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When an acoustic wave passes through short narrow channels in a regenerator having an axial
temperature difference, the acoustic power is amplified for the waves going from cold to hot, whereas
it is damped for the waves going in the opposite direction. This study applies such asymmetric wave
propagation to demonstrate a thermoacoustic diode, which plays the role of the acoustic counterpart to an
optical isolator. Four regenerators having the same longitudinal temperature difference are aligned in series
to make four-stage amplification and damping of the acoustic power possible. This alignment leads to the
enlarged difference between the acoustic power gains in the forward and backward propagation directions,
even with a moderate temperature difference. Furthermore, by introducing the acoustical impedance-
matching unit, the power-reflection coefficient is kept as low as 0.017 in forward propagation. The results
show that the power-transmission coefficients in the forward and backward directions, respectively, reach
0.98 and 0.023, which means that the power-transmission ratio is 16 dB.
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I. INTRODUCTION

Many studies have been undertaken to develop an
acoustic diode that allows one directional propagation of
acoustic waves [1-12]. In a uniform medium such as air or
water, a plane acoustic wave can travel in forward and
backward directions along a given channel. Installing an
acoustic diode in such a channel, however, breaks trans-
mission reciprocity. In other words, the acoustic wave is
transmitted in the forward direction, but it is blocked in the
backward direction. When the cross-sectional areas of the
channels are equal for the incident and the transmitted
waves, the power-transmission coefficient I" is equivalent to
the intensity-transmission coefficient [13]. Therefore, I' is
expressed as

2

=2 (1)

Pi

where p; and p,, respectively, stand for the complex
amplitudes of the incident wave and the transmitted wave.
Liang et al. [1] showed that the ratio I', :I"_ of the power-
transmission coefficients for forward (+) and backward (—)
directions reaches 40 dB in a system made by coupling a
superlattice of water and glass with a layer of nonlinear
medium of microbubble suspension. Li er al. [3] con-
structed a sonic crystal with a corrugated diffraction
structure using steel rods. They obtained a contrast ratio
of about 0.9, which corresponds to the power-transmission
ratio I', :T"_ = 12.8 dB.

The acoustic diode can be thought of as the acoustical
counterpart of an optical isolator (also called an optical
diode), which can ideally realize bothI', =1l andI"_ =0
without changing the frequency of the transmitted wave, for
example, through the Faraday effect [14]. The acoustic
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diodes, however, double the frequency of the transmitted
wave [1,9] or greatly reduce the transmitted energy in the
forward direction from the incident energy [3—6]. This
study aims to develop an acoustic diode that can transmit
the incident acoustic waves perfectly without reflection in
the forward direction and block completely in the backward
direction, by highlighting thermodynamic aspects of acous-
tic waves.

When the acoustic traveling wave passes through a
positive temperature gradient imposed on a regenerator
being a porous material with many narrow flow channels,
the gas parcel experiences compression and expansion
processes due to pressure oscillations and heating and
cooling processes due to the displacement oscillations
along the temperature gradient of the regenerator. Since
the pressure and displacement oscillations of the gas parcel
are out of phase by 90° in the traveling acoustic wave, the
gas parcel undergoes a series of thermodynamic processes
in the order of compression, heating, expansion, and
cooling when the wave goes from cold to hot. The result
of such a thermodynamic cycle being equivalent to the
Stirling one, leads to the acoustic power amplification,
whereas the gas parcel executes a reversed thermodynamic
cycle resulting in acoustic power damping when the
wave passes the regenerator from hot to cold [15,16].
The acoustic power gain G is given approximately by
using p;, p;, and the complex amplitude p, of the reflected
wave as

Pl
Cr-nr @)

when the cross-sectional areas are the same at both the
inlet and outlet sides. As Ceperley [17] has discussed
theoretically, G 1is expected to reach the absolute
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temperature ratio 7, : T;, between temperature T, in the
outlet side over Tj, in the inlet side if the isothermally
reversible process is achieved between the gas and the solid
walls in the regenerator while the viscous damping is small.
Therefore, when the acoustic wave passes through the
regenerator with different end temperatures, the regenerator
acts as an acoustic power amplifier with G > 1 for the
waves going up the temperature gradient, whereas it acts as
an acoustic power damper with G < 1 for the waves going
down the temperature gradient [18,19]. Furthermore,
because the gas parcel experiences thermodynamic cycles
locally within the range of its displacement oscillations,
which is usually much smaller than the wavelength, this
type of acoustic diode can have more acoustically compact
length than other devices that rely on diffraction in periodic
structures.

