the fluidic regulator into the glove box from Fig. 2 in effect flat-
ig. 2. Schematic representation of glove box with test microreactors (opened
etween operation runs, e.g., for insertion of alternative heterogeneous catalysts)
ith non-regulated protective pressurisation. Between uses, the gloves are inflated

nner-side out.

Some blowers may even exhibit at the small flow rates the
urging behaviour, but even without it the high pressure causes
roblems. It stresses mechanically the acrylic glass typically used

or windows in the box walls and may cause them to break. Also
he gloves have to be chosen thicker to withstand the maximum
ossible pressure difference. Their thickness makes them less con-
enient for use – especially leading to loss of tactile sensitivity at
ngertips. When the access door is open, the high internal pressure
an cause smaller object in the box to move undesirably towards the
xit. All these reasons call for providing the protective boxes with a
ressure regulator. This increases unduly the box price and the reg-
lator complexity can make it less reliable. Sometimes boxes are

ot provided by individual blowers but connected to the common
ressurised air distribution net. Dangerous situations may arise if
he regulator stops operating in the case of electric current failure
hile the pressure in the net is still present.

ig. 3. To obtain the minimum necessary pressurisation in the regime (b), typical
hape of the blower characteristic, without pressure regulator, causes a dangerously
igh pressure (stressing the walls of the protective box and gloves) in the regime (a).
tens the loading characteristic of the pressurised air source, thus maintaining the
constant pressure �Pr between the protective box and the atmosphere, irrespective
of opening or closing the access door or a damage to a glove.

All these disadvantages are removed by using the described no-
moving-part pressure regulator as shown in Fig. 1, made at a small
cost from sheet metal at the size of the order of 102 mm, placed
between the pressurised air source and the glove boxes (Fig. 4). The
flat shape of the loading characteristic, as shown in Fig. 5, maintains
the constant pressure difference �Pr between the internal space of
the box and atmosphere under all conditions.

1.4. Another application example
Because the described regulators were found to operate suc-
cessfully at low Reynolds numbers, typically of the order of Re
∼1000, they could be used to maintain constant pressure condi-
tions in pressure-driven microfluidic systems [6]. In this case, the

Fig. 5. Graphical presentation (to be compared with Fig. 3) of the consequences of
the flat shape of the loading characteristic.
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ig. 6. The discussed fluidic pressure regulator operates between two fluid flow
ircuit loops: the source loop containing the pump (or other fluid source) and the
oad loop containing the load with controlled pressurisation.

ressure is kept constant by the hydrodynamic phenomena taking
lace inside the cavity positioned upstream from the pressure-
ensitive device. The basic principle of circuit design based on
he Kirchoff’s concervation laws for circuit nodes and loops [14] is
irectly applicable according to Fig. 6. As shown in Figs. 7 and 9, this
ressure-keeping cavity with two diffuser-shaped outlets may be
ade by etching integrally in a single manufacturing step together
ith other channels and cavities of the system. It should be noted

hat in the case shown in Fig. 4, the atmosphere represented the
ommon terminal of Fig. 6, belonging to both fluidic circuit loops
etween which the regulator is positioned. With a chemical reac-
or (Fig. 7), varying the character of the fluids, the basic principle of
he circuit design may be even more difficult to recognise – espe-
ially if, as shown in Fig. 8, there are more fluids in the circuit.

ig. 9 presents an example of a typical application in biomed-
cal microfluidics (keeping pressure-sensitive captive biological
bjects).

ig. 7. The usual fluidic circuit design approach, based on the concept of loops, is
lightly complicated if the load is a chemical reactor varying the character of the
uid. The source and load loops cannot have simply a common terminal (reaction
roduct should not be re-circulated).
Fig. 8. Although the basic principle of circuit design [14] and use of the regulator is
essentially the same as in Fig. 7, the situation is further complicated in the case of a
binary chemical reaction.

2. Experimental data

2.1. Model tests

Interestingly, the extraordinary behaviour – with the loading
curve converted into the horizontal straight line – was developed
without any detailed knowledge of what happens in the interaction
cavity, simply by gradually changing the geometry of the model
shown in Fig. 8 and watching the consequences. The model was
made from PMMA. Its geometry was essentially two-dimensional,
with plane cover plates closing the internal cavity on both sides.
Nozzle width was b = 3 mm and depth, the distance between the
cover plates, equal to h = 8.06b. In designing the shape, it was
believed that the key role in recovering pressure (converted into
kinetic energy in the nozzle), it is played by diffusers. That is
why the design incorporated in both outlets (output Y as well as
vent V) quite long diffusers with small divergence angle 6◦. The
fluid used in the investigations was at essentially room conditions
(Fig. 10).

