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A B S T R A C T

The increasing of deep space exploration missions has promoted research on space nuclear power systems 
worldwide. Stirling generators, especially free-piston Stirling generators (FPSGs), are a promising dynamic en-
ergy conversion technology for space nuclear power systems. As core components of a Stirling system, oscillating 
flow heat exchangers (OFHXs) have a crucial impact on the performance of the system. Unfortunately, a 
comprehensive comparison between low-order numerical models and the computational fluid dynamics (CFD) 
simulations on the engine core unit (ECU) is lacking. Meanwhile, the heat transfer characteristics of the ECU at 
high power levels remain poorly understood. Therefore, in this paper, a 10 kW FPSG is taken as an example, and 
its ECU is numerically simulated using Sage software and CFD simulation, respectively. Then the results of the 
two different numerical methods are compared under rated conditions, and we concluded the Sage model can 
effectively characterize the heat transfer distributions within the ECU. Furthermore, the heat transfer charac-
teristics of the ECU were analysed in detail using the Sage model. The results indicate that a 90◦ change in the 
acoustic phase difference of the ECU could lead to a 32 kW variation in acoustic power of the high-temperature 
heat exchanger (HHX), and the regenerator transitions from amplifying acoustic power to beginning to consume 
acoustic power. This demonstrates that the heat transfer characteristics of the OFHX are sensitive to the dis-
tribution of the acoustic phase difference. This work contributes to the development of the ECU for high-power 
FPSGs, which will strengthen the foundation for their subsequent integration with micro nuclear reactors.

Introduction

With the increasing of deep space exploration missions, space nu-
clear power systems will be a more suitable solution to these missions 
compared with solar and chemistry batteries, due to their advantage of 
being independent of solar flux, strong environmental adaptability, and 
easy to be scaled up [1,2]. A crucial element of a space nuclear power 
system is the energy converter. According to the involvement of me-
chanical moving components in the energy conversion process, energy 
converters can be categorized into two types, namely static and dynamic 
converters [3]. As a highly efficient dynamic converter, the free-piston 
Stirling generator (FPSG) has drawn much attention around the world 
for the power range between 0.1–100 kW, including the US [4], the EU 
[5], Japan [6], China [7], and South Korea [8]. The prominent 

advantages of FPSGs lie in, on the one hand, their simple structure with 
few moving parts, and on the other hand, their compatibility with 
diverse energy sources [9]. The former enables them to have high reli-
ability and low maintenance costs, while the latter allows them can 
harness different clean energy sources such as nuclear, solar, biomass, 
and geothermal energy [10].

FPSGs generally contain a free-piston Stirling engine (FPSE) and a 
linear alternator (LA). The FPSE and the thermoacoustic engine (TAE) 
both utilize thermodynamic principles to convert thermal energy into 
mechanical work, but they are achieved through different mechanisms. 
FPSE uses a sealed cylinder with a freely solid moving piston (in some 
cases using a liquid piston), allowing the working fluid to expand and 
compress when absorbing and releasing heat, while TAE relies on sound 
waves generated by temperature gradients to produce oscillating pres-
sure changes [11,12]. The core components of FPSE, particularly high- 
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temperature heat exchangers (HHX), regenerators (REG), and ambient- 
temperature heat exchangers (AHX), play a crucial role in determining 
flow and heat transfer performance as well as the output performance of 
the engine. However, these oscillating flow heat exchangers (OFHXs) 
exhibit distinct heat transfer characteristics compared to unidirectional 
flow heat exchangers [13]. The reciprocating and oscillating flow of the 
working fluid and the complexity of the heat exchangers’ geometric 
structure make traditional design methods for unidirectional flow heat 
exchangers inapplicable to the heat exchangers of FPSE [14,15]. 
Therefore, efforts should be made to fully understand the working 
mechanisms of OFHXs while providing quantitative descriptions in 
designing and optimizing these heat exchangers.

