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ABSTRACT: The present paper describes the influence of the temperature distribution in the stack of a standing-wave 

thermoacoustic system on the energy conversion. The stack is heated at one end in the conventional thermoacoustic system. 

Since the temperature distributes weighted at the heated side in this method, the stack only partially contributes to the energy 

conversion. Hence, by newly placing a heater at the center of the stack, the method to make the whole stack contribute to the 

energy conversion is presented. The experiment is carried out by changing only the input to the heater at the center under the 

restriction of constant temperature at both ends of the stack. As the result, the temperature gradient produced uniform in the 

stack is confirmed to make twice the amount of the energy conversion comparing with the case of one-side heating. The 

contributing factor for this is surmised to be the realization of the energy conversion over the entire stack.  From these results, 

it is suggested that the heating at the center of the stack is effective for enhancing the energy conversion.  

INTRODUCTION 

A thermoacoustic system is the system to apply the thermoacoustic phenomenon that is a mutual conversion between the 

thermal energy and the acoustic energy (work-flow). In a sound wave propagating in a free space, a heat exchange generally 

does not occur between the medium and the parcel of air [1-7]. However, in a sound propagating through a flow path much 

narrower than the wave length of the sound, the heat exchange takes place between the flow path wall and the parcel of air. 

In a thermoacoustic system, the thermoacoustic phenomenon is realized using a device called stack which consists of the 

bundle of very narrow flow paths. When a steep temperature gradient is formed in the stack installed in a circular tube, a 

sound wave is generated. The generated sound can be utilized for electric generation and refrigeration [8-9]. Because the 

thermoacoustic system is an external-combustion engine, it can effectively utilize unused energies such as exhaust heat from 

factories and solar light [5,10-11]. Since the harmful materials such as chlorofluorocarbon and carbon dioxide are never 

released, it is also a system safe for the environment [12-16]. Furthermore, because of no mechanical moving parts, it is 

maintenance-free. In spite of such advantages, its actual use is rarely exemplified. As the reasons for the difficulty to use, the 

low energy conversion efficiency and the high temperature for starting oscillation are pointed out. 

Since the enhancement of the energy conversion efficiency is the essential requirement for the actual use of the thermoacoustic 

system, the influences of various parameters have been investigated for improving the efficiency. In particular, many 

investigations have been made on the  stack which is a key device for the thermoaoustic conversion [17-18]. However, they 

almost have discussed considering the temperatures only at both ends. The influence of the temperature in the stack has been 

scarcely treated. Since the thermoacoustic phenomenon arises due to the volume change accompanied by the thermal 

expansion or compression during the displacement of the fluid along the temperature gradient, the distribution of the 

temperature in the stack significantly affects the conversion efficiency [19-20]. Consequently, from the view point of the 

enhancement of the conversion efficiency, the temperature distribution in the stack must be investigated [21]. In the 

conventional thermoacoustic system, the technique to heat only one end of the stack is much more common. Since the 

temperature distributes weighted at the heated side in this method, the cold end of the stack is assumed to scarcely contribute 

to the energy conversion [19-20]. Hence the present paper proposes the heating in the stack. Namely, by adding a heat source 

also in the stack in order to produce a temperature gradient at the cold end side of the stack, the full use of the whole stack is 

attempted through the promotion of the energy conversion at the cold end side of the stack. 

From the view point that a thermoacoustic phenomenon is a phenomenon related to the temperature, the influence of the 

temperature distribution in the stack on the energy conversion is discussed in this paper. The experiment is carried out by 
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setting a heater in the stack whose temperature distribution is actively changed. Furthermore, not only the total amount of the 

work-flow generation but also the work source in the stack is evaluated.  

EXPERIMENTS 

The experimental system is illustrated in Figure 1(a). The coordinate x with the origin of x=0 [mm] set at the left end of the 

system is defined. A standing-wave thermoacoustic system closed at both ends of a 2500 mm total length and a 42 mm inner 

diameter is used. The working fluid is atmospheric pressure air. The stack is installed at the position 1100 mm from the left 

end of the system. A honeycomb ceramics with a 0.35 mm flow-path radius and a 50 mm length is employed for the stack. 

The schematic view of the stack is shown in Figure 1(b). By setting the normal temperature heat exchanger at the end of the 

stack (y = 0 [mm]) and the high temperature heat exchanger at another end (y = 50 [mm]), the temperature difference is given 

to the ends of the stack. In the present experiment, an electric heater wound in eddy shape is used for the high temperature 

heat exchanger. On the other hand, a fin shaped copper in which water is circulated is used for the normal temperature heat 

exchanger. Furthermore, by uniformly warming with the inner heater set on the cross-sectional surface at the center 

(y = 25 [mm]) of the stack, the center temperature TN of the stack is adjusted. In the present study, in order to investigate the 

influence of the temperature distribution on the energy conversion, the central temperature TN is elevated while keeping the 

temperatures TH at the hot end of the stack and TC at the cold end of the stack are kept constant at 773°K (500°C) and 293°K 

(20°C), respectively, by adjusting the heat exchangers. Temperatures at three points, both ends (TH, TC) and the center (TN) of 

the stack, are measured with K-type thermocouples. The sound pressure in the tube is measured with crystal-type pressure 

sensors (product of PCB Co.).  

