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1. Introduction

The current space exploration industry has various limitations. Such examples are health risks
for astronauts, space debris, exorbitant budgets, and engineering challenges. Based on National
Aeronautics and Space Administration (NASA) reports, the International Space Station (ISS)
is currently the only microgravity platform capable of long-term testing experiments such as
space farming and space mining. As of 2023, around USD 1.3 billion is invested in ISS
operations. Thus, the utilization of microgravity environments is a cost-effective space
exploration and mineral farming solution. It highlights the benefits of microgravity for
conducting experiments and research in space, including studying physical, testing advanced
technologies, and lowering costs and risks associated with space missions. Simulating
microgravity environments on earth is a complex process, and while significant progress has
been made in this field, there are still major gaps and challenges that researchers and scientists
face. One of the most significant gaps is the limited duration of microgravity that can be
simulated on earth. Current methods such as parabolic flights, drop towers, and underwater
simulations can only provide short bursts of microgravity, typically ranging from a few seconds
to a few minutes. Also, earth's environment introduces unavoidable variables like atmospheric
drag, buoyancy, and turbulence which can influence experimental outcomes, making it difficult
to replicate the precise conditions of space. This report provides the background of this
research, demonstrating the importance of microgravity simulated environments. Further, it
delves into the significance of the space exploration industry, highlighting the crucial role of
microgravity research. It illuminates the research problem, research question, aim and
objectives, scope, novelty of this research, potential benefits and research methodology and

concludes with the research overview.

1.1 Background

The space exploration industry has undergone a remarkable transformation in recent years, with
Australia emerging as a notable player on the global stage. Australia has made significant strides
in the space exploration sector, with the establishment of the Australian Space Agency in 2018.
The agency's primary goal is to drive the growth of the Australian space industry. The Australian
space industry is valued at approximately $5.7 billion, with the potential to triple in size by
2030, according to government estimates. As nations worldwide recognize the economic,
scientific, and strategic potential of space activities, industry’s growth has been characterized

by significant investments, technological advancements, and an ongoing interest



to explore the possibility of life beyond terrestrial realm. One such technological advancement

in the space exploration industry is the microgravity industry.

Microgravity, often referred to as zero gravity, is a state of very low near-zero gravitational
force. This condition is largely encountered in space or in places that are falling freely under
the influence of gravity, such as on the International Space Station (ISS). Studying phenomena
in a microgravity environment provides unique insights that are hard or impossible to gain on
earth, where gravity can mask certain characteristics and behaviors of physical, biological, and
chemical systems. Understanding microgravity is crucial to a range of research fields, and it
has practical implications for technology, human health, and the preparation for future space
missions. In a microgravity environment, scientists can study fluid dynamics, combustion,
material sciences, effects on living organisms, chemical reactions, space settlements and other

physical phenomena without the distortive effect of gravity.

However, doing experiments in real space, where microgravity naturally exists, is very
complicated and expensive. So, researchers have come up with clever ways to recreate
microgravity here on earth (Sun, Hoekstra and Ellerbroek 2018). The microgravity simulation
industry, a crucial component of space research and astronaut training, has gained prominence
worldwide. Technologies such as parabolic flights, drop towers, and space-related virtual

reality experiences have seen increased adoption.

Due to technical, cost and time constraints, ground-based microgravity research is a feasible
option currently to simulate microgravity. A common method for creating a microgravity
environment is to fly an aircraft in a parabolic path. For the duration of the parabola, the
environment is accelerated towards the earth at precisely 1G (approximately 9.8m/s2), thus
eliminating any reaction force between the aircraft and the experiment. Such experiments are
routinely performed in heavy aircraft (e.g.: Airbus A310 as used by the by the ESA or various
Boeing aircraft or NASA). In such aircraft each parabola lasts for approximately 20s and is
typically repeated 25 times. This research will help benchmark the performance of jet aircraft
in microgravity environment and enhance safety of the pilot. Cutting-edge technologies,
including virtual reality (VR), augmented reality (AR), and computational fluid dynamics
(CFD), are revolutionizing microgravity simulations, offering more immersive and accurate
experiences. Due to the immense potential of the microgravity simulation industry, this
research is a benchmark and has profound significance in the global space industry. The

significance of this research is explained in the next section.



1.2 Significance

In recent years, our planet has been grappling with a various set of challenges, primarily arising
from population growth. These challenges lead to a looming energy crisis, food scarcity, and
the depletion of finite resources. As we confront these pressing issues, it becomes increasingly
evident that we need to look beyond our terrestrial boundaries and delve into space exploration
to secure our future. To meet this requirement, we must employ a diverse array of tools and
simulations to assess the multifaceted needs of space exploration and recognize its profound
socioeconomic benefits. It is essential to conduct these experiments efficiently, and one
promising domain is the cost-effective simulation of an aircraft, particularly in a microgravity
environment. Traditional space exploration ventures have been known for their exorbitant
costs, often amounting to billions of dollars. However, there exists an alternative approach that
offers a more economical and sustainable path forward: simulating the experiences of
spaceflight, particularly prolonged missions, within earth's own atmosphere. This approach not

only represents a cost-effective solution but also yields significant socioeconomic benefits.

By conducting simulated spaceflights that mimic the conditions of space, including
microgravity, researchers can gain invaluable insights into the effects and impacts of resource
requirements. These simulations are based on sensory data, allowing scientists to gather a
wealth of information without the astronomical expenses associated with launching actual
space missions. This research aims to pioneer the development of a new simulation
methodology that not only replicates the conditions of space but does so in a manner that is

economically viable.

The economic viability of such simulations is the key highlight of this research. While the cost
of sending astronauts and spacecraft into space continues to rise, the expense associated with
simulating microgravity conditions on earth remains comparatively modest. By investing in the
development of advanced simulation technologies, we can explore the reaches of space without
depleting our financial resources. Furthermore, the socioeconomic benefits of this approach are
manifold. It not only cuts down the overall cost of space exploration but also encourages
innovation and research in a wide range of scientific disciplines. Additionally, it opens
opportunities for educational outreach, inspiring future generations of scientists and engineers
to pursue careers in space-related fields. This research endeavors to pioneer a new era of space
simulation, enhancing our understanding of space and advancing our capabilities in ways that

are both economically viable and socially transformative.



1.3 Research problem

Microgravity research has provided us with a wealth of invaluable insights. However, both

ground-based and space-based testing environments present several challenges and limitations:

¢ Ground-based microgravity simulations like drop towers, parabolic flights can only create
short periods of microgravity, ranging from a few seconds to a few minutes. It is therefore
difficult to conduct zero-gravity based experiments in such a short amount of time.
Addressing this requires an environment which can simulate the effects of microgravity for
longer duration (Barreto, Cornejo et al. 2022).

e These experiments come with huge cost burdens and time implications. Sending the entire
experimental setup to space or building the setup in such drop-towers or parabolic flights
is expensive.

e The pilots are subjected to health risks due to frequent test runs to simulate microgravity.
Additionally, the pilot’s time and knowledge are valuable, and any risk to their safety is of

prime concern to everyone involved in the experiment.

1.4 Objectives

e Detailed literature review on microgravity simulations and CFD (Computational Fluid
Dynamics) capabilities.

e Develop anovel Al based microgravity simulation matrix for safety, risk, and performance
analysis.

e Establish potential avenues for space exploration including space farming, mining, and

future space settlement endeavours.

1.5 Potential benefits

The study may contribute to the cost-effectiveness of aircraft performance benchmarking in
microgravity environments at various space institutions like National Aeronautics and Space
Administration (NASA), European Space Agency (ESA). It will provide an alternative
platform to deliver such a mission and increase socio-economic benefits in Australia and
beyond. The research's socioeconomic benefits extend to improving aviation safety, reducing
costs, enhancing competitiveness, fostering industry collaboration, promoting research and
development, driving innovation, and opening opportunities in emerging space-related sectors.

The impact this study has on various sectors is described below:



The developed novel matrix provides benchmarks to different light jet aircraft. Further

these studies have an impact on the aerospace industry in general.

The matrix validated through real world experimentation provides microgravity-based
performances. This data potentially can be extrapolated to space applications and have a

direct impact without substantial financial implications.

Further, industry specific instrumentation in microgravity flight provides relative

predictions for future proofing (e.g.: humidity, and air quality for space agriculture).

These studies also harvest new avenues providing risk free, cost effective, and faster

comprehension of tacit knowledge to young pilots and space explorers.

Environmental applications include studying fluid, particle, and material behaviors in

unique conditions, aiding environmental research and earth-based industries.
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2 Microgravity studies

This literature review outlines the investigation and analysis of current space microgravity

research, holding the key to unlocking a multitude of opportunities that span the realms of

science, technology, and exploration. The study of microgravity, the state of near

weightlessness experienced in space, stands as a testament to our relentless quest for

understanding the universe and harnessing its potential. We embark on a journey to elucidate

the significance of space microgravity research, probing why it is indispensable, the challenges

it presents, the innovative methodologies used to conduct experiments, and the far-reaching

applications that extend to farming and mineral extraction, promising to revolutionize the future

of space exploration and resource utilization (2020). Following are key objectives of this

chapter:

The importance of space microgravity research reverberates across a broad spectrum of
disciplines, spearheading advancements that transcend the boundaries of our planet. A
fundamental pillar of space exploration, microgravity research is essential for preparing
humanity for long-duration missions to celestial bodies like the Moon and Mars.
Understanding how microgravity affects human physiology, equipment, and processes is
paramount for the safety and success of these endeavors (Abdellatif, Ali et al. 2022).
Microgravity serves as an invaluable laboratory for delving into the intricacies of human
health and biology. Research conducted in this environment provides insights into
combating the challenges of muscle and bone atrophy, cardiovascular health, and radiation
exposure faced by astronauts, with potential applications in improving healthcare on earth
(Acres, Youngapelian and Nadeau 2021).

The absence of gravitational constraints in microgravity enables the production of purer
and more advanced materials, with applications ranging from semiconductor
manufacturing to aerospace engineering (Acres, Youngapelian and Nadeau 2021).
Microgravity offers a pristine canvas for exploring fundamental scientific phenomena,
including fluid dynamics, combustion processes, crystal growth, and fundamental physics,
enabling discoveries that are impossible to achieve on earth. While space microgravity
research holds great promise, it is not without its share of challenges and obstacles
(Amselem 2019).

Prolonged exposure to microgravity can have detrimental effects on the human body, such

as muscle and bone loss, fluid shift, and cardiovascular changes. Developing
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Countermeasures and effective health maintenance strategies is imperative. Technical. The
design and operation of experiments in microgravity necessitate specialized equipment and
meticulous planning to maintain controlled conditions, often presenting technical and
logistical challenges (Barker, Kruse et al. 2023).

e To summarize the challenges inherent to microgravity research, scientists employ a variety
of methods and technologies, Short-duration microgravity is achieved by dropping
experiments in a free-fall within tall towers on earth (Barreto, Cornejo et al. 2022).
Parabolic Flights: Aircraft flying in parabolic arcs create brief periods of microgravity,
facilitating experiments during these "zero-g" phases. Spacecraft and Space Stations:
Extended-duration microgravity research is conducted aboard spacecraft like the ISS or
dedicated space laboratories, providing a unique environment for scientific investigations
(Bergmann, Denzel et al. 2021).

e Microgravity research extends its influence to terrestrial challenges, offering novel
solutions in farming and mineral extraction. Microgravity provides an innovative arena for
studying and optimizing plant growth in the absence of gravity. Insights gained from space
experiments hold the potential to enhance crop yields, improve resource utilization, and
contribute to sustainable agriculture on earth and future space habitats (Brendel, Weibel et
al. 2023). The unique conditions of microgravity facilitate novel methods for mineral
extraction from asteroids and celestial bodies. Researchers are exploring techniques for
harvesting valuable resources, such as rare metals and precious minerals, in space,
potentially alleviating resource shortages on earth (Brigos, Perez-Poch et al. 2014).

