Applied Thermal Engineering 111 (2017) 60-67

APPLIED
THERMAL
ENGINEERING

Contents lists available at ScienceDirect

Applied Thermal Engineering

journal homepage: www.elsevier.com/locate/apthermeng

Research Paper

Thermodynamic analysis and optimization of a Stirling cycle for lunar
surface nuclear power system

@ CrossMark

Senqing Fan, Minghai Li *, Sizhong Li, Tong Zhou, Yupeng Hu, Song Wu

Institute of Systems Engineering, China Academy of Engineering Physics, 621999 Mianyang, China

HIGHLIGHTS

« Lunar surface nuclear power system with Stirling cycle for energy conversion.

« A model with finite time thermodynamics to describe the system thermal efficiency.

« Higher hot side temperature not exceeds 1050 K increased thermal efficiency.

« Higher cold side temperature decreased thermal efficiency but improved heat rejection.
« Higher convection heat transfer coefficient improved the thermal efficiency.

ARTICLE INFO ABSTRACT

Article history:

Received 25 May 2016

Revised 7 August 2016
Accepted 9 August 2016
Available online 9 August 2016

A model for the description of the thermal efficiency of a lunar surface nuclear reactor power system with
eight free piston Stirling engines to generate nominal electrical power of 100 kWe was developed. The
heat loss of the hot heat pipes, finite rate heat transfer, regenerative heat loss, finite regeneration process
time and conductive thermal bridging losses were considered. The results showed that the thermal effi-
ciency increased and then decreased with the hot side temperature increase. The highest thermal effi-
ciency was about 0.29 under the condition of the effectiveness of the regenerator being 0.9 and
compression ratio being 2. Higher cold side temperature had bad effect on the thermal efficiency but
could reduce the size of the heat rejection system. When the cold side temperature was designed as
500 K, the lowest power system mass of 6.6 ton could be obtained. Enhanced heat transfer of the heat
exchangers would increase the thermal efficiency but higher values of the nominal convection heat trans-
fer coefficient of the heat exchangers would lead to a negligible thermal efficiency increase. The results
obtained here may provide a new ideal to design lunar surface nuclear powered Stirling cycle.
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1. Introduction selected site for the outpost on the lunar surface. Under this condi-

tion, the electrical power can be hardly met using the photovoltaic

The earth’s moon is a potential destination for future human
space exploration and a wide range of activities including geolog-
ical exploration, astronomical experiments, manufacturing and
utilization of natural resources would be realized [1-4]. Many
nations have expressed interest in sending crewed missions to
the moon within the past few decades, with an eventual goal of
establishing permanent outposts, requiring reliable and expand-
able electrical power of 10-100 s of kWe for many years and inde-
pendent of the sun. The long lunar rotational period of about
28 days results in up to 2 weeks of darkness, depending on the
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solar power system with nighttime energy storage or using the iso-
topic power. Nuclear fission reactor power system offers a low
mass and compact alternative for mature lunar outpost and would
generate steady electrical power continuously irrespective of the
latitude of the outpost on the lunar surface and independent of
the sun [5-7]. The essential components of the lunar surface
nuclear power system are the reactor, the power conversion sys-
tem and the heat rejection system [8-11].

The power conversion technologies for space nuclear power
system are usually classified as the static and dynamic methods.
Static conversion technologies of thermoelectric (TE), alkali-metal
thermal-to-electric conversion (AMTEC) units and thermionic
(TI), were inherently modular and load following, in addition to
the absence of moving parts [8,12]. Despite the merits, the conver-
sion efficiency was generally lower than 10% and therefore the
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Nomenclature

Q heat (W or kW)

T temperature (K)

h heat transfer coefficient (W K~' or Wm—2K™1)
ko heat leak coefficient (W K~1)

A heat transfer area (m?)

w work (])

P power (W)

M regenerative time constant (Ks™!)

