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ABSTRACT 

The thermoacoustic effect can convert heat in a fire into sound energy, which has considerable 

application prospects in fire detection. A fire detection and alarm device based on 

thermoacoustic effect has been developed for building fire prevention. The main content of 

thermoacoustic effect is briefly introduced, and the application of thermoacoustic devices in fire 

detection is explained. A fire detection and alarm device based on thermoacoustic effect has 

been established. The total length of the entire device is 330 mm, with a uniform inner diameter 

of 40 mm. Finite element numerical simulation software is used to calculate and analyze 

detection and alarm devices. The characteristics of sound pressure level changing with the 

temperature difference of the heat exchanger were analyzed, and then the experimental, 

theoretical, and simulated sound response frequency values were calculated. Numerical 

simulations demonstrate the nonlinear multi field coupling characteristics in the process of 

thermoacoustic conversion. The established device begins to produce sound under the 

condition of a temperature difference of 194 ℃ in the heat exchanger, with a sound pressure 

level of 120 dB. Numerical simulation can better reflect the sound pressure level and frequency 

characteristics of the device. The distribution characteristics of flow and temperature can 

effectively demonstrate nonlinear dissipation properties. Thermoacoustic conversion exhibits 

characteristics of compression and heat transfer at a small scale. Thermoacoustic devices can 

convert the heat in a fire into acoustic alarm signals, and have great potential for application in 

the field of fire alarm in the future. This study provides new ideas for the construction of new fire 

alarm devices and important theoretical basis for the research of thermoacoustic alarm devices. 
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1. Introduction 

With the development of cities and the use of various flammable materials, the casualties caused by fire 

accidents are more than 20 times the total number of natural disasters such as floods and earthquakes, making it 

the main accident disaster facing humanity today [1, 2]. To effectively and timely detect and alarm fires, various 

fire detection and alarm systems are applied, such as smoke detectors, temperature detectors, visual detectors, 

etc [3]. The above-mentioned fire detectors themselves are relatively complex instruments that require power 

connection, and the detection and alarm of fires require several modules to be interconnected, which 

undoubtedly increases the complexity and instability of the system. Some devices are also susceptible to 

environmental influences and can only be used in specific environments [4]. Compared with conventional 

detection and alarm devices, the fire detection and alarm device based on thermoacoustic conversion has no 

moving parts, simple structure, no mechanical losses such as friction, improves the service life of the device, does 

not require power supply, and reduces energy consumption. The thermoacoustic device directly utilizes the heat 

generated by combustion, thus ensuring a certain degree of accuracy and accurately detecting fire accidents [5, 6]. 

Thermoacoustic devices rely on thermoacoustic effects, namely the interaction between oscillating working fluids 

and unevenly heated porous materials, to induce high-intensity self-excited acoustic oscillations, which can be 

further used for power generation [7, 8], heat transfer [9], refrigeration [10, 11], etc. Thermoacoustic devices can 

be mainly divided into two categories based on their core structure: standing wave type thermoacoustic devices 

and traveling wave type thermoacoustic devices [12, 13]. The main difference between these two structures is that 

the propagation mode of sound waves (pressure waves) inside the device is different from the coupling mode of 

thermal cycles, resulting in significant differences in performance and efficiency [14, 15]. The structure of the 

standing wave thermoacoustic device is relatively simple and suitable as an alarm device for fires.  

Traditional fire alarm technology has some problems, and thermoacoustic devices can compensate for the 

shortcomings of existing alarm devices and have potential application value in fire alarm. It is meaningful to 

conduct research on fire alarm devices based on thermoacoustic effects. The concept of thermoacoustics and the 

structural composition of thermoacoustic engines were introduced, and the application of standing wave 

thermoacoustic engines in fire detection and alarm was commented upon. In order to further study the 

thermoacoustic detection and alarm device in experiments and theory, a thermoacoustic device was designed and 

validated using numerical simulations. The sound pressure level and frequency variation laws were studied, and 

the multi field coupling characteristics of the device were discussed. This research can provide new solutions to 

make up for many problems of traditional alarm devices and offer an important theoretical basis for the study of 

thermal acoustic alarm devices.  

