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Abstract. The new space age that humanity is living is constantly expanding the limit of human presence in the solar 

system. New missions are being planned by space agencies and private companies to take man to planets like Mars. 

However, for missions like this to be possible, high-efficiency power generation systems are needed. In this perspective, 

nuclear power generation systems are an excellent option, as they are able to supply energy for a long period in a 

constant way. For systems like this to become viable, high-efficiency, low-mass energy conversion systems must be used. 

In this scenario, the dynamic Stirling conversion cycle proves to be an excellent option. However, these systems have 

several components that can make them very heavy, which could prevent their application, given the need for the system 

to have good compactability and low mass to allow it to be launched into space. Among these components, the heat pipe-

radiator assembly is the one that has the greatest participation in the size and total mass of the system, reaching more 

than 1/3 of the total mass. With this in mind, this work carried out a thermodynamic modeling of the Stirling cycle 

together with an asymmetrical heat pipe model, to evaluate the dimensional impact of low temperature heat pipes on the 

system total mass. With the model, it was possible to identify that the reduction of the engine cold side temperature 

considerably increases the system mass, due to the need to use a greater heat-pipe-radiator system. Taking into account 

the configuration of the cold heat pipes, it was possible to conclude that increasing the number of heat pipes provides 

the greatest increase in mass for the rejection system in relation to the increase in the length and diameter of the cold 

heat pipes. The results also indicated that an optimization between the amount of heat pipes, heat pipes diameter and 

length is necessary to reach an optimal value of the heat rejection system mass. 
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1. INTRODUCTION  

 

With the arrival of the new space age, there is a constant increase in the development of research and technologies 

for space exploration, especially for deep space. Within this perspective, power generation systems with high energy 

density are necessary due to the high energy demand of these missions (Moura et al. 2022, Fan et al. 2017, Fan et al. 

2018). Currently, there are three most used sources for this application: solar, chemical, and nuclear (Moura et al. 2021a, 

Araújo et al. 2018). Chemical energy delivers large amounts of energy in a small instant of time being more viable for 

access to space, as deep space missions are long, systems with greater availability over time are needed. 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 in inhospitable environments or further away from the sun, its use becomes unfeasible. 

(Araujo et al. 2018, Dai et al. 2020, Fan et al. 2017). Within this perspective, nuclear energy is one of the most promising 

in view of the high energy density delivered by these systems compared to chemical and solar energy, and the great 

availability over time without depending on environmental conditions such as photovoltaic solar energy, which allows its 

application to inhospitable environments far from Earth, such as missions to Jupiter and Saturn. (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, which increases their reliability, but their efficiency is low, not exceedingly approximately 10% 

(Fan et al. 2017, El-Genk et al. 2008a, El-Genk et al. 2008b, El-Genk et al. 2008b, El-Genk et al. Genk et al. 2011). 

Dynamic systems have an efficiency of around 25 to 30% (Ribeiro et al. 2015, Gallo et al. 2009, Juhasz et al. 2007), and 

require moving parts. However, for applications that demand high energy, they are the most viable options. Dynamic 

nuclear power generation systems have as main components the presence of a nuclear reactor (generally fast reaction with 

more than 90% enrichment of the fissile material) high temperature heat pipes (HHP) for heat transfer from the reactor 
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core to the hot part of the conversion system. The power conversion system, which can be Brayton, Stirling, or Rankine. 

And the heat rejection system (heat pipe-radiator assembly) by radiation. 

Among the dynamic nuclear energy conversion cycles for space applications the Stirling cycle is the one that stands 

out the most, compared to the Brayton cycle Stirling can reach 60% of the efficiency of an ideal Carnot cycle with a 

temperature ratio between 2 and 3 while the Brayton cycle reaches 40% with a temperature ratio between 3 and 4 (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). For space applications reliability is of extreme importance and the insertion of moving parts increases the number 

of failure mechanisms, 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). 

As previously mentioned, 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 mass of the system 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 dimensional parameters of cold heat pipes (CHP) on the mass of the heat rejection 

system, seeking to understand what are the key variables for reducing the system mass without impairing the power and 

efficiency delivered. 

