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ABSTRACT 

The rapid growth of space exploration necessitates the 

development of novel and disruptive technologies. 

Among the most critical enablers for sustained missions 

to the Moon, Mars, and deep space are nuclear-based 

power and propulsion systems. While NASA has decades 

of experience in nuclear technologies, Europe has yet to 

establish its own capabilities in this domain. 

In the power domain, nuclear systems offer a reliable 

source of energy for spacecraft, surface rovers, and 

habitats, particularly in environments where solar energy 

is limited or unavailable. In the propulsion domain, 

nuclear technologies are essential for missions where 

traditional chemical or electric propulsion is impractical 

due to distance or scale. 

At the core of these systems are advanced mechanical 

subsystems that must ensure efficiency, reliability, and 

safety under extreme environmental conditions. 

Achieving a transformative breakthrough in space 

nuclear systems will depend on the development of 

robust, next-generation mechanisms tailored to operate in 

such harsh settings. 

This paper focuses on identifying and mitigating key 

technical risks associated with these mechanisms by 

prioritizing technology maturation. It presents a 

preliminary roadmap of anticipated challenges and 

outlines the necessary R&D developments to support the 

successful deployment of nuclear mechanisms in future 

European space missions. 

 

1 INTRODUCTION 

The current surge in space exploration demands the 

development of novel and disruptive technologies. 

Among the most critical of these are nuclear-based 

systems, which are essential for enabling sustained 

missions to the Moon, Mars, and beyond. 

The United States initiated efforts in this area as early as 

1955 with Project Rover, aimed at developing a nuclear 

thermal rocket. This program, carried out at the Los 

Alamos Scientific Laboratory, led to the creation of the 

NERVA engine and continued until 1973 [1]. After a long 

hiatus, interest in nuclear propulsion has been renewed. 

NASA, in collaboration with DARPA, is currently 

developing the Demonstration Rocket for Agile Cislunar 

Operations (DRACO), with an orbital demonstration 

planned for 2027. In the frame of ESA activities, the 

European member states have engaged in the 

advancement  of  nuclear  technology  for  space 

applications for the next decades. Currently, the three 

pillars of radioisotope technology for space fuel 

production, encapsulation, and launch certification have 

advanced to a prototype level in a programme called 

ENDURE [2]. In addition, European academia and 

industry have explored nuclear fission technologies for 

both thermal and electric propulsion through ESA- 

funded projects such as RocketRoll and Alumni. 

Returning to the fundamental principles, nuclear fission 

is a process in which the nucleus of an atom splits into 

two or more smaller nuclei, releasing a significant 

amount of energy along with various particles such as 

neutrons, alpha particles, beta particles, and gamma rays. 

Figure 1 provides a detailed illustration of this process. 

 

Figure 1. Nuclear fission process. 

The energy generated from the nuclear reaction could be 

used to power lunar habitats, propel rockets on extended 

missions to Mars, and enable large-scale scientific 

missions in deep space. A Mars transit system based on 

Nuclear Electric Propulsion (NEP), or Nuclear Thermal 

Propulsion (NTP) has the potential to significantly 

improve mission efficiency by utilizing a nuclear- 

powered tug for long-duration space travel, as illustrated 

in Table 1. Such advancements could contribute for 

European strategic autonomy in human Mars exploration 

enabling integrated missions that combine cargo 

delivery, scientific payloads, and crew in a single mission 

architecture. 

Table 1. Comparison of chemical, NEP, and NTP 

propulsion systems. 

Parameter 
Chemical 

Propulsion 
NEP NTP 

Energy Source Chemical 

reaction 

Nuclear 

fission 

Nuclear 

fission 

Propellant Liquid/solid 

fuels 

Xenon, 

Argon 

Hydrogen 

Thrust (N) 500,000– 

7,000,000 N 

1–100 N 50,000– 

250,000 N 

Specific 

Impulse (Isp) 

250–450 s 3,000– 

10,000 s 

850–950 s 

 



 

System Mass 

(typical) 

500–2,000 kg 3,000– 

10,000+ 

kg 

5,000– 

15,000 kg 

Mars Flight 

Duration 

9 months ~3–6 

months 

~3–4 

months 

Thermal 

Management 

Needs 

Low Very 

High 

High 

The rapid expansion of space exploration is driving the 

need for novel and disruptive technologies. One of the 

primary challenges is the generation of reliable energy 

for scientific payloads, rovers, habitats, and surface 

power stations particularly on the lunar surface, where 

solar power alone may not suffice. The pervasive 

presence of lunar dust and its potential to interfere with 

system performance introduces additional design 

constraints that could significantly impact the 

configuration of a lunar base. Among the most promising 

candidates for providing continuous power are 

photovoltaic array systems paired with regenerative fuel 

cells, and nuclear fission reactors. Compared to solar- 

based solutions, a fission reactor system offers a lighter, 

more compact alternative with the added benefit of being 

well-suited for deployment in non-polar regions of the 

Moon, thereby enhancing overall mission flexibility. 