RESULTS 

Figure 2 shows the distributions of the temperature in the stack under various conditions. To evaluate the temperature 

distribution in the stack, the ratio of the temperature TN measured at the center and the temperature  TM at the center of the 

straight line connecting the cold end temperature TC and the hot end temperature TH is defined as the normalized internal 

temperature Ti as shown below. 

𝑇M =  
𝑇H+𝑇C

2
，𝑇i = 

𝑇N

𝑇M

 
(1) 

Namely, Ti<1 means a convex downward distribution where the temperature gradient is larger at the hot end side of the stack, 

and Ti=1 means a linear distribution while Ti>1 means a convex upward distribution where the temperature gradient is larger 

at the cold end side of the stack. The sound field and the work-flow in the tube are calculated from the observed sound pressure 

using the transfer matrix method [22-23]. Here the work-flow is the energy quantity of the sound passing through a unit area 

in the sound field during a unit time and is expressed as follows [21] 

𝐼 =  
1

2
 𝑝  𝑢 cosφ 

(2) 

where p is the sound pressure, u is the particle velocity 

 

(a) Schematic of system 

 

(b) Schematic of stack 

Figure 1. Experimental system. 
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Figure 2. Temperature distribution in a stack. 

 

 

Figure 3. Distribution of sound pressure (Ti = 0.78). 

and  is the phase difference between the sound pressure and the particle velocity. The difference between the work-flows at 

the hot end and the cold end of the stack is defined as the work-flow generation quantity I. Figure 3 shows the sound field 

in the tube in the case that only the hot end of the stack is heated (Ti=0.78). From this figure, the sound wave is confirmed to 

be a standing wave with a wave length of the total tube length. The dependence of the work generation quantity I on the 

normalized internal temperature Ti is shown in Figure 4. This figure demonstrates that I is maximized in the case of Ti=1 

where the temperature distribution in the stack is linear, and I increases with Ti in the case of Ti<0 while I increase as Ti 

decreases in the case of Ti>0.  

DISCCUSION 

The influence of the heating in the stack on the quantity I of the work-flow generation is discussed. In the present study, I 

is changed by changing the temperature in the stack. That is, the temperature in the stack is assumed to affect the energy 

conversion. To focus attention on the temperature distribution in the stack, the work source distribution in the stack is 

calculated. Here the work source is the work volume per a unit time in a unit volume. In particular, the work source W T 

proportional to the temperature gradient is expressed as [21] 

𝑊ΔT =  
1

2
Re  

1

𝑇m

𝑑𝑇m

𝑑𝑥

 𝜒α − 𝜒ν 

 1 − 𝜒ν  1 − 𝜎 
𝑝 𝑢  

(3) 

 

where Tm is the time averaged temperature of the working fluid in the tube,  is the Prandtl number and χ,  is the parameter 

to express the degree of the heat exchange considering heat diffusion and viscosity of the fluid.  𝑝  is the complex conjugate 

of p. The work source represents the amplification degree of the work-flow. In the case of positive work source, the work-

flow increases. In the case of the negative one, the work-flow decreases. W T can be divided into the work source Wp that 

contributes to a traveling wave and the work source Ws that contributes to a standing wave. Wp and Ws are expressed as 
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𝑊p =  
1

2
Re  

 𝜒α − 𝜒ν 

 1 − 𝜒ν  1 − 𝜎 
 Re 𝑝 𝑢 

1
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𝑊s = −  
1

2
Im  

 𝜒α − 𝜒ν 

 1 − 𝜒ν  1 − 𝜎 
 Im 𝑝 𝑢 

1

𝑇m

𝑑𝑇m

𝑑𝑥
 

(5) 

Since Ws is dominant in the standing-wave thermoacoustic system, the discussion is carried on paying attention to Ws here. 

Figure 5 shows the work source Ws that contributes to the standing wave in the stack corresponding to the normalized internal 

temperature Ti. This figure shows that, when only the hot end of the stack is heated (Ti=0.78), although Ws is small near the 

cold end of the stack, Ws increase as it moves away from the cold end. Namely, it is seen that most of the energy conversion 

takes place at the hot end side of the stack and most of the cold end side of the stack does not contribute to the energy 

conversion. Next, when the inside of the stack is heated, the temperature at the center of the stack is elevated and Ws at the 

cold end side of the stack increases in the range of Ti<1. Further, since the generating amount of the work-flow is the value 

integrating the work source in the whole stack, the increase of WS with the elevation of Ti is reflected to the increase of the 

work-flow I. On the other hand, in the range of Ti>1, since Ws at the hot end side of the stack decreases, I decreases. 

