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Abstract—Thermoacoustic engines and coolers are a
promising emerging technology due to its environmental
friendliness and the lack of mechanical moving parts.
Acoustic-to-electrical (or vice versa) transduction devices are
the key components allowing for the conversion between
acoustic (i.e. mechanical) and electrical energies (or vice
versa). Some of researchers investigated the use of acoustic
drivers in their devices due to their high acoustic power and
transduction efficiency. This paper focuses on the performance
analysis of a few selected acoustic drivers, available
commercially, in order to provide a better understanding of
their efficient utilisation in the context of coupling with
thermoacoustic machines (engines or refrigerators). Six
different acoustic drivers where studied using analytical
solutions. The selected drivers have widely varied
specifications which leads to major differences (in terms of
ultimate performance) when various acoustic conditions are
applied to simulate the presence of different thermoacoustic
networks. Such investigation could lead to better engineering
practices in coupling the drivers to thermoacoustic systems
and positively influence their overall efficiency. Therefore, this
study is thought to be beneficial design engineers working on
thermoacoustic machines.

Keywords—Acoustic  drivers, thermoacoustic devices,

ultimate coupling, performance.

I INTRODUCTION

hermoacoustic technologies are a branch of physical

sciences that combine Thermodynamics, Thermofluids
and Acoustics. Here, thermal power can be converted to
acoustic power using the thermoacoustic effect, whereby the
high temperature gradient imposed on the solid material
placed in gaseous medium generates sound waves.
Similarly, a reverse thermoacoustic process is possible,
whereby the acoustic waves lead to heat-pumping effects
resulting in creating temperature gradients on the solid
material [1-5]. Therefore, there are two main types of
thermoacoustic devices possible: thermoacoustic engines
and refrigerators. In thermoacoustic engines the thermal
power is converted to acoustic power which could be then
used for electricity generation or for cooling (e.g. by
coupling a thermoacoustic refrigerator). On the other hand,
thermoacoustic refrigerators create a cooling effect by
consuming the acoustic power provided by the
thermoacoustic engine or directly by an acoustic driver [6
and 7].
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Thermoacoustic technologies have a number of advantages
over conventional power production devices. For instance,
the lack of the mechanical moving parts of thermoacoustic
devices leads to their high reliability and low maintenance
as no lubrication of moving parts is required. Another gain
is that the working gas is an inert gas (e.g. helium or air)
and in cheaper applications it is possible to use air. This
makes thermoacoustic devices environmentally friendly due
to the absence of the harmful ozone depleting emissions.
Acoustic drivers, whether ordinary audio-loudspeakers or
purpose-designed  linear  alternators/motors, can be
considered as an essential part of thermoacoustic devices.
They are used to harvest acoustic energy to further convert
to electricity in thermoacoustic engines (thermoacoustic
electricity generators) or supply acoustic power from an
electrical input to drive thermoacoustic refrigerators. In
recent years, several thermoacoustic researchers have been
focusing on the use of acoustic drivers in their devices due
to their high acoustic power throughput. However, there is a
considerable gap in the understanding the underlying
principles of the coupling between thermoacoustic devices
and acoustic drivers [8-11]. Therefore, the focus of this
study will be the performance analysis of few selected
acoustic drivers (available from Sunpower® Inc., 2005)
[12] from the viewpoint of coupling to thermoacoustic
networks. This paper aims to provide the theoretical
knowledge and foundation of how to couple acoustic drivers
to thermoacoustic devices efficiently in terms of electrical
to acoustic power conversion or vice versa.

1. ACOUSTIC DRIVER SPECIFICATIONS,
PERFORMANCE AND ANALYSIS

In this study, six acoustic drivers with different
specifications and power handling capacities are considered
to investigate their performance when coupled to different
acoustic networks (see Table 1, 2 and 3).

TABLE 1
ACOUSTIC DRIVERS’ MODELS AND POWERS (AVAILABLE FROM
SUNPOWER® INC., 2005) [12].

