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ABSTRACT 

Latest developments in thermoacoustic devices have demonstrated comparable power output and 

efficiency, but higher reliability and lower cost when compared to conventional low-grade heat recovery 

technologies. A good coupling between multiple physical fields plays a pivotal role in realizing these 

potentials. This article provides a comprehensive review of the multi-physics coupling effects, namely, 

thermal-acoustic coupling, acoustic-mechanical coupling and mechanical-electric coupling, inside 

thermoacoustic devices including thermoacoustic engines, thermoacoustic electric generators, 

thermoacoustically-driven refrigerators, etc. The basic principles, operating characteristics, design 

strategies and future prospects are discussed individually for each coupling effect. System-level design 

techniques and synthetic optimization methodologies in consideration of the multi-physics coupling 

effects are presented. This review work gives insights into the underlying mechanisms of various 

coupling effects in thermoacoustic devices and provides guidelines for improvements of modern 

thermoacoustic technologies for low-grade thermal energy recovery, refrigeration and electric power 

generation purposes. 

Keywords: Multi-physics coupling; Thermoacoustic engine; Thermoacoustic electric generator; 

Thermoacoustic refrigerator; Thermal energy recovery; Electric power generation; 

Word Count: 21,896 

Contents 

1. Introduction ....................................................................................................................................... 3 

2. General review .................................................................................................................................. 4 

2.1 Classification of thermoacoustic devices ...................................................................................... 4 

2.2 Classification of multi-physics coupling ....................................................................................... 6 

Manuscript_Clean_Version Click here to view linked References

 1 
 2 
 3 
 4 
 5 
 6 
 7 
 8 
 9 
10 
11 
12 
13 
14 
15 
16 
17 
18 
19 
20 
21 
22 
23 
24 
25 
26 
27 
28 
29 
30 
31 
32 
33 
34 
35 
36 
37 
38 
39 
40 
41 
42 
43 
44 
45 
46 
47 
48 
49 
50 
51 
52 
53 
54 
55 
56 
57 
58 
59 
60 
61 
62 
63 
64 
65 



2 
 

3. Thermal-acoustic coupling ............................................................................................................... 6 

3.1 Basic principles ............................................................................................................................. 7 

3.2 Linear thermoacoustics ................................................................................................................. 9 
3.2.1 Linear thermoacoustic equations ........................................................................................... 9 
3.2.2 Linear thermoacoustic instability ......................................................................................... 12 

3.3 Nonlinear thermoacoustics .......................................................................................................... 14 
3.3.1 Nonlinear acoustic phenomena ............................................................................................ 14 
3.3.2 Nonlinear hydrodynamic phenomena .................................................................................. 17 
3.3.3 Nonlinear dynamic responses .............................................................................................. 19 
3.3.4 Nonlinear thermoacoustic amplification .............................................................................. 20 

3.4 Discussion ................................................................................................................................... 22 
3.4.1 Multi-stage design ................................................................................................................ 22 
3.4.2 Phase-change design ............................................................................................................ 23 

3.5 Summary and outlook ................................................................................................................. 24 

4. Acoustic-mechanical coupling ........................................................................................................ 25 

4.1 Passive control approaches ......................................................................................................... 25 
4.1.1 Standing-wave thermoacoustic systems ............................................................................... 25 
4.1.2 Travelling-wave thermoacoustic systems ............................................................................ 27 

4.2 Active control approaches ........................................................................................................... 29 
4.2.1 Standing-wave thermoacoustic systems ............................................................................... 29 
4.2.2 Travelling-wave thermoacoustic systems ............................................................................ 31 

4.3 Discussion ................................................................................................................................... 32 
4.3.1 Mode selection and transition .............................................................................................. 32 
4.3.2 Push-pull or double-acting concept ...................................................................................... 34 

4.4 Summary and outlook ................................................................................................................. 35 

5. Mechanical-electric coupling ......................................................................................................... 35 

5.1 Transduction mechanisms ........................................................................................................... 36 

5.2 Electric circuit design ................................................................................................................. 39 

5.3 Summary and outlook ................................................................................................................. 40 

6. System design and synthetic optimization .................................................................................... 40 

6.1 System-level design techniques .................................................................................................. 41 

6.2 Optimization methodologies ....................................................................................................... 41 

7. Conclusions ...................................................................................................................................... 42 

Acknowledgements ............................................................................................................................. 43 

Appendix. List of thermoacoustic devices ......................................................................................... 43 

References ............................................................................................................................................ 44 

 1 
 2 
 3 
 4 
 5 
 6 
 7 
 8 
 9 
10 
11 
12 
13 
14 
15 
16 
17 
18 
19 
20 
21 
22 
23 
24 
25 
26 
27 
28 
29 
30 
31 
32 
33 
34 
35 
36 
37 
38 
39 
40 
41 
42 
43 
44 
45 
46 
47 
48 
49 
50 
51 
52 
53 
54 
55 
56 
57 
58 
59 
60 
61 
62 
63 
64 
65 



3 
 

1. Introduction 
Thermoacoustics, as the name suggests, is an interdisciplinary science that encompasses the fields of 

thermodynamics and acoustics. It is a fascinating subject that studies the thermoacoustic effect arising 

from the interaction between a compressible fluid and a solid material. On one hand, an appreciable 

temperature gradient along the solid material can induce spontaneous oscillations of the compressible 

fluid (i.e., acoustic waves) in the vicinity of the fluid-solid interfaces [1]. On the other hand, an acoustic 

wave in the compressible fluid propagating along the solid material can contribute to hydrodynamic 

heat pumping effects, establishing a temperature gradient within the solid material in the direction of 

wave propagation [2]. The above two aspects of the thermoacoustic effect lay the foundation for 

thermoacoustic engines (or prime movers) and thermoacoustic refrigerators (or heat pumps). 

The thermoacoustic effect was first observed by glassblowers who found loud sounds emitted from a 

tube that was connected to a hot bulb in the 18th century [3]. Similar loud noises were discovered by 

Byron Higgins [4], who placed a hydrogen flame inside an organ-pipe which then was given the name 

of the “singing flame”. These interesting early observations then led to systematic experimental studies 

on the “Sondhauss tube” [5], “Rijke tubes” [6] and “Taconis tube” [7], which can be viewed as the 

ancestors of the modern sciences of thermoacoustic systems  [8], combustion thermoacoustics [9] and 

thermoacoustic cold energy recovery [10]. Spontaneous acoustic oscillations in Sondhauss, Rijke and 

Taconis tubes are primitive demonstrations of thermoacoustics and seemly have no practical use. An 

important breakthrough in modern thermoacoustics is the invention of the “stack” by Carter [3] in 1962 

and “regenerator” by Ceperley [11-13] in 1979. The stack and regenerator are a piece of porous material 

that significantly increases the effective fluid-solid contact area and therewith the acoustic intensity, 

turning the device into an “engine” with a usable level of acoustic power output. Since then, research 

on thermoacoustic engines (TAEs) has attracted much attention and experienced rapid progress. In 1975, 

Merkli and Thomann [14] observed a cooling effect around the velocity antinode of a cylindrical tube 

driven by an oscillating piston, and presented an accurate theory for the cooling effect. Thereafter, 

numerous efforts were undertaken to develop thermoacoustic refrigerators (TARs) as a novel cooling 

technology without using any environmentally harmful refrigerants. In the 1990s, Wheatley and Swift 

[8] from Los Alamos National Laboratory conducted a series of pioneering works on TAEs and TARs 

that paved the way for industrial applications of thermoacoustic technologies. 

TAEs and TARs are attractive due to their lack of moving components (such as the crank and flywheels 

in Stirling engines) and relatively benign environmental impact (using noble and inert gases). These 

devices provide reliable and cost-effective alternatives to make use of significant amounts of untapped 

low-grade thermal energy such as geothermal energy, industrial waste heat and solar thermal energy. 

The performance of thermoacoustic devices improved significantly after many years research efforts. 

Currently, as shown in the Appendix, the TAE could have an onset temperature as low as 29 ℃ [15] 
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and a thermal-to-acoustic efficiency as high as 35.6% [16]. When coupled with a transducer, the TAE 

could produce a thermal-to-electric efficiency up to 19.8% [17] and an electric power up to 4.69 kW 

[18]. For the TAR, the lowest cooling temperature of -254.9 ℃ (or 18.1 K) [19], the highest coefficient 

of performance (COP) of 4.78 [20] and the highest cooling power of 3.8 kW [21] have been realized. 

Notwithstanding their many advantages and outstanding performances, the design and fabrication of a 

simple-structured, efficient and robust thermoacoustic device is a challenging task since it involves 

complicated coupling between multiple physical fields (see Table 1 in Section 2.2 for a detailed 

description of multi-physics coupling). During the coupling processes, energy is converted from one 

form to another or transferred from one component to another. A good coupling will facilitate the power 

generation while a poor coupling will deteriorate the energy conversion or, in the worst case, cause the 

system to malfunction [22]. Therefore, the study of multi-physics coupling is critical to the successful 

operation of a thermoacoustic device. It is imperative to have an in-depth knowledge of the multi-

physics coupling effects to understand how the system performance is influenced by each coupling 

effect and the accompanying issues to be addressed in future research. 

Although there are a few review papers on the subject of thermoacoustic technologies [23-30], they are 

focused on specific topics, such as advances in practical implementations, options of transducers and 

optimization of thermoacoustic refrigerators. There is a lack of a comprehensive review focusing on the 

multi-physics coupling effects involved in thermoacoustic devices of all kinds. Therefore, in this paper, 

we review and summarize the existing thermoacoustic research activities from a multi-physics coupling 

perspective. In this manner, researchers could have a clear overview of different coupling 

effects/characteristics in the design process, and develop sophisticated thermoacoustic devices based 

on their needs. The rest of this paper is organized as follows. Classifications of thermoacoustic devices 

and multi-physics coupling are first introduced in Section 2. Detailed descriptions of each coupling 

effect are presented in Sections 3 to 5, followed by a review of system design and synthetic optimization 

techniques in Section 6. Finally, the main conclusions in this work are summarized in Section 7. 

2. General review 

2.1 Classification of thermoacoustic devices 
Thermoacoustic (TA) devices can be categorised into several different types according to Figure 1. 

Based on the acoustic field inside the waveguides, TA devices can be classified into standing-wave and 

travelling-wave TA systems. The phasing between pressure and velocity oscillations is π/2 in an 

acoustic standing wave but zero in a travelling wave. The acoustic field is determined by the acoustic 

boundary conditions, such as rigid/soft walls, an acoustic loop, or a T-joint, imposed on the acoustic 

waveguide. Based on the thermodynamic cycle (engine cycle or refrigeration cycle) in the 

thermoacoustic core (stack or regenerator), TA systems can be classified into thermoacoustic engines 

(TAEs) and thermoacoustic refrigerators (TARs). The working gas undergoes engine cycles in TAEs 
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but refrigeration cycles in TARs. TAEs can be further classified into TAEs with and without external 

loads. In the literature, the external load could be in the form of acoustic radiation [31], mechanical-to-

electric transducers [28], liquid pistons [32] or solid displacers [33]. TARs can be further classified into 

electrically-driven and thermoacoustically-driven types. Electrically-driven TARs utilize forced 

acoustic oscillations (e.g. by a loudspeaker) whilst thermoacoustically-driven TARs make use of self-

excited acoustic oscillations from a TAE. This review work only discusses thermoacoustic devices 

where acoustic oscillations are self-excited. 

