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ABSTRACT
Performance of a fluidic diode coupled with an acoustic compressor is studied. Fluidic diodes are arranged in
series to improve the rectification. Experiments were done in configurations of 1, 2, 3 and 4 diodes in series. The
volume flow and pressure measurements are presented. Better rectification is achieved by arranging the diodes in
series. Also it was found that fluidic diodes worked at operating frequencies of the order 900Hz.

INTRODUCTION
The idea of compressing the gas using sound waves has invited great attention in recent times. Gas compression can
be achieved by using an acoustic compressor which works on the idea of Resonant Macrosonic Synthesis (RMS)
technology. This technology was demonstrated by Lawrenson et al 1 . Acoustic energy is one form of oscillatory
energy with zero mean value. To extract the energy, it is necessary to rectify this oscillatory flow to obtain non zero
mean value. A conventional reciprocating pump contains a cavity, which is connected to the inlet and outlet pipes
through one-way valves. These valves have moving mechanical components which may fail due to wear and tear.
Thus for the sake of reliability, elimination of these movable parts is important. Rectification function of these oneway valves can also be achieved by fluidic devices, which are basically no-moving-part rectifiers. Due to the
absence of movable components, no-moving part fluidic devices cannot close off the return flow completely. In
spite of this limitation the reliability and simplicity of such devices makes them a suitable choice for oscillatory flow
rectifying applications. Also other added advantages of such fluidic devices are that they are less expensive to
manufacture, extremely reliable, ease of production in different scale ranging from micro to macro sizes. and long
operating life.
There are many known fluidic elements that can perform the rectification function. The work by Yastrebova 2
and by Priestman and Tippetts 3 discuss different types of rectifiers. The oldest among these diodes has to be one by
N. Tesla in 1920 4 .The rectification element (sometimes called ‘fluid diode’, or ‘dynamic passive valve’, etc.) can
look like a convergent/divergent duct. Such fluidic devices have directional asymmetry characteristics which results
in the directional pressure drop. Stemme and Stemme 5 designed the first valveless pump with convergent/divergent
ducts where the pump operating frequency was of the order of 100Hz with water as working fluid. Gerlach et al. 6
used truncated pyramid shaped channels, where the dominating direction of flow corresponded to that of convergent
flow whereas in the divergent flow direction, the high duct angle results in flow separations. Forster et al. 7 used a
valvular conduit bifurcating a channel flow as the rectification element. Also theoretical analysis of such valve-less
micropumps was done by Pan et al 8 . A recent paper by Tesar 9 discuss different no-moving-part pumps used for
safe pumping of hazardous liquids.
The flow rectification process is analogous to rectifying an electric AC current to obtain DC output. The flow
analogy for an electric AC current is a Synthetic Jet. Synthetic jets 10 (SJs) are generated by ejection and suction of
fluid through an orifice. The time-mean mass flux of the oscillatory flow in the orifice is zero, hence they are also
commonly known as zero-net-mass-flux (ZNMF) jet. Synthetic jets can be combined with any type fluidic devices
mentioned above to produce a non-zero-net-mass-flux (NZNMF) jet. Such jets are also called as Hybrid Synthetic
Jets (HSJs) 11 . The name and also the basic idea of this concept was introduced by Travnicek in 2004. Also a recent
paper by Tesar 12 discusses the configurations and topology of jet type rectifiers used to generate HSJs.
There are two things that gives rise to non zero mean mass flux: one, entrainment of surrounding fluid due to the
interaction of individual vortical “puffs” (similar to SJs) 13 and, another by non-zero-net-mass-flux pumping (similar
to flow through an rectifying element). Thus its volume flow and momentum are higher in comparison with a “pure”
SJ 14 . Significant experimental work has been conducted in the field of no-moving-part rectifying elements. Yet,
little attention seems to have been given towards the question of how to increase the mass flux through these
rectifying elements. The main motivation of this work is to use a no-moving-part fluidic device to rectify the
oscillatory acoustic energy in RMS cavities. The idea used here is to arrange fluidic devices in series and study their
performance. Focus is on understanding the effectiveness of the fluidic diodes in series.

