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ABSTRACT

Resonance tubes are often used to connect multi-stage looped thermoacoustic heat engine and linear alternators
to form a multi-stage looped thermoacoustic electric generator. In this paper, we experimentally investigate the
performance of a multi-stage looped thermoacoustic electric generator with two sets of resonance tubes of
different lengths. With the increase of the length of resonance tubes from 1.5 m to 2 m, the system frequency
decreases from 70 Hz to 62 Hz. The maximum output acoustic power increases from 6.97 kW to 8.16 kW, and the
maximum output electric power increases from 5.09 kW to 6.24 kW. Meanwhile, the maximum thermoacoustic
efficiency increases from 23.08 % to 23.94 %, the maximum acoustic-to-electric efficiency increases from 78.03
% to 82.06 % and the maximum thermal-to-electric efficiency increases from 17.79 % to 19.64 %. Numerical
simulation is also conducted based on a 3-step coupling method and validates the experimental results. This
study demonstrates that adjusting the length of resonance tubes in a multi-stage looped thermoacoustic electric
generator is an effective way to tune the frequency as well as to improve the coupling between the multi-stage
looped thermoacoustic heat engine and linear alternators.

1. Introduction

Thermoacoustic is a subject that deals with the power conversion of
thermal energy to acoustic power. In Nikolaus Rott’s [1] review of
thermoacoustic, the meaning of the word“thermoacoustic” is “rather
self-explanatory”, it is an interdisciplinary science that encompasses the
fields of thermodynamics and acoustics [2]. After imposing a high
enough temperature gradient on a porous media or stack that holds a
compressible gas as the working substance, a spontaneous acoustic
oscillation will be induced in the vicinity of the solid-gas interface. This
is the basic principle of a thermoacoustic heat engine (TAHE). The
spontaneous acoustic oscillation, which is often viewed as a form of
acoustic power or mechanical power, can be used to drive an electric
generator [3], thermoacoustic refrigerator (cryocooler) [4], and ther-
moacoustic heat pump [5].

In recent years, the concept of multi-stage looped TAHE has been
popular. Since 2010 when the design strategy was first proposed by de
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Blok [6], it has been proven valid in multi-stage looped thermoacoustic
electric generator (TAEG) [7], thermoacoustic refrigerator [8]and
combined system [9]. The multi-stage looped TAHE concept is attractive
in two aspects: Firstly, it can achieve relatively low onset temperature.
Jin and Yang [10] have obtained the lowest heating temperature of
29 °C (corresponding onset temperature difference of 17 °C) in both
3-stage and 4-stage looped TAHE. Secondly, it can achieve relatively
high output power. Bi and Wu have obtained the maximum acoustic
power of 6.68 kW with thermoacoustic efficiency of 22.32 % in a 3-stage
looped TAHE [11], and the maximum acoustic power of 8.16 kW with
thermoacoustic efficiency of 21.18 % in a 4-stage looped TAHE [12].
The second reason makes the multi-stage looped TAHE a promising
candidate for high-power TAEG after being connected with an appro-
priate acoustic-to-electric conversion device.

Due to the high acoustic-to-electric efficiency and stability of linear
alternators(LAs), they are often connected with the multi-stage looped
TAHE to form a high-power multi-stage looped TAEG. The LAs can be
connected in series with the previous and the subsequent segment in the
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Nomenclature

A area, m>

As solid area, m?

Cpi isobaric heat capacity per unit mass, J/(kg-K)

fe spatially averaged complex thermal function

f spatially averaged complex viscous function

H, total power, W

i imaginary unit, v 1

k thermal conductivity, W/(m-K)

ks thermal conductivity of solid, W/(m-K)

D1 first-order oscillating pressure, Pa

|plin| Amplitudes of acoustic oscillation in the front cavity of LA,
bar

Dm mean pressure, Pa

Re electric resistance, Q

Tm mean temperature, K

q heat per unit length, W/m

U; oscillating volume velocity, m3/s

Wa Output acoustic power, kW

W, output electric power, kW

b's x coordinate, m

Nae acoustic-to-electric efficiency

Nta thermoacoustic efficiency

Nte thermal-to-electric efficiency

o Prandtl number

® radian frequency, 2xf, Hz

y ratio of isobaric specific heat to isochoric specific heats
Pm mean density, kg/m>

£ correction factor for finite solid heat capacity
Re(Z) real part of the acoustic impedance

Im(Z) imaginary part of the acoustic impedance

multi-stage looped TAEG [13] or used as a side-branched load [7]. Ac-
cording to our experience, the side-branched connection mode of LAs is
more suitable than the series connection mode for the high-power
multi-stage looped TAEG because the side-branched connection mode
has relatively low coupling strength with the multi-stage looped TAHE.
Moreover, the large displacement of the pistons and strong vibration of
LAs make the side-branched and dual-opposed configuration an appro-
priate mode, of which the strong vibration can be canceled out in some
degree. Therefore, the combination of dual-opposed LAs and a
multi-stage looped TAHE is a promising candidate for high-power TAEG.

Resonance tube(RT) is the most commonly used component con-
necting LAs and the multi-stage looped TAHE. It has a simple structure
but a complex function. Changing the geometry or dimension of RT is an
effective way to tune the acoustic field and improve the performance of a
looped thermoacoustic system. With respect to geometry, Ali Al-Kayiem
proposed a looped TAEG with a bypass pipe, the numerical simulation
showed that it can achieve comparable performance as other types of
travelling-wave TAEG [14]. Hamood found that introducing an
inertance-compliance-inertance pipe into a two-stage looped TAEG to
replace an original pipe with a constant diameter can reduce the pipe
length but with the same levels of performance [15]. A Kruse numeri-
cally compared three methods of changing the geometry of the reso-
nance tube, including inserting a side-branched stub, a compliant
segment and an inertial segment, investigating the acoustic field
adjustment by the three methods [16]. With respect to dimension, Xu
and Hu [17] connected multiple engine stages and a cooler stage in a
loop by RTs with different diameters, the simulation indicated that the
area ratio between two adjacent RTs was a crucial factor in achieving
efficient thermoacoustic conversion and power transmission. In the
experiment, a multi-stage looped thermoacoustically-driven cryocooler
with different diameter RTs was built and the advantage of this new
structure was validated [18].

