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Abstract 

 Traveling-wave thermoacoustic electric generator (TWTEG) is promising in efficiently converting 

the heat of fuel combustion, solar energy, industrial waste heat, etc. into electricity with a very scalable 

power output. Based on the decoupling method and theoretical analysis, the acoustic impedance 

requirements of the traveling-wave thermoacoustic engine (TWTE) and linear alternators (LAs) to 

reach an efficient and powerful operation state were studied quantitatively. A 1 kW level 

traveling-wave thermoacoustic electric generator was then built for experimental study. Good matching 

conditions of acoustic impedances were then experimentally demonstrated by modulating the working 

frequency, load resistance, and electric reactance of the thermoacoustic electric generator, which agreed 

well with the theoretical analysis. A maximum electric power output of 750.4 W and a highest 

thermal-to-electric efficiency of 0.163 have been achieved by the acoustically matched thermoacoustic 

electric generator with helium of 3.16 MPa as the working gas. This work would be instructive for the 

acoustic matching and designs of high-performance thermoacoustic electric generation systems. 
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1. Introduction 

 The continuous exhaustion of conventional energy resources and their environmental impacts have 

intrigued an increasing interest in the utilization of solar energy and thermal energy existing in 

industrial waste throughout the world. Various types of energy harvesting technologies and devices 

have been developed in the past decades, such as those based on photovoltaic effect [1], 

thermomagnetic effect [2], piezoelectric effect [3], and thermoelectric effect [4] etc. Thermoacoustic 

effect, which was first theoretically explained by Rayleigh [5] in 1878 and later efficiently utilized to 

convert thermal energy into acoustic power by Swift et. al. in 1999 [6], is among the most attractive 

and promising energy conversion phenomena. 

 When oscillating gas is exposed to a large temperature gradient along a porous medium, thermal 

energy can be converted into acoustic power through thermoacoustic effect. The appropriate acoustic 

field for energy conversion is typically formed by a resonant acoustic network system simply 

consisting of acoustic pipes. Due to the unique features of simple structure, high reliability, and 

intrinsically high efficiency, dozens of thermoacoustic energy conversion systems [7-15] have been 

manufactured in recent years. For practical applications, the acoustic power generated by 

thermoacoustic engines (TEs) has to be converted into electricity via acoustoelectric converters, such as 

linear alternators (LAs) [16-20], loudspeakers [13, 21], piezoelectric transducers [22], 

magnetohydrodynamic generator [23], and ferrite core coil with variable inductance [24], etc. The 

power outputs of the latter four thermoacoustic electric generation systems are typically in the range 

from several milliwatts to tens of watts, and may supply electricity for low-power electrical elements. 

TWTEGs, which are composed of a traveling-wave thermoacoustic engine (TWTE) and LAs, are very 

promising in higher power solar energy exploitation, waste heat recovery, and combined heat and 

power systems, etc. For the potential to achieve large power output and high efficiency simultaneously, 

TWTE has attracted considerable attention recently [16-20]. The first TWTEG was developed by 

Backhaus et al. for electricity generation aboard spacecraft in 2004 [25, 26]. It was capable of 

providing an electric power of 39 W. Similar systems were later built by Sunpower [27] and Wang et al. 

[20]. Wu et al. built several TWTEGs with various configurations recently, including a TWTEG with a 

resonator [17, 28], a TWTEG with double-acting alternators [18], and a TWTEG with resonant tubes 

[29]. The power outputs ranged from hundred watts to kilowatts, showing a good application 

prospective. 

 In the small-scale TWTEG developed by Backhaus et al., the long gas resonator, which acts as an 

acoustic inertance for the acoustically capacitive thermoacoustic torus in a TWTE, was totally replaced 

by a pair of LAs [25, 26]. LAs were thus operated at an inertance state, i.e. a phase difference between 

pressure and velocity of around 80°~90°. To meet the requirement of the large volume flow rate out of 

thermoacoustic torus, the piston diameters of LAs were designed to reach a large swept volume of 21 

cm3, which is comparable to the size of the torus. However, it would be a big challenge for LAs to be 

individually coupled with a traveling-wave thermoacoustic torus with an output capacity of ~kilo watts, 

due to the conflict between the large volume flow rate required and the limited swept volume of LAs. 