Namely, although the energy conversion at the cold end side of the stack is promoted due to the heating of the inside of the 

stack in the range of Ti<1, the energy conversion at the hot end side of the stack is suppressed due to the heating of the inside 

of the stack in the range of Ti>1. It is supposed that the critical temperature distribution in the stack to reverse the promotion 

of the energy conversion at the cold end  

 

 

Figure 4. Relationship between Ti and I. 

 

Figure 5. Distribution of work source in a stack. 
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Figure 6. Distribution of βE in the stack.  

side of the stack to the suppression of the energy conversion at the hot end side of the stack is Ti=1, and the critical temperature 

distribution in the stack is the linear one. The influence of the temperature distribution in the stack on the work source is 

discussed next. From Eq. (5), it is known that Ws is proportional to the temperature gradient. As seen in Figure 2, since the 

heating in the stack enhances the temperature gradients at the cold end side of the stack, the work source increases there. 

However, an excessive heating in the stack lowers the temperature gradients at the hot end side of the stack and the work 

source decreases there. These results shows that, when the temperature gradient at the cold end side of the stack is created by 

heating inside the stack, the promotion of the energy conversion at the cold end side of the stack is realized. On the other 

hand, it is seen in Figure 5 that Ws at the cold end side of the stack is larger than Ws at the hot end side of the stack at a linear 

temperature gradient Ti=0.99. Ws is proportional to the temperature gradient. Then Ws should be uniform over the entire region 

of the stack. The cause is discussed using a coefficient of effective thermal expansion. The coefficient of effective thermal 

expansion is the coefficient of thermal expansion taking account of the degree of viscosity and heat diffusion. The coefficient 

of effective thermal expansion E in a standing-wave sound field is expressed as [21] 

𝛽E = −Im  
 𝜒α − 𝜒ν 

 1 − 𝜒ν  1 − 𝜎 
 

1

𝑇m

  
(6) 

Furthermore, from Eq. (3), Ws is proportional to E.The coefficient of effective thermal expansion E in the stack for various 

Ti is shown in Figure 6. E significantly depends on the temperature in the stack and is larger at the cold end side comparing 

with the hot end side in all cases. This means that the energy conversion can be performed more easily at the cold end side of 

the stack comparing with the hot end side of the stack because of easier thermal expansion and compression. Therefore it is 

surmised that, when the temperature gradient is created at the cold end side of the stack by heating the inside of the stack, E 

becomes larger and the more effective energy conversion is attained.  

CONCLUSIONS 

Toward the enhancement of the energy conversion efficiency of a thermoacoustic system, the attention was focused on the 

temperature distribution in the stack. Since the conventional method to heat only one side of the stack makes the temperature 

gradient non-uniformly distributed, the cold end side of the stack scarcely contributes to the energy conversion. Thus the 

present study attempted the promotion of the energy conversion at the cold end side of the stack by creating the temperature 

gradient also at the cold end side of the stack with heating the inside of the stack. To actively operate the temperature in the 

stack, the heating was performed using a heater installed at the center of the stack. The experiment was carried out for 9 cases 

of heating; heating the center of the stack in 8 ways and heating only the hot end side. As the result, when the temperature 

distribution in the stack was convex downward, the energy conversion at the cold end side of the stack was promoted with the 

temperature elevation at the center of the stack and the work-flow generation increased. When the temperature in the stack 

linearly distributed, the amount of the work-flow generation maximized. When the temperature distribution was convex 

upward, the energy conversion at the hot end side of the stack was suppressed as the temperature at the center of the stack 

was elevated, and the amount of the work-flow generation decreased. Furthermore, since  the coefficient of effective thermal 

expansion at the cold end side of the stack was larger than that at the hot end side of the stack, the energy conversion more 

easily occurred at the cold end side of the stack because of its easier thermal expansion and compression. Therefore, it was 
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confirmed that an effective energy conversion could be realized by creating a thermos gradient at the cold end side of the 

stack. From the above discussion, the heating in the stack was suggested to be effective for promoting the energy conversion． 
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NOMENCLATURE 

T temperature, K 

I work-flow, W/m2 

p sound pressure, Pa 

u paticle velocity, m/s 

φ phase difference between sound pressure and particle velocity, rad 

I work-flow generation quantity, W/m2 

W work source, W/m3 

χ   degree of heat exchangr 

σ Prandtl number 

βE coefficient of effective thermal expansion 

Subscripts 

H hot end of stack 

N, M center of stack 

C cold end of stack 

i normalized 

m time average for work-flow 

T temperature gradient 

p traveling wave 

s standing wave 

  α  heat diffusion of the field 

ν  viscosity of the fluid 
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