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A B S T R A C T   

A Stirling cycle is a thermoelectric conversion method with high efficiency and reliability. The Stirling cycle 
applies to small- and medium-sized power space nuclear reactors or radioisotope heat sources. A high-precision 
and well-predicted Stirling cycle thermodynamic model is the key to optimizing and improving the Stirling 
engine for space. The present study modified the classical Simple model by incorporating the local pressure loss 
into the pressure loss. An improved second-order adiabatic model based on the Simple model, namely the 
Incorporated Pressure Drop-modified Simple Model (IPD-MSM), was proposed. The prediction of the IPD-MSM 
shows well with the changing tendency of the GPU-3 Stirling engine experimental data. Moreover, this model 
has better prediction accuracy at high-pressure and high-frequency conditions than other adiabatic models, such 
as CAFS and ISAM. The thermodynamic properties of He, H2, and Helium-Xenon mixtures in the Stirling cycle 
were also analyzed. Results show that the He-Xe mixture reaches the highest output power and thermal efficiency 
when the mole percentage of Xe is approximately 2%. The mechanism is as follows: the addition of Xe leading to 
the reduction in non-ideal heat transfer loss exceeds the increase in pressure loss. The addition of Xe leads the 
pressure loss to increase abruptly as the mole percentage of Xe exceeds 2%. The characteristics and application 
analysis of H2, He, and He-Xe mixture were discussed. The present study provided theoretical support for the 
Stirling cycle analysis for space missions and the selection of working fluids.   

1. Introduction 

Space nuclear energy has been recognized as disruptive innovation 
and a promising substitution for conventional space energy, such as 
space solar panels, batteries, fuel cells, or chemical energy. Space nu-
clear power generally includes space nuclear reactors (SNRs) and 
radioisotope thermoelectric generators (RTGs). Compared with con-
ventional space energy, space nuclear power features the absence of 
orientation requirements to the sun, high energy density, longevity, and 
a large power range (from watt to megawatt electricity) [1,2]. Since the 
very first SNR (SNAP-10A, Systems for Nuclear Auxiliary Power) was 
launched into space in 1965, 35 SNR-based satellites [3] have been 
successfully launched. RTGs have been the main power source for US 
space work since 1961. A total of 52 satellites and probes [4–6] have 
been utilizing RTGs as the power supply. These RTGs were launched by 
China, the United States, and the former Soviet Union/Russia. Thus far, 
all the SNRs and RTGs utilize static thermoelectric energy conversions, 
such as thermocouples and thermionic thermoelectric conversion. 

However, the efficiency of these static thermoelectric conversions does 
not exceed 10% [4]. Therefore, high-efficiency thermoelectric energy 
conversion is a vital factor and maybe the most important for large and 
super-large level space activities, and considerable attention should be 
provided to space thermoelectric conversion. 

Among these dynamic thermoelectric energy conversions, a Stirling 
cycle is a simple and efficient method, demonstrating high efficiency 
(20%–40%, theoretically), compact structure, and modular organiza-
tion. These features contribute to its suitability for small- and medium- 
level (less than 100 kW) SNRs [7] and RTGs [8]. Considering engi-
neering application, the Stirling cycle was designed to be applied in 
previous SNR projects (Heat pipe-Operated Mars Exploration Reactor 
[9] and Fission Surface Power [10]), ongoing projects (KILOPOWER 
[1,11]), and RTG projects, such as Advanced Stirling RTG (NASA proj-
ect) [12]. Describing and predicting the Stirling cycle and its perfor-
mance is the most fundamental process. The Stirling cycle 
thermodynamic model is widely applied to describe and predict the 
process and thermal performance of the Stirling cycle. The Stirling cycle 
thermodynamic models can be classified as first-order, second-order, 
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third-order, and fourth-order models [13]. The second-order model has 
been widely applied and developed due to its features of controllable 
error and high calculation efficiency [14]. 