R universal gas constant (J mol~! K~1)

Greek symbols

regenerator loss

thermal efficiency

emissivity factor

effectiveness

Stefan-Boltzmann constant (W m~2 K4)
compression ratio

N~ S [

Subscripts

H hot side

C cold side

R regenerator

L loss

I reactor

IN fission heat

HP heat pipes

HC convective heat transfer at cold side
cc convective heat transfer at cold side
S nuclear power system

t Stirling engine

0 ambient condition

1-4 process state

specific power of the system could hardly exceed 10 We/kg [3,8].
Dynamic energy conversion technologies of closed Brayton cycle
(CBC) and Rankine cycle, typically generated high conversion effi-
ciencies of between 20% and 30% [9,13]. Stirling engine is one of
the most promising energy conversion technologies for space
power system, since it results in high thermal efficiency and good
reliability [14-16]. The Stirling engine can combines high energy
conversion efficiency with high power output to system mass. In
this study, the free-piston Stirling engines (FPSE) were used as
the energy conversion units. The proposed lunar space nuclear
power system with Stirling cycle for energy conversion is schemat-
ically described in Fig. 1. The nuclear fission heat generated in the
reactor core with the temperature of about 1200 K is considered as
the heat resource of the Stirling engine. Some of the heat would be
lost through radiation during the heat transfer by the heat pipes
owing to the high temperature. Part of the heat absorbed by the
hot side heat exchanger of the Stirling engine is converted into
electrical power and the exhaust heat is rejected from the cold side
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Fig. 1. Linear diagram of the lunar surface nuclear power system with Stirling cycle.

heat exchanger. A cooling loop can transport the exhaust heat to
the heat rejection system and at last the exhaust heat is rejected
to the outer space by the radiative heat transfer through the
radiators.

The radial cross-section view of the reactor is illustrated in
Fig. 2. The reactor comprises 127 heat pipes and 342 fuel pins with
UO,. The reactor uses neutron Spectral Shift Absorber (SSA) addi-
tives in the fuel to satisfy the requirement of remaining the suffi-
ciently subcritical in the unlikely event of a launch abort
accident [6]. The ODS-MA956 steel encasement is made for the fuel
pins frits, the core frits and the reactor vessel, owing to the high
nominal exit temperature of the core [17]. The reactor core vessel
is surrounded by a BeO radial reflector and the reflector is clad in
thin stainless steel to protect from meteorites impact and prevent
sublimation of BeO into space. The control of the reactor starting
up, shutting down and operation through the end of life is accom-
plished using a total of six BeO/B4C rotating drums in the radial
reflector. The control drums are also clad in stainless steel and
faces with B4C segment (4 mm thick and 120 °C sectors) enriched
in '°B. The control drums in the BeO radial reflector would be
rotated with the B4C segments facing the core during launch before
the reactor startup on the lunar surface.

The energy conversion is achieved in the Stirling engine, with
the helium as the working fluid circulating in a closed system.
Eight Stirling engines are use as the energy conversion units for
the lunar surface unclear power system with nominal electrical
power of 100 kWe. The schematic diagram of the Stirling engine
is illustrated in Fig. 3. The diameter and length (including no elec-
trical motor) of one Stirling engine are 500 mm and 1000 mm,
respectively. A Stirling engine configuration consists of a cylinder
(contained with hot space and cold space), the hot side heat
exchanger, the cold side heat exchanger, the regenerator, the
power piston and the displacer piston. A Stirling cycle consists of
four steps, including two isothermal and two isochoric steps
[14,18-20]. The compression and expansion steps of the cycle
takes place in the cylinder with the power piston at constant tem-
perature [21]. The displacer piston shuttles the helium back and
forth through the hot side heat exchanger, regenerator and cold
side heat exchanger at a constant volume [22]. If the regenerator
is ideal, the heat absorbed by the regenerator when the helium
flows from the hot space to the cold space should be equal to the
heat rejected from the regenerator when the helium flows from
the cold space to the hot space [19]. However, the ideal regenerator
requires an infinite area or infinite regeneration time to transfer
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Fig. 2. Radial cross-sectional view of the lithium heat pipes disposal inside the nuclear reactor core.
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Fig. 3. A schematic diagram of a Stirling engine applied for the power system.

finite heat amount, which is impractical [18,23,24]. In a real Stir-
ling cycle, a heat transfer loss would occur in the regenerator
and a conductive thermal bridging loss would also occur between
the hot side and cold side of the Stirling engine. Therefore, the
energy conversion efficiency of the Stirling cycle is still much lower
than that of the Carnot cycle [25,26].