 

Table 2. Solar Array vs. Nuclear Reactor (10 kW Output on 

Lunar Surface). 

Parameter Solar Array 

System 

Nuclear Reactor 

System 

Power Output 

conditions 

Only in sunlight Continuous and 

all latitudes 

Operation 

Duration 

Until solar array 

degradation (>20 

years) 

Continuous >10 

years 

Lunar Night 

Capability 

Needs 3,360 kWh 

of storage (336 

hours × 10 kW) 

Fully capable (no 

storage needed) 

Energy Storage 

Requirement 

Yes No 

Storage System 

Mass 

Li-ion  batteries: 

~22,000 kg 
Fuel cells: 
~6,000–8,000 kg 

0 kg (self- 

sustained) 

Total System 

Mass 

~500–1,500 kg 

(solar  hardware) 

+ 6,000–22,000 

kg  (storage)  = 
~6.5 – 23.5 t 

~2,000–3,000 kg 

total 

 

As has been detailed, this introduces a new paradigm not 

only at the system level but also across critical 

subsystems, such as space mechanisms. These advanced 

mechanisms play a crucial role in ensuring the efficiency, 

reliability, and safety of next-generation nuclear space 

systems. The detailed mechanisms (depending on which) 

must operate reliably in extremely harsh environments 

such as: 

• Extreme temperature tolerance: Functionality 

across a wide range from 20K to ~3000K. 

• Longevity & reliability: A minimum operational 

lifetime of 15 years (TBC) under continuous use. 

• Harsh space conditions: Capability to withstand 

deep-space and LEO environments, including 

exposure to cosmic rays, ultra-high vacuum, 

cryogenic temperatures, and extreme thermal 

gradients [3]. 

• Nuclear environment: Ability to operate within a 

nuclear reactor control system, enduring radiation 

levels of Gamma: (3.2 ± 1.0) × 10⁸ Rads/hour and 

Neutron: (1.4 ± 1.4) × 10¹⁴ neutrons/cm²/sec, 

resulting in materials degradation. 

• Broad operational range: From precise low- 

velocity cycles to high-speed mechanisms operating 

at 80,000 rpm continuously from 100 minutes to 15 

years depending on the use case, system, and 

mechanism. 

 

2 NUCLEAR PROPULSION SYSTEMS 

2.1 Nuclear Electric Propulsion (NEP) 

NEP is a propellant-efficient, low thrust-to-weight 

propulsion system designed for space-based applications. 

It employs a nuclear reactor as a thermal energy source 

within a closed-loop heat transport system to generate 

electricity, which in turn powers an electric thruster. The 

electric thruster uses this electrical energy to accelerate a 

propellant, producing thrust [4]. Due to the low thrust 

levels typical of electric propulsion, NEP systems are 

most effective in microgravity environments. Near 

planetary bodies, spacecraft using NEP typically follow 

spiral trajectories as they slowly escape gravitational 

influence. Once beyond the planet’s gravity well, the 

trajectory can become more direct, optimized for target 

interception. By applying continuous low-thrust 

acceleration over long durations, NEP spacecraft can 

achieve very high velocities, making them particularly 

well-suited for long-duration deep-space missions. A 

complete NEP system integrates multiple tightly coupled 

subsystems, including the nuclear reactor, power 

conversion, thermal management, power distribution, 

and electric thruster, to ensure efficient operation and 

performance in the harsh environment of space, as is 

shown in Figure 2. 

The NEP power system consists of the reactor, shield, 

Power Conversion (PC), Heat Rejection (HJ), and Power 

Management and Distribution (PMD) subsystems. The 

reactor uses nuclear fission of 235U to produce thermal 

energy. It also produces potentially harmful neutron and 

gamma radiation that must be attenuated by the shield to 

prevent damage to crew and equipment. The reactor’s 

thermal energy is converted to electrical power by the 

power conversion subsystem. Because the conversion is 

less than 100% efficient, waste heat is generated that 

must be dissipated by the heat rejection subsystem. 