Given the literature reviewed above, the influence of geometry and
diameter of RTs on looped thermoacoustic system have been thoroughly
investigated, however, the influence of the length of RTs on multi-stage
looped TAEG has not been reported before. In this paper, the influence of
the length of RTs on multi-stage looped TAEG is numerically studied
based on the decoupling-coupling idea which was proposed by Wang
[19]. A multi-stage looped TAHE and LA 3-step coupling method is
presented, which can be used to reveal the important function of the RTs
in the coupling of the multi-stage looped TAHE and LAs. Experiments of
the multi-stage looped TAEG with RTs of 1.5 m and 2 m are also con-
ducted. The operating characteristics including the frequency, the
oscillating pressure in the front cavity of LAs, the thermoacoustic con-
version characteristic and the thermal-to-electric conversion character-
istic are studied to demonstrate the influence of the length of RTs. In the

rest of the paper, firstly, the system structure of the multi-stage looped
TAEG is presented. Next, the multi-stage looped TAHE and LA 3-step
coupling method is introduced thoroughly. Then the influence of the
length of RTs on the multi-stage looped TAEG is analyzed based on the
proposed coupling method and verified by experiments. Finally, some
conclusions are given.

2. System structure
2.1. 4-Stage looped TAHE

Fig. 1 shows the schematic of the 4-stage looped TAHE which mainly
consists of four identical TAHE units and four loads connected by four
RTs. Each TAHE unit is primarily composed of a main ambient heat
exchanger, a regenerator, a heater block, a thermal buffer tube, and a
second ambient heat exchanger. The main ambient heat exchanger and
second ambient heat exchanger are cooled by water at an ambient
temperature of 25 °C. The heater block is heated by 36 heat cartridges
which are tightly inserted in the holes at the rim of it. The heat cartridges

ain ambient heat exchanger
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Fig. 1. Schematic of the 4-stage looped TAHE (TAHE: thermoacoustic heat
engine, RT: resonance tube).



are specially designed as an “L” shape which can be installed conve-
niently as shown in Fig. 2. A maximum heating power of approximately
10 kW can be supplied to heat cartridges to maintain the heater block at
the temperature of 650 °C. The regenerator is in essence a type of porous
media that consists of stainless-steel wire mesh and provides a space for
a thermoacoustic conversion. When the temperature of the heater block
reaches the critical value of oscillation, the thermoacoustic effect can be
induced spontaneously in the regenerator and the thermal energy can be
converted to acoustic power. The thermal buffer tube and second
ambient heat exchanger work as thermal insulators to prevent the load
from the damage of high temperature arising from the heater block
before it. The regenerator, heater block, and thermal buffer tube are
coated with two blocks of Al,Os insulation material of which the
thickness is about 100 mm. A 2 mm thick elastic membrane is placed in
the front of TAHE unit 2# to suppress the DC flow (or named Gedeon
flow) [20] —a second-order time-averaged mass flow that is unwished
but inevitable in a looped thermoacoustic network. Four RTs are used to
connect the four TAHE unitsand loads to form the acoustic network. The
detailed parameters of the TAHE unit are tabulated in Table 1.

At the output of each TAHE unit, a load is directly connected to it.
The load can be viewed as the functional element of multi-stage looped
TAHE. When the load is an acoustic-to-electric transducer such as LA or
loudspeaker, the multi-stage looped TAHE can convert thermal energy
to acoustic power and the acoustic-to-electric transducer can convert
acoustic power to electric power in turn. This multi-stage thermoa-
coustic system is a multi-stage looped TAEG. When the load is a
refrigerator such as a pulse tube refrigerator, the multi-stage looped
TAHE can convert thermal energy to acoustic power and the pulse tube
refrigerator can convert acoustic power to cold energy. This multi-stage
thermoacoustic system is a multi-stage thermoacoustic refrigerator.
From an acoustic point of view, either LA or pulse tube refrigerator can
be viewed as an acoustic load of the TAHE unit and they have in essence
the same function for the TAHE unit, i.e. consume the acoustic power
produced by thermoacoustic effect.

2.2. Dual-opposed linear alternator

For high-power generation, subtly designed dual-opposed LA is
selected as a load of TAHE unit. The photograph of dual-opposed LA is
shown in Fig. 3(a). Two identical motors labeled 1# and 2# are placed
oppositely and connected by the shell of the LA. In the front and back of
the shell, two holes with appropriate diameters have been perforated to
connect the LA with the TAHE unit and the RT, respectively. On the shell
of motor 1# and motor 2#, the cooling water flows through the copper
tubes to take away the waste heat produced by the LA. The connection

Table 1
Detailed parameters of TAHE unit.
Segment Length/ Diameter/ Others
mm mm
main ambient heat 60 80 Spacing of fins: 1 mm, porosity:
exchanger 0.4.
regenerator 60 80 Filled with 120 mesh stainless-
steel wire meshes, porosity: 0.8.
heater block 80 80 Spacing of fins: 1 mm, porosity:
0.48.
thermal buffer tube 125 80 \
second ambient 40 80 Spacing of fins: 1 mm, porosity:
heat exchanger 0.48.
RT 2000/ 20 \
1500

form of the TAHE unit and dual-opposed LA is shown in Fig. 3(b). For the
detailed parameters of the LA, please refer to Reference [12].

2.3. 4-Stage looped TAEG

After connecting 4-stage looped TAHE, LAs, and RTs, the 4-stage
looped TAEG is built as shown in Fig. 4. There are mainly three cir-
cuits in the system. The first circuit is the cooling water circuit. The
cooling water is produced by two sets of water chilling units (not shown
in Fig. 4) and then pumped through the main ambient heat exchanger,
second ambient heat exchanger, and the LA one by one, and finally
returned to the water chilling units. The second circuit is the heating
electric circuit. The electric wires from the power distribution cabinet
are connected to the transformer, then the dynamometer, and finally the
heat cartridges. The last circuit is the electric circuit of the LA, which
connects the LA, load electric resistance, and electric capacitance. In the
experiment, high purity (99.999 %) and pressurized helium gas with 6
MPa is used as the working substance. The heating temperature of the
heater block is 650 °C and the temperature of the cooling water is 25 °C.

3. Coupling method

In the 4-stage looped TAEG, we decouple the system into two sub-
systems, namely the multi-stage looped TAHE and four dual-opposed
LAs. In this section, firstly the modeling strategy of the output perfor-
mance of multi-stage looped TAHE based on DeltaEC software is pre-
sented. The meaning of the output performance of multi-stage looped
TAHE is that with different output acoustic impedance (the output
oscillating pressure divided by the output oscillating volume velocity of
the TAHE unit), the multi-stage looped TAHE has different operating

(a)

(b)

Fig. 2. Photographs of the (a) front and (b) right views of the TAHE unit (regenerator and heater block are covered by the white Al,O3 insulation material, another
block of Al,O3 insulation material which originally covers the thermal buffer tube is removed to show the “L” shape of heat cartridges, TAHE: thermoacoustic

heat engine).