In recent years, several researchers have paid attention to the
thermal efficiency of solar-powered Stirling heat engine with finite
time thermodynamics and some of the achievements may provide
good ideals for the Stirling cycle applied for lunar surface nuclear
power system [22,27]. To the authors’ knowledge, there has been
no work undertaken to describe the thermal efficiency of the Stir-
ling cycle applied for lunar surface nuclear power system. It should
be noted that nuclear power systems turned into lunar surface
electrical propulsion differed strongly from usual ground-based

power systems regarding the importance of overall size and mass.
Large size and mass could increase the difficulty of the power sys-
tem launch and cause several problems during the operation of the
power system or increase the system’s cost. The aim of this study is
to develop a model based on the finite time thermodynamics to
describe the thermal efficiency of the lunar surface nuclear power
system with Stirling cycle, explore the effect of the designed param-
eters on the thermal efficiency, size and mass of the power system.

2. Thermal efficiency model of the power system
A schematic illustration of the various heat flows and losses that

are included in the presented model is presented in Fig. 4. The pro-
cesses of a-b and c-d work at constant temperatures T; and Ts,
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respectively. The processes of b—c and d-a work at constants vol-
umes V; and V5, respectively. Some of the heat absorbed is con-
verted into power output W. There is a conductive heat transfer
occurring, namely conductive thermal bridge loss or heat leak Qo,
when heat Q; is released to the process of a-b. In addition, heat loss
AQg should be taken into account, when regenerative heat Qg is
transferred from the b-c to the d-a.

In order to develop a simple and validating model for the ther-
mal efficiency of the power system with Stirling engine, the follow-
ing considerations are assumed:

- Radiation is the only heat loss during heat transfer from the
reactor to the Stirling engine.

- Conduction leads to the heat loss between the hot side and the
cold side.

- The specific heat of working fluid does not change with
temperature.

- The heat transfer coefficients and working fluid velocity are
constant with time and space.

- The working fluid obeys perfect gas law.

- There is no temperature gradient in the heat exchangers.

2.1. Thermal efficiency of the hot heat pipes

Considering the heat loss of the hot heat pipes by radiation,
owing to the high temperature of the hot heat pipes, the energy
balance equation and thermal efficiency of the hot heat pipes
would be described as follows:

Qu = Qu + Qu = E0A(T}y = T4 )T+ hupA(T) = T (1)
and
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Fig. 4. A schematic illustration of the various heat flows and losses that are
included in the presented model.

where Q;y, Q; and Qy are the fission heat generated from the reactor,
heat loss of the hot heat pipes and heat absorbed by the hot side
heat exchanger; 7yp is the thermal efficiency of the hot heat pipes;
A is the heat transfer area of the heat pipes T;, Ty, To are tempera-
tures of the reactor, hot side heat exchanger and heat sink, respec-
tively; ¢ is the emissivity factor of the hot heat pipes; § is the Stefan-
Boltzmann constant; 7 is the cycle period.

2.2. Thermal efficiency of the Stirling engine

The conductive thermal bridging losses (Qp) from the hot side
heat exchanger at temperature Ty to the cold side heat exchanger
at temperature T¢ is assumed to be proportional to the cycle time,
which can be described as follows [23]:

Qo = koT(Th — T¢) 3)

where kg is the heat leak coefficient between the hot side and cold
side heat exchangers.

It should be noted that there is a finite heat transfer rate in the
regenerator and the regenerative heat transfer (Qg) can be
described as follows [28]:

Qg =nCper(T1 — T2) (4)

where n is the molar number of the working fluid; G, is the molar
specific heat of the working fluid in the regenerative process; & is
the effectiveness of the regenerator.

