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Abstract. With the increasing ambition of space agencies and the private sector, space missions are increasingly daring
and focus on deep space missions, aiming to reach planets like Mars and Jupiter. For missions with these objectives to
be viable, the spacecraft must have a high availability of energy to carry out the mission safely. Although solar conversion
systems are well established for space application, they have a number of limitations such as the low solar incidence on
more distant planets would make it impossible to apply a photovoltaic system. In this scenario, nuclear power generation
systems are an alternative, as they can operate for long periods providing a high amount of energy. However, for these
systems to become applicable, an energy conversion system with high efficiency and low mass must be applied. Dynamic
conversion cycles, especially the Stirling cycle, is one of the best options, however, several components considerably
increase the system mass, especially the radiator. This component used for heat rejection, can be responsible for more
than 1/3 of the entire system mass. Considering this perspective, this work performed a finite time thermodynamic
modeling of a Stirling cycle and an exergy analysis to evaluate the radiator impact on the system. With the model, it was
possible to evaluate the impact of the radiator area on the cycle energy and exergy efficiency, map the radiator
irreversibility; find the ratio of the increase in radiator mass to the increase in panel area; and through a figure of merit
to find the best kg/kW system ratio that provides the greatest efficiency. With the results it was possible to identify that
with approximately 70 m2 of radiator area the system finds the best kg/kW ratio. These results may provide valuable
theoretical insight into the future development of radiators for space nuclear power conversion systems.

Keywords: Radiator, finite-time thermodynamics, efficiency, stirling, power generation.
1. INTRODUCTION

In the coming years there is a prospect of constant growth in the aerospace sector. New missions like the man-to-
moon return in NASA's Artemis program and intentions by private companies to reach outer planets like Mars ignite
demand for systems that can support missions of this complexity. For missions like this to be possible, the first challenge
is high-reliability and energy-density power generation systems for space (Moura et al. 2022, Fan et al. 2017, Fan et al.
2018). The systems used or that are seen as an alternative are photovoltaic, nuclear, and chemical systems.. (Moura et al.
2021a, Araujo et al. 2018). The generation of photovoltaic energy is shown as an alternative for the supply of power for
long periods, but its application is limited to solar incidence, and for missions further away from the sun or in inhospitable
environments, its use becomes unfeasible. (Araujo et al. 2018, Dai et al. 2020, Fan et al. 2017). Chemical energy delivers
a large amount of energy in a short period, and its application is aimed at accessing space and not deep space missions
because they are longer missions (for a mission on Mars, a period between 2 to 3 years is estimated). Within this
perspective, nuclear power generation is one of the most promising in view of the high energy density delivered by these
systems compared, and the great availability over time (its operability can be extended for more than 10 years according
to Mcclure et al. (2013) ) without depending on environmental conditions, allows its application to inhospitable
environments far from Earth, such as missions to Saturn and Jupiter. (Moura et al. 2021b, Fan et al. 2018, Dai et al. 2019,
Dai et al. 2020).

Nuclear power generation systems can be classified between static systems and dynamic systems. Static systems do
not use moving parts, but their efficiency is low, not exceedingly approximately 10% (Fan et al. 2017, El-Genk et al.
2008a, EI-Genk et al. 2008b, EI-Genk et al. 2008b, EI-Genk et al. Genk et al. 2011). Dynamic systems have an efficiency
of around 20 to 30% and are seen as the best option for high power demanding space applications (Moura et al. 2020,
Ribeiro et al. 2015, Gallo et al. 2009, Juhasz et al. 2007). Dynamic nuclear power generation systems have as main
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components the presence of a nuclear reactor, hot heat pipes (HHP), power conversion system (Brayton, Stirling, or
Rankine), and the heat rejection system (heat pipe-radiator assembly).

