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a b s t r a c t
Feasibility of multistaging of a nonuniform area resonator based ﬂuidic pump, both in series as well as in
parallel, is discussed in comparison with single stage pump. Multistaging up to two stages was carried out
in this study. Multistaging was successful in achieving higher ﬂow rates and higher back pressures than
a single stage pump. Series pump delivered 1.8 times the pressure for zero ﬂow rate, whereas parallel
pump delivered 2.3 times the ﬂow rate at zero back pressure. Of all three conﬁgurations, single stage
pump was found to have the best efﬁciency based on the input power requirements. It was also found
that the acoustic interactions between the stages can affect the performance of the pump.
© 2019 Elsevier B.V. All rights reserved.

1. Introduction
Conventional pumps for gases, typically use moving parts,
which have the drawback of fatigue and failure. One of the major
failing components is the mechanical valve used in these pumps for
ﬂow control. It is unfavorable to use such pumps where reliability is
more important than efﬁciency. For instance, conventional pumps
are highly unsuitable devices for MEMS applications [1], handling
of extremely poisonous and corrosive liquids [2,3]. There are many
no-moving-parts valves based pumps studied extensively in literature [4–10]. A recent addition to no-moving part valve pump
technology is the valve-less standing wave pump. Nabavi et al. [11]
and Nabavi and Mongeau [12], used a standing wave produced in
a resonator as the source for an oscillatory ﬂow and combined it
with ﬂuidic diodes for ﬂow rectiﬁcation. As mentioned before, ﬂuidic diodes were being used extensively in micro-pumps. Nabavi
et al. [11]essentially used the standing wave as the actuation mechanism as opposed to cavity displacement as in the case of Stemme
and Stemme [13]. Moreover, Nabavi et al. [11] also showed that the
pumped ﬂow rate is proportional to the standing wave peak pressure. This work marked the beginning of ﬂuidic acoustic (standing
wave) pumps. In its most basic form, ﬂuidic acoustic pump consists of an actuation mechanism to establish a standing wave in a
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resonator, wherein the pressure oscillation is ampliﬁed. Resulting
high pressure oscillation is rectiﬁed using ﬂuidic diodes.
It is well known that forced oscillations inside a uniform area
closed duct, in general, cannot attain arbitrarily high peak pressure
amplitudes because of shock formation [15,16]. Lucas et al. [17]
and Lawrenson et al. [18] overcame this limitation by using nonuniform area resonators. They combined these nonuniform resonators
with mechanical valves to produce mean ﬂow. Further, Thomas
and Muruganandam [19,20] designed a ﬂuidic acoustic pump combining nonuniform resonator and no-moving-part valves (ﬂuidic
diodes). The performance of these pumps will primarily depend on
the shape of resonator and the type of rectifying elements used.
Since the frequency of operation is high in such pumps, simple
diffuser/nozzle shaped ﬂow passages are generally used as ﬂuidic
diodes. Thomas and Muruganandam [14] gave a comprehensive
review of such acoustic pumps, with more emphasis given to the
ﬂuidic aspect.
A signiﬁcant part of the versatility of conventional pumps lies in
their capability to be multistaged. Multistaging can quickly improve
the performance of the ﬂuidic acoustic pump and provide higher
ﬂow rate or higher pressure for different applications. This work
explores if multistaging can achieve a wider range of pressures
and ﬂow rates compared to a single pump. In the case of acoustic compressors, the only serious attempt the authors could ﬁnd in
published academic literature was by El-Sabbagh [21], where it was
proposed to use double cavity placed back to back with a piston in
between. This conﬁguration can result in effectively increasing the
ﬂow rate. Similar arrangement was designed by Kawahashi et al.
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[22]. Another attempt towards multistaging can be seen in a patent
by Dooley [23].
It is clear from the literature that, there is hardly any work on
multistaging of ﬂuidic acoustic pumps. The present work investigates the feasibility of two multistaged conﬁgurations involving
ﬂuidic acoustic pumps: series and parallel. The performance of
these multistage pumps is compared to that of single stage pump.
Series multistaging is expected to produce double the pressure
ratio, while parallel conﬁguration is expected to give double the
ﬂow rate of a single stage pump. Ambient air was used as the working ﬂuid in this study. Compressed air is an important medium for
transport and storage of energy across a range of industrial processes. This work is expected to take ﬂuidic acoustic pumps a step
closer towards technological feasibility by enhancing their performance and adaptability.
2. Experimental setup