Generally speaking, research methods for OFHXs can be divided into 
three types, namely theoretical calculations, numerical analysis, and 
experimental studies. In theoretical fluid flow and heat transfer calcu-
lations, linear or weakly nonlinear thermoacoustic theory is used 
mostly. It provides good explanations for linear and weakly nonlinear 
thermoacoustic phenomena. Still, it cannot provide precise results for 
understanding the multi-physics coupling and strong nonlinear situa-
tions that arise at high frequencies and speeds. Richardson and Tyler 
[16] proposed the time-averaged steady-flow equivalent model, which 
utilizes time-averaged values within half of an acoustic period to handle 
the gas parameters in oscillating flows. Gedeon [17] presented a char-
acterization method for the space-cycle averaged Nusselt number and 
demonstrated that relevant parameters can be applied to the energy and 
momentum equations. This approach eliminates the need for precise 
phase difference measurements between heating temperature and heat 
flux. Nika et al. [18] studied a method for characterizing the Nusselt 
number and derived first-order formulas for friction and heat transfer 
coefficients in microchannel heat exchangers under oscillating flow 
conditions; their study revealed that heat transfer attributes in micro-
channel heat exchangers under oscillating flow are impacted by the time 
characteristic and dynamic features of heat conversion efficiency. Liu 
and Garrett [19] proposed the use of complex Nusselt numbers to 

describe heat transfer in oscillating flow induced by compression and 
expansion effects; they concluded that precise heat transfer character-
ization in porous media can be obtained without the need for temper-
ature measurements or auxiliary heat exchangers, through the 
combination of the thermal viscous function and Nusselt number.

Numerical computation describes physical processes by developing 
appropriate numerical models. These models are primarily categorized 
into low-order numerical models and higher-order or computational 
fluid dynamics (CFD) models.

Low-order numerical models are simplified mathematical models 
that describe the variation and interaction of key parameters such as 
heat transfer, acoustic-pressure vibration, and fluid dynamics through a 
series of equations. These models feature low computational cost and 
fast computational speed, hence can provide an overall characterization 
of flow and heat transfer. However, due to their simplification of details, 
these models are only suitable for qualitative analysis and preliminary 
prediction of heat transfer phenomena in thermoacoustic oscillating 
flows, rather than providing accurate quantitative results. Such as, Swift 
et al. [20] created software for designing low-amplitude thermoacoustic 
systems. Utilizing a model of boundary layer conduction, the software 
calculates the coefficient for heat transfer. This coefficient is defined as 
the ratio of the minimum value between the hydraulic radius of the gas 
channel inside the heat exchanger and the depth of thermal penetration.

Different from low-order numerical models, CFD simulations focus 
on capturing the nonlinear phenomena present in physical structures. 
Currently, the used CFD models can be broadly categorized into two 
main groups: the first category is single engine core and the other 
category is based on full Stirling systems. These approaches further 
distinguish between models that deal with microscale resolution and 
those that involve macroscopic porous media methods to simulate en-
gine cores. The former involves detailed geometric modelling of the 
computational domain using “high-fidelity models” to capture the 
characteristics of three-dimensional structures, including the associated 
calculation of the REG [21,22]. The latter simulates a complete Stirling 

Nomenclature

Abbreviations
AHX Ambient-temperature heat exchanger
CFD Computational fluid dynamics
ECU Engine core unit
FPSE Free-piston Stirling engine
FPSG Free-piston Stirling generator
HHX High-temperature heat exchanger
LA Linear alternator
OFHX Oscillating flow heat exchanger
REG Regenerator

