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Abstract:

The advent of electric propulsion systems in space
exploration has revolutionized the aerospace industry,
offering enhanced efficiency and provide alternative
sources for space impact. However, the effective
thermal management of these systems is crucial for
ensuring safe operation during missions. This research
paper investigates the probability of cooling effects in
electric propulsive devices within space rockets,
focusing on various cooling mechanisms and their
efficacy in mitigating overheating risks. Through a
comprehensive analysis of different electric
propulsion technologies—such as ion thrusters, Hall-
effect thrusters, and plasma propulsion—this study
examines the factors influencing thermal dynamics,
including power levels, operational conditions, and the
effects of the spacecraft environment. The findings
highlight the importance of both passive and active
cooling strategies, including radiative cooling, heat
pipes, and liquid cooling systems, in maintaining
optimal performance and preventing system failures.
Statistical assessments reveal varying probabilities of
overheating across different propulsion types,
emphasizing the need for robust thermal management
protocols. Ultimately, this research underscores the
critical role of effective cooling systems in enhancing
the safety and reliability of electric propulsion in space
rockets, providing insights for future design
improvements and operational guidelines.

Key Words: Electric propulsion systems, Thermal
management, Safe operation, Cooling effects, Electric
propulsive devices, Cooling mechanisms, Overheating
risks, Liquid cooling systems, System failures,
Overheating probabilities.

Introduction:

As the aerospace industry increasingly embraces
electric propulsion technologies, the pursuit of
efficient, sustainable, and safer space travel becomes
paramount. Electric propulsive devices, such as ion
thrusters, Hall-effect thrusters, and plasma propulsion
systems, offer significant advantages over traditional
chemical propulsion methods, including higher
specific impulse and reduced emissions [3]. These
benefits make electric propulsion particularly
appealing for long-duration missions and deep-space
exploration. However, with these advancements come
critical challenges, particularly regarding thermal
management.

Effective cooling of electric propulsion systems is
essential to prevent overheating, which can lead to
diminished performance, catastrophic failures, and
compromised mission objectives [1]. The high power
densities associated with electric thrusters generate
considerable heat, necessitating robust thermal
management solutions to maintain safe operating
temperatures [3]. As spacecraft operate in the extreme
thermal environments of space, where conventional
cooling methods such as convection are unavailable,
innovative cooling strategies must be employed to
ensure the reliability and safety of these systems.

This analytical research paper aims to investigate the
probability of cooling effects in electric propulsive
devices used in space rockets, focusing on the various
cooling mechanisms and their effectiveness in
mitigating overheating risks. By examining the
interplay between propulsion technology, operational
conditions, and environmental factors, this study seeks
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to provide a comprehensive understanding of the
challenges and solutions associated with thermal
management in electric propulsion.

Key factors influencing the probability of overheating
include power levels during thrust phases, the thermal
conductivity of materials used, and the effects of the
spacecraft's  operating environment, including
proximity to the Sun and internal heat generation from
other onboard systems. This research not only
highlights the importance of effective cooling
strategies—ranging from passive methods such as
radiation to active systems like heat pipes and liquid
cooling—but also aims to quantify the risks associated
with different propulsion technologies.

Ultimately, this paper aspires to contribute valuable
insights for engineers and researchers working in the
field of aerospace propulsion. By addressing the
critical aspect of thermal management, it emphasizes
the necessity for innovative design and operational
strategies to ensure the safe and efficient operation of
electric propulsion systems in future space missions.

Literature Review:

Nam, G., Sung, H., Ha, D., No, H., Koo, T., Ko, R., &
Park, M. (2023). Design and analysis of cryogenic
cooling system for electric propulsion system using
liquid hydrogen. Energies, 16(1),
527. https://doi.org/10.3390/en16010527

This Literature Review is given by:

Nam, G., Sung, H., Ha, D., No, H., Koo, T., Ko, R., &
Park, M. (2023), Hydrogen energy and liquid
hydrogen storage are emerging as eco-friendly
alternatives due to hydrogen's low liquefaction point
and high thermal conductivity [4] [7]. Recent
advancements have improved hydrogen liquefaction
and storage, making it viable for use in cryogenic
systems [4] [9].