 

 

Figure 2. Subsystems of NEP vehicle [5]. 

The reactor cooling method and power conversion choice 

are a major influence on system design and reliability. 

The three major primary heat transfer methods for space 

reactors are heat pipes, pumped liquid metal, and pumped 

gas. Heat pipes work on a passive two-phase 

evaporation-condensation cycle that requires no external 

power whereas liquid metal or gas cooling requires drive 

pumps or compressors to circulate the fluid. The benefit 

of active cooling over passive heat pipes is flexibility in 

design and higher thermal throughput. Typical liquid 

metals used in pumped cooling loops are lithium, sodium, 

potassium, or a mixture of sodium and potassium (NaK). 

Gas-cooled systems have the option of directly coupling 

to a Brayton converter, simplifying the reactor heat 

transport. However, this leads to a single shared gas 

circuit for the reactor and power conversion, which 

impacts the system fault tolerance. 

Among the power conversion options are Stirling, 

Brayton, and Rankine thermodynamic cycles. Each 

option presents different characteristics on conversion 

efficiency and power throughput and, therefore, on the 

system mass. The Stirling cycle has high efficiency but 

does not scale well to higher power. Brayton systems fare 

better at higher power, but the lower heat rejection 

temperature results in a larger radiator. A potassium 

Rankine cycle has the potential for high efficiency and 

heat rejection temperature, but the two-phase system 

design is a challenge, and the maturity is low. 

Therefore, a focus of the PC and HJ technology 

maturation effort is to develop and test a compatible with 

the microreactor and the embedded alternator while also 

being optimized for minimizing the overall NEP power 

and propulsion system architecture system (i.e., kg/kWe). 

 

2.2 Nuclear Thermal Propulsion (NTP) 

There is a long history of research into nuclear thermal 

propulsion which has been demonstrated to allow for 

highly efficient transportation by providing high thrust, 

allowing for faster travel. For fast transits to distant 

destinations in space, nuclear thermal propulsion could 

be advantageous compared to chemical or electric 

propulsion solutions [6]. 

Nuclear thermal rocket strategy consists in using heat 

released during the energy conversion to pressurize and 

eject mass. It utilizes fission fuel to create thermal energy 

from the nuclear binding energy of nuclei through a 

controlled fission chain reaction. To maintain and control 

the fission reaction control rods are used. Then, the 

propellant flows through the reactor core, gets heated and 

is expanded through a nozzle to produce thrust and a 

Thrust Vector Control (TVC) sets the rocket direction. 

So, in an NTP system, the heat is generated by flowing 

liquid hydrogen (20 K) through a reactor that is enriched 

with the fissile nucleus Uranium-235 in order to achieve 

fission (at 3000 K). During the past NERVA Rover NTP 

development, Highly Enriched Uranium (HEU) was used 

in order to achieve fission but depending on the 

efficiency of the system and purposes Low Enriched 

Uranium could be used (LEU). 

Typically, NTP systems that rely upon a low molecular 

weight (typically hydrogen) propellant that flows through 

a reactor using a turbopump and valves system. A low 

molecular weight propellant is desirable because for a 

given chamber temperature, the lower the molecular 

weight, the higher the resulting ISP. E.g., H2 provides 

~900 seconds ISP at a fuel temperature of ~2800K, while 

comparably using H2O in an NTP system would only 

result in ~375 seconds ISP at the same temperatures. 

 
Figure 3. Alumni nuclear thermal propulsion system 

schematic, by ESA 2025. 

LH2 would be stored at approximately 20 K, and the 

storage of cryogenic propellants presents significant 

challenges, including boil-off losses, stringent thermal 

management requirements, low propellant density 

necessitating large tank volumes, complex fluid 

handling in microgravity, and the need for precise 

pressurization control 

Another problem is the effects of the critical temperatures 

on the materials properties from 20 K to 3000 K in the 

engine and reactor, where these properties are not well 

understood for fuel elements, moderator elements, 

mechanisms, and cladding. So, thermo-mechanical 

testing and investigation of fuel coating architectures is 

necessary to reduce the potential for mid-passage 

corrosion due to hydrogen. 