As we delve deeper into space microgravity research, we will unravel the profound implications

it holds for scientific advancement, space exploration, and the betterment of our terrestrial

existence. The subsequent sections of this review will illuminate the multifaceted facets of
microgravity research, from its methodologies to its applications, and ultimately underscore its
vital role in shaping the future of humanity's endeavors beyond our home planet (Buoite Stella,

Ajcevic et al. 2021).

2.1 Microgravity fundamentals

Microgravity, a fundamental concept in space science, refers to the condition of near
weightlessness experienced by objects in freefall as they orbit the earth or traverse space. It
arises from the continuous state of freefall that both spacecraft and astronauts experience,

wherein they fall towards the earth due to gravity's pull but move forward at a sufficient
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velocity to maintain a stable orbit (Carr, Bryan et al. 2018). In this state, the force of gravity
becomes negligible, leading to the apparent sensation of weightlessness. Understanding the
underlying physics of microgravity is essential for comprehending its far-reaching implications
in space exploration, scientific research, and technological innovation (Castagnetta and Larson

2016).

2.2 Microgravity in space

Microgravity in space, often referred to as "zero gravity," is a state in which the gravitational
force experienced by objects is significantly reduced, approaching zero. This condition occurs
when objects, such as spacecraft and astronauts, are in a state of continuous freefall toward a
celestial body (typically earth) while moving forward at a sufficient velocity to maintain a

stable orbit (Cinti, Singh et al. 2023).
Key characteristics of microgravity in space include:

e Objects and individuals in microgravity environments experience a sensation of
weightlessness because the gravitational force acting on them is much weaker than on
earth's surface. This allows them to float freely within the spacecraft or space station
(Clément and Pavy-Le Traon 2004).

e In microgravity, objects and individuals move relative to one another without the usual
gravitational constraints. This can result in objects drifting if not secured and astronauts
gracefully gliding through their spacecraft (Cockell, Santomartino et al. 2020).

e Prolonged exposure to microgravity can have significant effects on biological systems,
including muscle atrophy, bone density loss, cardiovascular changes, and altered fluid
distribution in the body (Estlack, Golozar et al. 2023).

e Liquids behave differently in microgravity, with surface tension effects becoming more
pronounced. This has implications for fluid systems in spacecraft, such as fuel tanks and
water storage (Ferranti, Bianco and Pacelli 2021).

e Microgravity provides a unique laboratory for conducting experiments in physics, biology,
materials science, and other fields. Researchers take advantage of this environment to study
phenomena that cannot be replicated on earth (Gilbert, Torres et al. 2020).

e Spacecraft and space stations in microgravity require specialized design and systems to

ensure the safety and functionality of equipment and crew (Hall, Stocker and DeLLombard).
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2.3 Scientific basis of microgravity

The scientific basis of microgravity lies in the fundamental principles of gravitational physics
and the unique conditions experienced by objects in freefall. To understand this concept, it's

essential to consider the following scientific foundations:

e Gravity is the force of attraction that exists between all objects with mass. The strength of
this force depends on the mass of the objects involved and the distance between them. On
earth's surface, we experience a gravitational force that gives us our weight and keeps us
anchored to the ground (Hedge, Patterson et al. 2022).

e When an object, such as a spacecraft or astronaut, is in orbit around a celestial body like
earth, it is essentially in a state of continuous freefall. In freefall, the object is falling
towards the planet due to gravity's pull, but it is also moving forward at a sufficient velocity
to maintain a stable orbit. As a result, the object keeps "missing" the planet and remains in
orbit, creating a sensation of weightlessness (Hofmeister and Blum 2011).

¢ One of the key insights in understanding microgravity is Einstein's equivalence principle,
which states that the effects of gravity are indistinguishable from the effects of acceleration.
In microgravity, objects and individuals experience acceleration due to the curved
trajectory of their orbital path, which is equivalent to the gravitational acceleration they
would feel on the surface (Huang, Li et al. 2018).

e Microgravity leads to a state of apparent weightlessness because the gravitational force
acting on objects is significantly reduced compared to what we experience on earth's
surface. In this condition, objects and individuals float freely because there is no solid
support to provide a counteracting force (Hupfeld, McGregor et al. 2021).

e The sensation of microgravity can also be experienced during parabolic flights conducted
by specialized aircraft. During these flights, the aircraft follows a parabolic trajectory,
creating brief periods of weightlessness by simulating the freefall conditions of space

(Jackson 2017).

24 Creating microgravity environments

Creating microgravity environments on earth for scientific experiments and training purposes
involves various methods and facilities designed to simulate the weightlessness experienced in
space. Some of the most common methods and platforms for creating microgravity

environments include:
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e Parabolic flights are aircraft and used in various space organizations. Such examples are
NASA’s "Vomit Comet" or specialized research aircraft, which follow a parabolic flight
path. During this flight, the aircraft climbs steeply and then descends rapidly, creating brief
periods of weightlessness, typically lasting 20-30 seconds. Researchers conduct
experiments and astronauts train in this environment (Juhl, Buettmann et al. 2021).

e Drop towers are vertical structures from which experiments are dropped in freefall
conditions. This provides short-duration microgravity, often lasting a few seconds.
Researchers can study phenomena like fluid behaviour, combustion, and material properties
in this environment (Karmali and Shelhamer 2008).

e Neutral buoyancy tanks are large water-filled tanks that allow astronauts to practice tasks
underwater while wearing specialized suits that mimic the effect of microgravity. This
technique is particularly useful for training astronauts for spacewalks (extravehicular
activities) in a simulated weightless environment (Keller, Brimacombe et al. 2000).

e Centrifuges simulate different levels of gravity by spinning an enclosed chamber. By
varying the centrifuge's speed, researchers can create conditions akin to lunar, Martian, or
even microgravity. This is useful for studying how different gravity levels affect biological

and physical processes (Kermorgant, Nasr et al. 2020).

2.5 Microgravity's role in cost reduction

Microgravity plays a pivotal role in cost reduction within the realm of space exploration by
fostering the development of innovative technologies, streamlining mission operations, and
enabling the efficient testing of equipment and materials. In the unique microgravity
environment, researchers can refine and validate spacecraft components and scientific
instruments with greater precision, reducing the likelihood of costly failures during missions.
Furthermore, microgravity's capacity to facilitate in-orbit experimentation and resource
utilization studies contributes to the optimization of mission payloads and operational
procedures, ultimately driving down the overall cost of space while maximizing their scientific

and economic returns (Kiss, Wolverton et al. 2019).

2.5.1 Cost Drivers in space exploration

Cost drivers in space exploration are the key factors that significantly contribute to the high
expenses associated with space missions. These drivers include the considerable costs of

launching payloads into space, which encompass the development and operation of rockets,
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launch facilities, and associated infrastructure (Konemann, Eigenbrod et al. 2014). Payload
development, including spacecraft, scientific instruments, and rovers, represents another
substantial cost component, as it involves the construction, testing, and integration of complex
and specialized equipment. Mission operations, human spaceflight, scientific instrument
development, international collaboration, and safety considerations also contribute
significantly to the overall cost of space exploration. Managing and optimizing these cost
drivers are crucial for making space exploration more affordable and sustainable while

advancing our understanding of the cosmos (Kwiek, Figat and Goetzendorf-Grabowski 2023).

2.5.2 Microgravity's impact on cost reduction
Microgravity significantly impacts cost reduction in space exploration by serving as a unique
environment for testing, experimentation, and technology validation. This reduced-gravity
environment allows for the precise calibration and refinement of spacecraft systems, scientific
instruments, and operational procedures, minimizing the risk of costly failures during missions
(Lee, Mader et al. 2020). Moreover, microgravity enables the efficient validation of space
technologies, enhancing their reliability and streamlining development processes. By
harnessing microgravity's benefits for research and innovation, space agencies and
organizations can optimize mission payloads, maximize mission success rates, and ultimately
reduce the overall financial burden of space exploration, making it a cost-effective with

broader-reaching scientific and economic implications (Leonardo Carvalho Peixoto 2023).

2.6 Mineral farming in microgravity

Mineral farming in microgravity represents a pioneering approach to resource extraction
beyond earth. In this unique environment, the absence of gravitational constraints allows for
innovative techniques to be employed in the cultivation of minerals and valuable resources
from celestial bodies such as asteroids and lunar regolith. Research and experimentation in
microgravity open new avenues for efficient, low-gravity mining and resource utilization,
offering the potential to alleviate resource scarcity on earth and lay the foundation for
sustainable resource harvesting in space for future exploration and economic activities

(Malyuta, Reynolds et al. 2022).

2.6.1 Challenges in mining
Terrestrial mining faces a multitude of complex challenges that impact its environmental,

economic, and social sustainability. These challenges include:
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e The depletion of high-grade ore deposits necessitates the extraction of lower-grade ores,
requiring more extensive and energy-intensive mining operations (Man, Graham et al.
2022).

e Mining activities can result in deforestation, habitat destruction, soil erosion, and water
pollution, causing severe ecological harm and contributing to climate change (Martinez,
Yoshida et al. 2015).

e Increasingly stringent regulations and the scarcity of easily accessible mineral resources
drive up exploration and extraction costs (McMackin, Adam et al. 2023).

e Energy-intensive processes, such as transportation, mineral processing, and smelting,
contribute to greenhouse gas emissions and operational costs (Meseguer, Sanz-Andrés et
al. 2014).

e Mining generates substantial waste, including tailings and slag, which pose disposal
challenges and environmental risks (Mochi, Scatena et al. 2022).

e Mining operations are often hazardous for workers, with risks of accidents, exposure to
harmful substances, and long-term health effects (Mochi, Scatena et al. 2022).

e Local communities may be displaced, leading to social and economic disruption (Nguyen,
Tran et al. 2021).

e Compliance with environmental and safety regulations adds to operational costs and
complexity (Osborne, Lanza et al. 2014).

e Keeping up with evolving technologies and techniques for exploration and extraction
requires substantial investments in research and development.

e Mineral prices are subject to market fluctuations, impacting on the profitability and viability
of mining operations (Otsuka, Cornelissen et al. 2022).

e Mining operations can deplete local water sources, leading to conflicts over water rights
and environmental concerns.

e Some minerals, such as those used in electronics, may be sourced from regions with
ongoing conflicts, raising ethical concerns (Padgen, Lera et al. 2020).

Addressing these challenges in terrestrial mining necessitates sustainable practices,

technological innovation, and responsible resource management to minimize environmental

impact, ensure worker safety, and mitigate the social and economic consequences associated

with mineral extraction.
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2.6.2 Microgravity as a resource frontier
Microgravity serves as a resource frontier, offering a unique environment for innovative
approaches to resource extraction and utilization. In this weightless realm, celestial bodies like
asteroids, comets, and even the Moon become potential resource-rich targets. The absence of
gravitational limitations allows for novel mining and processing methods, potentially yielding
valuable minerals, precious metals, and water resources that could fuel future space
exploration, support in-space manufacturing, and address resource scarcity on earth (Studer,
Bradacs et al. 2011). As humanity ventures further into the cosmos, microgravity resource
utilization presents an enticing prospect with far-reaching implications for sustainable space

and our understanding of resource management beyond our home planet (Pletser 2013).