Symbols
A Cross-sectional area, m2

cp Specific heat of gas, J/(kg⋅K)
Cf Inertial resistance coefficient, m-1

dh Hydraulic diameter, mm
e Specific total gas energy
F Represents the viscous pressure gradient
f Resistance coefficient
K Permeability, m
Kloss Total local loss coefficient
k Thermal conductivity, W/(m⋅K)
L Length of heat exchanger, m
ṁ Mass flow rate, kg/s
Nu Nusselt number
p Pressure wave, Pa

c Prandtl number
qw Surface heat flux of wall, W/m2

Q Wall heat flux, W
Re Reynolds number
Sx Wetted perimeter, m2

T Average gas temperature, K
Tf Velocity weighted average temperature, K
Tw Wall temperature, K
u Gas velocity, m/s
U Volume flow rate, m3/s
V→ Gas velocity, m/s
Wa Time-average acoustic power, W
Xp Displacement of the power piston, mm
x Axial length, mm
α Porosity
ε Average height of irregular surfaces, m
θp,U Phase difference between p and U, degree, ◦
μ Dynamic viscosity, Pa⋅s
ρ Density, kg/cm3

ϕ Dissipation function

Subscripts
1 First-order
comp Compression space
exp1 Expansion space 1
in Inlet
out Outlet
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engine system [23]. In this context, the REG, as a component of the 
engine core unit (ECU), is typically represented as a porous media model 
to facilitate the study of the system’s overall performance. Bitsikas et al. 
[24] segmented the REG of a β Stirling engine into multiple sections for 
analysis on flow and heat transfer dynamics by CFD. The REG was 
partitioned into three regions based on temperature profiles. In the 
initial and final 20 % of its length, temperature variations were 

represented using a 2 nd-order polynomial equation. Across the central 
60 % of the REG, there was a linear relationship between temperature 
and length. By deriving equations to capture heat transfer and temper-
ature variations over space and time, accurate predictions for both fluid 
and metal matrix properties were achieved at specific lengths and time 
points. EI-Ghafour et al. [25] also devised a three-dimensional CFD 
model to study the ECU of an FPSE. They focused on flow and heat 
transfer distribution in the engine cycle, assessing the accuracy of 
various eddy-viscosity models. Notably, the corrected k-ε turbulence 
model demonstrated an average deviation of approximately 4 % when 
compared with experimental data, indicating its reliability and efficacy 
in predicting heat transfer dynamics within the engine system.

In experimental studies, the oscillating fluid’s flow and temperature 
fields are mainly assessed through the use of thermocouples, infrared 
thermography, and other devices. However, due to the limited labora-
tory conditions, obtaining accurate data for the flow field and temper-
ature field is costly. Additionally, the achievable experimental test 
conditions are often difficult to completely cover the all operating 
conditions of the system that need to be considered. As a result, most 
experiments on OFHXs focus solely on experimental tests of the single 

Fig. 1. (a) Schematic of the FPSG that is capable of integrating heat pipes and (b) cross-section view along the radial direction of the HHX.

Table 1 
Structural parameters of the FPSG.

Structural parameters Values

Length of HHX 250 mm
Gap width of HHX’s fins 1.3 mm
Gap height of HHX’s fins 10 mm
Outer diameter of REG 248 mm
Inner diameter of REG 150 mm
Length of REG 52 mm
Porosity of REG 89.7 %
Length of AHX 70 mm
Inner diameter of the AHX’s tube 2 mm

Table 2 
Operating conditions of the FPSG.

Operating conditions Values

Working gas helium
Working frequency 50 Hz
Mean pressure 9 MPa
Temperature of HHX 823 K
Temperature of AHX 333 K
Thermoacoustic efficiency 40.64 %
Output electrical power 10.77 kW

Table 3 
Parameters of the same section for the two models.