We design, build, and test the thermoacoustic diode
made of the regenerator with a temperature gradient in this
study. It is noteworthy that I' is linked with G through the
relation

I'=(1-|RP)G, 3)
where

R=p,/pi 4)

denotes the pressure-reflection coefficient. A nonzero R is
brought about unavoidably by the regenerators because of
the difference of the acoustic impedance from the intrinsic
acoustic impedance of the gas. As we demonstrate later,
we realize the thermoacoustic diode by inserting an
impedance-matching unit that reduces the acoustic wave
reflection.

II. EXPERIMENT

A. Experimental setup

A 20-mm-long regenerator is constructed by stacking
many stainless-steel mesh screens with mesh number of 60
and 0.14-mm wire diameter, as presented in Fig. 1(a). The
volume porosity of the regenerator is measured as 0.7.
Therefore, the effective radius [20] of the regenerator pores
is estimated as r = 0.1 mm. The regenerator is sandwiched
by a hot heat exchanger and a cold heat exchanger, each of
which is made of 10-mm-long brass parallel plates with
spacing of 0.5 mm. The cold heat exchanger is cooled by
running water, whereas the hot heat exchanger is heated
steadily by an electrical heater wound around the hot heat
exchanger. The temperatures 7' and T of cold and hot
heat exchangers are monitored by thermometers. The
regenerator unit consisting of the regenerator and two heat
exchangers is inserted in an air-filled tube. The tube is made
of a stainless-steel cylinder with 24-mm internal diameter
and is 2.3 m long in total. A secondary cooling water pipe is
wound around the tube 20 mm away from the hot heat
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FIG. 1. Experimental setups with a single-stage regenerator for
(a) the forward propagation and (b) backward propagation. The
four-stage regenerator unit is shown in (c).

exchanger to make the air temperature in the tube remain
at ambient temperature except for the region near the hot
heat exchanger. The mean pressure is kept at atmospheric
pressure (approximately 1 x 10° Pa).

A loudspeaker located at one end of the tube generates
monofrequency acoustic oscillations with f = 100.0 Hz.
The corresponding acoustic period (10.0 ms) is sufficiently
longer than the thermal relaxation time 7 ~ 0.3 ms for the
gas to equilibrate with the wall, where 7 can be estimated as
7 = r?/(2a) using the thermal diffusivity « of the gas [16].
This relation means that the gas parcel oscillates keeping
good thermal contact with the screen wires in the regen-
erator used in this study and ensures the heating and
cooling process without time delay relative to the displace-
ment oscillations.

An acoustic terminator made from an air-filter material
used for car engines is placed at the other end of the tube. We
find that the terminator possesses the pressure-reflection
coefficient with the magnitude of (3.3 £ 1.1) x 102, which
is sufficiently small in this study.

Figure 1(a) presents the experimental setup for the
forward propagation where the sound waves go from cold
to hot in the regenerator unit. For backward propagation, the
regenerator unit orientation is reversed such that the acoustic
waves go from hot to cold, as presented in Fig. 1(b). In this
study, the axial coordinate x is consistently directed from
the loudspeaker to the terminator; x = 0 is taken at the front
of the regenerator unit. Therefore, the forward propagation
and backward propagation, respectively, mean the wave
propagations going up and down the temperature gradient.
Additionally, it is noteworthy that the pressure-reflection
coefficient R and the power-transmission coefficient I" are
determined using pressures at x = 0 and x = L, where L
represents the regenerator unit length.