2.6.3 Techniques for mineral farming in space

Mineral farming in space necessitates the development of innovative techniques to overcome

the challenges of the unique microgravity environment and extract valuable resources from

celestial bodies. Several techniques are under consideration or in development:

e Mechanical systems, drills, and excavators can be employed to collect surface regolith from
celestial bodies like the Moon or asteroids. This regolith can then be processed to extract
minerals and resources (Pletser 2016).

e In-situ Resource Utilization (ISRU) involves the extraction and utilization of resources
available at the destination rather than transporting materials from earth. For instance, lunar
regolith can be processed to extract water, oxygen, and valuable minerals.

e Concentrated solar energy can be used to heat and melt regolith, separating minerals and
metals from the surrounding materials. This technique can be adapted for mineral extraction
in space (Pletser 2016).

e Electrostatic separation methods can be employed to extract minerals from regolith by
exploiting differences in charge and particle properties.

e Magnetic properties of minerals can be utilized in a magnetic separation process to separate
valuable minerals from waste materials.

e For processing metallic minerals, electro-refining techniques can be adapted in space to
purify and extract metals from ores (Tamaddon and Stiefs 2017).

e On-site 3D printing using regolith-derived materials can create structures, habitats, and
infrastructure, reducing the need to transport construction materials from earth (Wang

2021).
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e On bodies like the Moon or asteroids, water can be extracted from ice deposits, providing
essential resources for life support, fuel production, and radiation shielding (Vinken 2022).

e Advanced robotics and autonomous systems can be employed for mining, material handling,
and processing tasks, reducing the need for human intervention in the harsh space environment
(Pletser 2020).

e Developing and using advanced materials engineered for space environments can enhance the

efficiency of mineral extraction and processing techniques.

2.7 Advancing space exploration with microgravity

Advancing space exploration with microgravity is synonymous with unlocking the vast potential of
the cosmos. This unique condition propels scientific discovery, fuels technological innovation, and
underpins human adaptation for extended space missions. It plays a pivotal role in health research,
materials science, life support systems, sustainable agriculture, and resource utilization, forging a
path toward sustainable space colonization and deeper journeys into the universe. Microgravity
stands as a catalyst, transforming our visions of space exploration into tangible realities, with far-
reaching implications for the future of humanity beyond our home planet (Weber, Schitzle and

Stelzer 2022).

2.7.1 Microgravity’s role in human spaceflight
Microgravity's role in human spaceflight is multifaceted and fundamental, influencing various
aspects of astronaut missions and space habitation. Microgravity is a unique environment that allows
researchers to investigate the physiological effects of weightlessness on the human body. Prolonged
exposure to microgravity leads to muscle atrophy, bone density loss, cardiovascular changes, and
fluid redistribution (Pletser 2020). Understanding these effects is crucial for developing
countermeasures to ensure astronaut health during long-duration missions, such as those to Mars. It
also aids in the prevention of conditions like space motion sickness (Simpson 2008). Astronauts
undergo extensive training on earth, but simulations of microgravity, such as parabolic flight or
neutral buoyancy pools, provide invaluable hands-on experience in weightlessness. These
simulations are essential for preparing astronauts for spacewalks, operating spacecraft, and

conducting experiments in the space station environment (Pletser and Russomano 2020).
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Microgravity impacts spacecraft design, from the layout of living quarters to the placement of
controls and equipment. Efficient space utilization, waste management, and life support systems
must be considered to ensure astronaut well-being and mission success. The
microgravity environment aboard the International Space Station (ISS) and other spacecraft offers
aunique laboratory for conducting experiments across various scientific disciplines (Wuest, Richard
et al. 2015). Researchers leverage this environment to study phenomena that are impossible or
challenging to replicate on earth, advancing our understanding of biology, physics, materials science
(Prasad, Grimm et al. 2020).

2.7.2 Deep space exploration
Deep space exploration represents humanity's quest to venture beyond the confines of earth's
immediate vicinity and explore the vast regions of space that extend far into the cosmos. It involves
missions and endeavours that take us to destinations well beyond low earth orbit, including the
Moon, Mars, asteroids, and even the outer reaches of our solar system. Deep space exploration is
driven by scientific curiosity, technological advancement, and the pursuit of knowledge about the
universe, but it also holds the potential for future human habitation and resource utilization (Ran, An
et al. 2016).
Deep space exploration is characterized by its complexity, long-duration missions, and reliance on
cutting-edge technology. It requires international collaboration, rigorous planning, and a
commitment to pushing the boundaries of human knowledge and capability. As we continue to
expand our reach into the cosmos, deep space exploration holds the promise of answering profound
questions about the origins of our solar system, the potential for life elsewhere, and the future of

humanity beyond earth (Romero-Calvo, Garcia-Salcedo et al. 2020).

2.7.3 Interplanetary missions and microgravity
Interplanetary missions represent the next frontier of human exploration, offering a wealth of
scientific discoveries and the potential for future colonization. Understanding and effectively
managing the challenges posed by microgravity in the context of these missions is critical to their
success and the well-being of astronauts who embark on these extraordinary journeys (Snell and
Helliwell 2021). Interplanetary missions, which involve traveling to and exploring celestial bodies
beyond earth's orbit, encounter unique challenges and opportunities related to microgravity.
Microgravity's influence becomes more pronounced as spacecraft move farther from earth and

experience prolonged periods of weightlessness (Roberts, Asemani et al. 2019).
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2.8 Techniques in microgravity research

Microgravity research encompasses a wide range of scientific investigations conducted in the
absence of significant gravitational forces, either in space or through ground-based simulations.
Various techniques and tools are employed to facilitate these studies, advancing our understanding
of fundamental physics, biology, materials science (Sun, Hoekstra and Ellerbroek 2018). These
techniques, both in space and on earth, enable researchers to explore the effects of microgravity on
living organisms, physical processes, materials, and technology. Microgravity research continues to
yield valuable insights, driving scientific advancements and innovations with applications on earth

and in space exploration (Santaguida and Zhu 2023).

2.8.1 Drop towers
A drop tower is a research facility used for simulating brief periods of microgravity on earth. This
technique involves a tall, vertical tower from which experiments are dropped, creating a brief period
of freefall. Drop towers typically range in height from a few meters to over a hundred meters,
depending on the specific facility. Drop towers are valuable tools in microgravity research,
providing a controlled and repeatable environment for studying a wide range of phenomena
(Simpson 2008). While the duration of microgravity achieved in a drop tower is short compared to
space-based experiments, it offers researchers insights into the fundamental principles of physics,
materials science, and biology under microgravity conditions. These insights contribute to

advancements in science, technology, and space exploration (Santomartino, Waajen et al. 2020).

2.8.2 Parabolic flight campaigns
Parabolic flight campaigns have contributed significantly to our understanding of how physical and
biological systems behave in a microgravity environment. They serve as a valuable tool for
researchers to validate their experimental designs before conducting more extended experiments in
space. These flights are a thrilling and accessible way to experience weightlessness and contribute
to the advancement of science and space exploration (Santomartino, Waajen et al. 2020). Parabolic
flight campaigns, often referred to as "zero- gravity flights" or "vomit comet" flights, are a
specialized and exhilarating technique employed in microgravity research. These campaigns involve
aircraft flying along a carefully planned trajectory that creates periods of freefall, during which

passengers and experiments experience brief periods of weightlessness (Savino, Russo et al. 2015).
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2.8.3 Space station experiments
Experiments conducted on the International Space Station (ISS) represent a cornerstone of
microgravity research, offering an unparalleled opportunity to study a wide range of scientific

disciplines in the unique environment of low earth orbit. The ISS, joint research involving space

agencies from multiple countries serves as a state-of-the-art laboratory where astronauts conduct
experiments that provide valuable insights into various aspects of science and technology.
International Space Station experiments continue to yield groundbreaking discoveries and
technological advancements, enhancing our understanding of the universe and facilitating future

space exploration (Senatore, Mastroleo et al. 2018).

2.8.4 Technologies for microgravity research
Technologies for microgravity research encompass a wide range of tools, equipment, and
experimental setups designed to investigate scientific phenomena, conduct experiments, and gather
data in the unique environment of weightlessness. These technologies are essential for advancing
our understanding of various disciplines, from physics and materials science to biology and space
medicine (Loudon, Nicholson et al. 2018). Technological innovation in microgravity research
continues to evolve, allowing scientists and astronauts to push the boundaries of human knowledge
and explore the impacts of weightlessness on various scientific disciplines. These technologies not
only benefit space exploration but also have applications on earth, contributing to advancements in

healthcare, materials science, and industry (Shi, Tian et al. 2021).

2.9 Pre-flight simulations

Pre-flight simulations using Computational Fluid Dynamics (CFD) software play a crucial role in
planning and optimizing microgravity experiments conducted during parabolic flights. These
simulations enable researchers to predict fluid behaviours in reduced-gravity environments,
providing valuable insights into the expected outcomes and guiding the design of experimental
setups. In a study by Smith et al. (2018), pre-flight CFD simulations were used to analyse the
behaviour of multiphase flows in microgravity conditions, focusing on fluid dynamics phenomena
such as bubble dynamics and droplet coalescence. The simulations allowed researchers to optimize
experimental parameters such as fluid flow rates, container geometries, and sensor placements,

ensuring the successful execution of the experiment during parabolic flights.
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Furthermore, pre-flight CFD simulations enable researchers to explore different scenarios and
assess the impact of varying parameters on experimental outcomes. For instance, in a study by
Johnson et al. (2019), pre-flight simulations were used to investigate the effect of flow velocity on
fluid mixing in microgravity conditions. By systematically varying flow rates and analysing fluid
flow patterns, researchers were able to identify optimal operating conditions for achieving uniform
mixing and maximizing experimental efficiency during parabolic flights. These findings were
instrumental in designing the experimental setup and selecting appropriate instrumentation for data
acquisition.

Moreover, pre-flight CFD simulations serve as a virtual testing ground for evaluating the feasibility
and safety of experimental procedures. By simulating various scenarios and assessing potential
risks, researchers can identify and mitigate potential issues before conducting actual experiments.
In a study by Lee et al. (2020), pre-flight simulations were used to assess the stability of fluid
interfaces in microgravity conditions and evaluate the risk of interface rupture during fluid
manipulation manoeuvres. The simulations provided valuable insights into the behaviours of liquid-
gas interfaces and informed the development of protocols for conducting experiments safely during

parabolic flights.

Additionally, pre-flight CFD simulations facilitate the optimization of experimental setups by
predicting the behaviours of complex fluid systems in microgravity. Researchers can use simulation
results to refine experimental designs, improve system performance, and maximize the scientific
yield of parabolic flight campaigns. In a study by Wang et al. (2021), pre-flight simulations were
employed to optimize the design of a microfluidic device for studying cell behaviours in
microgravity conditions. The simulations guided the selection of device materials, geometries, and
operating parameters, leading to improved experimental sensitivity and reliability.

Furthermore, pre-flight CFD simulations enable researchers to explore fundamental fluid dynamics
phenomena in microgravity environments, providing valuable insights into underlying physical
mechanisms. By simulating fluid flow at various length and time scales, researchers can elucidate
the fundamental principles governing fluid behaviours in reduced-gravity conditions. In a study by
Chen et al. (2022), pre-flight simulations were used to investigate the effect of surface tension
gradients on fluid mixing in microgravity conditions. The simulations revealed complex flow
patterns driven by surface tension forces and provided new insights into the role of interfacial

phenomena in microgravity fluid dynamics.

23



2.10 Aerodynamic forces on an aircraft

Aerodynamic forces in dynamic equilibrium are roughly reduced to four components: lift, thrust,
weight, and drag. When these forces are balanced, an aircraft will be in dynamic equilibrium. The
fluid flow rate across the aircraft and the flow regime will determine the drag force as a function of

velocity.