  

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 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. 

• 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. 

 

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. 

 

 

Figure 1. T-S diagram of nuclear Stirling engine with the heat flows and losses. 
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In this model, the temperature 𝑇𝐻 is the difference between the temperature of the core and the temperature drop ∆𝑇ℎ𝑝 

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 Thus, 

 

𝑇𝐻 = 𝑇𝐼 − ∆𝑇ℎ𝑝                                                                                                                                                                                (1) 

 

This temperature drop can be obtained by calculating the resistances associated with each section of the heat pipe. A 

conventional heat pipe is divided into three distinct regions: the evaporating region where the heat is added, the adiabatic, 

and condensing where the heat is rejected. The resistances considered for this model are: the resistance of the container, 

the wick region, the liquid-vapor interface, and the vapor region (Romano, 2018) (Reay et al. 2014). For the container 

can be described as: 

 

𝑈𝐴𝑐𝑜𝑛 =
1

2𝜋𝐾𝑐𝑜𝑛𝐿𝑒
𝑙𝑛 (

𝐷𝑐𝑜𝑛
𝐷𝑐𝑎𝑝

⁄ )                                                                                                                            (2) 

 

Where 𝐾𝐶𝑜𝑛  the thermal conductivity of the casing material, 𝐿𝑒 the length of the evaporating region, 𝐷𝑐𝑜𝑛 and 𝐷𝑐𝑎𝑝 

are the diameters of the casing and the wick region. For the wick region, can be described as: 

 

𝑈𝐴𝑐𝑎𝑝 =
1

2𝜋𝐾𝑐𝑎𝑝𝐿𝑒
𝑙𝑛 (

𝐷𝑐𝑎𝑝
𝐷𝑣𝑎

⁄ )                                                                                                                                             (3) 

 

Where 𝐷𝑣𝑎 the diameter of the steam region, and 𝐾𝑐𝑎𝑝, described according to the following equation: 

 

𝑘𝑐𝑎𝑝 =  
(𝑤𝑓𝑖𝑛 𝑘𝑙 𝑘𝑡𝑖 𝑑𝑔𝑟) + 𝑤𝑔𝑟  𝑘𝑙(0.185 𝑤𝑓𝑖𝑛 𝑘𝑡𝑖 + 𝑑𝑔𝑟  𝑘𝑙)

(𝑤𝑔𝑟 + 𝑤𝑓𝑖𝑛)(0.185 𝑤𝑓𝑖𝑛 𝑘𝑡𝑖 + 𝑑𝑔𝑟  𝑘𝑙)
                                                                                            (4) 

 

Where 𝑤𝑓𝑖𝑛 the length of the wick groove, 𝑘𝑙 is the conductivity of the working fluid, 𝑘𝑡𝑖 is the conductivity of the 

wall thickness of the wick region, 𝑑𝑔𝑟 is the deep groove, 𝑤𝑔𝑟  is the length of the wick groove. For the resistance of the 

liquid-vapor interface: 

 

𝑈𝐴𝑖 =
𝑅 𝑇𝑣𝑎,𝑒

2 √2 𝜋 𝑅 𝑇𝑣𝑎

𝑀𝑊 2 𝜋 𝐿𝑒 ℎ𝑙𝑣
2                                                                                                                                                        (5) 

 

Since R the gas constant, 𝑇𝑣𝑎 the temperature of the vapor in the evaporator zone, MW is the molar mass of the fluid 

and ℎ𝑙𝑣 the enthalpy of vaporization of the fluid in the evaporator region. For steam region, can be described as:  

 

𝑈𝐴𝑣𝑎 =

(𝑃𝑣𝑎,𝑒 − 𝑃𝑣𝑎,𝑐) (
(𝑇𝑣𝑎,𝑐 + 𝑇𝑣𝑎,𝑒)

2 )

ℎ𝑙𝑣,𝑣𝑎 𝜌𝑣𝑎 𝑄̇ℎ𝑝

                                                                                                                             (6) 