In thermoacoustic devices, the thermoacoustic core (stack or regenerator) is a piece of porous material, 

which provides the required interface for heat transfer between working gas and solid material. The 

major difference between a stack and a regenerator is the hydraulic radius rh with rh ≥ δk (δk being the 

thermal penetration depth) in the stack whilst rh < δk in the regenerator. Figure 2 shows examples of a 

loaded standing-wave TAE employing a stack and a loaded travelling-wave TAE employing a 

regenerator. The acoustic waveguide in Figure 2(a) is an acoustic resonator closed by a rigid wall at the 

left end and an external load at the right end. Inside the resonator is a parallel-plate thermoacoustic 

stack, sandwiched between a hot heat exchanger (HHE) and an ambient heat exchanger (AHE). 

Spontaneous acoustic oscillations induced in the resonator when the temperature gradient along the 

stack reaches an onset value are used to drive an external load. The acoustic waveguide in Figure 2(b) 

is a looped tube inside which a thermoacoustic regenerator is sandwiched by a pair of hot and ambient 

heat exchangers. Acoustic power is generated in the regenerator in the presence of a large temperature 

gradient and extracted by an external load connected somewhere to the loop. 

 

Figure 1. Classification of thermoacoustic devices. TA, TAE and TAR stand for thermoacoustic, 

thermoacoustic engine and thermoacoustic refrigerator, respectively. 

Standing - wave 
TA systems

TA devices
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Figure 2. Examples of thermoacoustic devices. (a) A loaded standing-wave thermoacoustic engine 

employing a stack. (b) A loaded travelling-wave thermoacoustic engine employing a regenerator. 

HHE and AHE are the hot heat exchanger and the ambient heat exchanger. 

2.2 Classification of multi-physics coupling 
Generally, three distinctively different types of multi-physics coupling exist in thermoacoustic devices: 

thermal-acoustic coupling, acoustic-mechanical coupling and mechanical-electric coupling.  

As seen in Table 1, thermal-acoustic coupling, also known as the “thermoacoustic effect” in the 

literature [3], concerns the coupling between temperature and acoustic fields in thermoacoustic cores. 

In this process, heat is converted into sound or vice versa depending on the magnitude of the temperature 

gradient and the local acoustic field. Acoustic-mechanical coupling deals with the coupling between 

TAEs and external loads, which converts the high-amplitude acoustic waves inside TAEs into 

mechanical vibration of external loads. Mechanical-electric coupling in thermoacoustic devices relates 

to energy conversion from mechanical vibration to electricity. Appropriate mechanical-electric 

transduction mechanisms and external electric circuits are exploited in this process. 

Table 1. Multi-physics coupling in thermoacoustic devices. 

Multi-physics coupling Fields Energy forms Occasions 

Thermal-acoustic coupling Temperature and acoustic Heat to sound or sound pumps heat TAEs 

Acoustic-mechanical coupling Acoustic and mechanical Sound to mechanical vibration TAEs and loads 

Mechanical-electric coupling Mechanical and electric Mechanical vibration to electricity Transducers 

3. Thermal-acoustic coupling 
This section first discusses the principles of thermal-acoustic coupling in standing-wave and travelling-

wave TAEs. Following that, linear theory is introduced to quantify this coupling effect. Subsequently, 

nonlinear phenomena in thermoacoustic devices are presented. Thereafter, methods to improve the TAE 

performance from a thermal-acoustic coupling viewpoint are introduced. 
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3.1 Basic principles 
From a thermodynamic perspective, TAEs rely on engine cycles to generate sound from heat. Different 

from traditional heat engines, such as Stirling engines, the time interval of each engine cycle in TAEs 

is decided by the natural frequency of the system itself, and the thermodynamic processes in each engine 

cycle are affected by the thermoacoustic core and local acoustic field. 

Figure 3 illustrates the principle of sound generation in a thermoacoustic stack in a standing wave. 

Attention is focused on a particular gas parcel that exchanges heat with the solid in the vicinity and does 

work on the adjacent gas parcel as it moves. Assume the gas parcel oscillates in the longitudinal 

direction x between the stack plates which have a temperature gradient solidT� . Suppose the acoustic 

boundary conditions at the resonator ends impose a standing wave in the resonator as shown in Figure 

3(a), where the pressure p and displacement x are in opposite phase whereas displacement x leads the 

velocity u by 90°. Figure 3(b) shows the variations of gas parcel temperature Tgas (red line) considering 

heat conduction, oscillating temperature Tisen during an isentropic process, and adjacent solid surface 

temperature Tsolid due to motion of the gas parcel in an acoustic cycle. Since the heat transfer between 

the gas parcel and solid is imperfect (i.e., rh ≥ δk), the peaks of Tgas (highlighted dots) lag behind those 

of Tsolid. As a result, as shown in Figure 3(c), Tgas increases as x (the location of the gas parcel along the 

x axis) first decreases, reaching a peak value shortly after x becomes minimum. Similarly, Tgas decreases 

as x first increases, reaching another peak value shortly after x reaches maximum. As a result, Tgas varies 

in a clock-wise direction and forms an ellipse after the gas parcel finishes one thermodynamic cycle. In 

the p-v (v being the specific volume) diagram in Figure 3(d), dashed lines represent isentropic lines at 

different temperatures. Tgas increases as p first increases, peaking at Tgas,max shortly after p becomes 

maximum. Likewise, Tgas decreases as p first decreases, peaking at Tgas,min shortly after p becomes 

minimum. The area of the ellipse in the p-v diagram denotes the net work done on the adjacent gas 

parcel. In the T-s (s being the specific entropy) diagram in Figure 3(e), dashed lines represent isobaric 

lines at different pressures. Consistent with Figure 3(d), Tgas reaches a maximum shortly after p becomes 

maximum and reaches a minimum shortly after p becomes minimum. The area of the ellipse in the T-s 

diagram denotes the net heat absorbed from the solid. Its value should be equal to the net work in the 

p-v diagram according to the first law of thermodynamics. 

Figure 4 illustrates the principle of sound generation in a thermoacoustic regenerator in a travelling 

wave. Consider a travelling wave propagating to the right in the longitudinal direction through a 

regenerator with a temperature gradient solidT� . The viscosity of the working gas is neglected. As 

shown in Figure 4(a), in a travelling wave, pressure p and velocity u are in phase whereas displacement 

x leads pressure p by 90°. Unlike the stack, the regenerator has a much smaller hydraulic radius, 

ensuring near-perfect heat transfer between the gas and solid material. As a result, Tgas is always nearly 

the same as Tsolid. When 0solidT� ! , Tgas has the same trend as x as shown in Figure 4(b). In the 
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Cartesian coordinate in Figure 4(c), Tgas is identical to Tsolid in response to the travelling wave due to 

perfect heat transfer (i.e., rh < δk). It is interesting to notice from Figure 4(a) and Figure 4(b) that, in the 

first half period, Tgas increases while p first increases then decreases; in the second half period, Tgas 

decreases while p first decreases then increases. Such variations are consistent with the p-v and T-s 

diagrams shown in Figure 4(d) and Figure 4(e), respectively. The clock-wise trajectories in both p-v 

and T-s diagrams indicate that the gas parcel is working in an engine mode, absorbing net heat from the 

regenerator and doing net work on the gas parcel next to it. 

 

Figure 3. Principle of sound generation in a thermoacoustic stack in a standing wave. (a) Features of a 

standing wave. (b) Temperature oscillations versus time. (c) Temperature oscillations versus x. (d) p-v 

diagram. (e) T-s diagram. 

 

Figure 4. Principle of sound generation in a thermoacoustic regenerator in a right-running travelling 

wave. (a) Features of a travelling wave. (b) Temperature oscillations versus time. (c) Temperature 

oscillations versus x. (d) p-v diagram. (e) T-s diagram. 
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3.2 Linear thermoacoustics 
Linear thermoacoustics is often referred to as the linear theory. In 1896, Rayleigh [1] first gave a 

qualitative explanation of the thermoacoustic effect: thermoacoustic oscillations are maintained when 

the phase between pressure oscillations and heat release is appropriate. Rayleigh’s criterion still holds 

as the basic principle of self-excited thermoacoustic oscillations in engine and combustion systems [34-

36]. In the 1970s, Rott conducted a series of pioneering works on the stability limit of thermally-induced 

acoustic oscillations by quantifying the energy flows within the boundary layers [37-42]. The linear 

theory developed in his studies is applicable to basic experiments with both thermoacoustic engines and 

refrigerators. Inspired by the work of Rott, Swift [8] from the Los Alamos National Laboratory derived 

another total-power equation and incorporated it into the linear theory. The theoretical work of Rott and 

Swift forms the linear thermoacoustic theory we use today. 

3.2.1 Linear thermoacoustic equations 

The key outcome of linear thermoacoustic theory is the derivation of two types of equations. One is the 

inhomogeneous wave equation for acoustic pressure in the presence of a temperature gradient, viscosity 

and heat conduction. The other type involves energy equations that describe the energy flows arising 

from the coupling between temperature and acoustic fields. 

The derivation of the thermoacoustic wave equation starts from Rott’s acoustic approximation [43], 

where every oscillating variable can be expressed as a combination of the mean and time-dependent 

fluctuating values, so that 
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In the above, U1 is the volume velocity, A is the cross-sectional area, γ and σ denote the specific heat 

ratio and Prandtl number, and εs is a quantity describing the effect of heat capacity of the solid on the 

heat transfer at the fluid-solid interfaces [3]. fv and fk are the thermo-viscous functions [44] implying the 

effect of viscosity and heat conduction on the working fluid. l, rv, c, 1/rk and g represent the acoustic 

inertance per unit length, viscous resistance per unit length, acoustic compliance per unit length, 

thermal-relaxation resistance per unit length and complex gain/attenuation constant due to a non-zero 

temperature gradient, respectively. [ ]� represents the imaginary part of a complex quantity. Combining 

Equations (2) and (3) and eliminating U1, yields the second-order differential equation: 
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where a is the speed of sound. Equation (5) is the inhomogeneous wave equation in thermoacoustics. It 

is strictly a Helmholtz equation, the solution of which lays the foundation for next-step numerical 

computations, such as the eigenvalue calculations in Section 3.2.2. 

The derivation of the thermoacoustic energy equations begins with time averaging the nonlinear energy 

conservation equation in fluid mechanics, i.e., 
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  (6) 

where the overbar “-” stands for time averaging, e is the specific internal energy, /h e p U � is the 

specific enthalpy, τij is the viscous stress tensor and κ is the thermal conductivity of the fluid.