(b)

Fig. 3. Photographs of the (a) dual-opposed LA (b) TAHE unit and dual-opposed LA (the heat cartridges and Al,O3 insulation material are not installed in the TAHE

unit for clarity, TAHE: thermoacoustic heat engine, LA: linear alternator).

characteristics, such as output acoustic power and thermoacoustic effi-
ciency. Secondly, an acoustic-mechanical-electrical coupling equivalent
circuit model [12] to investigate the input performance of dual-opposed
LA is briefly introduced. The meaning of the input performance of LA is
that with different input acoustic impedance (the input acoustic oscil-
lating pressure divided by the input oscillating volume velocity of the
LA), the LA has different operating characteristics, such as
acoustic-to-electric efficiency. Finally, a 3-step multi-stage looped TAHE
and LA coupling method is proposed.

3.1. Modeling strategy of the output performance of multi-stage looped
TAHE

The multi-stage looped TAHE is modeled based on DeltaEC software,
which is one of the most commonly used simulation tools in the ther-
moacoustic research area. DeltaEC supplies users with a large number of
segments including physical segments and logistical segments. The
physical segments such as DUCT, CONE, HX (heat exchanger), and so on
correspond to the real components of a thermoacoustic system and the
users can connect the segments of DeltaEC in the same order with the
experimental system. The logistical segments such as BEGIN, TBRANCH,
and HARDEND can be viewed as virtual components, which are often
used in the beginning, branch, and ending of the experimental system
implying the structure of the acoustic network. After connecting the
segments in the order of the experimental system, and defining appro-
priate boundary conditions, DeltaEC will integrate oscillating pressure,
oscillating volume velocity et al. in the x direction (the axial direction of
the system) depending on the following equations which have low-
amplitude acoustic approximation and sinusoidal time dependence
[21]:

_ iwAdx e o) dTn
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(Ak + Ak,) T 33)

dx

% =q (3.4)
in which the meaning of the letters is listed in the Nomenclature. Eqn
(3.1) is the thermoacoustic version of continuity equation. Eqn (3.2) is
the thermoacoustic version of momentum equation. These two equa-
tions can be used to solve the dynamic variables: oscillating pressure p;
and oscillating volume velocity U;. Eqn (3.3) is the thermoacoustic
version of energy conservation equation in the x direction. The variable
H, is the total power in thermoacoustic system, which is the power
carried in the x direction by the second-order thermoacoustic effect. Eqn
(3.4) is the energy conservation equation in the lateral direction because
the heat is input into TAHE in the lateral direction of heater block (i.e.
perpendicular to the acoustic waveguide). After the integration is
completed, the variables including the temperature, oscillating pressure,
volume velocity, acoustic power, and total power along the x direction
can be obtained. The output acoustic power and thermoacoustic effi-
ciency of multi-stage looped TAHE can be calculated accordingly.

Fig. 5 shows the coupling model of multi-stage looped TAHE and LA.
The multi-stage looped TAHE, BRANCH IMPEDANCE, and RT (shown in
the red box) are modeled by DeltaEC software, while LA (shown in the
green box) is modeled by MATLAB software which will be briefly
introduced in the next subsection. In the modeling of the multi-stage
looped TAHE and RT, because the stage number is four and the peri-
odic symmetry of the acoustic network, the amplitude of the output
variables of RT and input variables of the multi-stage looped TAHE is the
same, while the phase difference is 90° ( 360° divided by four). A
SOFTEND segment is used to realize the boundary conditions.

The LA is modeled in a separate MATLAB file. The coupling of multi-
stage looped TAHE in DeltaEC software and LA in MATLAB software is
accomplished by the use of the BRANCH IMPEDANCE segment. The
BRANCH IMPEDANCE segment is a side branch with a specified
impedance [21]. From an acoustic point of view, the nature of any load
such as LA is an acoustic impedance. The LA can be viewed as an
acoustic impedance represented by the BRANCH IMPEDANCE segment
connected to the multi-stage looped TAHE. After the convergence of the
program, the acoustic impedance of the BRANCH IMPEDANCE can be
changed to investigate the output performance of the multi-stage looped
TAHE. In the multi-stage looped TAHE model, the acoustic impedance of
the BRANCH IMPEDANCE is the output acoustic impedance of
multi-stage looped TAHE.
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Fig. 4. (a) Schematic and (b) photograph of 4-stage looped TAEG (TAHE: thermoacoustic heat engine, LA: linear alternator, RT: resonance tube, TAEG: thermoa-

coustic electric generator).
3.2. Modeling strategy of the input performance of LA

The LA is a typical multi-physics coupling device. It couples the
acoustic field, mechanical field, and electrical field. Because the input
power is acoustic power (pressure oscillation) and the components with
acoustic characteristics such as the back cavity are included in the LA,
the acoustic field is one of the three coupling physics fields. The me-
chanical field manifests itself as the components with mechanical
characteristics such as the mass of the piston, the suspension stiffness of
the plate spring, and the mechanical resistance of the piston are included
in the LA. The electric field must be considered since the output power of
the LA is electric power and the electric components connected to the LA
including electric resistance and electric compliance are important in
the analysis. We have proposed an acoustic-mechanical-electrical

coupling equivalent circuit model [12] of dual-opposed LA and this
model will be used in the coupling between the multi-stage looped TAHE
and LA. This model is introduced in the Appendix.

After establishing the LA model, and adjusting the parameters such
as frequency, electric capacitance, electric resistance and mean pressure,
the performance of LA such as acoustic-to-electric efficiency can be
obtained. The acoustic impedance at the entrance of LA can be obtained
according to the oscillating pressure and volume velocity in this posi-
tion. If the frequency and electric resistance are changed, the acoustic
impedance at the entrance and the performance of LA will change
accordingly.



Fig. 5. Coupling of multi-stage looped TAHE and LA through the use of the
BRANCH IMPEDANCE segment (TAHE: thermoacoustic heat engine, LA:
linear alternator).

3.3. 3-Step multi-stage looped TAHE and LA coupling method

The coupling principles of the multi-stage looped TAHE and LA are as
follows: 1. The oscillating frequency of the multi-stage looped TAHE and
LA must be the same because the multi-stage looped TAHE and LA are
connected as a system and they must share the same frequency. 2. The
output acoustic impedance of multi-stage looped TAHE and the input
acoustic impedance of LA must be the same because the export of multi-
stage looped TAHE is the import of LA and the continuity of the acoustic
parameters including the oscillating pressure and volume velocity. In
this paper, the acoustic impedances are expressed in a real-imaginary
part form. Therefore, the second principle can be divided into two
principles: the real part (Re(Z)) and imaginary part (Im(Z)) of the output
acoustic impedance of multi-stage looped TAHE must be the same as the
Re(Z) and Im(Z) of the input acoustic impedance of LA, respectively.
Hence, the coupling principles can be summarized as follows: 1. The
equivalent frequency. 2. The equivalent Re(Z). 3. The equivalent Im(Z).