1.1. Thermoacoustic Effect 

Thermoacoustics mainly studies the mutual conversion between heat and sound to improve energy utilization 

and system cooling [16]. Thermoacoustic conversion is a time averaged energy conversion, which means that 

when the appropriate phase angle is met for heat input and gas motion, compressible fluids can produce acoustic 

oscillations through thermal interactions with solid media [17, 18]. Rott proposed a linear thermoacoustic theory 

based on temperature gradient and transverse thermal penetration depth that is shorter than the wavelength of 

the acoustic wave, which can explain the working conditions of most thermoacoustic engines [19]. Swift proposed 

the concept of critical temperature, which supplements the classical linear thermoacoustic theory. The critical 

temperature is expressed as [5, 16]:  

 ∇𝑇𝑐𝑟𝑖𝑡 =
𝑇𝑚𝛼𝑝𝑤𝑝1

𝑠

𝜌𝑚𝐶𝑝𝑢1
𝑠  (1) 

where, 𝑇𝑚 is the average temperature, 𝛼𝑝 is the coefficient of thermal expansion, 𝑤 is the oscillation angular 

frequency, 𝜌𝑚 is the density, 𝐶𝑝 indicates the specific heat capacity at constant pressure of the gas, 𝑝1
𝑠 and 𝑢1

𝑠 are 

the pressure and velocity amplitudes, respectively.  

According to the conversion relationship between heat and sound, thermoacoustic devices can be divided into 

thermoacoustic engines and thermoacoustic refrigerators. Thermoacoustic engines output sound power (𝑊) and 
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waste heat (𝑄0) at lower temperatures under the condition of a heat source (𝑄ℎ) input, while thermoacoustic 

refrigerators operate on the opposite principle, relying on pressure to extract excess heat from the system (Eq. 2).  

 𝑄ℎ → 𝑄0 +𝑊 (2) 

At the mesoscale, a simplified analysis of thermoacoustic conversion is carried out by active small air masses in 

the plate stack. Fig. (1) shows the operation process of a standing wave thermoacoustic engine. The plate stack 

can be simplified as two flat plates (Fig. 1a, 1b). Assuming that when the temperature difference (𝛻𝑇𝑑) between the 

plates is greater than the critical temperature (𝛻𝑇𝑐𝑟𝑖𝑡), the system is in steady-state vibration and there is a 

pressure change during the cycling process. Throughout the entire process in a-b-c-d order, active small air 

masses expand or contract under the influence of temperature differences and velocity waves, resulting in 

pressure fluctuations. In this Brayton cycle, gas clusters absorb heat at high temperatures and release heat and do 

work at low temperatures. When countless gas clusters move, the device generates acoustic work (Fig. 1c, 1d).  

To study the thermoacoustic effect more effectively and optimize the thermoacoustic device, a series of 

simulation studies were conducted on the thermoacoustic device [20, 21]. DeltaEC is an important software for 

optimizing thermoacoustic devices, mainly using one-dimensional acoustic approximation to numerically integrate 

the wave equation and energy equation, which can calculate the efficiency of complex thermoacoustic devices [22]. 

Due to the complexity of the thermoacoustic effect and the nonlinear characteristics it induces, numerical 

simulation methods have been widely applied [23]. Guo et al. used CFD technology to construct two-dimensional 

and three-dimensional time-domain models and conducted numerical simulations on Stirling traveling wave and 

standing wave thermoacoustic engines, exploring the mode transitions caused by mass flow and external flow 

disturbances [24]. Baltean-Carlès et al. used numerical simulation methods to study the influence of gravity on 

thermoacoustic devices, and analyzed the performance effects of temperature and flow fields on thermoacoustic 

energy conversion under different directions of gravity [25]. Blanc et al. conducted a two-dimensional simulation 

of a high amplitude standing wave thermoacoustic engine using PyFR, exploring nonlinear effects such as Rayleigh 

flow, jet flow, and high-order harmonics [26].  

So far, thermoacoustic theory has been relatively mature, and thermoacoustic devices have been widely used 

in microelectronic heat dissipation [27], solar generators [28], and refrigeration air conditioning [29]. Existing 

relevant theories can guide the construction of thermoacoustic conversion detection alarms and optimize the 

materials and geometric parameters of their components.  

The current research on thermoacoustic effects and devices mainly focuses on experiments and numerical 

simulations. However, there is not much research on the design, construction, and testing of the structure of 

thermoacoustic alarm devices. In addition, there is less research on numerical simulation of thermoacoustic alarm 

devices in fire scenarios.  

 

Figure 1: Operation process of standing wave thermoacoustic engine. 
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1.2. Application of Standing Wave Thermoacoustic Engine in Fire Detection and Alarm 