The heat loss (AQg) during two regenerative processes per cycle
can be calculated as follows [18,19,23]:

AQg =nCpy(1 — &r)(T1 — Ty) (5)

The time of the regenerative processes is not negligible owing
to the influence of irreversibility of the finite rate heat transfer.
Using a regenerative time constant to determine the time needed
for the displacement phases may be a typical approach in so-
called finite time thermodynamics. In order to calculate the time
of the regenerative processes, the temperature of the working fluid
in the regenerative processes as a function of time is described as
follows [18,19,23]:

dT
a@
where M is the proportional constant independent of the tempera-
ture difference and dependent only on the property of the regener-
ative material, called regenerative time constant and the tsign
belong to the heating (i=1) and cooling (i = 2) processes, respec-
tively. The choice of the regenerator material and its dimensions
are important optimization options in the design of a Stirling
machine. In this research, the matrix of packed balls or wire mesh
would be used for the regenerator. It is necessary to expose the
maximum surface area of matrix so that matrix should be finely
divided, in order to improve heat transfer coefficient and to estab-
lish the minimum temperature difference between matrix and the
fluid.

The time of the two isochoric processes can be obtained as fol-
lows [18,19,23]:

gzﬂ@“ (7)

= £M; (6)

b= 8)

The heat transfer between the hot side heat exchanger at tem-
perature Ty and the working fluid at temperature T; obeys convec-
tion law. The amount of heat absorbed by the working fluid from
the hot side heat exchanger can be described as follows [18,19,23]:

Q] = th(TH — T])f] = nRT; Ini+ nCp(l — SR)(T1 — Tz) (9)
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Convection heat transfer is assumed to be the main mode of
heat transfer between the working fluid at temperature T, and cold
side heat exchanger at temperature Tc. The amount of heat
released by the working fluid to the cold side heat exchanger can
be described as follows:

Q; = [hee(Ty = To)lty = nRT, In 2+ nCy(1 — &&)(T1 — T3) (10)

where Q; is the amount of heat absorbed by the working fluid; Q, is
the amount of heat released by the working fluid; hyc is the nominal
convection heat transfer coefficient of the hot side heat exchanger;
hcc is the nominal convection heat transfer coefficient of the cold
side heat exchanger; R is the universal gas constant and 1 is the
compression ratio during the regenerative processes, which could
be expressed as the volume ratio (including no dead volumes):

=7

According to Fig. 4 and the major irreversibility mentioned
above (finite rate heat transfer, regenerative heat loss, finite regen-
eration process time and conductive thermal bridging losses), the

net heat absorbed by the hot side heat exchanger can be described
as follows:

Qu=0Q:+Qo (12)

The net heat released by the cold side heat exchanger can be
described as follows:

Qc=Q;+Q (13)

The cyclic period (7) can be obtained by combining Eqgs. (7)-
(10), described as follows:

A (11)

T=ti+t+1t3+1y
_ nRT, In2+nCp(1 — &)(T1 — T2)
hHC(TH _T1)

1 1
+(T1 = T2)<E+ﬁz>

nRTy In 7+ nCy(1 — &)(T1 — T2)
hCC<T2 - TC)

(14)

Considering the cyclic period of the Stirling engine, the power
output (P) and thermal efficiency (#:) of the engine can be
described as follows:

_W_Q-Q
T T
_Qy—Qc

’7: - QH
Combining Eqgs. (9)-(16) leads to the following expressions for

the power output and thermal efficiency of the Stirling engine:

T.-T,

P (15)

(16)

- (17)
T T, —T: T. T,-T;
hll-itlg;-H]*le)) + ﬁ;%—ZLTCZ)) +F (T] - TZ)
= T, - T,
¢ T14a(T1 — T2) + [ko(Tu — T¢)] {TM%Q:TT]:Q + Tﬁ;?g‘,}g) FFi (T — Tz)]
(18)
where
_G(1 —er)
= "Rz (19)
1 1 1
1 =Ry (E * ﬁz) (20)

The power output and thermal efficiency of the Stirling engine
are maximized simultaneously. In order to maximize the power
output, take the derivative of the Eq. (17) with respect to the deci-
sion variables and equate it to zero. Then, solving the decision vari-

ables and substituting the values to Egs. (17) and (18) can give the
maximum power output and the optimal efficiency of the Stirling
engine.

