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Abstract. The thermoacoustic engine is an eco-friendly technology capable of harnessing solar and waste energy for electricity generation, in
conjunction with a linear alternator, and can function as a heat pump. This engine type holds significant appeal due to its simplistic design, devoid of
any mechanical moving components, comprising only a stack sandwiched between heat exchangers within a resonator. When the temperature
gradient across the stack reaches the critical threshold (onset temperature), the working gas undergoes spontaneous oscillation. Typically, a high
onset temperature is necessary to induce gas oscillation in a thermoacoustic engine due to viscous losses within the system. A method to lower the
onset temperature by increasing the number of unit stages consisting of stacks and heat exchangers so that the engine can utilize low-grade thermal
sources has been developed to overcome this challenge. However, this method has only been applied to traveling-wave thermoacoustic engines. Its
application in standing-wave engines, which offer a more compact and straightforward structure, remains unexplored. This research aims to examine
how the number of unit stages in a standing-wave thermoacoustic engine influences the onset temperature and acoustic field. The onset temperature
is estimated using a fundamental hydrodynamics equation and the investigation of the acoustic field throughout the engine using DeltaEC software.
Results showed that the strategic positioning of multiple unit stages is essential to achieve a low onset temperature. The minimum onset temperature,
approximately 92°C, is obtained when three- or four-unit stages are installed. Additionally, increasing the number of unit stages does not affect the
acoustic impedance and phase difference between pressure and velocity in the stack, while simultaneously enhancing both acoustic power output
and thermal efficiency.
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1. Introduction classified as a non-greenhouse gas (Li et al., 2014; Setiawan et

al,, 2019; Chi et al., 2021).

According to the phase difference between the pressure and
velocity waves in the stack/regenerator, thermoacoustic
engines can be divided into two main categories: standing- and
traveling-wave engines. In pure standing-wave devices, a 90°
phase lag occurs between the pressure and velocity waves. In
pure traveling-wave devices, the pressure and velocity waves
are essentially in phase. These phase differences regulate the
timing of the contraction and expansion of a gas parcel within
the working fluid in relation to its movement through a porous
solid material. This material is referred to as a stack in standing-
wave engines or a regenerator in traveling-wave engines (Swift,
2017). In efficiency terms, traveling-wave engines typically
exhibit higher thermal efficiency compared to standing-wave
engines. It was because of specific acoustic impedance in the
traveling wave engine was higher than standing wave one. The
high specific acoustic impedance Zled to a reduction in viscous

Owing to the constrained access to fossil fuels and the
escalating environmental concerns regarding pollution, eco-
friendly technologies dependent on renewable energy
reservoirs are consistently being advocated (Rahman, Rahman,
and Akter, 2023). With this initiative in mind, efforts have
concentrated on the design of a thermoacoustic engine that
seamlessly converts thermal energy into acoustic energy, which
can be used to produce electricity through electrodynamic
transducer (Jaworski and Mao, 2013; Hamood et al, 2018;
Timmer, de Blok and van der Meer, 2018). Alternatively, when
employed in thermoacoustic refrigerators, it can induce a heat-
pumping effect (Yazaki, Biwa and Tominaga, 2002; Ueda et al.,
2004; Tijani and Spoelstra, 2008; Murti, Shoji and Biwa, 2023).
With its straightforward design and minimal components (such
as a stack/regenerator, heat exchanger, and resonator), this
engine can help reduce maintenance costs. It also boasts high
reliability and environmental friendliness, with its working gas
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Fig. 1 Schematic diagram of standing wave thermoacoustic engine with multiple unit stages.

losses induced by the gas oscillations in the narrow channel,
which given as (Backhaus and Swift, 1999)
D1
z= (1)

where p; and u; denote complex amplitude of pressure and
velocity of the gas, respectively (Hyodo, Tamura and Biwa,
2017). In addition to the higher efficiency seen in traveling-wave
thermoacoustic devices, standing-wave types offer advantages
stemming from their straightforward configuration, resulting in
comparatively lower manufacturing costs. This feature is
attributed to the simplicity of accommodating standing-wave
phasing using a basic straight resonator (Murti et al, 2016;
Piccolo, 2018). On the other hand, traveling-wave types are
associated with an intricate and challenging construction that
usually requires a loop tube and a resonator (Backhaus and
Swift, 2000).