N Driver’s Maximum acoustic Maximum electrical
model power power

(when operated as (when operated as a
an acoustic driver) liner alternator)

1 | 1S132M 220W at 60 Hz 250W at 60 Hz

2 | 1S175M 500W at 60 Hz 750W at 60 Hz

3 | 1S226M 900W at 60 Hz 1.2KW at 60Hz

4 | 1S241M 1.6KW at 60Hz 2.0KW at 60Hz

5 | 1S297M 3.8KW at 60Hz 5.0KW at 60Hz

6 | 1S362M 8.0KW at 60Hz 10 KW at 60Hz
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TABLE 2 |Ap, |
ACOUSTIC DRIVERS’ SPECIFICATIONS — GROUP A (AVAILABLE FROM |Z,| = and Oz, =0,y — 6y, 9
SUNPOWER® INC., 2005) [12]. |11]1|
Acoustic driver model (Group A) ;
E,ip==I|A U/lcosB, , 10
Parameter 1S132M | 1S175M | 1S226M zap =7 Ap:IU] Za (10)
(D), inch 1.9 2.553 3.661 1
W, ==|L||V;| cos © , 11
(Re)/Q 2 0.5 1 e 2 |1|| 1| (11& V1) ( )
(Rp), N.s/m 7 15 26 _ Eyap 12
(L), mH 46 68 33 Nap = W, (12)
(M), kg 0.721 1.69 3.643
(BI), N/A 47 68 54 In order to theoretically estimate the efficiency
(K), KN/m 46 26 102 (understood as the value of acoustic power produced to the
v (), le 600 26008 60 input electrical power, cf. Equation 12) of an acoustic
(V4]), volts (rms) | 11 208 driver, the complex values (real and imaginary components)
(l14]), amps (rms) 4.0 8 15 i .
of each: pressure difference |Ap,|, volume flow rate |U,],
|2&,], mm 14 17 20 ) ; .
given voltage |V;|, consumed current |I;| and their relative
phases should be known. Then the acoustic power produced
TABLE 3 E,,4p and the electrical power consumed W, by the acoustic
ACOUSTIC DRIVERS’ SPECIFICATIONS — GROUP B (AVAILABLE FROM drive be th ticallv determined (cf. Equati 10 and
SUNPOWER® INC.. 2005) [12]. river can be theoretically determined (cf. Equations 10 an
Parameter Acoustic driver model (Group B) 11) (see flowchart 1).
1S241M | 1S297M | 1S362M
(D), inch 4.250 8.794 9.7 @
(Ry), Q 1 0.4 0.25
(Ryn), N.s/m 35 62 100 1- Select the acoustic driver
(L), mH 26 18 23 and input its specifications
(M), kg 4.216 9.403 16.24 (see Table 1 and 2).
(BI), N/A 54 53 63 JL
(K), KN/m 125 169 188 2- Set the values of the operating
(), Hz 60 60 60 frequency and peak-to-peak
(IV4]), volts (rms) 208 208 380 displacement of its piston.
(I1,]), amps (rms) 18 30 40 <5
|2§4], mm 24 26 35 3- Select the value of the acoustic impedance and
the range of its phase. difference (see equation 9).
a. SO|ViI’Ig the Governing Equations Analytically 4- Calculate the real and imaginary values of each of the
. . . . followings (use equations 1 — 8):
The governing equations (c_f. Equations 1 - 8) concerning L Volume flow rate.
the estimation of the acoustic power produced, electrical II. Pressure difference across the drivers’ piston.
power consumed and efficiency of an acoustic driver, were IIl. * Given voltage.
. . . . IV. Consumed current.
solved and discussed in previous studies [10 and 11]. [
, _ 1 _ 5- Estimate the values of each of the followings (use equations 10 —12):
Lrear + llimaginary - ¢ [Apreal + CUreai i. Consumed electrical power.
i ii. Produced acoustic power.
C3Uimaginary ] - ?1 [C3 Ureal + Apimaginary + iii. The efficiency of power conversion (acoustic to electrical power).

