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ABSTRACT 

We propose an automobile muffler by using thermoacoustic phenomena. There are two mechanisms when the sound energy is 

converted to the heat energy. One is the heat exchange between the stack wall and fluid particle. The other is the viscous dissipation 

in the stack. Results of previous studies have shown that the silence effect achieves a better effect using both of energy conversion 

mechanisms. This study measures the silence characteristics of frequency and the temperature difference to assess the effectiveness 

of the multistage stack method. The multistage stack method is that of separating the sources into two stacks. Results show that we 

succeed in efficiency improvement of the silencing effect by low input driving of the system. 

 

INTRODUCTION 

Thermoacoustis systems1–6 are driven by thermoacoustic 

phenomena7–8 is energy conversion between heat energy and 

sound energy. There systems have various advantages (i.e. to 

derive driving energy from various waste heat and mainten-

ance free with no moving part). Therefore there systems have 

attracted attention as a global warming countermeasure tech-

nology, various researches are advanced. Especially, in this 

research, we focous on silence system by using waste heat 

from the automobile. 

Thermoacoustic silence system6 provide various advan-

tages for automobile mufflers. For example, this system can 

derive driving energy from engine waste heat and can re-

duced weight of mufflers. Because the silencing effect is 

caused by using thermoacoustic phenomena occur in a stack 

of small devise. The stack consists of many narrow channels 

less than 1 mm. In the stack, the sound energy is converted to 

the heat energy. This silence system is realized by this energy 

conversion. Recently, conventional mufflers have come to 

weigh more than 5 kg to attenuate low-frequency waves9. An 

acoustic automobile muffler will have greatly reduced weight 

and increased fuel economy by the system is used practically. 

Conversion from sound to the heat results from two me-

chanisms in thermoacoustic silence systems. One is heat 

exchange between the stack wall and fluid particle, the other 

is the viscous dissipation in the stack. In the loop tube, visc-

ous dissipation is treated as a loss. However, in the silence 

system, viscous dissipation contributes to the silence effect. 

Therefore, in the silence system, both heat exchange and 

viscous dissipation are necessary. It is necessary to increase 

the input heat energy to take the effect of the heat exchange. 

At the same time, The infulence by the viscous dissipation 

becomes effective by the multistage stack method. This study 

measures the silence characteristics of frequency and the 

temperature difference to assess the effectiveness of the mul-

tistage stack method. 

 

THEORY 

Thermoacoustic phenomena 

In general, when a sound waves passes through free 

space, fluid particles of the sound wave propagation medium 

undergo an adiabatic change. However, when sound waves 

pass through a narrow channel, fluid particles undergo an 

isothermal change. This isothermal change results from the 

relation between the period of the sound wave and the ther-

mal relaxation time. When the thermal relaxation time τ is 

faster than the sound wave period, heat exchange occurs be-

tween stack wall and fluid particles. This condition of iso-

thermal change is shown as the nondimensional parameter 

ωτ8,10–12, which is the ratio of the cycle time to the thermal 

relaxation time. The time necessary for heat exchange to take 

place between fluid particles and the stack wall varies consi-

derably according to ωτ. 
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Therein, ω represents the angular frequency of the sound 

wave, α denotes the coefficient of thermal diffusivity, and r 

stands for the stack’s channel radius. When thermal relaxa-

tion time τ is much shorter than the oscillation cycle of the 

fluid particle (ωτ <<1), thermal relaxation occurs almost as 

soon as the sound pressure changes. Therefore, heat exchange 

between the fluid particle and stack wall happens instanta-

neously. From equation 1, realizing good heat exchange ne-

cessitates narrowing the channel radius or increasing the 

coefficient of thermal diffusivity by increasing the tempera-

ture. 

 

Thermoacoustic system 

Figure 1 presents a diagram of a thermoacoustic silence 

system (a) and energy flow in acoustic tube (b). As shown in 
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Fig. 1, Tr is kept at room temperature by circulating water, Th 

is kept at high temperature by a heat exchanger. There, ∆I 

signifies the work flow and ∆Q stands for the heat flux. New 

energy is not produced in the stack if there is no heat move-

ment other than the heat exchanger. Therefore, work flow 

and heat flux have equality8,10. In this regard, no propagation 

loss of the sound wave exists. 