Figure 2.1: Fluid flow across the body of an aircraft will influence the aerodynamic forces.

Aerodynamics is a complex topic involving multiple areas of physics and engineering. Even though
aerodynamics analysis is complicated, there is one area of aerodynamics that can be easily described
using basic physics: aerodynamic forces. The primary forces acting on an aircraft can be broken

down into a few basic components and analysed in the same way as a typical free body diagram.

These forces are also related to fluid flow along the body of an aircraft. Fluid can flow in three
possible regimes (laminar, turbulent, or transitional), and the characteristics of fluid flow in each
regime will affect the drag and lift on an aircraft. Figure 4.1 shows the fluid flow across an aircraft.
In this chapter a CFD simulation model is setup to look at the main components that make up

aerodynamic forces.

2.10.1 Free Body diagram of the aerodynamic forces
The aerodynamic forces acting on an aircraft can be viewed graphically in a free body diagram,
which is generally shown using force vectors acting on an aerofoil. The main aerodynamic forces
acting on an aircraft include: 1) lift is a force that counteracts gravity and is induced by airflow
passing beneath the aircraft, i1) drag, as fluid flows along the body of the craft, its viscosity causes

it to exert some drag that resists the forward motion of the aircraft, iii) thrust force is exerted by the
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engines and forces the craft to move along the forward direction and iv) gravity determines the

weight of the aircraft and always points in the downward direction.

The important parameters that determine the direction and magnitude of these forces are the attack
angle, relative wind speed, and the shape of the aircraft (particularly the wings). The first three
forces in the above list do not act at the centre of gravity of the craft, but rather at the centre of

pressure, which is determined for a complex body in a similar manner as the centre of gravity.

The two main aerodynamic forces that are driven by wind speed are shown in the free body diagram
below. Gravity will always point downward and will act at the craft’s centre of gravity. Thrust will
generally be parallel or nearly parallel to the chord line, which will direct the motion of the craft in
a desired trajectory. Trajectory generation is a fundamental aspect of autonomous systems,
involving the computation of states and control signals that meet specific constraints and objectives.
Reliable and efficient trajectory generation methods are essential for the successful operation of

autonomous vehicles. Figure 4.2 shows the free body diagram of the forces acting on the aircraft.
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Figure 2.2: Free body diagram showing aerodynamic forces.

2.10.2 Aerodynamic drag force definition
Drag is one of the critical forces, as it will determine the amount of thrust required to keep the craft
in dynamic equilibrium. As an aircraft is in motion, it will be moving through a fluid, which will be
responsible for exerting lift and drag on the craft. Lift and drag will determine the net aerodynamic
force acting on the aircraft. The drag force will be some function of velocity, depending on the flow
regime. It is often desired that fluid flow across the body of an aircraft be laminar, as this will

produce the smallest drag force during flight.
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The drag force, also called skin friction, will depend on the magnitude of the wind speed researched
along the attack angle and the flow regime. Several models have been used to determine the total
drag force acting on an aircraft in general. The drag force is defined as follows using a surface
integral:

F=[surfaceCfpv22dAF=|surfaceCfpv22dA (1)

In equation 4.1, Cris the drag force coefficient, which comprises contributions from a viscosity-
driven friction drag force and a pressure-driven drag force. The other symbols have their usual
meanings. Note that the density here is evaluated at the surface of the aircraft. If the integral is
removed and converted back to a derivative, it is seen that the integrand in the above equation
defines the pressure exerted on the aircraft due to drag. There are several definitions for Cy, all of

which depend on the flow regime.

2.10.3 Laminar and turbulent flow
The laminar flow drag coefficient depends, in general, on some inverse powers of Reynolds
numbers. In general, the drag coefficient will depend on multiple factors such as the density regime,
how the density of the fluid varies with pressure, and the viscosity. The equation 4.2 below is reliable
for a broad range of Reynolds numbers in laminar flow and is a good approximation for drag in
laminar flow.
Cf=24Re+4Re——+0.4Cf=24Re+4Re+0.4 (2)
Drag in turbulent flow is more complex, and it is difficult to generalize a definition for the drag
coefficient to all values of Reynolds number. One result that is useful in low Reynolds number flows
with turbulent boundary layers is Prandtl’s power law shown in equation 4.3.
Cf=0.027Rel/7xCf=0.027Rex1/7 3)
There is also a transitional region between laminar flow and turbulent flow, where the drag
coefficient also depends in general on some function of the Reynolds number. This regime of fluid
flow is also complex, and determining an appropriate drag coefficient relies on accurate CFD

simulations.

2.10.4 Using simulations to determine the aerodynamic forces acting on an aircraft.
The main point in looking at the above equations is solving the problem of determining drag on an
aircraft is really one of determining the flow regime and the flow velocity. Because air is a

compressible fluid, its density at the surface of the aircraft is considered as well. Taken together, it
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is possible to evaluate drag conditions and thus the total acrodynamic force on the craft.
Determining the aerodynamic forces acting on an aircraft requires a set of CFD simulations for
determining the fluid flow rate. Because the flow rate will determine drag and lift on the aircraft,
it’s also advised using some FEA/FEM simulations to determine the internal mechanical forces to
ensure structural integrity. Mesh generation is also important to ensure the appropriate balance
between simulation accuracy and computational effort, and the right set of solver tools can help.
Systems engineers that need to understand the influence of aerodynamic forces on their designs
should use the complete set of CFD simulation software and packages. The mesh generation tools
need to be effective in helping to create accurate simulation grids with high mesh order in complex
geometries without requiring extensive computational complexity. Once a mesh is created and ready
for further analysis, the set of CFD simulation tools and solvers can determine the flow solution for

the relevant system accurately and efficiently.

2.11 Summary

Through the review and analysis of recent publications and the need to microgravity this chapter
delves into the significant advancements and research conducted on utilizing microgravity
environments for cost-effective space exploration and mineral farming. As space exploration
becomes an increasingly vital aspect of scientific and economic progress, harnessing the unique
properties of microgravity for these purposes has gained prominence. The following are the key
findings from this chapter:

e The first section explores the use of microgravity in space exploration. This research is
significant to any country’s development and growth. There are currently 77 space agencies
around the world, 16 of which have launch capabilities. The most notable being NASA but there
are also important agencies in Russia, China, Europe, Canada, Japan, and India. In 2022, global
government expenditure for space programs hit a record of approximately 103 billion U.S.
dollars. Studies have demonstrated the benefits of microgravity for conducting experiments and
research that are simply not feasible on earth. Microgravity environments enable scientists to
study fundamental physical and biological processes, test advanced technologies, and develop
innovative propulsion systems, thereby contributing to effective space missions.

e The second section focuses on mineral farming in microgravity environments. As population
growth is too much, we can’t sustain this world for long time we have to become extra territory.

Eventually in 30 to 40 years of time, we must go to another planet and explore things. As earth's
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resources become increasingly scarce, space-based mining and resource utilization are gaining
traction as viable alternatives. Researchers have investigated the feasibility of extracting valuable
minerals, such as rare metals and precious resources, from asteroids and celestial bodies. The
absence of gravity-related limitations, such as sedimentation and buoyancy, makes microgravity
an ideal environment for mineral extraction and processing.

The third section explores the challenges and opportunities associated with microgravity- based
space exploration and mineral farming. Challenges include the development of reliable and cost-
effective transportation systems, the management of space debris, and the mitigation of health
risks for astronauts in prolonged microgravity. Opportunities, on the other hand, encompass the
potential for sustainable resource extraction and the advancement of in-space manufacturing,
which could revolutionize space economies.

Every time we try to explore space, we need to have certain equipment and flight to perform the
challenge along with a trained operator or pilot who can perform this task.

Space exploration, while incredibly exciting and promising, also comes with a range of
significant challenges. Space exploration has been tried from 1800 years however in recent years
the approximated cost varies between 100k to 200k billions of US dollars to travel to space.
These challenges encompass technical, logistical, environmental, and human factors. These
conditions can damage equipment and pose risks to astronauts. The vast distances in space make
communication with spacecraft and probes difficult. There are delays in transmitting signals,
which can impact real-time decision-making during missions.

Space is littered with debris from past missions, defunct satellites, and spent rocket stages. This
debris poses a significant collision risk to operational spacecraft. Prolonged exposure to
microgravity can have detrimental effects on the health of astronauts, including muscle and bone
loss, cardiovascular issues, and changes in vision (Longo et al., 2019). Space exploration is
extremely expensive, with costs running into billions of dollars for missions. Funding constraints
can limit the scope and frequency of missions. Developing and maintaining spacecraft,
propulsion systems, and life support systems that can withstand the rigors of space is a constant
technical challenge.

Astronauts face health risks from radiation exposure, psychological stress, and long- duration
spaceflight. Addressing these health concerns is critical for the success of deep- space missions.

Supplies such as water, food, and oxygen are limited during long missions. Developing closed-
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loop life support systems and resource utilization technologies is essential. Preventing
contamination of other celestial bodies with earth microorganisms and vice versa is a significant
concern, especially for missions to potentially habitable places. Coordination and cooperation
between multiple countries and organizations can be challenging due to differing objectives,
budgets, and political considerations.

e Pre-flight simulations using CFD software are essential tools for planning and optimizing
microgravity experiments conducted during parabolic flights. These simulations enable
researchers to predict fluid behaviors, optimize experimental setups, assess risks, and explore
fundamental fluid dynamics phenomena in reduced-gravity environments. By leveraging the
predictive capabilities of CFD, researchers can maximize the scientific yield of parabolic flight
campaigns and advance our understanding of fluid dynamics in microgravity conditions.

In conclusion, the review highlights the significance of microgravity for achieving cost- effective

space exploration and mineral farming. Research conducted in this field demonstrates its potential to

unlock new frontiers in space exploration using light weight flights which enable sustainable resource
utilization and reduce our dependence on earth's finite resources. This leads to innovative solutions
and economic growth beyond our planet. Simulation of microgravity environment using lightweight
flights is a relatively less explored domain, with limited research and experimentation. This presents

a compelling opportunity to enhance our understanding of the unique challenges and advantages that

microgravity offers for lightweight aircraft, potentially opening new avenues for innovation in space

exploration. To tackle these challenges, it's essential to create a matrix model that prioritizes

enhancing our comprehension of microgravity and its impact on aircraft performance.
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3 Aircraft Performance Model

3.1 Flight matrix

This section of the report outlines the framework implemented as a part of the microgravity simulation
research. It also discusses the safety and analysis associated microgravity aircraft simulations followed
by the implementation of tacit knowledge and system validation. Figure 3.1 presents an overview of
this section. The mains components of this framework are:

e Designing and implementing an aircraft performance model and evaluating how the aircraft
performs in these simulated microgravity conditions using computational and mathematical modelling
principles.

e Designing an intelligent safety analysis module that utilizes advanced techniques like machine
learning and hazard pattern recognition to detect potential risk scenarios for the pilot as well as the
aircraft.

e Incorporating a framework for tacit knowledge that closely replicates the real-world conditions
experienced by pilots and aircraft in microgravity, thereby improving the accuracy and productivity of
the simulation based on the insights from experienced pilots.

e Validating the proposed matrix model in real-world situations to assess its effectiveness. These case
studies serve as a crucial bridge between theory and practical applications, allowing us to establish

connections between our research findings and real-world scenarios.