Variable Sage model CFD model Deviations

ṁ1, comp(kg/s) 0.6346@0◦ 0.6308@0◦ 0.6 %
ṁ1, exp1(kg/s) 0.3116@-43.05◦ 0.3223@-40.21◦ 3.4 %
p1, comp (Pa) 884607.2@0◦ 908421@0◦ 2.7 %
p1, exp1(Pa) 844263.3@-3.74◦ 762732@-7.84◦ 9.6 %
Wa, AHX,out (W) 12,677 13,805 8.9 %
Wa, HHX,in (W) 23622.67 22,106 6.4 %
QAHX(W) − 12700 − 12140 4.4 %
QHHX(W) 23,650 20,293 14.2 %

Fig. 2. Comparison of pressure amplitude distributions in the ECU under the 
rated conditions obtained by the two different numerical methods.
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Fig. 3. Comparison of the Sage model and CFD model in terms of (a) velocity amplitude, (b) gas temperature, (c) time-average surface heat fluxes, and (d) time- 
average Nusselt number inside the ECU.

Fig. 4. Distributions of (a) time-average acoustic power, and (b)time-average surface heat fluxes inside the ECU at different displacement amplitudes. These results 
are obtained by the Sage model.
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Fig. 5. Distributions of (a) time-average acoustic power, (b) phase difference between p and U, and (c) time-average surface heat fluxes inside the ECU at different 
HHX wall temperatures. These results are obtained by the Sage model.
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heat exchanger [26], while also integrating numerical simulations to 
verify and interpret the experimental results [27].

It is important to choose suitable research methods when dealing 
with oscillating flow heat transfer problems of Stirling systems. As 
mentioned above, some available heat transfer models have been stud-
ied and compared with experimental findings, demonstrating the pre-
cision of the numerical simulations. Therefore, numerical simulation is 
the priority research method option for the design or optimization of 
Stirling systems. Different numerical methodologies have their pros and 
cons, and unfortunately, a comprehensive comparison between low- 
order numerical models and the CFD simulations on Stirling systems is 
lacking. What’s more, the former studies on oscillating flow heat 
transfer mainly concentrated on low-power (generally lower than 5 kW) 
Stirling engine generators. As the power capacity of these generators 
rises, the heat transfer characteristics of the ECU will change accord-
ingly. However, the heat transfer behaviours of ECUs under high power 
conditions are still unclear, and it is necessary to conduct a detailed and 
sensitive analysis of the heat transfer characteristics of these engine 
units.

To bridge these research gaps, in this study, the ECU of a 10 kW FPSG 
was simulated using both the Sage and CFD models. The computational 
results of the two models were compared and analysed for differences, 
with a detailed analysis of the heat exchanger’s heat transfer charac-
teristics under rated conditions. Utilizing the Sage model, a compre-
hensive analysis was conducted on the heat transfer characteristics of 
the ECU at a high-power level, this analysis proves advantageous in 
elucidating the flow heat transfer principles of the heat exchanger, thus 
guiding the design of a high-power FPSG.

In the subsequent Sections, Section 2 gives the configuration and 
structural parameters of the system under consideration. Section 3 
presents the simulation models and their validation process, while 
Section 4 delves into the parameter sensitivity of the ECU. Lastly, Sec-
tion 5 summarizes the main findings and conclusions derived from this 
research.

System configuration

Fig. 1 presents a detailed schematic of the FPSG considered in this 
work. The generator is designed with an output power of 10 kW. In Fig. 1
(a), the FPSG integrates an FPSE and a dual-opposed LA. The ECU 
comprises several essential components, including a compression space 
which is connected to an annular AHX, and an expansion space which is 
connected to an annular HHX. Additionally, an annular REG is sand-
wiched between the AHX and the HHX, and is coaxial with both the AHX 
and the HHX. A displacer, which is deployed along the centre line of the 
annular HHX, is supported by planner springs mounted inside the bot-
tom bounce space. Fig. 1(b) illustrates the cross-section view of the 
annual HHX along its radial direction. The HHX is coupled with 16 
straight heat pipes, and the evaporation section of each heat pipe is in-
tegrated with the nuclear reactor core, and the condensation section 
is inserted into the heat pipe shell of the HHX, facilitating the transfer of 
heat produced by the reactor core to the working gas inside the HHX. To 
complete the heat transfer, the working gases traverse back and forth 
within the rectangular gas passages of the HHX. The dual-opposed LA is 
composed of two identical single-piston LA units and each unit includes 
a power piston, an electromagnetic conversion circuit, and a bounce 
space. Such a configuration could cancel out the vibrations between the 
two dual-opposed power pistons. The structural parameters of the FPSG 
are detailed in Table 1. Additionally, Table 2 provides the operating 
conditions of this system.

