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a b s t r a c t

The free-piston Stirling engine (FPSE) has been widely used in aerospace owing to its advantages of high
efficiency, high reliability, and self-starting ability. In this paper, a 20-kW FPSE is proposed by analyzing
the requirements of space nuclear power reactor. A code was developed based on an improved simple
analysis method to evaluate the performance of the proposed FPSE. The code is benchmarked with
experimental data, and the maximum relative error of the output power is 17.1%. Numerical results show
that the output power is 21 kW, which satisfies the design requirements. The results show that: a)
reducing the pressure shell’s thickness can improve the output power significantly; b) the system effi-
ciency increases with the wire porosity, while the growth of system efficiency decreases when the
porosity is higher than 80%, and system efficiency exhibits a linear relationship with the temperatures of
the cold and hot sides; c) the system efficiency increases with the compression ratio; the compression
ratio increases by 16.7% while the system efficiency increases by 42%. This study can provide valuable
theoretical support for the design and analysis of FPSEs for space nuclear power reactors.
© 2020 Korean Nuclear Society, Published by Elsevier Korea LLC. This is an open access article under the

CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
1. Introduction

Given the increasing demand for space exploration and the
limitations of solar and chemistry batteries for deep space or
planetary surface missions, space nuclear power reactors with high
efficiency, power, and reliability are garnering significant interest
[1e3]. Energy converters are critical components of space nuclear
power reactors; they can be categorized as into static (thermo-
couple converter, alkali metal thermal electric converter and
thermionic converter) and dynamic converters (Brayton, Stirling,
and Rankine engines) [4]. The free-piston Stirling engine (FPSE) is
an efficient converter and has beenwidely used in aerospace owing
to its advantages of high efficiency, reliability, and self-starting
ability. Fig. 1 shows a classification of space nuclear power re-
actors based on their reactor cores and converters; this figure
demonstrates that the combination of a heat pipe reactor with a
Stirling engine has been investigated extensively in research on
space nuclear power reactors since the 2000s. Fig. 2 shows the
ang), dlzhang@mail.xjtu.edu.

by Elsevier Korea LLC. This is an
conceptual design of a space nuclear power reactor in which a heat
pipe reactor core is combined with FPSEs.

Fission power is generated in the reactor core, transferred to the
heat pipes, and subsequently extracted from the evaporation sec-
tion of the heat pipe through the shield to the condensation section.
It is subsequently transferred to the hot side of the FPSE by a heat
exchanger, where waste heat can be discharged to space via a
radiator.

The FPSE has been designed and analyzed extensively by com-
panies and institutes since its invention by William Beale in the
1960s. NASA has been developing the FPSE for space applications
since the 1980s; NASA Lewis Research Center proposed space po-
wer research engines during the SP-100 program and evaluated a
linear alternator interaction with various electrical load [5]. The
Sunpower Company designed and tested a 1-kW prototype Stirling
engine named Re-1000 for NASA, and many reports have been
published regarding it [6]; subsequently, the Sunpower Company
and NASA Glenn Research Center developed the advanced Stirling
radioisotope generator for exploration missions, named ASC-0,
ACS-1HS, and FTB, which were tested with different materials
and temperatures [7]. In 2010, the Sunpower Company proposed a
12.5-kW FPSE named ASC-E3 for space nuclear power systems [8].
Fan et al. designed a 100-kW FPSE for the lunar surface, and a
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Nomenclature:

D diameter (mm)
A Area(m2)
C coefficient
P power
l length (mm)
F fin
Re Reynolds number
St Stanton number
Sd displacer amplitude
q flow rate
Bn Beale number
l length (mm), leak
W output power (W)
M Mass(kg)
V volume (m3)
T temperature (K)
f friction factor
Z number of Stirling cylinders
u frequency (Hz)
g ratio of specific heats (Cp/Cv)
ε volume compression ratio/efficiency of the

regenerator

Subscripts
h heater, height, convective heat transfer coefficient
id ideal
ac actual
fr friction
c compression space
r regenerator
e expansion space, effective power
k cooler, thermal conductivity
g working gas
m mass
v velocity
p piston
l leak
d displacer
w matrix wire, wall
loss heat loss
T total
cy cylinder
cp Inner cylinder
avg average
s shuttle
max maximum
min minimum
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theoretical model was developed for the thermal efficiency pre-
diction of a Stirling cycle [9]. The AMSC Stirling development team
is developing a flexure isotope Stirling convertor for high-efficiency
radioisotope power systems [10].