The coupling method of multi-stage looped TAHE and LA is shown in
Fig. 6 -Fig. 8. It includes three steps. Step 1: Calculate the output per-
formance of multi-stage looped TAHE, which is shown in Fig. 6. Step 2:
Calculate the input performance of LA, which is shown in Fig. 7. Step 3:
Couple the output performance of multi-stage looped TAHE and the
input performance of LA, which is shown in Fig. 8. The three steps will
be introduced in detail in the rest of the subsection.

Step 1: Calculate the output performance of multi-stage looped
TAHE. To obtain the output performance of multi-stage looped TAHE
under different output acoustic impedances, two independent acoustic
impedance ranges are assigned to Re(Z) and Im(Z) of the BRANCH
IMPEDANCE segment (graph 1 of Fig. 6).

The DeltaEC software will increase the Re(Z) and Im(Z) of the
BRANCH IMPEDANCE segment linearly and independently by many
safe and small enough steps from the lower limits to the upper limits.
Because the increments of Re(Z) and Im(Z) are independent, the acoustic
impedance will form a matrix in which the row is Im(Z) from the lower
limit to the upper limit and the column is Re(Z) from the lower limit to
the upper limit. Each element in the acoustic impedance matrix contains
one Re(Z) and one Im(Z), and it will be input into the multi-stage looped
TAHE model. After running the DeltaEC program, one frequency with
other important working characteristics will be obtained. According to
the coupling principles mentioned in the last paragraph, only the fre-
quency and acoustic impedance are concerned in the coupling progress.
Hence, Re(Z)-Im(Z)-frequency 3D surface plot can be obtained (graph 3
of Fig. 6).

Step 2: Calculate the input performance of LA. The LA is the acoustic
load of multi-stage looped TAHE, and the different lengths of the RTs
will influence the frequency and then the input performance of LA.
Hence, frequency is one variable that should be considered in the input

Im(Z)

®

Re(Z)

Multi-stage looped
TAHE model

Frequency/Hz
(=2}
o

o
o

4

%107 2 4

wZ)IPa-s/ma

Fig. 6. Step 1 of multi-stage looped TAHE and LA coupling method (TAHE:
thermoacoustic heat engine, LA: linear alternator, Re(Z): real part of output
acoustic impedance, Im(Z): imaginary part of output acoustic impedance).
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performance of LA. Another variable that should be considered is the
electric resistance (Re) connected to the LA which can strongly influence
the input performance of LA and can be easily changed in the experi-
ment by the use of rheostat. Therefore, the frequency and electric
resistance are two variables that will be linearly changed (graph 4 of
Fig. 7). After changing electric resistance and frequency linearly and
independently, these two variables will form a matrix in which the row
is the frequency from the lower limit to the upper limit and the column is
electric resistance from the lower limit to the upper limit (graph 4 of
Fig. 7). Each element in the variable matrix contains one electric resis-
tance and one frequency, and it will be input to the LA model, one Re(Z)
and one Im(Z) of the input acoustic impedance with other important
working characteristics will be obtained. Therefore, Re-frequency-Re(Z)
and Re-frequency-Im(Z)) 3D surface plots can be drawn (graphs 6 and 7
of Fig. 7). We can cut the 3D surface plots in graph 6 and graph 7 using
the Re = 60 Q plane, and obtain the 2D frequency-Re(Z) plot and
frequency-Im(Z) plot (graphs 8 and 9 of Fig. 7). In these two graphs, the
frequency has a one-to-one corresponding relationship with Re(Z) and
Im(Z). Therefore, under electric resistance of 60 Q, the Re(Z)-Im(Z)-
frequency 3D line plot can be obtained (graph 10 of Fig. 7).

Step 3: Couple the output performance of multi-stage looped TAHE
and the input performance of LA. After obtaining the output perfor-
mance 3D surface of multi-stage looped TAHE as shown in graph 3 of
Fig. 6 and the input performance 3D line of LA as shown in graph 10 of
Fig. 7, we can plot the surface and line in one Re(Z)-Im(Z)-frequency
coordinate (graph 11 of Fig. 8).

The intersection point (yellow point in graph 11 of Fig. 8) is the
coupling point, and this point satisfies 3 coupling principles: 1. The
equivalent frequency 2. The equivalent Re(Z) 3. The equivalent Im(Z).
Hence, the coupling point is the working point of multi-stage looped
TAEG when the LA is connected with an electric resistance of 60 Q. The
frequency corresponding to the working point is the oscillating fre-
quency of multi-stage looped TAEG and the Re(Z) and Im(Z) form the
output acoustic impedance of multi-stage looped TAHE as well as the
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input acoustic impedance of LA. After obtaining the oscillating fre-
quency and acoustic impedance, the other working characteristics of
multi-stage looped TAHE and LA can be acquired by the multi-stage
looped TAHE model and LA model.

4. Numerical study and experimental validation
In this paper, two sets of RTs with lengths of 1.5 m and 2 m are

installed in the 4-stage looped TAEG to investigate the influence of
length of RTs on multi-stage looped TAEG.

4.1. The output performance of multi-stage looped TAHE with different
RTs

After establishing the DeltaEC models of multi-stage looped TAHE
with 1.5 m RTs and 2 m RTs, two acoustic impedance matrices should be
assigned to the BRANCH IMPEDANCE segments according to step 1 of
the coupling method in section 3.3. The appropriate acoustic impedance
matrices for the BRANCH IMPEDANCE segments with different RTs are
different according to the convergence condition of the models and our
experiment experience. As shown in Fig. 9, an acoustic impedance range



[ Coupling principles

2.Equivalent Re(Z)

1.Equivalent frequency J

3.Equivalent Im(Z)

4° )

iy

[ @

100

S

80

60

Frequency/Hz
2

n
3]

%107 2

Im(Z)/Pa-s/m>

3
i 2 %107
1 3
Re(Z)/Pa»s/ny

Frequency/Hz

40
3

5 4

x107 1 2 107
Q(Z)/Pa»s/m3 Re(Z)/Pa»s/W

D

[ multi-stage looped TAHE
100 — LA with 600

\

80

60

Frequency/Hz

40
3

2
%107 1

&m(Z)/Pas/m3

4

2
%107
Re(Z)/Pa-s/my

The intersection point is @
coupling point

Fig. 8. Step 3 of multi-stage looped TAHE and LA coupling method (TAHE: thermoacoustic heat engine, LA: linear alternator, Re: electric resistance, Re(Z): real part

of acoustic impedance, Im(Z): imaginary part of acoustic impedance).

