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Abstract 7 

 Traveling-wave thermoacoustic electric generator has drawn increasing attention 8 

due to its great prospect in energy conversion. In this work, a traveling-wave 9 

thermoacoustic electric generator capable of generating about 500 W electric power is 10 

studied numerically and experimentally. The performances and the operating 11 

characteristics of the system under different working conditions are tested and analyzed. 12 

The maximum electric powers can be obtained with electric load resistance around 100 13 

Ω~120 Ω, and the highest thermal-to-electric efficiencies can be achieved at much 14 

larger load resistances. The efficiency at low load resistance is relatively small due to 15 

the large pressure amplitudes inside the thermoacoustic system, which increases the 16 

dissipations. The variation trends of the electric power and the thermal-to-electric 17 

efficiency with the load resistance intrinsically result from the changes of the 18 

corresponding acoustic impedance of the linear alternators, which determines the output 19 

performance of the thermoacoustic engine meanwhile. The distributions of the acoustic 20 

power losses are then calculated and firstly illustrated quantitatively. It is shown that the 21 

resonator causes most of the acoustic power losses, and the losses in hot heat exchanger, 22 

thermal buffer tube, and feedback tube are also significant. The output performance of 23 

the system can be improved by increasing the heating temperature and the mean 24 

pressure. A maximum electric power of 473.6 W and a highest thermal-to-electric 25 

efficiency of 14.5% are achieved experimentally when the mean pressure is 2.48 MPa 26 

and the heating temperature is 650 °C. A pair of linear alternators with a larger swept 27 

volume and appropriate acoustic impedances is finally designed to couple with the 28 
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thermoacoustic torus directly. Numerical results show that the maximum electric power 29 

can be increased to 718 W and 1005 W when the mean pressures are kept at 2.48 MPa 30 

and 3.20 MPa, corresponding to the improvements of 42.6% and 29.4% compared with 31 

those of the original system. 32 

Keywords: thermoacoustic; electric generation; linear alternator; acoustic power 33 
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1. Introduction 35 

 Conventional power generation systems usually need to burn fossil fuels, including 36 

coal, gasoline, and natural gas, etc., which have brought in serious environmental 37 

problems in the past centuries. Much more attention has currently been drawn to the 38 

developments of alternative energy conversion technologies, such as those based on fuel 39 

cells [1], photovoltaics [2], thermoacoustics [3], thermoelectrics [4], piezoelectrics [5], 40 

and thermomagnetics [6], etc. 41 

 Thermoacoustic electric generator (TEG) is among one of the most promising 42 

power generation systems, which can be easily scaled to provide an electric power from 43 

milliwatts to kilowatts. It typically consists of a thermoacoustic engine and 44 

acoustoelectric convertors, such as linear alternators (LAs), piezoelectric transducers, 45 

etc. Thermoacoustic engine eliminates mechanical moving components at high 46 

temperature region and is only comprised of pipes and several heat exchangers [7-15]. 47 

Thus, TEG is much more structurally simple, cost effective, and reliable compared to 48 

other mechanical power generation systems at similar power levels, such as Stirling 49 

generators, gas turbines, etc. Besides, traveling-wave type TEG [8], which is based on 50 

an intrinsic reversible thermodynamic cycle similar to Stirling cycle, is more efficient 51 

compared to power generators based on photovoltaics and thermoelectrics. Furthermore, 52 

a well-designed TEG can be used for harvesting low-grade thermal energy. Due to the 53 

above merits, TEGs, especially the traveling-wave ones, have great prospects in solar 54 

energy exploitation, waste heat recovery, and combined heat and power systems, etc. 55 

 The first traveling-wave TEG was built by Backhaus et al. [16] in 2004, which can 56 

supply an electric power of 58 W with a thermal-to-electric efficiency of 15%. The long 57 

standing-wave resonator in traditional traveling-wave thermoacoustic engines [10] was 58 

completely replaced by the linear alternators. The working principle, the tested powers 59 

and piston strokes were presented briefly. A small traveling-wave TEG, which was 60 

modified from a coaxial-type free-piston Stirling engine, was later developed by 61 

Sunpower, Inc. in 2008. However, only the power output of 50 W was mentioned and 62 

no further details were given. [17]. Since 2008, Luo et al. [18-21] have conducted a 63 

series of work on traveling-wave TEGs, and the obtained electric powers were 64 
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improved from about 100 W in 2008 to more than 1 kW recently. The experimental 65 

powers and efficiencies, and the acoustic impedance matching of the systems were 66 

presented and analyzed. Yu et al. [22, 23] were engaged in the development of low-cost 67 

TEGs that use loudspeaker as the acoustoelectric convertor. The details of the design, 68 

the effects of a tuning stub on the performances were given and analyzed. The obtained 69 

maximum electric power was 11.6 W when atmosphere air was used as the working gas. 70 