When the heat exchangers impose the temperature gradient
on the stack/regenerator, gas oscillation is induced by the
oscillation frequency of the resonator’s natural frequency. The
minimum temperature between the ends of stack to induce
oscillation is called onset temperature. Thermoacoustic engines
are used to harness low-grade heat sources because the onset
temperature can be below 100°C. This accomplishment is
attributed to (de Blok Kees, 2012), who suggested a multistage
thermoacoustic engine, installed four-unit regenerators on a
mutual distance of 1/4 wavelength in each side of the loop, and
enlarged the regenerator’s cross-sectional area with respect to
the looped tube diameter (de Blok, 2010). This setup ensured
traveling wave phasing occurred in the regenerator and
elevated specific acoustic impedance while reducing the onset
temperature difference to as low as 70°C. Thereafter, the multi-
stage thermoacoustic systems were reported by many
researchers (Li et al., 2013a; Wu et al,, 2014; Wang et al., 2016;
Zhang et al., 2016; Jin, Yang and Wang, 2017; Tamura, Hyodo
and Biwa, 2018). However, it is important to note that these
multi-stage thermoacoustic engines have only been applied to
the traveling wave configuration, and their suitability for the
standing-wave configuration is yet to be addressed.

Therefore, this study aims to numerically analyze the
influence of the number of unit stages on the performance of
standing-wave thermoacoustic engines. Its effect on the onset
temperature will be examined through the stability analysis of
thermoacoustic gas oscillations, whereas the acoustic field
distribution along the engine was investigated using DeltaEC, a
computer program developed by the Los Alamos laboratory
based on the thermoacoustic theory. Based on the test results
obtained by several researchers (Clark, Ward and Swift, 2007;
Yu, Jaworski and Backhaus, 2012; Li et al., 2013; Swift, 2017;
Ramadan et al., 2021; Murti, Shoji and Biwa, 2023), this program
is accepted as a helpful tool to predict the performance of a
thermoacoustic engine.

2. Thermoacoustic engine model

2.1 Model description

Figure 1 presents the model of a standing wave
thermoacoustic engine for numerical calculations. It comprises
a closed ends resonator with total length L and diameter of 2ruse,
a thermal buffer tube, and a unit stage. The unit stage consists
of a hot heat exchanger, a stack, and a cold heat exchanger. The
first unit stage is placed at distance X from the middle of average
position of unit stages to the closed end, whereas the additional
unit stages are arranged in series with a distance between each
unit stage of X,. The stack consists of a porous material had a
bundle of cylindrical tubes, each with a radius of rrand a length
of Ly The heat exchangers are the parallel-plate type, with a
distance r;s between the plates and a length of Lgzx. Thermal
buffer tube is an empty tube with diameter of 2rusand a length
of L, and is assumed to have a temperature gradient.

2.2 Stability limit analysis

Stability analysis of thermoacoustic gas oscillations was
performed using the transfer matrix method, which is based on
the simultaneous linear differential equations proposed by Rott
(Rott, 1969, 1975). A presupposition of these equations is that
acoustic fluctuations exhibit a temporal dependence in the form
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of ¢, and are incorporated into the linearized fundamental
equations of hydrodynamics to derive a characteristic equation
for a particular thermoacoustic system. This characteristic
equation is defined by boundary conditions and the type of
working fluid. The solution can be expressed utilizing the
complex angular frequency @ = wr + i In addition, long
wavelength approximations were employed to simplify the
equations. As a consequence, the momentum and continuity
equations can be expressed as a pair of ordinary differential
equations (Swift, 1988; Tominaga, 1995) for the complex
amplitude p; of pressure and v; of volume velocity (Hiroaki,
Keita and Tetsushi, 2017)

r_ e (2)

_X = _Yp1 + le' (3)

R = —iwp—m !
Al—y, (4)
A1+ (y — Dxal
Y =ijwp—————— (5)
YBn
= Miﬁ
G = (1=xy)(1=Pr) Ty dx’ (6)

where T., pn, and P, are the temporal averages of gas
temperature, density, and pressure of working gas, respectively;
y and Pr denote the specific heat ratio and the Prandtl number,
respectively; and A is a cross-sectional area of channel. The
thermoacoustic function x; (f = @, v) was established using the
first-order and zeroth-order Bessel functions J; and Jy of the first
kind as

G- o]
M=) Joghl - D jor]

for a circular cylinder, and it is given as

_ tank[(i - 1) Jot]
SN GEENCT

for a paralel plate. In both equations, 7; is written as

T =57 9)

where r is the radius of a circular cylinder. The coupled
equations (2) and (3) were solved analytically by treating R, YV
and G as constants. The results are expressed as

p1(x)
v1(x)

pi(x +D] _
v+l = (10)
where the transfer matrix M is expressed by (Hiroaki, Keita and
Tetsushi, 2017)

G 2R
G| —sinh A+ cosh A —sinh A
M=ecz| P b

2Y (11)

) G .
7smh/1 Esmh/l + cosh A
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with b = VG? + 4YZ and A = bl/2, where [is length of channel
segment.