The ideal Stirling cycle comprises two isothermal processes and two 
constant volume processes. However, actual processes deviate from 
isothermal processes, resulting in isothermal second-order models being 
inaccurate. Urieli and Berchowitz [15] proposed the classical Simple 
model. In the Simple model, the free-piston Stirling engine is divided 
into five working areas [15], namely compression space, k(c)cooler, 
regenerator, heater, and expansion space, as shown in Fig. 1. The Simple 
model assumes that compression and expansion are in the adiabatic 
processes to modify the isothermal assumptions. Moreover, non-ideal 
heat transfer loss in the regenerator and the pressure loss in the heat 
exchangers were applied as further modifications. 

Numerous modifications and updates have been applied since the 
introduction of the Simple model, as shown in Fig. 2. Timoumi [16] 
proposed that losses in Stirling engines can be classified as heat loss and 
power loss, such as shuttle heat loss, flow resistance loss, and hysteresis 
loss. Sayyaadi [17,18] integrated finite speed loss, leakage loss, and 
other loss concepts and established CAFS and Simple-II with excellent 
performances. Ni et al. [19] considered the loss of the gas spring hys-
teresis in their Improved Simple Analytical Model (ISAM). The ISAM 
could effectively predict the performance of He and H2 working fluids. 
Udeh et al. [20] suggested introducing the leakage between the 
compression and expansion room to the leakage loss modifications. 

Other researchers studied the Stirling systems and expanded 
modeling conceptions. Cheng [21] established a non-ideal adiabatic 
model based on the experimental data of a 300 W Stirling engine. This 
model can also predict the engine torque. Araoz [22] considered com-
bined heat and power systems, which would introduce complex effects. 

Araoz [22] integrated the interaction between machinery and heat to 
improve the thermodynamic model. Saleh [23] established a compre-
hensive mechatronics model by integrating kinematics, dynamics, 
thermodynamics, heat transfer, and electrical analysis methods. 
Sayyaadi also proposed polytropic analysis of the Stirling engine with 
various losses (PSVL) [24] and polytropic finite speed thermodynamics 
(PFST) [25], which are polytropic models with high accuracy, based on 
the reference adiabatic model and modifications. However, different 
engines and conditions introduce numerous and unpredictable poly-
tropic indexes. This dilemma is the crucial problem of polytropic 
models. 

The modifications of some non-ideal losses in the Stirling cycle 
determine the prediction accuracy of the adiabatic model. These mod-
ifications are derived from irreversible factors in the actual Stirling 
cycle. Physical processes, such as heat transfer, fluid flow, and me-
chanical motions, are involved in the modifications. However, the pre-
dicted values at high frequencies were often substantially larger than the 
experimental data in the existing adiabatic models [17–20]. Moreover, 
the predicted trend with the operating frequency is different from the 
experimental values [26]. Existing modifications are still insufficient to 
describe the irreversible processes of the Stirling cycle. Therefore, 
further modifications to the loss mechanism of thermodynamic models 
are necessary. 

A modification model (Incorporated Pressure drop-modified Simple 

Nomenclature 

General 
A Area (m2) 
cp Specific heat at constant pressure (J/(kg⋅K)) 
D Diameter (m) 
fRe Reynolds friction factor 
L Length (m) 
ṁ Mass flow rate (kg/s2) 
P Pressure (loss) (Pa) 
Q Heat (loss) (W) 
Re Reynolds number 
T Temperature (K) 
u Velocity (m/s) 
V Volume (m3) 
W Power (loss) (W) 

Greek 
ΔP Pressure Loss (Pa) 
ζ Local loss coefficient 
μ Dynamic viscosity (Pa⋅s) 
ρ Density (kg/m3) 

Subscript 
leak Leakage 
m Mean 
Shell Regenerator shell  

Fig. 1. The working cycle of Stirling engine based on the Simple model Kooler represents Cooler to distinguish the subscript c.  

Fig. 2. Modifications and updates based on the Simple concepts.  
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Model, IPD-MSM) was proposed in the present study, incorporating the 
local loss and friction flow loss as the total pressure loss in the Stirling 
cycle. The validation of the IPD-MSM was conducted by comparison 
with the experimental data and other models. The thermal properties of 
H2, He, and He-Xe working fluids were then discussed and analyzed 
using the IPD-MSM. The leakage of the He-Xe mixture was also dis-
cussed. The present study theoretically improves the prediction of free- 
piston Stirling engines. Additional analysis and discussions on the effects 
of space nuclear reactors and space environment on the Stirling cycle 
will be conducted soon. 