To achieve a higher gain with the same temperature
difference, a four-stage regenerator unit is built by con-
necting four single-stage regenerator units in series, as
presented in Fig. 1(c). All heat exchangers are controlled to
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have the same Ty and 7. The four-stage unit length is
395 mm, which is quite small compared with the wave-
length (= ¢/ f =~ 3.4 m; c is the speed of sound) of acoustic
oscillations. Because of the four-stage amplification, the
theoretical acoustic power gain is expected to become
G = (Toy:Tiy)* instead of G = Ty, :T;, for the single-
stage amplification.

B. Experimental method

As shown in Figs. 1(a) and 1(b), acoustic pressures are
measured at three positions on both the speaker side and the
terminator side with small pressure transducers flush
mounted on the tube wall. Pressure signals, as well as
the voltage signal of the function generator to drive the
loudspeaker, are monitored using a spectrum analyzer. The
amplitude and the phase difference relative to the voltage
signal are determined from their Fourier spectra obtained
from 16 384 data points for each signal. To ascertain the
acoustic field from the measured pressures, we apply the
so-called two-sensor method [21,22].

In the two-sensor method, acoustic pressure waves are
decomposed into traveling waves going in the positive
and negative directions of x. When the acoustic pressure
of the angular frequency w = 2z f is expressed as P =
p(x)exp(iwt) with the imaginary unit i, the complex
amplitude p is written as

p(x) = pre™™ + p_e™, (5)

where k is a complex wave number for longitudinal
acoustic oscillations of a gas confined in a channel.
When the channel is a circular cylinder with radius ry,
the wave number k is obtained analytically from the linear
acoustic theory [23]. For a gas with the specific heat ratio y,
thermal diffusivity a, and kinematic viscosity v, k is given

as [16]
_w 1+(7_1))(a
k—;“l_i)(y, (6)

where y; (j = a,v) is expressed as

2,y
A=Y ()

with

Y= (i—1) |5+ (8)

using Bessel functions J, and J; of the first kind.
Under the present experimental conditions, the

factor /[l + (y — 1)yxo)/(1—x,) in Eq. (6) is given
as 1.02-0.0141.

Unknown complex constants p4 in Eq. (5) are deter-
mined experimentally from measurements of the complex
pressure amplitudes p, and pp of two positions: x = x,
and x = xp. Because py = p(x,) and pp = p(xp), we
have the coupled equations

pa = pre a4 p_elha, 9)
pp = pye *n 4 p_eitn, (10)

Solving these with respect to p. gives

P\ 1 el =M\ (pa
i Rt =] U i B

where A = x4 —xp. In this study, we determine the
complex constants p. on the speaker side as the average
of those obtained from three pairs of the measured pressure.
Similarly, we calculate p/_ on the terminator side from three
pairs on the terminator side. The incident pressure ampli-
tude p; and the reflected pressure amplitude p, both at
x = 0, and the transmitted pressure amplitude p, at x = L
are, respectively, given as

Pi= P+ (12)
pr=r-, (13)
P = p;e—ikL’ (14)

from which we evaluate I in Eq. (1) and R in Eq. (4).

The complex amplitude »(x) of the cross-sectional
average of the axial acoustic particle velocity is determined
from the linearized Navier-Stokes equation, which is
written as [16]

_i(l—x,)dp(x)
v(x) T dx (15)

where p,, denotes the temporal mean density of the gas.
The complex factor 1 — y, is evaluated as 0.98 + 0.018i,
which is close to unity. The acoustic power I is expressed as

2

1(x) = 2P Re[p’ (x)v(x)]. (16)

Here, the symbol § in Eq. (16) represents the complex
conjugate. The acoustic powers 7(0) and /(L) in the inlet
and outlet sides of the regenerator unit are determined,
respectively, using Eq. (16). Then, the acoustic power gain
G is determined as

_ (L)
G=15) (17)
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We determine G from Egs. (16) and (17) in this study, but G
derived from Eq. (2) through Egs. (12)—(14) gives a
reasonable estimation within the relative error of 5%
because the wave number k and the factor 1 —y, are
sufficiently close to w/c and unity, respectively. The
acoustic power I in Eq. (16) and, hence, the gain G in
Eq. (17) are not influenced by the temperature gradient in
the short pipe segment between the secondary cooling
water pipe and the hot heat exchanger, as the pipe radius is
too large to introduce thermoacoustic power amplification
and damping. So we determine G, I', and R by neglecting
the temperature gradient.