Based on previous experience with bistable diverter valves the
interaction cavity shape was designed so as to make the loading

characteristic curve as straight as possible. The curve, in fact, always
consists of two arcs with mutually opposed curvatures, positioned
one after another. The desirable flatness is achieved by making the
curvature radii as large as possible.

Fig. 9. An example of pressure control in a chamber with captive cells through which
passes a varied flow of nutrient liquid – in principle a version of the case from Fig. 7
(the load here involves the colliding-jets control valve [15]).
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Fig. 12. Measured quantities – flow rates and pressure differences – in the exper-
iments and definition of the dimensionless variables which, thanks to Eulerian
similarity [6], replaces the whole family of loading, curves (each valid for partic-
ular supply mass flow rate) by a single curve – its universality is, unfortunately,
invalidated by Reynolds number effects.

Fig. 13. Experimentally found changes of the loading characteristic – plotted here
in relative co-ordinates (Fig. 12) – with gradually increased splitter nose radius r.
ig. 10. Photograph of the laboratory tests model used in the development of the
eometry of the cavities.

.2. The slope of the flat loading curve

What was then needed to obtain the desired horizontal loading
urve was finding some detail of the geometry that would change of
he slope of from the large-curvature-radii curve from the negative
alue – the curve sloping down with increasing flow rate – as is
bserved with the initial sharp-edge geometry presented in Fig. 11

nto the opposite, positive value. Of course, the initial negative slope
ay be easily explained by the influence of the internal losses inside

he device. These absorb some of the available energy of the fluid
the same effect as in the down-sloping characteristic of the blower
n Fig. 3). To make the losses in the output flowpath negative is, of
ourse, not possible. What may be done is adjusting the losses in
he other, vent flowpath.

It was established that rounding of the nose of the splitter, mak-
ng the flow into the vent easier, decreases the slope. Presented
n terms of the dimensionless parameters from Fig. 12, the exper-
mental results in Fig. 13 show the effect of various nose radii.
ncreasing the radius decreases the negative slope. With the nose
adius r = 1.67b – in fact the largest that could be actually accommo-
ated between the two tangent straight lines originating in the nose
dge – the change in the slope is seen to continue up to reaching
he desirable opposite sign. Because of the continuous character if
he change, obviously, somewhere between this case and the split-
er shapes with small radius r there must be the ideal case of zero
lope. Finding it was then just a matter of patient radius variations
nd repeated measurements of the loading curve. The ideal geom-
try was found with the radius r = 1.1b with which the regulator
evice exhibited – at the rather small Reynolds number Re = 2400
the output characteristics presented in Fig. 14. The loading curve
Y = f (�Y) exhibits almost ideal shape, with the only non-negligible
eviations near to the no-spillover state ns (with no flow through
he vent V).

Of interest in Fig. 14 is also the small variation of the supply pres-

ure curve �S = f (�Y). This means the fluidic circuits upstream from
he regulator are not influenced by whatever changes of hydrody-
amic conditions occur in the connected load. This effectively zero
uidic input impedance may itself be a welcome behaviour (in ref.

3] it is described as load-isolator property).

ig. 11. Geometry of the core part of the model in the initial shape with sharp-edged
plitter nose.

Fig. 14. Output characteristics (the loading curve as well as variations of the supply
pressure drop), found for the experimentally determined optimum geometry. Over
most of the loading curve, the deviations from perfectly constant pressure are less
than mere 2%.
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The flowfields obtained by these numerical investigations were
then investigated in detail with an aim to identify the mechanisms
responsible for the character of the loading curve. More disturb-
ing than the imperfect agreement with experimental data (without
adjustment of the numerical model variables, an exact agreement
66 V. Tesař / Chemical Enginee