EXPERIMENTAL SETUP
Figure 1. shows the schematic of the experimental setup. In this study a non axisymmetric duct with linear variation
in area, was used as an acoustic compressor. The linear variation is given by the equation (1). The compressor was
driven by a 150W acoustic driver unit with a diaphragm of diameter 35mm. The frequency and amplitude of
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vibration of diaphragm were controlled using a function generator and an amplifier. The driving signal is a plane
sine wave. Arrangement was made to mount the pressure transducers along the side wall of the resonator for
pressure measurements. Two holes were made in the top cap of resonator to have two diode arrangements, one
outward favoring and another inward favoring. Four sets of fluidic diodes were used as shown in Figure 2.

Ax

ax  b , where a=2.25 cm, b=10 cm2 and 0 d x d 20cm

(1)

FIGURE 1. Schematic of the Experimental Setup

FIGURE 2. Four different fluidic diode configurations used in the present study.

INSTRUMENTATION
PCB® Piezotronics Inc. dynamic pressure transducers (model 113B27) were used to measure dynamic pressure
inside the resonator. Also a rotameter was used to measure the net volume flow rate.

METHODOLOGY
Each diode set in the pair of diodes mounted on the acoustic compressor was arranged in two different
configurations (as shown in Figure 2). One diode was arranged in a positive configuration indicated by a '+' sign
(here after D1) and another diode in negative configuration indicated by a '-' sign (here after D2). Consider Diode
D1. The flow patterns are much like jet driven streaming patterns discussed by Said and Morris 15. Here an
oscillatory flow, experiences a contraction as it flows from B to A and an expansion on the way back. During the
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suction part of acoustic cycle the flow comes from all sides and the flow pattern is much like a sink. On the other
hand jet is produced during the ejection due to the flow separation around the edge at A. This results in a net mean
pressure difference between points A and B. The losses are different in case of sudden expansion and sudden
contraction. Thus a pressure difference is generated between the two points. The entire length of such fluidic device
is only a small fraction of the acoustic wavelength (). Thus time-mean mass flux of the oscillatory flow in a fluidic
device is non zero.
160
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FIGURE 3. Pressure time series for different diode configurations.
TABLE 1. Overpressure & Volume Flow for different diode configurations.
No of Diodes

Overpressure
(kPa)

Volume Flow Rate for
D1 (LPM of Air)

Volume Flow Rate for
D2 (LPM of Air)

Resonance
Frequency (fo in Hz)

Rigid End

38.300

NA

NA

939

1

08.900

3.5

3.9

922

2

10.100

4.1

3.5

925

3

12.900

4.6

0

926

4

10.175

4.9

0

924

RESULTS AND DISCUSSIONS
Figure 3 shows the pressure measurements for five different cases i.e., completely closed duct, 1 diode, 2 diodes 3
diodes and 4 diodes. It can be seen that there is substantial drop in the overpressure in presence of diodes as
compared to completely closed duct. This is expected as rigid end is an ideal case where acoustic impedance is
maximum. End condition is altered due to the presence of fluidic diodes. It can be seen that the overpressure is
higher in the case of 3 diodes in series as compared to 1 diode case. This is due to the fact that higher impedance is
provided by more number of diodes. Having said this, it is interesting to note that the overpressure in the case of 2
diodes and 4 diodes in series are almost same.
Volume flow measurements were done for both D1 and D2. When D1 was connected to rotameter, D2 was kept
open to the atmosphere and vice versa (see Figure 1). The volume flow rate in D1 increases as the number of diodes
increases (see Table 1). This suggests that with more number of diodes in series better rectification can be achieved.
In contrast, the volume flow rate decreases for D2 and is zero in the case of 3 & 4 diodes in series. Volume flow rate
decreases in the case of 1 diode and 2 diodes in series due to increase in the resistance. Whereas, in the case of 3 & 4
diodes in series, higher mass ejection from D1 results in a partial vacuum inside the resonator, which in turn is
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compensated by mass suction through D2. That's why the rotameter shows zero reading for D2 in the case of 3 & 4
diodes in series due to reverse flow. Volume flow in the 4 diodes in series case is higher than that of 2 diodes case,
even though the overpressures are same.
The different end conditions also had an effect on the resonance frequency (fo) of the duct. It is evident from
Table 1 that apart for completely closed end case there is no significant change in fo for different diode
arrangements. Also it should be noted that the results presented in Table 1 strongly depend upon the shape of
resonator and power of acoustic driving.