� �e / 2 /i i j j j ij iu h u u u T xU W N � � � w w denotes the total energy flux. An order-of-magnitude analysis 

[8] indicates that the time-averaged total energy flux in the x direction is dominated by the enthalpy 

term (ρuih), while in the y direction, the heat conduction term (-κ w T/ w xi) prevails. Hence, 
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By integrating xe over the cross-section and taking dh = Tds + dp/ρ, the total power Hx in the x direction 

can be written as 

 1 1 1 1 1 1
1 1 1 [ ] [ ] [ ]
2 2 2x m m m x xH hU p U T s U W QU U �  � � �  �   (8) 

where the tilde “~” stands for the complex conjugate. Wx and Qx are the time-averaged work flow and 

heat flow in the x direction. The expressions for Hx and Wx as a function of p1 and U1 are further derived 

by Swift [8] and written as 
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where cp is the specific heat at constant pressure. Equations (8)-(10) are the energy equations in 

thermoacoustics. They can be used to calculate the energy flows in thermoacoustic components, such 

as ducts, heat exchangers, stack and regenerator.  

For example, Figure 5 illustrates the hypothetical energy flows across a thermoacoustic stack in a 

standing wave and a regenerator in a right-running travelling wave in the linear regime. Note that the 

temperature difference between the fluid (mean) temperature Tm,gas and solid temperature Tsolid in the 

heat exchangers, stack, and parts of the ducts (adjoining the heat exchangers) is taken into account. 

Suppose the acoustic variables (p1, U1, Tm, etc.) are continuous at the interfaces between two adjacent 

thermoacoustic components: any “discontinuity” [45] of order of the gas displacement is neglected. The 

heat exchangers are assumed to be in contact (no gas gaps) with the stack or regenerator. 
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Figure 5. Energy flows across (a) a thermoacoustic stack in a standing wave and (b) a thermoacoustic 

regenerator in a right-running travelling wave. 

3.2.2 Linear thermoacoustic instability 

The linear theory in Rott and Swift’s framework provides a useful tool to analyse the stability of 

thermoacoustic devices. Thermoacoustic instability occurs when the temperature difference across the 

thermoacoustic core exceeds a critical value. The stability analysis is important since it predicts the 

onset temperature at which the system becomes unstable, and thereby the category of heat source a 

thermoacoustic device can utilize. Generally, the onset temperature can be obtained theoretically in two 

different ways which are summarized as follows. 

First introduced is the energy-based approach by means of the quality factor Q [46-51], which is defined 

by 

 1/ / STQ E EZ   (11) 

where  
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are the net acoustic power output and acoustic energy stored in the entire system. As the temperature 

ratio increases, the positive acoustic power produced in the stack starts to balance the negative acoustic 

power dissipated in the rest of the system. As a consequence, 1/Q changes from positive to negative as 

shown in Figure 6(a) in Ref.[46]. The onset temperature difference is determined when 1/Q = 0. 
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The second approach is to solve an eigenvalue problem through network topology. The basic idea is to 

discretize the thermoacoustic components into segments along the axis of the device, assuming uniform 

thermophysical properties in each segment. Based on the network topology, the acoustic pressure p1 

and volume velocity U1 at two ends of the waveguide can be related by a total transfer matrix RT, i.e., 

 1 1

1 1
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p L p
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TR   (13) 

RT is the product of the transfer matrices of the segments and can be derived by finding solutions for p1 

and U1 from the wave and momentum equations [52-56]. By imposing the relevant acoustic boundary 

conditions at these two positions, one finds the characteristic equations 
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where ZL and Z0 are acoustic impedances at the ends. RT11, RT12, RT21 and RT22 are the four elements of 

the 2×2 matrix RT. det[ ] stands for the determinant of a matrix and I is the identity matrix. Solving the 

characteristic equations yields the complex frequency ω = ωR + jωI as a function of Th as shown in 

Figure 6(b) in Ref. [52], where ωR is the oscillation frequency while ωI denotes the growth/attenuation 

rate. The onset temperature and frequency are obtained when ωI is zero. 

Apart from the transfer matrix method, the root locus method [57, 58] and Nyquist stability criterion 

[59-61], rooted in control theory, have also proved to be useful in obtaining the eigenfrequencies from 

the characteristic equations. In the root locus method [58], the loci of the roots of the characteristic 

equation are plotted for different temperature ratios in the complex s-plane. Onset values of frequency 

and temperature ratio are obtained when the loci cross the imaginary axis. In the Nyquist stability 

analysis [60], the ‘‘Nyquist plot” of the open-loop transfer function (OLTF) is inspected: the real axis 

of the s-plane is mapped by the OLTF to the G(s)-plane. For every eigenfrequency ωn, the critical point 

is when G(s) = -1. 
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Figure 6. Stability analysis. (a) 1/Q versus temperature ratio [50]. (b) Complex frequency versus 

temperature ratio [52]. 

3.3 Nonlinear thermoacoustics 
Linear thermoacoustic theory is in essence a frequency-domain analytical tool useful for studying 

thermal-acoustic coupling in the linear regime. As the pressure amplitude increases, nonlinearity arises. 

Substantial deviations may occur when the thermoacoustic devices fall into the high-amplitude regime 

where the acoustic pressure amplitude is greater than 10% of the mean pressure according to Swift [62]. 

This section discusses the rich nonlinear phenomena that are frequently encountered in thermoacoustic 

devices. 

3.3.1 Nonlinear acoustic phenomena 

Limit cycling: the most obvious nonlinear effect in a thermoacoustic device is the existence of limit 

cycles. Limit cycling occurs since nonlinearity enhances dissipation at large amplitudes. As seen in 

Figure 7(a), the evolution of acoustic pressure after onset can be divided into three stages: (i) initial 

build-up, (ii) saturation and (iii) limit cycles [63]. The relationship between the generation and 

dissipation of acoustic power is depicted in Figure 7(b). The amplitude of limit-cycle oscillations is 

important since it determines the magnitude of the acoustic power generated. Efforts made to predict 

limit-cycle amplitudes in the literature are summarized into two categories: simplified nonlinear 

modelling (SNM) and computational fluid dynamics (CFD). Simplified nonlinear modelling (SNM) 

begins by simplifying the nonlinear governing equations in fluid mechanics correct to second or higher 

orders in the perturbation variables. Combined with specified initial and boundary conditions, the 

simplified governing equations are closed and solved by suitable numerical schemes. Theoretical 

studies of limit cycling in TAEs using SNM were reported by Prosperetti [64-68]. Computation fluid 

dynamics (CFD) is another effective method of studying the nonlinear saturation process. Numerical 

simulations of limit cycling in TAEs using CFD techniques have been reported in the literature [69-74].  
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Figure 7. Self-excited pressure oscillations above onset [63]. (a) Evolution of acoustic pressure into 

limit cycles. (b) Relationship between the generation and dissipation of acoustic power. 

Harmonics: harmonic components in the frequency domain are often observed when the TAE is 

operating with high pressure amplitudes. As shown in Figure 8, distortion of sinusoidal waves in the 

time domain occurs as a result of nonlinear excitation of harmonic modes. In such a case, acoustic 

energy cascades from the fundamental mode to higher resonant modes. Swift [62] noticed in 

experiments that the pressure amplitude at twice the fundamental frequency was 1/3 of the amplitude 

of the fundamental at the highest powers in a large standing-wave TAE. The harmonic component 

carried a significant amount of heat along the stack, making the device less efficient. Apart from 

harmonic distortions in pressure waves, Gusev [75] and Marx [76] also observed the generation of 

thermal wave harmonics in the hydrodynamic heat transport. It was found that the amplitude of the 

second harmonic of the temperature oscillations was comparable to that of the fundamental frequency. 

At small amplitudes, the higher harmonic component contributes fourth-order corrections to the second-

order power and its influence is negligible. However, at extremely high amplitudes, the harmonic 

oscillations can produce higher thermal/viscous losses than the fundamental mode and limit the 

amplitude of the fundamental. Methods to suppression harmonics include putting specially constructed 

inserts near the velocity antinodes of the harmonic mode [77] and using anharmonic tubes such as 

tapered resonators [78, 79]. 

a

b

2
AP

Generation

Dissipation

0 (i) (ii)

(iii)

A
co

us
tic

 P
ow

er

0

 1 
 2 
 3 
 4 
 5 
 6 
 7 
 8 
 9 
10 
11 
12 
13 
14 
15 
16 
17 
18 
19 
20 
21 
22 
23 
24 
25 
26 
27 
28 
29 
30 
31 
32 
33 
34 
35 
36 
37 
38 
39 
40 
41 
42 
43 
44 
45 
46 
47 
48 
49 
50 
51 
52 
53 
54 
55 
56 
57 
58 
59 
60 
61 
62 
63 
64 
65 



16 
 

 

Figure 8. Example of harmonic distortion in acoustic pressure. (a) Time history. (b) FFT analysis. 

Shock waves: periodic shock waves show up when harmonics are not suppressed, but instead grow and 

interact with each other. Biwa [80-82] provided experimental evidences of thermoacoustic shock waves 

in both standing- and travelling-wave TAEs. As shown in Figure 9, inside a looped-type TAE 

employing a stack at a temperature gradient of 12,650 K/m, shock fronts with discontinuities of about 

2 kPa were evident and propagated around the loop at the speed of sound (340 m/s) [81]. The authors 

further noticed that shock waves were more easily excited in a looped tube than an acoustic resonator. 

Use of a resonator with a non-uniform cross-section and the addition of side-branch Helmholtz 

resonators were thought to be useful methods to prevent shock formation. Following Biwa’s studies, 

Oliver [83], Gupta [84] and Qu [85] undertook theoretical and numerical work on the wave steepening 

process leading to shock wave formation. Their research deepened understanding of the nonlinear 

energy cascade process inside TAEs when steep temperature gradients are applied. 

 

Figure 9. Spatial and temporal evolution of shock-wave formation in a looped-type TAE [81]. 
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3.3.2 Nonlinear hydrodynamic phenomena 

Minor losses: among many nonlinear effects in the oscillating flow field, minor losses [86] due to abrupt 

changes in the cross-section or unions of waveguides (e.g., T-junctions) are most frequently 

encountered and investigated. As shown in Figure 10, the sudden decrease of cross-sectional area in the 

stack region in a standing-wave TAE can induce vortex shedding at the stack ends [87-90]. These 

vortices carry away momentum of the oscillatory flow and dissipate into small eddies. What’s more, it 

is found that the secondary flow caused by vortex shedding leads to nonlinear heat leaks at the stack 

ends [91, 92]. In most cases, abrupt changes in the cross section bring about major viscous and thermal 

losses at high amplitudes and should be avoided. However, under some circumstances, they could be 

beneficial. For instance, jet pumps [93-95] take advantage of the pressure drop that arises from minor 

losses to eliminate the harmful Gedeon streaming in looped-type TAEs. 