2. Methodology and validation 

2.1. Modification method 

The IPD-MSM is composed of an adiabatic analysis module, a loss 
modification module, and several basic modules, as shown in Fig. 3. 
Among them, the loss modification module has a significant influence on 
the model accuracy. Modifications of heat conduction loss, non-ideal 
heat transfer loss, finite speed loss, and leakage loss are considered in 
the present study based on Simple-II [18], ISAM [19], and other model 
methods [20,27], as shown in Table 1. The specific derivation processes 
and symbol meanings can be found in the appendix and relevant works 
[15,18]. 

Pressure loss, which includes friction loss and local loss, accounts for 
the most extensive proportion [17–19]. The former represents loss due 
to friction caused by fluid viscosity, while the latter is caused by the 
sudden contraction/expansion of the flow cross-section or changing flow 
direction (bend). In the abovementioned models, including the original 
Simple model, pressure loss was calculated as friction loss, ignoring the 

local loss [26,28]. However, elbows or sudden contraction/expansion 
pipes are frequently found in most Stirling parts [29]. Local loss caused 
by these structures might not be ignored. Therefore, considering local 
loss and revising pressure loss may improve model accuracy. 

Hence, the pressure loss in the present study adopted the local loss. 
The pressure loss in the present study was classified as friction loss and 
local loss. The correlations of the two losses are as follows. 

(1) Friction loss. The pressure loss is due to the friction caused by 
fluid viscosity. This loss occurs during the entire process of the working 
fluid flow. The pressure loss can be calculated as [15]: 

ΔPf = −
2fReμuV

d2A
(1)  

where μ is the dynamic viscosity, u is the fluid flow rate, V is the volume 
of the working area, d is the hydraulic diameter, and A is the flow cross- 
section area. fRe is the Reynolds friction factor. It can be determined as 
[15]: 

fRe =

⎧
⎨

⎩

16 Re < 2000

7.343 × 10− 4Re1.3142 2000 < Re < 4000

0.0791Re0.75 Re > 4000

(2) 

(2) Local loss. The local loss is caused by the sudden area change in 
flow cross-sections and can be expressed as: 

ΔPj = ρζ
u2

2
(3)  

Where ρ is the density of the working fluid, and ζ is the local loss co-
efficient, which could be determined by the following relationship: 

ζ =

⎧
⎪⎪⎪⎪⎨

⎪⎪⎪⎪⎩

(1 −
A1

A2
)

2 sudden expansion

1
2

(

1 −
A2

A1

)

sudden contraction
(4)  

where A1 and A2 respectively represent the cross-section areas of the 
upstream and downstream of the flow. 

Work loss caused by pressure loss is: 

Wpl =

∮

(ΔPf + ΔPj)dV (5)  

With the pressure loss and other losses in Table 1, the loss modification 
module of the IPD-MSM was established. 

The analysis processes of the IPD-MSM are summarized as a flow 

Fig. 3. The structure of the IPD-MSM.  

Table 1 
Modifications and correlations in IPD-MSM.  

Loss items Correlations Descriptions 

Finite speed and 
mechanical 
friction loss 

WFS− MF =

∫
Pm(±

aw
c

±
fΔPmf

Pm
)dV 

Caused by uneven pressure 
distribution near the piston and 
mechanical friction 

Leakage loss Wleak = ṁleakcpTleak Caused by fluid leakage from 
compression room to crankcase 

Non-ideal heat 
exchange loss 

Qrloss = Qr,idea(1 − ε) Caused by non-ideal heat 
transfer processes in the 
regenerator 

Heat conduction 
loss 

Qc = λ
ΔT

Lshell
Ashell 

Caused by heat conduction 
between the heater and the 
cooler  
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chart, as shown in Fig. 4. First, input data was loaded to initialize pa-
rameters and operating conditions. Then, before the adiabatic analysis 
and modification, the IPD-MSM would check whether parameters or 
initial results meet the convergence criteria. Finally, results of the IPD- 
MSM simulations were obtained after the adiabatic analysis and modi-
fications. Verification and applications based on the IPD-MSM were then 
conducted in the following sections. 