When a building fire occurs, the smoke generated by combustion accumulates in the upper part, forming a 

high-temperature smoke layer. Such high temperature can trigger the thermoacoustic device to emit an alarm 

sound signal, achieving passive alarming. Existing research has applied thermoacoustic engines to fire detection 

and alarm systems. Buda-Ortins from the University of Maryland developed a model of a firefighter's head-

mounted flashover detector based on thermoacoustic conversion [30]. The temperature and acoustic 

characteristics of the thermoacoustic engine were analyzed under heat source input powers of 44 W and 31 W, 

respectively. The sound level measured during the test was 115 dB at 500 Hz. Hamburger optimized the device 

developed by Buda-Ortins [31]. To simplify the device, they removed the cold-end heat exchanger during the 

experiment and reset the geometric parameters. In the experiment, it was found that the addition of water would 

make the thermoacoustic device easier to emit sound. Additionally, the heat pipe and heat collector were added, 

and their efficiency was theoretically analyzed. Jeffrey tested the impact of different stack filling materials on the 

temperature difference during sound generation [32]. To test the actual effectiveness of the heat pipe and heat 

collector, the entire prototype of the thermoacoustic flaming detector was tested sequentially in a radiant panel 

and then in an actual fire room. Unfortunately, these related studies did not determine the optimal materials and 

parameters for the thermoacoustic engine, but only proposed the initial prototype. The previous work involved 

the design of thermoacoustic alarm devices, analysis of thermoacoustic effect theory, and so on. However, there 

are still shortcomings in the acoustic characteristics and related theoretical research on the response of 

thermoacoustic devices in fire scenarios. Furthermore, there is a lack of numerical theoretical analysis on the 

thermoacoustic effects of thermoacoustic devices in fire scenarios.  

In the context of fire, more scientific evidence is needed to support the application of thermoacoustic engines 

in fire scenes. 1) How to more effectively collect heat from the fire scene and transfer it to the thermoacoustic 

detection alarm; 2) Design a thermoacoustic detection alarm with the most reasonable geometric configuration at 

the initial temperature of fire spread; 3) Optimize the thermoacoustic engine by removing redundant components 

to simplify its structure; 4) The sound propagation characteristics need to be considered [33]. How should the heat 

sound detection alarm be set up in the room so that it can transmit the loudest sound to the personnel. 5) After 

adding water, the temperature difference between the hot end and the cold end of the thermoacoustic engine, 

which is capable of producing sound, will be greatly reduced [34, 35]. Currently, the temperature difference can 

reach a minimum of around 90 ℃, and water can be used to guide the entire device to start oscillating. This work 

carefully compared the research results of predecessors and intends to supplement and solve the following 

problems: (1) The design of thermoacoustic alarm devices for fire scenarios. (2) Acoustic response characteristics 

of the designed thermoacoustic alarm device. (3) Numerical simulation of thermoacoustic alarm device to 

supplement detailed heat transfer, flow, and acoustic information. 

By summarizing the basic theory of thermoacoustic conversion, analyzing the development of thermoacoustic 

engines in fire detection and alarm, a fire detection and alarm device based on the thermoacoustic effect was built, 

and experiments and numerical simulations of the thermoacoustic device were carried out. The research results 

are of great significance for guiding the optimization and application of fire detection and alarm devices based on 

the thermoacoustic effect.  

2. Experimental Instruments and Numerical Methods 

2.1. Design Principles of Standing Wave Thermoacoustic Engines 

Since fire detection alarms only need to convert heat into sound, in order to simplify the structure and meet 

the requirements of fire detection and alarming, a quarter-wavelength standing wave thermoacoustic engine has 

been developed. A thermoacoustic engine primarily consists of four components: a sealed gas chamber (Hot 

buffer), a stack frame, a porous medium stack, and a resonance tube [36]. In practical applications, both ends of 

the stack are also equipped with hot-end heat exchangers and cold-end heat exchangers. The stack is the core 

component of the entire thermoacoustic engine, and its function is to create a temperature gradient within the 

device [37]. It is the primary location where time-averaged heat flow and time-averaged acoustic flow are 
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transformed. The hot-end heat exchanger transfers heat from the external fire field to the thermoacoustic engine, 

forming the high-temperature end of the stack. The cold-end heat exchanger extracts the excess heat from the 

stack, forming the low-temperature end of the stack [38]. The resonator amplifies the pressure wave generated by 

the stack and modulates it into acoustic power consistent with the geometric parameters of the resonator.  

The design basis of the thermoacoustic fire detection and alarm device mainly includes the following contents. 

1) Tightness: Jung et al. designed a small prototype of a thermoacoustic engine. In his design, the entire 

device requires good tightness, meaning that there must be no airflow leakage at the closed end, 

otherwise the device will not be able to generate sound [39];  

2) Stack material: The thermal capacity of the stack should be high enough to accommodate heat movement 

across the stack, but its thermal conductivity should be low enough to reduce heat conduction between 

the stacks, thereby reducing power consumption. Common stack materials include metals and ceramics, 

etc. [40]; 

3) Stack spacing: The thermoacoustic effect occurs within a range of one thermal penetration depth from the 

stack. When the spacing between stacks is too large, it can have a certain impact on the thermal 

conversion efficiency. Generally, a spacing of 2 to 4 times the thermal penetration spacing is optimal [41];  

 𝛿𝑘 = √
2𝛼

𝑤
= √

𝑘

𝜋𝑓𝜌𝐶𝑝
  (3) 

where, 𝛼 represents the thermal diffusivity, 𝑤 denotes the oscillation angular frequency, and 𝑤 = 2𝜋𝑓. 𝑘 signifies 

the thermal conductivity of the gas, 𝜌 stands for the density of the gas, 𝐶𝑝 indicates the specific heat capacity at 

constant pressure of the gas, 𝑓 is the acoustic vibration frequency, and 𝛿𝑘 typically takes a value of a few tenths of 

a millimeter. 