Recently, the theoretical analysis of the Stirling engine has been
widely conducted. The analysis method for the FPSE can be clas-
sified into four categories: the Schmidt, ideal adiabatic analysis,
simple analysis, and CFD methods [11]. Ni et al. improved the
simple analysis method based on experimental results and pro-
posed an improved simple analysis method [12]. Computational
fluid dynamics (CFD) are typically used to simulate the
Fig. 1. Classification of space
performance of the Stirling engine. Ibrahim simulated a ring heat
exchanger in a critical FPSE using CFD-ACE, and the results obtained
agreed well with the experimental results [13]. Wilson studied a
two-dimensional unidirectional flow heater using CFD to study its
pressure drop and mass flow rate [14]. Carlo et al. analyzed heat
transfer in a heater using CFD and verified the results experimen-
tally; the calculation results satisfactorily predicted the distribution
of velocity and pressure [15]. Mikhael et al. presented a three-
dimensional CFD model of the FPSE to characterize the thermal
and fluid flow fields during the cycle, and verified the results
experimentally; the results showed that regenerator thermal loss
nuclear power reactor.



Fig. 2. Conceptual design of space nuclear power reactor.
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and pumping power dominated the Stirling engine losses by
approximately 9.2% and 7.5%, respectively [16]. Amel et al. inves-
tigated the performance of micro and nano metal foam re-
generators through a three-dimensional regenerator CFD
simulation and found that randomized porous open-cell metal
foam made of silver was the optimal structure to fabricate a metal
foam regenerator [17]. Buli�nski et al. developed a CFD model to
analyze the effect of the regenerator on performance at different
operating conditions for a cold alpha-type Stirling engine [18].
Srinivasa et al. studied the design and structural parameters of
mesh-type regenerators in detail; a prototype porous-type Stirling
cryocooler regenerator using direct metal laser sintering was
studied to improve the performance of the regenerator [19]. Garg
et al. investigated the effect of porosity of the regenerator on the
performance of a miniature Stirling cryocooler; the results indi-
cated that non-uniform porous matrices reduce power consump-
tion or cool-down time considerably [20].

Although numerous studies have been conducted on the design
and analysis of the FPSE, few such engines are suitable for space
nuclear reactor power systems. Most of the FPSEs proposed to use a
heating tube as the heater or use crank systems to output the po-
wer; hence, it is difficult for them to be connected to and used for
space nuclear power reactors. Recently, however, an Advanced
Stirling Engine (ASE) for aerospace has been considered as trade
secrets, design procedures, and structural details for such an engine
have been published. In this paper, a 20-kW FPSE is proposed based
on the requirements of space nuclear power reactors; furthermore,
a code was developed to evaluate the engine’s performance based
on the improved simple analysis model. This study could provide
valuable theoretical support for the design and analysis of the FPSEs
for space nuclear power reactors.
2. System description

A schematic of an FPSE combined with a heat pipe reactor is
shown in Fig. 3. The heat pipe reactor including reactor fuel,
moderator, control drums, reflector and FPSEs are connected to the
reactor through alkali heat pipes. Fission heat is generated by the
reactor fuel and transferred to the evaporation section of the alkali
heat pipe by conduction; subsequently, the heat moves to the
condensation section via the liquid metal flow inside the heat pipe.
The heat pipe features good isothermal properties; the temperature
difference between evaporation and condensation is less than 50 K.
A high-conductivity heat exchanger is required to connect the heat
pipe with the hot side of the PFSE, whereas waste heat in the cold
side of the FPSE can be discharged to space via the cooling loop or
radiator.

A typical FPSE primarily contains a heater, cooler, piston, dis-
placer, expansion space, compression space, regenerator, and other
structures, such as a pressure shell and support structures. Other
structures, such as linear alternators and stator/mover laminations,
are used to convert kinetic energy into electrical power. The
expansion space is connected to the heater, and the compression
space is connected to the cooler. The regenerator is a porous
structure between the heater and cooler; the regenerator provides
a thermal barrier between heat sources, and it is used to store
energy during compression and subsequently return them to the
working fluid during expansion. The FPSE operates based on a
closed thermodynamic cycle named the Stirling cycle, which is
driven by the working gas’ expansion in both the heater and
expansion space and contraction in both the cooler and compres-
sion space. The linear alternator systems are used to convert the
movement of the piston to electrical power.

