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Thermoacoustic refrigerators and heat pumps are considered one of the important 
emerging green technologies. They are based on the use of acoustic pressure waves to 
supply cooling or heating effects. The oscillating gas interaction with a solid wall called 
the stack generates thermoacoustic effects. This study presents the effects of the 
operating conditions and geometric parameters on the temperature difference across 
the stack and the coefficient of performance of a thermoacoustic heat pump at 
different cooling loads. The design steps of these systems were also demonstrated. 
Theoretical study of the operation conditions and geometric parameters was 
presented using “DeltaEC”. The results showed that higher harmonics are less 
desirable for thermoacoustic phenomena as they lower the temperature difference 
across the stack. Further insights into the effects of amplitude pressure, mean pressure 
and stack geometries were also demonstrated. This study helps to establish the 
concepts and design steps for thermoacoustic refrigerators and heat pumps.  
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1. Introduction 
 

The world faces many environmental, health and energy problems nowadays. Refrigeration and 
heat pumping technologies have increasing importance; to the extent that they are irreplaceable in 
many areas: industrial, medical, gas liquefaction processes for fuel used in aircraft, missiles, ships and 
other vital areas of everyday life. Cooling technology has evolved in recent decades to overcome the 
problem of refrigerant which is harmful to the environment and to take advantage of any lost or 
renewable source of energy to overcome the problems stated. Thermoacoustics is an emerging green 
technology that has growing application fields. Thermoacoustic refrigerators are based on the 
relation between temperature and pressure variations on the longitudinal acoustic wave. 
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Thermoacoustic heat pumping devices and refrigerators make use of acoustic power to pump 
heat from a low-temperature sink to a high-temperature source [1]. They consist of the resonator, 
stack, two heat exchangers, working fluid and acoustic driver (e.g. loudspeaker) which is fed with the 
signal from the wave generator and the amplifier as shown in Figure 1. Bryton cycle is the basic 
working principle, where thermoacoustic cycle compressions and expansions occur by the acoustic 
driver that oscillates forward and backwards causing the changes in pressure. Two heat exchangers 
were also encountered as did Bryton cycles. 
 

Amplifier

AC

Function Generator

Stack

Loudspeaker

Hot Heat Exchanger Cold Heat Exchanger

 
Fig. 1. Schematic diagram of a thermoacoustic refrigerator showing its 
components 

 
Great efforts for improving thermoacoustic systems were done. Researchers tried to generalize 

the design and optimization steps. For example, Wetzel and Herman [2] developed a design algorithm 
for acoustically-driven thermoacoustic heat pumps, the consumed electric power based on this 
algorithm is consumed in the stack and the heat exchangers and the resonator according to the 
following equation. 
 

𝑊̇𝑡𝑜𝑡 = 𝑊̇𝑠 + 𝑊̇𝑟𝑒𝑠 + 𝑊̇ℎ𝑒𝑥            (1) 
 

Babaei and Siddiqui [3] developed a comprehensive systematic procedure for the design and 
optimization of thermoacoustic systems by applying the simplified linear thermoacoustic model. 
Tijani et al., [4] constructed a loudspeaker driven refrigerator that was well operated and a low 
temperature of -65 °C was reached based on his design algorithm. However, problems can be found 
with these optimization algorithms. For example, they could disregard optimising important 
operating conditions such as the resonance frequency and not compromise temperature difference 
and performance [5-8]. Other problems include the theoretical background used as the basic linear 
theory equations developed and are usually used incorrectly. They can be different from the 
equations of real systems with different components. Other problems could be the incapability to 
track real temperature variations inside the refrigerator [9]. 

DeltaEC is a computer program that can calculate the performance of thermoacoustic equipment, 
or can help the user to design equipment for the desired performance. The Los Alamos group has 
developed such a program [10]. Many researchers have used it to simulate their work; DeltaEC was 
used as verification for a design and optimization procedure algorithm for thermoacoustic systems 
by Babaei and Siddiqui [3]. This program was also used by Tijani et al., [4] to simulate his work. Arafa 
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et al., [11] investigated the effect of the mean pressure and stack geometry on the engine 
performance by using DeltaEC; they demonstrated the importance of these parameters and their 
effect on the engine performance. 

This work presents the important design parameters of thermoacoustic refrigerators and heat 
pumps. The effects of changing the operating conditions and geometric parameters on the 
temperature difference across the stack are also theoretically and physically demonstrated using the 
free simulation software DeltaEC. Thermoacoustic technologies could be an alternative to other 
technologies that can have severe environmental impacts [12-26]. Finding viable applications of 
thermoacoustic engines and refrigerators has turned out to be quite challenging [27]. Many teams 
tried different designs and optimization methods for 20 years towards remarkable commercial 
success, but then traditional energy-conversion technologies were found to do the same job at lower 
costs, smaller sizes or with some other key advantages. This study provides guidelines for increasing 
the performance of thermoacoustic refrigerators. While other travelling wave thermoacoustic heat 
pump designs could have higher performance, a standing wave thermoacoustic heat pump design 
was used to allow more convenient theoretical and physical understanding of the problem. This could 
help establish a deeper understanding of the effect of different geometric parameters and operating 
conditions on the performance of heat pumps and refrigerators.  
 