 

Figure 10. Vortex shedding at the stack ends [87]. 

Mass streaming: at large amplitudes, there exists time-averaged, second-order, nonzero mass flow 

superimposed on the first-order oscillations in TAEs, a phenomenon usually called mass streaming in 

thermoacoustics [96]. The main types of mass streaming are illustrated in Figure 11. As seen Figure 

11(a), Gedeon streaming [97] often happens in looped-type TAEs, removing heat from the hot heat 

exchangers into the thermal buffer tube, thus reducing the achievable temperature gradient. Since 

Gedeon streaming is generally unfavourable in TAEs, efforts have been made to suppress such mean 

circulation. Apart from jet pumps, membranes [98] and tapered tubes [99] have been adopted to achieve 

this purpose. Rayleigh streaming in Figure 11(b) is a near-wall mean circulation confined within the 

viscous and thermal boundary layers in which the gas parcel will experience a different displacement 

during its upward and downward motions. After a full cycle, a net drift that contributes to nonzero mass 

flux is formed. The jet-driven streaming [96] in Figure 11(c) arises from the blowing and suction 

processes of oscillatory flow through, for example, an orifice in a tube where the cross-section contracts 

or expands suddenly. Mass streaming within a regenerator or stack in Figure 11(d) occurs due to the 
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inhomogeneity caused by the temperature gradient. It has rarely been reported but is considered harmful 

for the operation of thermoacoustic devices [100]. 

 

Figure 11. Types of mass streaming in TAEs [8]. (a) Gedeon streaming. (b) Rayleigh streaming. (c) 

Jet-driven streaming. (d) Streaming within a regenerator or stack. 

Onset of turbulence: transition from laminar flow to turbulence in a circular pipe takes place when the 

velocity of the oscillatory flow inside is large enough. The onset of turbulence is undesirable in TAEs 

since it dissipates acoustic power into useless heat at the wall surfaces. Merkli and Iguchi [101, 102] 

observed the transition to turbulent flow when the local Reynolds number Reδ was around 400. To 

deepen the understanding of the onset process, Feldmann [103] performed direct numerical simulations 

of fully-developed turbulent oscillatory flows in a circular pipe when Reδ is 623. Figure 12(a) presents 

the time series of the axial velocity at four different radial locations, one located near the pipe centreline 

at r = 0.01, one located close to the pipe wall at r = 0.49 and two others in between. The flow is laminar 

when the velocity reaches a maximum. During the deceleration phase after the velocity peak, 

fluctuations occur, being strongest close to the wall and weakest near the pipe centreline. These 

fluctuations correspond to turbulence bursts as depicted by the complicated near-wall structures at time 

instants t2 and t3 in Figures 12(b) and (c).  
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Figure 12. Onset of turbulence in a circular pipe [103]. (a) Time series of axial velocity at different 

radial locations. (b) Axial velocity contour at t2. (c) Axial velocity contour at t3. 

3.3.3 Nonlinear dynamic responses 

Bistability and triggering: like many nonlinear dynamical systems, TAEs exhibits nonlinearities in the 

dynamic response to a specific control parameter. Qiu et al. [104] reported a so-called “hysteresis loop” 

in the steady-state response of a travelling-wave TAE as a function of the heating temperature in their 

experimental study. As shown in Figure 13, in the forward path, the heating temperature increases. 

Acoustic oscillations are initiated from a static steady state (quiescence) to a dynamic steady state (limit 

cycles) as the heating temperature reaches the onset value (around 220 ℃ in the figure). In the reverse 

path, the heating temperature decreases. Surprisingly, the dynamic steady state can still be maintained 

when the heating temperature is decreased from above onset to slightly below onset, until the so-called 

“damping temperature” (around 170 ℃ in the figure) is reached. Thus, the TAE is “bistable” between 

the damping and onset temperatures [105-109]. They also noticed that, at a temperature between the 

onset and damping temperatures, an external pressure disturbance can initiate thermoacoustic 

oscillations. Thus, it is possible to widen the operational temperature range of a TAE through “triggering” 

at the cost of an external pressure disturbance. The triggering phenomenon was also observed in other 

thermoacoustic systems, such as Rijke tubes [110-112].  
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Figure 13. Bistability and triggering in a travelling-wave TAE [104]. 

Onset of chaos: another type of nonlinear dynamic behaviour reported in the literature is the onset of 

chaos [113-115]. Yazaki [114] first observed chaotic dynamics in spontaneous oscillations produced by 

steep temperature gradients in standing-wave TAEs.  Figure 14 displays the pattern of deterministic 

chaos in his study and its power spectrum. It is found that clearly defined stable modes with 

incommensurate frequencies were excited simultaneously, and the competition between them resulted 

in chaotic motion near the overlapping regions of the stability curves. The experimental data was further 

analysed by theories of nonlinear dynamics. Fundamental quantities of indicators such as Lyapunov 

exponents, Kolmogorov entropy and the fractal dimension of the attractor were evaluated to 

characterize the chaotic behaviour. 

 

Figure 14. Chaotic oscillations observed by Yazaki [114]. (a) Time series. (b) Power spectrum. 

3.3.4 Nonlinear thermoacoustic amplification 

Overshoot: when the TAE is heated at a fixed heat input, the pressure amplitude exhibits an overshoot 

after exponential growth and stabilizes thereafter. Figure 15(a) displays the pressure amplitude 
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amplification processes in an annular TAE when different heat inputs are supplied [116]. The overshoot 

is more distinguishable at larger heat inputs.  

Double-threshold effect: Penelet [117] observed the “double-threshold” effect in an annular TAE 

operating at a temperature difference above onset. As shown in Figure 15(b), a first exponential growth 

of acoustic oscillations is followed by an intermediate quasi-stabilization regime (with amplitude slowly 

growing in time), which is followed by another exponential growth. The double-threshold effect 

becomes less distinguishable when the temperature difference increases. 

Period surging and quenching: under certain circumstances, the pressure amplitude in a travelling-wave 

TAE experiences a sudden increase followed by a gradual decay and a sudden extinction, as shown in 

Figure 15(c). This behaviour repeats, leading to “periodic surging and quenching” [118]. Similar 

behaviour was reported in other experiments [119-121]. 

Fishbone instability: Yu [119] reported the “fishbone instability” in a travelling-wave TAE as shown 

in Figure 15(d). The pressure amplitude grows and decays periodically, forming a fishbone pattern. 

Compared with periodic surging and quenching, there is no sudden increase/extinction of pressure 

oscillations in the fishbone instability phenomenon.  

 

Figure 15. Nonlinear thermoacoustic amplifications in TAEs. (a) Overshoot of amplitude growth 

[116]. (b) Double-threshold effect [117]. (c) Periodic surging and quenching [118]. (d) Fishbone 

instability [119]. 

In summary, although the above-mentioned nonlinear thermoacoustic amplifications have been 

observed in many experiments, theoretical/numerical explanations of these phenomena are still lacking 

at present. The underlying physics behind nonlinear amplification is complicated. Acoustically 

enhanced heat transport (AEHT) at large pressure amplitudes is believed to be the main contributor 

since it alters the temperature profile across the thermoacoustic core [119]. In addition, mass streaming 
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that transports heat within the thermoacoustic core is thought to be the second factor affecting the 

amplification process [117]. 

3.4 Discussion 
This section discusses recent advances in TAEs that possess a superior performance from a thermal-

acoustic coupling perspective. 

3.4.1 Multi-stage design 

The multi-stage design that appears in many studies, is a useful strategy to enhance the TAE 

performance. Equation (12) indicates that the onset of instability occurs when the acoustic power 

produced in the thermoacoustic core overcomes the losses in the rest of the TAE. Thereby, inserting 

multiple thermoacoustic cores into one looped tube or acoustic resonator can reduce the acoustic power 

required in each core, and thus decrease the onset temperature.  

Figure 16 gives two examples of multi-stage design in thermoacoustic devices. The multi-stage concept 

in standing-wave thermoacoustic systems was first tested by Swift [122] and later by Hariharan [123-

125]. In their studies, a two-stage standing-wave TAE was used to drive an orifice pulse-tube 

refrigerator. The onset temperature of the two-stage standing-wave TAE was smaller than that of the 

single stage. The multi-stage concept in travelling-wave thermoacoustic systems was first tested by de 

Blok [126, 127] in 2010. In his study, a novel four-stage travelling-wave TAE was proposed and 

obtained an onset temperature as low as 45 ºC. Recently, Jin [15] performed experiments on multi-stage 

looped TAEs with asymmetric configuration. The lowest onset temperature difference obtained in the 

experiments was only 17 °C (the corresponding heating temperature was 29 °C), which can be achieved 

in both three-stage and four-stage looped TAEs, with CO2 at a pressure of 1 MPa or 1.5 MPa as the 

working fluid. The low temperature difference shows promising prospects for utilizing industrial waste 

heat and solar energy. 

 

Figure 16. Multi-stage design. (a) A two-stage standing-wave thermoacoustic system. (b) A two-stage 

travelling-wave thermoacoustic system. 
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3.4.2 Phase-change design 

Another strategy to improve the TAE performance is to add phase-change materials such as water or 

ethanol to the solid surfaces of the thermoacoustic core(s). In classical thermoacoustics, heat is 

transferred between the working gas and solid material through conduction. In the phase-change design, 

most heat is transferred via phase change in the form of latent heat rather than heat conduction. In this 

manner, the amount of heat exchanged is effectively enhanced and the onset temperature is significantly 

reduced. 

Research on TAEs with phase-change designs has been quite active in the last 20 years. Raspet et al. 

[128, 129] first carried out theoretical and experimental studies on a standing-wave TAE with a “wet 

stack”. Results show that the solid-gas heat exchange is significantly increased by the vapor diffusion 

process, and the onset temperature difference is reduced from 280 K in a dry (classical) stack to 80 K 

in a wet stack. Tsuda [130] and Noda [131] conducted similar experiments and reached similar 

conclusions. The performance of phase-change travelling-wave TAEs was examined experimentally by 

Ueda [132] and Yang [133], who demonstrated much lower onset temperature differences and higher 

thermal efficiencies than the dry equivalents. Recently, Ramon et al. [134-136] generalised the theory 

of thermoacoustics with mass exchange between the solid and a binary mixture comprising an inert 

(e.g., air) and a “reactive” component (e.g., water) in a thermodynamic cycle. As shown in Figure 17, 

heat transfer between the gas mixture and solid is accompanied by mass transfer (gain or loss) due to 

phase change in the evaporation and condensation processes. The phase-change material after 

evaporation is transported from the hot side to the cold side in the expansion process. After condensation,  

the phase-change material travels back within the stack walls by capillary action or gravity [135]. 

Ramon’s work reveals the fact that phase-change TAEs offer great potential for harvesting energy from 

low-temperature heat sources. 