. Computational studies

.1. The aim

The absence of a clear explanation why the device possesses
he pressure regulating capability was found an unpleasant obsta-
le when the idea recently received a renewed interest. For the
xplanation, it was initially planned to build a scaled-up labo-
atory (model of a size making possible insertion of probes) for
nvestigation of the internal flowfield, it was decided to obtain the
nformation using numerical flowfield solutions. It is necessary to
tress the rather special situation. Because of availability of exten-
ive reliable experimental data concerning the outer, “black-box”
roperties of the device, there was no need for the computations
o provide numerically precise results. Instead, it was considered
seful just to obtain qualitative explanation of what happens in
he regulator cavity at various operating states. The offered alter-
ative presentations of the results by contemporary software made

t particularly suitable for this explanatory exercise.
No need of precise numerical results made the computation

ffort easier. In standard situations, aimed at reproducing exact
arameter values, it is necessary to devote a substantial part of the
ffort to adjustment of solution variables, selection of the best fit-
ing model of turbulence, tuning the numerical constants in the
urbulence model, and – in particular, considering the interest in
ow Reynolds numbers range – a choice of the method for process-
ng the low Re turbulence. This was not considered necessary here.

The solutions were made using commercially available FLUENT
oftware, release 6.3.26, in the 3D version. The solved equations
ere full three-dimensional Navier–Stokes equations with mod-

fied gradient-diffusion term based on the idea of characterising
ffects of turbulence by a simple scalar quantity – the turbulent vis-
osity replacing the molecular viscosity in the basic Navier–Stokes
quation. This characterisation by a scalar is equivalent to assuming
hat turbulence is isotropic, its effect identical in all three spa-
ial directions. Turbulence viscosity was computed using k-epsilon
wo-equation model, with the standard model constants as sup-
lied by the software supplier. The regions near to the walls were
reated using standard wall functions and the low Re turbulence
lsewhere was treated using the RNG approach. The domain was
iscretised by tetrahedral unstructured mesh, set up using soft-
are GAMBIT release 2.4.6. The grid was refined progressively in

he course of the solution in regions exhibiting high values of the
radient of velocity magnitude. The working fluid assumed in the
omputations was the same as the one used in the laboratory tests
air at the room temperature and (in the vent exit) room pressure.

o make the flowfield less dependent on the choice of boundary
onditions, the geometry of the computation domain was at all
hree terminals of the device supplemented by additional chan-
el sections of length equal to three channel widths. In the supply
erminal the boundary condition was the velocity at the inlet into
his upstream extension, the magnitude of the velocity adjusted so
s to obtain the same Reynolds number value in the nozzle exit as
he value in the laboratory experiments. The other two boundary
onditions were the velocity in the downstream extension from the
utput outlet Y and atmospheric pressure at the vent outlet V. The
elocity in Y was adjusted in small steps to different values at dif-
erent computation runs so as to obtain the data across the whole
oading curve of the output characteristic.

.2. Starting point: the sharp-edge case r = 0
Initially, as the starting point, the geometry of the computa-
ional domain was those of the sharp-edged case corresponding
o Fig. 11. The computation domain, fully three-dimensional, was
f dimensions corresponding to the original laboratory model as
urnal 155 (2009) 361–370

shown in Fig. 8, i.e., with nozzle width b = 3 mm. The refinement of
the discretisation grid progressed in each computation case inde-
pendently until the number of the finite volumes was ∼170,000. The
boundary conditions were adjusted so as to keep constant Re = 2400
in the supply nozzle, reproducing the experimental cases presented
in Figs. 11 and 12, while the output flow rate boundary condition
was gradually increased in small steps. For each of these conditions,
the iterations were run (with grid refinement) until the residues of
all quantities became lower than 10−5. The resultant pressure dif-
ferences were evaluated and converted into the dimensionless form
using the expression shown in Fig. 12, so that they could be plotted
as the data points on output characteristics in Fig. 15, which were
obtained by 4th order polynomial fit.

There were 15 computation runs, and therefore the same num-
ber of data points defined the loading curve. The overall character
of this result – the flat shape of the loading curve and it downwards
slope with increasing output flow rate – was in qualitative agree-
ment with the previous experimental data as were presented in
Fig. 13.

