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Third-order dynamic model for a free-piston Stirling generator based on thermodynamic,
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Abstract  [Background] The Free-Piston Stirling Generator (FPSG) is regarded as a key enabling technology for
deep space exploration, owing to its high efficiency, extended lifespan, and superior reliability. However, owing to
the absence of rigid mechanical constraints, the FPSG operates as a self-excited oscillation system governed by
intricate non-linear interactions among gas dynamics, mechanical inertia, and electromagnetic forces. Consequently,
numerical simulation of its performance is complicated, where a trade-off between computational efficiency and the
precision required to resolve transient coupling effects is rarely achieved by existing methods. [Purpose] This study

aims to develop a high-fidelity analytical framework for FPSGs to resolve existing deficiencies in transient
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performance prediction and clarify the thermal-dynamic-electric coupling mechanism. [Methods] Firstly, governing
equations based on quasi-one-dimensional unsteady flow assumptions were utilized to resolve mass, momentum, and
energy conservation within the thermodynamic cycle. Then, mechanical dynamics were derived via rigid body
kinetics, while the electromagnetic subsystem was modeled incorporating non-linear parameters. Subsequently,
solution of this stiff, high-dimensional system was executed using a high-order Runge-Kutta-Fehlberg (RK45)
numerical integration algorithm. Finally, model validity was substantiated through comparison with a 100 W-class
prototype to obtain P-V (Pressure-Volume) indicator diagram and output power. [Results] Simulation and verification
results indicate the agreement between the calculated P-V indicator diagrams and reference data was indicated by the
simulation results. Specifically, an indicated power of 142.42 W is reported against a reference of 132.48 W,
representing a relative deviation of approximately 7.5%. With the system frequency maintained at 29.4 Hz, a phase
angle of 77.3° is observed between the displacer and power piston. Additionally, complex cyclic behaviors, including
working fluid compressibility, transient pressure wave propagation, and non-linear electromagnetic damping, are
effectively captured. [Conclusions] The complex transient response and energy conversion characteristics of the
FPSG are effectively predicted by the developed third-order dynamic model proposed in this study. Through the

rigorous resolution of multi-physics coupling, a robust theoretical framework is provided for the design, performance

prediction, and optimization of nuclear power conversion systems intended for deep space exploration.
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Fig.1 Schematic diagram of a single-unit B-type FPSG (color
online)
1-heater; 2-regenerator; 3—cooler; 4—connecting rod; 5—power
piston; 6-motor stator; 7—buffer chamber; 8—outer casing; 9—
expansion space; 10—displacer; 11—compression space; 12—
motor mover; 13—power spring; 14—displacer spring
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Table 1 Heat-exchanger geometric and void-volume Table 2 Motion-component geometry and dynamic
parameters (compiled from Ref.[20]) parameters (compiled from Ref.[20])
S BiE 24 Parameter #{H Value
Parameter Value B #35 ZE FL 1% Displacer diameter / mm 48
JO#AEALE Length of heater / mm 35 B 43 25K ¥ Displacer length / mm 90
[0 # %% FF Length of regenerator / mm 34.5 )75 2L B4R 30
A E#5K ¥ Length of cooler / mm 36 Power piston diameter / mm
S 2 B AAF Void volume of heater / cm’ 13.64 s K 98
0] 2% 25 B AR Y Void volume of regenerator / cm®  16.23 Power piston length / mm
A E1 38 7S BARAN Void volume of cooler / cm’ 10.52 ET R 10
2Rk f2 FE 25 Dead volume of expansion space / cm’  11.81 Connectm\g rod diameter / mm
JE 46 i 5 %% Dead volume of compression space / cm’ 7.61 gﬁﬁ‘ﬁ@@ ) 30
o s s Piston - cylinder sealing clearance / um
2% i A Total buffer space volume / cm’ 1970.43 o
B 075 ZE i & Displacer mass / kg 0.526
YEFE N S5 AR 52 I 22 A P R0 ] e Aol , o i Ay 2] )13 )5 i Power piston mass / kg 0.952
(0 F,(x,v,) ZTCHRFPE T o (ERCRARAL R e ol PRI 20019

Displacer spring stiffness / N-m™'

WA E SR BUE R B RE T F,. )