Recently, Kang et al. [24] built a two-stage traveling-wave TEG with two loudspeakers 71 

as alternators. One loudspeaker was placed inside the loop while the other one was 72 

installed through a branched stub. The distributions of acoustic fields in the system, and 73 

the effects of the stub length on the performances were conducted numerically and 74 

experimentally. An electric power of 204 W and a thermal-to-electric efficiency of 3.43% 75 

were achieved in the experiments. In 2013, Sun et al. [8] investigated the effects of the 76 

mechanical and electric resonances of the linear alternators on the performances of a 77 

traveling-wave TEG. A maximum electric power of 345.3 W and a highest 78 

thermal-to-electric efficiency of 12.33% were achieved under the resonance conditions. 79 

Though several prototypes of TEG have been built since 2004, comprehensive studies 80 

on the operating characteristics, especially the energy analysis of TEGs, are still lacking 81 

up to now, which limits the understanding of the underlying mechanisms and the further 82 

improvements of such systems. Besides, the improvements of the performance by 83 

replacing the large lossy resonator with linear alternators have not yet been fully 84 

conducted, especially for large TEGs up to more than hundreds watts.  85 

In the present study, a traveling-wave TEG capable of generating about 500 W 86 

electric power is built and tested. The operating characteristics of the TEG are then 87 

studied under different working conditions both experimentally and numerically. The 88 

tested parameters, including piston displacement of alternator, pressure amplitudes, 89 

electric power, thermal-to-electric efficiency, et al., are presented in detail and compared 90 

with the numerical results. The variation trends of the output performances are further 91 

analyzed in the perspective of acoustic impedances. Particularly, distributions of various 92 

dissipations in the TEG are quantified and analyzed to give a clear evaluation of the 93 

losses. Further improvements of the TEG by replacing the resonator with linear 94 

alternators of large swept volume are finally conducted numerically. 95 
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2. Experimental setup 96 

 The experimental TEG is composed of a traveling-wave thermoacoustic engine and 97 

two LAs, as shown in Fig. 1. The thermoacoustic engine consists of a main ambient heat 98 

exchanger (MAHX), a regenerator (REG), a hot heat exchanger (HHX), a thermal 99 

buffer tube (TBT), a secondary ambient heat exchanger (2AHX), a feedback tube, and a 100 

resonator. The main geometric dimensions of the components are listed in Table 1. The 101 

MAHX is of shell-and-tube type with working gas flowing inside the thin stainless steel 102 

tubes. The total number and inner diameter of the tubes are 301 and 2 mm, respectively. 103 

Chilling water at about 12 °C flows over the thin tubes. The 2AHX is also of 104 

shell-and-tube type; the inner diameter of tubes is 3 mm; the total porosity is 0.179. The 105 

regenerator is filled with stainless steel screens with a porosity of 0.74 and a hydraulic 106 

radius of 49.8 μm. The HHX is of fin type with a porosity of 0.361 and the fin spacing 107 

is 1 mm. The core part, transferring heat to the working gas, of the HHX is made of 108 

copper. Dozens of heating resistors are inserted into the drilled holes of the HHX to 109 

provide the heating power. Two moving-magnet LAs, which are supplied by Lihan 110 

Thermoacoustic Technologies Co. Ltd, are installed symmetrically at the resonator near 111 

the tee. The parameters of the LAs #1 and #2 are listed in Table 2. The coils of the LAs 112 

are connected in series with a variable load resistance Rl and an electric capacitance Ce. 113 

The photographs of the thermoacoustic torus, one of the LAs, MAHX and HHX are 114 

given in Fig. 2. 115 

 When a temperature ratio across the REG exceeding the critical value is established, 116 

the working gas oscillates spontaneously with a constant frequency, and converts the 117 

input thermal energy into acoustic power. As shown by the arrows inside the 118 

thermoacoustic torus in Fig. 1, the acoustic power circulates clockwise, and is amplified 119 

due to the thermoacoustic conversion in the REG. A portion of the amplified acoustic 120 

power feeds back into the REG through the feedback tube, and the rest enters the LAs 121 

and the resonator to generate electric power and cause useless dissipations respectively. 122 

 In the experiments, a power meter with an accuracy of ±0.2% was used to measure 123 

the output electric power, the voltage of the load resistance, and the current in the circuit. 124 

The input heating power was measured by power meters with accuracies of ±0.5%. The 125 
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temperatures and the flow rate of the chilling water flowing in and out of the MAHX 126 

were measured by two calibrated K-type thermocouples and a turbine flowmeter with an 127 

accuracy of ±1%, respectively. The solid temperature of the HHX was also measured by 128 

a K-type thermocouple. The dynamic pressures of P1, P2 and P3 were measured by 129 

three PCB piezoelectric pressure sensors (model 102B15). The displacement amplitude 130 

x1 of the LA #2 was deduced by the amplitude p1 of P3 using the relationship of x1= 131 

p1Vb/γp0A, where γ is the ratio of specific heats and p0 is the mean pressure. The mean 132 

pressure of the system was measured by a piezoresistive pressure sensor supplied by 133 