QI ∆∆ =    Eq. 2 

In other words, conversion between work flow and heat flux 

is a thermoacoustic phenomenon. Attenuation and amplifica-

tion of sound power results from this conversion. When the 

sound wave is inputted to the stack of the high-temperature 

side, the sound energy is attenuated. When the sound wave is 

inputted the stack of low temperature side, the sound energy 

is amplified. 

In fact, there is propagation loss and viscous dissipation 

in the stack. Therefore, the attenuation effect is stronger than 

the amplification effect. Under the amplification effect, the 

sound energy is amplified by the heat exchange even though 

it is attenuated by viscous dissipation. However, under the 

attenuation effect, sound energy is attenuated by both effects 

(Fig. 2). 
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(a) Diagram of thermoacoustic silence system

(b) Energy flow in acoustic tube  
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Sound intensity in the travelling wave field 

Sound intensity is the sound energy per unit time and per 

unit area. It is represented by equation 3. 

φcospuI =    Eq. 3 

In that equation, I stands for sound intensity, p represents 

amplitude of sound pressure, u signifies the amplitude of the 

particle velocity, and φ  denotes the phase difference between 

the sound pressure and particle velocity. For a travelling 

wave field (cos φ=1), the sound intensity is represented as the 

product of sound pressure and particle velocity. Furthermore, 

for acoustic impedance with Z0, the sound intensity is 

represented by equation 4. 

0

2

Z

p
I =    Eq. 4 

Therefore, in a travelling wave field, the ratio of sound inten-

sity is a duplicate ratio of two sound-pressure values. 
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G =    Eq. 5 

In this equation, G signifies the change of sound intensity, 

Pout is the sound pressure of the stack passage after, and Pin 

represents the sound pressure of the stack passage before. 

Ideal attenuation ratio 

First, discussion of the ideal amplification ratio is neces-

sary before discussion of attenuation. When the room tem-

perature side of the stack is held at Tr K and the high-

temperature side is held at Th K, then the ideal amplification 

ratio G is represented as equation 67,10–11. 
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From equation 6, without viscous dissipation, the ideal ampli-

fication ratio is determined with both ends temperature ratio 

on the stack. 

In contrast, the input and output trade places in the case 

of attenuation. Then, the ideal attenuation ratio will be 

represented by both ends’ temperature ratio. However, it is 

predicted that attenuation ratio will exceed the temperature 

ratio by the viscous dissipation effect. 

 

 

 

EXPERIMENTAL METHOD (single stack) 

Figure 3 presents the experimental setup. An 8-m-long 

stainless tube with 42 mm inner diameter was used. An elec-

trodynamic full-range speaker is connected at one end of the 

tube. A stack is placed in the tube 1 m distant from the 

speaker. The 10-mm-long stack has many tightly piled up 

stainless-steel screen meshes (mesh size and channel radius 

of #40: 0.45 mm). At the speaker-side of the stack, an electric 

heater is placed as a hot heat exchanger. The temperature of a 

cold heat exchanger at the counter-speaker-end of the stack is 

maintained using circulating water. These heat exchangers 

create a temperature difference in the stack. 

A single sine wave is transmitted from the speaker; the 

sound pressure after passing through the stack is measured 

using a probe microphone (4182; Bruel & Kjaer) set 2.0 m 

distant from the speaker. 

Fig. 1 Silence theory with thermoacoustic silence system. 

Fig. 2 Influence on sound intensity by viscous dissipation. 
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The temperature difference created in the stack is set to 0 

K, 200 K, and 400 K by varying the heat energy supplied to 

the heater. The low temperature is 300 K; high temperatures 

are 500 K and 700 K. The sound pressure before passing 

through the stack is defined as the reference sound pressure. 

The rate of sound pressure change of the sound pressure 

after passing through the stack with a temperature difference 

is calculated based on the reference sound pressure amplitude. 

