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A B S T R A C T

This present study conducts a comprehensive comparison of looped traveling-wave thermoacoustic engines 
(TWTAEs) and Stirling TWTAEs using two- and three-dimensional (2D and 3D) time-domain models. These 
models, validated through comparisons with existing experimental results, confirm the accuracy of our devel
oped full-scale numerical TWTAE models. By evaluating the acoustic characteristics and comparing them with 
conventional standing-wave thermoacoustic engines, this work highlights the superior performance of the 
Stirling TWTAE. It achieves the highest heat-driven acoustic power and thermoacoustic energy conversion ef
ficiency. This superior performance is attributed to its operation at a lower oscillation frequency (115 Hz) and an 
optimized phase between acoustic velocity and pressure oscillations (40 degrees). Additionally, our study ex
plores rich nonlinear phenomena within the flow fields of the Stirling TWTAE. Notably, varying the temperature 
gradients between 410 K and 485 K introduces a bistable zone with distinct pressure amplitudes. Moreover, mass 
streaming under varying temperature gradients, and mode transitions due to external flow perturbations are 
observed inside the engine. These findings not only quantitatively confirm the high efficiency potential of the 
Stirling TWTAE but also demonstrate the effectiveness of CFD in the development of full-scale numerical models 
for predicting and optimizing the heat-driven acoustic characteristics and nonlinear phenomena of traveling- 
wave thermoacoustic systems.

1. Introduction

With the rise in global temperatures and ongoing climate change, 
there is an increasing focus on sustainable development and environ
mental protection [1]. This has driven research into renewable energy 
sources and improved energy efficiency to reduce reliance on fossil fuels 
and curb greenhouse gas emissions [2,3]. Among the alternative solu
tions, the thermoacoustic engine (TAE) has gained considerable atten
tion due to its potential to address the challenges posed by traditional 
energy sources through efficient energy conversion [4,5]. TAEs convert 
heat energy into acoustic energy, utilizing low-grade thermal energy 
sources such as industrial waste heat or renewable energy like solar 
power [6–8]. TAEs are broadly categorized into standing-wave TAEs 
(SWTAEs) and traveling-wave TAEs (TWTAEs), distinguished by the 
phase difference between pressure and velocity oscillations [9,10]. 

Notably, TWTAEs offer higher theoretical energy conversion efficiency 
due to their reversible heat conduction properties [11–13].

Ceperley [14,15] proposed the concept of the looped-tube-type 
TWTAE (looped TWTAE) in 1979, providing valuable insights into 
enhancing the efficiency of TAEs. In 1997, Yazaki et al. [3] constructed a 
looped TWTAE and successfully observed the acoustic oscillations. In 
1999, Backhaus and Swift [16,17] developed the Stirling-type TWTAE 
(Stirling TWTAE), achieving a sound power of 710 W and thermal effi
ciency of about 30 %, comparable to traditional internal combustion 
engines. Luo et al. [18,19] extended these studies by investigating the 
influence of geometric dimensions and operational parameters on Stir
ling TWTAE performance, achieving a pressure ratio of 1.40 using ni
trogen at 1.5 MPa. Furthermore, Xiao et al. [20,21] conducted extensive 
research on thermoacoustic refrigeration powered by TWTAEs, 
achieving refrigeration power in the kilowatt range. Hsu et al. [22–24]
explored the effects of liquid columns, diaphragms, and condensation 
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shocks on Stirling TAEs, focusing on enhancing system performance 
through impedance matching and refining modeling techniques for 
operational conditions. Recently, Zera et al. [25–27] conducted exten
sive studies on the coupling effects of the Stirling TWTAE, focusing on 
the modeling, construction, and optimization of its acoustic character
istics by investigating the startup (onset point) and stable limit cycle 
(steady-state) conditions.

While experimental research has provided a foundation for under
standing TAEs, Computational Fluid Dynamics (CFD) has emerged as a 
powerful tool for investigating complex behaviors that are difficult to 
observe experimentally [28,29]. CFD has been validated as an effective 
tool for investigating the inside flow fields of thermoacoustic systems 
[30,31]. The first CFD simulation of a TWTAE was performed by Lyck
lama et al. [32,33], who identified streaming effects caused by oscil
lating flow in the T-junction of a torus-shaped engine, suggesting 
streamlined designs to mitigate these effects. Yang et al. [34] introduced 
a time-domain Stirling TWTAE model with a short tube, concluding that 
increasing the diameter can reduce power dissipation and improve 

energy conversion efficiency.
However, to the authors’ best knowledge, CFD applications in the 

study of TWTAEs still need improvement [35]. Firstly, most existing CFD 
studies on TWTAEs involve truncated computational domains and 
simplified boundary conditions [36]. This is due to the TWTAE’s 
inherently complex geometric structure and larger model dimensions, 
which require high grid resolution and extended simulation times. These 
simplified models deviate from reality, limiting their practical applica
tion. To address these gaps, this study first develops full-scale two- and 
three-dimensional (2D and 3D) time-domain models for both looped and 
Stirling TWTAEs and validates them against existing experimental data. 
Secondly, while TWTAEs are theoretically more efficient than SWTAEs, 
practical and comparative performance data are lacking. This study 
conducts a detailed comparative analysis of looped TWTAE, Stirling 
TWTAE, and SWTAE performances under identical operating condi
tions. By comparing their acoustic characteristics, thermoacoustic con
version efficiencies, and internal flow dynamics, this approach provides 
a quantitative evaluation of each engine’s performance. Thirdly, due to 

Nomenclature

A Cross-sectional area [m2]
Cp Isobaric specific heat [J/kg⋅K]
D Engine diameter [mm]
E Total energy [J]
Ėf Forcing power of the external perturbations [W]
e Internal energy [J]
F(t) Oscillation growth rate function
fRn nth-order acoustic oscillation frequency [Hz]
fRd Dominant oscillation frequency [Hz]
fs Self-excited frequency of the TAE [Hz]
ff Forced frequency [Hz]
h The surface heat transfer coefficient [W/m2⋅K]
I(ω) Acoustic power [W]
Î1A(ω) Fundamental-mode acoustic power amplitude [W]
k Turbulence kinetic energy
L Length of the engine [m]
LL Looped tube length [m]
LR Resonator length [m]
p Pressure [Pa]
pf Forced periodic pressure
ṕ Acoustic oscillation pressure [Pa]
pAʹ The limit cycle oscillations’ velocity amplitude [Pa]
pa Initial pressure [Pa]
p̂LFM The pressure amplitude at low frequency-mode [Pa]
p̂HFM The pressure amplitude at high-frequency mode [Pa]
p̂nA nth-order pressure amplitudes of the decomposed 

oscillation pressure [Pa]
q̇t Transversal heat flux [W/m2]
Q̇in Input heat power [W]
Q̇out Output heat power [W]
R Gas constant [J/K • kg]
T Gas temperature [K]
Th Hot end temperature of the regenerator [K]
Tc Cold end temperature of the regenerator [K]
Tw Wall temperature of the regenerator [K]
t Time [s]
t0 Time step [s]
tls Regenerator thickness of the looped thermoacoustic engine 