4) Center position of stack: The center of the stack should be located at the pressure antinode of the 

standing wave, with a typical value between x = 0 m and x = λ / 8 m (λ is the wavelength of sound) [42];  

5) Smoothness: When the interior of a thermoacoustic engine is not smooth, it increases viscous dissipation 

and may induce unstable flow, thereby affecting the temperature field distribution. Therefore, the interior 

of the thermoacoustic engine should be made as smooth as possible. 

6) Resonator: The material of the resonator should be hard and non-absorbent to sound, and the length of 

the resonator should be 1/4 of the wavelength of sound. 

2.2. Experimental Setup 

The thermoacoustic detection alarm is a quarter-wavelength thermoacoustic engine, and also a type of 

mechanism with no moving parts [43]. Fig. (2a) is a physical image of the thermoacoustic alarm device used in the 

experiment, and Fig. (2b) is a schematic diagram of the thermoacoustic alarm device used in the experiment. The 

stack is the primary site for thermoacoustic energy conversion. Table 1 presents the parameters of various 

components in the standing wave thermoacoustic engine. The stack is formed by winding stainless steel wire. The 

temperature difference across the stack induces incomplete heat transfer between the gas within the stack and 

the stack itself, thereby triggering thermoacoustic oscillations [44, 45]. In the experiment, the hot-end heat 

exchanger was heated using a heating rod, while the cold-end heat exchanger employed a water-cooling structure. 

The total length of the entire device is 330 mm, with a uniform inner diameter of 40 mm.  

Use K-type patch thermocouples (GG-K-36-SLE, error: 1.1℃ or 4%) to measure the temperature of the heat 

exchangers at both ends of the plate stack (hot-end heat exchanger and cold-end heat exchanger), and employ an 

AWA6228+ multifunction sound level meter (AWA6228+, error: 1.2%) to determine the acoustic characteristics. The 

experiment was conducted in a stable and quiet environment, using a power source to supply power to the 

heating rod to increase its temperature and simulate a fire scene. The cold end of the thermoacoustic device is 

equipped with a water cooling device to ensure a lower temperature, resulting in a considerable temperature 
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difference between the hot and cold ends. In the experiment, thermocouples were used to test the temperature 

of the hot and cold ends, and a sound level meter was used to test the acoustic information. The testing locations 

for temperature and acoustic parameters are shown in Fig. (2b). Interestingly, when the temperature difference 

between the hot and cold ends reaches a certain value, the thermoacoustic device emits an alarm sound. By 

changing the temperature difference between the hot and cold ends in each experiment, acoustic information can 

be obtained under different temperature difference conditions.  

 

Figure 2: The physical and schematic diagram of the thermoacoustic alarm device used in the experiment.  

Table 1: Parameter of components in design standing wave thermoacoustic engine. 

Component Material Length (mm) Outer Diameter (mm) 

Heating rod Stainless steel  45 10 

Hot-end heat exchanger Copper  12 90 

Gas chamber Copper 60 50 

Stack frame High-temperature resistant quartz glass 26 50 

Cold-end heat exchanger Copper 12 110 

Resonance tube Stainless steel 235 42 

Water cooling device Stainless steel 20 90 

 

2.3. Numerical Simulation 

To investigate the multi-physics characteristics of the thermoacoustic response of the thermoacoustic 

detection and alarm device in detail, a 2D transient low Mach number compressible flow quarter-wavelength 

model was established using COMSOL Multiphysics. The adopted flow model is Implicit Large Eddy Simulation 

(ILES), with the turbulence properties for heat transfer set to Kays-Crawford, and solved using the PARDISO solver 

[46, 47].  