III. EXPERIMENTAL RESULTS

A. Thermoacoustic amplification

Figure 2 shows a log-log plot of the acoustic power gain
G against the temperature ratio 7, : T;,. When the temper-
ature ratio T, :T;, = 1, the regenerator temperature is
uniform at room temperature. The gain G of less than unity
represents the acoustic power damping through the regen-
erator unit. As the slope shows, G approximately changes
as a power of T, : T;, with the exponent of 1 in the single-
stage unit, as predicted by Ceperley [17]. The gain G
correspondingly exceeds unity when the wave propagates
in the forward direction with T, :7T;, > 2. In contrast to
energetically passive acoustic devices where the acoustic
power damping or absorption is unavoidable [1,3-6,8,11],
the present device can amplify the acoustic power as it is
sourced from the thermodynamic cycle [17] associated with
the positive temperature gradient. It is also readily apparent
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FIG. 2. Relation between the acoustic power gain G and the
temperature ratio 7'y, : T, for the single-stage unit (triangle) and
for the four-stage unit (square). Solid and dashed lines are drawn,
respectively, to show slopes of 1 and 4.

that backward propagation results in a strong damping of
G = 0.23, which can be attributed to the reversed cycle.

When the four-stage unit is adapted, the gain G changes
its exponent to 4. The maximum G reaches 2.9 when
Touw:Tiyy =2.3. If one tries to obtain this value of G
with a single-stage unit used in this study, then a rough
extrapolation of G in Fig. 2 suggests that one will need the
temperature ratio T, :7T;, greater than 5, which means
an impractically high temperature 7'z > 1500 K when
T. =300 K. Consequently, the use of a series configura-
tion of the regenerators is effective for achieving a
high-gain G, for forward propagation and a low-gain
G_ for backward propagation with a modest temperature
condition. In reality, the gain ratio G, :G_ reaches 927
(=30 dB) with T;; =690 K and T = 310 K.

Figures 3(a) and 3(b) show the acoustic field of |p(x)|
and |v(x)| when the highest temperature ratio Ty :T¢ =
2.3 is imposed on the four-stage unit, where Figs. 3(a)
and 3(b), respectively, correspond to forward and backward
propagations. The traveling wave field is evidenced by the
axially uniform distribution of the acoustic amplitudes in
the terminator side of the channel, irrespective of the

pl (Pa)
(s/wr) Ja|

FIG. 3. Acoustic field of the pressure amplitude |p| and the
velocity amplitude |v| in (a) forward propagation and (b) back-
ward propagation. Symbols (filled circle) represent the measured
pressure amplitudes. Stripes show the regenerator units. The blue
curves for |p| are obtained by inserting the experimental values
of p, into Eq. (5), and the red ones for |v| are then given
from Eq. (15).

064012-4



EXPERIMENTAL DEMONSTRATION OF A ...

PHYS. REV. APPLIED 5, 064012 (2016)

propagation direction. In the loudspeaker side, however, a
standing-wave-like field is created, particularly when the
wave propagates in the forward direction, as manifested by
a minimum of |p| and a maximum of |»| at x = —0.76 m.
This acoustic field from the presence of a considerable
amount of reflected waves from the four-stage regenerator
unit. Indeed, the measured pressure-reflection coefficient is
R, = 0.83-0.25i for forward propagation, and the corre-
sponding power-reflection coefficient |R_|? is found to be
0.76, which means that a considerable fraction of the
incident acoustic power is reflected by the four-stage unit.
Although asymmetric wave propagation has already been
realized in terms of G, : G_, the ideal diode is expected to
have zero reflection, at least in the forward propagation.
As we describe in the next section, we try to install an
acoustic device, which we call an impedance unit, to reduce
the magnitude of the reflection coefficient R for forward
propagation.