 134 

Fig. 1. Schematic of traveling-wave thermoacoustic electric generator. 135 

 136 

Table 1. Main geometric dimensions of traveling-wave thermoacoustic engine. 137 

Component Diameter/m Length/m 

MAHX 0.09 0.056 

REG 0.09 0.074 

HHX 0.09 0.12 

TBT 0.1 0.291 

2AHX 0.1 0.02 

Feedback 

tube 

Tube near tee 0.09 0.295 

Cone / 0.095 

Tube 0.076 0.28 

Cone / 0.1 

Tube above MAHX 0.1 0.6767 

 

Resonator 

Tube near tee 0.09 0.095 

Cone / 0.1 

Tube 0.1 2.3 

Cone / 1.31 

Tube 0.261 0.52 
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Table 2. Parameters of linear alternators. 138 

Parameters Lihan #1 Lihan #2 modified Qdrive 2s241PWG
*
 

Force factor Bl (N/A) 90 90 54 

Winding inductance Le (mH) 268 263.4 26 

Winding resistance re (Ω) 3.58 3.56 1 

Mechanical stiffness K (N/m) 189235 188844 175000 

Mechanical resistance Rm (Ns/m) 5 2 35 

Moving mass M (kg) 1.097 1.079 5.6 

Piston area A (cm
2
) 19.635 19.635 387.16 

Back volume Vb (L) 1.63 1.63 78.5 

*
This is a pair of the same LAs in an opposite arrangement. The parameters here are for one LA. The 139 

original moving mass, piston area, and back volume are 4.2 kg, 91.61 cm
2
, and 55 L, respectively.  140 

 141 

 142 

Fig. 2. Photographs of key components of the traveling-wave thermoacoustic electric generator: (a) 143 

thermoacoustic torus; (b) LA; (c) MAHX; (d) HHX. 144 

 145 

Huba Control (model 511.933003142) with an accuracy of ±0.3%, as shown by P4. The 146 

output electric power and other parameters were measured when the system worked 147 

steadily at constant heating temperatures. 148 

3. Results and discussions 149 

 As illustrated in our previous work [8], the resonance characteristics of the TEG are 150 

critical to the performance of the system. Thus, two measures are taken here to make the 151 

TEG work at resonance states. Firstly, helium gas is used as the working medium. As a 152 
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result, the operating frequency is about 65 Hz, which is close to the mechanical 153 

resonance frequencies of the LAs. A near mechanical resonance state is then achieved. 154 

Secondly, an electric capacitance of 9.6 μF is connected in the circuit to offset the large 155 

winding inductances of the LAs, and the electric resonance state is also achieved when 156 

the TEG works at about 65 Hz. Except for the experimental analysis, a numerical model 157 

is also built based on DeltaEC (Design Environment for Low-amplitude 158 

ThermoAcoustic Energy Conversion) [10, 23, 25-28]. 159 

3.1. Pressure, displacement and current amplitudes 160 

Fig. 3 shows the pressure amplitudes of P1 and P2, the locations of which are 161 

denoted in Fig. 1 respectively. The acoustic field in resonator is close to a 162 

quarter-wavelength standing-wave one, with P1 near the pressure antinode and P2 near 163 

the pressure node. Thus, the pressure amplitude of P1 is much larger than that of P2, as 164 

shown in Fig. 3. Both of the pressure amplitudes increase largely when the load 165 

resistance is decreased. The calculated results agree well with the experimental ones in 166 

both tendencies and magnitudes. The output electric power of the LAs is approximately 167 

proportional to the load resistance and the square of the pressure amplitude in front of 168 

the LAs when both the mechanical and electrical resonances are achieved, according to 169 

its expression [8]. Thus, when reducing the load resistance, the output electric power 170 

first increases due to the rapid increase of the square of the pressure amplitude, and then 171 

decreases as a result of the small load resistance. It should be noted that the acoustic 172 

power dissipations in the TEG are also proportional to the square of the pressure 173 

 174 
Fig. 3. Pressure amplitudes of P1 and P2 vs load resistance at different heating temperatures when mean 175 

pressure is 2.48 MPa. 176 
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amplitudes. Therefore, small load resistances have a negative effect on the 177 

thermal-to-electric efficiency due to the much larger dissipations. 178 

The piston displacement amplitude of LA #2 and the current amplitude are shown 179 

in Fig. 4 and Fig. 5, respectively. As shown in Fig. 4, the displacement amplitude 180 

increases with the load resistance in the ranges of 20~280 Ω when the heating 181 

temperature is higher than 450 °C. When the heating temperature is 450 °C, the 182 

displacement amplitude first increases and then decreases with the load resistance. The 183 

displacement amplitudes at these temperatures are all within the displacement limit of 184 

the LAs, which is 6.5 mm. As shown in Fig. 5, the dependence of current on the load 185 

resistance is completely different from that of the displacement. It decreases with the 186 

load resistance at all the heating temperatures. Thus, the load resistance should not be  187 