 

3 NUCLEAR POWER SYSTEMS 

In space nuclear power systems, Advanced Stirling 

Radioisotope Generators (ASRGs) and microreactors 

represent two promising yet fundamentally different 



approaches to energy generation. ASRGs use 

radioisotope decay combined with highly efficient 

Stirling engines to produce electricity, making them well- 

suited for low-power, long-duration missions where 

reliability and efficiency are critical. In contrast, nuclear 

microreactors are compact fission-based systems capable 

of delivering significantly higher power levels, enabling 

more energy-intensive applications such as crewed 

habitats, in-situ resource utilization, and electric 

propulsion [4]. 

 

3.1 Fission micro-reactor 

Fission micro-reactor is a similar solution to ground 

nuclear power stations but adapted to space environment 

or NEP. Figure 4 is of the Pellet Bed Reactor power 

system concept developed at the UNM-ISNPS with a gas 

cooled reactor core divided into three sectors. These 

sectors are neutronically coupled but thermal- 

hydraulically independent. Each core sector has a 

separate loop with a single shaft, Close Brayton Circuit 

(CBC) turbomachinery unit and heat rejection radiator 

panels for the avoidance of single point failures. The 

CBC unit’s turbine drives a centrifugal flow compressor 

and Permanent Magnet Alternator (PMA) mounted on 

the same shaft. The generated high frequency AC power 

by the three PMAs is supplied to the power management. 

The waste heat from the CBC Units is removed from the 

circulating He-Xe gas mixture to separate liquid NaK 

loops to water heat pipe radiator panels for heat rejection 

into space. 

 
Figure 4. Space Reactor Power System with 3 CBC 

Loops and Sectored Nuclear Reactor (El-Genk and 

Tournier, 2006) [7]. 

4 MECHANISMS FOR SPACE NUCLEAR 

SYSTEMS 

Space nuclear propulsion systems rely on a combination 

of nuclear and non-nuclear mechanisms to function 

effectively in the harsh environment of space. Nuclear 

mechanisms are directly involved in the generation and 

transfer of energy, such as control drums for reactivity 

regulation and liquid-metal loops for thermal transport 

that must withstand high radiation and temperature. 

These components are critical to ensuring safe and 

sustained fission reactions and efficient heat transfer to 

propulsion subsystems. Non-nuclear mechanisms, on the 

other hand, include structural actuators, valves, pumps, 

deployment systems, and thruster gimbals, components 

that enable mechanical operation, control fluid flow, or 

direct thrust vectors but are not exposed to the nuclear 

core. Despite not being radioactive in function, non- 

nuclear mechanisms must still operate reliably under 

extreme thermal, vacuum, and vibration conditions. The 

successful integration and coordination of both types of 

mechanisms are essential for the overall performance, 

reliability, and safety of space nuclear propulsion 

systems. 

4.1 Control drum actuator 

Control drums are boron-based compounds that absorb 

neutrons, with purpose of managing excess core 

reactivity by controlling the neutron flux, essential for 

maintaining criticality and ensuring safe [7]. Control 

drums are cylindrical components placed at the periphery 

of the core. The drums regulate the reaction rate and can 

shut down the reactor. This material is also called as a 

“poison” since it reduces the amount of fission processes 

when introduced into the core. The drums are scattered 

throughout the core to manage and alter the neutron 

population for engine power requirements. The control 

rods can be put into the reactor both axially and turned. 

The quantity of neutrons caught during axial insertion is 

determined by the rod depth. If the reflector side of the 

drums are facing the reactor, enough neutrons are 

reflected to sustain the chain reaction. If the absorber side 

is facing, it sucks up the neutrons and there are not 

enough neutrons to sustain the reaction. The drums are 

rotated by the "control drum actuator", one atop each 

control drum [8]. This mechanism example is shown in 

Figure 5. 
 

 
Figure 5. Block diagram of a control drum actuator for 

a nuclear space reactor. 