[mm]
tlp Plate spacing of the looped thermoacoustic engine [mm]
tss Regenerator thickness of the Stirling thermoacoustic 

engine [mm]
tsp Plate spacing of the Stirling thermoacoustic engine [mm]
v Velocity [m/s]
vf Forced periodic velocity
v́A The limit cycle oscillations’ velocity amplitude [m/s]
Δwz Cell volume
ρv Time-averaged air mass flow rate [kg/m2 • s]

Greek symbols
α Any instantaneous thermodynamic variable
α Time-averaged component of any instantaneous 

thermodynamic variable
αʹ Fluctuating component of any instantaneous 

thermodynamic variable
α̂n nth-order components of any instantaneous 

thermodynamic variable after Fast Fourier Transform 
algorithm analysis

ε Turbulent dissipation
τ Time required for thermal equilibrium [s]
ΔTcri Onset temperature gradient [K]
ω Angular frequency [rad/s]
δg Oscillation growth rate
τij Viscous stress tensor [Pa]
μ Dynamic viscosity [m2/s]
μt Turbulence viscosity [m2/s]
σT Turbulence Prandtl number
ϑ Thermal diffusivity
θ Phase lead of the limit cycle oscillation’s velocity to 

pressure
η Thermal efficiency
κ Thermal conductivity [W/m⋅K]
ρ Density of fluid [kg/m3]
φ Phase over a complete acoustic period/cycle

Abbreviation
CFD Computational Fluid Dynamics
CFL Courant-Friedrichs-Lewy Number
FFT Fast Fourier Transform
LES Large Eddy Simulation
TAE Thermoacoustic Engine
SWTAE Standing-wave Thermoacoustic Engine
TWTAE Traveling-wave Thermoacoustic Engine
UDF User Defined Function
URANS Unsteady Reynolds Averaged Navier Stokes
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the lack of appropriate numerical models, research on the nonlinear 
effects within the internal flow fields of Stirling TWTAEs and their 
impact on acoustic performance is limited. Therefore, this study aims to 
analyze the internal flow fields of Stirling TWTAEs to understand how 

various operational conditions influence the nonlinear effects within 
these fields. This study uniquely contributes to the field by providing 
full-scale, validated CFD models for TWTAEs, conducting quantitative 
performance comparisons across TAE types, and exploring the nonlinear 

Fig. 1. The 2D computational domain of the full scale (a) looped TWTAE based on the experimental study [3], with the mesh configurations in the regenerator and 
bend regions, and (b) Stirling TWTAE based on the experimental study [10], with the mesh configurations in the regenerator and resonator regions.

L. Guo et al.                                                                                                                                                                                                                                      Applied Thermal Engineering 258 (2025) 124622 

3 



dynamics within the flow fields of Stirling TWTAEs.
The rest of this paper is structured as follows: Section 2 presents the 

development of numerical looped and Stirling TWTAE models, including 
model validations and a comparative analysis with experimental results 
from the literature. Section 3 compares the acoustic output character
istics and inside flow fields of different TAE types with consistent 
dimensional parameters. The nonlinear effects exhibited by the TAE 
under different operational conditions are investigated in Section 4. 
Concluding remarks are provided in Section 5.

2. Numerical Methodology

2.1. Description of the looped and Stirling TWTAE numerical models

The 2D full-scale numerical looped TWTAE model is established 
based on the experiments of Yazaki et al. [3]. The computational domain 
and geometric dimensions of the looped TWTAE model are shown in 
Fig. 1(a). High-quality structured meshes are generated for the compu
tational domain in ICEM, with particular emphasis on critical regions 
such as the regenerator and tube bends, as depicted in Fig. 1(a). To 
adequately capture the dynamic effects associated with wall boundary 
flows, the maximum dimension in the normal direction is set at 0.1 mm. 
According to the looped TWTAE model from the previous experiment in 
Ref. [3], the mean length of the looped tube is approximately 2600 mm, 
with an inner radius of 20.0 mm, reduced to 18.5 mm in certain parts. 
The TAE model consists of a looped tube in which the regenerator is 
placed between the two heat exchangers. The temperatures of the hot 
and cold exchangers are maintained at Th and Tc, with Th and Tc set to 
640 K, and 300 K, respectively. The regenerator is 40 mm long, con
sisting of ten parallel plates in the axial direction with a regenerator 
thickness ts and plate spacing tp equal to 0.88 mm. The working me
dium/gas is air with a temperature of 300 K and an average atmospheric 
pressure of 101,325 Pa.

Moreover, the 2D full-scale numerical Stirling TWAE model is 
established based on the experiments by Wu et al. [10]. The computa
tional domain and geometric dimensions of the Stirling TWTAE model 
are shown in Fig. 1(b). The Stirling TWTAE is consisted of a looped tube 
with a center axis of length LL = 708 mm and an acoustic resonator of LR 
= 1324 mm. The regenerator, composed of wire screens in the experi
ment, is modeled using parallel plates in the simulation. This approach is 
adopted due to the near-zero average velocity in the internal flow field 
of the TWTAE, resulting in an extremely low Mach number. Conse
quently, suboptimal simulation outcomes occur when using the porous 
media module in ANSYS Fluent, as it struggles to accurately simulate 
such low Mach number conditions [37]. Referring to the aluminum steel 
wire mesh heat exchanger with a porosity of 60 %-80 % [38], the 
designed regenerator consists of 16 parallel plates, each with a thickness 
of 0.53 mm, achieving an approximate porosity of 70 % [39]. The inlet 
diameter and length of the regenerator are 25.4 mm and 32 mm, 
respectively. The working gas is nitrogen at an operating pressure of 0.8 
MPa, with an input heat power of 270 W in the experiment.