 188 
Fig. 4. Piston displacement of LA #2 vs load resistance at different heating temperatures when mean 189 

pressure is 2.48 MPa. 190 

 191 

Fig. 5. Current vs load resistance at different heating temperatures when mean pressure is 2.48 MPa. 192 
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too small in case the current exceeds the upper limit of 4 A. The good agreements 193 

between the calculations and the experiments in the displacements and the currents 194 

further indicate that the working characteristics of the TEG are well presented by the 195 

numerical model. 196 

3.2. Electric power 197 

Fig. 6 shows the electric power generation of the TEG with respect to the load 198 

resistance at different heating temperatures when the mean pressure is 2.48 MPa. As 199 

shown, the calculated results agree well with the experimental ones at all the heating 200 

temperatures. The deviations are typically less than 13%. The electric power first 201 

increases, and then decreases with the load resistance due to the combined effects of  202 

 203 

Fig. 6. Electric power vs load resistance at different heating temperatures when mean pressure is 204 

2.48 MPa. 205 

pressure amplitude and load resistance, as analyzed above in Fig. 3. The optimal load 206 

resistances are in the range from 100 Ω to 120 Ω, and rise slightly with the heating 207 

temperature due to the tiny increase of the operating frequency. When the heating 208 

temperature is fixed at 650 °C, the maximum electric power of the TEG at this mean 209 

pressure is 473.6 W with a load resistance of 120 Ω. 210 

The variation trends of the electric power can be essentially explained from the 211 

perspective of acoustic impedance. All thermoacoustic systems can be analogized into 212 

AC circuits due to their similar oscillation features of the parameters, such as pressure 213 

and voltage, etc [5]. For the TEG, the regenerator acts as a power source, while the LAs 214 
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act as a load acoustic impedance which has a real part and an imaginary one. Fig. 7 215 

shows the calculated acoustic impedance of the LAs at different load resistance. When 216 

the load resistance is decreased from 220 Ω to 100 Ω, the imaginary acoustic impedance 217 

of the LAs changes from −2.8 MPa·s/m
3
 to 1.55 MPa·s/m

3
. The output acoustic powers 218 

of the thermoacoustic engine at different real acoustic impedances are given in Fig. 8 219 

when the imaginary acoustic impedance is fixed at −3 MPa·s/m
3
, 0 MPa·s/m

3
, and 1.5 220 

MPa·s/m
3
, which covers the impedance range of the LAs stated above. It shows that the 221 

variation trends and the magnitudes of the output acoustic powers with respect to the 222 

real acoustic impedance are approximately the same at these imaginary acoustic 223 

impedances. Thus the real acoustic impedance dominates the variation trend of the 224 

output acoustic power at these conditions. When the load resistance decreases from 220 225 

Ω to 100 Ω, the real acoustic impedance of the LAs increases from 9.6 MPa·s/m
3
 to 226 

18.6 MPa·s/m
3
, as shown by the solid line in Fig. 7. According to the curves in Fig. 8, 227 

the corresponding output acoustic power of the thermoacoustic engine first increases 228 

and then decreases slightly after reaching the maximum value at the above acoustic 229 

impedance range. Fig. 9 shows the dependences of the electric power and the 230 

thermal-to-electric efficiency of the integrated TEG on the load acoustic impedance. 231 

The generated electric power has similar tendency as the acoustic power when the 232 

acoustic impedance of the LAs increases. The above analysis shows that the 233 

relationships between the powers and load acoustic impedance eventually shape the 234 

tendency of the electric power curve in Fig. 6. In all, adjusting the load resistance  235 

 236 

Fig. 7. Acoustic impedance of LAs #1 and #2 at different load resistance when mean pressure is 2.48 237 

MPa. 238 
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essentially changes the acoustic impedances of the LAs, which then determines the 239 

output capability of the engine, and further affects the generated electric power. 240 

 241 

Fig. 8. Output acoustic power of traveling-wave thermoacoustic engine vs load acoustic impedance 242 

at the connecting position of LAs. 243 

 244 
Fig. 9. Electric power and thermal-to-electric efficiency of traveling-wave thermoacoustic electric 245 

generator vs load acoustic impedance at the connecting position of LAs. 246 

3.3. Heating and heat release powers 247 

 The heating powers of the HHX and the heat release powers of the MAHX are 248 

shown in Fig. 10. The red and blue bars are the calculated results, and the connected 249 

points are the experimental ones. The tendencies of the experimental and calculated 250 

results agree well with each other. When decreasing the load resistance, the heating 251 

power and the heat release power both increase. This is because that the pressure 252 

amplitudes at lower load resistances are much larger, as illustrated in Fig. 3, and the heat 253 

transfer rates in the heat exchangers increase remarkably compared to that at larger load 254 

resistances. It is noted that the heating and heat release powers in the experiments are all 255 
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larger than that of the calculations. The deviations mainly result from the 256 

underestimated heat losses from the HHX in the modeling, including the heat radiation 257 

and convection to the air and the 2AHX through the TBT, and the heat conduction 258 

through the pipes and the REG. Moreover, we use backup heating elements to increase  259 