Among the dynamic nuclear energy conversion cycles for space applications the Stirling cycle is the one of the best
options, comparing with the Brayton cycle, while the Brayton cycle reaches 40% with a temperature ratio between 3 and
4, the stirling engine can reach 60% of the efficiency of an ideal Carnot with a temperature ratio between 2 and 3 (Lee et
al. 2007). The typical Stirling engine for space applications contains a heater (hot side), cooler (cold side), piston,
displacer, expansion space, compression space, regenerator, casing, support structure and linear alternators (Dai et al.
2020).

The use of dynamic systems increases the number of system’s failure modes, by increasing the number of moving
parts. For space applications, reliability is essential, since if the system ceases to be operational, the mission will fail and,
if manned, it can put human life at risk, within this perspective, the Free Piston Stirling Engine (FPSE) in beta
configuration is used for space applications (Maxwell, 2016). An FPSE is dynamically coupled to the gas, but not
mechanically, with no crank mechanism in the arrangement. In the beta configuration, the engine structure is designed so
that the piston and displacer are positioned on the same cylinder (Ahmadi et al. 2017). In this way, the number of moving
parts is reduced, increasing the engine reliability. The working fluid commonly used is helium due to the low density,
high thermal conductivity, low viscosity and high specific heat, enhancing the cycle performance (Fan et al. 2017, Dai et
al. 2020).

The heat exchange present in nuclear power generation systems in space and through radiation. The assembly of heat
pipes-radiator can correspond to more than 1/3 of the system mass and its optimization is strictly necessary for the system
to have a better mass-to-power ratio. Within this perspective, this work aims to analyze the impact of the radiator area on
the system energy density and, through a figure of merit €, find the best kg/kW ratio for the system in this configuration.
Still, a Stirling engine exergy analysis as a function of the radiator area will be carried out, to map radiator irreversibility
and its global impact on the system.

2. THERMODYNAMIC MODEL

The thermodynamic model adopted for this work is based on the finite-time thermodynamics approach. Thus, this
model deals with processes that have explicit time or rate dependencies (Andresen et al. 1996). For the thermodynamic
modeling, the following assumptions are made:

the specific heat of the working fluid is constant.

the working fluid is modeled as an ideal gas.

the regenerative process is imperfect, with uniform temperature distribution.

the model is steady state with prescribed time.

the heat transfer between the reactor core and the hot heat pipes occurs by conduction.

heat conduction leads to a heat loss between the hot side and cold side of the Stirling cycle.

In Figure (1), a T-s diagram is displayed, detailing the heat transfer and the thermodynamic processes involved in a
typical Nuclear Stirling conversion system for space applications.
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Figure 1. T-S diagram of nuclear Stirling engine with the heat flows and losses.

In this model, the temperature T}, is the difference between the temperature of the core and the temperature drop ATy,
of the hot heat pipe according to equation (1). The temperature drop calculation is obtained through a one-dimensional
heat pipe model presented by Romano et al (2019, 2020, 2021) and also presented by Moura et al.(2020). In this model,
the thermal conductance in each region of the heat pipe is computed, as well as the temperature drop. For the heat model,
the following HP limits are respected: the capillary, boiling, entrainment, sonic and viscous limit (Zohuri et al. 2016). For
the sake of conciseness, further details about the HP modeling can be seen in the aforementioned studies. Thus, we have

TH = TI - AThp (1)

The thermal bridge between the hot and cold side of the Stirling engine is proportional to the temperature difference
and the cycle time (1), being described by the following equation (Fan et al. 2017).

Qo = Vvo(Ty — Tt 2

where v, is the heat leak coefficient between the hot and cold side, and T is the cold side temperature. In this model,
finite heat transfer through the regenerator is considered. The regenerative processes are affected by the internal thermal
resistances in the regenerator. Thus, there are regenerative losses per cycle during the two regenerative processes. The
regenerative heat transfer is proportional to the temperature difference of the working fluid, and can be described as
(Shubhash et al. 2014):

Qr = ncye, (Texpa - Tcomp) 3)

where n is the number of moles of Helium, c,, is the specific heat on a molar basis, ¢y is the efficiency of the regenerator,
and Teyxpq and T,om, denote the expansion and compression temperatures, respectively. Considering the fractional

deviation from the ideal regeneration, the heat loss Q in the regenerator can be described as follows (Shubhash et al.
2014):