2.2. Governing equations and boundary conditions of the TWTAE models

In previous studies, Yu et al. [35] and Yang et al. [34] successfully 
employed the standard k-ε model to simulate the viscous and turbulent 
effects of the TWTAE. This research continues to use the standard k-ε 
model of URANS (Unsteady Reynolds Averaged Navier-Stokes). In 
Reynolds averaging, the thermodynamic variables (α) are decomposed 
into the time-averaged and fluctuating components, expressed as α =

α + αʹ, where α and αʹ are the mean and fluctuating components, 
respectively. For compressible flows, a density-weighted time-average 
decomposition is applied. The variables can then be expressed as α̃ =

ρα/ρ and α = α̃ + ά ,́ where ̃α and άʹ are the mean and fluctuating parts. 
The governing equations are formulated as follows: 

∂ρ
∂t

+

∂
(

ρṽi

)
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where ρ, t, p, v, κand x stand for density, time, pressure, velocity, thermal 
conductivity and spatial dimension, respectively. The indices i and j 
represent the Cartesian coordinate directions. E and τij are total energy 
and viscous stress tensor, respectively, expressed as: 

E = e+
1
2

vjvj (2a) 

τij = μ
(

∂vi

∂xj
+

∂vj

∂xi

)

−
2
3

μ ∂vk

∂xk
(2b) 

where μ, eandδij are the dynamic viscosity, specific internal energy and 
Kronecker delta function, respectively. The system remains unclosed 
due to the unknown Reynolds stress tensor (vʹ́

i vʹ́
j ) and the turbulent heat 

vector (vʹ́
i Tʹ́ ). To model the effect of turbulence on the flow, the Bous

sinesq hypothesis is applied [30]: 

vʹ́
i v

ʹ́
j = −

μt

μ τ̃ij +
2
3

kδij (3a) 

vʹ́
i T

ʹ́ = −
μt

σT

∂T
∂xi

(3b) 

where k, μt, and σT are the turbulence kinetic energy, turbulence vis
cosity, and turbulence Prandtl number, respectively.

In the standard k-ε model, μt is computed from turbulence kinetic 
energy (k) and turbulent dissipation (ε) [30]. The k-ε model is resolved 
in the CFD solver ANSYS Fluent 2022 R2. The working gas is treated as 
an ideal gas, and gravity effects are neglected, expressed as p = ρRT, 
where R is the gas constant (287J/K • kg). Numerical solutions are ob
tained using the Pressure-Velocity Coupling algorithm, chosen for its 
low computational cost in highly thermo-viscous coupling systems. To 
ensure simulation accuracy, the Second Order Upwind Scheme is 
applied to all flow variables. The PISO algorithm, Least Squares Cell- 
Based gradient evaluation, and PRESTO! scheme are employed for 
pressure calculations. To ensure convergence, the relaxation factors for 
pressure, density, body forces, momentum, turbulence kinetic energy, 
turbulence dissipation rate, turbulent viscosity, and energy are set to 
0.3, 1, 1, 0.7, 0.8, 0.8, 1, and 1, respectively.

2.3. Mesh- and time-independence studies

The CFD simulation results for the TWTAEs must remain consistent, 
unaffected by variations in the number of meshes and time steps. Zarch 
et al. [40] conducted an analysis of the heat transfer characteristics and 
nonlinear phenomena in thermoacoustic devices, emphasizing that heat 
convergence is a critical convergence criterion. Although ideal heat 
exchange in traveling-wave systems is isothermal, there is still a tem
perature difference between the wall temperature of the regenerator 
(Tw) and the average temperature of the working gas (T) in practical 
traveling wave thermoacoustic engines. In the regenerator area, heat 
fluxes in the transverse direction at the solid surfaces due to heat 
diffusion. The time-averaged transversal heat flux (q̇t) can be calculated 
as 
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q̇t = − κ
∂T
∂n

⃒
⃒
⃒
⃒
surface

= h(Tw − Tm) (4) 

where n is the direction perpendicular to the wall, and h is the surface 
heat transfer coefficient derived from CFD. q̇t at the hot end of the 
regenerator is used as the key metric for assessing mesh and time- 
independence, as shown in Fig. 2. Fig. 2(a) illustrates the q̇t of the loo
ped TWTAE is initially increased and tended to ’saturate’ from the 6 ×
105 group. Therefore, the 6 × 105 group is selected for the looped 
TWTAE. Meanwhile, the q̇t of the Stirling TWTAE is stabilized from the 
5 × 105 group, making 5 × 105 the optimal number of nodes for the 
Stirling TWTAE. Moreover, simulations are implemented on the TWTAE 
models with six different time steps, i.e., 0.25 × 10-5 s, 0.5 × 10-5 s, 1.0 
× 10-5 s, 1.5 × 10-5 s, 2.0 × 10-5 s, and 5.0 × 10-5 s, respectively. Fig. 2(b) 
shows that q̇t is stabilized in the first three groups and then decreased 
after 1.0 × 10-5 s in both looped and Stirling TWTAEs. The Courant- 
Friedrichs-Lewy (CFL) number, defined as CFL = v́ t0/

̅̅̅̅̅̅̅̅̅
Δwz3

√
, where v’, 

t0 and Δwz are the acoustic oscillations’ velocity, time step and cell 
volume, respectively, must be less than 1 to ensure reliable simulation 
results. Under this time step, the maximum CFL numbers of 0.75 and 0.8 
are achieved for the looped and Stirling TWTAEs, respectively, ensuring 
the stability of the simulation results. Therefore, 1.0 × 10-5 s is selected 

as the optimal time step value for both looped and Stirling TWTAEs.

2.4. Model validation of the TWTAEs predicted by different turbulence 
models

Full-scale 3D looped and Stirling TWTAE models with identical 
geometric dimensions are established to assess the impact of simplifying 
the 3D TWTAE system into a 2D system. The 3D simulations are con
ducted under the same settings and operational conditions with 2D 
simulations. All solid walls of the engine are set as adiabatic, and no-slip 
conditions are applied to rigid walls. Due to the complex structure of the 
3D traveling-wave system, unstructured meshes are generated using the 
Fluent meshing tool. The finest mesh group of the 3D model is estab
lished, which requires 8.6 × 10⁶ cells. The 3D TWTAE model is simu
lated using both LES and k-ε models, while the laminar model is also 
employed for the 2D TWTAE simulation.