The interior of a thermoacoustic engine mainly involves the coupling of heat transfer and flow, which is solved 

by combining the continuity equation, momentum equation, and energy equation. The pressure, velocity, and 

density in the model vary with the response of the system, and the Navier Stokes equations are used to control 

the fluid flow conditions:  
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∂𝜌

∂𝑡
+ ∇(𝜌𝐮) = 0 (4) 

 𝜌
∂𝐮

∂𝑡
+ 𝜌(𝐮 ⋅ ∇)𝐮 = ∇ ⋅ [−𝑝𝐈 + 𝜇(∇𝐮 + (∇𝐮)𝑇) −

2

3
𝜇(∇𝐮)𝐈] + 𝐅 (5) 

The energy equation is expressed as: 

 𝜌𝐶𝑝
∂𝑇

∂𝑇
+ 𝜌𝐶𝑝𝐮 ⋅ ∇𝑇 − ∇(𝑘∇𝑇) = 𝑄 + 𝑞0𝑄𝑝 + 𝑄𝑣ℎ (6) 

where, 𝜌 is the gas density, 𝜇 is the aerodynamic viscosity, 𝑝 is the pressure, 𝑇 is the temperature, 𝐶𝑝  is the 

constant pressure heat capacity, 𝑘 is the thermal conductivity, 𝑄𝑣ℎ is the viscous dissipation heat generation term, 

𝑄𝑝 is the pressure work heat generation term, and 𝑄 is the heat source. The bold font indicates that the parameter 

is a vector. u represents the velocity field. F represents volumetric force. q represents the heat flux vector. I is a 

unit matrix.  

The calculation method for additional energy in the equation is expressed as:  

 
( )p p

p
Q T u p

t



= + 





 (7) 

 

1
( )p p
T







= −

  (8) 

 
:vdQ u= 


 (9) 

where, τ and αp are the viscous tensor and the thermal expansion coefficient, respectively. Table 2 shows the 

boundary conditions for numerical simulation. f0 is normal stress. ΔH is the sensible enthalpy. 

Table 2: Boundary conditions for numerical simulation. 

Boundary Conditions Fluid Heat Transfer Fluid Flow 

Wall surface  

(hot buffer/ resonance tube) 
−𝒏 ⋅ 𝒒 = 0 𝒖 = 0 

Stack surface 𝑇 = 𝑇0 𝒖 = 0 

Open boundary 

−𝒏 ⋅ 𝒖 < 0;−𝒏 ⋅ 𝒒 = 𝜌𝛥𝐻𝒖 ⋅ 𝒏 

−𝒏 ⋅ 𝒖 ≥ 0;−𝒏 ⋅ 𝒒 = 0 

𝛥𝐻 = ∫ 𝐶𝑝𝑑𝑇
𝑇

𝑇𝑢𝑠𝑡𝑟

 

[−𝑝𝑰 + 𝑲]𝒏 = −𝑓0𝒏 

 

Fig. (3) shows the numerical model and its element results, with the model comprising 19,152 domain 

elements. To simplify the calculation, the stack is assumed to consist of 19 plate-like structures, which is also a 

commonly used method for simplification [48, 49]. The other geometric structures were the same as those used in 

the experiment. To enable the system to self-excite at the beginning and reduce the computational load of the 

model, an initial linear temperature gradient is set at both ends of the plate stack. In order to simplify numerical 

simulation and eliminate unnecessary computational costs, the model only considers the hot buffer, plate stack, 

and resonance tube, which is also a commonly used simulation strategy for thermoacoustic heat engines [50]. The 

elements of the model are shown in Fig. (3), with structured elements set at the plate stack and unstructured 

elements in other areas. The elements were analyzed using skewness, with colors representing skewness values. 

In the subsequent work, select point A and its horizontal and vertical intercepts for detailed analysis. 
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Figure 3: The numerical model and its element results.  

3. Results and Discussion 

3.1. Acoustic Characteristics of Experimental Results 

The sound pressure level of the alarm device determines the effectiveness of the alarm. Fig. (4) shows the 

variation of sound pressure level of the thermoacoustic flaming detection alarm device under different 

temperature differences (ΔT) of the heat exchangers at both ends of the plate stack. The change in sound pressure 

level is divided into three stages: Energy storage, rapid rise, and saturation. During the energy storage stage, the 

device did not produce any sound because under this temperature difference condition, the plate stack and gas 

heat and mass transfer did not cause strong pressure oscillations. The conversion of thermal and kinetic energy in 

the stack did not overcome the impedance of the system. The temperature difference of the heat exchanger that 

can produce sound is about 194℃, and its sound pressure level is about 121 dB. As the temperature difference 

increases, the sound pressure level shows an increasing characteristic, known as the rapid rise stage. The 

temperature difference range during the rapid rise stage is 194 ~ 231 ℃. The conversion between thermal energy 

and kinetic energy overcomes system impedance, and as thermal energy increases, kinetic energy also increases. 

In the saturation stage, even if the temperature difference further increases, the sound pressure level 
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Figure 4: The variation of sound pressure level of the thermoacoustic flaming detection alarm device under different 

temperature differences. 
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does not change much. This indicates that under the configuration of the system, energy conversion has reached 

saturation. When the temperature difference is greater than 231℃, the sound pressure level remains stable 

around 125.1 dB. Compared with experimental values, although there are some errors in the simulation, it can 

better qualitatively and quantitatively represent the variation pattern of sound pressure level. Fit the sound 

pressure level (SPL) results and temperature difference (𝛻𝑇𝑑) to obtain a fitting formula with a goodness of fit R2 of 

0.98866.  