Aircraft performance - Novel Microgravity | Safety Analysis
model - Simulation Matrix o
Y
System Evaluation and | Tacit Knowledge
Dissemination - and Training

Figure 3.1 : Overview
The flight matrix framework starts with the aircraft performance model that accurately mimics the
aircraft behaviours to microgravity simulations. To optimize the quality and duration of the
microgravity experiments, a comprehensive approach will involve a thorough analysis of both the
aircraft's performance capabilities and the pilot's role in executing the intended flight regimes. This

analysis will utilize finite modelling techniques to predict and define the most advantageous flight

30



profiles that will enable the experiments to achieve maximum fidelity and duration in microgravity
conditions. Further, the finite model analysis will delve into various critical aspects of the aircraft's
performance, considering factors such as its aerodynamics, propulsion systems, and control
mechanisms. By employing advanced computational tools, this model will simulate and analyse the
behaviour of the aircraft under different flight conditions, identifying the flight profiles that offer the

highest degree of microgravity for the experiments.

Furthermore, a comprehensive risk analysis will be carried out to assess the integrity and safety of
various systems within the aircraft. Attention will be given to the hydraulic and fuel systems, as their
reliable operation is crucial for maintaining the safety and stability of the aircraft, especially in the
demanding microgravity environment. This risk analysis will involve identifying potential failure
modes, evaluating their likelihood, and determining their potential consequences. By doing so, we will
implement robust safety measures and redundancy systems to mitigate these risks and guarantee the

secure operation of the aircraft throughout the entirety of the microgravity experiments.

This section of the report focuses on creating the framework of a novel linear flight performance
model, analyse, and performance evaluation using a Computational Fluid Dynamics (CFD) matrix
model. The effectiveness of this framework will be verified through computational analysis comparing
it to various jet flights. Subsequent reports will provide a more comprehensive explanation of these
mathematical models and analysis. Figure 3.2 outlines the flight matrix framework for microgravity

simulation.
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Figure 3.2: The flight matrix framework

3.1.1 Benchmarking

An important component of this research involves a CFD analysis and simulation methods aimed at
establishing performance benchmarks across various flight parameters, including speed, ascent and
descent angles, and safety features This comprehensive analysis will be a reference point for
evaluating aircraft performance in different conditions, especially in simulated microgravity
environments. These experiments will not only scrutinize the standard performance metrics of jet
aircraft but also delve into potential failure modes that may arise during flight. Identifying these failure
modes is essential for aviation safety. Moreover, it will thoroughly review the safety measures and

protocols in place to mitigate these potential risks, ensuring that aviation safety remains a top priority.

Initially, the aircraft will enter a steep dive with maximum thrust, allowing it to accelerate from its top
speed at sea level to a high value of speed which should never be exceeded. During this phase, the
aircraft will have a nose-down attitude, potentially reaching -60 degrees. The aircraft will then be
smoothly pulled up to nose high attitude at a relatively high G loading. It will smoothly transition into

a high-G pull-up manoeuvre, aiming for the optimal loading to conserve energy effectively. Once the
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aircraft reaches a suitable point, known as the point of injection, it will enter a parabolic trajectory. In
this phase, the horizontal speed component remains constant, while the vertical speed component starts
high and gradually decreases at a rate of 9.81 meters per second squared (m/s?). The pitch control aims
to achieve as close to zero G-force as possible along the normal axis, and the thrust will need to adjust
to overcome changing aircraft drag. Thrust begins near maximum and reduces significantly at the
parabola's apogee, increasing as the aircraft descends. In summary, the research goals involve
predicting the optimal G-loading during pull-up and the ideal pitch attitude at injection. This
information will enable predictions of airspeed at injection, the true vertical speed component, and the

duration of zero gravity flight.

Operating at an altitude above 10,000 feet above ground level (AGL) is essential for safety during
experiments. This altitude allows time to restart the engine in case of flameout due to abnormal fuel
conditions experienced in microgravity flight. The aircraft will glide with a descent rate of
approximately 1500 feet per minute, providing over 5 minutes to restart the engine. Ultimately, this
study and subsequent analysis will enable us to pinpoint critical safety concerns and performance
characteristics specific to flight in microgravity conditions. With this information, informed decisions
can be made to improve aircraft systems, pilot training, and safety protocols, ensuring that aviation

remains a safe and reliable mode of transportation even in the challenging context of reduced gravity.

3.1.2 Accelerometer design

This framework has also implemented a custom, high-performance accelerometer to accurately
measure the acceleration of the aircraft in 3 axes. The resultant accelerations are indicated and recorded
on an android which is coupled via Bluetooth. A simple guided calibration routine has been included
within the android app. In addition, time, position, ground speed and (ground positioning system) GPS
altitude data from the androids internal GPS are recorded. The devices are interfaced via their Serial
Peripheral Interfaces (SPI) to an NRF52832 microcontroller with an inbuilt Bluetooth radio
transceiver. This device has an ARM processor and the ability to communicate to an Android device

using Bluetooth communications. A data rate more than 20Hz has been demonstrated.

The system consists of a pair of accelerometers. The first, an ADIS16210CMLZ is a “Precision
Triaxial Inclinometer and Accelerometer with SPI”. This part was chosen since it has a far lower drift

than most MEMS sensors. This sensor is limited above 1.7G however, which is not sufficient to
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measure the pull up phase of the flight. For this reason, a second accelerometer with a lower precision
but greater range was also employed. The second accelerometer is a TDK 1IM-42652. This part is also
a 3-axis accelerometer, with programable ranges of +/- 2,4,8 and 16G. When the acceleration exceeds
this limit of the ADIS16210CMLZ, the acceleration values are obtained from this device. Each
accelerometer package is capable of being powered from the aircrafts 28VDC avionics bus and will

be securely screwed to the aircraft.

3.1.3 Cockpit display

A significant challenge involves designing a cockpit display that allows the pilot to execute precise
microgravity profiles with minimal distraction or interpretation. The approach this framework uses is
to use a straightforward and uncluttered moving pointer on a linear scale. When the acceleration in the
normal axis falls between +0.5G and -0.5G, a second expanded scale becomes visible. These
indications are organized as command instruments, meaning they provide guidance in the same
direction. For instance, if the indication points upwards, it signifies that the aircraft's nose needs to be
raised. Similarly, if there is a rightward indication in longitudinal acceleration, it suggests the need to
increase thrust. In essence, these indications instruct the pilot on the actions required to achieve the
desired outcome. While digital displays serve to confirm results, it's the analogue indications that the

pilots will primarily rely on for aircraft control.

In addition, the framework plans to install a GARMIN GNX375W unit, equipped with a GPS that
updates every 0.1 second and can provide traffic notifications. This feature is crucial for enhancing
the pilot's situational awareness, especially during the demanding operation at hand. Since the pilot's
attention will be focused on accelerometer readings, particularly during the microgravity phase of the

flight, this traffic notification system becomes very important in ensuring safety.
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Figure 3.3: The android app integrated with the accelerometer.

The android device onboard will have the capability to record acceleration data from the
accelerometers and serial data from the panel-mounted GPS. Additionally, data from the slower GPS
unit internal to the android device will be recorded for cross-referencing. All this data will be stored
as a Comma Separated Variable (CSV) file along with GPS timestamps within the Android device,
making it easily shareable for later analysis. Lastly, to capture a comprehensive record of the flight,
the existing cockpit instruments and the android app can be filmed using a GoPro-type camera. Figure
3.3 shows the android device that could be connected to the accelerometer. Since the UTC time code
is prominently displayed in the app, it will facilitate the retrieval of any unrecorded data points,
including aircraft attitude, airspeed, altitude, and abnormal indications such as hydraulic pressure

readings.

3.2 Novel microgravity simulation matrix

The framework developed as part of this research is intelligence-based consisting of two main modules
designed to replicate the aircraft conditions in the event of reduced gravity to limit the challenges faced
during space exploration experimentation. The framework uses core concepts like mathematical

modelling and CFD to simulate the environment of low gravity in an in-air aircraft. Advance
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technologies such as Artificial Intelligence will be then inculcated in this framework to perform
extensive safety analysis. The framework of the two main modules, computational fluid dynamics

models and performance analysis is explained in the next section.

3.2.1 Computational modelling

A framework detailing the CFD modelling is undertaken for the S211 aircraft as a pivotal component
of a comprehensive study investigating the impact of aerodynamics on aircraft's behaviour during
microgravity flight. As detailed earlier in this research, microgravity, or zero-gravity flight, represents
a distinctive manoeuvre wherein the pilot operates the aircraft through a specific parabolic trajectory,
often repeating this manoeuvre multiple times in quick succession. Each parabolic trajectory is of
relatively short duration, lasting only a few seconds, during which a state of weightlessness is induced
within the confines of the aircraft. Such flights are commonly referred to as parabolic or zero-gravity

flights, primarily employed for scientific research purposes.

Apex of Parabola

¥

Pull Up Phase Pull Out Phase

*

Figure 3.4: Parabolic flight stages

The parabolic manoeuvre is divided into three distinct stages: the pull-up phase, the apex of the
parabola, and the pull-out phase as described in the Figure 3.4. Throughout these dynamic transitions,
the aircraft encounters rapid and dynamic alterations in aerodynamic lift and drag forces. These
changes are further compounded by the concurrent interplay of other significant forces, namely thrust

and gravitational weight. Maintaining the aircraft's equilibrium throughout these stages is of
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paramount importance to ensure the aircraft's overall stability during flight. Figure 3.5 highlights the

main modules of this Computational modelling framework.
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Figure 3.5: Computational modelling framework.

3.2.2 Aerodynamic forces

Aerodynamic forces play a crucial role in the equilibrium and performance of aircraft. These forces
are broken down into four primary components: lift, thrust, weight, and drag. When these forces are

balanced, the aircraft remains in dynamic equilibrium. Figure 3.6 shows these forces on an aircraft.
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Figure 3.6: Aerodynamic forces on an aircraft
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Lift is generated by the airflow passing beneath the aircraft and it counteracts gravity, allowing the
plane to stay airborne. Thrust, on the other hand, is produced by the engines and propels the aircraft
forward. Gravity acts downward, determining the aircraft's weight. Finally, drag, caused by the
resistance of the surrounding air as it flows over the aircraft's surface, opposes its forward motion.
Different types of drags like parasite, form-induced, interface, profile, lift-induced and wave are
studied and discussed in this framework. The laminar and turbulent flow is also considered in this

framework.

Once these aerodynamic forces are analysed, then the model setup is done for the computational fluid
dynamics in ANSYS Fluent Software which is determined suitable for this analysis. Following the
model setup and analysis, the results are calculated and analysed. These include numeric values like
drag coefficient, lift coefficient and induced drag on the aircraft. The analysis for these parameters will

then determine the environment conditions for the microgravity simulation.

3.2.3 Performance analysis

Microgravity flight is often used for simulating zero-gravity conditions which involves complex
kinematic analysis and control strategies to create a sensation of weightlessness within an aircraft. A
framework is created that dives into mathematical modelling and controlling microgravity flight. This
framework is created with a focus on achieving a zero-gravity environment. The development of the
mathematical model starts with the discussion of the various operating principles and making accurate
assumptions for the mathematical model. These initial conditions form a foundation for the upcoming
calculations. Based on this data, flight path is determined followed by aerodynamic analysis of various
parameters and forces acting on the aircraft. Finally, a flight control framework is proposed based on
proof-mass tracking where parameters such as thrust, and elevator deflection are discussed. Figure 3.7

below provides an overview of the various processes within this mathematical model framework.
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Figure 3.7: Framework of mathematical model

Key features of such microgravity flights are captured through a simplified model of an aircraft
operating in a vertical plane. Assuming negligible couplings between longitudinal and lateral-
directional aircraft dynamics, this step creates an arbitrary gravity vector. Then the aircraft's
longitudinal axis is aligned with the stability x-axis and reaction forces acting on an object within the
aircraft are manipulated to achieve a reduced gravity condition. The Figure 3.8 below explains the

initial free body diagram of the process.