  260 

Fig. 10. Heating power and heat release power vs load resistance at different heating temperatures 261 

when mean pressure is 2.48 MPa. 262 

the heating power, which are installed in the periphery of the HHX. These backup 263 

heating elements have a much worse heating performance because of the longer heat 264 

conduction route. 265 

3.4. Energy losses 266 

According to the energy conservation principle, a part of the heating power is 267 

converted into the acoustic power in the REG, while the rest is taken away by the 268 

chilling water or dissipated by the heat losses. Some of the net generated acoustic power 269 

is converted into electric power by the LAs, and the rest is dissipated in the tubes, the 270 

heat exchangers and the LAs by various mechanisms, including the viscous effects, 271 

thermal-relaxation effects, Joule heat loss of the circuit, etc. Fig. 11 shows the 272 
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calculated dissipation distributions of the generated acoustic power when the heating 273 

temperature is 650 °C at 2.48 MPa. The experimental electric powers are also given for 274 

comparison, as indicated by the triangular symbols. As shown, the ratio of the electric 275 

power to the net generated acoustic power, i.e. the sum of all the dissipation losses and 276 

the electric power in Fig. 11, is relatively small at low load resistances, and becomes 277 

larger with the load resistance. This indicates that a large amount of the generated 278 

acoustic power is not converted into electric power but dissipated at small load 279 

resistances, which is because of the large pressure amplitudes as shown by the loss bars 280 

here and illustrated in Fig. 3. Therefore, it is effective to intensify the pressure 281 

oscillation and increase the acoustic power generation by decreasing the load resistance. 282 

However, only a small portion of the generated acoustic power is eventually converted 283 

into electric power under these conditions, which on the contrary limits the 284 

thermal-to-electric efficiency. 285 

As shown in Fig. 11, the resonator is the largest source of acoustic power 286 

dissipations, and is responsible for more than half of the total losses in the TEG. The 287 

losses in the resonator mainly include the viscous dissipations, thermal relaxation losses, 288 

minor losses and nonlinear losses, etc., and become more severe at large pressure 289 

amplitudes. When the TEG works at low load resistances, the pressure amplitudes are so 290 

large that a huge amount of acoustic power losses occur in the resonator. For example, 291 

when the load resistance is 20 Ω, the acoustic power loss in the resonator is up to 1253 292 

W, which takes up to 53% of the generated acoustic power according to the calculations. 293 

However, the generated electric power in the calculation at this working condition is 294 

only 176 W. When the load resistance is increased to 120 Ω, the acoustic power loss in 295 

the resonator decreases to 480 W, while the electric power reaches up to 503 W. It is 296 

indicated that the acoustic power losses and electric power generation can be effectively 297 

adjusted by varying the load resistance. 298 

According to the calculations, the losses in the feedback tube and the TBT are also 299 

very remarkable due to the large surface areas in these tubes. It’s worth noting that the 300 

acoustic power loss in the HHX is even larger than that in the TBT. When the load 301 

resistance is adjusted from 20 Ω to 280 Ω, the loss in the HHX takes up to about 7%~9% 302 

of the total generated acoustic power. The main reason is that the oscillating velocity 303 
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through the HHX is very large due to the small open area and the high temperature. The 304 

peak velocity is up to 10~20 m/s, which is more than double that of the TBT. Besides, 305 

the length of the HHX is designed relatively long to supply sufficient heating power, 306 

which causes additional loss. From this perspective, the geometric dimensions of the 307 

HHX need to be optimized to decrease the acoustic power loss and enhance the heat 308 

transfer performance. The acoustic power losses in the AHXs are much smaller due to 309 

the much shorter lengths and lower velocities. The losses from the LAs mainly result 310 

from the mechanical frictions of the pistons and the Joule heating in the coils. The 311 

mechanical loss of the LAs increases with the load resistance, due to the increase of the 312 

piston displacements and oscillating velocities, as shown in Fig. 4. On the contrary, the 313 

Joule heat loss of the LAs becomes larger when reducing the load resistance, due to the 314 

variation trend of the current as shown in Fig. 5. 315 

In all, the acoustic power dissipation in the resonator is dominant in the TEG, and 316 

has a serious negative effect on the thermal-to-electric efficiency. Effective measures 317 

should be explored to decrease the huge acoustic power loss in the long resonator. 318 

Possible approaches include optimizing the shape of the resonator, smoothing the 319 

internal surface of the resonator, and even replacing the resonator with LAs having 320 

enough swept volume or with pistons driving crank-rod mechanisms. 321 

 322 

Fig. 11. Dissipation distributions vs load resistance when the heating temperature is 650 °C at 2.48 323 

MPa. 324 
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3.5. Thermal-to-electric efficiency 325 

The variation trends of the thermal-to-electric efficiency with the load resistance are 326 

shown in Fig. 12. As shown, the tendencies of the calculated efficiencies agree with the 327 

experimental results within the whole range of interest. For example, when the heating 328 

temperature is 450 °C, the calculated efficiency increases with load resistance below 329 