Qr,loss = nc,,(l - Sr)(Texpa - Tcomp) (4')

The convective heat transfer is assumed to be the main heat transfer mechanism between the heat exchangers and the
working fluid. Thus, the amount of heat absorbed by the working fluid on the hot side and released to the cold side can
be described by the following equations (Shubhash et al. 2014):

Qexpa = UAhc(TH - Texpa)rl = nRTe;vcpaln/1 +nc,(1 - gr)(Texpa - Tcomp) (5)

Qcomp =UA, (Tcomp - TC)TZ = nRTcompln)L +nc,(1—¢) (Texpa - Tcomp) (6)
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where Q.xpq is the amount of heat absorbed by the working fluid, Q.om; is the amount of heat released by the working

fluid, R is the universal gas constant; UA, is the thermal conductance of the hot side heat exchanger, UA is the thermal
conductance of the cold side heat exchanger; and A is the compression ratio, being described as follows

Vcomp

A= (7)

Vexpa

where V4., is the volume of the compression side and V., is the volume of the expansion side. The periods of the
processes of expansion and compression, T, € T, respectively, can be described as

NRTxpalnA +nc, (1 — sr)(Texpa — Tcomp)

" Vel Tore) v

., = NRT ompnd + nc, (1 — sr)(Texpa - Tcomp) ©)
UAce(Texpa = Tc)

The total cycle period is the sum of the time of the four processes. Thus, we have

T=T,+T+73+ 74 (10)

where the periods 73 and 7, denotes the period of each isochoric process that occur in the regenerator. These periods can
be calculated with the model presented by Dai et al. (2018) as follows

C Tex a Tcom
i - (1) T =T
_ Cf Texpa - TC

T3 = 1 1 (11)
'”4C+G)
1 (1 + ) Toma~ T
T, = f H comp (12)

1 1
'“4a+a)

where C,. and Cy are the regenerator and fluid heat capacities, respectively, being C; = m¢c,, my is the fluid mass and c,
is the specific heat of the working fluid at constant volume. Moreover, a,. denotes the regenerator heat transfer coefficient.
For this model, it will be assumed that the thermal conductivity of the regenerator is sufficiently large, allowing the
temperature distribution to be uniform. The heat transfer coefficient of the working fluid and the regenerator varies with
time. Thus, the regenerator effectiveness can be defined as

g = Texpa - TC _ Th - Tcomp (13)
Ty —T¢ Ty —Tc

The engine hot side heat is the combination of the heat from the expansion process adding the thermal bridge. And
the heat from the engine cold side is the sum of the heat from the compression process plus the thermal bridge. Therefore,
the equations can be described, respectively, as follows:

Qun = Qexpa + Qo (14)
Qc = Qcomp + Qo (15)
Considering the cycle period of the Stirling engine 7, the system power output I/ can be computed as

oW Qu—Qc
W= T — fistg T (16)

where Ny, the number of Stirling engines. The cycle energy efficiency 7, is obtained as
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=2 (7)

In this modeling, there is a coupling between the thermodynamic model mentioned above and a dynamic model that
allows calculating the displacements of the piston and the displacer as a function of process time . However, to calculate
the T it is necessary to know the compression ratio, however, it is necessary to know the displacement of the piston and
the displacer and as mentioned it is a function of the process time. Thus, to obtain a solution, both models must be solved
in a coupled manner through a numerical method that allows the computation of both variables. For the sake of
conciseness, further details about the dynamic modelling can be seen in the follow studies: Moura et al.
(20214,2021h,2022).