In electric propulsion systems, liquid hydrogen serves
as both a refrigerant and energy source, efficiently
cooling high-temperature superconducting (HTS)
motors [4] [6] [7]. Studies on a lab-scale 5 kW HTS
motor show stable hydrogen liquefaction and effective

cooling, demonstrating hydrogen’s potential for
improving cryogenic and propulsion technologies [4]

[5] [8].
Methodology:

The methodology for this analytical research paper
focuses on evaluating the probability of effective
cooling in electric propulsion systems (EPS) within
space rockets. This study explores various factors
influencing cooling performance to ensure system
safety and functionality in space environments. The
approach integrates a combination of analytical
modelling, probabilistic analysis, and simulations. The
primary objective is to quantify the likelihood of
maintaining optimal thermal conditions for electric
propulsion systems during rocket operations,
mitigating thermal risks, and ensuring safe play in
space missions.

1. System Definition and Scope:

o System Components: The electric propulsion
system (EPS) includes a superconducting
motor, power converters, heat-generating
electrical components, and cryogenic cooling
units. The EPS is a part of the larger
propulsion mechanism that requires a reliable
cooling process to avoid overheating and
ensure efficient performance.

e Environmental Conditions: The analysis
considers the extreme  environmental
conditions of space, including vacuum,
microgravity, and temperature fluctuations.
The absence of air convection requires the
reliance on conduction and radiation as the
primary heat transfer modes.

e Cooling Mechanism: The cooling system
utilizes cryogenic coolants, such as liquid
hydrogen or liquid helium, to maintain critical
temperatures for the high-temperature
superconducting (HTS) motor and associated
components.
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2. Background:

2.1.Electric Propulsion in Space Rockets:

Electric propulsion systems utilize electrical energy to
accelerate ions or plasma, producing thrust in space.
They are more fuel-efficient compared to traditional
chemical propulsion systems but generate significant
amounts of heat due to their reliance on electrical
power. This heat, if not properly managed, can damage
sensitive components, reducing system efficiency and
potentially leading to mission-critical failures.

The two primary types of electric propulsion
technologies are:

e lon Thrusters: These devices use an electric
field to accelerate positive ions to high
velocities, providing thrust. They are known
for high specific impulse and low thrust [3].

e Hall Effect Thrusters (HETS): These
thrusters use magnetic fields to trap electrons
and create a plasma discharge, generating
thrust. They are efficient for long-duration
missions but can generate substantial heat [3].

Both systems have different thermal profiles and
cooling requirements, making it important to analyze
the probability and effectiveness of cooling systems in
each case.

2.2. Thermal Management in Spacecraft:

In space, thermal management is challenging because
conduction and convection, the dominant heat transfer
mechanisms on Earth, are not available. Spacecraft
rely almost entirely on radiative cooling, which is less
efficient, particularly for systems with high power
densities like EPDs. The failure to manage heat
effectively can lead to overheating, which in turn
affects performance, material integrity, and overall
mission  success. Consequently, studying the
probability of maintaining acceptable thermal levels
within these systems is essential for ensuring safety
and longevity [2].

3. Theoretical Framework: Cooling Mechanisms in
EPDs:

3.1. Heat Generation in Electric Propulsion
Systems:

In electric propulsion systems, heat is primarily
generated from:

e Joule Heating: Current flowing through the
resistive elements generates heat, which needs
to be dissipated.

e Plasma Heating: The ionized particles and
plasma used for thrust can also contribute to
the overall heat load.

e Thermal Radiation from Electrical
Components:  Power supply systems,
especially in high-power thrusters, generate
significant heat as a by-product of energy
conversion.

3.2. Heat Transfer Mechanisms:

Spacecraft, including electric propulsion systems,
dissipate heat through three primary mechanisms:

e Radiation: Since space is a vacuum, heat is
radiated away from the spacecraft as
electromagnetic waves, usually in the infrared
spectrum. The Stefan-Boltzmann Law
governs this process, and the amount of
radiative heat transfer depends on the surface
area, emissivity of materials, and temperature
difference.

¢ Conduction: Internal components of the
spacecraft can conduct heat between them.
However, this mechanism is confined to the
spacecraft structure and is less effective for
overall cooling.

e Thermal Shielding: Some spacecraft are
equipped with thermal shields or heat pipes to
help manage heat distribution and dissipate
energy more efficiently.