200 Ω, and then has a rapid decrease when load resistance exceeds 200 Ω. The 330 

experimental result has the same tendency. It is also found that the optimal resistance to 331 

reach the highest efficiency gets higher with the heating temperature. When the heating 332 

temperature is higher than 450 °C, the optimal load resistances for the 333 

thermal-to-electric efficiency increase to more than 280 Ω. Compared with Fig. 6, the 334 

optimal load resistances needed for the efficiency are much larger than that for the 335 

electric power. This is because the optimal real acoustic impedance for 336 

thermal-to-acoustic efficiency is smaller than that for output power, as shown in Fig. 13, 337 

which means the required load resistance is much larger. Besides, the 338 

acoustic-to-electric efficiency of the LAs stays stably at around 90%. As a result, when 339 

increasing the load resistance from 100 Ω to 220 Ω, the thermal-to-acoustic efficiency 340 

as well as the overall thermal-to-electric efficiency both increase as the corresponding 341 

real acoustic impedance decreases, as denoted by the shadow area in Fig. 13 and Fig. 9. 342 

In the experiments, the acoustic impedance can not reach the optimal value, as shown in 343 

Fig. 9, due to the limited adjustable range of the load resistance for ensuring the 344 

displacements and the currents in the safety ranges. So the efficiency fails to reach its 345 

maximum value in the experiment when the heating temperature is 650 °C, as shown in 346 

Fig. 12. Therefore, the directions for designing, optimizing the TEG can be clearly 347 

shown by the acoustic impedance analysis method. 348 

The thermal-to-electric efficiencies at low load resistances are very limited due to 349 

the huge viscous dissipations caused by the large pressure amplitude inside the system, 350 

as discussed before. It is apparently shown that there still exists a large efficiency 351 

discrepancy between calculations and experiments. In experiments, the obtained highest 352 

thermal-to-electric efficiency at 2.48 MPa is 14.5% when the heating temperature is 353 

650 °C, but the corresponding calculated result under this working condition is 24.7%. 354 
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 355 

Fig. 12. Thermal-to-electric efficiency vs load resistance at different heating temperatures when mean 356 

pressure is 2.48 MPa. 357 

 358 

Fig. 13. Thermal-to-acoustic efficiency of traveling-wave thermoacoustic engine vs load acoustic 359 

impedance at the connecting position of LAs. 360 

 361 

The deviations mainly result from the underestimated heat losses and the limited 362 

heating performance of the HHX, as analyzed above in Fig. 10. Besides, the losses 363 

caused by the membrane above the MAHX have not been included yet in the 364 

calculation. 365 

3.6. Effects of mean pressure and heating temperature 366 

As analyzed above, the generated electric power can be increased significantly by 367 

increasing the driving pressure amplitude of the LAs for a given load resistance. Thus, 368 

increasing the heating temperature and the mean pressure to enhance the pressure 369 

oscillations are both beneficial for the electric power generation. In the experiments, the 370 
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heating temperature is limited within 650 °C for safety reasons. Fig. 14 shows the 371 

relationships between the maximum electric power, the highest thermal-to-electric 372 

efficiency, and the heating temperature when the mean pressure is 2.48 MPa and 3.20 373 

MPa, respectively. The electric powers and the efficiencies are both approximately in 374 

linear relationships with the heating temperature but with different slopes. The electric 375 

power is much more strongly affected by the heating temperature. For example, the 376 

electric power is only 170.9 W when the heating temperature is 450 °C with the mean 377 

pressure of 2.48 MPa in the experiments, while it reaches 473.6 W when increasing the 378 

heating temperature to 650 °C. The slope of the electric power at 2.48 MPa is 1.51 W/K 379 

in the experiments, and that in the calculation is 1.41 W/K. The thermal-to-electric 380 

efficiency increases from 10.8% to 14.5% when the heating temperature is increased 381 

from 450 °C to 650 °C in the experiments. The calculation shows that the electric power 382 

can be increased significantly when the mean pressure is increased from 2.48 MPa to 383 

3.20 MPa to increase the output capacity of the engine, as the driving pressure 384 

amplitude and the power density both increase. When the mean pressure is 3.20 MPa, 385 

the electric power at 650 °C reaches up to 776.5 W, with an increase of 54.2% compared 386 

to that of 2.48 MPa, according to the calculations. The calculated slope is increased to 387 

2.16 W/K, showing an increase of 53.2%. Efficiency is also improved to some extent, 388 

but not as much as that of the electric power. Hence, increasing the mean pressure so as 389 

to increase the power density is an effective way of improving the performances of the 390 

TEG. 391 

  392 
Fig. 14. Electric power and thermal-to-electric efficiency vs heating temperature at mean pressures of 393 

2.48 MPa and 3.16 MPa.  394 
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3.7. Further improvements through torus-LAs direct-coupling design 395 

 As analyzed above, the long gas resonator in traditional traveling-wave 396 

thermoacoustic engines brings about huge acoustic losses and makes the system less 397 

compact. One of the effective approaches to improve the system is to replace the 398 

resonator with mass-spring components with a sufficiently large swept volume, such as 399 