 𝑆𝑃𝐿 = −1454.6 𝑒𝑥𝑝( −
∇𝑇𝑑

35.8
) + 127.14 (10) 

By performing fast Fourier transform (FFT) on the measured acoustic signal, the frequency characteristics of 

the thermoacoustic detection alarm device are obtained. Fig. (5) shows the response frequency of the constructed 

device. The main frequency of the acoustic response of the thermoacoustic detection alarm device is 281.3 Hz, 

and in addition, there are four secondary frequencies in the high frequency range. Eq. (5) is commonly used in 

thermoacoustics to calculate the response frequency of thermoacoustic devices [35]. 

 𝑓 =
𝑎

4𝐿
=

√𝑘𝑅𝑇

4𝐿
 (11) 

where, a is the speed of sound, m/s, L is the length of the total thermoacoustic device, the length of the 

thermoacoustic device in this work is 330 mm, k is the thermal conductivity of the gas, W/(m·K), R is the gas 

constant, J/(mol·K), T is the gas temperature, K. The response frequency f calculated by Eq. (5) is 261.5 Hz. It is 

worth mentioning that the acoustic frequency calculated in the numerical simulation is 273.06 Hz. Obviously, the 

numerical simulation results are more similar to the experimental results.  
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Figure 5: The response frequency of the constructed device in the experiment.  

3.2. Energy Characteristics of Thermoacoustic Conversion 

In the thermoacoustic conversion process of a thermoacoustic engine, thermal energy is converted into kinetic 

energy. The manifestation of kinetic energy is periodic pressure waves, also known as sound waves. Fig. (6) shows 

the pressure variation characteristics at point A in the center of the laminated channel. Due to the unstable heat 

transfer between the plate stack and the fluid in the initial state, the pressure changes are not stable enough, 

which is called the vibration initiation stage. As the heat transfer between the fluid and the plate stack tends to 

stabilize, the fluid vibration characteristics also become stable, and the acoustic characteristics exhibit a steady 

state. In fact, the peak pressure is determined by the heat transfer characteristics at the plate stack, while the 

acoustic frequency is determined by the resonant tube. Due to the strong heat transfer at the stack, the 

thermoacoustic conversion is most pronounced here, resulting in a higher pressure at that location.  
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Figure 6: The pressure variation characteristics at point A in the center of the stack channel. 

The acoustic frequency is obtained by performing a fast Fourier transform on the pressure characteristics in Fig. 

(6). Fig. (7) shows the acoustic frequency of the thermoacoustic device. Due to the simplification of the actual 

device by the numerical simulation model, there are certain differences between the acoustic frequency 

distribution characteristics and experimental results. The acoustic main frequency of the experiment is 281.3 Hz, 

and the acoustic main frequency obtained from numerical simulation is 273.06 Hz. The difference between the 

acoustic main frequency obtained from numerical simulation and the experimental results is relatively small. The 

acoustic frequencies obtained from numerical simulations did not exhibit strong sub frequencies.  
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Figure 7: The acoustic frequency of the thermoacoustic device.  

In order to demonstrate the energy characteristics during the thermoacoustic conversion process in detail, it is 

necessary to analyze the multi parameter changes within the acoustic cycle. Fig. (8) shows the changes in pressure 

and key moments during an acoustic cycle. Eight moments (Expressed as Ψ1, Ψ2, Ψ3, Ψ4, Ψ5, Ψ6, Ψ7, Ψ8) were 

selected within one acoustic cycle to analyze the key parameters within the cycle. Obviously, the variation of 

acoustic pressure follows a sinusoidal characteristic.  
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Figure 8: The changes in pressure and key moments during an acoustic cycle.  

Plate stacking is the core area of thermoacoustic conversion in thermoacoustic engines. During each acoustic 

cycle, heat and mass transfer occur between the fluid and the plate stack. Fig. (9) shows the temperature variation 

of the fluid at the cross-section of the plate stack. The horizontal axis represents the height of the stack channel 

(Vertical intercept line passing through point A, shown in the Fig. 3), and the vertical axis represents the 

dimensionless temperature, which is calculated from the temperature of the fluid (Tf) and the stack temperature at 

that location (Ts). Within an acoustic cycle, the temperature changes of the fluid exhibit periodic characteristics. 