B. Thermoacoustic diode

To prevent acoustic reflection from the present four-stage
regenerator unit, we adopt a technique used in electrical
transmission lines. When the transmission line with the
characteristic impedance Z,, is terminated with an electrical
element of the impedance Z, # Z,, the reflection takes
place because of the impedance mismatch. To solve this
problem, presuming that a series impedance Z, and a
parallel impedance Z, are installed in front of Z,, as
portrayed in Fig. 4(a), then the additional impedances Z,
and Z, change the terminating impedance of the trans-
mission line to

7 =

(Za + Zb)ze + Zqu

18

Therefore, when the combined impedance Z is adjusted to
coincide with the characteristic impedance Z; by appro-
priate choice of Z, and Z,, the reflection can be perfectly
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FIG. 4. Schematic diagram for the IM unit in the electrical
transmission line (a) and the acoustic IM unit (b) inserted in front
of the four-stage unit.

prevented. When such a condition is achieved, the electrical
elements comprising Z, and Z; can be called an imped-
ance-matching (IM) unit. Although we show the idea of the
IM unit using the specific example presented in Fig. 4(a),
various combinations of electrical elements are possible to
achieve the same function.

Analogous discussion can be established between elec-
trical elements and acoustical elements when ac voltage
and current are regarded as, respectively, corresponding to
pressure and volume velocity [13]. The total acoustic
impedance of the present four-stage unit and the acoustic
components on the back side of it is expressed by using
experimental values of p(0) and v(0) as

Z= ;v((oo))' (19)

Consequently, if the acoustical IM unit is installed in front
of the four-stage unit with the positive temperature gradient
such that the combined impedance becomes equal to the
characteristic acoustic impedance p,,c/A of the cylindrical
channel, then the reflection of the pressure waves should be
diminished.

The IM unit used in this study consists of a 24 mm
diameter and a 0.3-mm-thick silicone rubber membrane, a
weight of 0.43 g glued onto the center of the membrane, a
24-mm-long stack of screen meshes (the mesh number is
40 and the wire diameter is 0.14 mm), and a cavity section
between the stacked mesh and the four-stage unit. The
spacings between the membrane and the stacked meshes
are 24 mm, and the cavity length is 40 mm. These values
are found to give the smallest reflection coefficient |R |
among those tested in preliminary measurements con-
ducted with various combinations. The membrane and
the stacked mesh screens constituting the impedance Z,
in Fig. 4 (a) provide an analogous inductance and resis-
tance, whereas the cavity functions as an analogous
capacitance as the parallel impedance Z,. It is noteworthy
that the length of the combined unit is 483 mm, still being
less than 14% of the acoustic wavelength.

Shown in Fig. 5 are the reflection coefficients R
for the forward and backward propagations when the IM
unit is introduced, as well as those without the IM unit. To
make the power-transmission ratio I', closer to unity, the
temperature ratio is controlled to be 1.7 for the forward
propagations based on the preliminary measurement on
the acoustic power damping caused by the IM unit. The
temperature ratio for the backward direction is accordingly
set equal to 0.58 (= 1/1.7). It is readily apparent that R,
comes close to the origin, which reflects the fact that
|R, | = 0.87 changes to |R | = 0.13 by introduction of the
IM unit. Therefore, the power-reflection coefficient |R,, |* is
reduced substantially from 0.76 to 0.017. Although the
value of |R_|? for the backward direction increases by the
IM unit, it remains at the level of 0.063.
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FIG. 5. Pressure-reflection coefficients R with the IM unit and

without the IM unit. Subscripts =4, respectively, represent the
forward and backward propagation directions.