3. System design and analysis

3.1. Requirements analysis

Theworking gas is critical to the design and analysis of the FPSE.
Helium is normally used as the working gas owing to its low vis-
cosity, low density, and high thermal conductivity to improve the
performance of the Stirling cycle and decrease the flow resistance
inside the FPSE simultaneously. Fig. 4 shows the parameters of
space nuclear power reactor that uses a heat pipe reactor according
to the system efficiency and coolant temperature at the core outlet;
the efficiency of the dynamic converter is much higher than that of
the static converter, and the average temperature at the core outlet
is approximately 1000 K.

Therefore, a dynamic converter must be designed for space
nuclear power reactors; the hot side temperature of the FPSE was
set at 1000 K as the average temperature of the core temperature
outlet. The classifications of space nuclear power reactor according
to the design values of power and specific power are shown in
Fig. 5, the specific power decreases with increasing design power,
and the range of the space nuclear power reactors that used Stirling
engine is from 10 to 100 kW. As the distribution of FPSE is adjusted
to reduce the vibration, the number of FPSEs in space nuclear po-
wer system is typically 4e8; hence, the design power of the FPSE
was selected as 20 kW in this study.

3.2. Numerical model and method

According to basic parameter selection, the concrete parameters
of the FPSE can be calculated by the following equations. According
to the Schmidt method, the output power P can be written as fol-
lows [21]:

P¼BnZ
p

8
D2
cypavgvdm (1)

Where vdm is the average piston speed and vdm ¼ 2Sdu; Z is the
number of Stirling cylinders, equals to 1 in this paper; Pavg is the
average pressure; Bn is the Beale number written as follows:



Fig. 3. Schematics of FPSE combined with a heat pipe reactor.

Fig. 4. Parameter of space nuclear power reactor. Fig. 5. Classification of space nuclear power reactor.

Z. Dai et al. / Nuclear Engineering and Technology 53 (2021) 637e646640
Bn¼0:33
TE � TC
TE þ TC

(2)

The diameter of cylinder Dcy can be determined according to
eqs. (1) and (2). Subsequently, the swept volume of piston Vp can be
calculated as follows:

Vp ¼1
4
pD2

cySp (3)

The total volume Vt in the system contains the volume of
compression Vc, the volume of the heater Vh, the volume of the
regenerator Vr, the volume of the cooler Vk, and volume of expan-
sion Ve; the total volume VT can be written as follows:

VT ¼Vc þ Vh þ Vr þ Vk þ Ve (4)

The volume compression ratio ε can be written as

ε¼VTmax

VTmin
; (5)

where VTmax and VTmin are the total volume changes in one cycle. As
it is assumed that the piston and displacer move in sinusoidal
motions,
VTmin ¼0:29Vp þ ðch þcr þckÞVp ¼ ð0:29þcÞVp (6)

VTmax ¼1:71Vp þ ðch þcr þckÞVp ¼ ð1:71þcÞVp; (7)

where c ¼ ch þ cr þ ck. According to eqs. (5)e(7), Vt can be written
as follows:

Vt ¼cVP (8)

According to the volume distribution in each part, the basic
parameter of the FPSE can be determined. Furthermore, the Vy can
be calculated as follows [22]:

Vp

Vd
¼
(�

ð0:11ð1þ zÞTH=TKÞ
��

1þ 3400
�
TH
TK

� 1
��

b

�0:02
�
TH
TK

� 1
�
ðbTK=THÞ0:5

��0:5
þ fz þ fb þ fd

)
(9)

where

fz ¼0:357z� 0:78 (10)



Table 1
Equations for the ideal adiabatic model.