Reaction Force (R) Aircraft Speed (V)

y : Flight Path Angle

————3 X

Weight

Figure 3.8: Initial free body diagram of the forces acting on a body placed in an aircratft.
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After the main principles to replicate zero gravity are established, the kinematic analysis for the
trajectory is computed. For these calculations, the aircraft's speed (V) and flight path angle (y) are
analysed. The aircraft's inertial acceleration is determined using Euler's formula. The reaction force
(R) acting on an object from the aircraft floor is then related to the apparent weight of the object using
Newton's second law. After this, trajectory planning involves solving coupled nonlinear differential
equations while considering initial conditions. Following the kinematic analysis, the longitudinal
spatial kinematic equations are formulated to impose zero longitudinal acceleration and desired normal
acceleration along the vertical axis. After this, nominal flight trajectories are calculated for different
phases of reduced gravity flight, such as pull-up and pull-out stages. In practice, planning is necessary
to ensure smooth transitions between pull-up and pull-out stages to prevent passenger discomfort such

as vomiting and temporary blindness.

The next step introduces the longitudinal equations of motion and their relationship to the perception
of acceleration inside the aircraft. Two longitudinal models, stability-axes and body-axes are presented
in this framework. Parameters such as attack angle, relative wind speed, and aircraft shape affect the
forces and moments acting on the aircraft. To simulate reduced gravity effectively, a control framework
based on proof mass-tracking is proposed. This concept involves maintaining the position of a proof
mass relative to the aircraft to create a zero-gravity environment. The control architecture for this

purpose is then detailed, emphasizing the importance of position error feedback.

After assuming that the proof mass is placed inside a completely closed cavity in the cockpit, the
control architecture revolves around controlling thrust and elevator deflection to track the proof mass
effectively. The concept of Triple-integral thrust control is introduced to reject the quadratic
disturbance caused by drag. Then, the elevator control is simplified assuming a small angle of attack,
utilizing a PID controller for pitch moment. This framework provides a comprehensive overview of
microgravity flight modelling and control. It covers fundamental principles, kinematic analysis, flight
path determination, dynamics analysis, and control strategies. The proposed proof mass-tracking
method offers a promising approach to simulate zero-gravity conditions with high precision and
control. Understanding the minute details of reduced gravity flight is crucial for successful zero-

gravity simulations and experiments in aerospace research and training.
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3.3 Safety analysis

Ensuring the safety of both aircraft and their crew members is crucial in aviation and aerospace
research. Thus, this research implements an extensive analysis of safety issues by leveraging data sets
acquired from the augmented studies. These studies are designed to mimic the unique challenges posed
by microgravity environments, such as high dynamic airspeeds, G loadings, and rapid ascent/descent

rates.

One of the key advancements in our research is the utilization of Al in the analysis of vast data sets.
These data sets are derived from our simulated microgravity experiments and from historical data
sources. The application of Al allows us to delve into the complexities of nonlinear systems that are

often difficult to model using traditional approaches. Figure 3.9 shows the Al empowered safety
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analysis model.
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Figure 3.9: Al empowered safety analysis model

The integration of Al into this analysis has several significant benefits. Firstly, it enables us to extract
valuable insights and patterns from the massive amount of data generated during our research. These
insights can identify subtle and minute relationships that may not be apparent through manual analysis
alone. By discerning these patterns, we can enhance our understanding of the dynamics at play in

microgravity environments.

Moreover, Al-driven analysis has the potential to empower real-time decision-making. This is
especially critical during space missions, where abrupt conditions and challenges can arise. Whether
piloted by astronauts or guided by automated systems, spacecraft must be capable of adapting to
unexpected circumstances swiftly and effectively. Al-based analysis can provide valuable support in

making rapid adjustments and informed decisions to ensure the safety and success of the mission. For
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instance, Al algorithms can continuously monitor various systems and sensors aboard the spacecratft,
detecting anomalies and deviations from expected values. When anomalies are identified, the Al
system can suggest corrective actions or adjustments to maintain the safety and integrity of the
mission. This level of automation and decision support can be particularly crucial when human

intervention is limited or when quick responses are needed to prevent potential hazards.

3.3.1 Tacit knowledge and training

This research aims to capture and utilize this tacit knowledge effectively. By utilizing the insights and
experiences of seasoned pilots, we can develop simulations that are not only more realistic but also
more applicable to real-world flight situations. This approach ensures that our experiments and
simulations closely mirror the actual conditions that astronauts and aircraft encounter in microgravity,
leading to more accurate results. The data obtained from these enhanced simulations is invaluable for
multiple purposes. Firstly, it can be utilized to design and engineer the aircraft intended for space
missions. Understanding how various aircraft components and systems perform under microgravity
conditions is critical for ensuring their reliability and safety during space travel. Pilots' tacit knowledge
plays a crucial role in providing insights into the behaviour of these systems when gravity's influence

is significantly reduced.

Additionally, the tacit knowledge contributed by pilots extends to their own performance in
microgravity. Pilots who have experienced space travel or similar conditions can offer unique
perspectives on how their skills, reactions, and decision-making processes adapt to the absence of
normal gravitational forces. This understanding is important for training future astronauts and
optimizing their performance during missions. The insights from experienced pilots can also help
identify potential risks associated with microgravity environments. Pilots often have an intuitive sense
of the challenges and hazards that may arise during space missions. Their knowledge can be
instrumental in developing strategies to mitigate these risks, enhancing the safety of future missions

and the well-being of astronauts and pilots.

The data sets generated by the tacit knowledge of the pilots can be used to simulate real-world
scenarios and challenges, enabling new pilots to train more effectively and make informed decisions

when faced with unlikely circumstances. This not only reduces the learning curve for new pilots but
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also significantly enhances safety by equipping them with the knowledge and skills needed to navigate

complex situations with confidence.

3.3.2 System evaluation and dissemination

The pivotal stage of this research involves the validation of the proof of concept which is developed.
This concept serves as the foundation for a matrix model designed to evaluate and benchmark the
performance of various aircraft in microgravity environments. The goal is to create a robust and
reliable tool that can be an asset to both the aviation and space industries, with the primary aims of
enhancing safety and minimizing risks associated with aerospace endeavours. The matrix model once
fully developed and validated, will be an important advancement in the world of aviation and space
exploration. It will provide a standardized framework for assessing how different aircraft perform
under the unique conditions of microgravity. This aspect of aerospace engineering allows engineers
and designers to fine-tune aircraft components and systems to ensure they function optimally in space

missions.

Enhancing safety is one of the main motivations behind this research. By having a well-established
benchmarking model, we can identify potential issues or vulnerabilities in aircraft systems when
exposed to microgravity. The early recognition of problems enables engineers to implement necessary
modifications and safety measures, minimizing the issues of accidents or malfunctions during
missions. The development and validation of a matrix model that evaluates aircraft performance in
microgravity conditions is then proposed. This model represents a groundbreaking advancement in the
aviation and space industries, as it enhances safety, reduces risks, and facilitates more effective pilot

training.

3.3.3 Mitigation Strategies

Hydraulic System

In a microgravity environment, the behaviour of hydraulic fluid changes significantly due to the
absence of gravitational forces that normally assist in maintaining consistent fluid distribution. To
address the challenge of fluid redistribution, advanced computational fluid dynamics (CFD) models
can be developed to simulate fluid behaviour in reservoirs and lines. These models should incorporate
microgravity-specific conditions, such as random fluid movements and the effects of surface tension,

to predict scenarios like fluid pooling or cavitation near pumps. Incorporating compliant bladder-style
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reservoirs can mitigate redistribution risks by keeping the fluid in controlled compartments,
independent of gravity.

Additionally, sensors to detect air bubbles and automated air-bleeding mechanisms are critical to
managing air entrapment, a common issue in such conditions. For overpressure or leakage risks, robust
materials and redundancies in hydraulic line design are essential. High-strength, lightweight composite
materials should replace traditional lines to handle unexpected pressure spikes. Implementing dynamic
pressure-relief valves at strategic points in the hydraulic network can further enhance safety by

releasing excess pressure during operational anomalies.

Fuel System

The fuel system faces unique risks such as fuel sloshing and stratification. Modelling tools like
Smoothed Particle Hydrodynamics (SPH) simulations can replicate the free-floating behaviour of
liquid fuel in tanks under microgravity. This helps in designing internal baffles or sponge-like
structures that stabilize the fuel. Additionally, coatings with hydrophobic properties can channel fuel
toward intakes, ensuring proper supply even during dynamic manoeuvres. To combat vapor lock,
which is exacerbated by the absence of gravity, fuel with low vapor pressure should be prioritized.
Maintaining temperature consistency through active cooling or heating systems prevents vapor
formation.

To minimize system contamination, fine-mesh filters and multi-stage filtration systems must be
integrated. These components should be paired with real-time monitoring sensors capable of detecting
and flagging contaminants. Such systems should be supported by automated self-cleaning
mechanisms, which can be activated upon detecting filter blockages to maintain optimal flow rates

without manual intervention.

Advanced Testing and Validation

Before deploying these systems in a microgravity environment, rigorous testing is essential. Ground-
based parabolic flights can replicate microgravity conditions for brief periods, allowing engineers to
observe and validate fluid dynamics and system performance. Numerical simulations using digital
twins—yvirtual replicas of the hydraulic and fuel systems—offer an efficient way to test a variety of
failure scenarios and refine designs. These digital twins can incorporate real-world data from sensors
to improve prediction accuracy over time. Longer-duration validation can be achieved through

experiments on the International Space Station (ISS) or other orbital platforms. Small-scale prototypes
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of the hydraulic and fuel systems could be tested under operational stresses in space, providing
valuable data to optimize the full-scale systems for microgravity operations.

Operational Strategies

Real-time monitoring and proactive maintenance are crucial in mitigating risks. Sensor networks that
measure parameters like pressure, flow rate, temperature, and vibration can continuously assess system
health. Any anomalies should trigger automated safety protocols, such as switching to backup lines or
pumps. Periodic system health diagnostics, aided by predictive maintenance algorithms, ensure that
wear and tear are addressed before critical failures occur. By combining advanced modeling, rigorous
testing, and proactive operational strategies, the hydraulic and fuel systems of the S211 aircraft can be

adapted to function safely and reliably in a microgravity environment.

3.3.4 Risk Matrix

Aircraft safety requires a comprehensive evaluation of multiple systems and their interactions to
address potential risks. Below is the risk matrix encompassing critical parameters and their associated

mitigation strategies.

Parameter Hazard Likelihood | Impact | Risk Mitigation Strategy
(L) @ Level
Wing structure | Fatigue 2 4 Medium | Periodic  non-destructive
Cracks testing (NDT);  stress-
reducing design changes.

Hydraulic Overpressure | 3 5 High Install pressure-relief

System valves; use robust materials
in lines.

Fuel System Vapor Lock | 2 4 Medium | Use  low-vapor-pressure
fuel; regulate temperature
during operation.

Avionics Sensor 1 5 Medium | Implement redundant

Failure sensors; perform regular
software updates.

Landing Gear | Braking 2 5 High Use dual braking circuits;

System inspect and replace worn
Failure components.

Electrical Power Supply | 3 4 High Introducing battery

System Disruption backups; test for
electromagnetic
interference (EMI).

Control Actuator 2 5 High Add redundant actuators;
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Surfaces Malfunction monitor with real-time
feedback systems.

Cabin Pressurization | 1 5 Medium Incorporate emergency

Environment Failure oxygen systems; conduct
leak detection tests.

Engine Compressor | 2 4 Medium | Implement stall margin

Performance Stall monitoring; use advanced
blade designs.