 

Figure 17. Conceptualized mechanism of phase-change TAEs [135]. 
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3.5 Summary and outlook 
The thermoacoustic effect is still primarily in the laboratory research stage and far from widespread 

industrial application. The work reviewed in Sections 3.1 to 3.3 not only gives a clearer picture of 

thermal-acoustic coupling but also lays the foundation for future optimization of thermoacoustic devices 

from a thermal-acoustic coupling point of view. 

As reviewed in Section 3.4, apart from a travelling-wave time phasing, the multi-stage and phase-

change designs are two effective methodologies capable of reducing the onset temperature and 

improving the thermal efficiency simultaneously. Other novel design strategies that can significantly 

enhance the overall performance should be explored in future studies. A good example is the concept 

of solid thermoacoustics put forward by Hao et al. [137-140]. Figure 18 illustrates a standing-wave 

solid-state TAE where a large thermal inertia or “stage” is used to create a temperature gradient on a 

small portion of the rod. In contrast to gas oscillations, the solid vibrations would dramatically improve 

the output power density. If this concept is reliable in practical demonstrations, it will open the door for 

developing highly reliable solid-state thermoacoustic energy conversion systems. 

 

Figure 18. A solid-state thermoacoustic engine [137]. 

Apart from onset temperature, thermal efficiency and power density, other factors such as construction 

cost, flexibility (in terms of heat source), reliability and durability are of equal importance. 

Compromises have to be made between these factors in the design process. For example, for the design 

of TAEs driven by industrial waste heat, the emphasis is to pursue large acoustic/electric power output 

with higher thermal efficiencies. For this reason, large-scale kW-level traveling-wave TAEGs, as 

illustrated in Figure 19(a), using pressurized helium as the working gas with thermal-to-electric 

efficiencies between 15% and 20% have been developed by a few researchers [141, 142]. As seen in 

Figure 19(b), it is also possible to utilize miniaturized thermoacoustic energy harvesters for recovering 

excess heat (up to 100 °C) in electronic devices, and providing power for microelectronic devices such 

as sensors [143]. In this scenario, the actual efficiency becomes a secondary issue while lowering the 
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onset temperature is more important. One can also build solar-powered or stove-cooking-powered 

thermoacoustic electric generators [144-151], as shown in Figures 19(c), for specific occasions where 

the solar heat is abundant or electric grids are not accessible (e.g., in rural areas). The main driver herein 

would be the manufacturing cost. Atmospheric air and inexpensive hardware are recommended to 

construct these devices. 

 

Figure 19. Applications of the thermoacoustic technology. (a) A 3 kW thermoacoustic Stirling electric 

generator [141]. (b) An ultrasonic thermoacoustic engine [143]. (c) A stove-cooking-powered 

thermoacoustic system [149]. 

4. Acoustic-mechanical coupling 
Acoustic-mechanical coupling occurs when an external load is integrated with a TAE. In fact, the 

addition of an external load imposes an acoustic boundary condition to the TAE, changing the acoustic 

field and acoustic power generation/dissipation inside the TAE. This section first reviews passive and 

active control strategies adopted in the literature for optimal acoustic-mechanical coupling conditions. 

Then, some interesting phenomena and novel concepts related to this coupling effect are discussed. 

4.1 Passive control approaches 
Passive control in thermoacoustics refers to adjusting the parameters of the TAE or external load 

independently so as to achieve a better performance of the entire system. Two objectives need to be 

realized via passive control: (1) optimize the performance of the TAE, such as a lower onset temperature 

and a higher thermal efficiency; (2) maximize the acoustic power extraction by the external load.  

4.1.1 Standing-wave thermoacoustic systems 

In standing-wave thermoacoustic systems, the stack is the energy source generating acoustic power 

while the rest of the waveguides and external load absorb acoustic power. Although extensive research 

has been undertaken to investigate the effect of geometrical parameters and thermophysical properties 

of the TAE without an external load, most of conclusions made are still applicable for the optimization 

of the TAE coupled with an external load. For example, it is suggested by Swift [3] that the area of the 

acoustic resonator should be decreased at the velocity antinode to reduce viscous losses but enlarged at 
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the pressure antinode to reduce the pressure amplitude and thereby thermal-relaxation losses. This 

explains why the diameter of the tube is small in the middle but large at the ends in the standing-wave 

TAEs with two closed ends [152-156]. Swift also pointed out that the optimal position of the stack is 

between the nodes of pressure and velocity. This conclusion is consistent with the findings in studies 

[157-160]. As to the geometry of the stack, it is found that the pin array configuration outperforms the 

parallel-plate or circular-pore ones [161-164], and the optimal pore size is when rh/δk is between 1.0 

and 1.5 [165-167]. Regarding the working gas, research has found that the mean pressure has an optimal 

value since it affects rh/δk [168-170]. Working media possessing a low Prandtl number σ, e.g. helium, 

are beneficial for reducing the viscous losses as well as improving the power density [171-173].  

Passive control of the external load in standing-wave thermoacoustic systems has been reported in many 

studies. In practice, as illustrated in Figure 20, the external load could be coupled either at one end of 

the acoustic resonator or on the sidewall. If coupled on the sidewall, the load ought to be near the 

ambient heat exchanger where the pressure and velocity amplitudes are relatively high. In fact, no matter 

where the external load is coupled, its equivalent mass, stiffness and damping coefficient will inevitably 

affect the resonance frequency of the system, acoustic power generation inside the TAE and acoustic 

power extraction by the load. In 1995, Olson [174] conducted measurements and analysis on the 

performance of a two-stage TAE that drove a load consisting of a resistive porous metal plug and a 

compliant volume of gas. It was found that the load increased both the engine’s hot temperature and the 

constant of proportionality relating input heating power to the square of the pressure amplitude. Later, 

Luo et al. [175-179] investigated the performance of orifice pulse tube cryocoolers (PTCs) driven by 

standing-wave TAEs. In their systems, an acoustic pressure amplifier tube (APAT) was used to couple 

the TAE with the PTC. The length and diameter of the APAT were adjusted to amplify the pressure 

ratio at the blocked end. Results show that the pressure ratio is highest when the imaginary part of the 

load impedance becomes zero. In 2012, Smoker [180] designed a standing-wave thermoacoustic-

piezoelectric energy harvester (TAPEH) by placing a piezoelectric diaphragm at the end of the resonator. 

The natural frequency of the piezoelectric diaphragm was tuned to resonate with the acoustic cavity. 

Following Smoker’s study, Nouh [181-183] adopted an auxiliary elastic structure in the form of a 

simple spring–mass system to amplify the strain experienced by the piezoelectric element, as displayed 

in Figure 21. He referred to the auxiliary structure as a “dynamic magnifier” and optimized its 

parameters to maximize the deflection of the vibrating diaphragm. As compared with conventional 

TAPEHs, the TAPEH with a magnifier could significantly improve the electric power harnessed from 

piezoelectric membranes.  
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Figure 20. Positions of acoustic-mechanical coupling in standing-wave thermoacoustic systems. 

 

Figure 21. An example of passive control in a standing-wave thermoacoustic engine [181]. 

4.1.2 Travelling-wave thermoacoustic systems 

In travelling-wave thermoacoustic systems, the regenerator generates acoustic power while the rest of 

the waveguides and external load absorb acoustic power. Strictly speaking, there are no pure travelling 

waves inside the travelling-wave thermoacoustic systems. Three reasons may account for this. Firstly, 

phase modulation occurs within the viscous and thermal boundary layers due to the thermoacoustic 

effect [184-186], in particular in the regenerator region that is heterogeneously heated. Secondly, the 

abrupt change of cross-sectional area, for example, at the regenerator, reflects the acoustic waves, 

resulting in standing-wave components. Thirdly, the addition of an external load alters the acoustic 

impedance at the coupling interface, leading to wave reflections. Thereby, the definition of a travelling-

wave thermoacoustic system merely means that the acoustic field is dominated by travelling-wave 

components. Due to the reasons above, on the one hand, the acoustic field inside the regenerator should 

be tuned to approximate a travelling-wave phasing to maximize acoustic power generation [187-189]. 

On the other hand, a high acoustic impedance (normally 15-30 times ρma, where ρm is the mean density 

of the gas and a is the sound speed) should be localized in the regenerator to suppress significant viscous 

dissipation (caused by rh < δk to ensure perfect heat conduction) [11-13]. 

As shown in Figure 22, the external load in travelling-wave thermoacoustic systems could be connected 

to the bulky branch resonator [190], or directly coupled with the looped tube [191, 192]. The parameters 
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of the external load could be adjusted for optimal performance. Backhaus and Swift [193] employed an 

acoustic LC load (i.e., an inertance tube combined with a compliance volume) in the thermoacoustic-

Stirling engine to obtain an in-phase condition within the regenerator. The acoustic LC load was also 

adopted by Gardner [194] to tune the acoustic field inside a cascade TAE. Likewise, an acoustic RC 

load (i.e., a resistance valve combined with a compliance volume) was used by Rao [195], Luo [196], 

Tang [197] and Yang [198] in experiments to investigate the effect of load impedance on the engine 

performance. Recently, Wang [199, 200] presented an effective acoustic matching method to optimize 

the coupling between the TAE and the load (linear alternator). It was concluded that, to ensure a good 

coupling performance, the imaginary part of the load acoustic impedance should be near zero. 

 

Figure 22. Positions of acoustic-mechanical coupling in travelling-wave thermoacoustic systems.  

Efforts have also been made to adjust the parameters of the TAE for optimal performance. Yu [201, 

202] investigated the effect of regenerator pore size on the onset characteristics. They found that the 

optimal value of δk/rh for obtaining the lowest onset temperatures falls within 2 - 3 and depends on the 

local acoustic impedance. De Blok [126, 127] observed that the system could onset at a lower 

temperature difference by employing a larger cross-sectional area in the regenerator region as compared 

with the rest of the looped tube. It was found by Xu [203-207] that enlargement of cross-sectional area 

in the regenerator results in a larger local acoustic impedance and smaller viscous losses. As to the 

working medium, pressurized gas with low Prandtl number has often been chosen to increase the power 

density [208-210]. Recent studies show that the acoustic field in the TAE can also be adjusted through 

modification of the looped waveguide. As shown in Figures 23(a) and 23(b), pipes with larger or smaller 

diameters could be inserted into the loop for adjusting the phase and acoustic impedance in the 

regenerator. These pipes were called “phase adjusters” by Sakamoto [211-213] and Liu [214, 215], but 

“compliance/inertance tubes” by Jin [187]. Another method is the use of a “stub”, a sub-branch tube in 

Figure 23(c), first introduced by Yu [216] and later investigated by Kruse [217-219]. The stub can be 

viewed as a mass-spring oscillator that alters the acoustic field inside the loop through changing the 

diameter and length. The analogy to a mass-spring oscillator is also applicable to the side-branched, 

adjustable Helmholtz resonator adopted in another study [220] which functioned similarly to a stub. 

The last method is the use of a “heat phase adjuster” in Figure 23(d) by locally heating the working 
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fluid inside the looped tube as proposed by Sakamoto [221]. It is believed that the inhomogeneity (in 

local speed of sound) caused by the rise of the mean temperature will affect the wave propagation within 

the heat phase adjuster and redistribute the acoustic field inside the loop. 