The influence of different turbulence models on the simulation re
sults of the TWTAE systems is evaluated in terms of acoustic charac
teristics and heat fluxes, as shown in Table 1. For the looped TWTAE, the 
acoustic power density generated by the regenerator (ΔI(ω)/A) from 
Fig. 3(b) of the corresponding study [3] is extracted. Since the regen
erator is the primary site for thermoacoustic effects in these devices, the 
acoustic power generated by the regenerator ΔI(ω) is obtained by 
calculating the difference in acoustic power between the hot and cold 
ends of the regenerator [41]. The acoustic power (I(ω)) represents the 
capacity of energy conversion from heat energy to acoustic energy of the 
TAE. Given that higher-order acoustic power is negligible, the 
fundamental-mode acoustic power (̂I1A(ω)) is typically used to represent 
the heat-driven acoustic energy output of thermoacoustic devices. 
Î1A(ω) can be calculated as 

Î1A(ω) =
1
2
|p̂1A ‖́v̂1A |́Acosθn (5) 

where θn and A is the phase lead of the limit cycle oscillation’s velocity 
to pressure and cross-sectional area of the tube, respectively. The fluc
tuating pressure of the limit cycle oscillations (p’), obtained in the time 
domain, is subjected to Fast Fourier Transform (FFT) algorithm analysis 
to decompose it into the fundamental mode (p̂1) and nth-order harmonic 
components (p̂n) in the frequency domain. |p̂1A |́and|v̂1A |́ represent the 
maximum values of pressure and velocity, respectively, corresponding 
to the fundamental mode. For the Stirling TWTAE, we obtained the low 
frequency corresponding to the pressure values (p̂LFM) at x = 0 from 
Fig. 8 in the corresponding study [10].

As shown in Table 1, a comparison with the experimental data in
dicates that ΔI(ω)/A from the LES, 2D k-ε and 3D k-ε results are 11.5 %, 
19.0 % and 16.0 % higher than the experimental value for the looped 
TWTAE, respectively. The 2D laminar model also shows proximity, with 
values approximately 5.5 % lower than the experimental data. Consid
ering potential experimental losses, such as leakage, it is reasonable for 
the simulation data to be slightly higher than the experimental values. 
The trends in the predicted p̂LFM of the Stirling TWTAE across various 
turbulence models are consistent with those observed in the looped 
model. p̂LFM predicted by the 3D LES model remains the closest to the 
experimental value (24,820 Pa vs. 22,780 Pa), while the 2D laminar 
model predicts the lowest value (17,860 Pa). Therefore, LES is consid
ered the most accurate turbulence model for this TWTAE model and is 
used as the reference value. Furthermore, when the instantaneous 
temperature oscillations reach the steady state, q̇t predicted by different 
models is also obtained, as shown in Table 1. It can be observed that, in 
the looped and Stirling TAE models, the differences between the results 
predicted by the 2D k-ε model and those predicted by the LES model are 
within 9.5 %. This indicates that the k-ε model can effectively estimate 
the heat transfer characteristics of a typical thermoacoustic engine. This 
finding aligns with our previous conclusions regarding the systematic 
impact of turbulence models [42,43]. Therefore, the differences in 

Fig. 2. Comparison results of the (a) mesh- and (b) time-independence of the 
looped and Stirling traveling-wave thermoacoustic engines.
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acoustic characteristics and heat fluxes between the 3D LES simulations 
and the 2D k-ε model are within an acceptable range. This result dem
onstrates that it is reasonable to approximate 3D oscillation character
istics using 2D reduced-order waves in looped and Stirling TWTAEs.

Note that the number of cells in the 3D looped TWTAE model is 
approximately 8.6 × 106, resulting in a 2186 % increase in the simula
tion time for the 3D k-ε model compared to the 2D k-ε model when 
simulating the looped TWTAE system for 10 s. Moreover, the 3D LES 
model leads to a 223 % increase in simulation time compared to the 3D 
k-ε model. Therefore, transitioning from 2D to 3D simulations for the 
looped TWTAE requires a significant investment of time in both 
modeling and computation. This finding also applies to Stirling TWTAE 
simulations. Considering both simulation costs and the comparison 

results, the 2D k-ε model is selected as the standard approach for pre
dicting the acoustic oscillation characteristics of the TWTAE models in 
this study.

2.5. Comparison between the simulation and experimental results of the 
looped and Stirling TWTAEs

According to Yazaki et al. [3], the parameter ωτ is a crucial 
controlled parameter in thermoacoustic energy conversion within the 
looped TWTAE [3]. Here, ω represents the angular frequency, while τ 
denotes the time required for thermal equilibrium in the TWTAE, 
signifying the time required for the system to reach a ’saturation’ state. 
The time constant τ is obtained by the formula τ = r2/2ϑ, where r is the 
characteristic transverse length of the channel (0.44 mm in this model). 
The thermal diffusivity ϑ = κ/Cpρ is the thermal diffusivity of gas; Cp 

denotes isobaric heat. The onset temperature gradient (ΔTcri) is the 
critical temperature gradient at which self-sustained oscillations begin 
in the thermoacoustic system [22]. The onset temperature gradient (ΔT) 
is defined as the ratio of the hot-end temperature (Th) to the cold-end 
(Tc) temperature of the regenerator. In the simulation, it is imple
mented by gradually increasing the hot-end temperature until the point 
of self-excited oscillation is reached. Ref. [3] provides a detailed dis
cussion on the relationship between energy conversion and control pa
rameters in the thermoacoustic system, particularly focusing on the 
impact of frequency and boundary layer thickness on thermoacoustic 
oscillations. The initial conditions in the simulation also involve air at 
room temperature and stationary airflow. Therefore, according to the 
experiment, ΔTcri under different ωτ is obtained by using CFD, as 
depicted in Fig. 3(a). It can be observed that ΔTcri obtained by CFD is 
decreased initially and then increased as ωτ increases. The CFD results 
closely correspond with the experimental results for ΔTcri but are 
slightly lower than. The largest discrepancy occurs at ωτ = 0.46, where 
the experimental ΔTcri is approximately 14.91 % higher than the 
simulated values. This deviation is attributed to experimental factors 
such as gas leakage and heat loss due to sealing issues, which cause the 
experimental temperature gradient required for achieving self-excited 
oscillation in the looped TWTAE to be slightly higher than the CFD 
predictions under identical conditions [44]. Fig. 3(b) presents this fre
quency analysis, demonstrating that the experimental dominant fre
quency from Ref. [3] closely matches the fundamental mode frequency 
derived from CFD simulations (268.0 Hz vs. 271.4 Hz). This concor
dance verifies the effectiveness and accuracy of the CFD simulations 
when compared with experimental results, thus confirming the reli
ability of the looped TWTAE models we have established.

To verify the accuracy of the established Stirling TWTAE model, CFD 
simulation results are compared with the corresponding experimental 
data from Ref. [10]. According to the study by Wu et al. [10], the Stirling 
TWTAE oscillates in both high-frequency mode (HFM) and low- 
frequency mode (LFM). The HFM is associated with the oscillation of 
the looped tube, while the LFM corresponds to the oscillation of the 
resonator in the Stirling TWTAE. During the initial process, the Stirling 
TWTAE is mainly oscillated in the HFM before transitioning to the LFM. 
This phenomenon in the Stirling TWTAE is also observed in the previous 
experiments [45]. The spatial distribution of pressure amplitude for 
both modes of the Stirling TWTAE is obtained by FFT analysis and from 
the experimental data in Ref. [10], respectively, as depicted in Fig. 4(a). 