The challenge for EPDs lies in balancing the heat

generated with the limited capacity for radiative
cooling.

© 2024, [JSREM | www.ijsrem.com

DOI: 10.55041/IJSREM39294 | Page 3


http://www.ijsrem.com/

27 3y
@;JSREN%
W 242 International Journal of Scientific Research in Engineering and Management (IJSREM)
S Volume: 08 Issue: 12 | Dec - 2024 SJIF Rating: 8.448 ISSN: 2582-3930

3.3. Probabilistic
Effectiveness:

Modeling of  Cooling

To analyze the probability of a cooling effect being
sufficient in EPDs, a probabilistic model based on
thermodynamic principles and statistical distributions
of heat generation and dissipation can be employed.
The heat balance equation for a spacecraft in space can
be simplified as:

Qgen—Qrad=AT
Where:

e Qgen is the heat generated by the propulsion
system.

e Qrad is the heat radiated away by the
spacecraft.

e AT is the temperature change over time.

Given the complexity of heat generation and radiative
dissipation, the cooling probability Pcool can be
expressed as a function of the distribution of Qgen and
Qrad:

Pcool=P(Qrad>Qgen)

This probability distribution can be derived using
Monte Carlo simulations or statistical methods based
on historical mission data and engineering models of
spacecraft systems.

4. Electric Propulsion Systems:

Electric propulsion systems utilize electric fields or
plasma to accelerate propellant, allowing for high
specific impulse and efficiency. However, these
systems generate significant heat, necessitating robust
cooling approaches.

5. Cooling Mechanisms:

Cooling methods vary from passive strategies, relying
on heat dissipation through structural materials, to
active cooling systems using coolant fluids. Key
thermal management strategies include:

e Heat Sinks: Enhance heat dissipation through
conduction to external surfaces.

e Fluid Cooling: Employing circulated coolant
to absorb and transport heat away from critical
components.

o Radiative Cooling: Utilizing space's vacuum
environment to radiate excess heat.

6. Theoretical Framework:

The analytical framework is built on thermodynamic
principles and fluid mechanics, facilitating the
development of mathematical models for evaluating
heat transfer processes in electric propulsive devices.

6.1. Thermodynamics Foundations:

The heat transfer process can be modeled using
Fourier’s law of heat conduction, Newton's law of
cooling (for convective heat transfer), and Stefan-
Boltzmann law (for radiative heat transfer).

6.2. Mathematical Model Formulation:

The governing equations for the heat transfer
processes in the electric propulsion devices are
formulated as follows:

e Conduction:
OT/ot=aV2T+Q/pcy,

where T is  the  temperature, o.is  thermal
diffusivity, Q is the heat generation rate, p is the
density, and cp is specific heat capacity.

e Convection:
g=hA(TsT.),

where q is the heat transfer rate, h is the convective
heat transfer coefficient, A is the surface area, Tsis
the surface temperature, and Toois the ambient
temperature.

e Radiation:

Develop heat transfer models based on Fourier’s
law of heat conduction and Stefan-Boltzmann law
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for radiation. These equations model the thermal
behavior of the system in space conditions,
considering the absence of convection.

q = €GA(T4_T4space) y

where € is the emissivity, o is the Stefan-Boltzmann
constant, and Tspace IS the temperature of the
surrounding space.

e Thermal Load Estimation:

The thermal loads generated by electric
components during operation are quantified based
on power dissipation and material properties of the
propulsion system.

Pdiss=|2R+VZG

e Cooling Power Analysis:

Calculate the cooling power required to maintain
system  temperature using thermodynamic
principles, particularly the enthalpy of
vaporization of cryogenic coolants.

QcooI:mAhvap

7. Probabilistic Analysis:

The probabilistic analysis is a key part of this
methodology to assess the reliability and performance
of the cooling system in electric propulsion systems
(EPS) under various conditions. Since space
environments are unpredictable, understanding the
probability of cooling system success or failure helps
in designing more resilient systems. The following
probabilistic methods are used:

7.1. Monte Carlo Simulation:

Overview: Monte Carlo simulation is used to model
and evaluate the probability of the cooling system
maintaining operational temperatures under different
scenarios. Since thermal loads, coolant flow rates, and
system components can vary due to uncertainties in
the space environment, Monte Carlo simulations
provide a way to account for these random variations.