 

Figure 23. Modifications on the looped waveguide. (a) Compliance tube [187]. (b) Inertance tube 

[187]. (c) Stub [217]. (d) Heat phase adjuster [221]. 

4.2 Active control approaches 
Active control in thermoacoustics refers to adjusting the acoustic field inside the system using an 

external excitation device (e.g., loudspeaker). In this case, the whole system has two kinds of “active” 

source: the thermoacoustic regenerator/stack and external excitation. Active control can be further 

divided into open-loop and closed-loop types depending on how the external source is controlled. In 

the open-loop control, the input signals (e.g., amplitude and frequency) of the external excitation are 

fixed during the operation whilst in the closed-loop control, the input signals are adjusted in accordance 

with the instantaneous feedback from another device (e.g., microphone) via a feedback control 

algorithm. 

4.2.1 Standing-wave thermoacoustic systems 

Open-loop control in standing-wave thermoacoustic systems aims to “actively” increase the travelling-

wave proportion of acoustic waves inside the thermoacoustic core so as to generate more acoustic power 

for the “passive” load. Zhang et al. [222, 223] built a compact thermoacoustic system where two linear 

motors acted as the external source to provide acoustic work that was amplified by the thermoacoustic 

core, and two other linear motors served as alternators to consume acoustic work. Experimental results 

showed that positive net acoustic work was produced in the thermoacoustic core and the maximum 

efficiency increased as the heating temperature arose. It should be mentioned that the amplitude and 

frequency of the external excitation in Zhang’s studies were fixed at specified values. It is not always 

possible to obtain a positive net acoustic power as the external excitation changes. In particular, under 

certain circumstances, synchronization between the TAE and external source happens, leading to 

diverse nonlinear dynamic behaviours [224-230]. Penelet and Biwa [227] investigated the 

synchronization of a loudspeaker-driven TAE. In their study, they measured the dynamic response of 

the autonomous oscillator to the external source by varying driven frequency f and amplitude Urms. 
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Figure 24 displays the synchronization regions (or Arnold tongues) when the loudspeaker is placed 1 

mm away from the open end of a standing-wave TAE having a natural frequency f0 of around 171.3 Hz. 

PS stands for “perfect synchronization”: f0 is locked to the frequency of the external source. QP 

corresponds to “quasi-periodicity”: synchronization is lost. IPL represents “imperfect phase locking” 

for which the signal looks quasi-periodic but the phase difference stays bounded. BD represents 

“beating death” for which the spontaneous oscillations are suppressed to silence.  

 

Figure 24. Arnold tongues measured in the experiment conducted by Penelet and Biwa [227]. PS 

stands for “perfect synchronization”. QP corresponds to “quasi-periodicity”. IPL represents 

“imperfect phase locking”. BD represents “beating death”. 

Closed-loop control in standing-wave thermoacoustic systems was demonstrated recently by Callanan 

[231] where a piezoelectric actuator and transducer pair located at both ends of the cavity was deployed 

as shown in Figure 25. The transducer collected acoustic power inside the cavity which meanwhile sent 

the signal being measured directly to the actuator. A time delay was executed by the controller on the 

actuator to transform the standing-wave dominant acoustic field into a hybrid standing-travelling one. 

It was shown that at a relatively small cost of power pumped into the system, the controlled 

thermoacoustic system outperformed a conventional one of the same size and configuration by virtue 

of the increased acoustic power output.  

 

Figure 25. Closed-loop control in a standing-wave thermoacoustic engine [231]. 
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4.2.2 Travelling-wave thermoacoustic systems 

Open-loop control in travelling-wave thermoacoustic systems has rarely been reported. It is anticipated 

that the external sound source(s) can replace the lossy passive elements such as phase adjusters and 

stubs used in passive control. Desjouy [232] used two auxiliary sound sources (loudspeakers) to control 

thermoacoustic amplification in an annular travelling-wave TAE as shown in Figure 26. When the 

device was operating above the onset temperature, appropriate tuning of the amplitude, frequency and 

phase difference of the two auxiliary sources led to a remarkable increase of acoustic power inside the 

engine as compared to that without active control. Besides, the increase of acoustic power was 

significantly larger than the electric power supplied to the loudspeakers. The overall efficiency was 

increased dramatically. 

 

Figure 26. Open-loop control in a travelling-wave thermoacoustic engine [232]. 

Closed-loop control in travelling-wave thermoacoustic systems was reported by Olivier [233] and 

Poignand [234]. In Olivier’s study [233], an auxiliary sound source is added to the looped tube, 

connected through a phase-shifter to a reference microphone located at another position on the loop as 

shown in Figure 27. An alternator is placed inside the branch resonator to collect acoustic power 

produced by the regenerator in the looped tube. The effect of phase shift φ on the energy conversion 

efficiency η was studied and compared with the value η0 without active control. It was found that η/η0 

< 1 when φ� [0°, 180°] while η/η0 > 1 when φ� [180°, 360°]. Interestingly, there appeared a phase-

shift domain φ� [50°, 60°] where the external forcing caused amplitude death (quenching) of 

thermoacoustic oscillations: the engine returned to silence. These results demonstrate that there is a 

competition between forced oscillations from the auxiliary sound source and self-excited 

thermoacoustic oscillations from the thermoacoustic regenerator/stack. Inappropriate tuning of the 

external force may lead to suppression (even death) of thermoacoustic instability. 
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Figure 27. Closed-loop control in a travelling-wave thermoacoustic engine [233].  

4.3 Discussion 
This section discusses the mode selection/transition processes and push-pull/double-acting concept in 

thermoacoustic devices from an acoustic-mechanical coupling perspective. 

4.3.1 Mode selection and transition 

Mode selection is responsible for some unusual phenomena in thermoacoustic devices. Thermoacoustic 

devices are often expected to be working at the fundamental frequency, exhibiting limit-cycle responses. 

However, in some experiments, beating [235] or quasi-periodic oscillations [236, 237] occur. To 

address these phenomena, Chen et al. [63] first established a lumped element model of a simple 

standing-wave TAE integrated with an external load at one end, and conducted acoustic mode analysis 

of the coupled system. As shown in Figure 28(a), the natural frequencies (f1, f2 and f3) of the first three 

acoustic modes of the coupled system are dependent on those (fTAE1 and fTAE2) of the TAE without a 

load and that (fM) of the external load. KM/Kb is the stiffness ratio with KM and Kb being the load stiffness 

and the baseline stiffness, respectively. At KM/Kb =4.5 and 18, the curves of natural frequencies veer 

away and diverge instead of crossing. This weakly coupled behaviour is called “veering” [238]. 

Subsequently, the stability curves of each acoustic mode were derived using a network model based on 

linear thermoacoustic theory. Results show that multiple acoustic modes can be excited simultaneously. 

When the difference between f1 and f2 is large, e.g., when KM/Kb =1, simultaneous excitation of them 

will lead to quasi-periodicity, as shown in Figure 28(b). When f1 and f2 are close, e.g., when KM/Kb =4.5, 

simultaneous excitation of them will induce beating, as shown in Figure 28(c). The authors also find 

that the acoustic mode at f1 possesses a lower onset temperature. Meanwhile, the external-load acoustic 

power extraction is larger when the frequency of the acoustic mode is close to fM. This suggests the use 

of ultra-compliant external loads to achieve lower onset temperatures and higher acoustic power 

extraction [216]. 
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Figure 28. Mode selection in a standing-wave thermoacoustic system [63]. (a) Veering effect. (b) 

Quasi-periodic oscillations. (c) Beating oscillations.  

Mode transition was observed in thermoacoustic-Stirling engines consisting of a looped-type TAE 

(weakly) coupled with an acoustic resonator. The natural frequency of the looped tube is normally much 

higher than that of the acoustic resonator. Judging from the conclusions made by Chen [63], the acoustic 

mode oscillating at a frequency close to that of the acoustic resonator is more prone to instability. This 

is true in most experiments where the entire engine oscillated at a single frequency determined by the 

acoustic resonator. In 2002, Biwa [239] observed that, when the temperature difference across the stack 

inside the looped tube was increased, the acoustic oscillations inside the engine would transit from a 

low frequency (determined by the resonator) to a high frequency (determined by the looped tube). In 

between, quasi-periodic oscillations containing both frequencies occurred but disappeared quickly. In 

2003, similar mode transition behaviour was recorded by Yu [240], however, the transition trend was 

opposite. As shown in Figure 29(b), the TAE first stayed at a high-frequency mode (determined by the 

looped tube) in region I and transited to a low-frequency mode (determined by the resonator) in region 

III. In region II, quasi-periodicity occurred. Figure 29(a) plots the temperatures monitored along the 

regenerator, and Figures 29(c) and 29(d) displays the high-frequency and low-frequency components 

after filtering, respectively. Up till now, little theoretical work has been undertaken to interpret the mode 

transition phenomena reported above. What mechanism lies behind the mode transition? Why are the 

transition trends opposite in Biwa’s and Yu’s studies? Can the quasi-periodic oscillations last for a long 

time? These questions need to be addressed in future research. 
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Figure 29. Mode transition in a travelling-wave TAE [240]. (a) Temperatures along the regenerator. 

(b) Acoustic pressure. (c) High-frequency component. (d) Low-frequency component. 

4.3.2 Push-pull or double-acting concept 

Traditional side-branch arrangements of external loads such as loudspeakers and linear alternators 

receive acoustic power from one side while the other side is enclosed by a cavity that adds a “passive” 

back volume to the device. By adding another thermoacoustic source into the cavity, the “passive” back 

volume becomes “active”. The double “active” volumes then drive the external load in a push-pull 

fashion, in which higher levels of mechanical vibrations can be induced.  

In the literature, the push-pull or double-acting concept was often used in conjunction with the multi-

stage design. In 2010, Jensen and Raspet [241] designed a thermoacoustic-piezoelectric energy 

harvester where a piezoelectric transducer was placed in the middle of a two-stage standing-wave TAE. 

10% of Carnot efficiency was expected from the push-pull design which is competitive with currently 

available thermoelectric generators. The push-pull or double-acting concept in travelling-wave 

thermoacoustic systems has been successfully tested by Jaworski [242, 243]. Figure 30 gives an 

example of a three-cylinder double-acting thermoacoustic electric generator where the linear alternator 

works in a push-pull mode [141]. The symmetric configuration leads to an ideal acoustic field in each 

engine unit. The phase angles between the compression and expansion pistons are 120°. Replacing the 

linear alternator with a liquid piston in a U-shaped tube or a solid displacer transforms the system into 

travelling-wave TAEs with liquid pistons or solid displacers [244-248]. The benefit of using a liquid 

piston or a solid displacer is to get rid of the bulky branch resonators for compactness while maintaining 

a high-pressure amplitude. However, acoustic power transmission is difficult at the gas-liquid or gas-

solid interfaces due to the large impedance difference. Besides, for the travelling-wave liquid-piston 

TAE, the gas-liquid interface will become unstable when the acceleration amplitude of the working 

liquid is large. A recent study by Biwa [249] shows that the liquid surface instability can be effectively 

suppressed by enlarging the area of liquid surface or using submerged floats. 
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Figure 30. A double-acting travelling-wave electric generator [141]. 