For example, the peak volume flow rate of TWTE built by Backhaus and Swift [6] is as high as 0.3 

m3/s, which is far beyond the limits of most available LAs. Gas resonator, which is usually a long 
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inertance tube together with a reservoir in a TWTE, is capable of providing a stable standing-wave 

acoustic field with a large volume flow rate at almost a constant frequency. Therefore, it is more 

feasible to couple LAs together with a gas resonator to a thermoacoustic torus so as to bypass the large 

volume flow without pushing LAs out of the limit in larger scale systems. Up to now, several TWTEGs 

of this type have been built and studied. In 2011, a TWTEG with a maximum electric power of 481.0 

W and a highest thermal-to-electric efficiency of 15.03% was reported by Luo et al. [17]. Later, they 

built a prototype of 1 kW TWTEG [28]. In the experiments, 4.5% argon-helium mixture at 4.0 MPa 

was used as the working gas. However, the achieved acoustic impedance of the LA did not meet the 

requirements for the efficient operation of the TWTE. The effects of some important parameters, such 

as electric load resistance and electric capacitance, on the acoustic matching were not studied yet.  

 In a power circuit, the impedance of an electric load should be matched to the circuit to get optimal 

power output and high efficiency simultaneously. Similar to the electric load in the power circuit, LAs 

and the gas resonator are two acoustic loads to the thermoacoustic torus—the acoustic power source. 

Therefore, the characteristics of the acoustic impedances of them are very important to electric power 

generation and the control of acoustic power dissipations. For example, a real gas resonator always has 

an unavoidable resistance impedance apart from the dominant inertance one, and will cause 

considerable acoustic power losses if the acoustic impedance distribution between the gas resonator 

and the LA is not designed elaborately. However, the acoustic coupling mechanism between LAs and 

TEs and the effective approaches to acoustically match them have not yet been clearly addressed from 

the perspective of acoustic impedance in previous studies. Large space is still left for further improving 

the performance of TWTEGs. In 2012, we experimentally studied the effects of acoustic transfer line, 

electric loads and resonance characteristics of a TWTEG [16, 30]. By making the system both electrical 

and mechanical resonant, a maximum electric power of 345.3 W and a highest thermal-to-electric 

efficiency of 12.33% were achieved. Recently, the system achieved an electric power of 473.6 W with a 

maximum efficiency of 14.5% after further optimizations [19]. In the present study, the acoustic 

impedance modulations and matching for a TWTEG capable of generating 750 W electric power are 

presented in detail. The acoustic impedance requirements of the TWTE and LAs to reach efficient and 

powerful operation states are firstly studied by decoupling the whole TWTEG system. Experiments are 

then conducted to verify the theoretical analysis and numerical simulations, and characterize the 

acoustic matching working condition. The working mechanisms are analyzed from the aspect of the 

acoustic impedance. Further approaches for the improvements and the predicted performances are 

finally presented. 

2. Theoretical analysis 

 2.1 Experimental apparatus 

 A TWTEG consisting of a TWTE and a pair of LAs and its corresponding equivalent electric 

circuit network are illustrated in FIG. 1. The TWTE consists of a resonator, an inertance tube, a 

compliance tube, a main ambient heat exchanger, a regenerator, a hot heat exchanger, a thermal buffer 

tube and a second ambient heat exchanger. The harmful Gedeon streaming flowing around the loop is 

totally eliminated by a silica membrane above the main ambient heat exchanger. The regenerator is  
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FIG. 1. Schematic diagram of traveling-wave thermoacoustic electric generator and the equivalent electric circuit 

network. P1 denotes the location of a piezoresistive pressure sensor, and P2-P5 denote that of piezoelectric pressure 

sensors. Heating temperature Th, temperatures of the inlet Ta1 and outlet Ta2 of chilling water were measured by 

K-type thermocouples. The coils of the linear alternators are connected in series with a variable electric R-C load to 

extract electric power. Electric power Wl was measured by a power meter.  