 

Where 𝑃𝑣𝑎,𝑒  and 𝑃𝑣𝑎,𝑐 the saturation pressure of the fluid in the evaporator and condenser region. 𝑇𝑣𝑎 is the 

temperature of the vaporized fluid in the evaporating and condensing region. 𝐻𝑙𝑣,𝑣𝑎 the enthalpy of steam, 𝜌𝑣𝑎 the density 

of the fluid and 𝑄̇ℎ𝑝 the heat flux that enters the heat pipe. To Know 𝑈𝐴ℎ𝑝 corresponding the overall thermal conductance 

of the heat pipe is used: 

 
1

𝑈𝐴ℎ𝑝
=

1

𝑈𝐴𝑐𝑜𝑛,𝑒
+

1

𝑈𝐴𝑐𝑎𝑝,𝑒
+

1

𝑈𝐴𝑖,𝑒
+  

1

𝑈𝐴𝑣𝑎
+

1

𝑈𝐴𝑖,𝑐
+

1

𝑈𝐴𝑐𝑎𝑝,𝑒
+

1

𝑈𝐴𝑐𝑜𝑛,𝑐
                                                                   (7) 

 

Where the subscript “e “corresponds to the evaporating region and “c” for condensing region. In this way, the 

temperature step of the heat pipe is given by: 

 
Qin

UAℎ𝑝
= ∆Thp                                                                                                                                                                                    (8) 
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Where 𝑄𝑖𝑛 is the heat core. For the heat pipe to operate normally, the values of diameters and lengths must be 

respected to reach limits of its operation, which are capillary, sonic, viscous, boiling, and entrainment limits. The limits 

were considered for each variation in the dimensions of the heat pipe as well as the maximum capillarity pressures. To 

validate the equations used and simplify the operation model of the heat pipe, the vapor flow rate of its working fluid is 

limited to a laminar and incompressible regime (Rev <2300 and Ma <0.2, respectively). Also, for the calculation of the 

overall thermal conductance of cold heat pipes (CHP), the procedure is the same, just changing the input heat and the 

properties of the container material and working fluid (in the case of the cold heat pipes is titanium and water, 

respectively).  For the Stirling cycle model, the thermal bridge between the hot and cold side of the Stirling engine is 

proportional to the temperature difference and the cycle time (τ), being described by the following equation (Fan et al. 

2017). 

 

𝑄0 = 𝜈𝑜(𝑇𝐻 − 𝑇𝐶)𝜏                                                                                                                                                                         (9) 

 

where 𝜈𝑜 is the heat leak coefficient between the hot and cold side, and 𝑇𝐶 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 = 𝑛𝑐𝑣𝜀𝑟(𝑇𝑒𝑥𝑝𝑎 − 𝑇𝑐𝑜𝑚𝑝)                                                                                                                                                      (10)                                                                                                                       

 

where 𝑛 is the number of moles of Helium, 𝑐𝑣 is the specific heat on a molar basis, 𝜀𝑅 is the efficiency of the regenerator, 

and 𝑇𝑒𝑥𝑝𝑎 and 𝑇𝑐𝑜𝑚𝑝  denote the expansion and compression temperatures, respectively. Considering the fractional 

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

2014): 

 

𝑄𝑟,𝑙𝑜𝑠𝑠 = 𝑛𝑐𝑣(1 − 𝜀𝑟)(𝑇𝑒𝑥𝑝𝑎 − 𝑇𝑐𝑜𝑚𝑝)                                                                                                                                    (11) 

 

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)𝜏1 = 𝑛𝑅𝑇𝑒𝑥𝑝𝑎𝑙𝑛𝜆 + 𝑛𝑐𝑣(1 − 𝜀𝑟)(𝑇𝑒𝑥𝑝𝑎 − 𝑇𝑐𝑜𝑚𝑝)                                                             (12) 

 