3.3. Rounded splitter r = 1.5b

In the following series of the computation runs it was decided to
investigate the decrease in loading curve slope caused by rounding
the splitter nose. The relative rounding radius was chosen to be
r = 1.5b, i.e., slightly smaller than for the upwards-sloping curve in
Fig. 13 but larger than the r = 1.1b for the zero slope case of Fig. 14.
The results were plotted together with the sharp-edge case into the
same diagram in Fig. 15 where it is apparent that while the slope
with the rounded splitter was less steep, it remained negative and
did not reach the positive slope value that might be expected on
the basis of the experiment. On the other hand, the supply pressure
curve �S = f (�Y) was indeed found practically horizontal as shown
in Fig. 13.

The general effect of the rounding, the influencing of the charac-
ter of the loading curve by providing an easier entrance into the vent
diffuser, was demonstrated by comparing these two sets of results
– and this was considered the fulfilment of the main purpose of the
exercise.
Fig. 15. Output characteristics (both loading curve �Y = f (�Y) and supply pressure
curve �S = f (�Y)) evaluated by numerical computations for two device geometries:
the initial sharp-edge r = 0 case and the rounded nose case r = 1.5b.
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Fig. 18. Top: Computed pressure distribution, presented in relative co-ordinates,
along the line a in the regulator element with rounded splitter, in the state with
ig. 16. Pathlines evaluated by computations of the fluid flow in the initial sharp-
dge variant show surprising three-dimensionality of the internal flowfield.

ould not be expected) was the total invalidation of the basic phi-
osophy of the design. The essentially two-dimensional geometry of
he device was from the very outset expected to be reflected also in
wo-dimensional character of the flowfield – perhaps only weakly
nfluenced by the boundary layers formed on the sidewalls. Ini-
ially, such two-dimensional approach was tried, without success,
o provide some ideas about the flowfield.

The computations, however, have now shown that the internal
owfield in the device is in reality highly three-dimensional. This

s clearly visible, e.g., in the example of computed pathlines pre-
ented in Fig. 16. Three pathlines were released from three points
ocated one above another in the vertical line traversing the cen-
re of the nozzle exit. Only one of them – the topmost pathline
eaving the cavities through the vent past the sharp edge – actu-
lly behaved as expected on the basis of two-dimensional ideas.
he middle pathline, leaving through the output terminal, makes
sideways excursion apparently avoiding a large standing vortex

ocated there. This vortex is recognisable from the horizontal loop
on the bottom pathline which, after entering the exit diffuser,

ctually returns back into the interaction cavity. There is follows

nother, vertical loop n. Only after this complex and tortuous path
his part of the fluid leaves through the output terminal.

The difficulty of flowing through the vent diffuser is particu-
arly apparent in the zero output flow state for which the computed

ig. 17. Computed pathlines for zero output flow state nf in the sharp-edge variant
f the device geometry. Entering the vent diffuser is evidently rather difficult and
ome pathlines reach it only after covering a rather tortuous way, passing through
he loop formed in the output diffuser or the large loop in the interaction cavity.
small relative output flow �Y. Unexpected fact is the large pressure rise �Ph in front
of the entrance into the output diffuser, the pressure recovery in which is actually
almost insignificant. Bottom: Corresponding computed pathlines.

pathlines are presented in Fig. 17. Again, the striking feature is the
three-dimensionality of some of the flow features.

The pressure changes taking place inside are essential for elu-
cidation of the device behaviour. They are also important from the
practical point of view. The device belongs into the jet-type cate-
gory of fluidic devices dependent on dynamic phenomena in fluid
accelerated in the nozzle. It is essential for energetic efficiency
of the device to recover as much as possible of the pressure by
re-conversion from the kinetic energy before the fluid leaves the
cavities. It was with this aim in mind that the device was provided
with the two diffusers occupying a substantial proportion of the
available space. The diffuser in the vent exit, rarely if ever used
in other known fluidic devices, is there actually with the inten-
tion to generate the pressure rise that was considered essential for
adjusting the degree of ease with which fluid can leave through the
vent.