2.2. Verification of IPD-MSM 

Two simulation conditions (Pm = 2.76 MPa and Pm = 4.14 MPa, He, 
heater temperature: 922 K, cooler temperature: 286 K) were conducted 
in this study to verify the IPD-MSM. Experimental data are obtained 
from NASA’s experiments on the GPU-3 Stirling engine. 

Output power and thermal efficiency are the most crucial parameters 

in the Stirling analysis. Therefore, output power and thermal efficiency 
were compared among models and the experimental data. The output 
work can be expressed as: 

Wactual = Wideal − Wpl − Wleak − WFS− MS (6)  

Where Wideal is: 

Wideal = We +Wc =

∮

pdVe+

∮

pdVc (7)  

We and Wc are power produced in expansion and compression space. Ve 
and Vc are volumes of expansion and compression space. 

Then the actual thermal efficiency can be calculated as: 

ηactual =
Wactual

Qh,act
× 100% (8) 

Fig. 4. Analysis flow chart of the IPD-MSM.  

Fig. 5. Comparison of output power by different models.  
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Where Qh,act is the actual heat input: 

Qh,act = Qh,ideal +Qr,loss +Qc (9) 

Simulation results of the IPM-MSM were compared with the exper-
imental data of the GPU-3 [28] and simulation results of Simple, CAFS, 
ISAM, and Simple-II [23], as shown in Figs. 5 and 6. Rather than the 
exact data, this study only focused on the trend of the simulation results 
due to the lack of some parameters [28], such as the stroke of the power 

piston and the outside diameter of regenerator pipes. 
Figure 5 illustrates the output power by different models and ex-

periments. The output work by IPD-MSM primarily increases and then 
decreases with the increment of frequency. The changing trend of IPD- 
MSM is in good agreement with experimental data, while other 
models only show a monotonically increase. Thermal efficiency com-
parisons are shown in Fig. 6. The present study demonstrates a 
decreasing trend, which is in agreement with experimental data. The 

Fig. 6. Comparison of thermal efficiency by different models.  

Fig. 7. Impacts of frequencies on output power in the H2 Stirling cycle.  

Fig. 8. Impacts of frequencies on thermal efficiency in the H2 Stirling cycle.  
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absolute values of the slope gradually increase as the frequency in-
creases, while other models are close to a linear decline. These results 
prove that the IPD-MSM could better reflect the trend of output change 
with frequency than other models. Moreover, the prediction values of 
the IPD-MSM are close to the experimental data as the mean working 
pressure and working frequency increase. Overall, the IPD-MSM has an 
adequate predictive ability on Stirling engine output parameters under 
different conditions. 

3. Results and discussions 

The most widely used working fluids, namely H2, He, and He-Xe 
mixture, were simulated in this section based on IPD-MSM. The effects 
of He-Xe mixture molar ratios on the thermal properties and leakage 
were discussed. The properties of H2, He, and He-Xe mixture under 
different working conditions were compared, and applicable occasions 
of these fluids were discussed. 

3.1. Thermal performances of Stirling cycle with H2 working fluid 

H2 is a common industrial gas usually utilized in the energy field. 
Theoretically, H2 has outstanding heat transfer properties and low dy-
namic viscosity. Herein, the Stirling cycle of H2 was simulated by IPD- 
MSM, and the results were compared with experimental data from the 
GPU-3, as shown in Figs. 7 and 8. 