As already discussed, the mechanism of heat exchange in space is thermal radiation. Therefore, to determine the area
of the radiator panel, the following equation is used Siegel (1981):

Qraa = fO’Apa (T;tad - T(;t)f (18)

where T, is the radiator temperature, computed based on the average temperature of the condensing and evaporating
region of the cold heat pipes attached to the radiator. The variables ¢ and ¢ denote the radiator emissivity and the Stefan-
Boltzmann constant, respectively. For this modeling, the wasted heat Q,..4 is exactly equal to the heat on the cold side of
the engine Q.. Additionally, the cold heat pipes have physical contact with the radiator panels, consisting in a heat pipe-
radiator assembly. Considering a conical shape similar to the Kilopower project Maxwell et al.(2018), the final radiator
area is computed as follows:

Arga = th,c(nrrzad - T[ri%p) + 7rLparpa (19)

where Ny, . is the number of cold heat pipes, 7,4 is the radius of the structure surrounding the heat pipe, 7, is the
external radius of the heat pipe, L, is the panel length, and r,, is the panel radius. According to Tarlecki et al. (2007),
the heat pipe-radiator assembly is responsible for the largest percentage of mass and area in a typical space power system,
being responsible for almost a third of the total mass of the energy conversion system Juhasz (2007). In this way, a figure
of merit is implemented to identify the optimized cold side temperature of the Stirling cycle. Therefore, the figure of merit
Q (kg. kW™1) is defined as the ratio of the total mass of the system to the power output, based on the following expression:

ms

) =-
W Ngg4

(20)

where m is the mass of the energy conversion system, consisting of the nuclear reactor core, radiator, and the Stirling
engines. The mass of the system is calculated as follows:

mg = (Meore + Mg + Mypgq)1.15 (21)

where the m,,.. is assumed as 5.82 kg. kW~ according to Fan et al. (2017). Furthermore, an increase of 15% of the
mass is considered, corresponding to the power processing and cabling Noca (2001). The variable m,.,, is the total mass
of Stirling engines, and m,.o is the radiator mass. For determination of radiation exergy, as mentioned by Petela (1964),
a process of simultaneous emission and absorption of radiation is always an irreversible process for temperatures above
0 K. For the rate of exergy transfer per area associated with radiation, considering a perfectly gray body, the following
equation is used:

o
Yraa = fﬁ (BT/aa + To — 4T ) (22)

being o is the Stefan-Boltzmann constant, and ¢ is the emissivity. To compute the radiator irreversibility, the exergy
provided by cold heat pipes that exchange heat with the radiator, added to the radiation exergy, is taken into account.
Thus, the irreversibility and the exergy efficiency of the heat pipe-radiator assembly are described as follows:

To o
raa = (1= ) @ = § 5 AraaBTag + T = 4Ty T )t (23)
c

For the Exergy of the Stirling engine, the follow equation is used:
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(24)

3. RESULTS AND DISCUSSION

To verify the best characteristics for these systems, the following parameters will be kept constant, as seen in table 1:

Table 1. — Inputs used for the stirling cycle.

Variable Value References
UAcc(Cold overall Thermal 200 W /K Fan et al. (2017)
conductance)
UApy (Hot overall thermal 200 W /K Fan et al. (2017)
conductance)
n (mols) 1 mol Fan et al. (2017)
&, (regenerator effectiveness) 0.9 Fan et al. (2017)
R (Universal gas constant) 8.314J/Mol. K Fan et al. (2017)
vo(Heat leak coefficient) 25W/K Fan et al. (2017)
¢, (Work fluid specific heat) 12.5]/mol. K Dai et al. (2018)
T, (Heat source temperature) 1200 K Fan et al. (2017)
T, ( Environment temperature) 150 K Author's decision
T, (Temperature of cold side) 300K Author's decision
a, (Regenerator heat transfer 500 W/m.K NASA Lewis Center (1999)
coefficient)
Ny, (Number of Stirling Engines 8 Author's decision

For the hot heat pipes, it will be considered that the container material is niobium, and the working fluid is lithium.
The temperature of the space in regions close to the earth can vary from 393 K to 100K. In this work, a fixed temperature
of 150 K was defined as the environment temperature. The number of heat pipes on the hot side is 150, based on the
proportion of heat pipes in the reactor core presented by Fan et al. (2017).