An interesting example of what may be learned about the pres-
sure changes is given by the computed pressure distribution in the
upper part of Fig. 18. The local static pressure values, for the r = 1.5b
rounded nose case at the flow rate into the output slightly more
than one quarter of what is supplied into the nozzle, were evalu-
ated along the line a shown in the inset at the right-hand upper
corner of this picture. The data are plotted in relative co-ordinates:
the pressure values are – according to Fig. 12 – related to the sup-
ply pressure difference in the no-spillover state and the distances
are related to the splitter distance s. The distances are measured
from the nozzle exit. The dramatic pressure decrease in the stream-
wise direction for the negative distance values is obviously due to
the pressure energy conversion inside the nozzle into the kinetic
energy. Downstream from the exit, the pressure values on the line
a are negative, lower than those in the vent exit, which may be

interpreted as the effect of the pressure rise in the part of the flow
leaving through the vent. It is what happens further downstream
along the line a that is unexpected. Traditional view of the pro-
cesses taking place in fluidic jet-type device expects the jet flow
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Fig. 19. Pressure distributions along the line a in the two versions of the regulator:
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to the experimental data presented in Fig. 14). The larger deviation
from the load-isolator property (i.e., from the shape of the ideal sup-
ne with the sharp splitter edge r = 0, the other with the edge rounded. Both com-
uted for all the flow passing through the vent, where the effect of the entrance into
he vent diffuser is most pronounced.

o be isobaric, with the pressure recovery due to the pressure rise
aking place inside the exit diffuser further downstream. The com-
uted results in Fig. 18 do not show this to be the case. The pressure
ise in the diffuser, at X1 > s, is seen to be of little importance. The
erspective view of the computed pathlines in the bottom part of
ig. 18 may explain the poor performance of the output diffuser as
consequence of the separated recirculation flow filling a consid-

rable part of the diffuser. What pressure recovery takes place is
een in the top part of Fig. 18 due to the pressure rise �Ph in front
f the entrance into the output diffuser. There is little doubt that
his rise is caused by the mechanism recently identified under sim-
lar conditions in ref. [7]. It is probably associated with the Ringleb’s
dea [8] of trapped vortex – several times seemingly disproved (e.g.,
9]) and yet later resuscitated, e.g., in the form of vortex trapped
n a cornice-shaped cavity on the top surface of an airfoil, known
s the “Kasper vortex” [10], a subject of current research efforts
11,12].

Analogous pressure distributions presented in Fig. 19 for the zero
ut put flow rate (state nf) in the two cases r/b = 0 and r/b = 1.5 show
emarkable mutual similarity. The difference is merely in their ver-
ical separation. Evidently, the unwelcome negative slope in Fig. 13,

ore pronounced in the r = 0 case is associated with the stronger
hift upwards, i.e., a higher pressure in the interaction cavity – no

oubt because of the more difficult entry into the vent diffuser.

The obvious lesson learned from these results is the better
pproximation to the desirable zero loading curve slope may be
btained by making the vent flow even more easy.

ig. 20. In an attempt to obtain a positively sloping computed loading characteristic,
n the third tested geometric alternative R of the splitter shape, the entrance into the
ent was made easier by increasing the splitter head angle to 76◦ and rounding with
adius r = 1.67b the whole triangular, region between the lines j and k (intersecting
t an angle 70◦) which, when extended, meet in their intersection point z.
Fig. 21. Loading curve �Y = f (�Y) and supply pressure curve �S = f (�Y) in the output
characteristics, evaluated from numerical computations of the device with splitter
shape R. The loading curve is perhaps the nearest approximation by the performed
numerical solutions to the ideal horizontal straight line of a pressure regulator.

3.4. Splitter shape R: yet easier entrance into the vent

Since the original shape of the splitter, as presented in Fig. 11,
defined by the two straight lines intersecting in the sharp-edge
point does not allow significant increase in the rounding diameter
r, beyond the r/b = 1.5 value, it was decided to make the entry into
V easier by increasing the slope of the splitter head wall, which
at the initial value 72◦ (Fig. 11) obviously turns quite rearwards
the part of the flow not entering the output diffuser. As shown
in Fig. 20, the angle was increased to 76◦. This made the upper
one of the two intersection lines even shorter. The rounding was
therefore made differently: the rounded part of the splitter is
now positioned between the two lines j and k, which – when
extrapolated – intersect in the point z.

With the resultant splitter geometry R, the loading curve in rel-
ative co-ordinates �Y = f (�Y), as presented in Fig. 21, exhibits a very
good approximation to the desirable horizontal straight line shape
– apart from the immediate neighbourhood of the no-spillover state
ns (which is the weak point of the regulator accuracy also according
ply pressure curve �S = f (�Y) = 1.0) is inconsequential in the present
context.