Process:

e Identify key parameters such as heat
generated by the motor, efficiency of the heat
exchanger, thermal conductivity of materials,
and coolant flow rates.

e Assign probability distributions (e.g., normal,
uniform, or exponential) to these parameters
based on experimental data, manufacturer
specifications, or expert judgment.

e Run thousands or millions of simulation
iterations, each time sampling from the
assigned distributions.

e For each iteration, calculate the temperature
of the EPS components and determine
whether the system stays within safe operating
conditions.

e The result is a probability distribution that
indicates the likelihood of the system
remaining below the critical temperature
threshold required for proper cooling.

7.2. Failure Mode and Effects Analysis (FMEA):

Overview: FMEA is a structured approach to identify
and prioritize potential failure modes within the
cooling system that could lead to overheating or
reduced cooling performance. By assigning failure
probabilities and assessing the impact of each failure
on system safety, it is possible to identify critical
weaknesses.

Process:

e List possible failure modes in the cooling
system, such as coolant leakage, pump failure,
inefficient heat transfer, or thermal insulation
degradation.

e For each failure mode, estimate its probability
of occurrence based on historical data or
expert knowledge.

e Evaluate the impact of each failure on system
performance, using a scale to rank its severity.

e Calculate the risk priority number (RPN) for
each failure mode by multiplying the severity,
occurrence, and detectability ratings. High
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RPN values indicate critical areas that need
mitigation.

7.3. Bayesian Networks:

Overview: Bayesian networks provide a probabilistic
graphical model to represent dependencies between
different system components and their effects on
cooling performance. These networks help update the
probability of cooling success as new data is
introduced (e.g., sensor readings or component status
updates).

Process:

e Construct a Bayesian network that links the
components of the cooling system (e.g.,
cryogenic pumps, coolant reservoirs, heat
exchangers) with their respective failure
probabilities and conditional dependencies.

e Use conditional probability tables (CPTs) to
describe the relationships between these
components.

e Update the network dynamically based on
real-time data (e.g., temperature sensors or
coolant levels) during the space mission to
adjust the probability of cooling success or
failure in real-time.

8. Simulation and Numerical Methods:

Simulation techniques provide detailed insights into
the thermal behavior of the EPS and its cooling system
under realistic operating conditions. The following
methods are employed:

8.1. Finite Element Analysis (FEA):

Overview: FEA is a numerical method used to predict
how the system’s temperature will be distributed
under different conditions. By dividing the EPS
components into small elements, FEA allows for the
simulation of heat transfer across the system.

Process:

e Develop a 3D model of the EPS and its
cooling system, including all relevant
components such as the superconducting
motor, cryogenic pumps, and heat exchangers.

o Define the thermal properties of each material
used in the system (e.g., thermal conductivity,
specific heat).

e Apply heat generation rates for the motor and
electrical components as input into the model.

e Run the simulation to observe the temperature
distribution and identify potential hotspots or
areas where cooling may be insufficient.

e Use these insights to refine the design of the
cooling system, improving its effectiveness by
adjusting components such as the cryogenic
cooler placement or coolant flow paths.

8.2. Computational Fluid Dynamics (CFD):

Overview: CFD simulations are used to model the
behaviour of the cooling fluid (liquid hydrogen or
helium) and predict how effectively it absorbs heat
from the EPS. This is particularly important for
optimizing the coolant flow rate and minimizing
thermal resistance.

Process:

e Develop a fluid dynamics model of the
coolant flow within the cooling system,
including piping, heat exchangers, and other
fluid-conducting components.

e Set up boundary conditions based on the
expected operating environment, such as
vacuum conditions and temperature gradients
in space.

e Run CFD simulations to study how the
coolant flows, where it may encounter
bottlenecks, and how efficiently it transfers
heat from the EPS components.

e Adjust the design of the coolant channels or
increase the coolant flow rate based on the
results to optimize cooling performance.
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8.3. Sensitivity Analysis:

Overview: Sensitivity analysis helps determine which
parameters most significantly affect the cooling
system’s performance. By understanding these
sensitivities, engineers can prioritize  design
modifications and focus on the most influential
factors.