p ¼ MR=ðVc =Tc þ Vk =Tk þ Vr =Tr þ Vh =Th þ Ve =TeÞ
dp ¼ �gpðdVc=Tck þ dVe=TheÞ

Vc=Tck þ gðVk=Tk þ Vr=Tr þ Vh=ThÞ þ Ve=The

pressure

mc ¼ pVc=ðRTcÞ
mk ¼ pVk=ðRTkÞ
mr ¼ pVr=ðRTrÞ
mh ¼ pVh=ðRThÞ
me ¼ pVe=ðRTeÞ

mass

dmc ¼ ðpdVc þ Vcdp =gÞ=ðRTckÞ
dme ¼ ðpdVe þ Vedp =gÞ=ðRTheÞ
dmk ¼ mkdp=p
dmr ¼ mrdp=p
dmh ¼ mhdp=p

Mass accumulation

_mck ¼ � dmc
_mkr ¼ _mck � dmk
_mhe ¼ dme
_mrh ¼ _mhe þ dmh

Mass flow

Tkr ¼ Tk
Trh ¼ Th
if _mck >0;Tck ¼ Tc;elseTck ¼ Tk
if _mhe >0;The ¼ Th ;elseThe ¼ Te

Conditional temperature
(Temperature of the
working gas changed
with the flow direction)

dTc ¼ Tcðdp =p þ dVc =Vc � dmc =mcÞ
dTe ¼ Teðdp =p þ dVe =Ve � dme =meÞ

temperature

dQk ¼ Vkdpcv=R� cpðTck _mck �Tkr _mkrÞ
dQr ¼ Vrdpcv=R� cpðTkr _mkr �Trh _mrhÞ
dQh ¼ Vhdpcv=R� cpðTrh _mrh �The _mheÞ
dWc ¼ pdVc dWe ¼ pdVe dW ¼ dWe þ dWc

Energy
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fb ¼0:525� 8:8� 10�5b (11)

fd ¼0:548
TH
TK

� 0:54 (12)

z¼ðVKDþVHDTK=THþVRDTK=TRÞ=Vy (13)

b¼ pmuV2
y

RTKmGCA2
C

(14)

According to eq. (7), the swept volume of the displacer Vd can be
calculated. Therefore, the displacer amplitude Sd can be written as:

Sd¼
Vd

p

�
Dcp

2

�2 (15)

Eqs. (1)e(13) can calculate the basic parameters of an FPSE.
However, the output powermust be evaluated to determine if it can
satisfy the design value; hence, the temperature andmass flow rate
at the inlet of the heater must be determined. As the movements of
the piston and displacer are sinusoidal, the volumes of compression
space Ve and expansion space Vc changed with time can be
expressed as:

VeðtÞ¼1
2
Veð1þ cos utÞ (16)

VcðtÞ¼1
2
Veð1� cos utÞ þ 1

2
Ve

Vc

�
1þ cos

�
utþap

	

; (17)

Where Ve and Vc are the swept volumes of the expansion space (Ve)
and compression space (Vc), respectively. It is assumed that the
pressure in each part is the same at the same time t. Therefore, the
total mass of the working gas (MT) can be written as follows:
MT ¼
pðtÞVe

RTeðtÞ þ
pðtÞVc

RTcðtÞ þ
pðtÞVr

RTrðtÞ þ
pðtÞVh
RThðtÞ

þ pðtÞVk
RTkðtÞ

; (18)

Where TR is the temperature of the regenerator:

Tr ¼ ðTe � TcÞ
lnðTe=TcÞ (19)

. Table 1 presents the equations for the ideal adiabatic model.
The ideal adiabatic analysis is primarily based on the following
assumptions: a) The compression and expansion processes are
adiabatic. b) Gas leakage and pressure drops are nonexistent. c) The
temperatures in the heater and cooler are constant. d) The regen-
erator is perfect. e) The working gas is an ideal gas. The calculation
of the ideal adiabatic analysis model is higher than the real situa-
tion of the FPSE, and energy loss needs to be considered to modify
the model. Eqs. (16)e(19) was placed into the differential equations
using for ideal adiabatic analysis, which were solved. When the
ideal Stirling cycle is obtained, then the heat lossmust be calculated
as following:

The improved simple analysis method was used to analyze and
evaluate the working condition of the FPSE in detail; experimental
results verified that the method could be used to precisely analyze
the performance of the FPSE. The heat loss primarily involves six
parts: a) regenerator heat transfer loss, b) flow resistance loss, c)
regenerator heat transfer loss, d) gas spring hysteresis power loss,
e) shuttle heat loss in the displacer, and f) heat conductivity loss in
the pressure shell. The gas spring hysteresis power loss was
neglected in this paper, as the value is very small compared with
the other loss. The heat loss can be calculated using the following
equations. The temperature difference between the wire and heli-
um cannot be neglected for a non-ideal regenerator, and the heat
loss in the regenerator can be written as follows:

Qrloss ¼Qrð1� εÞ; (20)

Where ε is the efficiency of the regenerator, expressed as

ε¼
1
2 StAwg

�
A

1þ 1
2 StAwg

�
A
; (21)

Where Awg is the internal wetted area in the regenerator and St is
the Stanton number expressed as follows:

St¼0:46Re�0:4Pr�1 (22)

The flow resistance power loss in the heater, regenerator, and
cooler can be calculated using the following formula:

Dp¼ � 2CfrmgrgugV
Ad2

; (23)

Where Crf is the friction factor. The flow resistance power can be
calculated in one cycle as follows:

Wfr ¼
ð2p
0

�
Dp

vV
vq

�
dq (24)

Shuttle heat loss of the displacer. The displacer generates some
heat from the hot chamber to the cold chamber during oscillation.
This means that the heater should absorb more heat:



Fig. 6. Program flow diagram.

Fig. 7. PeV diagram of the mean pressure and compression space.

Fig. 8. Conditional temperature changes in one cycle.
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Table 2
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Qsh ¼
p

6
S2pkgðTh � TkÞD2

cy

dLp

�
1þ l

1þ l2

�
; (25)

Where lis expressed as

l¼1þ kg
2pd

�
Ltc
kmc

þ Ltp
kmp

�
(26)

Seal leakage power loss. Leakage mass flow pasted with a
sealing ring can be regarded as incompressible clearance flow;
mass leakage affects the total mass of the working gas and de-
creases the output power of the engine. The pressure difference
between the ends of the displacer is negligible compared with the
pressure difference between the ends of the power piston. Hence it
can be neglected in the calculation.

Wl ¼ qml,cp,Tl; (27)

Heat conduction loss in the engine primarily involves two parts,
including heat conduction in the cylinder of pressure shell and
displacer heat conduction loss, which can be evaluated according to
the Fourier law:

Qw¼ kwAwðTh � TkÞ
l

(28)

According to the calculation of the FPSE, the total power and
basic movement of the piston and displacer can be determined.

Qach ¼Qidh þ Qw þ Qrloss þ Qsh (29)

Qacco ¼Qadco þ Qw þ Qrloss þ Qsh þWfr þWl (30)

Wacip¼Wadip �Wfr �Wl; (31)

Where Qach is the actual heat inlet of the heater, Qidh the ideal heat
inlet of the heater, Qacco the actual heat outlet of the cooler, Qadco the
ideal heat outlet of cooler, Wacip the actual output power, andWadip

the ideal output power. The actual temperatures in the heater Tgh
and cooler Tgk can be calculated as follows:

Tgh ¼ Twh �
Qach
hAh

(32)

Tgk ¼ Twk �
Qacco

hAco
(33)

Where Ah and Aco is the convective heat transfer coefficient of
heater and cooler, respectively.
Main parameters of RE-1000 in the test.

Parameters value

Area of piston (cm2) 25.679
Area of displacer (cm2) 25.25
Area of displacer rod (cm2) 2.16
Volume of heater (cm3) 27.4
Volume of cooler (cm3) 20.42
Volume of regenerator (cm3) 56.1
Hot side temperature (K) 873
Cold side temperature (K) 297.25
Number of heat tubes 34
Length of heater (cm) 18.34
Length of cooler (cm) 7.92
Length of regenerator (cm) 6.4
Porosity of wire (%) 81.2
Diameter of the wire (mm) 0.0889
Mean pressure (MPa) 7
Frequency (Hz) 30
3.3. Solution procedure