Table 1 
Model validation through comparison of 2D and 3D looped and Stirling TWTAEs, evaluating the corresponding acoustic characteristics and heat fluxes simulated by 
using different turbulence models.

2D laminar 2D k-ε 3D k-ε 3D LES Experiment

Looped TWTAE ΔI(ω)/A(W/m2) 189 238 232 223 200
q̇t(W/m2) 1,480 1,774 1,726 1,656 −

Stirling TWTAE p̂LFM(Pa) 17,860 26,420 25,890 24,820 22,780
q̇t(W/m2) 1,686 2,095 1,749 1,897 −

Fig. 3. Comparison of numerical and experimental results for the (a) onset 
temperature ratio between temperature gradient and ωτ of the looped TWTAE, 
and (b) frequency spectrum of the acoustic pressure fluctuations and the cor
responding experimental frequency of the looped TWTAE.
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The results indicate that HFM corresponds to a relatively low acoustic 
oscillations’ amplitude, while LFM exhibits high acoustic amplitude. 
The trends of the pressure amplitude at low-frequency mode (p̂LFM) and 
high-frequency mode (p̂HFM) predicted by CFD are entirely consistent 
with the experimental results in Ref. [10]. In TAEs, the good agreement 
between experimental and simulation results in terms of pressure mode 
shapes implies similar acoustic fields between the simulation and 
experimental results. Furthermore, the CFD-predicted dominant low- 
frequency (fLFM) and high-frequency (fHFM) modes closely match the 
corresponding experimental results, as shown in Fig. 4(b). This consis
tency confirms the credibility of the Stirling TWTAE model and dem
onstrates the reliability of the CFD approach used in this study for 
evaluating the comprehensive performance of the Stirling TWTAE.

3. Comparison of the acoustic oscillation characteristics and 
inside flow fields among different types of thermoacoustic 
engines

3.1. Numerical models of different types of TAEs

To comprehensively compare the overall performances of the Stirling 
TWTAE and looped TWTAE, adjustments are made to the models 
established in Fig. 1, as depicted in Fig. 5 (a) and (b). The mean length of 
the looped TWTAE is approximately 1800 mm, with a constant inner 

diameter (Dl) of 21 mm. The regenerator is 30 mm long and consists of 
ten parallel solid plates, each with a thickness (tls) and plate spacing (tlp) 
of 1 mm. The linear temperature gradient is imposed on the regenerator, 
ranging from the hot temperature at the left end (Th = 700 K) to the cold 
temperature at the right end (Tc = 300 K), defined using User Defined 
Functions (UDF) [46]. The working medium/gas is air at a temperature 
of 300 K and an average atmospheric pressure of 101,325 Pa. To ensure 
consistency and facilitate comparison in the subsequent simulations, the 
mean length, inner diameter and regenerator parameters of the Stirling 
TWTAE are set identical to those of the looped TWTAE model, as shown 
in Fig. 5(b). Additionally, a full-scale SWTAE model with the same 
geometric dimensions is also established, as shown in Fig. 5(c).

3.2. The acoustic power output characteristics and thermo-acoustic 
energy efficiency of the different types of thermoacoustic engines

The self-excited thermoacoustic oscillations occur after a short 
period of energy accumulation in the three different TAE systems. 
During the initial process, the oscillations’ pressure amplitude |pA |́ is 
increased exponentially before reaching the ’saturation’ state (i.e. limit 
cycle) in the thermoacoustic engines. The growth rate δg of the three 
different types of TAEs is obtained from the oscillations’ growth rate 
function F(t) = |pa|eδgt . The function F(t) and the growth stages of the 
three engines are shown in Fig. 6(a). The data in Fig. 6(a) is obtained at 
the cold end side of the stack (regenerator). Table 2 presents the growth 
rate (δg), dominant oscillation frequency (fRd) during the initial process, 
and the time required to reach the saturation state (t) for the three TAEs. 
It can be seen that δg of the Stirling TWTAE is the lowest, and it takes the 
longest time to reach saturation. The SWTAE shows the highest δg and 
requires the least time to reach saturation (t = 0.34 s).

Following the initial process, limit cycle oscillations occur in all three 
TAE systems. The mode shapes of the limit cycle oscillations’ acoustic 
pressure amplitude (|pA |́) are shown in Fig. 6(b). It can be seen that |pA |́

of the Stirling TWTAE is the largest, followed by the looped TWTAE, 
with that of the SWTAE is the smallest. Specifically, |pA |́ of the Stirling 
and looped TWTAEs are 112.56 % and 54.40 % larger than that of the 
SWTAE, respectively. Meanwhile, the Stirling TWTAE exhibits the 
lowest frequency (115.50 Hz), followed by the looped TWTAE (126.56 
Hz) and the SWTAE (151.00 Hz).

Furthermore, thermo-acoustic energy conversion efficiency (η) of the 
regenerator quantifies the efficiency of converting heat into acoustic 
energy, which can be calculated as 

η =
|ΔI(ω)|
Q̇in + Ėf

≈
|ΔÎ1A(ω)|

Q̇in + Ėf
(6) 

where Q̇in is the input heat power, and Ėf is the forcing power of the 
external velocity perturbations (if present). Since the geometrical di
mensions and temperature gradients of the regenerator (stack) are the 
same, the input heat for the three TAEs is also identical. Fig. 6(c) illus
trates the fundamental-mode acoustic power generated by the regen
erator (stack) (Δ Î1A(ω)) and thermo-acoustic energy conversion 
efficiency (η) for the three studied TAE models. The Stirling TWTAE 
generates the highest acoustic power (12.41 W), surpassing the looped 
TWTAE and SWTAE by 49.34 % and 364.79 %, respectively. The 
maximum efficiency (η = 19.05%) is obtained in the Stirling TWTAE, 
while η of the SWTAE is 4.10 %. This difference can be attributed to the 
acoustic power of the TAE being primarily influenced by values of |pA |́, 
|vA |́ and the phase difference between them (θ). Fig. 7 presents a 
comparative analysis of the phase differences between the acoustic os
cillation’s velocity and pressure for the three thermoacoustic engines. 
The SWTAE exhibits the largest phase difference, suggesting a higher 
component of standing waves within its acoustic fields. This substantial 
phase difference, approaching 90 degrees, corresponds to minimal 
acoustic power generation. Consequently, the SWTAE demonstrates the 

Fig. 4. Comparison of numerical and experimental results for (a) the spatial 
distribution of the pressure fluctuations at low-frequency mode (LFM) and high- 
frequency mode (HFM), and (b) frequency spectrum of the acoustic pressure 
fluctuations and the corresponding experimental frequency of the Stir
ling TWTAE.
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lowest acoustic power output and thermo-acoustic energy conversion 
efficiency among the studied models. Conversely, the Stirling TWTAE 
shows the smallest phase difference, signifying a predominant presence 
of traveling waves in its acoustic fields. From the thermodynamics 
perspective, the traveling wave thermoacoustic engine is characterized 
by near-isothermal compression and expansion processes, which enable 
more effective heat exchange between the oscillating gas and the solid 
wall. This efficient thermal interaction enhances the thermal-acoustic 
energy conversion of the system, thereby improving the overall acous
tic power output and energy conversion efficiency.