Figure 7 illustrates the output power and thermal efficiency 

monotonously increase with rising frequency under the Pm = 1.38 MPa 
(Fig. 7(a)) and Pm = 2.76 MPa (Fig. 7(b)). The thermal efficiency of H2 is 
shown in Fig. 7. The thermal efficiency fluctuates at 1.38 MPa (Fig. 8 
(a)). Under 2.76 MPa (Fig. 8(b)), the thermal efficiency primarily in-
creases and then decreases with rising frequency. In addition, the ther-
mal efficiency is higher than 26% under the working condition of Pm =

1.38 MPa and higher than 32% under the working condition Pm = 2.76 
MPa. 

Relative differences among models and the experimental data are 
illustrated in Figs. 9 and 10. The maximum relative difference in effi-
ciency is under 45% and continually declines with the increasing fre-
quency. Besides, the IPD-MSM has lower relative differences than the 
ISAM under high frequency and pressure for power prediction. Results 
show that IPD-MSM could be applied to simulate different working 
fluids. 

3.2. Thermal performances of Stirling cycle with He-Xe mixtures and 
mole ratio 

Inert gas mixtures, especially binary mixtures of He and Xe, are 
widely used in the Brayton cycle. El-Genk et al. [30,31] proved that 
adding a certain amount of Xe to He is beneficial to the heat transfer of 
the working fluid. However, adding Xe may also increase pressure loss. 
Thus, analyzing the thermal–hydraulic characteristics of the Stirling 
cycle with the He-Xe mixture working fluid is also important. 

Among these characteristics, the physical parameters of the mixture 

Fig. 9. Relative Difference in H2 Power Predictions of IPD-MSM and ISAM.  

Fig. 10. Relative Difference in H2 Efficiency Predictions of IPD-MSM and ISAM.  
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are the key to the simulation calculation. Tournier et al. [32] provided a 
calculation method based on the corresponding state principle, which 
can compute the thermophysical parameters of the working fluid 
through theoretical methods. The theoretical calculation method of 
Tournier et al. was combined with the REFPROP database in the present 
study, reducing intermediate calculations and improving calculation 
efficiency. The He-Xe mixture with different molar ratios as working 
fluid was then utilized in the IPD-MSM simulation. The output power, 
thermal efficiency, and various losses of the working fluids were ob-
tained. The working parameters set for mixture analysis were Pm = 4.14 
MPa and f = 41.67 Hz. The cooler and heater temperatures were 288 and 
977 K, respectively. 

The impacts of the Xe fraction on output power and thermal effi-
ciency are presented in Fig. 11. The output power and cycle efficiency 
primarily increase as the percentage of Xe rises, reaching its maximum 
when the mole component of Xe is equal to approximately 2%. After-
ward, the output power and thermal efficiency gradually decrease and 
even drop below zero when the percentage of Xe is larger than 40%. 
However, the He-Xe mixtures with Xe mole percentage over 40% have 
no value for the Stirling engine. The performance of the mixture with a 
Xe mole percentage above 40% was not included in the present study. 

The proportion of various losses in the Stirling cycle under different 

molar ratios of the He-Xe mixtures was calculated as shown in Fig. 12. 
Among these proportions, pressure loss is the dominant part. The pro-
portion of pressure loss gradually increases as the mole fraction of Xe 
rises, while proportions of conduction loss and non-ideal heat transfer 
loss decrease. This trend is due to the sharp increase in dynamic viscosity 
of the mixture after the addition of Xe, which leads to a sharp expansion 
in pressure loss. The density of the mixture continues to increase despite 
the reduction in dynamic viscosity when the molar ratio of Xe reaches 
20%. Consequently, the Reynolds number (Re ¼ ρud/μ) of the fluid 
continues to increase, resulting in rising pressure loss. The proportions 
of finite speed loss, friction loss, and leakage loss have not substantially 
changed in comparison. 

As mentioned above, the He-Xe mixture intensifies heat transfer 
compared with the He. The non-ideal heat transfer loss represents the 
loss caused by the limited heat transfer capacity of the regenerator. This 
loss represents the heat transfer capacity of different He-Xe mixtures. 
The change in pressure loss and non-ideal heat transfer with 0–40% Xe 
molar ratios is shown in Fig. 13. The non-ideal heat transfer loss of the 
He is the largest, reaching 1000 W. The addition of the Xe significantly 
reduces the heat exchange loss of the working fluid. The heat loss value 
tends to stabilize because the mole percentage of Xe is larger than 30%. 
The above phenomenon shows an improvement in the heat transfer 
capacity of the working fluid after the addition of Xe. 