A code was developed to analyze the performance of the FPSE.
Fig. 6 illustrates the program flow diagram of the code in this study.
In the first step, the basic parameter of the FPSE was selected ac-
cording to the requirements of space nuclear power reactors, where
the primary parameters were calculated according to eqs.
(16)e(19). The temperatures in the expansion and compression
space were assumed, and the movement in one Stirling cycle was
discretized into 36 (every 10�) in the program to solve the ideal
adiabatic model. In the second step, the performance of the pro-
posed FPSE was analyzed using the ideal adiabatic method, fol-
lowed by a heat loss analysis. The ideal adiabatic model in Table 1
can be calculated using the fourth-order RungeeKutta method, as
follows:
8>>>>>>>>>>>>>><
>>>>>>>>>>>>>>:

yj;iþ1¼yj;iþ1
6
�
Kj1þ2Kj2þ2Kj3þKj4

	
;

Kj1¼hfiðxi;y1i;y2i;,,,yniÞ;

Kj2¼hfj

�
xiþ

h
2
;y1iþ

K11

2
;y2iþ

K21

2
;,,,;yniþ

Kn1

2

�
;j¼1;2;,,,;n

Kj3¼hfj

�
xiþ

h
2
;y1iþ

K12

2
;y2iþ

K22

2
;,,,;yniþ

Kn2

2

�
;

Kj4¼hfjðxiþh;y1iþK13;yi2þK23;,,,;yniþKn3Þ
(34)

In the third step, the heat loss in the FPSE must be considered
based on the ideal adiabatic model, including regenerator heat loss,
gas spring hysteresis power loss, flow resistance power loss, dis-
placer shuttle heat loss, seal leakage power loss and heat conduc-
tion loss. After the third step, the temperature in the expansion and
compression space can be calculated, and the iterative calculation is
stopped when the temperature satisfies the condition of
convergence.
4. Results and discussion

4.1. Verification and validation

The design and analysis procedure was validated by comparing
the simulation results with an ideal Stirling engine. The pressure-
volume (PeV) diagram of the mean pressure and compression
space is shown in Fig. 7. The pistonmotion in the ideal Stirling cycle
is discontinuous, while that in the proposed Stirling engine is
continuous; therefore, no turning point exists in the Stirling cycle,
which is shown as a continuous circle in the PeV diagram. Fig. 8
illustrates the temperature changes of helium in one cycle; as
shown, the conditional temperature changes when the mass flow
rate is reversed in each part. The code results satisfied the equations
and actual situations of the Stirling engine.

For the validation of the model, the output power and temper-
ature calculation results were compared with the experimental
results from RE-1000 [24]. The main parameters of the RE-1000 are
shown in Table 2. Table 3a shows the comparison between the
experimental and code calculation results. As shown, the results by
the present code agree reasonably well with the experimental re-
sults, with a maximum relative error of 17.1% for the output power;
this may be because an external heating tube was used as the
heater in RE-1000, and hence the estimated heat loss was not



Table 3a
Experimental results and calculation results by the code.

Parameter RE-1000 [24] Code calculation Error

Indicate power (W) 739 866 17.1%
Temperature at expansion space (K) 839 848 1.1%
Temperature at compression space (K) 318 326 2.5%
Mean pressure 7 MPa 7 MPa e

Fig. 9. Effect of shell thickness on system efficiency.

Fig. 10. Effect of mean pressure on diameter of the cylinder.

Fig. 11. Effects of porosity and diameter of wire on system efficiency.

Fig. 12. Effects of hot side temperature and compression ratio on system efficiency.
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accurate. The verification and validation results proved the efficacy
of the developed code for the design and analysis of the FPSE.
4.2. Effect of structure parameters

The effect of the thickness shell on the system efficiency is
illustrated in Fig. 9. As shown, when the thickness of the pressure
shell increased, the system efficiency decreased linearly. The
thickness of the pressure shell is critical in the system efficiency
because the heat conduction loss is a major contributor to the total
heat loss. Therefore, an appropriate reduction in pressure shell
thickness can improve the power output significantly; however, the
thickness is determined by the mean pressure and material of the
shell. In this study, the thickness of the pressure shell is selected as
8 mm according to the principle of pressure shell design (for
stainless steel).

Fig. 10 shows the effect of mean pressure on the diameter of the
cylinder; the structure of the FPSE is more compact with the mean
pressure increased at the same output power. However, the leakage



Fig. 13. Effects of cold side temperature and compression ratio on system efficiency.