𝑄𝑐𝑜𝑚𝑝 = 𝑈𝐴𝑐𝑐(𝑇𝑐𝑜𝑚𝑝 − 𝑇𝐶)𝜏2 = 𝑛𝑅𝑇𝑐𝑜𝑚𝑝𝑙𝑛𝜆 + 𝑛𝑐𝑣(1 − 𝜀𝑟)(𝑇𝑒𝑥𝑝𝑎 − 𝑇𝑐𝑜𝑚𝑝)                                                           (13) 

 

where 𝑄𝑒𝑥𝑝𝑎 is the amount of heat absorbed by the working fluid, 𝑄𝑐𝑜𝑚𝑝 is the amount of heat released by the working 

fluid, R is the universal gas constant; 𝑈𝐴𝐻𝐶  is the thermal conductance of the hot side heat exchanger, 𝑈𝐴𝐶𝐶  is the thermal 

conductance of the cold side heat exchanger; and 𝜆 is the compression ratio, being described as follows  

 

𝜆 =
𝑉𝑐𝑜𝑚𝑝

𝑉𝑒𝑥𝑝𝑎
                                                                                                                                                                                       (14) 

 

where 𝑉𝑐𝑜𝑚𝑝 is the volume of the compression side and 𝑉𝑒𝑥𝑝𝑎 is the volume of the expansion side. The periods of the 

processes of expansion and compression, 𝜏1 e 𝜏2, respectively, can be described as  

 

𝜏1 =
𝑛𝑅𝑇𝑒𝑥𝑝𝑎𝑙𝑛𝜆 + 𝑛𝑐𝑣(1 − 𝜀𝑟)(𝑇𝑒𝑥𝑝𝑎 − 𝑇𝑐𝑜𝑚𝑝)

𝑈𝐴ℎ𝑐(𝑇𝐻 − 𝑇𝑒𝑥𝑝𝑎)
                                                                                                               (15) 

 

𝜏2 =
𝑛𝑅𝑇𝑐𝑜𝑚𝑝𝑙𝑛𝜆 + 𝑛𝑐𝑣(1 − 𝜀𝑟)(𝑇𝑒𝑥𝑝𝑎 − 𝑇𝑐𝑜𝑚𝑝)

𝑈𝐴𝑐𝑐(𝑇𝑒𝑥𝑝𝑎 − 𝑇𝐶)
                                                                                                               (16) 

 

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

 

𝜏 = 𝜏1 + 𝜏2+𝜏3 + 𝜏4                                                                                                                                                                    (17) 

 

where the periods 𝜏3 and 𝜏4 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 
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𝜏3 =

ln [1 − (1 +
𝐶𝑟

𝐶𝑓
)

𝑇𝑒𝑥𝑝𝑎 − 𝑇𝑐𝑜𝑚𝑝

𝑇𝑒𝑥𝑝𝑎 − 𝑇𝐶
]

−𝛼𝑟 (
1
𝐶𝑟

+
1
𝐶𝑓

)
                                                                                                                                    (18) 

 

𝜏4 =

ln [1 − (1 +
𝐶𝑟

𝐶𝑓
)

𝑇𝑒𝑥𝑝𝑎 − 𝑇𝑐𝑜𝑚𝑝

𝑇𝐻 − 𝑇𝑐𝑜𝑚𝑝
]

−𝛼𝑟 (
1
𝐶𝑟

+
1
𝐶𝑓

)
                                                                                                                                    (19) 

 

where 𝐶𝑟 and 𝐶𝑓 are the regenerator and fluid heat capacities, respectively, being 𝐶𝑓 = 𝑚𝑓𝑐𝑣, 𝑚𝑓 is the fluid mass and 𝑐𝑣 

is the specific heat of the working fluid at constant volume. Moreover, 𝛼𝑟 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  

 

𝜀𝑟 =
𝑇𝑒𝑥𝑝𝑎 − 𝑇𝐶

𝑇𝐻 − 𝑇𝐶
=

𝑇ℎ − 𝑇𝑐𝑜𝑚𝑝

𝑇𝐻 − 𝑇𝐶
                                                                                                                                                 (20) 

 

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: 

 