 
FIG. 2. Photograph of traveling-wave thermoacoustic electric generator. Note that only a part of the resonator is 

illustrated here. Linear alternator #1 was at the other side of the engine. 
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where thermoacoustic energy conversion occurs. The appropriate phase relation in the regenerator, i.e. 

zero phase difference between pressure and velocity, is achieved by the acoustic network formed by the 

tubes, including the compliance tube, inertance tube and resonator. The jet streaming in the thermal 

buffer tube is suppressed by using several layers of mesh screen as the flow straighter. The main 

dimensions of the TWTE can be found in Refs. [16, 31, 32], which are also given in TABLE 1. The 

parameters of the two LAs are listed in TABLE 2. The photograph of the experimental TWTEG is 

illustrated in FIG. 2. In the experiments, the electric power was measured by a power meter with an 

accuracy of 0.1%. The heating power was supplied by electric heaters, the power of which was 

measured by power meters with accuracies of 0.5%. The mean pressure was measured by a 

piezoresistive pressure sensor with an accuracy of 0.3%, while the high-frequency pressure oscillations 

were measured by piezoelectric pressure sensors PCB102B15 with accuracies of 1%. 

The LAs and the gas resonators can be both represented by a resistance and a reactance. The 

acoustic resonance of the system is mainly determined by the compliance C above the main ambient 

heat exchanger and the inertance Xres of the gas resonator. When a large temperature gradient is 

established in the regenerator, self-excited acoustic oscillation occurs and acoustic power is amplified 

through the feedback network formed by the thermoacoustic torus. The net acoustic power flowing out 

of the torus partly goes into the LAs to generate electricity, and the rest goes into the resonator resulting 

in useless dissipations. The net acoustic power output of the torus and its distribution are determined by 

the acoustic impedances of the gas resonator and the LAs. Undoubtedly, appropriate modulations of the 

impedances to achieve a good matching of acoustic impedances are of great importance to improving 

the efficiency and power output. 

TABLE 1. Main parameters of traveling-wave thermoacoustic engine. 

Component Diameter×Length (m) Details 

Main ambient heat exchanger 0.09×0.056 Shell-tube type, tube number 301, i.d. 2 mm 

Regenerator 0.09×0.074 Stainless steel screen mesh, #120 

Hot heat exchanger 0.09×0.12 Fin type, fin gap 1 mm, fin thickness 0.5 mm 

Thermal buffer tube 0.1×0.291 / 

2nd ambient heat exchanger 0.1×0.02 Shell-tube type, tube number 199, i.d. 3 mm 

Inertance tube 0.076×0.28 / 

Compliance tube 0.1×0.6767 / 

Resonator 0.1×2.3 / 

TABLE 2. Parameters of linear alternators. 

Parameters #1 #2 

Force factor Bl (N/A) 90 90 

Winding inductance Le (mH) 268 263.4 

Winding resistance re (Ω) 3.58 3.56 

Mechanical stiffness K (N/m) 189235 188844 

Mechanical resistance Rm (Ns/m) 5 2 

Moving mass M (kg) 1.097 1.079 

Piston area A (cm2) 19.635 19.635 

Back volume Vb (L) 1.63 1.63 
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 The commonly used method in designing and optimizing a thermoacoustic system is to study the 

system as a whole by just using a complete model. However, if such method is routinely adopted for a 

TWTEG, it would obscure important information about the respective optimal operating conditions for 

the TWTE and the LAs, as they actually work individually to some extent, and meantime are coupled 

together in the integrated system [33]. As a result, effective acoustical matching between the TWTE 

and the LAs and the approaches for further improvements would be difficult to be realized. To clearly 

reveal the impedance coupling mechanism and make it easy to modulate the acoustic characteristics of 

the TWTEG, the TWTE and LAs are first decoupled and analyzed separately in the present study.  

 2.2 Model description 

 The calculations of the variations of the output acoustic power and thermal-to-acoustic efficiency 

of the TWTE with respect to the acoustic impedances of the load is based on linear thermoacoustic 

theory, which was first proposed by Rott [34] and then extended by Xiao [35-37] and Swift [38]. The 

main assumptions made for the thermoacoustic model are listed as follows: 

 Time-dependent parameters, including pressure, velocity, volume flow, temperature and density, 

are composed of mean terms and time-dependent oscillating terms. All the time-dependent 

parameters are simple harmonic.  

 Gas displacement amplitude is much smaller than the geometric dimensions in the direction that 

sound propagates. 

 TWTE is treated as a one-dimension system. 

 TWTE is assumed to be operated in a steady state.  

 TWTE is operated in linear acoustics region so that nonlinear effects are ignored. 

 Streaming caused by flow separations and thermal buoyancy, etc. is ignored. 