In summary, although the SWTAE has a simpler structure and a 
higher initial growth rate, leading to a quicker saturation state, its 
overall performance in terms of acoustic power and efficiency is inferior 

to the other models. Under identical geometric parameters and oper
ating conditions, the Stirling TWTAE outperforms the other models in 
terms of acoustic characteristics and thermo-acoustic energy conversion 
efficiency.

3.3. Instantaneous velocity characteristics of different types of TAEs

The heat-driven flow fields in different types of TAEs are presented in 
this section [47,48]. Phases φ1 to φ4 are selected at intervals of a quarter 
period over a complete acoustic cycle to display the flow fields. Phases 
φ2 and φ4 represent the moments when the velocity reaches its 
maximum, referred to as velocity anti-nodes, while φ1 and φ3 corre
spond to the velocity nodes. For comparison, the TAE models are 

Fig. 5. 2D full-scale numerical model of the (a) looped TWTAE, (b) Stirling TWTAE, and (c) SWTAE, with the same geometric dimensions.
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Fig. 6. Comparison of (a) the oscillations’ growth rate functions with growth stages, (b) the mode shapes of the limit cycle oscillations’ acoustic pressure amplitudes, 
and (c) fundamental-mode acoustic power generated by the regenerator (stack) and thermo-to-acoustic efficiency of the SWTAE, looped TWTAE and Stirling TWTAE 
models, respectively.
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analyzed at phases φ2 and φ4, where the self-excited thermoacoustic 
oscillations’ velocity reaches its maximum, as illustrated in Fig. 8. The 
velocity vectors in Fig. 8 (a), (c), and (e) indicate that, at phase φ2, the 
working gas/medium predominantly flows from the hot-end side to the 
cold-end side of the stack/regenerator. Conversely, at phase φ4, the flow 
direction reverses, moving from the cold-end side to the hot-end side, as 
illustrated in Fig. 8 (b), (d), and (f). The color representing the maximum 
velocity region of the SWTAE in Fig. 8(e) and (f) is darker compared to 
that of the Stirling TWTAE in Fig. 8(a) and (b), and the looed TWTAE in 
Fig. 8(c) and (d). This implies that the SWTAE has the largest amplitude 
of self-excited thermoacoustic oscillations’ velocity among the three 
studied TAE models. According to the previous research [11,49], the 

Table 2 
A comparison of the oscillations’ growth rate, dominant mode frequency and 
time required to reach saturation of the three different types of TAEs.

SWTAE Looped 
TWTAE

Stirling 
TWTAE

δg 15.34 8.89 5.10
fRd (Hz) 153.44 128.81 425.10
Time required to reach saturation t 
(s)

0.34 0.81 1.47

Fig. 7. The phase difference of acoustic oscillations’ velocity leading pressure in (a) SWTAE, (b) looped TWTAE, and (c) Stirling TWTAE.

Fig. 8. The instantaneous flow velocity contours of the thermoacoustic engines at velocity anti-nodes, (a) Stirling TWTAE at φ2, (b) Stirling TWTAE at φ4, (c) looped 
TWTAE at φ2, (d) looped TWTAE at φ4, (e) SWTAE at φ2, and (f) SWTAE at φ4.
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term v ∂v
∂x represents the nonlinear component, which increases sharply as 

oscillation characteristics intensify. This increase triggers a series of 
bifurcations in the steady-state dynamics, allowing the system to access 
additional modes that were previously less prominent or inactive at 
lower amplitudes. As a result, higher harmonics are excited, leading to 
mode transitions [50,51]. The self-excited thermoacoustic oscillations’ 
velocity of the Stirling TWTAE is the smallest, indicating a minimal 
nonlinear term v dv

dx. This is also one reason why the Stirling SWTAE 
achieves the highest output power and thermal efficiency.

4. Thermodynamic characteristics and nonlinear dynamics 
phenomena of the Stirling TWTAE

Since the Stirling TWTAE exhibits the optimal acoustic characteris
tics among the three types of thermoacoustic devices, this section further 
explores the simulation efforts of the Stirling TWTAE under varied 
operational conditions to elucidate its corresponding acoustic oscillation 
characteristics and nonlinear behaviors.

4.1. Bistability of the Stirling TWTAE with different temperature gradient 
paths

When the temperature gradient along the regenerator surpasses the 
critical value (onset temperature ΔTcri), the thermoacoustic engine un
dergoes a mode transition from a stationary state to a periodically 
oscillating state. ΔTcri can be roughly estimated through linear theory 
[52,53]. However, the mode transition process is susceptible to 
nonlinear phenomena, such as bistablity, which has been observed in 
the SWTAE through CFD simulations in previous research [54]. To 
investigate the onset characteristics of the Stirling TWTAE in relation to 
variations in the temperature gradient, simulations are conducted along 
two distinct paths. The cold-end temperature (Tc) of the Stirling TWTAE 
remains constant at 300 K, while the hot-end temperature (Th) is varied 
systematically through reverse (decreasing Th from 505 K to 385 K) and 
forward (increasing Th from 390 K to 510 K) paths. Fig. 9(a) illustrates 
the resulting self-excited oscillation pressure amplitude (|pA |́) under the 
continuously changing temperature gradient of the regenerator. It can 
be seen in Fig. 9(a) that when Th of the system is below Th1, |pA |́ is 0 for 
both forward and reverse paths, indicating that no thermal oscillations 
occur within the system. The onset characteristics of the Stirling TAE 
exhibit a sudden process in the forward path. When Th of the system 
exceeds 456 K, limit cycle oscillations suddenly occur. On the other 