The thermal efficiency of the nuclear power system is equal to
product of the thermal efficiency of the hot heat pipes and the
thermal efficiency of the Stirling engine. Therefore, the thermal
efficiency (#) of the nuclear power system can be described as
follows:

N5 = Nuple
hyp (Ty — Thy) 1-1

[e8(Th = T8) + hue (T =T | 1+ a1 — 1) + kol — T [l + o2 4 Fy (1 - )]
(21)

where x = T/T;.

3. Results and discussion

In order to investigate the optimum performance characteris-
tics of the lunar surface nuclear power system conveniently and
be consistent with previous works, the other parameters should
be kept constant as y =0.5, hyc=hee=200W K™, hyp=5000 -
Wm=2K', n=1mol, .=2, g=0.9, ¢=0.9, R=8.314] mol~' K ',
ko=25WK, C,=15Jmol "K', =567 x 108 Wm2K™,
TI =1200 K, TH =1000 K, TC =500 K, To =300 K, (1/M1 + I/Mz)
=2x107°sK1[19,.23].

3.1. Effect of the hot side temperature

During the design of lunar surface nuclear power system, a sur-
face temperature (T;) of 1200 K was considered for the nuclear
reactor core. The temperature of the hot side heat exchanger could
be lower than that of the core temperature owing to the heat resis-
tance of the heat pipes. The effect of hot side temperature on sys-
tem thermal efficiency was illustrated in Figs. 5 and 6. It could be
seen that the thermal efficiency increased slightly with the
increase of hot side temperature. The peak values of the thermal
efficiency could be obtained when the hot side temperature was
about 1050 K. The thermal efficiency could decrease, if the hot side
temperature increased continuously. It could be calculated that the
thermal efficiency would decrease about 25%, when the hot side
temperature increased from 1050K to 1150 K. The decrease of
the thermal efficiency of the hot heat pipes could account for this
phenomenon. It could be calculated from Eq. (2) that the thermal
efficiency of the hot heat pipes decreased with the increase of
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Fig. 5. Effect of the hot side temperature and effectiveness of the regenerator on the
system efficiency.
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Fig. 6. Effect of the hot side temperature and volume ratio on the system efficiency.

the hot side temperature, owing to the heat loss by radiation.
When the hot side temperature increased from 1050 K to 1150 K,
the thermal efficiency of the hot heat pipes could decrease from
0.90 to 0.78. How to reduce the heat loss of the hot heat pipes
would be a key issue for the nuclear power system. Besides,
according to the exergy theory it could be known that the temper-
ature difference between the reactor core and hot side heat
exchanger could reduce the energy availability of the nuclear
power system owing to the heat resistance of the heat pipes, even
though it was expected to be no heat loss during the heat transfer
process. Enhanced heat transfer between the reactor core and hot
side exchanger would be a reasonable approach to increase the
energy availability of the system. However, enhanced heat transfer
was usually accomplished at the expense of the complexity and
redundancy of the system, decreasing the system reliability. There-
fore, extensive researches should be emphasized on the trade-off
between the good thermal performance and the reliability of the
system. It could be seen from Fig. 6 that higher thermal efficiency
of could be obtained if the compression ratio was higher. However,
higher compression ratio would be limited by the practical applica-
tion, since compression ratios above 2 are rather unrealistic in Stir-
ling engines. Therefore, the compression ratio of the Stirling engine
would be kept about 2, during the design of the nuclear power
system.