2.1. Single resonator pump geometry
Fig. 1 shows the schematic of the experimental setup for a single
stage ﬂuidic acoustic pump. A stainless steel conical resonator with
15 mm wall thickness is driven by a loudspeaker, which in turn
is driven by the power ampliﬁer. The speakers are driven at the
fundamental resonance frequency of the resonator to establish a
standing wave inside the resonator. Conical geometry is chosen
owing to its ease of manufacturing. The geometry is described by
Eqn. (1)
2

2.3. Parallel multistage
Fig. 3 shows the schematic of the parallel multistage ﬂuidic
acoustic pump. This conﬁguration was effectively two single stage
pumps connected together at the outlets. Here also, the drivers
were electrically connected in parallel. The inﬂow diodes of both
resonators were open to the atmosphere while the outﬂow diodes
of both resonators were connected to a wye junction. The outlet
of the wye junction is connected to the tank-control valve-bubble
ﬂow meter arrangement.
2.4. Measurement technique and instrumentation

In this section, the basic single resonator and the diode conﬁguration are described ﬁrst. The next subsections describe the
series and parallel multistage pump conﬁgurations, followed by
instrumentation used.

A (x) = (ax + b)

to the tank-control valve-bubble ﬂow meter arrangement. It was
found that with an inﬂow diode in R2, ﬂow from R1 was impeded
by the inﬂow diode in R2, however this was not the case when the
inﬂow diode was replaced by a tube.

(1)

where, A is the resonator cross sectional area in mm2 , x is the
length of the resonator measured from its small end, a = 0.133, b
=17.84 mm and 0 ≤ x ≤ 200 mm. Here, ‘a’ is related to the degree of
non-uniformity of the cone and ‘b’ gives the radius at the small end
of the resonator (where, x = 0).
A pair of ﬂuidic diodes, one for inﬂow and the other for outﬂow is
constructed out of stainless steel conical diode elements arranged
in speciﬁc conﬁgurations (see Fig. 1). For better clarity, only the
internal dimensions of the ﬂuidic diode are shown in its zoomed
view. Fluidic diodes for inﬂow and outﬂow are threaded to a ﬂange
at the small end of the conical resonator. The inﬂow diode is kept
open to the atmosphere while the outﬂow diode was connected
to a pressure tank. Dimensions of the diodes have been adopted
from the performance based on previous experiments on ﬂuidic
acoustic pump [20]. The outﬂow is then collected in the pressure
tank ﬁtted with an exit ﬂow control valve, which is used to control
the back pressure acting on the pump. A bubble ﬂow meter is used
to measure the outﬂow.
2.2. Series multistage
Fig. 2 shows the schematic of the series multistage ﬂuidic acoustic pump. This conﬁguration consisted of two pairs of ﬂuidic diodes,
two resonators and two drivers. The drivers were electrically connected in parallel. Each driver could draw power comparable to
single stage case driver. The inﬂow diode of the ﬁrst resonator (R1)
was open to the atmosphere while its outﬂow diode was connected
to a hollow tube (no diode). This hollow tube replaced the inﬂow
diode of the second resonator (R2). Thus, the only diode present
in the second resonator is an outﬂow diode, which is connected