𝑄𝐻 = 𝑄𝑒𝑥𝑝𝑎 + 𝑄0                                                                                                                                                                          (21) 

 

𝑄𝐶 = 𝑄𝑐𝑜𝑚𝑝 + 𝑄0                                                                                                                                                                         (22) 

 

Considering the cycle period of the Stirling engine 𝜏, the system power output 𝑊̇ can be computed as 

 

𝑊̇ =
𝑊

𝜏
= 𝑁𝑠𝑡𝑔

𝑄𝐻 − 𝑄𝐶

𝜏
                                                                                                                                                           (23) 

 

where 𝑁𝑠𝑡𝑔 the number of Stirling engines. The cycle energy efficiency 𝜂𝑡 is obtained as 

 

𝜂𝑡 =
𝑄ℎ − 𝑄𝑐

𝑄ℎ
                                                                                                                                                                                (24) 

 

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 𝜏. However, to calculate 

the 𝜏 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. 

(2021a,2021b,2022).  Para o cálculo da massa total do sistema a seguinte expressão pode ser usada. 

 

𝑚𝑠 = (𝑚𝑐𝑜𝑟𝑒 + 𝑚𝑠𝑡𝑔 + 𝑚𝑟𝑎𝑑)1.15                                                                                                                                                 (25) 

 

where the 𝑚𝑐𝑜𝑟𝑒 is assumed as 5.82 kg. kW−1  according to Fan et al. (2017), 𝑚𝑠𝑡𝑔 is the stirling mass calculate according 

to the dynamic model in studies aforementioned. Furthermore, an increase of 15% of the mass is considered, 

corresponding to the power processing and cabling Noca et al. (2001). The mass of the radiator is the combination between 

the cold heat pipes mass and panel mass, according to equation (26): 

 

𝑀𝑟𝑎𝑑 = 𝑀ℎ𝑝,𝑐 + 𝑀𝑝𝑎                                                                                                                                                                    (26) 

 

The mass of the cold heat pipes can be calculated from the following equation: 

 

𝑀ℎ𝑝,𝑐 = (𝜌ℎ𝑝,𝑐𝑉ℎ𝑝,𝑐 + 𝑀𝑓)𝑁ℎ𝑝,𝑐                                                                                                                                                 (27)  
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where 𝜌ℎ𝑝,𝑐 is the density of the heat pipe material, 𝑉ℎ𝑝,𝑐 is the volume of the heat pipe and 𝑀𝑓 is the mass of the fluid 

considering the phase change of the same and an additional 5% according to Vlassov et al. (2006). 

 

 

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 

𝑄̇𝐼𝑛 (core heat) 400 𝑘𝑊 Guimarães et al. (2019) 

𝑈𝐴𝐶𝐶(Hot overall Thermal 

conductance) 

200 𝑊/𝐾 Fan et al. (2017) 

𝑈𝐴𝐻𝐶  (Cold overall thermal 

conductance) 

200 𝑊/𝐾 Fan et al. (2017) 

𝑛 (mols) 1 𝑚𝑜𝑙 Fan et al. (2017) 

𝜀𝑟 (regenerator effectiveness) 0.9 Fan et al. (2017) 

𝑅 (Universal gas constant) 8.314 𝐽/𝑀𝑜𝑙. 𝐾 Fan et al. (2017) 

𝜈0(Heat leak coefficient) 2.5 𝑊/𝐾 Fan et al. (2017) 

𝑐𝑣 (Work fluid specific heat) 12.5 𝐽/𝑚𝑜𝑙. 𝐾 Dai et al. (2018) 

𝑇𝐼 (Heat source temperature) 1200 𝐾 Fan et al. (2017) 

𝑇0( Environment temperature) 150 𝐾 Author's decision 

𝑇𝐶 (Temperature of cold side) 300 𝐾 Author's decision 

𝛼𝑟 (Regenerator heat transfer 

coefficient) 

500 𝑊/𝑚. 𝐾 NASA Lewis Center 

(1999) 

𝜎 (Stephan-Boltzmann constant) 5.67𝑥10−8 𝑊/𝑚². 𝐾4 Siegel (1981) 