Fig. 11. Impacts of Xe fraction on output power and thermal efficiency in the He-Xe Stirling cycle.  

Fig. 12. Impacts of Xe fraction on loss fractions in the He-Xe Stirling cycle.  Fig. 13. Impacts of Xe fraction on power loss in the He-Xe Stirling cycle.  

C. Yang et al.                                                                                                                                                                                                                                    



Energy Conversion and Management 260 (2022) 115630

8

The addition of Xe resulted in a reduction in the non-ideal heat 
transfer loss and increased pressure loss. The heat transfer capacity is 
significantly enhanced when Xe is just added. The increase in pressure 
loss of the mixture (17.3 W) is smaller than the decrease in non-ideal 
heat transfer loss (124.2 W) when the mole percentage of the Xe is 
0–2%. Other loss values are relatively small in this range. This phe-
nomenon leads to an overall output power increase. However, the 
increasing pressure loss would neutralize the heat transfer enhancement 
under the increasing percentage of the Xe. The decrease in non-ideal 
heat transfer loss becomes smaller than the increase in pressure loss 
when the Xe percentage is over 2%. Consequently, the output work and 
thermal efficiency of the mixture are lower than that of the He. The 
above reasons explain the maximum point appearance of output power 
and thermal efficiency. 

3.3. Leakage of He-Xe mixtures 

The leakage problem is crucial for space due to the space vacuum 
environment and the difficulties in immediately replenishing the 

working fluid. Relevant studies indicated that the leaked fluid is related 
to the molecular weight of the working fluid [33]. The IPD-MSM was 
used to analyze the leakage of the He-Xe mixture in this section. 

The impacts of the Xe fraction on leakage by the IPD-MSM are shown 
in Fig. 14. Leakage loss in the present study refers to the working fluid 
that escapes into the crankcase along the gap between the piston and the 
cylinder wall. The mass loss of the working fluids was also investigated 
in Fig. 14, which can be expressed as: 

ṁloss = f
∑

i=1
ṁleak,iti (10)  

Where f is frequency, and ṁleak,i is the leakage mass flow in the specific 
time step ti. 

The power loss caused by leakage fluctuates as the Xe increases. 
However, the numerical change is relatively small (approximately 2 W). 
The working mass leakage per second increases slightly drops and then 
continues to increase as shown in Fig. 14. 

The total density of the mixture significantly increases despite the 
rise of leakage mass after the addition of Xe. This phenomenon is 
attributed to the larger molecular weight of Xe than He. Therefore, the 
proportion of mass losses drops below 2.2% and then stabilizes with the 
addition of Xe, as shown in Fig. 15. 

3.4. Comparisons among H2, He, and He-Xe mixture 

The thermal properties of H2, He, and He-Xe mixtures were discussed 
in Sections 2 and 3. Differences among working fluids were compared 
and discussed in this section. Three working pressures (Pm = 1.38, 2.76, 
and 4.14 MPa) were set in the present study considering the operating 
conditions of GPU-3. The mole percentage of Xe was selected as 2% for 
the mixture. The operation performances of three fluids are shown in 
Figs. 16 and 17. 

Figure 16 illustrates output power comparisons among the three 
working fluids. The output power of H2 is substantially higher than that 
of the He and He-Xe mixture. Moreover, the output power of H2 
monotonically increases with the rising frequency. This trend is due to 
the small dynamic viscosity and effective heat transfer characteristics of 
H2. Therefore, the pressure loss and non-ideal heat transfer losses of H2 
are significantly smaller than those of the two other working fluids. 
Comparisons between the He and He-Xe mixture are complicated. The 
output power of the two fluids primarily increases and then reduces with 
the rising frequency. The output power of He is higher than that of the 

Fig. 14. Impacts of Xe fraction on leakage in the He-Xe Stirling cycle.  