, ) F 5 W 24610
HARMK,, K H de la Bat 542 H 0L 75 207, W&l 5 Power spring stiffness / N-m™
Fiome B, K, S 30 HS 52 25 10 L] g 350 R0 < 7EAT /7771 Gravity direction BH = 4 s 4 [ 1 i
FE RO BT, K AR 5 e 1RO A R i e, MR Compression
LI AN, K, (RHE PV (6T 13 < B2 30 T 1A AR space it
Hrr% , T IR REE 0 A RO T AN K, B
RS2 7CET8 L6 . ML S SRR S s E

TR RS0 PV iR R B S SR o e an R4, SRR PSR MR ARG R P- v O -1k
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Table 3 Electromagnetic subsystem parameters

Z#{ Parameter

#{E Value

J ML [ Internal resistance of generator / Q 0.4

7% =L FELBH Total load resistance / Q
JR ML L& Generator inductance / mH
i1 FL. ¥ Tuning capacitor / uF

2.6
50
Not installed

*4 BITIRSHAFEH

Table 4 Operating-condition and boundary-condition

parameters
24 Parameter 18 Value
T Working fluid A’ Helium
785 E /7 Charging pressure / MPa 1.5
P % Cold-end temperature / K 300
#Aaui i ¥ Hot-end temperature / K 873

®5 itEEHSH

Table 5 Calculation control parameters

Z 4] Parameter #1014 Value
JNFERAT A% Number of heater nodes 31

[l #4428 715 15 20 Number of regenerator nodes 31

A HI 257 S %0 Number of cooler nodes 31

RK45 # %} %% %5 RK45 relative tolerance 1.0x10°°
RK45 #%} 7% % RK45 absolute tolerance 1.0x10”°
RK45 #1460 17]25 K RK4S5 initial time step /s~ 1.0x107

RK45 ¢ K [E] 25 K RK45 maximum time step /s 1.0x10™

FO IR . WA R TN T R 88K 1% ahE
[l (1.22~1.82 MPa) A 3 & 1) 39 25 AT [l (19~
55 cm®) . {EREE LI T, AAZ5 RIS s Al 1 R
TP EAE , S B A P-V IS4 JE FS K T2
I R R RS TS HE . RIHET A
AULE AE Pl 3 e AN R T ERR AR AL, R B AU
B T 5 RN (RIS o AEIRZ IR, X
G 5 27 AR R FAath FRE I, X s R R PR JE
TER . BT ARSCIRIR 2088 13X — s M FE B, 530

T 717 &~ 07T
o | . 8 €25 mm Amplitudef
A 1A hda, ® 5.0 mm Amplitude]
100 L be Ale 4 10 mm Amplitude w‘
(‘ oy, ..‘: “A.- ® 15 mm Amplitude ,’
sol o0n 00t T ——— T ‘1
|
g & |
p |
N 4
=50F 0 ‘—?,
0 &
-100 2%
;D-

4 JTREHE TR IE AL A% i 5% 2R 1 CREIRT I I 44 hi )
Fig.4 Force map of open-circuit magnetic force as a function
of displacement and velocity (color online)
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Fig.5 Spatial distribution of K, and its polynomial fitting
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Fig.6 Comparison of the calculated P-J indicator diagram
with reference data (color online)
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Bro EEHIXF 5100 W 2% FPSG )15 J8 15 5 4
PE TG BN R DL R FATL FE S H R
31 EEGIHFM

B S FE 5 B s FE A RS R ith 4 o B 7 B
No AL, PTG ZE S R FFARE I TEE IE5ZiE BT 2,
KRG OB BRI TR RAS . o, B #m 28
(1) 9% 1 249 29 10 mm, 2] 77 3% ZE (P PR 18 £ 9 11 mm.
B E ZE B AT Rl 2w i B8 1R % R T FL
ELR M35 BN f O R 7E 77.3°, I8 1T 4%
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Fig.7 Displacement-time characteristic curve of the displacer
and power piston (color online)
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Fig.8 Variations of instantaneous working fluid temperatures
in expansion and compression spaces (color online)
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Fig.11 Dynamic characteristics of total pressure drop across
the flow channel
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Fig.12  Electrical performance curves of the linear alternator
(color online)
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