The current challenges in developing a control drum 

actuator mechanism for nuclear propulsion and power 

systems (NEP, NTP, and power reactor) are achieving 

reliable operation in harsh environments while ensuring 

long lifetime performance. Additionally, selection of 

radiation-resistant materials capable of withstanding 

extreme conditions and be in line with mechanisms 

operation will be part of the activity. The control drum 



actuator should be a mechanical device that converts an 

electrical input command signal into rotational output 

motion. The system composed of multiple interrelated 

mechanisms, where the components of the actuator are 

expected to include a motor, gears, clutch, damper, 

springs, potentiometers, cooling system, seals, shaft, and 

lubricant. An example of the requirements to be achieved 

for the control drum actuator are, at least, the next ones: 

• Control-drum load of high inertia 0.318 kg-m 

equivalent to a weight of 159 kg 

• Large frictional resistance, 40 Nm 

• Drum positioning capability within 0.5° and rotation 

of 4°/sec, and bidirectional 180 º 

• 15 years of lifetime 

• Motorization equation and safety factor of 4 

• Integrated cooling system 

• Radiation levels of Gamma and Neutron 

This advanced mechanism is crucial to ensure the 

operation, efficiency, reliability, and safety of next- 

generation nuclear space propulsion and power systems. 

 

4.2 Brayton power converter 

Space Brayton power converter units are a close-cycle 

version of a gas turbine engine. Typically, an inert gas 

binary working fluid, usually with either CO2 or He-Xe 

working fluid [5], is recirculated through a compressor 

and turbine coupled to a rotary alternator, as seen in 

Figure 6. The advantages of dynamic Brayton power 

conversion include high efficiency, long life, and 

scalability to high power. 
 

 
Figure 6. Brayton power conversion design for fission 

surface power system [10]. 

The turbomachinery, bearings, seals, and alternator 

configuration are highly dependent on the required power 

level, as is shown in Figure 7. In power range of 500 kWe 

per closed Brayton cycle. The turbomachinery is 

typically radial and single stage with a speed between 

25,000 and 75,0000 rpm depending on the molecular 

weight/pressure of the working fluid. The bearings are 

normally gas foil since the combination of higher speed 

rotation and relatively low mass rotor provide sufficient 

bearing stiffness with the additional benefit of noncontact 

long-life operation (except during startup). The seals are 

long-life operation and are normally a noncontact 

advanced labyrinth or other close clearance seal, and 

higher working fluid pressures require more capable 

bearings and seals. And the permanent magnet topology 

is the best choice if the compressor inlet temperature is 

below 500 K. 

 
Figure 7. Brayton power conversion unit scaling [5]. 

 []K In [5], the design of a Brayton power conversion 

system is detailed, with operating conditions specified 

as a turbine inlet temperature of 1,144 K, a compressor 

inlet temperature of 300 K, and a maximum pressure of 

310 kPa.The rotating assembly consisted of a radial 

turbine, radial compressor, and a liquid-cooled 

alternator on tilt-pad bearings operating at 36,000 rpm. 

The system was also life tested accumulating more than 

38,000 h of operation without degradation of the 

moving parts (but some fatigue observed). In total, the 

four units achieved ~50,000 h of operation, 

demonstrating long-life performance and was operated 

at power levels up to 15 kWe. 

 

4.3 NaK pump 

Active cooling systems offer significant advantages over 

passive heat pipe solutions, primarily in terms of design 

flexibility and higher thermal throughput. For space 

nuclear applications, liquid metal pumps are 

recommended for closed-loop cooling systems, with 

common working fluids including lithium, sodium, 

potassium, or a sodium-potassium eutectic alloy (NaK). 

In gas-cooled systems, direct coupling to a Brayton 

power conversion unit simplifies the heat transport 

process. However, this configuration typically involves a 

shared gas circuit between the reactor and the power 

conversion system, which can reduce overall fault 

tolerance. To mitigate this, each Brayton converter 

should be equipped with a dedicated pumped cooling 

loop and an associated one-quarter segment of the 

radiator assembly. For NEP systems, radiators are 

expected to operate between 375 K and 550 K, rejecting 

approximately 4 MW of thermal power in representative 

mission scenarios. 

Among various reactor cooling approaches, alkali liquid 

metal-cooled fission reactors are under active 

development to meet the high-power demands of 

spaceflight. One such concept utilizes NaK as the 

primary loop coolant, which imposes specific 

performance requirements on the pumping system. 



Traditionally, electromagnetic linear induction pumps 

have been employed to meet flow and pressure head 

demands in NaK systems, but their use is limited by 

relatively low efficiency, performance constraints, and 

restricted vendor availability. 