Fig. 15. Impacts of Xe fraction on mass loss friction in the He-Xe Stirling cycle.  
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Fig. 16. Impacts of frequencies on output power in different Stirling cycles.  

Fig. 17. Impacts of frequencies on thermal efficiency in different Stirling cycles.  
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He-Xe under 1.38 and 2.76 MPa (Fig. 16(a), (b)). The output power of 
the He-Xe would even drop to zero when the mean pressure was set as 
1.38 MPa. The output power of the mixture is higher than that of He 
under 4.14 MPa (Fig. 16(a), (c)). The dynamic viscosity of a fluid is 
generally slightly affected by the pressure, and the output work is the 
integral of the pressure to the volume. Therefore, the pressure loss of the 
working fluid does not change dramatically under different pressures. 
Meanwhile, a high average working pressure produces a high output 
power. Lower pressure loss is essential for producing more output power 
when He and He-Xe mixture output powers are small. Pressure loss 
differences become slightly vital when the output power of the mixture 
is considerably higher than that of He at high pressures. 

Figure 17 shows that the thermal efficiency of the three working 
fluids decreases with the increasing operating frequency. The thermal 
efficiency of the H2 is the highest among the three working fluids. The 
thermal efficiency of the He is higher than that of the He-Xe under Pm =

1.38 MPa (Fig. 13(a)) and 2.76 MPa cases (Fig. 17(b)). Meanwhile, the 
thermal efficiency of the He-Xe mixture is higher than that of He under 
Pm = 4.14 MPa (Fig. 17(c)). This finding is due to the small heat input 
difference between He and the He-Xe mixture. Therefore, the working 
fluid with a high output power can reach high thermal efficiency. 

The leakage of the three working fluids is analyzed and discussed in 
Fig. 18. The leakage percentage generally increases with the rising mean 
pressure. The leakage percentage of H2 is significantly higher than that 
of the two other working fluids. The leakage of the H2 increases fast with 
the rising frequency. By contrast, the leakage percentage of the He-Xe 
mixture is the smallest among the three fluids. The mixture leakage 
remains at a low level as the frequency increases. The leakage per-
centage of the He is between H2 and the He-Xe mixture. 

The theoretical properties of H2 are the best among the three 
working fluids. However, H2 also introduces the most severe leakage 
problem. This defect would undoubtedly decrease the life of the space 
nuclear power sources in the vacuum environment. In addition, the H2 

has a risk of explosion, which limits the application. He has better 
properties under Pm = 1.38 and 2.76 MPa. Therefore, He is appropriate 
when choosing a low working pressure. By contrast, the He-Xe mixture 
at high pressure has superior properties. The lowest leakage percentage 
can also increase the working life of space nuclear power sources. 

4. Conclusions 

Irreversible losses in Stirling cycles were studied and modified based 
on the Simple model. The new thermodynamic model, IPD-MSM, was 
also established. Furthermore, the validation of this new model was 
verified by the data of the GPU-3 Stirling engine experiments and the 
simulations of other models. Thermal properties and leakage analysis of 
H2, He, and the He-Xe mixture in the Stirling cycle were conducted. The 
following conclusions are presented. 

(1) The Simple model was modified by incorporating the local 
pressure loss into the pressure loss. A new model called IPD-MSM with 
superior prediction trends and adequate accuracy was established. 

(2) Stirling cycles with H2, He, and He-Xe mixture as working fluids 
were simulated by IPD-MSM. The output power, thermal efficiency, loss 
values, and leakage mass of working fluids were also calculated. The 
optimal mixing ratio of the He-Xe mixture, which has output power and 
thermal efficiency higher than He and other He-Xe mixtures, was 
determined based on the aforementioned results. 

(3) H2 theoretically has the highest output power and thermal effi-
ciency but would cause severe leakage and explosion problems. The 
output power and efficiency of He are higher than that of the He-Xe 
mixture under low working pressure, while the performances of the 
He-Xe mixture are superior under high working pressure. The optimal 
mixing ratio is 2% by the mole ratio of Xe under the working conditions 
considered in the present study. 