The improvement of the propagation characteristics is
more visible in Fig. 6, where |p| and |v| are shown against
the axial coordinate x for forward propagation. A com-
parison with those in Fig. 3(a) clearly illustrates the
effectiveness of the IM unit, which contributes to the
generation of the traveling wave field in the loudspeaker
side, as well as in the terminator side, as shown by the
uniform |p| and |v| in space. Now we are ready to present
the propagation properties of the present acoustic diode
made of the four-stage unit and the IM unit. From experi-
ments, we obtain the power-reflection coefficient |R_|?,
the acoustic power gain G, and the power-transmission
coefficient I', as presented in Table I. It is apparent that
the values of I, |R|?, and G satisfy the relation in Eq. (3)
in good accuracy. We achieve I'", = 0.98 for the forward
propagation and |R, |* close to zero. Furthermore, I"_ for
the backward propagation is as small as 0.023. As a result,
the ratio I' :I"_ of the power-transmission coefficients
reaches 16 dB because of the small value of I'_. Therefore,
probably the present device fundamentally satisfies the
conditions required for the acoustic diode. If a higher value
for the ratio of I', :I'_ is necessary, one just needs to
increase the temperature ratio of the regenerator unit or the
number of the regenerator units to more than four.

C. Frequency characteristic of the thermoacoustic diode

For a given regenerator, the thermoacoustic power
amplification and damping are expected to occur in the
frequency range satisfying wz < 1 [19]. As described in
Sec. IT' A, the thermal relaxation time z for the present
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FIG. 6. Acoustic field of pressure amplitude | p| and the velocity
amplitude |v| in forward propagation (a) and backward direction
(b). Symbols (filled circle) represent the measured pressure
amplitudes. Stripes and hatched areas show the regenerator units
and the IM unit. The blue curves for |p| are obtained by inserting
the experimental values of p_ into Eq. (5), and the red ones for | v|
are then given from Eq. (15).

regenerator is estimated to be 0.3 ms. Thus, for the
frequency range roughly below 500 Hz, the asymmetric
acoustic power gain should be obtainable. The IM unit, on
the other hand, should possess its own frequency character-
istics depending on its construction. This section studies
the frequency characteristics of the thermoacoustic diode
presented in the previous section.

Figure 7(a) shows the power-transmission coefficients
[, and I'_ and also the power-reflection coefficients |R |
and |R_|? of the thermoacoustic diode when the frequency
of the acoustic wave is changed from 60 to 140 Hz. The
temperature ratio 7, : T}, is 1.7 in the forward propagation
and 0.58 in the backward propagation. The power-trans-
mission coefficient I', for the forward propagation shows a
peak around f = 100 Hz and it decreases below 0.5 with
f <85Hz and f > 110 Hz. This frequency dependence

TABLE I. Thermoacoustic diode propagation properties

IR? G r
Forward 0.017 1.0 0.98
Backward 0.063 0.024 0.023
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FIG.7. Power-transmission coefficients I', and I"_, and power-
reflection coefficients |R . |> and |R_|*> measured in the frequency
range from 60 Hz to 140 Hz (a) and power-transmission
coefficient ratio I, :T"_ (b).

reflects the increase of |R, |> as f goes away from 100 Hz.
Therefore, we see that the reflection of incident acoustic
waves is kept small only in the frequency range near
100 Hz being the design frequency of the present IM unit.

For the backward propagation, |[R_|> is consistently
smaller than 0.06, and I'_ is also less than 0.02. Because
of the smallness of the I'_ values, we find the power-
transmission ratio I', :I"_ to be always greater than 40, as
shown in Fig. 7(b). Therefore, the improvement of the IM
unit will be a key point to expand the applicable frequency
range of the thermoacoustic diode. Ifitis difficult to construct
a desired IM unit in the whole frequency range of interest,
one might be able to solve this problem by preparing
several thermoacoustic diodes having different applicable
frequency ranges and by arranging them in parallel. We
are planning such a wide-band thermoacoustic terminator
with a parallel configuration.

IV. SUMMARY

In summary, we experimentally demonstrate the ther-
moacoustic diode that allows one-way propagation of
acoustic waves in the gas-confined tube with the power-
transmission ratio of 16 dB. Acoustic power amplification
and damping caused by thermodynamic asymmetry in
the regenerator region play a central role in the present
diode. The reflection from the regenerator unit is removed
by the impedance-matching unit designed specifically
for the regenerator unit. Realization of both the power-
transmission coefficient as high as 0.98 and a reflection
coefficient as low as 0.017 are characteristics of the present
acoustic diode.
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