The transfer matrix for the stack Mswith r=rpand / = L is
expressed using Eq. (11). To model the stack, we divided it into
10 segments and assumed that the temperature distribution is
linear within each segment. Similar to that for the stack matrix,
the transfer matrix for the thermal buffer tube M5 can be obtained
using the pore radius of resonator rus and / = L in Eq. (11) and
then taking the product of 10 segments. Given that the thermal
buffer tube and unit stage occupy the resonator, the rest of the
tube has a transfer matrix Mr, which is also given by Eq. (11).
Owing to the lack of temperature difference, we used the relation
G = 0 for this case. In this study, the heat exchangers have a
parallel-plate configuration, and their transfer matrix Mux takes
the following form:

Y
cosh A’ jismh/l‘
Gl R

Myx = ez
Y
\/;sinhxl’ cosh A’

where A’ = LyxVYZ. The thermoacoustic function y;’ (f = a, v) is
replaced with (Swift, 1988; Tominaga, 1995)

(12)

tanh[(i—l)%]
J

i T_d E)
(=13

Xj= (13)

where rqis plate distance. Assuming uniform temperatures in
the hot T and cold Tc heat exchanger regions, we accounted
for the temperature-dependent nature of v and @ by employing
matrix components that vary in these regions. To elucidate
these dependencies, we use Muy and Mcx to respectively
represent the transfer matrix for the hot and cold heat
exchangers, respectively. As shown in Fig. 1, the engine with a
single-stage unit is composed of a thermal buffer tube, cold heat
exchanger, stack, hot heat exchanger, and tube, respectively, as
x goes from 0 to L. Thus, the transfer matrix corresponding to
the whole straight tube thermoacoustic engine is expressed as

Mgy = MgMypMsMcy M. (14)

The transfer matrix Ma for two-stage, three-stage, and four-
stage and so on was expressed by adding the number of transfer
matrix Ms, Mcu, Mun, and Ms while reducing the tube length /in
Mrto keep L constant. When the complex amplitude of pressure
and volume velocity at L = 0 are po and v, whereas the pressure
and volume velocity at L are expressed as pr and i, then the
Eq. (9) can be rewritten as

[pL - My, [po] (15)

Given that the resonator has closed ends, the volume velocity
at L = 0 and L must be zero. Therefore, Eq. (15) can be modified
as

5] = ) 0
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Fig. 2 Influence of temperature difference (7x-7c) on real part wr
(a) dan imaginary part wr (b) of the standing-wave thermoacoustic
engine.

Eq. (16) have a non-trivial solution if
my, = 0, (17)

where m;; is the element of M.

To numerically determine the solution for Eq. (17), the
angular frequency w is considered by giving a value of hot heat
exchanger temperature 7x and the number of stage units. We
applied Newton’s method using either wo or w; as the initial
values, both of which have a nonzero imaginary component
(Hiroaki, Keita and Tetsushi, 2017). The solution of w is
generally a complex quantity of which the real part wz
represents the angular frequency of fluctuation, while the
imaginary part wr reflects the system stability. A positive
imaginary part indicates that the system is linearly stable, and a
negative one indicates that the system is unstable. Therefore,
we must find the values of Tx and T¢ that lead to a negative w;,
which indicates that self-sustained gas oscillation has occurred
(Hiroaki, Keita and Tetsushi, 2017).

The influence of temperature difference between ends of
stack on the real part wz and the imaginary part w: of the
complex frequency of proposed model, shown in Fig. 2(a) and
2(b). It can be observed in Fig. 2(a) that wr increases
monotonically with Tx-Tc. Conversely, in Fig. 2(b), w; gradually
moves from positive to negative values, crossing w; = 0 when
Tu-Tc = 150°C. w; = 0 represents the moment just before
spontaneous oscillations occur, also known as the critical
temperature. Therefore, the onset temperature is determined in
the calculations when wr < 0 (negative) (Hiroaki, Keita and
Tetsushi, 2017).