The frequencies of the sound transmitted from the speaker 

are from 50 Hz to 1000 Hz. The rate of sound pressure 

change and the rate of sound intensity change are calculated 

for each frequency. 
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Fig. 3 Schematic of the experimental system with single stack. 

 

 

 

RESULTS and DISCUSSION (single stack) 

Figure 4 presents frequency characteristics of the ther-

moacoustic silencer. At the maximum, the sound intensity 

was attenuated to 42%. Figure 4 shows that this silencer easi-

ly attenuates low-frequency waves. The result shows that 

good heat exchange is achieved at low sound frequencies. 

This result indicates that good heat exchange occurred when 

ωτ is smaller with low frequency. Regarding the silencer that 

used general sound absorption material, a high frequency 

shows a good effect. On the other hand, an important charac-

teristic of this system has a high effect to low frequency. The 

discharge sound of the automobile is a low spectrum. There-

fore, the utility of this system is indicated. However, it is said 

that the frequency of discharge sound is 50–500 Hz. Expan-

sion of the silence frequency is necessary. 

To silence a high-frequency wave, a stack with a smaller 

channel radius is necessary or the amount of heat energy 

input into stack must increase. 

From equation 6, an ideal attenuation ratio is assumed. 

When the temperature ratio is 3:5 (i.e. the temperature differ-

ence is 200 K), then G is about 0.6. When the ratio is 3:7 (i.e. 

the temperature difference is 400 K), then G is about 0.43. 

Silence action has realized a nearly ideal attenuation ratio in 

this experimental system. However, as described in an ideal 

attenuation ratio, the attenuation action will exceed the tem-

perature ratio by a viscous dissipation effect. Additionally, it 

is expected that the attenuation ratio will be 0.36 to set up 

two stacks of input heat energy 40 W. We designate a method 

of separating the sources into two stacks using a multistage 

stack method. The silencing efficiency of the thermoacoustic 

silence system is improved if the multistage stack method is 

adopted. 
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Fig. 4 Relation between temperature difference and the rate 

of sound intensity change (single stack). 

 

 

EXPERIMENTAL METHOD (double stack) 

Figure 5 presents the experimental setup. A stack is 

placed in the tube 1 m and 1.5 m distant from the speaker. 

Other experimental conditions follow the description in a 

previous chapter. 

A single sine wave is transmitted from the speaker; the 

sound pressure after passing through the stack is measured 

using a probe microphone (4182; Bruel & Kjaer) set 2.0 m 

distant from the speaker. 
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Fig. 5 Schematic of the experimental system with a double 

stack. 

 

 

 

RESULTS and DISCUSSION (double stack) 

Figure 6 presents frequency characteristics of a single 

stack and double stack. We specifically examine data of a 

single stack with 100 W and a double stack with 40 W. De-

spite the low input energy, the double stack more effective 

than single stack. These results indicate that the thermoacous-

tic silencer has high efficiency with a low driving tempera-

ture. The maximum effect is achieved in response to the input 

heat energy altering the number of stacks. 

Using equation 6, the attenuation ratio is calculated. 

When the temperature ratio is 3:5 in cases with a double 

stack, G is about 0.36. However, by the experiment result, the 

silence effect reaches 0.25 at the maximum. Similarly, when 

the ratio is 3:7, G is about 0.18. In response, the experiment 

result reaches 0.11. Table 1 shows the calculated temperature 

ratio. The experimental results are shown for a frequency of 

50 Hz. These results show that the silence effect is given both 

exchange and viscous dissipation. Additionally, the stack of 

causing viscous dissipation is set up: two stacks might make 
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the double-stack method more effective than the single-stack 

method. 

In this experiment, we were silenced to 0.11 at the maxi-

mum with 200 W. However, further improvement of the 

silence effect is necessary for practical use of this silencer. 

In this experiment, no sound field change takes place. 

However, multistage setup stacks are expected to influence 

the sound field in an acoustic tube. Therefore, examination of 

the control of the sound field is thought to be necessary if a 

multistage stack method is adopted because the energy con-

version efficiency of thermoacoustic phenomena is strongly 

affected by the sound field in the acoustic tube8,10,14–15. 
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Fig. 6 Relation between temperature difference and the rate 

of sound intensity change (double stack). 