hand, in the reverse path (damping process), the reduction of |pA |́ is 
gradual as Th is reduced, reaching a stationary state at Th1. When Th is 
between Th1 (410 K) and Th2 (485 K), the curves for the forward and 
reverse paths form a bistable/two-valued zone, known as a ‘hysteresis 
loop’. Within this zone, the Stirling TWTAE can exhibit either limit cycle 
oscillations or remain steady. Th1 and Th2 are defined as the two critical 
bistability values. When Th of the system is above Th2, |pA |́ values remain 
consistent during both the forward and reverse paths, increasing linearly 
with Th. The time histories of acoustic pressure oscillations (p’) for four 
selected temperatures are depicted through the reverse and forward 
paths in Fig. 9(b) and (c), respectively. Time zero is defined as the 
moment when the temperature gradient is applied to the regenerator of 
the Stirling engine, marking the start of the simulation. Fig. 9(b) dem
onstrates that along the reverse path, the system maintains limit cycle 
oscillations at Th = 411 K, and reaching to the steady state at Th = 409 K. 
In contrast, along the forward path, shown in Fig. 9(c), the system re
mains in a steady state even when Th reaching 456 K, with self-excited 
oscillations occurring only at Th = 458 K.

This phenomenon can be interpreted from a nonlinear dynamic 
perspective [55]. Bistability occurs when the system transitions between 
two stable states. The state of the system depends not just on the current 
conditions but also on its historical state, effectively functioning as a 
memory of its past [56]. In the forward path, the system remains in a 
non-oscillatory state, and the temperature must exceed the critical 
threshold, triggering limit cycle oscillations and causing a sudden 
change. On the backward path, since the system has been in a limit cycle 
oscillation state, it effectively acts as if external disturbances were 
applied, thus maintaining the limit cycle oscillation until the tempera
ture drops below Th1, leading the system to become stationary. This 
explains why the forward path exhibits a sudden transition, while the 
backward path shows a gradual decline.

4.2. Effect of the inlet disturbance on the acoustic oscillation 
characteristics of the Stirling TWTAE

The impact of forcing periodic perturbations on the nonlinear phe
nomena and thermal-acoustic conversion efficiency of the Stirling 
TWTAE is examined. An externally applied forcing disturbance is 
introduced at the resonator right end of the engine, designated as the 
pressure/velocity inlet. Numerical simulations are conducted under 
varying forced frequencies (ff ) ranging from 0.1 Hz to 600 Hz, and 
amplitudes of pressure (pf ) set at 50 Pa or 100 Pa, or velocity (vf ) ranging 
from 1 m/s to 10 m/s perturbations on the Stirling TWTAE. The absolute 

Fig. 9. (a) Bistability in the oscillation pressure amplitude of the Stirling TWTAE induced by variations in the hot-end temperature through forward and reverse 
paths, and the time histories of acoustic pressure oscillations at different temperatures in the (b) reverse path and (c) forward path.
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values of pressure amplitude of the oscillation (|pA |́) under different 
forced perturbations are shown in Fig. 10(a). The mode transition phe
nomenon in the pressure oscillations of the Stirling TWTAE is observed: 

(1) In the presence of forced pressure pf , |pA |́ is remained at 0 across 
different forced frequencies ff , ’damping’ in the Stirling TWTAE 
system [57]. The damping also occurs when forced velocity vf is 
applied. As ff approaches 0 Hz, self-excited oscillations are 
damped, creating a steady region (S).

(2) As ff increases, the quasi-periodic oscillation area (QP1) is 
observed, arising from the combined influence of ff and the 
Stirling TAE’s self-excited oscillation frequency (fs = 115 Hz), 
leading to non-fixed frequency oscillations [58,59].

(3) When ff is close to fs, a limit cycle oscillation is observed (LM1). 
This occurs due to constructive interference, where the resonance 
between the forced frequency and the system’s self-excited 
fundamental mode causes similar frequencies to reinforce each 
other, increasing the overall pressure amplitude [60].

(4) When ff exceeds 150 Hz, the resonance condition is disrupted, 
and ff coexists with fs without interference, leading to quasi- 
periodic behavior (QP2 and QP3 regions). In this scenario, the 
energy conversion of the self-excited thermoacoustic oscillation 
remains similar to that of the unforced system, and the system 
response amplitude barely changes, leveling off.

(5) When ff approaches the second harmonic frequency of the Stir
ling TWTAE (230 Hz), the system enters another limit cycle state 
(LM2). However, since the pressure amplitude corresponding to 

Fig. 10. Effect of the forcing pressure/velocity perturbations on the (a) oscillations’ acoustic pressure amplitude and (b) thermal-acoustic conversion efficiency of the 
Stirling TWTAE, with the no inlet corresponds to the relevant values of the unforced TAE model.
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the second harmonic is inherently small, even resonance with the 
forcing disturbance does not significantly impact the overall 
pressure amplitude, resulting in only a slight increase in |pA |́.

This is consistent with our previous findings on the SWTAE with 
external forcing perturbations [54], where a more detailed explanation 
of mode transitions is provided in the paper. To further investigate the 
impact of forcing periodic perturbations on the thermo-acoustic con
version efficiency of the Stirling TWTAE, the thermal efficiency of the 
forced system (η) is calculated by Eq. (6), as shown in Fig. 10(b). It is 
observed η notably increases when ff lies between 90 Hz and 135 Hz, 
equivalent to 0.78 < ff/fs < 1.17. The influence of ff on η intensifies with 
elevated forced velocity amplitudes. The highest thermal efficiency of 
38.93 % occurs at a forced velocity of 10 m/s at 115 Hz, markedly 
surpassing the system’s efficiency without inlet forcing, which stands at 
12.70 %. Therefore, providing the Stirling TWTAE system with a forced 
frequency close to its self-excited frequency (0.78 < ff/fs < 1.17) and a 
high amplitude is a beneficial trade-off, as it enhances both the acoustic 
oscillation characteristics and thermo-acoustic energy conversion 
efficiency.