2.3 DeltaEC program

The DeltaEC program was used to determine the influence of
the number of stages on the acoustic field distribution along a
standing-wave thermoacoustic engine. DeltaEC uses a 1D
approximation of the geometry of the thermoacoustic system
and the energy flow (Clark, Ward and Swift, 2007). In DeltaEC,
the system is simulated as a sequence of segments which
defined by the user such as ducts, heat exchangers, regenerator,
and more. The program ensures matching pressure and
volumetric velocity, both real and imaginary, at the boundaries
of adjacent segments. Acoustic variables at each segment are
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thermoacoustic engine.

determined using the shooting method to satisfy the boundary
conditions (targets), which are either set or fixed, such as the
volume velocity at the rigid end and the temperature of the
ambient heat exchanger. The guesses, for example, initial
pressure, volume velocity, temperature, and heat input to the
heat exchanger, must be adjusted to meet the targets. If the
targets do not match (divergence), then the guess is adjusted
and the integration is repeated until convergence is achieved.

The DeltaEC model of a standing wave thermoacoustic
engine comprises segments of the thermal buffer tube, hot heat
exchanger, stack, cold heat exchanger, and tube, shown in Fig.
3. With the transfer matrix Ma, the DeltaEC model of a
multistage engine was constructed by including additional
segments of the thermal buffer tube, hot and cold heat
exchanger, and stack after the first unit stage. The geometries
of the segments in the DeltaEC model are set based on the
thermoacoustic engine model in subsection 2.1. The working
fluid is air at atmospheric pressure and temperature. The
boundary conditions are the volume velocity amplitude of tube
ends are zero and the temperature conditions for the solid
temperatures of the cold and hot heat exchangers, which are
23°C and 180°C, respectively.

3. Experimental verification
3.2 Experiments setup

To verify the model, we built one stage standing wave
thermoacoustic engine with specifications as follows: the
resonator tube had an internal radius 7w = 0.2 m and a length
of L = 1.61 m. The thermal buffer tube length L. was 0.165 m.
The stack was made of a cylindrical ceramic honeycomb
catalyst support, which had square pores with a side of 0.395
mm and a Ls = 35 mm length Both the hot and cold heat
exchangers were made of parallel plates having Lxx = 10 mm
long, 0.5 mm thick parallel plates with a spacing of rsx = 1 mm.
Air at atmospheric pressure and temperature was used as a
working gas. The temperature of hot heat exchanger Tx was
increased using an electrical heater, while the cold heat
exchanger temperature 7c was maintained at 23°C using
circulating water. Pressure oscillations were monitored using
pressure transducers that was placed along the resonator. K-
type thermocouples were placed in hot and cold heat
exchangers to monitor the temperature of 7# and Tc. Pressure
transducer and thermocouples are connected to a personal
computer.

3.2 Experiments and calculations comparison

The onset temperature condition of the standing-wave
thermoacoustic engine was evaluated with respect to the quality
factor (Q-value). The Q-value serves as a measure of the
damping level within a thermoacoustic engine and reflects the
degree of dissipation. It can be used to assess the extent of
damping in the thermoacoustic engine. A high Q-value indicates
minimal dissipation, facilitating the generation of self-sustained
gas oscillations (Biwa et al., 2005). The Q-value was calculated
using Q = 2w:i/wr, where wr and w; were obtained from the
solution of w in subsection 2.2.
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Figure 4 shows the inverse of quality factor 1/Q as a function
of temperature difference between ends of stack 7x-Tc. The red
line and black square denote the calculation and experimental
results, respectively. As the Tx-Tc increases, the calculated 1/Q
for the engine decreases. This reduction in 1/Q signifies an
increase in the generation of acoustic power relative to energy
dissipation. The onset temperature difference (7x-7c) onse: Of the
engine is determined when 1/Q reaches zero. At this point, the
acoustic power production in the regenerator becomes
sufficiently high to counterbalance the energy dissipation, thus
allowing for the induction of gas oscillation. The calculation
result was confirmed by experiment, as shown in Fig. 4. The
quality factor is determined by providing acoustic excitation by
striking the closed end of the resonator using palm of hand. The
resonance curve of damping pressure from external acoustic
oscillation was monitored using a pressure transducer and
recorded using an FFT analyzer. The Q-value was assessed as
Q =f/4f, where frepresents the peak frequency, and Afdenotes

——DeltaEC
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Fig. 5 Distribution of pressure amplitude P,, velocity amplitude V,
and acoustic power W along the standing wave thermoacoustic
engine.
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the peak width at half the maximum, which can be determined
by fitting the resonance curve to a Lorentz curve. The finding
showed that the experimental and numerical results of 1/Q
show a good agreement.