Methodology

To perform a comprehensive comparison between low-order nu-
merical models and the CFD simulations on a specific Stirling system, 
meanwhile reveal the heat transfer behaviours of ECUs under high 
power conditions, in this section, the ECU of a 10 kW FPSG was simu-
lated using both the Sage and CFD models. The two different numerical 
models are introduced in this section.

Sage model

The Sage software is a commercial calculation platform developed by 
Gedeon [28], mainly for the general design calculation of thermoa-
coustic machines [29–32] and Stirling engines [33–36]. It encapsulates 
the gas flow, heat transfer, and other model details corresponding to 
actual physical components in specific model instances through a 
graphical interface. Users can establish simulation models for different 
Stirling/thermoacoustic machines by connecting these model instances 

Fig. 6. Distributions of (a) time-average acoustic power and (b)time-average surface heat fluxes inside the ECU at different acoustic phase differences. These results 
are obtained by the Sage model.

Table 4 
Performance indexes of OFHXs at different thermal boundaries.

Thermal 
boundaries

Temperature 
boundary

Heat flux 
boundary

Convection 
boundary

QHHX (W) 23,650 23,640 23,650
Q AHX (W) 12,700 12,540 12,600
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according to the machines’ configuration, and couple the parameters 
across these model instances with fundamental conservation equations, 
ultimately achieving the solution and multi-parameter collaborative 
optimization of the entire machine. Appendix A provides a detailed 
introduction to the governing equations and root interface of the Sage 
model as well as the experimental validation of the model.

CFD model

Computational fluid dynamics (CFD) is a high-order numerical 
method employed to analyse fluid flow and heat transfer characteristics, 
particularly in complex components such as OFHXs. To understand the 
intricate behaviour of fluids, it is essential to solve the fundamental 
governing equations of fluid mechanics, namely the continuity equation, 
the Navier-Stokes equations, and the energy equation. The process 
commences with defining the system’s geometry and creating meshes 
that discretize this geometry into smaller computational units. 

Subsequently, an appropriate physical model is selected based on the 
flow characteristics to simulate both transient and steady-state behav-
iours of the fluid under specified boundary conditions. The CFD model in 
this paper is based on ANSYS Fluent software. To reduce the amount of 
computational mesh (thus shortening the calculation time) while 
maintaining high calculation accuracy, the three-dimensional (3D) 
model is reasonably simplified into a two-dimensional (2D) model. For 
the CFD model, the simplification methodology, governing equations 
and boundary conditions are described in detail in Appendix B.

Results and discussions

Comparisons between the Sage and CFD results

Table 3 compares the calculation results of the Sage and 2D CFD 
models based on the geometric model in Appendix B Fig. B1(b) under 
the rated operating condition. As shown in the table, both calculations 

Fig. 7. Distributions of (a) pressure wave amplitude, (b) volume flow rate amplitude, (c) acoustic phase difference, and (d) time-average acoustic power at different 
thermal boundaries. These results are obtained by the Sage model.
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use the same piston boundaries, so the volume flow rates at the piston 
interface of the compression space and the expansion space are the 
same. The magnitudes of the time-averaged energy obtained by the two 
models are similar, with a difference of around 15 %, indicating that the 
Sage and CFD models are comparable.