For a baseline pump configuration taken from [11], the 

target specifications include operation with NaK at 

550 °C, a volumetric flow rate of 144 L/min, a head 

pressure of 4 m, and an efficiency in the range of 20– 

25%. Additionally, the pump must function reliably in a 

vacuum environment below 1×10⁻³ Torr and achieve a 

minimum operational life of approximately 1,500 hours 

in early models, with significantly longer service 

durations anticipated in later stages. The pump design 

incorporates a vertical impeller shaft, utilizing the 

working fluid itself for bearing lubrication. 

Several critical failure modes have been identified in 

preliminary designs. Shaft seizure due to contact with 

adjacent components, such as bearings, shield plugs, or 

labyrinth seals, can result from inadequate lubrication or 

thermal distortion. Improved bearing designs are 

necessary to ensure sufficient film lubrication and 

accommodate thermal gradients at elevated temperatures 

[12]. Radial clearances must be carefully optimized to 

account for potential assembly eccentricities, shaft run- 

out, deflection under off-design conditions, and dynamic 

vibration effects in the rotating assembly (including 

shaft, drive motor, impeller, and bearings). Rubbing 

between the impeller and the volute due to inadequate 

radial or axial clearance must also be mitigated by 

allowing for thermal expansion. Additionally, cavitation- 

induced damage on the impeller requires attention 

through improved hydraulic design and operation closer 

to nominal conditions. 

 
Figure 8. Conceptual design of the mechanical NaK 

pump [11]. 

4.4 LH2 turbopump 

A conceptual mechanical design was developed for the 

LH₂ turbopump used in the NERVA program [13]. The 

configuration consisted of three centrifugal impellers and 

two axial turbine rotors mounted on a single shaft. The 

impellers were of the shrouded type and employed 

labyrinth seals to control internal leakage. Diffusion 

through the impellers was managed by incorporating a 

tapered shroud and carefully selecting the blade back- 

sweep angle, thereby maintaining the relative velocity 

ratio below 1.9 under design operating conditions. The 

axial thrust generated by the three-stage in-line pump was 

counterbalanced by the opposing axial loads from the 

two-stage turbine, promoting mechanical equilibrium. In 

this arrangement, the pump was positioned between the 

main bearings, while the turbine was overhung on the t 

back bearing. The turbine design included inlet and exit 

scrolls to guide the working fluid radially into and out of 

the turbine stages, optimizing flow efficiency. 

 
Figure 9. Diagram of an Aerojet Mark IX axial-flow 

turbopump used on the Kiwi B-1B nuclear engines [14]. 

The LH₂ turbopump was designed to support a NERVA- 

derived nuclear thermal propulsion system, as illustrated 

in Figure 9, with a target thrust of 111.2 kN. The pump’s 

operation was functionally integrated with a wave rotor- 

based compression process, enabling pressure recovery 

for the motive hydrogen after it passed through the 

recuperator and reactor core. This approach ensured the 

propellant reached the necessary pressure levels for 

stable and efficient engine performance. Key design 

parameters and performance metrics for the NERVA LH₂ 

turbopump are provided in Table 3. 

 

Table 3. NERVA LH2 turbopump operation values [13]. 
Parameter Value Parameter Value 

Thrust Level 111.2 kN Shaft 

Work 

3057.6 kW 

Pressure Rise 11.64 MPa Efficiency 68.20 % 

RPM 23967 Diameter 25.35 cm 

Suction 
Specific Speed 

20000 Mass Flow 
Rate 

12.53 kg/s 

Number of 

Stages 
3 Mass 100 kg 

NPSP 534.47 kPa   

 

Since the termination of the NERVA program, state-of- 

the-art turbopump technology has advanced 

considerably. Modern systems are now capable of 

operating at pressures ranging from 3,000 to 7,000 psia. 



The extensive turbopump designs developed over the 

past decades can serve as a valuable resource for 

informing the integration of a custom turbopump tailored 

to specific space nuclear reactor designs. In some cases, 

it may even be feasible to adapt and down-rate an existing 

turbopump design, thereby reducing development costs 

and accelerating implementation timelines. Furthermore, 

the application of modern CFD tools, advanced structural 

analysis techniques, and improved materials is expected 

to significantly reduce turbopump mass while enhancing 

the overall reliability and performance of this critical 

propulsion subsystem. 