_><107

45}

2mRTs

w
T

Im(Z)/F‘a-s/m3
N
(8}

2 L
151
1 L
05
1.5m RTs
0 L L i i ;
0 1 2 3 4 5

7
Re(Z)/Pa-s/m® %10
Fig. 9. Two different acoustic impedance matrices for the multi-stage looped
TAHE model with 1.5 m RTs and 2 m RTs (Re(Z): real part of output acoustic
impedance, Im(Z): imaginary part of output acoustic impedance, TAHE: ther-
moacoustic heat engine, RT: resonance tube).

of which the Re(Z) and Im(Z) all vary from 1 x 107 Pas/m° to 3.5 x 107
Pa s/m° is selected for multi-stage looped TAHE with 2 m RTs while an
acoustic impedance range of which the Re(Z) varies from 2 x 107 Pa s/
m? to 4 x 107 Pa s/m> and the Im(Z) varies from 0.5 x 10’ Pa s/m° to
1.5 x 107 Pa s/m° is selected for multi-stage looped TAHE model with
1.5 m RTs. From Fig. 9, we know that the 2 m RT multi-stage looped
TAHE model has a relatively larger working acoustic impedance range
than that of 1.5 m RT.

After inputting respective acoustic impedance matrices into the
multi-stage looped TAHE DeltaEC model with 1.5 m RTs and 2 m RTs,
operating characteristics can be acquired. Fig. 10 shows frequencies of
the multi-stage looped TAHE with 1.5 m RTs and 2 m RTs. The frequency
is an operating characteristic that influences the output performance of
multi-stage looped TAHE and the input performance of LA simulta-
neously. The multi-stage looped TAHE and LA of one multi-stage looped
TAEG share the same frequency when operating. Therefore, the choice
of frequency is important to the coupling of multi-stage looped TAHE
and LA. According to Fig. 10, with RTs of 2 m, the frequency of multi-
stage looped TAHE varies from 60.2 Hz to 70 Hz while with RTs of
1.5 m, the frequency of multi-stage looped TAHE varies from 70.9 Hz to
76.4 Hz. The multi-stage looped TAHE can work at a higher frequency
with RTs of 1.5 m. This conclusion agrees well with our experiment
experience and can be explained qualitatively: due to almost the same
structure of multi-stage looped TAHE with 1.5 m RTs and 2 m RTs, the
acoustic wave structures are almost the same except the wavelength in
multi-stage looped TAHE with 1.5 m RTs is shorter than that in multi-
stage looped TAHE with 2 m RTs. The same working conditions
including the working substance and temperature guarantee the same
acoustic speed. According to the relationship of frequency(f), acoustic
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wave speed(a), and acoustic wavelength(A): f = a/A, the frequency of
multi-stage looped TAHE with 1.5 m RTs is higher than that of multi-
stage looped TAHE with 2 m RTs. Therefore, an appropriate choice of
length of RTs can significantly determine the frequency of multi-stage
looped TAHE and then the coupling between the multi-stage looped
TAHE and LA.

Fig. 11 shows the output acoustic power of multi-stage looped TAHE
with 1.5 m RTs and 2 m RTs. For multi-stage looped TAHE with 2 m RT,
the low Re(Z) and Im(Z) result in low output acoustic power. When the
Im(Z) is from 2.5 x 107 Pa s/m® to 3.5 x 107 Pa s/m3, the output
acoustic power can be relatively stable and high. The highest output
acoustic power of 5.2 kW can be obtained in this range. For multi-stage
looped TAHE with 1.5 m RT, the low Re(Z) and Im(Z) also result in low
output acoustic power. When the Re(Z) and Im(Z) increase, the output
acoustic power also increases. The highest output acoustic power of 3.9
kW can be obtained when the Re(Z) is 4 x 10 Pa s/m® and Im(Z) is 1.5
x 107 Pa s/m>, which are all the upper limits of the acoustic impedance

2m RTs 4

Im(Z)/Pa-s/m> 0 1

Re(Z)/Pa‘s/m3

Fig. 11. Output acoustic power (W,) of the multi-stage looped TAHE with 1.5
m RTs and 2 m RTs (The semitransparent surface is 2 m RTs while the opaque
surface is 1.5 m RTs, Re(Z): real part of output acoustic impedance, Im(Z):
imaginary part of output acoustic impedance, TAHE: thermoacoustic heat en-
gine, RT: resonance tube).

ranges for multi-stage looped TAHE with 1.5 m RT.

Fig. 12 shows the thermoacoustic efficiencies of multi-stage looped
TAHE with 1.5 m RTs and 2 m RTs. For multi-stage looped TAHE with 2
m RT, there are two acoustic impedance points with extremely low
thermoacoustic efficiency, i.e., Re(Z) =1 x 107 Pa s/m®, Im(Z) = 1 x
107 Pa s/m® and Re(Z) = 1 x 107 Pa s/m®, Im(Z) = 4 x 107 Pa s/m°.
Considering the low output acoustic power when Re(Z) is 1 x 107 Pa's/
m? and Im(Z) is 1 x 107 Pa s/m°® as shown in Fig. 11, this point is a bad
working acoustic impedance that should be avoided in the coupling with
LA. When the Re(Z) is 1.3 x 107 Pa s/m> and Im(Z) is 1.27 x 107 Pa s/
m®, the thermoacoustic efficiency can achieve the highest value of 0.39
with 2 m RT. For multi-stage looped TAHE with 1.5 m RT, due to the
relatively small acoustic impedance working range in Fig. 9, the ther-
moacoustic efficiency stabilizes at a relatively high level, varying from
0.25 to 0.37. When the Re(Z) is 2 x 107 Pas/m® and Im(Z) is 0.91 x 107
Pa s/m®, the thermoacoustic efficiency can achieve the highest value of
0.37 with 1.5 m RT, a little less than that of multi-stage looped TAHE
with 2 m RT.

4.2. Input performance of LA

Fig. 13 shows the Re(Z) of LA with continuous frequency variation
and electric resistance variation. In the experiment, the electric resis-
tance is set at a series of discrete values, so the lines with some discrete
electric resistances are also indicated in Fig. 13 and projected to a
frequency-Re(Z) 2-D plane in Fig. 14. From these two figures, we can see
that either the frequency or electric resistance can dramatically influ-
ence the Re(Z). With a fixed electric resistance, the Re(Z) firstly in-
creases and then decreases with the increase of frequency. With all the
electric resistances, the Re(Z) can get the maximum at the same fre-
quency, i.e., 68.3 Hz. With a fixed frequency, the Re(Z) decreases with
the increase of electric resistance.