Navigation GPS  Signal | 2 3 Medium | Integrate inertial navigation

System Loss systems (INS) as backups.

Communication | Signal 2 4 Medium | Use frequency-hopping

Systems Interference communication protocols;

shield sensitive equipment.

3.4 Computational studies

3.4.1 Introduction

This section discusses the Computational Fluid Dynamics (CFD) modelling of the S211 aircraft that
was carried out as part of a study investigating the effects of aecrodynamics. The micro gravity or zero
gravity flight is a specific manoeuvre in which the pilot flies the plane in a specific parabolic path in
quick intervals, with each parabolic path lasting a few seconds a state of weightlessness is created
inside the aircraft. Such flights are often referred to as parabolic or zero-gravity flights. The extent of
the micro gravity effects depends on the flight parabolas. The parabolic manoeuvre is divided into
three stages — the parabola pulls up; the parabola and the parabola pull down or pull out. During these
parabolic manoeuvres the aircraft is subjected to rapidly changing aerodynamic lift and drag forces.
In combination with other forces such as thrust, and weight needs to be balanced to keep the aircraft

in equilibrium in the dynamic state of flight.

In the pull-up phase of the parabolic flight, the aircraft experiences a significant increase in angle of
attack, resulting in a corresponding increase in both lift and drag forces. This stage is crucial as the
aircraft transitions from level flight to a steep climb, requiring careful control to balance the
aerodynamic forces with engine thrust. As the aircraft enters the apex of the parabola, the angle of
attack rapidly decreases, bringing the aircraft into a brief state of near-zero lift, creating the condition
of weightlessness inside the cabin. During this phase, the reduction in lift causes the aircraft to
momentarily "free-fall" along the parabolic trajectory, while drag forces remain relatively constant but

lower than in the pull-up or pull-out phases.

46



The pull-out phase, which marks the end of the parabola, sees the aircraft returning to a positive angle
of attack as it exits the descent and levels off. In this stage, the forces of lift and drag increase once
again, requiring precise aerodynamic control to avoid overshooting the intended flight path or inducing
structural stress on the aircraft. The cyclical nature of these manoeuvres subjects the aircraft to highly
variable aerodynamic conditions, making accurate CFD modeling essential for predicting how these

rapid changes in lift and drag impact overall flight stability.

3.4.2 Aerodynamics

Aerodynamic forces in dynamic equilibrium are roughly reduced to four components: lift, thrust,
weight, and drag. When these forces are balanced, an aircraft will be in dynamic equilibrium. The

fluid flow rate across the aircraft and the flow regime will determine the drag force as a function of
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Figure 3.10: Fluid flow across an aircraft

The primary forces acting on an aircraft can be broken down into a few basic components and analysed
in the same way as a typical free body diagram. These forces are also related to fluid flow along the
body of an aircraft. Fluid can flow in three possible regimes (laminar, turbulent, or transitional), and
the characteristics of fluid flow in each regime will affect the drag and lift on an aircraft. Figure 3.10
shows the fluid flow across an aircraft. In this report a CFD simulation model is setup to look at the

main components that make up aerodynamic forces.

Drag

Drag is a backwards horizontal force generated by resistance as the plane moves through the air. It is

one of the four aerodynamic forces of flight and is opposed by thrust. Airplane drag is broken down
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into two main categories: parasite drag and lift-induced drag, this drag can have significant effects on

the plane.

Parasite drags

Parasite drag is one of the two main categories of drag. It is caused by aircraft’s materials, shape, or
construction type that generates resistance. Parasite drag is unrelated to lift and can come in the form
of skin friction drag, form drag, or interference drag. Skin friction drag is a type of parasite drag caused
by rough spots on the skin of the plane. Anything that takes away from a clean, smooth, perfectly
aerodynamic surface causes skin friction drag. A good example to illustrate the concept of skin friction
drag are professional swimmers who carefully shave their legs and wear tight, smooth suits and caps.
This is to reduce skin friction drag. Common structural sources of this type of airplane drag are rivets
and ridges for reinforcing flight controls. If ice, snow, dirt, dead bugs, or other debris is allowed to
build up on the airframe, this too can cause skin friction drag since it interferes with the smooth and
uninterrupted flow of air over the aircraft. Figure 3.11 shows the skin friction drags. Smoothing the
surface of the aircraft will help reduce skin friction drag. Skin friction drag is one of the reasons why

airplane dicing is a crucial step before take-off during winter weather conditions.

Figure 3.11: Simple schematic representation of skin friction drags

Form drags

Form drags or pressure drag is a type of parasite drag caused simply by the overall shape of the plane
and how that shape interacts with the airflow. Some shapes are more aecrodynamic than others, and the
more cleanly the plane slices through the air, the less drag it will create. This is why small, sleek planes
generate less drag than large, bulky ones. Decreasing the size of a wing's cross-sectional area and using

an aecrodynamically shaped air foil can effectively lessen form drag. Figure 3.12 and Figure 3.14 shows
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form drags on an aircraft. Figure 3.13 shows how the form drags, or pressure drag can change the

pressure contours across flat and curved forms.
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Figure 3.13: Pressure contours around flat and curved forms

The final type of parasite drag is interference drag which accounts for the interaction between the
airflow and other components of the aircraft other than just the flow surfaces. The direction and speed
of the airflow is altered by each of these components, so the redirected streams of airflow hit each
other, and their interaction produces additional drag adding to the already existing form drag. The total
amount of drag generated is greater than it would be individually. Interference drag is greatest in areas

with sharp angles like where the wing strut meets the fuselage or the underside of the wing as well as
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where the wings themselves attach to the fuselage. Reducing the angle between the components to less

than 90 degrees helps minimize interference drag.

Figure 3.14: Simple schematic representation of form drags

Both form drag and interference drag relate to the size, design, and configuration of your aircraft.
Sometimes both types of drag are considered together as the overall profile drag of the airplane. The

profile drag is the amount of form drag plus the amount of interference drag.

Lift-induced drag

In addition to parasite drag, the second main category of drag is lift-induced drag or simply induced
drag. Lift-induced drag is, as it sounds, a type of drag that is produced as a by- product of lift. When
higher pressure air from underneath the wings flow up and over the top of the wing, this is a source of
lift induced drag. Wings with a lower aspect ratio will generate more lift-induced drag than high aspect

ratio wings.

Some aircraft are built with curved up wingtips known at winglets to help reduce the amount of lift-
induced drag they generate. Downwash is another source of lift-induced drag. Downwash is caused
by the air and vortices rolling off the trailing edge of your wings. Their down angle shifts the relative
wind direction downward as well. Since lift vector is perpendicular to relative wind, the lift vector
also shifts backwards, generating extra drag. This can be reduced by the use of shark-lets or winglets

at the wing tips. Figure 3.15 shows the lift induced drag on an aircraft.
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Figure 3.15: Simple schematic representation of lift induced drag

Wave drags

The final type of airplane drag is one that general aviation pilots will not experience. To generate a
wave, drag, an aircraft must be flying at supersonic speeds. When a plane reaches supersonic velocity,
the leading edge of the wing is flying at supersonic speeds. This produces a shockwave that travels
back past the trailing edge of the wing which is flying at subsonic velocity. The shockwave causes the

airflow to separate from the trailing edge of the wing thus creating wave drag.

No matter how aerodynamically an aircraft is built or how expertly a pilot flies it, that plane will still
be subject to the forces of flight, and one of those forces is drag. For most planes, drag can be either
parasitic or lift-induced in nature. Pilots flying at supersonic speeds are affected by wave drag as well.
All seven types of airplanes drag, when considered together make up the total drag experienced by the
aircraft. Airplane drag can be reduced during the aircraft designing phase by creating a smooth aircraft
skin placed on a sleek, streamlined fuselage. A design that does not require wing struts, landing gear
struts, and other numerous protrusions will result in lower amounts of drag as will one with winglets

or a high aspect ratio.

3.4.3 Computational fluid dynamics

A preliminary design study of the S211 aircraft has been carried out the need for a more thorough
aerodynamic analysis has arisen to verify the assumptions made, and to see if there are any
aerodynamically faulty areas that need to be addressed. The creation of a scale model and wind tunnel
tests are very costly, therefore a more theoretical approach using CFD has been chosen for this
research. The main purpose of the analysis is to estimate the aircraft design’s zero lift drag, CDO,

which is the design’s aerodynamic drag coefficient when no lift is generated by the wings. The analysis
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will also identify potential problem areas i.e., shapes that have adverse effects on the aerodynamic

efficiency of the aircraft e.g., the fuselage-wing junction.

Background

For many years wind tunnels have been used to study the flows of air around objects of different
shapes. This has been important to aid the development, for example, aircraft or to gather data on
different air foils. However, wind tunnel tests are expensive and is time consuming with tunnel size
being a limiting factor when it comes to accuracy. It might not be a problem to do a test with a full-
scale car in a tunnel that is large enough, but aircraft are another matter due to their size. The solution
is to create accurate scale models that will fit in the wind tunnel. Air, or any other fluids under certain
conditions flow around an object in a certain way. Velocity, size, density and viscosity are among
these conditions that govern how the flow will behave. The most interesting parameter here is the size
because it means that the flow will not be the same around a scale model as it will be around its real-
life counterpart. The object is scaled down, but the air is not. This is where the Reynolds number

comes into play. Equation below shows the formulae for Reynolds number:

Re =22 (1
u

This is the ratio between the inertial forces and the viscous forces experienced by the fluid. p is the
density, v is the fluid’s velocity, L is the characteristic length, and p is the fluid’s kinematic viscosity.
This means that if a scale model is studied in a wind tunnel the other parameters would have to be
adjusted to obtain the same Reynolds number, or the flow will not behave in the same way. As the
model is scaled down and error corresponding to this will emerge, one solution would be to increase
velocity. However, as velocity increases, the Mach number will become a factor as supersonic shocks
will develop. Instead of wind tunnels, water tunnels can be used since water has a different viscosity
and density, in effect giving the flow a higher Reynolds number. The results are obtained by solving
a set of equations describing the fluid flow and its boundaries. For CFD, these equations cannot be

solved analytically thus they have to be solved numerically to approximate the solution.

In CFD, the equations used are among others the Navier-Stokes equations that define the flow of fluid.
This is very complex and computational heavy tasks and thus require powerful computers to solve the

flow analysis.
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The basics behind CFD is the control volume (CV) set up and the flow inside this control volume is
studied. There are three laws that must be satisfied for the control volume, the conservation laws: 1)
conservation of mass, ii) conservation of momentum and iii) conservation of energy. These three laws
can be explained by considering a simple CV that is 1x1x1 cm. Any mass of fluid that enters the CV
through any of its 6 boundaries also must leave the control volume at the same rate, otherwise its mass
would increase infinitely or decrease until it reaches zero. Simply put, what goes in must come out.
To be able to solve the equations for a flow accurately, the control volume needs to be split up into
smaller parts, usually called elements or cells. Boundary conditions are given to the elements that are
placed along the boundary of the CV and the equations are solved for each of the elements across the
CV. These calculations have to be iterated several times as for any other numerical solution. When the
average values of each parameter and its error converge towards a given value, the solution has

converged and the results for each cell can be obtained.

Problem analysis

To obtain the best results possible, the CFD analysis requires careful planning. The simulation itself
can take several days, or even weeks, so there will be no opportunity to re- run the simulation once it
has been completed. The planning of the final simulation has been broken down into smaller steps to

set up the analysis.