 

4.5 Thrust Vector Control (TVC) 

During flight, control of a large spacecraft is anticipated 

to rely on TVC, which enable alignment of the engine 

thrust vector with the spacecraft’s centre of gravity. This 

alignment is essential to maintain stable linear flight or to 

induce controlled steering manoeuvres as required. In 

nuclear propulsion systems, the gimbal assembly must 

support the entire engine and reactor mass, resulting in 

significant actuation loads. Additionally, the gimbal 

mechanism must operate reliably under cryogenic 

temperatures, intense nuclear radiation, and sustained 

mechanical thrust forces. TVC materials must be chosen 

that can withstand gamma and neutron radiation from the 

nearby nuclear thermal reactor, considering the mission 

environment and its long duration. In addition, because 

they are in deep space and due to the duration of the 

mission, they will have to be prepared for very low 

temperatures and solar radiation and may require thermal 

control. Three main approaches to achieving effective 

TVC in this environment have been identified: the 

Gimbal Bearing, Gimbal Ring, and Thrust Vector Trim 

methods, each with its own mechanical and thermal 

integration challenges. 

In the NERVA program the TVC was a critical 

subsystem [15] to enable vehicle manoeuvrability and 

trajectory correction during powered flight. The primary 

TVC approach involved gimbaling the entire engine 

assembly, allowing the thrust axis to be redirected by 

mechanical actuation, as is shown in Figure 10. This 

method offered precise control without introducing 

performance losses from thrust deflection vanes or 

fluidic injection. The engine was mounted on a gimbal 

system actuated by hydraulic or electromechanical 

actuators, typically allowing angular movement in two 

axes (pitch and yaw). 

Finally, future studies shall assess the structural and 

dynamic implications of engine gimbaling under nuclear 

operation, with emphasis on minimizing mechanical 

stresses, actuator loading, and thermal isolation of 

control components. The engine gimbal system shall be 

capable of providing the following thrust vector control 

in all directions: Angle from null, 0 - 3.0 degree; Angular 

velocity 0- 0.25 sec; Angular acceleration 0 - 0.5 sec. 

 

 
Figure 10. Nuclear thermal propulsion engine including 

the gimbal and the TVC mechanisms [16]. 

4.6 Bearings and seals under hydrodynamic 

regime 

The NEP system is designed to operate continuously over 

several years due to its fundamental operational 

characteristics. As a result, the various NEP subsystems 

must maintain long-duration functionality. Key 

components within these subsystems, including pumps, 

turbopumps, and compressors, are expected to operate 

continuously for 10 to 20 years (TBC based on specific 

mission requirements). Given these extended operational 

durations, critical rotating elements like bearings and 

sealings must be designed to function reliably throughout 

the system's lifetime, using only the available onboard 

lubrication. Candidate working media for the propulsion 

systems include LCH4, LOX, NaK, and He-Xe. High- 

speed rotating mechanisms must be compatible with 

these media, and journal bearings must operate within a 

hydrodynamic lubrication regime to meet the mission’s 

lifetime requirements. 

Then, for a Mars mission with NTP, the turbopump may 

be required to operate for 100 minutes or longer. The 

hybrid bearing approach addresses a key concern 

associated with the slow transient condition of the 

nuclear reactor, which requires pump operation while the 

reactor heats up and cools down. During this period, the 

pumps will be required to operate at low speed for a 

significant period. In addition to solving the low-speed 

transient condition of the main pumps, the NTP boost 

pump will be required to operate with significant 

damping. 

Hydrodynamic lubrication plays a vital role in high- 

speed mechanism systems by minimizing friction and 

wear, thereby improving tribological performance and 

extending component lifespan. Its application is 

particularly critical in space mechanisms, where 

reliability and efficiency are paramount. This is 

especially true for propulsion sub-systems such as 



pumps, turbopumps, and compressors to be used in 

nuclear space system, where components operate under 

extreme conditions. Accurate understanding and 

prediction of key hydrodynamic parameters, including 

clearance, minimum film thickness, and dynamic 

stability, are essential for ensuring optimal performance 

and preventing failure. Thus, the development of long- 

life bearing and dynamic sealings technology for 

turbomachinery is critical for mission success. Novel 

hybrid bearing and sealing concepts to provide near 

infinite life are required, providing a significant leap 

forward in bearing technology for future high-speed long 

life rocket engine turbomachinery. 