CZUimaginary] (1) i

and Flowchart 1. Acoustic power produced, electrical power consumed and
efficiency.

Viear + iVimagL'nary = [Rel?‘eal - wLIimagina‘ry -

C1Ureal] +i[R.1 +wlleq — b. Results and Discussion

.U After the analytical solutions of the governing equations,
the performance data of the six selected acoustic drivers (cf.

Where Tables 1 and 2) shall be investigated and discussed. In this

study, various acoustic conditions (acoustic impedance and
(3) its phase difference) are applied to achieve the highest
possible efficiency of the individual acoustic drivers

imaginary

imaginary ]' (2)

Aprear = |Aps| cos eApl'

?,f::;i;:;yz |L|]?|P1S|”f lgf?m' Eg preented. Heref the considered range of the gcoust!c

Ureas = |Us| cos 6y, (6) impedance and 1t53phase (around acoustic dr1_ver’s piston) is

10 — 50 MPa-s/m” and - 90° to 90°, respectively when the

Vi| = \/(Vreal)z + Vimaginary )? » (7 phase of the pressure difference (8,,,) is 0° while the phase

of the volume flow rate (8, ) changes from - 90° to 90° (cf.

L] = \/(Ireal)z + (Iimaginary)” » (8) Equation (9) and Figures 1 — 6). This allows the pressure
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difference to either lead or lag the volume flow rate (see
Figures 1 — 6). In addition, the operating frequency (f) is set
to be 60 Hz (to follow the manufacturer’s specifications) at
the maximum peak-to-peak displacements of the pistons ()
of the acoustic drivers to achieve the highest theoretical
efficiency, (cf. Tables 1 and 2).

Figure 1 illustrates the acoustic powers produced and
efficiencies of the selected six acoustic drivers when
connected to an acoustic network of 10 MPa.s/m*. Here, the
phase of the pressure difference is either leading or lagging
the volume flow rate.

This figure shows that acoustic drivers’ models (1S362M,
1S297M and 1S241M) produce the highest acoustic power
among the others. However, in general their efficiencies at
such acoustic impedance still considerably low. For the
present considered acoustic conditions, only two out of the
six acoustic drivers (models: 1S175M and 1S241M) can
work with slightly higher efficiency (in terms of acoustic
power produced and electrical power consumed, cf.
equation 13). This means that some of the early acoustic
drivers mentioned prefer higher acoustic impedance to work
more efficiently (reach their highest efficiency which is
around 90%). Hence, the next step was to increase the
acoustic impedance from 10 to 20 MPa.s/m® seeking higher
efficiencies.
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Figure 1: Acoustic drivers’ response to 10 MPa.s/m® of acoustic
impedance at different phase. (a) produced acoustic power. (b)
Efficiency.
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Figure 2 shows the acoustic powers produced and
efficiencies of the selected six acoustic drivers when
connected to an acoustic network of 20 MPa.s/m>. Here, the
phase of the pressure difference is either leading or lagging
the volume flow rate. It can be seen that the acoustic powers
produced are considerably higher for all acoustic drivers as
the acoustic impedance being increased in addition to an
increase of the efficiency of acoustic drivers’ models
1S175M, 1S226M and 1S241M. On the other hand, the
efficiencies of the other drivers have remarkably decreased
due to the higher input electrical power required for the 20
MPa.s/m® of acoustic impedance at all ranges of phase
difference.
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Figure 2: Acoustic drivers’ response to 20 MPa.s/m> of acoustic
impedance at different phase. (a) produced acoustic power. (b)
Efficiency.