2. Theoretical Analysis 
 

The thermoacoustic effect occurs inside the walls of the stack so there is a thermal contact. The 
thermal penetration depth 𝛿𝑘 is the thickness of the layer of the gas where heat can diffuse through 
during half a cycle of oscillations. 
  

𝛿𝑘 = √
2𝐾

𝜔𝜌𝑚𝐶𝑝
              (2) 

 
Viscous penetration depth 𝛿𝑣 is the thickness of the layer where the viscosity effect is effective 

near the boundaries of the stack walls. 
 

𝛿𝑣 = √
2µ

𝜔𝜌𝑚
= √

2𝜈

𝜔
             (3) 

 
There are many thermoacoustic refrigeration design parameters to be interpreted in 

thermoacoustic equations, which are nineteen parameters, so a dimensionless analysis of 
thermoacoustic design parameters was done by Wetzel and Herman [2]. The stack length, position 
and pore size affect the overall obtained cooling load and the required input acoustic power as shown 

in Eq. (4) and Eq. (5) for the dimensionless cooling power 𝑄̇𝑐𝑛 and the dimensionless acoustic power 

𝑊̇𝑛 respectively. 
 

𝑄̇𝑐𝑛 = −
𝛿𝑘𝑛𝐷2 sin(2𝑋𝑠𝑛)

8𝛾Λ(1+𝜎)
 [ 

∆𝑇𝑚𝑛 tan(𝑋𝑠𝑛)

𝐿𝑠𝑛𝐵(𝛾−1)

1+√𝜎+𝜎

1+√𝜎
− (1 + √𝜎 − √𝜎𝛿𝑘𝑛) ]      (4) 

 

𝑊̇𝑛 =
𝛿𝑘𝑛𝐿𝑠𝑛𝐷2

4𝛾
(𝛾 − 1)𝐵 cos(𝑋𝑠𝑛)2(

∆𝑇𝑚𝑛 tan(𝑋𝑠𝑛)

Λ 𝐿𝑠𝑛𝐵(𝛾−1)(1+√𝜎)
− 1) −

𝛿𝑘𝑛𝐿𝑠𝑛𝐷2

4𝛾

√𝜎 sin(𝑋𝑠𝑛)2

Λ𝐵
     (5) 

 
 
 



Journal of Advanced Research in Fluid Mechanics and Thermal Sciences 

Volume 78, Issue 1 (2021) 146-156 

149 
 

where 
 

Λ = 1 −
δv

 𝑦0
+

δv
2

2 𝑦0
2             (6) 

 
The coefficient of performance COP and the Carnot coefficient of performance COPC and the 

relative coefficient of performance COPR can be defined as follows 
 

𝐶𝑂𝑃 =
𝑄̇𝐶

𝑊̇
=  

𝑄̇𝑐𝑛

𝑊̇𝑛
             (7) 

 

𝐶𝑂𝑃𝐶 =
𝑇𝐶

𝑇𝐻−𝑇𝐶
             (8) 

 

𝐶𝑂𝑃𝑅 =  
𝐶𝑂𝑃

𝐶𝑂𝑃𝐶
              (9)  

 
3. Mathematical Model 
 

The model was built to provide a better understanding of the operating conditions and geometric 
parameters, and their effects on the temperature difference across the stack, and the coefficient of 
performance for the thermoacoustic heat pump at different cooling loads. The operating conditions 
and geometric parameters will be investigated by DeltaEC software to do the code used for 
simulating the design. The study will consider a constant cooling load and calculate the incoming 
acoustic power that varies with changing conditions. 

A design of thermoacoustic refrigerator required to give a cooling power of 5 W, desired 
temperature difference, ∆𝑇𝑚 =  15 K, mean operating temperature, 𝑇𝑚 =  300 K, mean pressure, 
𝑃𝑚 =  2 bar, pressure amplitude, 𝑃0 =  2 kPa and frequency, 𝑓 =  500 Hz using helium will be 
presented depending on the sequence shown in Figure 2 for design. The results of the different 
thermoacoustic refrigerator design elements were simulated through DeltaEC program as shown in 
Figure 3. DeltaEC was used to show the effects of the operation conditions and geometric parameters 
at different cooling loads by using inner and outer plot features available in the program. In this 
theoretical study, it is shown that the different operation and geometric parameters can affect the 
performance and the temperature difference across the stack. The detailed code can be found 
through the previous link as well. The optimum operating conditions and geometric parameters were 
chosen to put into consideration both the performance and the temperature difference and then 
build-up for the next investigation. 
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 Cooling load and Temperature difference needed for the 
selected application are first specified