Figs. 15 and 16 show the Im(Z) of LA with the variation of frequency
and electric resistance. According to these two figures, we can see that
either the frequency or the electric resistance can dramatically influence
the Im(Z). With electric resistances of 40 Q, 50 Q, 60 Q, and 70 Q, the Im
(Z) firstly increases, then decreases, and finally increases with the in-
crease of frequency, a little bit like graphs of the sine function. The five
lines with different electric resistances intersect at one point, i.e., 68.3
Hz and 1.1 x 107 Pa s/m>. At a frequency beyond 68.3 Hz, the Im(Z)
increases with the increase of electric resistance while at a frequency
below 68.3 Hz, the Im(Z) decreases with the increase of electric
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Fig. 12. Thermoacoustic efficiencies (1,) of the multi-stage looped TAHE with
1.5 m RTs and 2 m RTs (The semitransparent surface is 2 m RTs while the
opaque surface is 1.5 m RTs, Re(Z): real part of output acoustic impedance, Im
(Z): imaginary part of output acoustic impedance, TAHE: thermoacoustic heat
engine, RT: resonance tube).
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Fig. 14. Real part of the input acoustic impedance (Re(Z)) of the linear alter-
nator with continuous frequency variation and discrete load electric resistance
(Re) variation.

resistance.

Figs. 17 and 18 show the acoustic-to-electric efficiency of LA with the
variation of frequency and electric resistance. According to these two
figures, we can see that either the frequency or the electric resistance can
influence the acoustic-to-electric efficiency, but the influence is limited.
The acoustic-to-electric efficiency can be maintained at a level higher
than 0.65 despite the dramatic change in electric resistance and fre-
quency. The relatively high and stable acoustic-to-electric efficiency of
LA makes it a potential candidate for the acoustic-to-electric transducer
of high-power multi-stage looped TAEG.

According to the coupling principles mentioned in section 3.3, Re(Z),
Im(Z), and frequency are three variables that should be considered in the
coupling progress. For the multi-stage looped TAHE, Fig. 10 is an
appropriate figure used for coupling because its three axes are just Re
(Z), Im(Z), and frequency. For the LA, the figure with three axes of Re(Z),
Im(Z), and frequency for coupling can be obtained after some
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Fig. 15. Imaginary part of the input acoustic impedance (Im(Z)) of the linear
alternator with continuous frequency variation and load electric resistance (Re)
variation, Im(Z) with some discrete electric resistances are also indicated using
lines with different colors. (For interpretation of the references to color in this
figure legend, the reader is referred to the Web version of this article.)
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Fig. 16. Imaginary part of the input acoustic impedance (Im(Z)) of the linear
alternator with continuous frequency variation and discrete load electric
resistance (Re) variation.

transformation of Figs. 14 and 16. According to these two figures, with a
certain electric resistance, every frequency corresponding to one Re(Z)
and one Im(Z). The one-to-one corresponding relationship with a certain
electric resistance indicates that the relationship of the three variables
namely Re(Z), Im(Z), and frequency can be drawn as a line in Re(Z)-Im
(Z)-frequency 3-D coordinate. Different electric resistances make the
lines different. After the transformation, the Re(Z)-Im(Z)-frequency 3-D
plots of LA input performance are shown in Fig. 19.

4.3. Coupling of multi-stage looped TAHE and LA

The coupling of multi-stage looped TAHE and LA can be conducted in
Re(Z)-Im(Z)-frequency coordinate shown in Fig. 20. The two surfaces
labeled “2 m RTs” and “1.5 m RTs” are the frequencies of multi-stage
looped TAHE under different output acoustic impedances with 2 m
RTs and 1.5 m RTs, respectively, which are identical with Fig. 10. The
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colorful lines are the Re(Z)-Im(Z)-frequency 3-D lines which are the
same with Fig. 19. The intersection points of multi-stage looped TAHE
output performance surfaces and LA input performance lines are the
working points of multi-stage looped TAEG with RTs of 1.5 m and 2 m.
After obtaining the coordinates of the intersection points, i.e. the
acoustic impedance (including Re(Z) and Im(Z)) and frequency, the
output acoustic power and thermoacoustic efficiency of multi-stage
looped TAHE can be acquired from Figs. 11 and 12, and the acoustic-
to-electric efficiency of LA can be acquired from Fig. 17. Thus, the
multi-stage looped TAEG performance can be obtained combining the
performance of multi-stage looped TAHE and LA. Until now, the 3-step
coupling method mentioned in section 3.3 has been accomplished. In the
rest of this subsection, we will analyze the working characteristics of
multi-stage looped TAEG with different length of RTs based on the re-
sults of the 3-step coupling method and experimental validation.

Fig. 21 shows Re(Z) and Im(Z) of output acoustic impedances of
multi-stage looped TAHE (or input acoustic impedances of LA) with RTs
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Fig. 19. Real part of the input acoustic impedance (Re(Z))-imaginary part of
the input acoustic impedance (Im(Z))-frequency 3-D plots of the linear alter-
nator, lines with different colors represent different load electric resistances
(Re). (For interpretation of the references to color in this figure legend, the
reader is referred to the Web version of this article.)
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Fig. 20. Coupling of multi-stage looped TAHE and LA (the two surfaces labeled
“2 m RTs” and “1.5 m RTs” are the frequencies of multi-stage looped TAHE
under different output acoustic impedances with 2 m RTs and 1.5 m RTs, the
colorful lines are the Re(Z)-Im(Z)-frequency 3-D lines of LA, Re(Z): real part of
acoustic impedance, Im(Z): imaginary part of acoustic impedance).

of 1.5 m and 2 m under different electric resistances. From Fig. 20 we
can see that all the lines with electric resistances from 40 Q to 80 Q can
intersect with the 2 m RTs surface. Thus, the simulation results of multi-
stage looped TAEG with 2 m RTs have 9 points as shown in Fig. 21.
While the lines with electric resistances from 40 Q to 65 Q can intersect
with 1.5 m RTs, so the simulation results of multi-stage looped TAEG
with 1.5 m RTs have 6 points. Therefore, the multi-stage looped TAEG
with 2 m RTs can work in a larger range of electric resistance than that
with 1.5 m RTs. We can also find Re(Z) with RTs of 1.5 m and 2 m all
decrease with the increase of electric resistance, but Im(Z) with RTs of
1.5 m and 2 m has a reverse trend.

Fig. 22 shows the frequencies of multi-stage looped TAEG with RTs of
1.5 m and 2 m under different electric resistances. According to Fig. 22,
the frequencies in the experiment with RTs of 1.5 m are 70 Hz, 70.3 Hz,
70.8 Hz, 71.4 Hz and 72.4 Hz with the electric resistance increasing from
40 Q to 60 Q, and the frequencies in experiment with RTs of 2 m are
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Fig. 21. (a) Real part of the acoustic impedance (Re(Z)) and (b) imaginary part
of the acoustic impedance (Im(Z)) of multi-stage looped TAHE (or LA) with RTs
of 1.5 m and 2 m under different load electric resistances (Re) (sim: simulation,
exp: experiment, TAHE: thermoacoustic heat engine, LA: linear alternator).