Figure 5 shows DeltaEC result for the pressure amplitude Pa,
velocity amplitude V, and acoustic power W distribution along
the resonator. The shaded area indicates the stack’s location.
The figure shows 1/2 wavelength generated along the resonator
with pressure antinodes at both the ends while the velocity
antinode is at the center, indicating thermoacoustic engine as
standing wave type. In addition, the stack generates acoustic
power W, which is then divided into two directions. In the -x
direction, W dissipates through the hot heat exchanger and
thermal buffer tube. Meanwhile, in the +x direction, W is
dissipated by the cold heat exchanger and resonator. For the
verification the DeltaEC result, pressure transducer was used to
record the pressure amplitude Pe, then the acoustic power was
measured using two sensor method (Biwa et al, 2008). The
finding showed that the measured pressure amplitude and
acoustic power exhibit good agreement with the DeltaEC. Thus,
the stability analysis and DeltaEC accurately reflect the actual
condition of the engine and can be employed to determine how
its multiple unit stages influences its onset temperature and the
acoustic field.

4. Result and discussion

The stack should be placed close to the pressure antinode
to reduce the viscous dissipation caused by gas oscillation in a
narrow channel. However, to produce high acoustic power, it is
necessary to position the stack at a pressure node Therefore,
the stack must be installed in an optimum position (Swift, 2017).
Figure 6 depicts the onset temperature difference (7#—T7¢) onse: @S
a function of the distance of the middle position of unit stage to
the closed end of the resonator X, as shown in Fig. 1. For one
unit stage, the calculation results indicated that gas oscillations
did not occur when X was below 0.11 m but commenced at X =
0.12 m, with (Tg—Tc)ose = 308 °C. Further increases in X
resulted in a reduction in (Tu—Tc)onser, Which then started to
increase again after X = 0.26 m. Therefore, the optimal position
for the one unit stage is X = 0.26 m because it can attain the
lowest (Tu—Tc) onsee = 137°C. A similar approach to that of a
single unit stage is used for two to six unit stages to understand
the position dependence of the multiple unit stages on the onset
temperature difference. In this study, the distance between unit
stages was set to 40 mm. In Fig. 6, we observed that for all unit
stages, the onset temperature decreases with increasing X, but

350
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Fig. 6 Onset temperature difference (Ta-Tc)onser as a function of unit
stages position X.
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after X = 0.26 m, the onset temperature begins to increase
following a pattern similar to that of one unit stage. According
to Fig. 5, X = 0.26 m is close to the pressure node and the
velocity antinode, where viscous dissipation is low; thus, a low
onset temperature difference can be achieved.

Figure 7 shows the onset temperature difference (75—7c)
onset @S @ function of the number of unit stages at X = 0.26 m. We
observed that the T#—Tc of a single unit stage was 137°C. After
a second unit stage was installed, the (7#—T7c)onse: decreased to
104°C. With further increase in the number of stages, the onset
temperature reached 92°C for the four stages. Meanwhile, the
(Te—Tc)onse Of the five-stage configuration increased to 98°C,
and this trend continued with the further incorporation of
additional stages. This result indicated that the energy
dissipation decreases as the number of unit stages increases,
leading to a reduction in the onset temperature difference (Biwa,
Hasegawa and Yazaki, 2010). Nevertheless, the onset
temperature ratio tends to rise when the number of unit stages
are further increased, leading to an increase in the energy
dissipation of the engine. Therefore, there is optimum number
of unit stages for standing wave thermoacoustic engine.

Figure 8 shows the DeltaEC simulation results of acoustic
fields in the multi-stage standing wave thermoacoustic engine.
We only performed simulations for one to four-unit stages
because they achieved the lowest onset temperature. Figure
8(a) shows that the pressure is maximum at the closed ends and
minimum close to the middle of the resonator for all unit stages.
Conversely, Fig. 8(b) shows that the velocity was the maximum
in the middle and minimum at the closed ends. Moreover,
increasing the number of unit stages increased the magnitude of
the pressure and velocity of the engine. Specifically, four stages
drastically increased the pressure and velocity amplitudes,
achieving maximum values of 36 kPa and 43 m/s, respectively.