Fig. 18. Impacts of frequencies on mass leakage percentage in different Stirling cycles.  
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Appendix 

The modification correlations in the IPD-MSM except the pressure loss are listed in the following Table A1. Detailed calculation processes were 
introduced in the following section. 

1. Calculation of finite speed and mechanical loss 

The finite speed loss and mechanical loss were caused by uneven pressure distribution near the piston and mechanical friction, which can be 
calculated as: 

WFST− MF =

∫

Pm(±
aw
c

±
f ΔPmf

Pm
)dV (A1)  

where Pm is the mean working pressure, w is the speed of the piston, f is the frequency and ΔPmf is the pressure loss caused by the mechanical friction. a 
and c are defined as: 

a =
̅̅̅̅̅
3γ

√

c =
̅̅̅̅̅̅̅̅̅̅̅
3RgT

√ (A2)  

γ is the heat ratio, Rg is the gas constant and T is the temperature. 
Pressure loss caused by the mechanical friction ΔPmf in Eq. A(1) can be expressed as: 

ΔPmf =
(0.4 + 0.0045w) × 105

3μ (1 −
1
rv
) (A4)  

where rv is the compression ratio, and μ can be determined by: 

μ = 1 −
1

3rv
(A5) 

In Eq. A(1), the ± represents the compression process (+) and the expansion process (-), respectively. 

2. Calculation of the leakage loss 

The leakage loss is caused by fluid leakage from compression room to crankcase. The power loss caused by the working fluid leakage is: 

Wleak = ṁleakcpTleak (A6)  

where cp is the specific heat capacity at constant pressure, and Tleak is the temperature of the leakage working fluid. The leakage mass flow ṁleak can be 
calculated as: 

ṁleak = πdcylinder
Pc + Pbuffer

4RgTleak
(wcJ −

J3

6
Pc − Pbuffer

L
) (A7)  

where Pc is the pressure in compression space, dcylinder is the diameter of the cylinder, Pbuffer is the pressure of buffer space, J is the gap between cylinder 
and piston and L is the length of the piston. 

Table A1 
Modifications and correlations in IPD-MSM.  

Loss items Correlations Descriptions 

Finite speed and 
mechanical 
friction loss 

WFS− MF =

∫
Pm(±

aw
c

±
fΔPmf

Pm
)dV 

Caused by uneven pressure 
distribution near the piston and 
mechanical friction 

Leakage loss Wleak = ṁleakcpTleak Caused by fluid leakage from 
compression room to crankcase 

Non-ideal heat 
exchange loss 

Qrloss = Qr,idea(1 − ε) Caused by non-ideal heat 
transfer processes in the 
regenerator 

Heat conduction 
loss 

Qc = λ
ΔT

Lshell
Ashell 

Caused by heat conduction 
between the heater and the 
cooler  
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3. Calculation of the non-ideal heat transfer loss 

This loss is caused by non-ideal heat transfer processes in the regenerator. The non-ideal heat transfer loss can be calculated as: 

Qrloss = Qr,idea(1 − ε) (A8)  

where Qr,ideal is the amount of regenerator heat transferred in ideal process, and ε is the effectiveness of the regenerator, which is: 

ε =
NTU

1 + NTU
(A9) 

NTU is the number of heat transfer unit. It can be determined by: 

NTU =
StAwg

A
(A10)  

where St is the Stanton number, Awg is the wet area of the working fluid in the regenerator, and A is the cross-section area of the regenerator. The St 
can be expressed as: 

St = 0.023Re− 0.2Pr− 0.6 (A11)  

Re and Pr are the Reynolds number and Prandtl number respectively. 

4. Calculation of the heat conduction loss 

The heat conduction loss is caused by heat conduction between the heater and the cooler. The heat conduction loss is obtained by Fourier’s Law as: 

Qc = λ
ΔT
Lshell

Ashell (A12)  

where λ is the heat conduction coefficient, ΔT is the temperature difference between the heater and cooler, Lshell is the length of the regenerator shell, 
and Ashell is the heat conduction area of the regenerator shell. 
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