 Mean pressure and the amplitude pressure are chosen
 The working gas and the suitable frequency are selected
 The stack and the resonator dimensions are selected

How

 Temperature difference
 Gas Data
 Porosity
 Diameter

1- Stack Lsn and Xsn are optimized How This is done with Matlab

2- Resonator design Area and Length are calculated How

 Diameter is depending on 
Cooling load

 Length is based on what 
operating resonance 
frequency 

3- HEX Length is equal to peak to peak amplitude How
 Hot HEX length is twice Cold 

one
 Porosity is same as the stack

4- Driver
The total needed acoustic power is 

calculated
How

This is equal to the consumed 
Work in the stack, Hex and the 

resonator  
Fig. 2. Design steps for a 5 kW thermoacoustic refrigerator. Each row represents each step’s 
design element and how it is optimized 

 

 
Fig. 3. DELTAEC theoretical model 

 
4. Results and Discussions 
4.1 The Frequency Effect 
 

There are many multiples of the fundamental harmonic resonance frequency. The first resonance 
frequency as calculated from DELTAEC for the theoretical model was 473.73 Hz and higher-order 
frequencies were 953.42 Hz and 1475.4 Hz. 
 
4.1.1 The effect of resonance frequency on the temperature flow 
 

The temperature flow through the resonator shows that higher harmonics are less desirable on 
the thermoacoustic phenomena as they lower the temperature difference across the stack, and this 
decrease is due to the non-good prediction of the good stack position and also due to lower acoustic 
pressure values, the temperature flow through the resonator is well-demonstrated Figure 4, showing 
a temperature difference of 31, 27 and 8.62 K for the three harmonics respectively. 
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Fig. 4. The temperature flow versus the resonator length for different frequency harmonics 

 
4.1.2 The effect of resonance frequency on the power flow  
 

To give a constant cooling load of 5 W, higher harmonics consume more acoustic power and 
hence higher harmonics have lower COP values. Calculated COP gives values of 1.32, 0.76 and 0.493 
for the three harmonics respectively as shown in Figure 5, so the first resonance frequency is 
desirable for the high performance and high-temperature difference [8]. 
 

 
Fig. 5. The acoustic power flow across the resonator for different harmonics 

 
4.2 Mean Pressure Analysis 
 

Figure 6 demonstrates the temperature difference against mean pressure; increasing mean 
pressure decreases the temperature difference. This phenomenon happens due to the weakness of 
the pressure amplitude [8]. 
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Fig. 6. The temperature difference vs. mean pressure for cooling loads (1, 2, 3, 4, and 5 
Watts) 

 
4.3 Pressure Amplitude Analysis 
 

The temperature difference begins with a low value due to the weakness of pressure amplitude 
as shown in Figure 7. Then, the increase of amplitude pressure increases the temperature difference 
until it reaches a maximum value and then decreases as a lot of gas parcels do not interact with the 
plate due to reduction in thermal penetration value. 
 

 
Fig. 7. The temperature difference vs. driver ratio at different cooling loads (3, 5, 7, 9 Watts) 

 
4.4 Stack Plate to Plate Spacing 
 

The temperature difference will increase when the plate space increases to a maximum value 
where there are more viscous losses as shown in Figure 8. Then, these losses decrease with the 
increase of spacing and the weak thermal contact has then the major effect and the temperature 
difference decreases again [8]. 
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Fig. 8. The temperature differences vs. 2𝑦0/δk at different cooling loads 

 
4.5 Stack Centre Position 
 

For different cooling load, the maximum temperature difference approximately equals to 8 cm 
as shown in Figure 9. 
 

 
Fig. 9. The temperature differences vs. Stack centre position at different cooling loads 

 
4.6 Stack Length Analysis 
 

Increasing the stack length means that a larger number of the working gas molecules will interact 
with the stack plates. Thus, this enhances the temperature difference across the stack as shown in 
Figure 10. 
 

 
Fig. 10. The temperature difference variation with change in stack length at different 
cooling loads 
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5. Study Validation 
 

A validation model with Tejani [1] experimental work was performed as shown in Figure 11 for a 
driver ratio of 1.4 %, and a good agreement was obtained and thus current results using DeltaEC can 
be experimentally valid. 
 

 
Fig. 11. Cooling load effect on the performance at D = 1.4 % as 
obtained by Tijani [1] and DeltaEC 

 
6. Conclusions 
 

A thermoacoustic heat pump was designed and simulated using DeltaEC simulation program. The 
operating conditions and geometric parameters were changed with the incremental feature in the 
program to show the effect on the temperature difference across the stack. The first resonance 
harmonics had higher temperature difference and lower consumed acoustic power. Increasing the 
mean pressure decreases the temperature difference. However, increasing the amplitude pressure 
increases the temperature difference. The increase of the stack length also increases the 
temperature difference but this also could make the power consumption higher and thus leading to 
lower performance. This study is of great importance for the design considerations of thermoacoustic 
refrigerators. 
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