The thermal power generated in reactor core should be 500 kWt
to match the nominal electrical power of 100 kWe, if the thermal
efficiency of the system was assumed as 0.2. The electrical power
output under different conditions was illustrated in Table 1. It
could be seen that the thermal power can be kept lower than
500 kWt at any temperature within the scope when the effective-
ness of the regenerator was higher than 0.8, since the electrical
power was higher than 100 kWe. However, when the effectiveness
of the regenerator was lower than 0.7, 500 kWt of the thermal
power can hardly generate 100 kWe of electrical power. In this

Table 1
Electrical power output at different hot side temperatures and regenerator
effectiveness.

Effectiveness Electrical power output (kWe)

(4=2) Ty=800K Ty=900K Ty=1000 K Ty=1100K
0.9 107 131 143 139

0.8 95 112 120 113

0.7 86 99 104 97

0.6 78 88 91 84

case, higher thermal power was required and then high amount
of exhaust heat was needed to be rejected, which could increase
the size of the heat rejection and mass of the power system. There-
fore, the most efficient and cost effective regenerator should be
used for the Stirling engine.

3.2. Effect of the cold side temperature

The effect of the cold side temperature on the thermal efficiency
was illustrated in Figs. 7 and 8. It could be seen that higher cold
side temperature would lead to lower thermal efficiency, which
was consistent with the Carnot theory. It could be calculated that
the thermal efficiency could decrease as much as 23%, when the
cold side temperature increased from 400 K to 500 K. Higher ther-
mal efficiency could be achieved by decreasing the cold side tem-
perature, which would reduce the amount of heat to be radiated
away and reduce the mass of the reactor. But lower cold side tem-
perature could have bad effect on heat transfer through the radia-
tor, leading to the increase of the size and mass of the radiator,
since radiation heat transfer was greatly dependent on the cold
side temperature. These factors led to an inverse and competing
relationship between thermal efficiency and cold side temperature,
which in turn impacted the size and mass of the heat rejection sys-
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Fig. 7. Effect of the cold side temperature and effectiveness of the regenerator on
the system efficiency.
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Table 2
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Size of the heat rejection system at different cold side temperatures.

Cold side temperature (K)

Rejection system size (m?)

450 305
500 180
550 116

tem. According to the others’ researches, the radiator was the lar-
gest component of the nuclear power system and the heat rejec-
tion system mass was a significant and often dominant portion
of the overall nuclear power system mass [13]. Large radiator size
and mass could increase the difficulty of the power system launch
and cause several problems during the operation of the power sys-
tem. Therefore, design trades were required to minimize the total
mass based on the relative masses of the reactor and heat rejection
system. Besides, the temperature of the heat sink could reach
about 400 K, since the temperature of the heat sink would be chan-
ged during the whole operation period. If the cold side temperature
was low, there would be some difficulty for the waste heat being
rejected to the outer space.

The size of the rejection system at different cold side tempera-
tures was illustrated in Table 2, which was calculated by the
Stefan-Boltzmann radiation law. It could be seen that higher cold
side temperature can greatly reduce the rejection system size.
When the cold side temperature was increased from 450 to
550 K, the size could be reduced by 62%. However, the effect of
the cold side temperature on the power system mass was not sim-
ilar to that on the size. During the design of the lunar surface
nuclear power system, it was expected to gain the lowest total
mass under the premise of guaranteed electrical power supply.
The mass of the power system could be easily obtained if the speci-
fic masses of the reactor, Stirling engine and heat rejection system
were specified. According to the rich experiences of the China
Academy of Engineering Physics, the required mass of the reactor
and Stirling engine were assumed as 5.82 kg/kWt and 2.56 kg/
kWt, respectively. The heat rejection mass was greatly dependent
on the detailed designed parameters and we just reported the cal-
culation results of the heat rejection mass in this research. The
detailed design of the heat rejection system would be revealed in
another research. The mass of the reactor, Stirling engine and heat
rejection system were illustrated in Fig. 9. It could be seen that
when the cooling temperature was at 450 K, the total mass was
higher than 7.0 ton, since low cooling temperature leads to low
heat rejection driven force and therefore larger mass of the heat