 In turbulent flow region, the oscillatory flow is described by the Moody friction factor at each 

instant of time during the oscillatory flow, independent of the past history of the flow. 

 Heat exchangers are assumed to be at uniform temperatures. 

 The frequency-domain momentum, continuity and energy equations of various components and 

flow channels in a thermoacoustic engine are expressed as follows [38], 
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where 1p , 1U , mT , and H are complex pressure amplitude, complex volume flow rate amplitude, 

mean temperature of working gas, and total energy flow, respectively; ω, γ, Pr, cp and pm represent 

angular frequency, specific heat ratio, Prandtl number, heat capacity and mean pressure, respectively; 
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f  and f  are thermal and viscous functions; k and ks are thermal conductivities of gas and solid; A, 

As and x denote cross-sectional area for gas flow, solid cross-sectional area and coordinate along 

sound-propagation direction. Numerical solutions of the above equations can be obtained by adopting 

the widely used thermoacoustic software DeltaEC [9, 13, 21, 39, 40] developed by Los Alamos 

National Laboratory.  

 Ignoring the small differences between the parameters of the two LAs, the controlling equations 

for the voltage, force, and back volume of a LA can be expressed as follows respectively [38, 41], 
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where 1v , 1I , 1p , 
bp ,1
 are amplitudes of velocity, current, driving pressure, and pressure in the back 

volume of LAs.  

 In thermoacoustics, the acoustic impedance Za is defined as, 
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where || means the magnitude of a complex variable, and 
Up  denotes the phase difference between 

pressure and volume flow. The real part of the acoustic impedance represents the acoustic resistance, 

which is a dissipative term in acoustics. The imaginary part stands for the acoustic reactance, i.e. 

acoustic inertance or acoustic compliance, which is an energy storage term. 

 By solving the Eqs. (4)-(6), the acoustic impedance Za of the two LAs, which are electrically 

connected in series, can be expressed by the basic parameters of LAs [38], 
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LAs can be further derived, 

 222

2

2 eeme

l

a

l
ea

XRRRBl

RBl

W

W


 .          (9) 

 With the above two equations, the dependences of the acoustic-to-electric efficiency on the 

acoustic impedance of the LAs can be obtained, and the methods for the modulation of the acoustic 

impedance can be analyzed. In the simulations, the LAs are modeled by the IESPEAKER component 

in DeltaEC program, and are combined with other components of the TWTE. 
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 2.3 Acoustic impedance requirements of TWTE 

 The calculated acoustic impedance characteristics of the TWTE are shown in FIG. 3(a). The main 

ambient heat exchanger and the hot heat exchanger of the TWTE are fixed at 13 °C and 650 °C 

respectively, and the working fluid is helium of 3.16 MPa, which coincides with the working conditions 

in the experiments.  

 As shown, the acoustic power output Wa at the position where the LAs are connected and the 

corresponding thermal-to-acoustic efficiency ηt-a of the TWTE have strong dependences on the acoustic 

impedance Za of the acoustic load. Both Wa and ηt-a can reach their maximums at a specific real part of 

acoustic impedance Za, i.e. acoustic resistance Re[Za]. The optimal Re[Za] for the output acoustic 

power Wa at different acoustic reactances Im[Za] are all within the range of 1×107~3×107 Pa·s/m3, 

while those for the efficiency ηt-a are a little smaller, i.e. 5×106~2×107 Pa·s/m3. For example, when 

acoustic reactance Im[Za] is fixed at zero which means the load is a pure acoustic resistance, the output 

acoustic power reaches the maximum of 837 W at Re[Za]=1.8×107 Pa·s/m3, while the 

thermal-to-acoustic efficiency gets the maximum of 0.31 at Re[Za]=9×106 Pa·s/m3. It indicates that the 

output acoustic power and the efficiency can not achieve their maximums at the same acoustic 

resistance, and compromises should be made between them when modulating the acoustic impedance 

of the LAs to couple with the thermoacoustic engine. 

 Furthermore, the acoustic reactance Im[Za] also has a strong influence on the output performance. 