Table 3b
Main parameters of FPSE.

parameter value

Design power (W) 20,000
Average pressure (MPa) 10
Efficiency (%) 30.6
Frequency (Hz) 70
Displacer phase angle (�) 90
Beale number 0.11
Volume compression ratio ε 1.4
Heater/Cooler/regenerator tube outside diameter (mm) 20
Length of heater (mm) 50
Length of cooler (mm) 50
Length of regenerator (mm) 100
Porosity of wire (%) 80
Swept volume of piston Vp (cm3) 251.2
Swept volume of displacer Vd (cm3) 313.75
Volume of heater (cm3) 200
Volume of cooler (cm3) 200
Volume of regenerator (cm3) 420
Sp (mm) 8
Sd (mm) 10
Area of displacer (cm2) 254.34
Area of piston (cm2) 254.34
Hot side temperature (K) 1000
Cold side temperature (K) 500
Material of shell Stainless steel
Thickness of the pressure shell (mm) 8
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of the working gas is more serious with the increased mean pres-
sure, which increased the thickness of the pressure shell and the
heat conduction loss but decreased the system efficiency simulta-
neously. Typically, the mean pressure of the FPSE for space nuclear
power reactors is from 5 to 15 MPa; therefore, the mean pressure
was select as 10 MPa considering the risk of helium leakage.

The effects of wire porosity and diameter on system efficiency
are shown in Fig.11; the lines representwires of different diameters
with porosity ranging from 65% to 90% that filled the regenerator;
the system efficiency increases with the wire diameter. Porosity is
critical to the system efficiency; the system efficiency increased
with the wire porosity because the regenerator improved the per-
formance of heliumwhen it returned from the cooler to the heater.
However, the growth for system efficiency declined when the wire
porosity was higher than 80%; this was because the wire diameter
could affect the hydraulic diameter of the regenerator, which could
increase the flow resistance.

4.3. Effects of hot side and cold side temperatures

During the requirements analysis for space nuclear power re-
actors, the temperature of 1000 K was considered for the hot side
temperature of the heater, while 500 K was considered for the cold
side temperature. The temperature of the hot side can be changed
owing to the thermal power changes of the reactor core, whereas
the temperature of the cold side can be changed as the performance
of the radiation system changes. The effects of the hot side tem-
perature and compression ratio on the system efficiency are illus-
trated in Fig. 12. As shown, the system efficiency increases linearly
with the hot side temperature. Fig. 13 shows the effect of the cold
side temperature and compression ratio on the system efficiency. It
indicates that the system efficiency decreased slightly when the
cold side temperature increased, and the system efficiency
increased with the compression ratio.

The compression ratio ε significantly affected the system effi-
ciency; the compression ratio increased by 16.7%, while the system
efficiency increased by 42%. However, a higher compression ratio
could be limited by practical applications. It was difficult to reach a
high compression ratio in a real Stirling engine; a compression ratio
above 2 is unrealistic for the FPSE. Hence, the compression ratio
was set to 1.4 in this study. The final parameters of the proposed
FPSE are shown in Table 3b. According to the analysis of the code,
the output power was 2.1 kW, which was within the design
requirements.

5. Conclusion

In this paper, a 20-kW FPSE was proposed by analyzing the re-
quirements of space nuclear power reactors. A code was developed
based on the improved simple analysis method to evaluate the
performance of the proposed FPSE, which was solved using the
fourth-order RungeeKutta method. The results showed that the
simulated output power was 21 kW, which satisfied the design
requirements. The conclusions are summarized as follows:

1. For the code’s verification and validation, the code results
satisfied the actual situation of the Stirling engine in a period.
The model results were benchmarked with the experimental
data from RE-1000, and the maximum relative error was 17.1%,
indicating the fidelity and reasonability of the developed code.

2. System efficiency increased as the thickness of the pressure
shell decreased. The porosity of the wire in the regenerator was
critical to the system efficiency; the system efficiency increased
with the porosity, while the growth of the system efficiency
declined when the wire porosity was higher than 80%.

3. The system efficiency increased with the compression ratio; the
compression ratio increased by 16.7%, while the system effi-
ciency increased by 42%. Furthermore, system efficiency
changed linearly with the temperature changes at the cold and
hot sides.
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