Acoustic driven fluid undergoes periodic motion in the stack channel, which means that the fluid constantly 

exchanges heat with the stack at any time. Due to the characteristics of the boundary layer, the fluid temperature 

at the center of the plate stack channel always lags behind the plate stack temperature. This lagging behavior is 

determined by the direction of flow. The positive or negative sign of dimensionless temperature represents the 

direction of heat transfer between the fluid and the plate stack.  
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Figure 9: The temperature variation of the fluid at the cross-section of the plate stack. 

The motion of fluids is an important aspect of energy conversion. Fig. (10) represents the velocity variation at 

the cross-section of the stack channel. The direction of velocity is the x-axis. At several critical moments, the 
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motion of the fluid is periodic and reciprocating, which is also the dynamic mechanism of its heat exchange with 

the plate stack. Obviously, the motion changes at the center of the stack channel are more sensitive, which is 

caused by the effect of the boundary layer. However, the most sensitive location for fluid motion is not in the 

center, but on the side of the viscous layer. This is because the fluid closer to the plate stack has better heat 

transfer characteristics, but the flow still needs to overcome the influence of the boundary layer.  
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Figure 10: The velocity variation at the cross-section of the stack channel.  

Due to the fact that sound waves are standing waves, thermoacoustic engines exhibit periodic velocity 

distributions in the transverse direction. Fig. (11) shows the lateral velocity distribution characteristics of the 

thermoacoustic device during the acoustic cycle. The vertical axis represents the velocity magnitude in the x 

direction, and the horizontal axis represents the transverse intercept length of the thermoacoustic engine passing 

through point A. Obviously, the change in velocity laterally is also periodic. Due to the blockage of the flow caused 

by the stacks, the velocity at the channel of the stacks varies greatly, which is different from the velocity inside the 

resonant tube. Due to the fact that the thermoacoustic device is a standing wave thermoacoustic engine with an 

open end. The flow velocity at the opening reaches its maximum.  
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Figure 11: The lateral velocity distribution characteristics of the thermoacoustic device during the acoustic cycle. 
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Fig. (12) shows the temperature of the fluid and the surface temperature of the plate stack. The temperature 

positions are the surface of the stack and the center of the stack channel. In numerical simulation, the 

temperature change rate of the plate stack is constant. Due to the heat exchange and energy transfer between 

fluids and plate stacks, the temperature of fluids is affected by nonlinear dissipation. The dissipation of energy is 

mainly concentrated at the edge of the plate stack, which is also an area of unstable flow.  
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Figure 12: The temperature of the fluid and the surface temperature of the plate stack.  

Due to the periodic nature of thermoacoustic effects, it is necessary to introduce time averaged methods to 

study the variation characteristics of key parameters. The heat flux can be expressed as:  
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where, 𝑞̄𝑥 𝑞̄𝑡 and 𝑞(𝑥, 𝑡) are the time-average heat flux, the instantaneous total heat flux and the instantaneous 

heat at the location x, respectively; w and t are angular frequency and time, respectively. The subscripts "h" and "c" 

respectively indicate the positions of the hot and cold ends of the stack.  

Fig. (13) shows the time averaged heat flux on the surface of the plate stack. At the hot end of the stack, the 

fluid absorbs the heat of the stack and expands, causing the fluid to do work on the outside. At the cold end of the 

stack, the stack absorbs heat from the fluid and contracts, causing external work to be done on the fluid. In 

addition, due to the unstable heat transfer between the fluid and the plate stack, there are also some heat flux 

peaks caused by heat transfer between the fluid and the plate stack.  

3.3. Multi Physical Field Characteristics of Thermoacoustic Conversion 

Thermoacoustic effect is the conversion between thermal energy and acoustic energy, which involves changes 

in temperature, pressure, and velocity. The thermoacoustic effect involves periodic heat and mass transfer, with 

the plate stack being the core of thermoacoustic conversion. Compare the temperature, velocity, and pressure 
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changes at point A at the center of the stack (Fig. 3). Fig. (14) shows the changes in pressure, velocity, and 

temperature during the thermoacoustic conversion process under stable conditions. For better comparison, the 

three parameters were dimensionless. The phase difference between pressure and velocity is 90o. The phase 

difference between velocity and temperature is one phase. The changes in each parameter exhibit a sinusoidal 

trend. From the perspective of Lagrange's assumption, assuming that the fluid is actually composed of countless 

small air masses, when a stacked plate with a temperature difference is introduced as the second medium, the 

motion process of the small air masses between the plate stacks can be approximated as a thermodynamic cycle 

process [51].  
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Figure 13: The time averaged heat flux on the surface of the plate stack.  
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Figure 14: The changes in pressure, velocity, and temperature during the thermoacoustic conversion process under stable 

conditions. 
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Due to the complex nonlinear temperature field distribution and non isothermal eddy currents in 

thermoacoustic machinery, linear thermoacoustic theory exhibits significant limitations in self-excited oscillation 