63.6 Hz, 63.4 Hz, 63.1 Hz, 63 Hz, 62.9 Hz, 63.1 Hz, 63.3 Hz and 63.3 Hz
with the electric resistance increasing from 40 Q to 70 Q. The frequency
stabilizes at about 71 Hz and 63 Hz with RTs of 1.5 m and 2 m,
respectively. For multi-stage looped TAEG, the length of RTs has a sig-
nificant influence on the frequency, while the electric resistance con-
necting with LA has limited influence. Prolonging the length of RTs can
decrease the frequency of multi-stage looped TAEG.

Fig. 23 shows amplitudes of acoustic oscillation in the front cavity of
LA with RTs of 1.5 m and 2 m under different electric resistances. Based
on our experimental experience, amplitudes of acoustic oscillation in the
front cavity are an important variable that indicates the operating sta-
bility of multi-stage looped TAEG. When this variable is less than 2.5
bar, the multi-stage looped TAEG could probably evolve in unstable
states—such as damping or frequency jumping. The damping will make
the multi-stage looped TAEG stop working. The frequency jumping
sometimes makes the displacements of pistons of LA exceed the
maximum allowable displacement and causes great damage to the LA,
which should be avoided in the experiment. Therefore, 2.5 bar is a
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Fig. 22. Frequencies of multi-stage looped TAEG with RTs of 1.5 m and 2 m
under different load electric resistances (Re) (sim: simulation, exp: experiment,
TAEG: thermoacoustic electric generator, RT: resonance tube).
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Fig. 23. Amplitudes of acoustic oscillation in the front cavity of LA (|plin|)
with RTs of 1.5 m and 2 m under different load electric resistances (Re) (The
warning line is a stopping criterion when we increase electric resistance from
40 Q, sim: simulation, exp: experiment, LA: linear alternator).

stopping criterion when we increase electric resistance from 40 Q.
Fig. 23 also shows that prolonging the length of RTs will increase the
amplitude of acoustic oscillation in the front cavity. The maximum
amplitude of acoustic oscillation in the experiment increases from 3.2
bar to 4.1 bar after the RTs are prolonged from 1.5 m to 2 m. At the same
electric resistance, the amplitude of acoustic oscillation with 2 m RT is
about 1 bar larger than that with 1.5 m RT in the experiment.

Fig. 24 shows the thermoacoustic conversion characteristics of multi-
stage looped TAEG. From Fig. 24(a), we can find that increasing the
electric resistance will decrease the output acoustic power with 1.5 m or
2 m RT. With the same electric resistance, prolonging the length of RTs
can increase the output acoustic power of multi-stage looped TAEG.
With the increase of the length of RTs from 1.5 m to 2 m, the maximum
output acoustic power in the experiment increases from 6.97 kW to 8.16
kW. The output acoustic power in the simulation is larger than that in
the experiment, and the difference increases with the decrease of electric
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Fig. 24. (a) Output acoustic power (W,) and (b) thermoacoustic efficiency (1)
of multi-stage looped TAEG with RTs of 1.5 m and 2 m under different load
electric resistances (Re) (sim: simulation, exp: experiment, TAEG: thermoa-
coustic electric generator, RT: resonance tube).

resistance or increase of amplitudes of acoustic oscillation in the front
cavity. The reason is that the acoustic power loss has been under-
estimated in the simulation. For example, RTs are assumed to be straight
in simulation. However, they have 90-degree bends in the experiment to
form a loop. Thus, the acoustic power loss due to the 90-degree bends is
missing in the simulation. Some other acoustic power losses due to non-
linear phenomena are not included in the simulation, either. These
power losses are proportional to the pressure amplitude in multi-stage
looped TAEG. Evidence of the acoustic power loss in the experiment is
that a temperature of about 70 °C has been detected on the walls of RTs
caused by the waste heat converted from the acoustic power loss.
According to Fig. 24(b), the influence of the length of RTs on ther-
moacoustic efficiency is limited. With the same electric resistance, the
multi-stage looped TAEG with 1.5 m RTs and 2 m RTs almost have the
same thermoacoustic efficiency. The thermoacoustic efficiencies in
experiment with RTs of 1.5 m are 21.7 %, 22.7 %, 23.1 %, 23 % and 22.8
% with the electric resistance increasing from 40 Q to 60 Q, and the
thermoacoustic efficiencies in experiment with RTs of 2 m are 21.2 %,

21.6 %, 22.1 %, 22.6 %, 22.9 %, 23.5 %, 23.8 %, and 23.9 % with the
electric resistance increasing from 40 Q to 70 Q. In the simulation, the
thermoacoustic efficiency varies from 30 % to 35 % either with 1.5 m or
2 m RTs, while in the experiment, the thermoacoustic efficiency varies
from 20 % to 25 %. The big difference between the simulation and
experiment in thermoacoustic efficiency resulted from the fact that
much more heat has been input into multi-stage looped TAEG in the
experiment than simulation, but less acoustic power is produced. The
difference in the heat input between the simulation and experiment is
caused by the reasons as follows: 1. Heat leakage through the insulation
material: Due to the difficulty in manufacturing progress, the insulation
material covering the regenerator and heater block can’t be too thick.
Therefore, some heat that should be used by the thermoacoustic effect is
transferred through the insulation material inevitably. 2. Heat leakage
through the stainless wall of the regenerator and thermal buffer tube:
Because of the high pressure in the multi-stage looped TAEG, the walls of
the regenerator and thermal buffer tube can’t be too thin. Thus, some
heat should be utilized by the heater block now is conducted through the
walls to the main ambient heat exchanger and the second ambient heat
exchanger. 3. The second-order mass streaming—Rayleigh streaming,
causes the heat that should be used by the thermoacoustic effect, to
transfer to the second ambient heat exchanger directly. The heat leakage
and the Rayleigh streaming cause more heat consumption in the
experiment than in the simulation in which no heat leakage and Ray-
leigh streaming are assumed. The reason that less acoustic power is
produced in the experiment than in the simulation has been stated in the
last paragraph. All the reasons mentioned above result in the difference
in thermoacoustic efficiency between the simulation and experiment.