Fig. 22. Comparison of side views of computed three pathlines released, under the
same conditions, into the regulator with splitter shape R (top) and the r/b = 1.5
rounded splitter geometry (bottom). The zero output flow state nf makes most
pronounced the differences between the entrance into the vent diffuser.
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F ate with 50% spillover into vent V, i.e., exactly half-way between the extreme ns and nf
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ig. 23. Pressure field in the mid-plane computed for the R shape variant in the st
tates.

Certain idea about the achieved ease of entry into the vent may
e gained from the sideways views of the flowpaths in Fig. 22, com-
uted under exactly identical nf conditions (i.e., no flow through
he load). While in the earlier r/b = 1.5 rounded shape cavity only
ne of the three pathlines managed to escape through the vent, in
he splitter shape R case two pathlines left there within the same
umber of pathline computation steps.

. Findings

.1. Three-dimensionality

Of the two main lessons learned from the performed compu-
ational exercise, the first one is of considerable importance for
uidics and microfluidics in general. It is the surprising degree
f three-dimensionality. Although quite often made, the simple
ne-dimensional calculations (or better termed, estimations) of the
elocities and pressure conditions based on the size of channel cross
ections – and an idea of the flow filling the sections – is inapplica-
le in the flow where the jets enter the collectors only to be forced
o flow back. It should be said that this rather deep penetration into
he collector was the more unexpected in the present case the larger
s here the splitter distance s = 15.6b. This is twice and perhaps even

ore than the usual distance in most jet-type fluidic devices (cf. e.g.,
13]) where the penetration energy must be correspondingly more
ffective.

The design of the discussed pressure regulator devices, guided
y the idea of the ease of entry into the vent, is therefore quite dif-
cult because before even entering the vent diffuser the fluid flow
as to follow a rather complicated paths, sometimes with loops
Figs. 14–16) which – Fig. 18 – may be entangled in a complex

anner.

.2. Pressure recovery mechanism

The character of the internal flow depends very much upon the
ction of pressure forces. An example of generic pressure distribu-
ion, presented in terms of isobars (drawn in the mid-plane, i.e., at
istance h/2 between the side cover plates) is provided in Fig. 23.
he consequences for the pressure changes roughly in the direc-
ion of the flows is seen in Fig. 24 where, in addition to the pressure
long the line a (passing through the middle of the nozzle) as in
igs. 16 and 17, there are also pressure distribution along the line b
Fig. 23 – passing through the middle of the entrance into the vent
iffuser).

Obviously, as already noted above, the almost no pressure varia-

ions are found in the components – diffusers – that were included
ust in order to generate the pressure rise. Of course, no changes
re expected in the inactive diffusers – as seen from the horizon-
al line distributions for the output diffuser in the nf regime and
he vent diffuser in the ns state (Fig. 24). Nevertheless, even in the
Fig. 24. Computed pressure distributions along both line a as well as line b (as shown
in Fig. 23) in the extreme ns and nf states in the regulator device with splitter shape
R.

active diffusers handling the full flows the rise is much smaller than
the recovery by the mechanism according to ref. [7]. This pressure
increase takes place in the impingement regions, in the corners of
the interaction cavity where the wall-jets following the walls are
forced to change their direction. Also the pressure rise of the flow
passing through the vent is due to the secondary pressure recovery
region of the same character (Fig. 23).

Quite interesting is also the low pressure region seen in Fig. 23
near the splitter nose. It is doubtless the pressure force that holds,
like the Coanda effect, the wall jet attached while it is turned into
the vent collector and this makes it an important factor in designing
the shape for an easy entrance into the vent.

5. Conclusions

Numerical flowfield solutions were used for a not very com-
mon purpose of elucidating operation of a device that was already
developed to satisfactory level by purely empirical procedure. The
emphasis on the qualitative character of the computation results
made unimportant search for precise reproducibility of numerical
values. It was especially the post-processing offered by the soft-
ware that made possible interesting detailed studies of features in
a way that would be very difficult to perform by experiments –
for example following the pathlines into their complex entangled
loops.
The discussed device offers several useful application oppor-
tunities that has been so far ignored, but was a subject of a new
interest. It belongs into the jet-type category of fluidic devices
dependent on dynamic phenomena in fluid accelerated in the noz-
zle and this makes important investigation of the pressure recovery
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echanisms. Rather surprisingly, the mechanism was found to be
uite different (not taking place in the diffusers) than the ideas that
ere followed in the original device design.
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