ξ (Emissivity) 0.9 Siegel (1981) 

𝑡𝑟𝑎𝑑 (Radiator thickness) 4 𝑚𝑚 Author's decision 

𝜎𝑦 (Yield limit) 880 𝑀𝑃𝑎 Haden et al. (2015) 

𝜎𝑢𝑙𝑡 (Ultimate limit) 950 𝑀𝑃𝑎 Haden et al. (2015) 

 

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. In order to evaluate the best engine parameters, a 

number of 8 Stirling engines is kept fixed. For hot heat pipes, it will be considered that the container material is niobium, 

and the liquid metal is lithium. For the low temperature heat pipes, the metal of the container is titanium, and the working 

fluid is water, while the material used for the radiator panels is aluminum. The number of heat pipes on the hot side will 

be 150 heat pipes (based on the proportion of heat pipes in the reactor core presented by fan et al. (2017)) and the cold 

side 100. The values considered for the heat pipes can be seen in table (2). 

Table 2. Variables used for heat pipes. 

Variable Value References 

𝐷𝑐𝑜𝑛,ℎ (Container diameter) 12 𝑚𝑚 Romano et al. (2018) 

𝐷𝑔𝑟,ℎ𝑝,ℎ (Deep groove) 0.3 𝑚𝑚 Romano et al. (2018) 

𝑤𝑔𝑟,ℎ𝑝,ℎ (Length of the wick groove) 0.5 𝑚𝑚 Romano et al. (2018) 

𝑤𝑓𝑖𝑛,ℎ𝑝,ℎ (Length of the wick groove) 0.5 𝑚𝑚 Romano et al. (2018) 

𝑙𝑐,ℎ𝑝,ℎ(condensing region length) 0.5 𝑚 Romano et al. (2018) 

𝑙𝑒,ℎ𝑝,ℎ (evaporating region length) 0.5 𝑚 Romano et al. (2018) 

𝑙𝑎,ℎ𝑝,ℎ (adiabatic region length) 0 Romano et al. (2018) 

𝐷𝑐𝑜𝑛,𝑐 (Container diameter) 0.1 𝑚 Romano et al. (2018) 

𝐷𝑔𝑟,ℎ𝑝,𝑐 (Deep groove) 0.3 𝑚𝑚 Romano et al. (2018) 

𝑤𝑔𝑟,ℎ𝑝,𝑐 (Length of the wick groove) 0.5 𝑚𝑚 Romano et al. (2018) 

𝑤𝑓𝑖𝑛,ℎ𝑝,𝑐 (Length of the wick groove) 0.5 𝑚𝑚 Romano et al. (2018) 

𝑙𝑐,ℎ𝑝,𝑐 (condensing region length) 0.5 𝑚 Romano et al. (2018) 

𝑙𝑒,ℎ𝑝,𝑐 (evaporating region length) 0.5 𝑚 Romano et al. (2018) 

𝑙𝑎,ℎ𝑝,𝑐 (adiabatic region length) 0 Romano et al. (2018) 

𝑁ℎ𝑝,ℎ (number of heat pipes) 150 Fan et al. (2017) 

𝑁ℎ𝑝,𝑐 (number of heat pipes) 100 Author's decision 
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As discussed earlier in order for the heat pipes to operate normally the operating limits must be respected. This way, 

in figure (2) the heat transfer limits for the cold heat pipes (CHP), were obtained. Therefore, for the adopted 

configurations, the operational limits were respected. Also, can be noted that all limits, except for the capillary limit, are 

much higher than the current heat transfer rate transported by the pipes. These parameters were chosen because, at 

temperatures below 300 K, the viscous and sonic limits are very low associated with the melting point of water, which is 

273.2 K. So, to be able to use water as working fluid, the heat pipe dimensions had to be oversized. The capillary limit is 

associated with the mass flow of the working fluid, which was limited to not exceed 2400 Reynolds numbers, for the 

model remain valid. 

 

Figure 2. Cold heat pipe limits. 