The obtained maximum acoustic power and efficiency are the largest when the acoustic reactance 

Im[Za] equals zero, which indicates that it’s beneficial to the output performance of the TWTE when  

      
FIG. 3. Acoustic impedance characteristics of thermoacoustic engine and linear alternators: (a) Acoustic power output 

Wa and thermal-to-acoustic efficiency ηt-a versus load acoustic impedance Za for thermoacoustic engine; (b) Load 

resistance Rl and acoustic-to-electric efficiency ηa-e versus load acoustic impedance Za for linear alternators. 
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the acoustic load is a pure acoustic resistance. When Im[Za] is zero, both the acoustic power and the 

efficiency increase first slowly and later rapidly when decreasing the acoustic resistance Re[Za] to the 

optimal values, and then decrease sharply if Re[Za] is further decreased. When the acoustic resistance 

Re[Za] is less than 6.5×106 Pa·s/m3, the acoustic power and the efficiency approach to zero, which 

indicates that the TWTE fails to work below this impedance. When the acoustic reactance Im[Za] of the 

load is −3.5×106 Pa·s/m3, the range of the acoustic resistance Re[Za] in which the TWTE gets a 

relatively good performance becomes wider and the peak values of the acoustic power and efficiency 

are approximately the same as that with Im[Za]=0, as shown by the green solid and dash lines in FIG. 

3(a). This means that it will be more convenient to modulate the acoustic impedance of the LAs at this 

acoustic reactance. When Im[Za]=−7×106 Pa·s/m3, the optimal ranges of Re[Za] are even wider. 

However, both the acoustic power and efficiency get lower, especially the efficiency. When the acoustic 

load has a large capacitive reactance, the output performance, especially the thermal-to-acoustic 

efficiency of the TWTE, is remarkablely degraded, as shown by the lines of Im[Za]=−1.40×107 

Pa·s/m3.  

 In brief, it will be beneficial for the performance of the TWTE to set the magnitude of the 

imaginary part of the load acoustic impedance at a relatively small value, i.e. the order of 106 Pa·s/m3 

or even smaller. At this Im[Za], the optimal range of the real part of the load acoustic impedance for a 

large acoustic power output should be around 1×107~2×107 Pa·s/m3, and that for a high 

thermal-to-acoustic efficiency is around 6×106~1×107 Pa·s/m3. 

 2.4 Acoustic impedance modulation of LAs 

 According to the above analysis of the acoustic impedance requirements for the powerful and 

efficient operation of the TWTE, the magnitude of the imaginary part of acoustic impedance of the LAs, 

which is the acoustic load for the TWTE, should be very small. Therefore, the mechanical and 

electrical reactances Xm and Xe should be modulated to be both near zero, according to the expression 

of the acoustic impedance of LAs in Eq. (8). Besides, Eq. (8) also shows that the acoustic impedance Za 

of the given LAs can be modulated by adjusting the working frequency f, load resistance Rl, and 

electrical capacitance Ce.  

 The magnitude of the difference between the resonance frequencies of the TWTE and the LAs 

determines the magnitude of the mechanical reactance Xm for the given LAs, and further influences the 

impedance matching between them. The working frequency of the combined system is mainly 

determined by the dimensions of gas resonator and torus, and is adjusted to be about 65.5 Hz by 

changing the length of the gas resonator in the experiments. The resonance frequencies of the two LAs 

are about 68.7 Hz at 3.16 MPa. It indicates a near mechanical resonant state would achieve when the 

TWTE and LAs are connected together. 

 The effects of the load resistance Rl and electrical capacitance Ce on the acoustic impedance and 

acoustic-to-electric efficiency ηa-e are given in FIG. 3(b). For the convenience of comparing the 

acoustic impedance characteristics between the TWTE and the LAs, the real part of the acoustic 

impedance of the LAs Re[Za] are set as the horizontal axis, though it is a dependent variable of Rl. If no 

external electric capacitance Ce is connected in the electric circuit, the electric reactance Xe is 2ωLe. As 

shown, when the load resistance Rl is adjusted in the range from 100 Ω to 200 Ω, the corresponding 
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imaginary part of the acoustic impedance Im[Za] is far away from zero, i.e. in the range of 

−1.05×107~−1.31×107 Pa·s/m3. According to Eq. (8), the real part of acoustic impedance Re[Za] is 

smaller when the electric reactance Xe is 2ωLe rather than zero. FIG. 3(b) shows that Re[Za] can only be 

modulated in a very narrow range of small values, i.e. from 4.32×106 Pa·s/m3 to 5.32×106 Pa·s/m3. 

Comparing the impedances of the LAs to the impedances of TWTE shown by the blue lines in FIG. 