CONCLUSIONS
Resonant behaviors at five different boundary conditions for a given area variation was investigated.
Experiments show that the resonant frequencies were not affected significantly in the case of 1, 2, 3 and 4 diodes in
series. The effect of fluidic diode was to allow the flow in one tube (D1) while constricting the flow in the other
(D2). This can result in a flow in a desired direction, thus proving the fact that fluidic diodes can be coupled with an
acoustic compressor to make an acoustic pump. Also fluid diodes were found to work well at high operating
frequency. This data also suggests that fluidic diodes could be used to obtain differential flows in the tubes and thus
could be used to effect a flow in a desired direction.

REFERENCES
1. C. C. Lawrenson, S. L. Timothy, T. W. Van Doren, B. Lipkens and K. P. David, “Measurements of Macrosonic Standing
waves in Oscillating Closed Cavities,” J. Acoust. Soc. America (1998) Vol 104.pp 623-636
2. E. V. Yastrebova, “Fluid diodes (review),”Automatika i Telemechanika 3 (1971) 101–106 (in Russian).
3. G. H. Priestman, J.R. Tippetts, “Factors affecting the application of vortex diodes and throttles,” in: Proceedings of the
Symposium Fluid Control and Measurement (FLUCOME), Pergamon Press, Oxford, 1985, pp. 241–246.
4 N. Tesla, Valvular conduit, US Patent No. 1,329,559 (1920).
5. E. Stemme, G. Stemme, “A valve-less diffuser/nozzle-based pump,” Sensors and Actuators A, 39 (1993) 159–167.
6. T. Gerlach, M. Schuenemann, H. Wurmus, “A new micropump principle of the reciprocating type using pyramidic micro flow
channels as passive valves,” J. Micromech. Microeng. 5 (2) (1995) 199–201.
7. F. K. Forster, R.L. Bardell, M.A. Afromowitz, N.R. Sharma, A. Blanchard, “Design, fabrication and testing of fixed-valve
micro-pumps,” in: Proceedings of the ASME Fluids Engineering Division ASME, vol. 234, IMECE, 1995, pp. 39–44.
8. L. S. Pan, T.Y. Ng, X.H. Wu, H.P. Lee, “Analysis of valveless micropumps with inertial effects,” J. Micromech. Microeng. 13
(3) (2003) 390–399.
9 V Tesar, "Safe pumping of hazardous liquids-A survey of no-moving-part pump principles", Chemical Engineering Journal 168
(2011) 23–34
10. A. Glezer and M. Amitay, “Synthetic Jets,”. Annu. Rev. Fluid Mech. 2002. 34:503–29
11. V Tesar, C.H. Hung, W. Zimmerman, “No-moving-part hybrid-synthetic jet actuator, ” Sensors and Actuators A, 125 (2)
(2006), p. 159 10 January
12 V Tesar, "Configurations of fluidic actuators for generating hybrid-synthetic jets" Sensors and Actuators A Physical 138
(2007) 394-403 May.
13. L. S. G. Kovasznay, H. Fujita, R.L. Lee, “Unsteady turbulent puffs, ”. Adv. Geophys, 18B (1973) 253–263.
14. Z. Travncek, A. I. Fedorchenko, A. B. Wang, “Enhancement of synthetic jets by means of an integrated valve less pump Part
I. Design of the Actuator,” Sensors and Actuators A, 120 (2005) 232–240 15 Nov 2004
15. B. Said & J. M. Philip, “Acoustic streaming: From Rayleigh to today, ” Aeroacoustics, vol. 2 nos. 3 & 4 (2003)

Proceedings of Meetings on Acoustics, Vol. 19, 030115 (2013)

Page 5