4.3. Mass streaming

Mass streaming, characterized by the time-averaged second har
monic mass flow superimposed on the fundamental limit cycle oscilla
tion mode, significantly influences the acoustic performance of 
thermoacoustic devices [61]. Specifically, Gedeon streaming arises from 
the imbalance between positive and negative flows in each half cycle, 
resulting in a net mass flow [62,63]. To identify this phenomenon, the 
time-averaged air mass flow rate (ρv) is calculated. As illustrated in 

Fig. 11(a), the primary direction of ρv circulates from the hot side of the 
regenerator, through the looped tube, and reaches the ambient side of 
the regenerator. At a regenerator hot-end temperature of 900 K, a 
distinct variation in ρv is observed, transitioning from blue (indicating 
high mass flux downward) to red (indicating high mass flux forward), 
particularly in the regenerator area and at the junction between the loop 
tube and the resonator tube, where significant mass flux is observed. 
Fig. 11(b) (700 K) exhibits a similar pattern but with reduced overall 
flux, suggesting a reduction in the mass flux at lower hot-end tempera
tures. In Fig. 11(c) (500 K), ρv is further decreased, with almost no red 
areas in the tube, demonstrating a significant reduction in the second 
harmonic velocity at 500 K. This occurs because temperature gradients 
in thermoacoustic devices lead to thermal expansion and compression of 
the gas, generating pressure gradients that drive fluid flow, resulting in 
Gedeon streaming. As the temperature difference is increased, so do the 
resulting density and pressure differentials, making Gedeon streaming 
more pronounced with increasing temperature gradients.

To further quantitatively compare the time-averaged mass flux (ρv) 
at different positions within the engine under various regenerator hot- 
end temperatures, eight points (x1, x2, x3, x4, x5, x6, x7, and x8) are 
selected within the engine. Radial profiles of ρv at these points under 
different hot-end temperatures (900 K, 700 K, 500 K) are obtained, as 
shown in Fig. 12. Significant fluctuations in ρv are observed at positions 
x1, x3, and x5 (see Fig. 12 (a), (c), and (e)), indicating higher mass flux 
and pronounced nonlinear effects in these regions. In the resonator tube, 
a comparison of positions x6, x7, and x8 (see Fig. 12 (f), (g), and (h)) 
reveals that ρv is decreased with increasing distance from the looped 
tube, reflecting the attenuation characteristics of ρv with distance from 
the looped tube. Moreover, at the regenerator hot-end temperature of 
900 K, ρv is the highest at nearly all positions (i.e., x1 to x8) compared to 

Fig. 11. Comparison of the time-averaged mass flux ρv in the looped tube of the Stirling TWTAE at regenerator hot-end temperatures of (a) 900 K, (b) 700 K, and (c) 
500 K.
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those at lower regenerator hot-end temperatures (500 K and 700 K). This 
trend underscores the significant impact of temperature gradients on the 
nonlinear characteristics of mass flux.

Additionally, Fig. 12 shows that reverse ρv near the tube walls is 
observed at axial positions x1 to x8 across all temperature settings in the 
Stirling TWTAE. This phenomenon, known as Rayleigh streaming, is 
induced by boundary-layer effects along the engine walls [64–66]. 
Rayleigh streaming is another significant type of mass streaming that 
affects thermoacoustic phenomena and flow fields in thermoacoustic 
engines. It can lead to alterations in the flow fields near the tube walls, 
changing the phase and amplitude of sound waves, reducing the effec
tive transfer of thermal energy, and potentially decreasing system effi
ciency. Fig. 12 also demonstrates that as the regenerator hot-end 
temperature decreases, the intensity of Rayleigh streaming corre
spondingly weakens. In summary, a detailed view of the radial and axial 
distribution of mass flux in the Stirling TWTAE under different tem
peratures is provided, revealing the influence of temperature and 
boundary-layer effects on mass flux in thermoacoustic engines. The 
comparisons lead to the conclusion that appropriately reducing the re
generator’s hot-end temperature can mitigate mass streaming.

5. Discussion and conclusions

In this study, comprehensive numerical simulations using Compu
tational Fluid Dynamics (CFD) are conducted on full-scale looped 
traveling-wave thermoacoustic engines (TWTAEs) and Stirling TWTAEs 
to explore their overall performance and nonlinear effects. The primary 
objectives are to 1) establish and validate full-scale numerical TWTAE 
models, 2) compare different types of thermoacoustic engines under 
identical operating conditions, and 3) investigate the nonlinear effects in 
the Stirling TWTAE. The key contributions of this work are outlined as 
follows: 

• Development and validation of full-scale time-domain models: This 
study establishes full-scale, two- and three-dimensional (2D and 3D) 
time-domain numerical models for both looped and Stirling 
TWTAEs. These models are validated by assessing the impact of 
different turbulence models on simulation results and through 
comparisons with experimental data available in the literature. 
Time-efficient and accurate full-scale 2D models for both looped and 

Stirling TWTAEs are identified, demonstrating their capability to 
capture the acoustic oscillation characteristics and heat transfer 
properties of these engines.

• Comparative analysis of traveling-wave thermoacoustic systems: 2D 
models of looped TWTAE, Stirling TWTAE, and standing-wave 
thermoacoustic engines are developed with identical geometrical 
parameters, and their performances are comprehensively compared 
under the same operating conditions. The comparative analysis of 
the acoustic characteristics and flow fields of the different ther
moacoustic engines reveal that the Stirling TWTAE outperforms the 
other systems in terms of heat-driven acoustic power and thermo- 
acoustic energy conversion efficiency. This is attributed to the min
imal nonlinear phenomena within the flow fields and the small phase 
differences between acoustic velocity and pressure oscillations, 
which enhance the overall heat-to sound energy conversion process.

• Exploration of nonlinear dynamics phenomena of the Stirling 
TWTAE: This present study delves into the nonlinear dynamics of the 
flow fields within the Stirling TWTAE, demonstrating how opera
tional parameters, such as temperature gradients across the regen
erator, can be adjusted to control bistability phenomena and to 
manage mass streaming effects, including Gedeon and Rayleigh 
streaming. Further investigations reveal that enhancing the Stirling 
TWTAE’s performance can be achieved by introducing forcing fre
quency perturbations closely aligned with the engine’s self-excited 
oscillations frequency, particularly when combined with large 
forced amplitudes.

In general, this present work demonstrates the reliability and 
robustness of time-domain CFD models in predicting acoustic oscillation 
characteristics and exploring nonlinear dynamics phenomena in the 
heat-driven flow fields of full-scale TWTAEs. These interesting findings 
provide physical insights into the distinct characteristics and operational 
advantages of the Stirling TWTAE, highlighting its potential as a highly 
efficient thermoacoustic engine for energy conversion. These insights 
lay a foundation for future developments, optimizations, and analysis of 
traveling-wave thermoacoustic systems. However, the startup and sta
bility of heat-driven acoustic oscillations in the design of Stirling TWTAE 
dynamics are important aspects that certainly attract more attention, 
and these will be included in our future research.

Fig. 12. Comparison of radial profiles of the time-averaged mass flux ρv at selected axial positions (a) x1, (b) x2, (c) x3, (d) x4, (e) x5, and (d) x6 of the Stirling TWTAE 
under different hot-end temperatures of 900 K, 700 K, and 500 K.
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