Each resonator was driven at the fundamental mode of vibration. Sinusoidal input at the fundamental mode frequency from
a function generator (Tektronix AFG 30220B) was used to excite
a loudspeaker horn driver (Capital 2165/150 W). For each pump
conﬁguration, two different voltage levels viz., 15 Vand 25 Vwere
supplied with the help of a digital multi-meter (Yokogawa Model
73201). Corresponding power input levels were measured using
a wattmeter (MECO-G 150V-5A). The resolution of the wattmeter
and voltmeter were 2 W and 0.01 V, respectively.
Two kinds of pressure data were acquired. Acoustic pressure
amplitude at the small end of the conical resonators was monitored
using a piezoelectric pressure transducer (PCB Model 113B28). The
mean pressures inside the pressure tank (in all cases) and inside R2
in the case of series multistaging were measured using a solid state
piezo-resistive sensor (Omega P X 140).
Outﬂow was measured using a bubble ﬂow meter (Teledyne
Hastings-Raydist, 100 ml tube), in terms of liters per minute (LPM),
as in the earlier work [20]. The movement of the bubble was captured using a high-speed camera (PCO DIMAX) set at a frame rate
of 500 Hz. The volume traversed and the corresponding time taken
are used to calculate the volume ﬂow rate (see Eqn.2). In order to
obtain ﬂow rate at different back pressures, a control valve was used
to vary the back pressure. For zero ﬂow rate back pressure, the control valve was completely closed and for zero back pressure ﬂow
rate, the control valve was completely open. The least back pressure
possible in this arrangement was around 35 Pa. These back pressure
and ﬂow rate readings were used to characterize the pump. Flow
rate in LPM was computed according to Eqn. (2)
QLPM =

60
Volume traversesd by bubble (ml)
×
1000
Time elapsed (s)

(2)

3. Results and discussion
All experiments were conducted with ambient air as the pumping ﬂuid at a temperature of 23–25 0 C and humidity in the range of
65–70 % RH. The fundamental mode frequency of the nonuniform
resonator was found to be 915 Hz for all the pump conﬁgurations.
Flow rates were measured for two different driving voltages; viz.,
15 V and 25 V, at four back pressures, for all the pump conﬁgurations.
As mentioned in the previous sections, each pump conﬁguration has a different arrangement. Thus, the power consumption
of the pump will depend upon its speciﬁc conﬁguration. Table 1
summarizes the power consumption for different conﬁgurations.
These power consumption values are used to determine the acoustic power input.
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Fig. 1. Schematic of the experimental setup for a single stage pump along with zoomed in view of the ﬂuidic diode conﬁguration (only internal dimensions of the diodes are
shown).

Fig. 2. Series multistage pump arrangement.

Table 1
Power consumption for different pump conﬁgurations.
Pump Conﬁguration
Single Stage
Series Multistage
Parallel Multistage

3.1. Pump characteristics and efﬁciency

Voltage (volts)

Power (watts)

15
25
15
25
15
25

5
20
16
60
16
60

The performance of all three pump conﬁgurations can be understood in terms of their characteristic curves. We assume a linear ﬁt
for the back pressure-ﬂow rate data with a minimum coefﬁcient
of determination of 0.98. This is consistent with the fact that there
are no sudden changes in either ﬂow rate or back pressure over the
range of operation. The linear characteristic curve can be described
by Eqn. (3)
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Fig. 3. Parallel multistage pump arrangement.

P = P0 − kQ

(3)

Where, P is the mean back pressure, Q is the ﬂow rate, P0 is the zero
ﬂow mean back pressure and k is the slope of the characteristic
curve.
The power input that is being measured is the power input to
the loudspeaker driver from the ampliﬁer. However, loudspeakers are extremely poor at converting electrical energy to acoustic
energy. Therefore, the overall pump efﬁciency is not a true measure
of the efﬁciency of any given pumping arrangement. To remedy this,
pump efﬁciency is deﬁned as in Eq. (4)
=

Flow power output (Q × P)
Acoustic power input

(4)