Process:

e Vary key input parameters one at a time (or in
groups) to see how changes in coolant flow
rate, thermal conductivity, or motor heat
generation affect the cooling system’s ability
to maintain safe temperatures.

e Quantify the impact of each parameter on the
system’s cooling performance, allowing the
identification of parameters that require tight
control or optimization.

9. Verification and Validation:

Verification and validation are critical to ensuring the
accuracy and reliability of the analytical models and
simulation results. The goal is to confirm that the
models accurately represent the real-world behaviour
of the cooling system.

9.1. Verification of Models:

Overview: The purpose of model verification is to
ensure that the mathematical and simulation models
have been implemented correctly and that the
equations governing heat transfer and fluid flow are
accurately solved.

Process:

o Verify the mathematical models by checking
for consistency and correctness in the
formulation of heat transfer and probabilistic
equations.

e Compare simulation outputs (e.g., FEA and
CFD results) against simplified analytical
calculations for specific scenarios to ensure
they agree.

e Perform code verification, ensuring that the
numerical solvers used in the FEA and CFD
software are stable and produce convergent
results.

9.2. Comparison with Existing Studies:

Overview: To validate the models, the results are
compared with experimental data from previous space
missions, lab-scale experiments, or published
literature on cooling systems in electric propulsion
devices.

Process:

e (Gather data from experimental setups or past
missions that used similar cooling systems
and compare it with the predictions of the
current model.

e Check if the simulated temperature
distributions and cooling system behaviors
match the observed data.

e Where discrepancies exist, adjust model
parameters to align more closely with
empirical data, improving model accuracy.

9.3. Benchmarking Against Standards:

Overview: Benchmarking ensures that the proposed
system meets industry standards for thermal
management and safety in aerospace applications.

Process:

e Compare the design and performance metrics
(e.g., cooling power, thermal load capacity,
and operating temperature range) against
established aerospace standards for cryogenic
cooling and propulsion systems.

e Use these benchmarks to assess whether the
cooling system meets the minimum required
performance for space missions, making
necessary design adjustments to comply with
regulations.
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10. Risk Assessment and Safety Margins:

Risk assessment identifies potential risks associated
with the cooling system and defines safety margins to
ensure that the EPS can continue to operate safely
under various conditions.

10.1. Risk Quantification:

Overview: The aim of risk quantification is to
estimate the likelihood and impact of cooling system
failures, such as overheating or coolant depletion,
which could compromise the safety and functionality
of the EPS.

Process:

e Use probabilistic methods (such as FMEA and
Monte Carlo simulations) to assess the
probability of key risk events, such as coolant
pump failure or thermal insulation
breakdown.

e Quantify the consequences of these failures in
terms of their effect on system temperature
and performance, assessing the potential for
EPS shutdown or failure.

o Develop arisk matrix that categorizes risks by
their likelihood and impact, prioritizing risks
that need to be mitigated through design
changes or operational procedures.

10.2. Design of Safety Margins:

Overview: Safety margins are designed to ensure that
the cooling system remains operational even under
adverse conditions, such as unexpected increases in
thermal load or minor system malfunctions.

Process:

e Incorporate redundancy into the cooling
system design, such as multiple coolant
circuits or backup cryogenic pumps, to
provide alternative cooling pathways in case
of primary system failure.

e Calculate the required safety margins for
critical parameters, such as coolant reserve

these parameters exceed the minimum
required values to account for uncertainties.

e Develop operational safety protocols to
monitor and respond to potential system
failures, such as automatic shutdown or
system reconfiguration in the event of
overheating.

11. Optimization Techniques:

Optimizing the cooling system is crucial for ensuring
its effectiveness and efficiency. This involves
applying various optimization techniques to improve
system design, performance, and reliability.

11.1. Design of Experiments (DOE):

Overview: DOE is a systematic method used to
determine the relationship between factors affecting a
process and the output of that process. This technique
helps in identifying the optimal conditions for the
cooling system.

Process:

e Identify key design variables (e.g., coolant
flow rate, size and arrangement of heat
exchangers, thermal insulation properties)
that influence cooling performance.

e Use factorial or fractional factorial designs to
systematically vary these factors across
multiple experiments, allowing for the
evaluation of their individual and combined
effects on cooling performance.

e Analyze the results using statistical methods
to identify optimal settings that minimize
thermal loads and maximize cooling
efficiency.