Fig. 25 shows the thermal-to-electric conversion characteristics of
multi-stage looped TAEG. Fig. 25(a) shows the acoustic-to-electric effi-
ciency of LA with RTs of 1.5 m and 2 m under different electric re-
sistances. Neither the length of RTs nor the electric resistance has an
obvious effect on the efficiency. The acoustic-to-electric efficiencies in
experiment with RTs of 1.5 m are 73.1 %, 75.1 %, 75.9 %, 77.2 % and 78
% with the electric resistance increasing from 40 Q to 60 Q, and the
acoustic-to-electric efficiencies in experiment with RTs of 2 m are 74.9
%, 76.7 %, 78.4 %, 79.6 %, 80.6 %, 81.1 %, 81.7 %, and 82.1 % with the
electric resistance increasing from 40 Q to 70 Q. From Fig. 25(b), we can
find that prolonging the length of RTs can increase the output electric
power of multi-stage looped TAEG. With the increase of the length of
RTs from 1.5 m to 2 m, the maximum output electric power in the
experiment increases from 5.1 kW to 6.24 kW. Fig. 25(c) shows the
thermal-to-electric efficiency of multi-stage looped TAEG. Like ther-
moacoustic efficiency, the length of RTs has a limited effect on thermal-
to-electric efficiency. The thermoacoustic efficiencies in experiment
with RTs of 1.5 m are 15.8 %, 17 %, 17.5 %, 17.7 % and 17.8 % with the
electric resistance increasing from 40 Q to 60 Q, and the thermoacoustic
efficiencies in experiment with RTs of 2 m are 15.9 %, 16.5 %, 17.3 %,
18 %, 18.4 %, 19 %, 19.4 %, and 19.6 % with the electric resistance
increasing from 40 Q to 70 Q. The overestimation of output electric
power and thermal-to-electric efficiency in simulation mainly results
from the underestimation of acoustic power loss and heat consumption
in simulation, which has been mentioned in the last paragraph.

5. Conclusion

The influence of the length of RTs on multi-stage looped TAEG is
numerical and experimental studied in this paper. A 3-step multi-stage
looped TAHE and LA coupling method is thoroughly introduced and
used in the numerical study. In the experiment, two sets of RTs with
lengths of 1.5 m and 2 m are installed. With the increase of the length of
RTs from 1.5 m to 2 m, the frequency decreases from 70 Hz to 62 Hz. The
maximum output acoustic power increases from 6.97 kW to 8.16 kW,
and the maximum output electric power increases from 5.1 kW to 6.24
kW. Meanwhile, the maximum thermoacoustic efficiency increases from
23.08 % to 23.94 %, the maximum acoustic-to-electric efficiency
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Fig. 25. (a) Acoustic-to-electric efficiency (n,e) (b) output electric power (W) and (c) thermal-to-electric efficiency (1) of multi-stage looped TAEG with RTs of 1.5
m and 2 m under different load electric resistances (Re) (sim: simulation, exp: experiment, TAEG: thermoacoustic electric generator, RT: resonance tube).

increases from 78.03 % to 82.06 % and the maximum thermal-to-electric
efficiency increases from 17.79 % to 19.64 %. The simulation results are
consistent with the variation trend. This study demonstrates that
adjusting the length of RTs is an effective way to tune the frequency of
multi-stage looped TAEG and improve the coupling between the multi-
stage looped TAHE and LA.
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Appendix. Acoustic-mechanical-electrical coupling equivalent circuit model of dual opposed LA [12]

In this appendix, the acoustic-mechanical-electrical coupling equivalent circuit model of dual-opposed LA is briefly introduced. Fig. 26 shows the
detailed schematic of dual-opposed LA, the meanings of symbols in the figure are tabulated in Table 2.
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Fig. 26. Detailed schematic of dual-opposed LA.

Table 2
The meanings of the symbols in Fig. 26
Symbol Meaning Symbol Meaning
p1 Oscillating pressure of acoustic wave Mp, Mass of piston (piston diameter: D, magnetic induction: B)
ULin Oscillating volume velocity of acoustic wave R Mechanical resistance caused by the friction of the piston
Ui Oscillating volume velocity flows into the left single motor I; Current in the electrical circuit
Uir Oscillating volume velocity flows into the right single motor L, Electrical inductance of fixed coil
Ut,out Oscillating volume velocity flows into the next stage Te Electrical resistance of fixed coil
Cm Mechanical compliance of flexure bearing connected to the piston R, Load electrical resistance
Cq Effective acoustic compliance of the gas spring in the back cavity of LA Ce Load electrical capacitance

Fig. 27(a) shows the equivalent circuit of acoustic, mechanical and electrical parts of dual-opposed LA each in their respective domains. The
acoustic domain and mechanical domain are linked by a transformer with a ratio of 1:S, due to the relationship of driving source p; and F; is p;/F1=1/
S. The mechanical domain and electrical domain are linked by a transformer with a ratio of BL:1 due to the relationship of Ampere’s force and the
electrical current I; of a coil with length L in a magnetic induction B is F;=I;BL.

The equivalent circuit of dual-opposed LA with all elements converted to mechanical impedance domain is shown in Fig. 27(b), in which
Xm=0Mpu1/0wCp, and Rey=R,+2r,. u;~uz mean the mesh currents. After applying the superposition theorem to the equivalent circuit in Fig. 27(b),
which retains only one independent driving force source and turns off the other, two equivalent circuits can be obtained as shown in Fig. 27(c) and (d).
The velocity of the circuit is determined by the contribution of each of the driving force sources and adding them up, i.e., u;=v;+wj, us=va+w; et al.
For Fi g. 27(c), applying Kirchhoff voltage laws (KVL) to the 3 circuit meshes, we can obtain

(BL)? s?
R, 1 vt oa

(BL)®
R, "2 WK,

(BL)? . s
X, (Vs v2) + (Rm + iXm)vs + ia)CaV3 =0

F1 +(Rm+iXm)V1 + V1 =0

(BL)?

(v2 v3)=0 (A1)

For Fig. 27(d), we can obtain

(BL)? 52
R, ™1 W)t

(Rm + iXm)Wl + w; =0

(BL)* (BL)®
Ret IXE

BL)* . 52
(BL) (ws W2) + (Rm + iXim)Ws + F1 + -
iwC,

(Wz Wl) + (W2 Wg,) =0 (A.Z)

W3:0



Fig. 27

(a) The equivalent circuit of LA with the acoustic, mechanical and electrical parts each in their respective domains (b) Converting all the elements to mechanical-
impedance domain through their transformers respectively (c¢) and (d) are the equivalent circuits with only one driving force source and the other turned off
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These two liner equation systems have three unknown variables and three equations. The Gauss elimination method can be used to solve the
equations using MATLAB software.
The time-averaged input acoustic power due to the gas oscillation in the front cavity is
- — 1 ~ 1 ~
Wo=Fuy +Fruz= ERe[Flu?,] + ERe[FllIB]

(A.3)
The time-averaged output electric power is



1 2 Re

5 2 (A.4)
We = FRe'uRe = 2|u1 ng‘ : et Ret
The acoustic-to-electric efficiency of the LA is
W,
Nae = Wa (A.5)
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