The typical efﬁciency (electrical to acoustic conversion) of the
loudspeaker is around 1 %, which is used to ﬁnd the input acoustic
power.
The performance characteristics of all three conﬁgurations for
both driving voltage levels are plotted simultaneously in Fig. 4 (a)
and (b). Table 2 summarizes the results for all pump conﬁgurations
and all driving powers. With increase in voltage, the performance
curves for all three conﬁgurations appear to be shifted upwards
to a higher P0 with marginal increase in absolute slope ’k’. At both
driving voltages, series conﬁguration delivers higher zero ﬂow back
pressures than either single stage or parallel multistage, whereas,
parallel conﬁguration attains much higher ﬂow rates at low back
pressures than either single stage or series conﬁguration. Moreover,
the parallel conﬁguration achieves more than double the ﬂow rate,
while the series conﬁguration achieves less than double the back
pressures, compared to the single stage pump. Single stage and
parallel conﬁgurations have roughly the same P0 for a given driving
amplitude.
The efﬁciency characteristics of all three conﬁgurations at 15 V
and 25 V driving amplitudes are plotted in Fig. 5 (a) and (b), respectively. The efﬁciency values by deﬁnition are zero at zero ﬂow
conditions and at zero back pressure conditions. The single stage
conﬁguration has higher peak efﬁciency than both series and parallel multistage conﬁgurations irrespective of driving amplitude.
This is most likely due to interaction between the two resonators,
and the connections between them in multistaged pumps.
In the series arrangement, the ﬁrst resonator (R1) pumps air into
the second resonator (R2) in order to raise the mean pressure inside

it. R2 then pumps air at higher pressure into the tank. The mean
pressure in R2 in the series conﬁguration was measured for all the
cases. This data along with the tank mean pressure is presented in
Fig. 6 at different ﬂow rates settings. It is evident that for a given
driving, as the back pressure increases, the mean pressure in R2
is also increasing. At the zero ﬂow conditions, the pressure in R2
is comparable to the pressure in the tank. For all the cases, the
pressure at 25 V driving is higher than that for 15 V cases.
Table 2 also lists the acoustic peak pressure amplitude (p pk, R1
and p pk, R2 ) at the small end of the resonators (R1 and R2) for all
conﬁgurations. Increase in the small end amplitude with increase in
driving amplitude is evident across all conﬁgurations. From Table 2,
the most striking observation regarding the acoustic data is that the
difference between the small end amplitudes is more pronounced
in the case of the series conﬁguration as compared to parallel conﬁguration. R1 has an amplitude comparable to that of single pump
resonator while that of R2 is reduced to half at both driving voltages. This could be due to the usage of plain tube instead of inﬂow
diode in the case of R2.
Another observation is that the resonator small end acoustic
pressure amplitude drops by about 31 % when the resonators are
connected together in parallel conﬁguration (see Table 2). One can
also note that, R2 pressures are about 10 % higher than R1 pressures.
This may be due to some intrinsic dissimilarities between the two
resonators and drivers.

3.2. Comments on multistaging
3.2.1. Flow and back pressure
In the series multistaging, it is expected that the mean pressures
will be doubled for a given ﬂow rate. However, it can be seen from
Table 2, the back pressure at zero ﬂow rate is roughly 1.8 times for
15 V and 1.6 times for 25 V. It was observed that the power drawn
together by the drivers was almost three times that of the single
stage pump driver (see Table 1).
In the case of a parallel pump arrangement, one would expect
that the ﬂowrates would be doubled at a given back pressure. In
this case also, it was observed that the power drawn together by
the drivers was almost three times that of the single stage pump
driver (see Table 1). Thus the expected ﬂow rates must be more
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Fig. 4. Pump characteristics (a) 15 V and (b) 25 V. Error bars are smaller than the marker size.