LAs. The configuration is similar to that in Fig. 1, but without the resonator. In the 400 

following section, a pair of LAs with appropriate acoustic characteristics is designed to 401 

directly couple with the aforementioned thermoacoustic torus to investigate the 402 

potentials of performance improvements through this approach.  403 

 In the traveling-wave thermoacoustic engine, the torus is essentially an acoustic 404 

compliance and transfers energy between the inertance part periodically, i.e. the gas 405 

resonator in traditional system, or the LAs in the torus-LAs direct-coupling design. The 406 

working frequency is mainly determined by magnitudes of the compliance and inertance. 407 

For the traveling-wave TEG shown in Fig. 1, the inertance impedance coupled to the 408 

torus, which is the combination of the acoustic impedances of the LAs and the gas 409 

resonator, stays almost constant at 0.572 MPa·s/m
3
 whatever the load resistances are 410 

when it is at 2.48 MPa and 650 °C according to the calculations. This is because the 411 

inertance part of the gas resonator is only about one-tenth of the inertance of the LAs, 412 

and thus more dominant when they are coupled in parallel. As a result, the frequency 413 

also stays stably around 66 Hz. For the convenience of the comparisons, the working 414 

conditions in the design are set the same as that of the old system: the mean pressure, 415 

heating temperature and working frequency are fixed at 2.48 MPa, 650 °C and around 416 

66 Hz, respectively. This means that the inertance impedance of the LAs in the new 417 

design should be 0.572 MPa·s/m
3
 to maintain this frequency. 418 

 The requirements for the real acoustic impedance to directly couple with the 419 

thermoacoustic torus are then calculated, as shown in Fig. 15. The imaginary acoustic 420 

impedance is fixed at 0.572 MPa·s/m
3
, and the operating frequency is thus around 66 421 

Hz, which is shown in Fig. 16. As shown in Fig. 15, the required real acoustic 422 

impedance to get an optimal output acoustic power from the torus is about 0.0167 423 

MPa·s/m
3
, while that for the efficiency is much larger, i.e. around 0.0361 MPa·s/m

3
. To 424 
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reach a balance between acoustic power and efficiency, the reasonable real acoustic 425 

impedance of the LAs is within the two optimal values. 426 

   427 

Fig. 15. Dependences of output performances of thermoacoustic torus and the torus-LAs direct-coupling 428 

thermoacoustic electric generator on real acoustic impedance of acoustic load. 429 

 Aside from the above requirements of the frequency and the acoustic impedances, 430 

the volume flow rate is another important parameter that determines whether the 431 

acoustic load can match the torus. For example, low-voltage electronic devices can 432 

never be used in high-voltage circuits even if the electrical impedances are appropriate 433 

for the circuits. Therefore, the requirements for the volume flow rate of the 434 

thermoacoustic torus are calculated and shown in Fig. 16. The required volume flow 435 

rates are 0.44 m
3
/s and 0.19 m

3
/s respectively when the maximum acoustic power and 436 

thermal-to-acoustic efficiency are achieved, as shown by the points A and B. The large 437 

volume flow rate mainly results from the low power transfer capability of the 438 

standing-wave acoustic field at the output port of the torus as shown by blue dotted line 439 

in Fig. 16. 440 

 441 

Fig. 16. Dependances of output volume flow rate, phase difference and operating frequency on real 442 

acoustic impedance of acoustic load. 443 
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 Compared with the real acoustic impedance of the LAs #1 and #2 shown in Fig. 7, 444 

the required one for the torus-LAs direct-coupling design is smaller by three orders of 445 

magnitude. Besides, the maximum volume flow rate supplied by the LAs #1 and #2 is 446 

only 0.01 m
3
/s, which is far less than the required one of the torus, as analyzed above. 447 

Therefore, the piston diameters and displacements of the new LAs should be much 448 

larger. A pair of commercial LAs (Qdrive 2s241PWG) is chosen to meet the 449 

requirement of volume flow rate [29]. In order to adjust the acoustic impedance to the 450 

desired range, the moving mass, piston area, and back volume of the LAs have been 451 

modified correspondingly, which are practically feasible. The parameters of the 452 

modified LAs are listed in Table 2 too. The calculated acoustic impedances of the 453 

modified LAs at about 66 Hz are shown in Fig. 17. As shown, the imaginary acoustic 454 

impedance is close to 0.572 MPa·s/m
3
, and the real one can be adjusted to be within the 455 

required range. It indicates that the modified acoustic impedance is appropriate for 456 

coupling with the torus. 457 

 458 

Fig. 17. Acoustic impedance of the modified Qdrive 2s241PWG at different load resistance when mean 459 

pressure is 2.48 MPa. 460 

 By adjusting the outlet impedance of the thermoacoustic torus and the inlet 461 

impedance of the LAs to be the same, the two sub-units can then be coupled in the 462 

model. As analyzed above, the volume flow rate should be checked to ensure whether 463 

the LAs meet the requirements. Fig. 18 shows the pressure amplitude, displacement, 464 

and volume flow rate of the torus-LAs direct-coupling TEG. The displacement and the 465 

volume flow rate are equivalent and can be converted to each other. As shown, the 466 

volume flow rate is within 0.41 m
3
/s at the range of interest. The corresponding 467 
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displacements of the LAs are within 13 mm, which are reasonable values and indicate 468 

that the volume flow rates of the sub-units match each other. Therefore, the modified 469 