Fig. 2 compares the pressure amplitude distribution in the ECU under 
the rated conditions obtained by the two different numerical methods. 
As illustrated in Fig. 2, the CFD model shows a higher pressure ampli-
tude than the Sage model in both the AHX and REG sections. Conversely, 
for the HHX section, the CFD model shows a lower pressure amplitude 
relative to the Sage model. The maximum difference in the pressure 
amplitude between the two different numerical methods in the AHX is 
40 kPa, while the maximum difference in the HHX reaches 60 kPa. This 
is because the one-dimensional Sage model is unable to directly capture 
localized losses caused by complex flow variations, and the existing heat 
exchanger model instances in Sage cannot automatically adjust the 
localized resistances based on the relative structural features between 
the components; therefore, it needs to set up the associated losses 
manually. On the contrary, the 2D CFD simulation can capture the 
variations in flow field characteristics, including the jets in the AHX’s 

and the HHX’s channels, which results in the presence of sudden pres-
sure changes at the contact surfaces of adjacent components.

Fig. 3(a)-(d) shows a comparison of the distributions of velocity 
amplitude, gas temperature, time-averaged surface heat fluxes, and 
time-averaged Nusselt number obtained by the CFD and Sage models in 
the ECU under rated operating conditions. Fig. 3(a)-(b) displays the 
calculation results of the two models that are very close to each other in 
terms of the velocity and the gas temperature. The variations of the 
velocity amplitude and the gas temperature obtained by the two 
different numerical methods are almost the same for the AHX. There-
fore, the surface heat fluxes obtained by the two different numerical 
methods are close to overlap in Fig. 3(c). However, a small difference 
between the results obtained by the two models for the surface heat 
fluxes in the HHX. Based on Eq. (A9), it is known that the influence of the 
time-averaged surface heat flux of the heat exchanger is mainly 
concentrated on the Nusselt number. Fig. 3(d) shows the time-averaged 
Nusselt number Nu, of the AHX and HHX, calculated by the CFD model 
and the Sage model respectively based on Eqs (A10)-(A11). The distri-
bution of Nu along the AHX and HHX is consistent in both models, with 
larger values near the REG side. This further indicates that the heat 

Fig. 8. Distributions of (a) gas temperature, (b) wall temperature of the HHX, and (c) time-average surface heat fluxes inside the ECU at different thermal boundaries. 
These results are obtained by the Sage model.
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exchangers in the Sage and CFD models have similar heat transfer 
characteristics. According to Eq. (A10), Nu in the Sage model is a 
function of the resistance coefficient and Reynolds number Re along the 
heat exchanger. Therefore, the value of Nu inside the AHX and HHX is 
determined by the fluid velocity and the friction.

According to the analysis mentioned above, the local resistance in an 
OFHX due to structural variations (between the heat exchanger and 
adjacent components) and the non-linear phenomena during operation 
minimally impact the internal heat transfer of the system. The friction 
within the heat exchanger can be determined using the Sage model. 
Despite being founded on one-dimensional governing equations, the 
Sage model provides calculations that are fairly close to those of the CFD 
model, with some differences in quantity. Therefore, we can use Sage 
model for engineering design of OFHXs and assess their heat transfer 
characteristics.

Heat transfer characteristics sensitivity analysis

Given the significantly faster calculation speed of the Sage model in 
comparison to the CFD model, this section analysis the sensitivity of the 
heat transfer characteristics of the ECU to different piston displacement 
amplitudes, HHX wall temperatures, acoustic phase differences, and 
thermal boundary conditions using the Sage model.

Effect of piston displacement amplitude
Fig. 4 (a)-(b) displays the distributions of time-average acoustic 

power and time-average surface heat fluxes inside the ECU at different 
piston displacement amplitudes, respectively. With the increase of 
displacement of the compression and expansion pistons, the gas velocity 
inside both the AHX and the HHX increases, the time-average acoustic 
power of the ECU goes up, and the capability for acoustic power 
amplification of the REG strengthens, enhancing the thermoacoustic 
effect inside the REG. The time-average surface heat fluxes of the AHX 
and the HHX have obvious inlet and outlet effects. At low velocities, the 
inlet and outlet effects of the HHX and AHX have symmetry and are 
concentrated on the REG side. With the velocity increases, the inlet and 
outlet effects become asymmetric, and the time-average wall surface 
heat flux of the HHX extends to the other side, causing uneven internal 
heat transfer. These results indicate that the effective length of the OFHX 
should match the displacement amplitude of its piston.