3(a), the output acoustic power and the thermal-to-acoustic efficiency of the TWTE are both relatively 

low when no electric capacitance Ce is connected. Moreover, the acoustic-to-electric efficiency ηa-e of 

the LAs at this impedance is also limited, as shown by the blue dash line in FIG. 3(b). Though Im[Za] 

changes from −1.05×107 Pa·s/m3 to −7.55×106 Pa·s/m3 when the load resistance Rl is further increased 

from 200 Ω to 400 Ω, Re[Za] is still in the same small narrow range as that in Rl=100~200 Ω, and the 

corresponding acoustic power output and thermal-to-acoustic efficiency of the TWTE at these acoustic 

impedance conditions are still very limited, especially for the efficiency. Therefore, an acoustic 

impedance with an imaginary part far away from zero is not a suitable impedance condition for the 

efficient operations of both the LAs and the TE, which has also been experimentally proved by our 

previous studies [16].  

 In order to reduce the magnitude of the imaginary part of acoustic impedance Im[Za], an 

appropriate electric capacitance Ce can be connected in the circuit to offset the large inductive reactance 

of the LAs. Fortunately, the real part of the acoustic impedance Re[Za] is also increased if Xe is reduced. 

When Ce=9.6 μH, the imaginary part of acoustic impedance Im[Za] is modulated to be around 

−4.97×106~2.85×105 Pa·s/m3 by adjusting the load resistance from 400 Ω to 100 Ω, which is much 

smaller compared to that when no Ce is connected. In the meanwhile, the real part of acoustic 

impedance can be increased and extended from 5.64×106 Pa·s/m3 to 1.83×107 Pa·s/m3, as shown by the 

green solid line in FIG. 3(b), perfectly covering the optimal impedances for both the output acoustic 

power and efficiency of the TWTE at the corresponding Im[Za]. Besides, the acoustic-to-electric 

efficiency of LAs is also remarkably increased compared to that when no Ce is connected. The above 

analysis shows that both the TWTE and LAs can both achieve their high performance points at this 

acoustic impedance, and will be well matched. 

3. Experimental results 

 Based on the above analysis of impedance matching conducted by using a decoupling method, an 

integrated model of the TWTEG was then built, and an experimental system was further assembled, as 

shown in FIGs. 1 and 2. The coils of the LAs were connected in series with a variable load resistance Rl 

and a capacitance Ce of 9.6 μF to modulate both the real and imaginary parts of the acoustic impedance 

to the optimal ranges. Due to the restrictions of the allowable voltage and current of the LAs, the load 

resistance Rl was only adjusted from 100 Ω to 180 Ω when the heating temperature was 650 °C in the 

experiments. As a result, according to the calculation of the integrated model, the real part of acoustic 

impedance Re[Za] ranges from 1.86×107 Pa·s/m3 to 1.14×107 Pa·s/m3, which does not completely 

cover but is already quite near the optimal range for the output acoustic power and efficiency of the 

TWTE. Furthermore, the imaginary part of acoustic impedance Im[Za] of the LAs can be modulated 

from a large absolute value to a much smaller one after the capacitance Ce is added, i.e. from 

−1.31×107~1.09×107 Pa·s/m3 to only 6.10×105~−3.25×106 Pa·s/m3. 
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 The experimental and calculated electric powers Wl of the integrated TWTEG are given in FIG. 4. 

As shown in FIG. 4(a), the calculated relationship between the electric power Wl and the load 

resistance Rl agrees well with the experimental results when the heating temperature are 650 °C and 

600 °C respectively. The calculated pressure amplitudes, piston displacement, and working frequency 

agree well with the experimental data as well, as shown in FIGs. 5-7 respectively. The good agreement 

between the calculations and experiments shows that the main operating characteristics of the TWTEG 

have been well captured by the model and theoretical analysis. When decreasing the load resistance, the 

pressure amplitudes inside the TWTEG increase, as illustrated in FIG. 5. This is due to the lower 

dissipative mechanism caused by the lower load resistance. The piston displacement is positively 

related to the pressure amplitude and the load resistance [16]. Under the synergistic effect of the 

increasing pressure amplitude and the decreasing load resistance, the piston displacement decreases 

when decreasing the load resistance, as shown in FIG. 6. The generated electric power is approximately 

positive with the load resistance and the square of the pressure amplitude [16]. Larger pressure 

amplitudes provide stronger driving forces on the LAs. Whereas, a smaller load resistance has a 

negative effect on the electric power. Therefore, some optimal point would be achieved when 

decreasing the load resistance. 