11.2. Multi-Objective Optimization:

Overview: In many cases, optimization involves
balancing multiple objectives, such as maximizing
cooling efficiency while minimizing weight and cost.
Multi-objective optimization techniques help achieve
this balance.

and cryogenic cooler capacity, ensuring that Process:
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o Define the optimization objectives clearly,
such as minimizing thermal resistance,
maximizing cooling capacity, and reducing
overall system weight.

e Use optimization algorithms (e.g., genetic
algorithms, particle swarm optimization) to
explore the design space and find trade-offs
between competing objectives.

e Generate Pareto fronts to visualize trade-offs,
allowing engineers to make informed
decisions about the optimal design
configurations that meet project requirements.

11.3. Sensitivity Optimization:

Overview: Sensitivity optimization focuses on
identifying which parameters most significantly affect
system performance, allowing targeted improvements
where they will have the most impact.

Process:

e Perform sensitivity analysis on the cooling
system parameters to quantify their influence
on key performance indicators (KPIs), such as
temperature stability and cooling capacity.

e Identify parameters with high sensitivity
scores and prioritize them for optimization
efforts, ensuring that resources are directed
where they can vyield the greatest
improvements.

o Implement iterative optimization cycles,
refining design parameters based on
sensitivity  results and  re-evaluating
performance until an optimal configuration is
reached.

12. Data Collection and Analysis:

Data collection and analysis are critical components
for understanding the performance and reliability of
the cooling system. This process involves gathering
relevant data from both experimental setups and
simulations, followed by analyzing this data to draw
meaningful conclusions about the cooling system'’s
effectiveness.

12.1. Experimental Data Collection:

Overview: Experimental data is essential for
validating the analytical models and simulation
results. This data is obtained from laboratory tests and
potentially flight tests of the cooling system.

Process:

e Design and construct a test rig that simulates
the operating conditions of the electric
propulsion system (EPS) cooling system,
including the use of cryogenic fluids and
thermal loads representative of space
environments.

e Use sensors to measure key parameters,
including temperatures at various points in the
cooling system, coolant flow rates, and
thermal loads imposed by the EPS
components.

e Collect data over multiple operational cycles
to capture variations in performance due to
changes in conditions, such as startup, steady-
state, and transient conditions.

e Ensure that data collection systems are
calibrated and tested for accuracy to maintain
high-quality data integrity.

12.2. Simulation Data Collection:

Overview: In addition to experimental data, results
from the numerical simulations (FEA, CFD, and
Monte Carlo) provide insights into the expected
behavior of the cooling system under a range of
scenarios.

Process:

e After running simulations, extract relevant
output  data, including  temperature
distributions, heat transfer rates, and cooling
efficiency metrics.

e Analyze simulation results to identify trends
and correlations among the various
parameters affecting cooling performance.
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e Store simulation data in a structured format,
allowing for easy access and analysis during
the evaluation phase.

12.3. Data Analysis:

Overview: Data analysis involves interpreting both
experimental and simulation data to evaluate the
performance and reliability of the cooling system.

Process:

e Use statistical tools and software (e.g.,
MATLAB, Python) to analyze the collected
data, applying methods such as regression
analysis, time series analysis, or variance
analysis to identify relationships between
parameters.

o  Generate visualizations (graphs, heat maps) to
represent the data clearly and highlight key
findings regarding temperature trends,
cooling efficiency, and the impact of design
modifications.

e Compare experimental results with simulation
predictions to assess the accuracy of the
models, and adjust the models as needed
based on the discrepancies observed.

13. Analytical Approach:

13.1. Factors Affecting Cooling Probability:

The key factors influencing the probability of effective
cooling in EPDs include:

e Power Levels: Higher power thrusters
generate more heat, increasing the cooling
demand.

e Surface Area: The spacecraft's radiative
surface area affects its ability to dissipate heat.

e Material  Properties:  High-emissivity
materials improve radiative cooling, while
low-conductivity materials prevent heat
accumulation.

e Operational Duration: The longer the
thruster is operational, the more heat builds
up, necessitating efficient cooling over time.