 

 

Table 1 Comparation with assumed temperature ratio and 

experimental results. 

Frequency

50Hz

Tr/Th

(∆T=200K)

experimental

result

Tr/Th

(∆T=400K)

experimental

result

single stack 0.60 0.61 0.43 0.42

double stack 0.36 0.25 0.18 0.11  
 

 

CONCLUSION 

This paper describes an experiment to improve the silenc-

ing efficiency of a thermoacoustic silencer. First, the fre-

quency characteristic is measured and the silence effect is 

evaluated. Results showed that the utility of this system is 

indicated by the silence effect of low frequency and a multis-

tage stack method is applied. The silence effect improvement 

was confirmed using a multistage stack method. This im-

provement is thought to be benefited by silence effects 

caused by heat exchange and viscous dissipation. However, 

improvement of the silence effect is imperative for the prac-

tical use of this system. Further examination will be neces-

sary. 

 

 

REFERENCES 

1 G. W. Swift, “Thermoacoustic Engines and Refrigera-

tors,” Physics Today, pp. 22-28, July, 1995. 

2 S. Backhaus and G.W. Swift, “A thermoacoustic Stirl-

ing heat engine,” Nature, vol. 399, pp. 335-338, May, 

1999. 

3 T. Yazaki, T. Biwa, and A. Tominaga, “A pistonless 

Stirling cooler,” Appl. Phys. Lett., vol. 80, no. 1, pp. 

157-159, Jan. 2002. 

4 S. Sakamoto and Y. Watanabe, “The experimental stu-

dies of thermoacoustic cooler,” Ultrasonics, vol. 42, pp. 

53-56, 2004. 

5 S. Sakamoto, Y. Imamura, and Y. Watanabe, “Im-

provement of Cooling Effect of Loop-Tube-Type 

Thermoacoustic Cooling System Applying Phase Ad-

juster,” Jpn. J. Appl. Phys., vol. 46, no. 7B, pp. 4951-

4955, 2007. 

6 S. Sakamoto, D. Tsukamoto and Y. Watanabe, “New 

approach of silencer based on the thermoacoustic ef-

fect” Proceedings of Symposium on Ultrasonic Elec-

tronics, Vol. 30, pp.123-124(2009). 

7 P. H. Ceperley, “Gain and efficiency of a short travel-

ing wave heat engine,” J. Acoust. Soc. Am., vol. 77, no. 

3, pp. 1239-1244, 1985. 

8 T. Yazaki, A. Iwata, T. Maekawa, and A. Tominaga, 

“Traveling Wave Thermoacoustic Engine in a Looped 

Tube,” Phys. Rev. Lett., vol. 81, pp. 3128-3131, 1998. 

9 R. Ichimiya, Koredewakaru seionkataisaku, (Japan) pp. 

149-156,235-245 

10 A. Tominaga, “Thermodynamic Aspects of Thermoac-

oustic Theory,” Cryogenics, vol. 35, pp. 427-440, 1995.  

11 P. H. Ceperley “Gain and efficiency of a short traveling 

wave heat engine,” J. Acoust. Soc. Am. vol. 77, no. 

1239, 1985. 

12 Y. Tsuji, S. Sakamoto, T. Ishino, Y. Watanabe, and J. 

Senda, “How to Design a Thermoacoustic System Con-

sidering the Relaxation time τ: Introduction of Parame-

ter ωτ to Determine the Position of Stack –,” Jpn. J. 

Appl. Phys., vol. 47, no. 5, pp. 4231-4234, 2008. 

13 Y. Ueda and T. Biwa,” Efficiencies of a Pulse Refrige-

rator and Heat-driven Thermoacoustic Cooler,” JOI 

JST.JSTAGE/jcsj/41.73. 

14 Y. Ueda, “Travelling-Wave Thermoacoustic Refrigera-

tor,” JSME B vol. 73, no. 727, pp. 839-846, 2007-03-25. 

15 T. Biwa, “Experimental demonstration of thermoacous-

tic energy conversion in a resonator,” Physical Review 

E 69, 066304 (2004). 