Figure 3 presents the acoustic powers produced and
efficiencies of the selected six acoustic drivers when
connected to an acoustic network of 30 MPa.s/m>. Here, the
phase of the pressure difference is either leading or lagging
the volume flow rate. In general, the acoustic power
produced has slightly increased for all acoustic drivers as
the acoustic impedance being increased in addition to an
increase of the efficiency of acoustic driver model 1S175M
to reach its maximum of almost 90%. The efficiency of the
acoustic driver model 1S226M can reach 80% at only
certain acoustic conditions (when the volume flow rate
leading the pressure difference by 75°). However, the other
drivers (model: 1S132M, 1S214M, 1S362M and 1S297M)
were still showing either moderate or low efficiencies due
to the unsuitable acoustic conditions.
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It can be observed that the efficiencies of some of the
selected acoustic drivers such as 1S362M and 1S297M have
never reached the expected maximum values (between 80 to
90%) for the selected range of the acoustic impedance (10
to 50 MPa.s/m®). As a result, another range of the acoustic
impedance was needed to improve their overall
performances. Here, some of the results concerning these
new sets of acoustic impedance ranges were omitted for
brevity and only two values of interest (2.7 and 2.2
MPa.s/m?, see Figure 6) are presented.

Figure 6 shows the acoustic powers produced and
efficiencies (theoretically achieved) of the two acoustic
drivers (model: 1S362M and 1S297M) when connected to
an acoustic network of 2.7 and 2.2 MPa.s/m>, respectively.
Here, the phase of the pressure difference is either leading
or lagging the volume flow rate. The acoustic power
produced has significantly increased for both acoustic
drivers as the acoustic impedance being tuned in addition to
a remarkable increase of their efficiencies to exceed 85%
(when the volume flow rate leading the pressure difference
by 75° - 809).

140000

= (a)
Fiz0000
E
= 100000
3
X 80000
=
o
E 50000 ~~18297M (At [F) = 22 MPa.s/m3)
“ 183620 (At|Z =2.7 MPa.s'm3)
T 20000 OO
[*] M
£
2 20000
= - wl
b 4 Oy
20 75 60 45 30 -15 0 15 30 45 &0 75 o0
Volume flow rate phase (Degree)
100
o0 I:b] -~ 1829TM (At |Z =22 MPa sm3)
183620 (At |Z =27 MPas'm3)
] o
0 =
F a0 .
t-
; 50
g 40
30
20 =N
10

L0 -75 60 45 30 -13 0 15 30 45 &) 75 W0
Volume flow rate phase (Degree)

Figure 6: Acoustic drivers’ (1S362M and 1S297M) response to 2.7
and 2.2 MPa.s/m® of acoustic impedance, respectively at different
phase. (a) produced acoustic power. (b) Efficiency.

Ill.  CONCLUSION

Six different acoustic drivers (ranging from low to
considerably high preferred acoustic impedance) were
chosen and theoretically tested at various acoustic
conditions. The current investigation provides a “map” of
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operating characteristics of few selected different acoustic
drivers and shows how to operate them efficiently regarding
the input electrical power to the acoustic power produced by
providing the suitable acoustic conditions (preferable
acoustic impedance and phase difference). Such
improvements in the efficiencies of the acoustic drivers’
performance via an appropriate coupling to thermoacoustic
networks would positively influence the overall efficiency
of thermoacoustic devices. Hence, this study is thought to
be beneficial for those who work in Thermoacoustics.

APPENDIX
Nomenclature
A Cross-sectional area, m?

Acoustic power, W

Frequency, Hz,

~| =] =

Current, Amps

V1

Electrical inductance of an acoustic driver, Henry

~

Moving mass, Kg

Pressure, Pa

:U"UEP'

o

Electrical resistance, Ohm

=
3

Mechanical resistance, Kg/s

Volumetric flow rate, m*/s
Voltage, V
Electrical power, W

S| S| <

@

Acoustic impedance, Pa.s/ m

N[ N
o

Acoustic impedance across the driver’s piston

N
@

Electrical resistance of the acoustic driver

N
3

Mechanical impedance of the acoustic driver

Difference, Distance

Peak-to-peak displacement of driver’s piston, mm

Efficiency, %

Phase angle, degree

Spring constant, Nt/m

Density, kg/m’

Angular frequency, s*

First order of acoustic variables, a complex amplitude

Second order of acoustic variables

Nl elelo| @2 ols| >
S|

Acoustic driver

I,[1 | Imaginary part of

Re[]
| Magnitude of complex number

Real part of
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