9000

Rejection M Stirling M Reactor

8000

7000
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Mass (kg)
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Fig. 9. Mass of the lunar surface nuclear power system at different cold side
temperatures.
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Fig. 10. Effect of the nominal convection heat transfer coefficient of the hot side
heat exchanger on the system efficiency.

rejection system was needed. When the cooling temperature was
at 550 K, the total mass was still higher than 7.0 ton, since higher
cooling temperature leads to low thermal efficiency and larger
masses of the reactor and Stirling engine were needed. When the
cooling temperature was at 500 K, the low total mass could be
obtained, which was about 6.6 ton, with the specific mass of the
power system being 66 kg/kWe.

3.3. Effect of the nominal convection heat transfer coefficient

The effect of the nominal convection heat transfer coefficient of
the hot side heat exchanger on the thermal efficiency was illus-
trated in Fig. 10. It could be seen that an increase of the convection
heat transfer coefficient resulted in an increase of the thermal effi-
ciency of the nuclear power system. Moreover, the thermal effi-
ciency increased asymptotically and reached a maximum value
of 0.29 for the range of the nominal convection heat transfer coef-
ficient. It could be deduced from Fig. 10 that the design of a hot
side heat exchanger with the convection heat transfer coefficient
higher than 300 W K~! would not bring worthy results, since a
slightly increase of thermal efficiency may come at the expense
of great mass changes of the system [13]. The effect of the nominal
convection heat transfer coefficient of the cold side heat exchanger
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Nominal convection heat transfer coefficient (W K'1)

Fig. 11. Effect of the nominal convection heat transfer coefficient of the cold side
heat exchanger on the system efficiency.
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on the system efficiency was illustrated in Fig. 11. Likewise the
nominal convection heat transfer coefficient of the hot side heat
exchanger, an increase of the nominal convection heat transfer
coefficient of the cold side heat exchanger provided an increase
of the thermal efficiency. However, higher values of nominal con-
vection heat transfer coefficient of the cold side heat exchanger
still resulted in a negligible increase of the thermal efficiency.
Therefore, a compromise between cold side heat exchanger mass
and thermal efficiency should be also achieved in the system con-
ception phase, although the detailed design of the heat exchanger
was beyond the scope of this research. Comparing Figs. 10 and 11,
it could be seen that higher thermal efficiencies would be achiev-
able when the cold side heat exchanger was favored with nominal
convection heat transfer coefficient increase. Changes in the nom-
inal convection heat transfer coefficient of the hot side heat
exchanger resulted in a maximum thermal efficiency of about
0.29, while this value could be reached about 0.31, varying the
nominal convection heat transfer coefficient of the cold side heat
exchanger. Furthermore, higher nominal convection heat transfer
coefficient of the cold side heat exchanger could result in higher
temperature of the radiator, which was great important for heat
rejection to the outer space and would result in less size and mass
of the radiator.

4. Conclusions

A theoretical model was developed for the thermal efficiency
predication of a Stirling cycle applied for lunar surface nuclear
power system. It was found that the maximum of the thermal effi-
ciency of about 0.29 could be obtained, when the hot side temper-
ature was 1050 K. The radiation heat loss of the hot heat pipes
could lead to the decrease of the thermal efficiency if the hot side
temperature was higher. A decrease of the cold side temperature
could result in an increase of the thermal efficiency. But lower cold
side temperature would have bad effect on heat rejection to the
outer space by radiation, which could lead to a larger system size
and mass. When the cold side temperature was 500 K, the lowest
mass of the power system of 6.6 ton can be obtained. Higher nom-
inal convection heat transfer coefficient of the heat exchangers
could improve the system thermal efficiency. A compromise
between heat exchangers’ mass and system thermal efficiency
should be considered, since higher values of nominal convection
heat transfer coefficient of the heat exchangers resulted in a negli-
gible increase of the thermal efficiency. In the future, more detailed
description about the heat exchangers, Stirling engines and heat
rejection system should be revealed.
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