4.7 Valves 

The propellant feed system for nuclear thermal 

propulsion engines must incorporate a range of 

specialized valve types to ensure safe and reliable 

operation. The minimum required components include 

pressure regulators, relief valves, check valves, 

pyrovalves, control valves, and shutoff valves. The 

pyrovalves are particularly susceptible to malfunction 

due to stray electrical signals, which may be 

inadvertently generated within the system or induced by 

electromagnetic radiation from adjacent components 

especially in high-radiation environments. , For space 

nuclear applications, actuators converting nutating disk 

motion to rotary output must be realized as all-metal, 

reversible motors, with designs optimized for operation 

under high-temperature and high-radiation conditions. 

Future valve designs must prioritize hard-seat poppet 

configurations, which are better suited to handle highly 

reactive propellants, provide extended reusability, 

support long-duration storage, and prevent leakage under 

vacuum and radiation exposure. These design 

enhancements are critical for achieving the operational 

reliability required by next-generation nuclear propulsion 

systems [1]. In Table representative performance values 

for two types of valves, derived from the historical 

NERVA are presented as baseline for future 

developments. 

Table 4. NERVA program two valve characteristics [1]. 

Parameter 
Cooldown 

Control Valve 

Propellant 

shutoff vale 

Actuator size Small Large 

Seat diameter 2.54 cm 15.24 cm 

Seat area 5.06 cm2 182 cm2 

Stroke 1.52 cm 5.08 cm 

Load max. velocity 0.15 cm/s 0.5 cm/s 

Seating force 3,550 N 13,340 N 

Motor gear ratio 50 50 

 

5 FUTURE STEPS 

Achieving a transformative breakthrough in space 

nuclear mechanisms will require a game-changing 

approach. Thus, the next steps must focus on identifying 

and mitigating key technical risks by prioritizing 

technology maturation. 

The key challenges in developing reliable space 

mechanisms for nuclear systems include: Ensuring long- 

term reliability in extreme radiation, temperature, and 

vacuum conditions; y,Improve reliability coupled 

analyses to assess system lifetime and failure modes; 

Developing advanced radiation-resistant materials 

capable of withstanding harsh space environments. 

Radiation exposure significantly affects metals, altering 

key mechanical properties such as yield strength, 

ultimate tensile strength, elongation, creep resistance, 

rupture stress, fatigue strength, hardness, impact 

resistance, and the ductile-to-brittle transition 

temperature. These effects lead to reduced plasticity and 

ductility while increasing hardness, ultimately 

compromising the reliability and functionality of 

mechanisms in space nuclear environments; Exposed to 

gamma radiation and neutron fluence equivalent to the 

levels experienced by a reactor operating at full power. 

Both pre- and post-test examinations will be essential to 

assess the effects of the radiation environment on the 

mechanical components and lubricants. 

And next steps in advancing nuclear space mechanisms 

must be: To achieve a breakthrough in space nuclear 

mechanisms; Identifying and mitigating key technical 

risks through targeted technology maturation; Engaging 

industry leaders with expertise in both mechanisms and 

nuclear technologies; Establishing a European industrial 

alliance to unify efforts in nuclear and space engineering; 

Demonstrating robustness to extreme operational 

requirements through rigorous testing; Incorporating 

nuclear environment effects into the ECSS standards 

(including motorization equations); Defining 

standardized test procedures and accumulating 

operational test hours to validate long-term performance; 

To achieve this game-changing, space mechanisms must 

be engineered to reliably operate in nuclear 

environments, paving the way for next- generation deep-

space missions. 

 

6 CONCLUSIONS 

The development of space mechanisms for nuclear 

applications presents significant challenges, particularly 

in ensuring long-term reliability under harsh 

environmental conditions, including extreme 

temperatures, vacuum, and high radiation. A key priority 

is the advancement of radiation-resistant materials and 

components capable of sustained performance in such 

environments. To meet these challenges, strong 

collaboration with industry leaders, particularly those 

with expertise in both space and nuclear technologies, is 

essential. This work highlights the urgent need to bridge 

the existing knowledge gap within Europe in the field of 

nuclear-enabled space mechanisms, thereby supporting 

technological sovereignty and fostering a resilient 



European ecosystem. A critical next step is the design, 

development, and demonstration of the first European 

nuclear space mechanism at ESA level, which would lay 

the groundwork for future advancements. Furthermore, 

rigorous testing must be conducted to evaluate radiation 

effects on mechanical components and lubricants, 

targeting continuous operation of at least 1,000 hours in 

relevant simulated environments. Overall, this paper 

provides a preliminary assessment of the technical 

challenges and identifies key R&D priorities necessary 

to enable the successful integration of mechanisms in 

future European space nuclear systems. 
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