Effect of HHX wall temperature
Fig. 5(a)-(c) displays the distributions of time-average acoustic 

power, acoustic phase, and time-average surface heat fluxes inside the 
ECU at different HHX wall temperatures of the ECU, respectively. In 
calculations, we fixed the AHX wall temperature at 333 K and increased 
the HHX wall temperature from 203 K to 983 K. When the HHX wall 
temperature gradually increases, the temperature difference between 
the engine’s hot end and the cold end goes up, the thermoacoustic effect 
is enhanced, and the acoustic power inside the ECU increases. Mean-
while, the AHX and the HHX heat transfer capacity are proportional to 
the temperature difference between the cold and hot ends. Increasing 
the HHX wall temperature, the AHX, and the HHX heat transfer would 
be enhanced. However, when the HHX wall temperature exceeds 823 K, 
the trend of the acoustic field change in the ECU is weakened, the 
thermoacoustic effect tends to be saturated, and the heat transfer 
characteristics of the AHX and the HHX are no longer significantly 
changed. It is shown that for the ECU studied in this paper, the optimal 
HHX wall temperature is around 823 K.

Effect of acoustic phase difference
Unlike steady-state flow exchangers, in OFHXs, the enthalpy flow is 

affected by the interaction between the flow and temperature fields. 
When the acoustic phase difference between mass flow rate and tem-
perature changes, the flow and temperature fields of the gas inside the 
OFHX will be changed accordingly. Therefore, exploring how the 

acoustic phase difference influences the heat transfer characteristics of 
the OFHX is crucial. In this paper, the variation in acoustic phase dif-
ference (phase difference between p and U) was achieved by keeping the 
displacement amplitudes of compression and expansion pistons at the 
rated condition and adjusting the velocity phase difference between the 
two pistons from 0 to 2π.

In Fig. 6(a)-(b), the time-averaged acoustic power and time-averaged 
surface heat fluxes inside the heat exchangers change significantly with 
the acoustic phase difference. When the acoustic phase difference is 
increased by 90◦, the mean acoustic power of HHX changes from 25 kW 
to − 7 kW, at which point the REG transitions from amplifying acoustic 
power to beginning to consume it. When the acoustic phase difference 
increases by 135◦, the distributions of surface heat fluxes of the HHX and 
the AHX are gradually homogenized, and the heat transfer capacity is 
gradually reduced. When the acoustic phase difference increases by 
180◦, the inlet and outlet effects of the HHX surface heat flux are 
reversed in comparison with that observed at the initial acoustic phase 
difference. Specifically, the inlet and outlet effects are transformed from 
the surface heat flux at the original REG side higher than the expansion 
space side to that surface heat flux at the expansion space side higher 
than the REG side. The main cause for this phenomenon is the change in 
acoustic phase difference, which induces changes in both mass flow 
phase and temperature phase within HHX and AHX. The analysis above 
suggests that the primary factor impacting heat transfer in the OFHX is 
the acoustic phase difference.

Effect of thermal boundary
As mentioned before, examining the impacts of varying thermal 

boundaries on heat transfer in oscillating flow is crucial. The perfor-
mance metrics of the two heat exchangers in the ECU are displayed in 
Table 4 for different thermal boundaries. The investigation in Table 4
reveals the influence of different thermal boundaries on heat transfer in 
oscillating flow under the same operating conditions. It should be noted 
that a unified temperature boundary was applied to the AHX and 
different thermal boundaries were applied to the HHX.