and low-frequency high amplitude thermoacoustic conversion. Numerical simulation methods can effectively 

demonstrate the nonlinear characteristics of thermoacoustic heat engines. Fig. (15) shows the temperature and 

flow field characteristics near the plate stack at different times. In the numerical model, the gas density is 

represented as 𝜌 = 𝑓(𝑝, 𝑇). Fig. (15a-d) correspond to the temperature and flow field distributions at 0.1 s and 0.3 

s, respectively. The arrows in the figure indicate the magnitude and direction of the velocity. During the oscillation 

period of the thermoacoustic engine, due to the high temperature of the heat exchanger at the hot end, the 

temperature of the surrounding gas increases, and the gas density and pressure change, resulting in thermal 

convection in the gas chamber and resonance tube. Outside the stacked channel, due to the inertia effect, heat 

exchange occurs between the high-temperature fluid and the low-temperature fluid further away, forming 

Rayleigh flow. Due to the nonlinear fluid effects and irreversible thermal processes caused by high-intensity 

acoustic oscillations, these effects disrupt the ideal thermal acoustic coupling phase. 

 

Figure 15: The temperature and flow field characteristics near the plate stack at different times (temperature, K; velocity, m/s).  

Fig. (16) shows the distribution of velocity fields at the edge of the board stack of the thermoacoustic detection 

alarm device. It can be seen that due to boundary viscous resistance and the stagnation of fluid flow at the front 

edge of the plate stack at x=82 mm, a narrow vortex cluster appears in the upper part of the fluid (Ψ3). According 

to the velocity vector, the velocity decreases near the vortex cluster because the vortex cluster obstructs gas flow, 

resulting in a decrease in velocity. Vortex clusters consume fluid kinetic energy, affect temperature transfer, and 

thus reduce energy conversion at the hot end (Ψ7). The high-temperature fluid at the hot end moves towards the 

cold end, forming a high-temperature jet like flow zone at the channel (Ψ5, Ψ6). Multiple vortices formed at the 

edge of the stack. In fact, the viscous dissipation caused by fluid motion and vortices leads to the nonlinear energy 

dissipation of thermoacoustic thermal engines, which is one of the important reasons restricting the energy 

conversion rate of this type of machinery [52] (Ψ7). In the Ψ7 of Fig. (16), the jet flow at the edge of the stacked 

channel is discovered. Jet flow is a typical nonlinear flow in thermoacoustic devices. Due to the non slip state at the 

boundary, it is evident that there is a reflux phenomenon in the Stokes layer within the stacked channel and at the 

sudden change in cross-section after stacking.  
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Figure 16: The distribution of velocity fields at the edge of the board stack of the thermoacoustic detection alarm device 

(velocity, m/s). 

Fig. (17) shows the distribution of temperature fields at the edge of the board stack of the thermoacoustic 

detection alarm device. The current numerical model has weak sound pressure and flow intensity, and there is 

little difference in temperature distribution at the edge of the plate stack at different stages. Due to the high flow 

velocity, there is no perfect heat transfer between the high-temperature fluid and the plate stack. Some high-

temperature fluids flow from the cold end heat exchanger to the outside of the plate stack, which is an important 

aspect of the heat dissipation of the thermoacoustic heat engine.  

4. Conclusions 

A fire detection and alarm device based on thermoacoustic effect has been developed for the prevention of 

building fires. This work introduces the basic theory of thermoacoustics and elaborates on the application of 

thermoacoustic engines in fire detection. The design requirements of the thermoacoustic engine were 

summarized, and a fire detection and alarm device based on the thermoacoustic effect was developed.  
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Figure 17: The distribution of temperature fields at the edge of the board stack of the thermoacoustic detection alarm device 

(temperature, K). 

The sound pressure level varies in three stages with the temperature difference at both ends of the heat 

exchanger, namely energy storage, rapid rise, and saturation stage. At the initial sound level, the sound pressure 

level can reach 120 dB, and after saturation, it stabilizes at around 125.3 dB, with a frequency of 281.3 Hz, which 

can meet the alarm requirements. Under the condition of the lowest temperature difference that can produce 

sound, the sound pressure level can reach 121 dB and stabilize at around 125.3 dB after saturation, with a 

frequency of 281.3 Hz. By simulating the coupling of multiple physical fields, the coupling state between heat and 

flow in the thermoacoustic detection alarm device is obtained. Numerical simulation can effectively demonstrate 

the nonlinear vortices at the edge of the stack and the heat dissipation towards the outside of the stack. 

Thermoacoustic engines have great potential in fire alarm applications due to their lack of moving parts, low 

power consumption, and environmental friendliness. However, future work is needed to overcome the 

measurement and optimization of device parameters. 
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