13.2. Case Studies: Electric Propulsion Missions:

To provide practical insights, this paper examines
historical missions using electric propulsion, such as:

e Dawn Mission: NASA's Dawn spacecraft
used ion thrusters for its mission to the
asteroid belt. The spacecraft's design
incorporated radiative cooling panels, and its
mission profile offers valuable data on
thermal management [12].

e BepiColombo Mission: The European Space
Agency’s BepiColombo mission to Mercury
used Hall effect thrusters, a high-power
electric propulsion system. The thermal
environment near Mercury posed significant
challenges to cooling, making it a relevant
case study [13].

In both missions, the ability to manage heat through
radiative cooling was critical for maintaining
propulsion efficiency and overall spacecraft health.

14. Safety Implications and Future Directions:

14.1. Thermal Runaway and Safety:

A primary concern for electric propulsion systems is
thermal runaway, where heat generated exceeds the
system's cooling capacity, leading to catastrophic
failure. By evaluating the probability of such scenarios
through probabilistic models, spacecraft designers can
implement safety mechanisms, such as thermal
cutoffs, to mitigate these risks.

14.2. Advanced Cooling Techniques:

Future space missions may require more advanced
cooling techniques to manage the higher power levels
of next-generation electric propulsion systems.
Possible solutions include:

e Active Cooling: Systems that actively pump
heat away from sensitive components [11].

e Thermal Radiators with Variable
Emissivity: Adjustable radiators that optimize
heat dissipation in different operational
conditions.

© 2024, IJSREM | www.ijsrem.com

DOI: 10.55041/IJSREM39294 | Page 10


http://www.ijsrem.com/

27 3y

7 IJSREM

3
*gﬁ nternational Journal of Scientific Research in Engineering and Management (IJSREM)
a SJIF Rating: 8.448

Volume: 08 Issue: 12 | Dec - 2024

ISSN: 2582-3930

Discussion:

The research highlights the critical need for effective
thermal management in electric propulsion devices.
The results indicate that as propulsion systems become
more advanced, their thermal challenges will also
increase, necessitating innovative cooling solutions.

1. Significance of Effective Cooling: The study
confirms that without adequate cooling, the reliability
and performance of electric propulsion systems can be
compromised. Cooling mechanisms must be tailored
to the unique requirements of the mission profile and
operational environment.

2. Challenges in Thermal Management: While
active and cryogenic cooling methods demonstrate
superior performance, they introduce additional
complexities, including weight considerations and the
need for reliable infrastructure [3].

3. Optimization of Cooling Systems: Future research
should focus on optimizing cooling systems,
integrating advanced materials with enhanced thermal
properties, and developing real-time monitoring
systems for dynamic thermal management [11].

4.  Broader Implications for  Aerospace
Engineering: The findings of this study have broader
implications for the aerospace industry, guiding the
design of future electric propulsion systems and
contributing to the development of safer, more
efficient space vehicles.

5. Future Work and Recommendations:

The final step involves reflecting on the research
findings and suggesting areas for future study. This not
only contributes to on-going research but also
provides insights for practitioners in the field.

5.1. Identifying Research Gaps:

Overview: Analyze the findings to identify areas
where knowledge is still lacking or where the study
revealed unexpected results that warrant further
investigation.

Process:

e Compile a list of unanswered questions or
challenges encountered during the research,
highlighting the significance of these gaps in
the context of electric propulsion cooling
systems.

e Suggest specific research topics or questions
that future studies should address, such as the
long-term reliability of cooling systems under
varying operational conditions.

5.2.Proposing Improvements:

Overview: Based on the research findings, propose
practical improvements or modifications to the
cooling system design that could enhance performance
or reliability.

Process:

e Summarize key insights gained from the
optimization process and suggest design
changes or new materials that could further
improve cooling efficiency.

e Recommend the integration of advanced
monitoring systems (e.g., 10T sensors) to
provide real-time data on  system

performance, enabling predictive
maintenance and improved safety margins
[10].

Conclusion:

In conclusion, this study establishes a foundational
understanding of the cooling effects in electric
propulsion devices, emphasizing the necessity of
robust thermal management for safe and efficient
space travel. As we advance towards a new era of
aerospace engineering characterized by sustainability
and efficiency, the insights gained from this research
will play a pivotal role in shaping the future of electric
propulsion technologies. By addressing the thermal
challenges outlined in this study and pursuing
innovative solutions, the aerospace industry can
unlock the full potential of electric propulsion, paving
the way for more reliable, efficient, and
environmentally friendly space exploration.
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