In figure (3a), the influence of the increase the cold side temperature on the system mass is evaluated. With the 

elevation in the cold side temperature,  a considerable reduction in the radiator mass is seen. This reduction is more 

accentuated (until the temperature of 450 K). The reactor core mass and the hot heat pipes are not affected by cold side 

temperature, so the core and hot heat pipes mass remains constant. The Stirling engine mass and cold heat pipes increase 

slightly, due to the increase of cold side temperature. The increase in cold heat pipe mass also occurs due to the increases 

the temperature difference between the evaporating and condensing region of the CHP. In figure (3b) the mass of each 

component is calculated for different heat source temperatures. With the increase of heat source temperature, the Stirling 

engine shows slight increases of mass caused by the pressure elevation, affecting the cylinder. The radiator is the 

component that is more influenced by the temperature variation, being the radiator the most responsible for the system, 

and the panels the most massive component of the rejection system. Also note, that the mass of the system increases in 

the same proportion pulled by the radiator mass. 

 
 

Figure 3. Mass of all system components as a function of the heat source temperature. 

 

As confirmed by the previous result, the heat rejection system can be responsible for more than 1/3 of the entire 

system. So, the dimensional parameters of the CHP were varied to verify its impact on the mass of the radiator. To 
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calculate the mass of the radiator panel, it was considered that its thickness is a fixed value according to the table (1). In 

figure (4) the diameter of the cold heat pipes was varied and the impact of this increase on the mass of the radiator was 

verified. With an increase in diameter from 0.01 to 0.2 m the rejection system had its mass increased from 1849 kg to 

1941 kg, representing an increase of 4.97% in the radiator mass. 

Considering the parameters in table (2), the increase in the length of the cold heat pipes increases the system mass 

most than the diameter increase according to the result of the figure (5). Increasing the length from 0.5 m to 10 m, the 

mass of the system increases 266 kg, an increase bigger than that observed with the elevation in diameter. This increase 

represents 14.02% of the total rejection system mass. 

 

 

Figure 4. Diameter of heat pipe as a function of the radiator mass. 

 

 

Figure 5. Length of heat pipe as a function of the radiator mass. 

 

In figure (6) the increase of 10 heat pipes to 1000 represented an elevation of 362 kg (19.57% of the increase in the 

total mass) in the rejection system mass. thus, keeping the other values constant according to the table (2) the increase in 

the number of heat pipes is the parameter that most grows the radiator mass. 

 

 

Figure 6. Radiator mass as a function of the number of cold heat pipes. 
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In table (3), different configurations of quantity, length, and diameter of heat pipes are compared. The configuration 

with the lowest mass was the configuration with the smallest number of heat pipes with the largest diameter, and the 

configuration with 500 pipes obtained the highest mass according to the table (3). Note, according to the results in the 

table presented, the component that presents the greatest mass of the rejection system is the panels, which for this work 

the material considered was aluminum. The use of alternative materials with lower density and with the same or better 

thermal conductivity can considerably reduce the heat pipe-radiator assembly mass. Considering the cold heat pipes, a 

correct optimization between the three parameters (Number of heat pipes, diameter, and length) is necessary to reduce 

the rejection system mass. 

Table 3. Comparison between the heat pipes mass with different parameters. 

 
 

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 diameter has the 

least impact on the overall mass of the system, when compared to the increase in quantity and length. The configuration 

with fewer HPs of larger dimensions has less impact on the mass. However, the panels have the greatest mass on the 

rejection system and the optimization of the panels using advanced materials can provide great gains for the power system 

energy density for space applications. In this way, the area of the panel has a great impact on the system mass. 

In this sense, and evaluating the results obtained, this study carried out to evaluate cold heat pipes from a nuclear 

power generation cycle to space can provide valuable insights for the study and development of power cycles for this 

application. In this way, this study can serve as an initial guide for evaluation of the initial configurations of cold side 

heat pipes coupled to the power cycle heat rejection system for space nuclear power generation, providing a parametric 

study in relation to various dimensional parameters of this component. 
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