Table 2
Performance parameters of all pump conﬁgurations at 15 V and 25 V.
Pump Conﬁguration
Single
Series
Parallel

Driving Voltage (V)

P0 (Pa)

Qmax (LPM)

peak (%)

Slope (k) (Pa/LPM)

p pk, R1 (kPa)

p pk, R2 (kPa)

15
25
15
25
15
25

419
961
771
1546
449
901

2.24
4.31
3.43
5.67
5.27
8.88

8.6
9.8
7.2
6.2
7.3
6.2

168.6
197.6
213.2
265.9
71.9
89.8

14.2
21
14.2
21
9.7
14.8

–
–
7.0
9.6
10.7
16.3

Fig. 5. Pump efﬁciency (a) 15 V and (b) 25 V.

than twice. The actual ﬂow rate rise is 2.3 times the single stage for
15 V, and 2.1 times at 25 V driving (see Table 2).
3.2.2. Acoustics
One of the major considerations in the multistage assembly of
these pumps is the interaction between sound waves exiting the
resonators through the diodes and the resonators. It was ensured

that both the drivers, in both series and parallel arrangement, were
driven without any phase lag.
It can be seen that, in series multistaging, R1 performs just
as good as a single stage pump, while R2 is having lesser peak
pressures. This may be due to the interaction between the acoustic waves and the rectiﬁed ﬂow entering R2 from R1. As seen in
Fig. 2, series arrangement has the inﬂow diode of the R2 as a sim-
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these multistaged pumps needs to be arrived at. However, it is clear
from the study that the interaction of acoustics in each of the resonators, diodes, connecting elements and tank, makes the behavior
of multistaged acoustic pumps different from that of conventional
multistaged pumps.
Conﬂict of Interest

Fig. 6. R2 mean pressure and the tank mean pressure at different ﬂow rates in the
case of a series multistage pump. Error bars are smaller than the marker size.

ple straight hollow tube instead of a diode. When diode was used
instead, there was no mean pressure increase in R2. This may be
due to the interaction between the two ﬂuidic diodes, but this
was not investigated further. Care was also taken to avoid sudden bends in the path of the travelling wave and the rectiﬁed ﬂow,
since sudden bends in ﬂow path correspond to changes in the characteristic impedance, which can directly hamper the performance
of these pumps. The actual length of the interconnecting tube may
also have an effect due to any phase mismatch between the traveling wave and the wave in R2. Position of diode elements in the
interconnecting tubes is also a factor which could affect the overall
acoustic behavior, but these dependencies were not investigated in
this study.
On the other hand, in the parallel arrangement, the peak pressures are comparable in R1 and R2. It is intriguing that the individual
peak pressures in the resonators are lower than that of the single stage resonator, even after drivers drawing roughly 3 times
the power. The output tube lengths were ensured to be the same
for both the legs of the wye. Thus, there must be an effect of the
interaction between the two ﬂows/acoustic waves in the wye.
This also demonstrates that, because of acoustics, multistaging
of acoustic pumps needs more attention than multistaging of conventional pumps. However, it appears that parallel arrangement
has lesser interaction effects compared to series arrangement.
4. Conclusion
Multistage ﬂuidic acoustic pumps, based on nonuniform area
resonator, has been tested in both parallel and series conﬁgurations. The results of multistage pumps were compared with single
stage pump. Higher back pressures of up to 1.8 times that of single
stage pump has been attained using series multistage pump. Higher
ﬂow rates of up to 2.3 times that of single stage pump has been
achieved by parallel staging. Series stage pump yielded maximum
back pressure of 1546 Pa at 25 V. Maximum ﬂow rate of 8.88 LPM
was obtained with parallel stage pump driven at 25 V. Maximum
efﬁciency of 9.8 % was recorded for single stage pump operating
at 25 V. The multistage pumps had efﬁciencies lower than that of
single stage pump. Both series and parallel pumps consumed three
times the electrical power compared to the single stage pump.
From the acoustic performance view point, when operating in
series, the ﬁrst stage resonator (R1) was found to operate identical to the single stage pump, while the second stage resonator
(R2) was having higher mean pressures and lower acoustic peak
pressures. On the other hand, when operating in parallel, the peak
pressures in both resonators were lower compared to the single
stage pump. Preliminary inference is that parallel multistaging has
lesser performance degradation compared to series multistaging.
This paper only presented the feasibility study for multistaging of ﬂuidic acoustic pumps for achieving higher ﬂow rates and
pressures. The exact optimum conﬁguration for best operation of
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