  
FIG. 4. Electric power Wl of traveling-wave thermoacoustic electric generator versus load resistance Rl and real part of 

acoustic impedance Re[Za], respectively.  

 

 To clearly reveal the mechanisms of the acoustic matching inside the TWTEG, the same data of the 

electric power in FIG. 4(a) are illustrated in terms of the real part of acoustic impedance Re[Za] in FIG. 

4(b), which shows a good agreement too. The corresponding real part of acoustic impedance Re[Za] of 

the tested electric power in the experiments are extrapolated by using the LAs’ model in consideration 

of the well validated integrated model of the TWTEG. When the load resistance Rl is 100 Ω, the 

electric power in the experiment reaches the maximum of 750.4 W when the heating temperature is 

650 °C. According to the calculation, the electric power at this load resistance can reach its maximum 

of 765.8 W. Increasing the load resistance leads to the decrease of electric power in both the 

experiments and the calculations, as shown in FIG. 4(a). The variation trends aforementioned can be 
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explained by FIG. 4(b) and FIG. 3. When the load resistance Rl is 100 Ω, the imaginary part of acoustic 

impedance Im[Za] of the LAs is only 6.10×105 Pa·s/m3, which is so small that the output characteristics  

   
FIG. 5. Pressure amplitudes of P2 and P3 in traveling-wave thermoacoustic electric generator versus load resistance 

Rl.  

 
FIG. 6. Piston displacement of linear alternator #2 versus load resistance Rl.  

 
FIG. 7. Working frequency of traveling-wave thermoacoustic electric generator versus load resistance Rl.  
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of the TWTE is similar to that when Im[Za]=0. The real part of acoustic impedance Re[Za] of the Las is 

1.86×107 Pa·s/m3, which is approximately the optimal one required for the highest acoustic power 

output of the TWTE. As the acoustic-to-electric efficiency of the LAs stays almost constant at about 0.9, 

the integrated TWTEG system reaches its most powerful working point and thus gets the maximum 

electric power at 100 Ω. When increasing the load resistance to 180 Ω, the real part of acoustic 

impedance of the LAs decreases, as shown in FIG. 3(b). It weakens the output capacity of the TWTE, 

and further decreases the output electric power. If the load resistance is further increased from 180 Ω to 

1400 Ω, the imaginary part of acoustic impedance is around −6.5×106 Pa·s/m3, at which the acoustic 

power output characteristics of the TWTE are similar to that at Im[Za]=−7.0×106 Pa·s/m3. Another peak 

of acoustic power output occurs. Therefore, the output electric power of the TWTEG shows another 

peak if load resistance is further increased. The variation trend of the electric power at 600 °C is similar, 

and up to 614.9 W electric power is achieved at this heating temperature.  

 The corresponding thermal-to-electric efficiencies of FIG. 4 are shown in FIG. 8. Different from 

the variation tendency of the electric power, the efficiency achieves the maximums at larger load 

resistances, whose real parts of acoustic impedances are smaller. It has been illustrated in FIG. 3(a) that 

smaller real part of acoustic impedance is required when a high efficiency is desired. The highest 

thermal-to-electric efficiency experimentally obtained is 0.163 while the calculated value is 0.24 at 160 

Ω when the heating temperature is 650 °C. The deviations mainly result from the large heat losses from 

the hot heat exchanger, including the heat radiation and convection to the air and 2nd ambient heat 

exchanger through the thermal buffer tube, and the heat conduction through the pipes and regenerator 

filling. Besides, the backup heating elements that are installed at positions in the periphery of the hot 

heat exchanger have a much worse heat transfer performance, which influences the overall 

thermal-to-electric efficiency a lot. Last but not least, the loss from the membrane is not included yet. 

Comparing FIG. 4 and FIG. 8, even though the electric power can be remarkably increased by 

increasing the heating temperature from 600 °C to 650 °C, no significant improvement occurs for 

efficiency. 

   
FIG. 8. Thermal-to-electric efficiency ηt-e of traveling-wave thermoacoustic electric generator versus load resistance Rl 

and real part of acoustic impedance Re[Za], respectively.  