In order to understand the impact of the engine's cold side temperature on the radiator area, in the figure (2) the
radiator area is calculated for temperatures from 274 K to 600 K. As can be seen, Increasing the temperature reduces the
radiator area. This occurs because the radiator area is dependent on the heat T, which in turn depends on the heat Q..
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Figure 2. Radiator area as a function of the cold side temperature.

In order to analyze the impact of increasing the radiator area on the energy and exergy system, the figures (3a) and
(3b) present the behavior of both efficiencies for different values of A,.,,. Compared to energy and exergy efficiency for
the same temperature, the exergy efficiency is higher than the energy. Analyzing the equation (24) of the cycle exergy
efficiency and compared with the cycle energy efficiency equation (17), it is visible that the exergy input is a fraction of
the energy input. Therefore, in this case, exergy efficiency is greater than energy, but the work is the same for both cases.
In some cases, exergy can be a more important indicator than energy. Systems with high exergy efficiency imply high
quality energy used in the system.

Furthermore, it is apparent that increasing the radiator area considerably increases the system efficiencies, as
increasing this area will increase the value of Q.. Also, it is possible to see that there is a more significant impact for
increasing the radiator area up to approximately 70 m2, for larger increases the efficiency gains are marginal considering
the large growth in area.

In order to evaluate the impact of the increase in the area on the radiator irreversibility, figure (3) presents the result
for the behavior of the radiator irreversibility the increase of its area. As the radiator area rises, the system irreversibility
tends to decrease, as the heat rejection becomes more efficient because with the larger area the temperature differences
along the radiator become smaller, and a higher heat rate can be rejected which reduces irreversibility. However, as seen
in the previous results for values of areas greater than 70 m2, the reduction in irreversibility obtained is small compared
to the large increase. This behavior is associated with the thermodynamic limitations of the second law.
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Figure 3. Energy efficiency as a function of the radiator area (a), Exergy efficiency as a function of the radiator area (b).
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In figure (5) the impact of the radiator panel area in the heat-rejection system mass is clear. With an area of 153.6
m2, the mass is equal to 1686 kg while with an area of 8.663 m? the rejection system mass is 163.4 kg. Up to a temperature
of 375 K (equivalent to 65 m?), the increase in the radiator area is less with a reduction in temperature than seen for
temperatures below 350 K, as seen in figure (5).

3000

2000} /

Mass [Kg]

1000

100 200 300
Area [m?]

Figure 5. Radiator mass as a function of the Radiator area.

In figure (6) the system is evaluated for an increase in the radiator area. With a very large radiator area the power
increases, but as a result the system mass increases in large proportion, on the other hand, for a small radiator area the
system power is low. As power and mass are conflicting quantities it is essential to find the optimal point of this ratio, for
this system with approximately 70 m2 (354.2 K) radiator area, the system has the best mass-to-power ratio obtained by

figure of merit Q. This relationship evaluated by Q is fundamental for space applications due to the limitations for
launching systems in orbit, something that is not analyzed for terrestrial nuclear power generation systems.
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Figure 6. Figure of merit (kg/kW) as a function of the radiator area
4. CONCLUSION

In the present work, a finite-time thermodynamic modeling was performed to analysis nuclear-powered Stirling
engine for space power generation. From the model developed, it was possible to identify the increase in the cold side
temperature considerably decreases the radiator area, however, it will consequently reduce the system power by reducing
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the heat rejected. On the other hand, rising the radiator area considerably increases the engine efficiency and reduces its
irreversibility, however, the system mass increases considerably. In this way, a merit figure (1) was applied to find the
point of the best system mass per power ratio as a function of the radiator area. Therefore, it was possible to identify that
with a radiator area of approximately 70 m?, the system has the best kg/kW, which is fundamental for space applications.

Therefore, taking into account the results obtained, this study can provide significant baselines for the future
development and analysis of heat rejection systems for space applications.
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