Fig. 7(a)-(d) illustrates the state parameter distributions within the 
ECU for different thermal boundaries. These include the amplitude of 
the pressure wave, the amplitude of the volume flow rate, the acoustic 
phase difference, and the acoustic power. The ECU continually operates 
under its rated conditions, maintaining constant piston velocity, un-
changed pressure amplitude, and volume flow rate amplitude, resulting 
in consistent acoustic power, as depicted in Fig. 7(d). It can be inferred 
that with other parameters held constant, the acoustic power and 
acoustic field of the ECU are not affected by changes in thermal 
boundaries.

As depicted in Fig. 8(a)-(b), significant variations differences in the 
gas mean temperature and wall surface temperature of the HHX under 
different thermal boundaries. The HHX wall experiences a maximal 
temperature difference of 25 K, while the gas mean temperature exhibits 
a difference of 20 K. As highlighted in Fig. 8(c), despite discrepancies in 
temperature distributions, the heat transfer characteristics along the 
HHX wall remain consistent, exhibiting just a 30 kW/m2 difference near 
the REG side. This suggests that the heat transfer characteristics of the 
ECU are not excessively sensitive to the thermal boundaries, remaining 
within an acceptable range.

Conclusions

To fill the research gaps of oscillating flow heat transfer of Stirling/ 
thermoacoustic systems, in this work, we considered a 10 kW FPSG that 
integrates heat pipes. We performed a comparison of the numerical re-
sults derived from both the Sage model and the CFD model for the ECU. 
Furthermore, a detailed analysis was carried out on the heat transfer 
characteristics of the ECU under various operating conditions using the 
Sage model. From this research, we can conclude that: 

H. Wang et al.                                                                                                                                                                                                                                   Sustainable Energy Technologies and Assessments 75 (2025) 104243 

9 



(1) Comparison of the Sage simulation results with the CFD simula-
tion results at rated conditions shows that a discrepancy of 
approximately 20 kW/m2 in the surface heat flux calculations for 
the HHX. This difference arises from variations in model accuracy 
between the 1D Sage model and the 2D CFD model. However, 
both numerical methods yield consistent trends in the heat 
transfer distribution on the HHX wall. This indicates that the Sage 
model can reasonably describe the heat transfer distribution in an 
OFHX and can be used to predict the heat transfer characteristics 
of the ECU of an FPSE, which improves the efficiency of the 
design and optimization of free-piston Stirling machines.

(2) Increasing the HHX wall temperature of the ECU, the thermoa-
coustic effect of the REG is enhanced, and the heat transfer of the 
AHX and the HHX is improved. When the wall temperature of the 
HHX exceeds 823 K, the thermoacoustic effect tends to be satu-
rated, and at this time, a further increase of the HHX wall tem-
perature will not significantly improve the heat transfer capacity 
of the AHX and HHX.

(3) A change of 90◦ in the acoustic phase difference can directly lead 
to a 32 kW change in the acoustic power of the HHX, and the REG 
is directly transformed from amplifying acoustic power to 
consuming acoustic power. When the change of the acoustic 
phase difference is more than 180◦, the inlet and outlet effects of 
the HHX are reversed in comparison with that of the initial 
acoustic phase difference. These results indicate that the heat 
transfer characteristics of the OFHX have significant operation- 
related characteristics. Therefore, quantitative, and qualitative 
study of the heat transfer characteristics of the OFHX is required 
based on specific acoustic field parameters.

(4) Although different thermal boundaries lead to different wall and 
gas temperatures in the HHX under the same operating condi-
tions, the maximum difference in wall heat flux is only 30 kW/ 
m2, while the ECU acoustic power remains unchanged in different 
thermal boundaries. This indicates that the change of thermal 
boundaries only affects the temperature field of the ECU.

The analysis in this paper not only combines the ECU to improve the 
applicability of the calculation results but also further analyzes the 
impact of various factors on the heat transfer characteristics of the ECU 
to identify the most sensitive factors, which can be used to guide the 
design and optimization of the ECU of a high-power FPSG, which will 
pave the way to achieve efficient integration with micro nuclear reactor 
in the future.
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