 



14 

 

 It is well known that the operating pressure has a great influence on the power density and power 

output capacity of the TWTEG system. For safety reasons, the maximum working pressure adopted in 

the experiments is 3.16 MPa, which is well below those of the other thermoacoustic electric generation 

systems [17, 25, 28], let alone that of a common Stirling engine. If the working pressure is increased to 

5.0 MPa, the performance of the same TWTEG is predicted in FIG. 9. The maximum electric power 

would exceed 1300 W with a thermal-to-electric efficiency of 0.20 at 73.4 Ω. The corresponding piston 

displacement is about 6.6 mm, which is just a little above the limit value of 6.5 mm of the LAs. If 

acoustic impedance matching, acoustic network, regenerators, and heat exchangers, etc. are further 

optimized, further improvements of the performance can be expected. 

 
FIG. 9. Predicted performance of traveling-wave thermoacoustic electric generator working at 5.0 MPa. 

4. Conclusion 

 An effective approach for acoustically matching a TWTEG has been proposed based on the 

comprehensive understanding of the acoustic characteristics of the TWTE and LAs. It would be 

instructive for the acoustic matching and designs of high-performance thermoacoustic electric 

generation systems. The main conclusions can be drawn as follows. 

 The TWTE and LAs are first decoupled. The required acoustic impedances for efficient and 

powerful operations of the TWTE and LAs are then analyzed separately to clearly reveal the 

coupling mechanisms.  

 It is beneficial for the output performance of the TWTE if the imaginary part of the load acoustic 

impedance is near zero. The optimal range of the real part for a large acoustic power output is 

around 1×107~2×107 Pa·s/m3, while that for a high thermal-to-acoustic efficiency is about 

6×106~1×107 Pa·s/m3. 

 When an electric capacitance of 9.6 μH is connected in the circuit of the LAs, the imaginary part of 

acoustic impedance is able to be modulated to be around the required range of the TWTE by 

adjusting the load resistance from 100 Ω to 400 Ω. 

 An experimental TWTEG is then built and analyzed by modulating the working frequency, load 

resistance and electric reactance. A maximum electric power of 750.4 W and a highest 

thermal-to-electric efficiency of 0.163 were finally achieved when the acoustic impedance are well 
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matched. The predicted maximum electric power would exceed 1300 W with a 

thermal-to-electric efficiency of 0.20 if the mean pressure is increased to 5 MPa. 
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Nomenclature 

A Cross-sectional area of gas flow channels, piston area, m2 

As Cross-sectional area of solid 

Bl Force factor, N/A 

C Acoustic compliance, m3/Pa 

Ce Electrical capacitance, F 

cp Specific heat at constant pressure, J/(kg·K) 

f Working frequency, Hz 

f  Spatial averaged thermal function 

f  Spatial averaged viscous function 

H Total energy flow, W 

I1 Complex current, A 

Im[] Imaginary part of a complex variable 

j 1  

k Thermal conductivity of gas, W/(m·K) 

K Mechanical stiffness, N/m  

ks Thermal conductivity of solid, W/(m·K) 

Le Winding inductance, H 

M Moving mass, kg 

p1 Complex pressure amplitude, Pa 

p1,b Complex pressure amplitude in back volume, Pa 

pm Mean pressure, Pa 

Pr Prandtl number 

re Winding resistance, Ω 

Re Electrical resistance, Ω 

Re[] Real part of a complex variable 

Rl Load resistance, Ω 

Rm Mechanical resistance, N·s/m 

Tm Temperature, K 

U1 Complex volume flow rate, m3/s 

v1 Complex velocity of piston, m/s 

Vb Back volume, L 

x Coordinate along sound-propagation direction, m 

x1 Piston displacement, m 

Xe Eletrical reactance, Ω 

Xm Mechanical reactance, kg/s 

Xres Acoustic reactance of gas resonator, kg/m4·s 

Za Acoustic impedance, Pa·s/m3 

θp-U Phase difference between pressure and volume flow, rad 

γ Specific heat ratio 
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ρm Density, kg/m3 

ω Angular frequency, rad/s 

ea  Acoustic-to-electric efficiency of LA 

at  Thermal-to-Acoustic efficiency of TWTE 

et  Thermal-to- electric efficiency of TWTEG 

Special symbols 

| | Magnitude of complex variable  

~ Complex conjugate 