Table 1
Summary of total acoustic power generation and thermal
efficiency

Total ti .
otat acoustic Thermal efficiency

Unit stage power %)
production (W) °
Single 0.28 1.4
Two 3.8 1.41
Three 10.03 1.66
Four 22.35 2.57
180
160
~~
¢
< 140 .
g
5120
0 [
F‘L 100 . .
B~ . u
S
80
60 n n n n n n
0 1 2 3 4 5 6 7

Number of unit stage

Fig. 7 Onset temperature difference (7u-Tc) onse: in relation to the
number of unit stages at X = 0.26 m.
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Figure 8(c) shows the phase difference between pressure and
velocity Op-v along the engine. The 6p-v in the stack regions for
all unit stages was 90°, indicating that standing-wave phasing
was achieved. As shown in Fig. 8(d), the minimum and
maximum specific acoustic impedance Z/0pc were found in the
middle and closed ends of the resonator, respectively. When the
number of unit stages was increased, no significant change in
the specific acoustic impedance was observed within the stack
region, remaining around Z/oc¢ = 2-3. This value is considerably
smaller than that of a traveling-wave thermoacoustic engine,
which can achieve Z/pc¢ = 30 (Backhaus and Swift, 1999). A high
Z/pc reduces viscous losses due to the gas oscillation in the
narrow channel and increases the thermal efficiency.

Figure 8(e) shows the acoustic power W distribution along
the resonator. The acoustic power W was produced within the
all-stack region and dissipated at the resonator, heat
exchangers, and thermal buffer tube regions. Figure 8(e) shows
that in the two-unit stage, the first stack generated 0.99 W
acoustic power, and the second stack produced a larger amount
of W at approximately 2.8 W. This pattern was also observed in
the three- and four-unit stages, wherein the initial stage
generated a small amount of W, followed by a gradual increase
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Fig. 8 Pressure amplitude P (a), velocity amplitude V (b), the phase
difference between pressure and velocity 6r.v (c), specific acoustic
impedance Z/pc (d), and acoustic power W (e) distribution along the
x-axis of the engine.
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in production in the subsequent stages. In contrast to those of a
traveling-wave engine, the unit stages can generate relatively
uniform acoustic power in each stage when they are arranged
with a distance of a quarter wavelength along the resonator (De
Blok, 2010). We attributed this phenomenon to the
asymmetrical arrangement of unit stages along the resonator,
leading to nonuniform acoustic fields (Murti, Shoji and Biwa,
2023). However, we were not able to obtain convergent solution
in the DeltaEC simulation when the unit stages were arranged
symmetrically along the standing-wave thermoacoustic
engine’s resonator.

We also observed that increasing the number of unit stages
significantly influences both total acoustic power production
and thermal efficiency. Table 1 summarizes the total acoustic
power production in the stack and the corresponding thermal
efficiency for different unit stages. The total acoustic power
production increased notably with the number of unit stages,
achieving 3.8 W for two-unit stages, 10.03 W for three-unit
stages, and 22.35 W for four-unit stages, respectively. A similar
trend was observed for thermal efficiency. Thus, augmenting
the number of unit stages in standing-wave thermoacoustic
engines results in a lower onset temperature and improved
acoustic power and thermal efficiency.

4, Conclusion

This study examines the influence of the number of unit stages
on the performance of the standing wave thermoacoustic
engine. We conducted stability analysis to determine the onset
temperature ratio and DeltaEC calculation to elucidate the
acoustic field distribution, respectively. Results showed that the
onset temperature ratio decreases with the number of unit
stages. However, with further increase in the number of unit
stages, the onset temperature ratio tends to increase. The result
showed that multiple unit stages need to be placed in the
appropriate location to attain a low onset temperature. The
lowest onset temperature of approximately 92°C is achieved
when three- or four-unit stages are installed. Furthermore,
acoustic field analysis reveals that increasing the number of unit
stages does not significantly affect the phase difference between
pressure and velocity or the specific acoustic impedance. In
addition, the asymmetrical arrangement of unit stages along the
resonator causes a nonuniform generation of acoustic power in
the stack. Based on the elevation of acoustic power generation
relative to the heating power required, increasing the number of
unit stages in standing-wave thermoacoustic engines results in
enhanced acoustic power and thermal efficiency. We found that
four stages generated an acoustic power of 22.35 W and a
thermal efficiency of 2.57%, respectively.
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