4.4 Summary and outlook 
Research on acoustic-mechanical coupling has been focused on adjusting the acoustic field to optimize 

the performance of the TAE, or to maximize the acoustic power extraction by the external load, or both. 

As reviewed in Sections 4.1 and 4.2, although active control approaches demonstrate promising 

prospects in improving the overall performance, they complicate the design and introduce extra moving 

parts into the system, counteracting simplicity - the most-mentioned advantage of thermoacoustic 

systems. An in-depth bifurcation analysis needs to be performed in the future to shed light on the 

synchronization phenomena reviewed above. Passive control approaches seem to be more reliable, 

however, the underlying mechanisms are still not fully understood yet. Broadband power extraction 

[250-252] via nonlinear treatments of the external load, for example, by introducing nonlinear load 

stiffness, is still absent at present. 

Mode selection and transition are two interesting research topics that have received little attention. Chen 

[63] conducted preliminary studies on mode selection and impedance matching in a standing-wave 

thermoacoustic device. The lumped element model and network method in his study may provide useful 

guidelines to explain mode transition and impedance matching in travelling-wave thermoacoustic 

devices. The push-pull or double-acting design can significantly improve the acoustic power extraction. 

Turning the linear alternator into an “active” operating mode by imposing an electric current would 

motivate the study of push-pull thermoacoustic refrigerators or push-pull (active) control of 

thermoacoustic oscillations in the future. 

5. Mechanical-electric coupling 
Mechanical-electric coupling in thermoacoustics relates to choosing proper mechanical-to-electric 

transducers for converting high-amplitude acoustic waves into electricity. The design of electric circuit 

connected to the transducer also plays an important role in electricity generation. 
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5.1 Transduction mechanisms 
In general, there are three main mechanical-to-electric transduction mechanisms able to realize energy 

conversion from mechanical vibration into electricity, namely, electromagnetism, piezoelectricity and 

electrostatics, as displayed in Figure 31. Other competing mechanical-to-electric technologies include 

magnetohydrodynamic transducers, bidirectional turbines, triboelectric nanogenerators, etc. Here we 

review the performance and feasibility of major mechanical-to-electric devices in the field of 

thermoacoustics, and discuss the challenging matters that should be overcome for more successful 

applications.  

 

Figure 31. Classification of mechanical-to-electric energy conversion devices. 

Up to now, most thermoacoustic devices adopt electromagnetic apparatuses to convert acoustic power 

into electricity. This is realized either by using a commercial loudspeaker at a relatively cheap price or 

a more expensive but dedicated linear alternator. Electromagnetic devices make use of magnets, coils 

and iron as the main components for electromagnetic induction. Mechanical movement of one 

component relative to the other two is initiated by acoustic oscillations, thereby inducing an electric 

current inside the coil [253]. Figure 32 displays a simplified model of the moving-magnet linear 

alternator and its equivalent circuit in the study [254]. The moving mass, mechanical stiffness, and 

mechanical resistance of the linear alternator are denoted as M, K and Rm. The electric load has a 

winding resistance re, a winding inductance Le, a load resistance Rl and a capacitance Ce. The force 

factor is Bl and the back volume is Vb. Linear alternators generally have a large stiffness: a large force 

produces a small displacement, making them “non-compliant” and suitable for high impedance regions 

inside the TAE. The high-impedance working environment renders a high power-transduction 

efficiency, usually in the range of 65% -75% in the literature [141, 142]. To date, linear alternators in 

TAEs can reach an electric power output at the kW level. Further increasing the output capacity requires 

more dedicated alternators which significantly increases cost. Since linear alternators are expensive 

compared to other easy-to-build hardware in the system, commercially-available loudspeakers were 

often adopted to reduce the price [255-258]. Another merit of loudspeakers is the flat response over a 

wide range of frequencies, making it easier to couple with TAEs. The loudspeakers generally have a 

small stiffness: a small force produces a large displacement, making them “ultra-compliant” and 

suitable for low impedance regions inside the TAE. However, the low-impedance working environment 

and fragile paper cone limit them to relatively low efficiencies and power output. In the literature, the 

Mechanical - to - electric energy conversion

Electromagnetic devices Piezoelectric devices Electrostatic devices Others
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efficiency of loudspeakers was within the range of 35%-60%, and the electric power output was around 

10-100 W. 

 

Figure 32. Electromagnetic transduction [254]. (a) A simplified model of moving-magnet linear 

alternator. (b) Equivalent circuit model. 

Piezoelectric devices relies on piezoelectric elements, such as certain ceramics and crystals, to generate 

a voltage difference, producing electricity through an electrical circuit during mechanical deformation 

caused by incident acoustic waves [259]. The state-of-the-art progress in piezoelectricity has witnessed 

extensive research on energy harvesting from various environmental sources [260-264]. Figure 33 

displays the simplified model of a piezoelectric transducer and its equivalent circuit in the study [157]. 

Cs, Ms, I  and Cb denote the effective short-circuit acoustic compliance, acoustic mass, transformer 

turning ratio and blocked electric capacitance, respectively. Piezoelectric transducers are normally stiff 

and have small mass: the resonance frequency is high and ideal for small-scale, compact system designs. 

The electric power output of piezoelectric transducers is limited because of their small inertia, usually 

in the order of mW. The efficiency of piezoelectric devices has also been found to be relatively low 

from previous experimental works [265-270]. 

 

Figure 33. Piezoelectric transduction [157]. (a) A simplified model of the piezoelectric transducer. (b) 

Equivalent circuit model. 

The use of electrostatic devices to convert vibrational energy into electricity has a long history. 

Unfortunately, this transduction approach was not found in thermoacoustics applications until recently 

Chen et al. [271] built an electret-based electrostatic transducer to extract acoustic power from a 

standing-wave TAE. Electrostatic devices can be divided into two categories: electret-based and 

electret-free. Electret-based electrostatic converters use electrets, a dielectric material that is in a quasi-

permanent electric polarization state (electric charges or dipole polarization), giving them the ability to 
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directly convert mechanical power into electricity [272-277]. Figure 34 illustrates the schematic of the 

electret-based electrostatic transducer and its equivalent circuit in Chen’s study [271]. Q1 and Q2 are 

positive charges on the base and counter electrodes, Ceq represents the equivalent series capacitance of 

the electret and air gap, VS denotes the surface potential of the electret induced by the negative charges 

QE (constant in amount) implanted electrostatically in the electret and Cp stands for the parasitic 

capacitance. Motion of the counter electrode changes the capacitance between the electrodes and 

thereby renders the migration of charge (or current) between the electrodes. In operation, the electret is 

contact-free from the counter electrode, enabling it to have more flexibility in working temperature as 

compared with other transducers, such as triboelectric generators which rely on contact to induce 

electrification [278]. The electret-based thermoacoustic-electrostatic power generator in the study 

produced electricity of the order of μW, showing great potential to supply power for microelectronic 

devices which usually require ultralow power consumption. Electret-free electrostatic converters make 

use of conversion cycles that consist of charge and discharge of the capacitor [279]. An active electronic 

circuit is required to apply the charge cycle on the structure and must be synchronized with the 

capacitance variation. To date, there have been no reports of electret-free electrostatic converters in 

thermoacoustic devices. 

 

Figure 34. Electrostatic transduction [271]. (a) Schematic of an electret-based electrostatic transducer. 

(b) Equivalent circuit model. 

Magnetohydrodynamic (MHD) devices rely on the oscillation of a liquid fluid that is electrically 

conductive in a magnetic field to induce electricity [280]. The MHD converters can be classified into 

inductive and conductive types. Figure 35 illustrates an inductive MHD converter [28]. The working 

fluid driven by acoustic waves oscillates horizontally in the perpendicular magnetic field applied by the 

ferromagnetic yoke, inducing an alternating current in the surrounding coil. Swift et al. [281-283] 

carried out a series of experimental work on MHD generators using liquid sodium as the working fluid 

in the 1990s. The experimental results were very promising: the highest acoustic-to-electric efficiency 

was 45% corresponding to an electric power of 300 W [282]. Despite these outcomes, the high-pressure 

oscillations in Swift’s study raised severe safety concerns. In 2006, Castrejón-Pita [284] proposed a 

simple thermoacoustic-MHD energy generator in which the conducting fluid in a U-shaped tube was 

driven by thermally-induced acoustic oscillations. Since then, MHD generators in thermoacoustic 

systems have been very infrequently reported. 
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Figure 35. An inductive magnetohydrodynamic converter [28]. 

Inspired by impulse turbines for wave energy conversion [285], De Blok [286] put forward the concept 

of an axial bidirectional air impulse turbine (or bidirectional turbine) for harvesting acoustic power in 

2014. Figure 36 schematically depicts a bidirectional turbine, where bidirectional air flows in the tube 

are guided by the guide vanes and impinge on the rotor in the middle [287, 288]. The symmetric design 

enables the rotor to rotate in one direction regardless of the direction of the incoming air flow. Then, 

the mechanical work of the rotator is converted into electricity via a generator placed inside the nose 

cone. Experimental measurements indicated that, when driven by a loudspeaker with increasing 

acoustic power up to 30 W and varying frequencies between 20 to 50 Hz, the bidirectional turbine could 

produce an acoustic-to-electric efficiency ranging between 25% and 35%. Since the bidirectional 

turbine is a new technology in thermoacoustics, few reports are found in the literature. Work is under 

progress to optimize the configuration of vane channels and rotor blades for better aerodynamic 

performance [289, 290].  

 

Figure 36. Schematic of a bidirectional impulse turbine [287]. 

5.2 Electric circuit design 
Given the mechanical-electric coupling, the electrical components (inductance, capacity and resistance) 

will inevitably alter the equivalent impedance of the entire transducer. Then, the imaginary part of the 

equivalent impedance is decided by the mechanical mass, mechanical stiffness, electrical inductance 

and electrical capacitance, while the real part is determined by the mechanical and electrical resistances. 

A good mechanical-electric coupling can be obtained by ensuring that the imaginary part of the 

equivalent impedance is small compared to the real part.  

Sun [254] studied the performance of a linear alternator with a variable electric RC load (i.e., an 

electrical resistance in series with an electrical capacitance). Both theoretical calculations and 

experimental tests indicated that, by carefully tuning the adjustable electrical capacitance, the linear 
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alternator achieved a resonant state and had larger electric power output and mechanical-to-electric 

efficiency. The electrical resistance also showed some influence on the electric power output, however 

no optimal value was reported. Recently, Yang et al. [291-294] carried out a series of experimental 

studies on multi-stage travelling-wave thermoacoustic electric generators. Their results demonstrated 

the existence of optimal values of electric capacitance and resistance in terms of electric power output 

and mechanical-to-electric efficiency. The optimal values also showed dependence on other factors 

such as the number of stages, hot-end temperatures, etc. 