LAs are appropriate for coupling with the torus from all the three key aspects of 470 

matching: frequency, acoustic impedance, and volume flow rate. 471 

Fig. 19 and Fig. 20 show the electric power and thermal-to-electric efficiency of the 472 

torus-LAs direct-coupling TEG at different load resistances, respectively. The 473 

dependance of the electric power and the efficiency of the system on the corresponding 474 

acoutic impedance are given in Fig. 15. As shown in Fig. 19, the calculated maximum 475 

output electric power reaches 718 W at 150 Ω when the mean pressure is 2.48 MPa, 476 

corresponding to an increase of 42.6% compared with the old design. However, as the 477 

LAs are not originally designed for this application, the acoustic-to-electric efficiency 478 

after the modifications is very limited, especially at high load resistances, as shown in 479 

Fig. 20. For example, when the system works at its most powerful output point, the 480 

corresponding acoustic-to-electric efficiency is only 50.7%. Besides, as the conversion 481 

efficiency of the LAs is even lower at larger load resistances, i.e. lower real acoustic 482 

impedance as shown in Fig. 15, a larger amount of the output acoustic power of the 483 

torus is not converted into electric power but dissipated by the LAs. As shown in Fig. 20, 484 

the highest thermal-to-electric efficiency is about 25%, which is comparable with the 485 

results of the old design even though the acoustic-to-electric efficiency of the LAs is 486 

very limited. Except from the low conversion efficiency of the LAs, another reason for 487 

the low thermal-to-electric efficiency at larger load resistances is the larger pressure 488 

amplitudes inside the system, which means that the dissipations in the torus also 489 

become larger, as shown in Fig. 18.  490 

The performances of the system at a mean pressure of 3.20 MPa are also predicted, 491 

though the LAs are initially designed to couple with the torus at 2.48 MPa. The 492 

frequency increases from about 66.2 Hz to about 72.5 Hz, due to the decrease of the 493 

torus compliance with the mean pressure. The maximum electric power reaches 1005 W, 494 

while the result of the old design is only 776.5 W. The maximum thermal-to-electric 495 

efficiency at 3.20 MPa is similar to that at 2.48 MPa. The required load resistance for 496 

the same efficiency at 3.20 MPa is a littler smaller. A large space is still left for 497 

improving the output electric power and efficiency if more efficient LAs are specifically 498 
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designed to couple with the thermoacoustic torus. For example, if the efficiencies of the 499 

LAs are increased to 85% at the most powerful and the most efficient points of the 500 

system, the electric power and the overall efficiency can be increases up to 1204 W and 501 

31.2% at 2.48 MPa respectively. 502 

 503 

Fig. 18. Pressure amplitude, displacement, and volume flow rate of the torus-LAs direct-coupling 504 

thermoacoustic electric generator. 505 

 506 

Fig. 19. Electric power of the torus-LAs direct-coupling thermoacoustic electric generator.  507 

 508 

Fig. 20. Thermal-to-electric efficiency of the torus-LAs direct-coupling thermoacoustic electric generator. 509 
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4. Conclusions 510 

 A traveling-wave thermoacoustic electric generator capable of generating about 500 511 

W electric power are numerically and experimentally studied. The performances of the 512 

system are predicted and tested at different working conditions. The important 513 

parameters, including pressure amplitude, displacement, electric power, 514 

thermal-to-electric efficiency, etc., are presented in detail and analyzed systematically. 515 

The optimal load resistances for the electric power are around 100 Ω~120 Ω, while 516 

those for the thermal-to-electric efficiency are much larger. The in-depth analysis from 517 

the perspective of acoustic impedances shows that the difference results from the 518 

different requirements for the acoustic impedances of the linear alternator to obtain the 519 

optimal power and efficiency. The distributions of power dissipations of the system are 520 

firstly illustrated quantitatively. It is shown that the acoustic power dissipations in the 521 

resonator are the dominant losses, especially at low load resistances. The acoustic power 522 

dissipations in the hot heat exchangers, thermal buffer tube, and the feedback tube are 523 

also very significant. As predicted, the acoustic power generation can be effectively 524 

improved by increasing the heating temperature and the mean pressure. Till now, the 525 

maximum electric power and the highest thermal-to-electric efficiency achieved 526 

experimentally at 2.48 MPa are 473.6 W and 14.5%, respectively. To further improve 527 

the performances, a pair of large commercial linear alternators are modified to couple 528 

with the thermoacoustic torus directly in numerical study. The calculated results indicate 529 

that the performance can be greatly improved after replacing the gas resonator with 530 

linear alternators, showing the great potential of the torus-LAs direct-coupling 531 

thermoacoustic electric generators.  532 
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