5.3 Summary and outlook 
The review of different mechanical-to-electric methods in Section 5.1 provides useful guidelines for the 

selection of appropriate transducers in different thermoacoustic devices. Each transduction method has 

its pros and cons. A trade-off has to be made between many factors including electric power 

output/efficiency, flexibility (in terms of working temperature and frequency), durability (less fatigue, 

fewer fragile materials), manufacturing cost and so on. At present, linear alternators have the highest 

electric power output and efficiency, but in the meantime, are bulky and expensive. Loudspeakers make 

up for these shortcomings at the cost of reduced electric power output and efficiency. One should 

consider the local acoustic impedance of the TAE when choosing a linear alternator or a loudspeaker. 

Piezoelectric and electrostatic transducers offer the possibility of small-scale, miniaturized 

thermoacoustic electric generators. The electric power output and efficiency are low at present and need 

improving in future work. Although the magnetohydrodynamic converters and bidirectional turbines 

are less frequently reported, they showed competitive metrics compared with linear alternators, and 

deserve more attention in the future. 

The design of the electric circuit connected to the transducers is of great importance for performance 

enhancement. Both theoretical and experimental results indicate that, by adjusting the electrical 

components in the circuit, the transducer can be tuned to (or close to) a resonant state. Prospective 

research on boosting the mechanical-to-electric efficiency may involve nonlinear treatments of electric 

circuits by using, for example, SCE (synchronized charge extraction) [295-297] and SSHI 

(synchronized switch harvesting on inductor) [298] techniques. 

6. System design and synthetic optimization 
Sections 3-5 discuss each multi-physics coupling effect individually. The issue of system design and 

optimization arises when two or three coupling effects co-exist and interact with each other in one 

thermoacoustic system. Instead of analysing each subsystem independently, a system-level 

investigation of the multi-physics coupling in the coupled system is required. In addition, a synthetic 

optimization procedure is required to ensure all subsystems work synergistically in optimal conditions. 
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6.1 System-level design techniques 
System-level design of a thermoacoustic system could be realized by means of theoretical, numerical 

and experimental techniques. 

The dynamic behaviour of a thermoacoustic system has often been predicted theoretically via equivalent 

circuit modelling. This method is based on the analogy between the acoustic, mechanical and electric 

networks, which enables the multi-physics coupling of different fields to be represented in one 

equivalent circuit. A unifying perspective of the underlying mechanisms of equivalent circuit modelling 

is given in Swift’s book [8]. The transfer matrix method [52-56] and the network method [299-301] 

reported in the literature are both rooted in equivalent-circuit analogy.  

Numerical studies of thermoacoustic systems concern the use of sophisticated simulation tools/software. 

DeltaEC (Design Environment for Low-amplitude ThermoAcoustic Energy Conversion) developed by 

Swift et al. [302] is the most popular software used by researchers studying thermoacoustics. Based on 

classical linear theory, this software derives the acoustic variables along the thermoacoustic components 

through numerical integration. A shooting method is introduced to match the targets and guesses set by 

the user. Since DeltaEC is not suitable for large-amplitude predictions due to its basis on linear thoery, 

nonlinear CFD (computational fluid dynamics) simulations on thermoacoustic oscillations prevail. The 

simulation tools reported in the literature include CFX [72], Fluent [303], COMSOL [304], OpenFOAM 

[305], STAR-CD [306], FLOW3D [307], etc. Note that, to account for the acoustic-mechanical 

coupling, a time-domain impedance boundary condition needs to be incorporated into the CFD codes 

[308]. Compared with DeltaEC, the greatest shortcoming of CFD simulations is high computational 

cost due to a wide range of time and length scales. One may resort to HPC (high performance computing) 

to accomplish high-fidelity simulation tasks. In addition to DeltaEC and CFD packages, SAGE 

developed by Gedeon [309], and SPICE [310] (an open-source analogy electronic circuit simulator) 

also prove useful in studying multi-physics coupling effects in thermoacoustic devices. 

Experimental verification is indispensable following theoretical predictions and numerical simulations. 

It is often easier to measure the acoustic pressures at different positions along the device through 

pressure sensors/microphones. Then, a two-sensor method [311-313] can be used to calculate the 

acoustic power along the duct. The velocity field in thermoacoustic devices can be measured by HWA 

(hot wire anemometry) [314], LDA (laser doppler anemometry) [315] and PIV (particle image 

velocimetry) [316] while the temperature field can be measured by thermocouples, PLIF (planar laser-

induced fluorescence) [316] and infrared imaging [317].  

6.2 Optimization methodologies 
The most common optimization approach utilized in thermoacoustic devices is through parametric 

studies: a single parameter of interest is varied while the others are fixed. These parametric studies are 

unable to capture the inherent interactions between multiple variables and can only guarantee locally 
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optimal solutions. Hence, an optimization algorithm is needed to maximize or minimize an objective 

function, such as acoustic power, onset temperature, etc., by systematically choosing a set of input 

variables, such as geometrical parameters of the TAE and thermophysical properties of the working 

fluid. This process is called “single-objective optimization” in optimization theory. If two or more 

objective functions (conflicting against each other) are to be optimized simultaneously, a trade-off must 

be created according to selected weights. This process is called “multi-objective optimization” or 

“Pareto optimization”. There usually exist multiple Pareto optimal solutions for multi-objective 

optimization problems. 

Existing methods for single-objective optimization in thermoacoustics include particle swarm 

optimization [318], genetic algorithms [319], reinforcement learning [320] and fruit fly optimization 

algorithm [321]. Methods for multi-objective optimization in the literature include response surface 

methodology (RSM) [322], GAMS (General Algebraic Modelling System) [323], teaching-learning-

based optimization algorithm [324], self-adaptive Jaya algorithm [325], etc. Most of the optimization 

algorithms mentioned above are based on metaheuristics [326]. So far, the systems investigated in these 

studies are simple-structured TAEs or TARs that only involve the thermal-acoustic coupling effect. 

Reports on mathematical optimization of more complicated thermoacoustic electric generators are still 

lacking. Moreover, there is a shortage of optimization studies involving manufacturing cost as one of 

the objective functions. Providing such information would not only familiarize designers with what the 

lowest price is per unit of power output, but also highlight the low-capital advantage of thermoacoustic 

devices to compete with other power generation technologies. 

7. Conclusions 
A comprehensive review of the multi-physics coupling effects, namely, thermal-acoustic coupling, 

acoustic-mechanical coupling and mechanical-electric coupling, in thermoacoustic devices including 

thermoacoustic engines, thermoacoustic electric generators, thermoacoustically-driven refrigerators, 

etc., has been presented. For each coupling effect, the basic principles, operating characteristics, design 

strategies and future prospects were discussed individually. System-level design techniques and 

optimization methodologies when multi-physics coupling effects co-exist were presented. Several 

conclusions can be drawn and are summarized below. 

(1) Thermal-acoustic coupling deals with the coupling between temperature and acoustic fields at the 

solid/fluid interfaces. The linear theory can be used to predict the wave propagation/energy 

conversion inside inhomogeneous waveguides, as well as the stability limit of the entire system. 

Study of nonlinear thermoacoustics at high amplitudes becomes necessary as nonlinear phenomena 

encountered in acoustics, hydrodynamics and nonlinear dynamics occur. Apart from a travelling-

wave phasing, the multi-stage design and phase-change design are effective methodologies capable 

of improving the TAE performance significantly. Compromises have to be made between onset 
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temperature, thermal efficiency, power density, construction cost, flexibility, etc., during the design 

process. 

(2) Acoustic-mechanical coupling concerns the coupling between TAEs and external loads. Both 

passive and active control approaches have been adopted to optimize the performance of the TAE, 

or to maximize the acoustic power extraction by the external load, or both. An in-depth bifurcation 

analysis on the synchronization phenomena should be performed in the future for a better 

understanding of active control methodologies. An acoustic analysis of the eigenvalue problem, 

together with a stability analysis on the acoustic modes may facilitate the comprehension of passive 

control in thermoacoustic systems. 

(3) Mechanical-electric coupling involves the coupling between mechanical and electric fields in 

mechanical-to-electric transducers. The strengths and weaknesses of each transduction mechanism 

including electromagnetism, piezoelectricity, electrostatics, etc., were analysed. When choosing an 

appropriate mechanical-to-electric transducer, a trade-off has to be made between electric power 

output, mechanical-to-electric efficiency, manufacturing cost, flexibility and so on. Besides, the 

electric circuit should be adjusted carefully to ensure that the transducer is working in resonance 

with the TAE. 

(4) The joint influence of multiple coupling effects requires a system-level investigation on the coupled 

system by means of theoretical, numerical and/or experimental techniques. Advanced 

single/multiple-objective optimization algorithms can generate optimal solutions of objective 

functions with optimized values of input variables, providing good directions for future 

improvements of the present thermoacoustic systems. 

In summary, thermoacoustic technology offers great promise for the future due to its ability to exploit 

low-grade heat or to produce refrigeration using low-cost, reliable devices with no/few moving 

components and environmentally friendly working fluids. Although much progress has been achieved, 

more work needs to be conducted in the system design and optimization of thermoacoustic components 

and associated transduction systems. Besides, it is indispensable for researchers to explore novel design 

strategies (other than the multi-stage and phase-change designs) that can significantly enhance the 

overall performance. All these remaining issues will ensure that the study of thermoacoustics remains 

a fruitful and active field of research for many decades. 
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Appendix. List of thermoacoustic devices 
Table 2 lists the thermoacoustic devices with outstanding performances reported in the literature. 
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Table 2. Thermoacoustic devices with outstanding performances reported in the literature. pm is the 

mean pressure, Th is the hot-end temperature, Tc is the cold-end temperature, f is the working 

frequency, Th,onset is the onset temperature, ηt2a is the thermal-to-acoustic efficiency, ηt2e is the thermal-

to-electric efficiency, Pe is the electric power, COP is the coefficient of performance, and Pc is the 

cooling power. A notation of n/a means the data could not be found in the paper. 

Type Merits Gas type pm (MPa) Th (℃) Tc (℃) f (Hz) References 

TAEs  Th,onset = 29 ℃ CO2 1 29 12 n/a Jin et al. [15] 

ηt2a = 35.6% Helium 4 650 20 80 Wu et al. [16] 

ηt2e = 19.8% Helium/Argon 4 650 15 64 Wu et al. [17] 

Pe = 4.69 kW Helium 6 650 25 70 Bi et al. [18] 

TARs Tc = -254.9 ℃ Helium 2.7 n/a -254.9 23.5 Hu et al. [19] 

COP = 4.78 Helium 5 100 60 80 Tijani et al. [20] 

Pc = 3.8 kW Helium 3 n/a -123 40 Arman et al. [21] 
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