The appropriate size and shape of the computational domain, also referred to as control volume, and
the best placement of the model in the domain, needs to be determined. A domain too large will make
the simulation unnecessarily large and waste computational resources, however a domain too small
will lower the accuracy of the results. The properties of the domain such as temperature, pressure and
fluid properties need to be chosen. The conditions at the boundary of the domain need to be set such
as inlet velocities, outlets, and wall attributes. Since CFD utilizes numerical solutions, the domain
needs to be discretised or meshed as it is more commonly referred to. The mesh will have to be refined
in areas with high gradients for example close to the surface around the aircraft model. Initial values
need to be set for all the nodes in the domain. The criteria for which the simulation can be regarded as
converged needs to be determined. The simulation results will give the sums of the forces acting in
each direction on the model, or any chosen part of it. Through this, the drag coefficient CD can be
obtained. The amount of lift created by the wing will have to be able to calculate the induced drag.

Subtracting the induced drag from the total drag should give the zero lift drag. There are several
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different CFD solvers available on the market. For this analysis ANSYS Fluent has been chosen as

this is powerful and determined to be sufficient for the analysis.

3.4.4 Computational modelling

The analysis will be made on a steady state, incompressible flow. The simplification of incompressible
flow is very reasonable since compressibility effects for this Mach number (0.23) is low. The
consensus is that below local Mach numbers of about 0.3 compressibility effects on the fluid are small
enough to be neglected. Since the model is slim, in a clean configuration and little lift generated by
the wing, gradients therefore will be small, and the flow will not accelerate to these high numbers.

Figure 3.16 shows the 3D model of the S211 aircraft used as part of this study.

Figure 3.16: 3D model - S211 aircraft

The flow will be considered adiabatic, that there will be no heat exchange with the surrounding air.
The turbulence modelling in ANSY'S Fluent is done using the K-& model. The K-¢ model is one of the
most used as it offers a reasonable compromise between computational effort and accuracy. It is based
on the solution of equations for the turbulent kinetic energy K and the turbulent dissipation rate, €. The
model is placed in a Cartesian coordinate system as shown in Figure 3.17 and is oriented so that the
x-axis represents the aircraft’s roll axis, the y-axis represents the pitch axis, and the z-axis represents

the yaw axis as shown in figure below.
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Figure 3.17: The model with respect to cartesian coordinate system

The propeller and its effects will be neglected as it will make modelling too complicated, and the
results will be uncertain. ANSYS Fluent does not support transient analysis so an alternate model
would have to be developed and verified before applying it to this study. The air intakes for the engine

cooling will be modelled as to not let any air through them, to simplify the analysis.

The fluid velocity for the analysis was set to 200 m/s as this was the target cruising speed of the aircraft
in the conceptual study. The flow was directed to be parallel to the x-axis and in the opposite direction
of it. The fluid properties used for the analysis were the standard properties for air in ANSYS Fluent
and will also change with increasing altitude, but this has no effect on the result as long as the same
values are used when analysing the results. The buoyancy of the fluid was ignored as the flow was
incompressible and adiabatic, thus density would be constant. If the flow was not adiabatic and heat
transfer with the exterior of the control volume would be present, for example a hot exhaust pipe
heating the air passing it, the air would move differently because of convection caused by warmer air
with lower density rising above colder denser air. This effect would be negligible when taking the

velocity of the surrounding air into account.

Several different shapes were considered for the computational domain in this study. At first a
spherical domain seemed like the best solution since the distance from the model to the domain
boundaries would be close to equal in all directions, meaning that the volume of the domain could be
kept to a minimum. This idea was dropped in favour for a cubical domain which was better suited for
modelling and applying boundary conditions, although there would be some wasted space in the
corners that would have little to no effect on the result, meaning that the computations might take a
little longer than an optimal shape would. The volume of the spherical domain is only 52% of that of
the cube, although since the wasted space in the cube would not require such a fine mesh so the effect

is a lot less on the computational effort required.
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Computational domain

There was very little information to be found on how large a domain was required for a study such as
this one, since so many different factors come into play making each case unique. However, a rough
indication was that at least 10 times the model length would be required in each direction to obtain
somewhat accurate results. Since a too large domain would waste computational resources and a too
small domain would lead to inaccurate drag estimations, a study was required to determine exactly
how small a domain could be used without affecting the result. The idea was to study how the drag of

a simple geometry changed as the size of the cubical domain around it was increasing in size.

The conditions would be the same as the ones in the final study with regards to velocities and fluid
properties. For this study a square flat plate was considered, but in the end a cube was chosen to
eliminate issues with plate thickness and the very large gradients at the edges of the plate that could
affect the results. The cube with its flat surfaces allowed a slightly coarser mesh with straight edged
cells to be used, significantly reducing simulation time compared to using the complex model of the
aircraft. The cube is also blunter than the aircraft so the wake will also be both longer and wider which
means that it will affect the flow similarly to a larger aircraft resulting in domain slightly larger than
necessary giving a bit of a safety margin for the final study. The size of the cube was chosen so that it
would roughly have the same frontal area as the aircraft, which was around 3m?, so a cube with 1.7-

meter sides was chosen.

With regards to the size, a domain which extended 60 metres from the model was chosen. It was also
noted during these simulations that the wake behind the cube extended all the way to the outlet
boundary, so the decision was made to extend the distance behind the model to double its length,
giving a domain 180x120x120 metres. To speed up the computations and to concentrate the computer
resources, advantage will be taken of the model’s symmetry. Since the model and domain is symmetric
around the XZ-plane, the computations only need to be carried out on one half of the domain, since
the other half will yield the same, but mirrored, results. This way, the number of elements needed can
be halved and thus cutting computation time by half. Symmetry was also used in the domain size study
where the cube and its domain were symmetric around both the XY- and XZ-plane, reducing the size

of the domain to one quarter of its original size.
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Boundary conditions

The domain has 5 different types of boundaries, 1) 1 Inlet (1), ii) Outlet (1), iii) Side walls (3) and iv)
Symmetry wall (1). At the inlet, the boundary condition was set to a velocity of 200 m/s, normal to
the inlet simulating the freestream. This would give a flow parallel to the longitudinal X-axis of the
model. At the outlet boundary the total pressure was set to 0 as ANSYS Fluent regards this as the
difference from the reference pressure. This means that the air leaving the control volume will not
experience any resistance nor will it be drawn out making its velocity higher than normal. Initially the
side wall boundaries were set as velocities equal to the inlet boundary. The idea was to speed up
convergence, and it worked well for smaller domains. This however led to problems as the domain
grew larger, causing the solution to diverge. The boundary was then changed to a slip wall. The slip
wall is a friction-less wall which only has the function to stop fluid passing through it. The reason this
was used was because it would have the least effect on the flow around the model. This worked better
although the solution did not converge as rapidly. The wall where the domain was split into two equal
halves was set to slip wall, the same as the side walls. The surface of the model was set as a no-slip
wall resulting in zero velocity at the node on the wall, letting a boundary layer form in the adjacent
nodes as the computations progressed. This would give the right friction forces the flow exerts on the

model.

Mesh modelling

To speed up computations the mesh used was coarser in areas with very small gradients, where the
model has very little effect on the flow, such as at the far boundaries. With the same logic, the mesh
was made finer along the model surface with high gradients, such as leading edges where the flow
takes a sharp turn around the model. The way this is done in ANSYS Fluent is by setting a global

element size and using mesh control to refine the mesh around chosen surfaces.

The mesh used by ANSYS Fluent is an unstructured grid with tetrahedral elements. The high- quality
mesh option that was used for this analysis allows for the elements to have parabolic sides, which
makes meshing around curved surfaces easier. This feature is perfect for meshing around aerofoils
such as the one analysed here. Normal tetrahedral elements have 1 node in each corner, resulting in 4
nodes per element. The parabolic elements have another 6 nodes, one on each edge of the element,

giving a total of 10 nodes per element as shown in Figure 3.18.
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Figure 3.18: Tetrahedral elements: a) standard and b) parabolic with additional nodes

The global mesh defines the element size in any part of the domain where the element size has not
actively been reduced through mesh control. The global element size chosen was 0.02 metres. This
value was chosen because it was determined to be a good balance between element size and element

count. Smaller elements would have greatly increased the element count while not improving results.

The mesh around the model was refined so that the smallest element size was 0.005 m. The element
growth ratio was set to 1.2. The thickness of the refined mesh was about 3 layers, which was adequate
for letting the refined mesh grow to the global size. A smaller element size at the surface would have
been desirable, but the computer’s hardware became a limiting factor. When the meshing was finished,
the final mesh consisted of approximately 22 million volume elements and 4 million surface nodes. A
sample mesh with a section along the plane of symmetry is shown in Figure 3.19 and Figure 3.20

below for illustration purposes.
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Figure 3.19: Unrefined mesh (symmetry plane), contour highlighted in green

{7

Figure 3.20: Refined mesh (symmetry plane), contour highlighted in green
Initial values are automatically set by fluent module, based on the boundaries and the free stream
conditions. The solution was considered converged. ANSYS Fluent does not have the feature to run

the simulation until the criteria is met, meaning it would be difficult to get this spot on, so a set number

of iterations would have to be run and then checked for convergence.

Solver Setup

e Pressure-Based Solver: This solver is for low-speed flows (subsonic) as it efficiently handles
incompressible and slightly compressible flows. This solver iteratively solves continuity,

momentum, and energy equations to achieve a steady or transient solution.
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e Transient vs. Steady-State Analysis: Use steady-state analysis for each distinct phase (e.g., pull-
up or pull-out) where flow is relatively constant. Use transient analysis for dynamic events, such
as the transition between phases during the parabolic trajectory.

e k-o SST Model: This model is well-suited for capturing flow separation and near-wall effects,
making it ideal for the complex aerodynamics around the S211 aircraft. The SST model blends
the k-¢ model (used for free-stream turbulence) and the k-® model (accurate near walls) for a
comprehensive solution.

Flow Conditions

e Pull-Up Phase: High angle of attack (AoA). Increased lift and drag due to higher forces acting
during the transition.

e Apex of the Parabola: Near-zero gravity conditions; lift nearly balances weight. Minimal drag
since induced drag decreases as lift approaches zero.

e  Pull-Out Phase: Decreasing AoA, with increased drag due to higher speeds and force transitions.

e Freestream velocity (Uc): 200 m/s

e Airdensity (p): 1.225 kg/m3

e  Dynamic viscosity (u): 1.81x10—5 kg/(m\cdotps)

Convergence Criteria

e Residuals: Monitor the reduction of numerical residuals for continuity, momentum, energy, and
turbulence equations. A typical convergence target is 10-4 or lower.

e Forces and Moments: Track lift, drag, and pitching moments. Ensure these values stabilize with
iterations. Use force monitors to check real-time stability during simulations.

Analysis and post-processing

e Velocity Contours: Shows the distribution of flow velocity around the aircratft.

e Identify regions of flow separation or stagnation, especially around the wings and fuselage.

e Pressure Contours: Visualize high-pressure regions (e.g., leading edges of the wings) and low-
pressure regions (e.g., upper wing surface).

e Streamlines: Illustrate airflow patterns to understand flow direction, circulation, and wake

behaviour.
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3.4.5 Results and discussion

Lift and Drag Coefficients:
The primary goal of the study was to assess the aerodynamic forces acting on the S211 aircraft during
its parabolic maneuverer. The lift and drag coefficients were extracted from the simulation results.
The aircraft exhibited stable lift and drag values throughout the simulation, which were consistent with

theoretical predictions for similar aircraft at low Mach numbers (0.23).

Lift Coefficient (CLC_LCL): The lift coefficient remained stable during the cruise and pull-up phases,
with minor fluctuations at the apex of the parabolic trajectory ~0.7. These fluctuations were expected,

as the aircraft's angle of attack and velocity are constantly changing during the maneuverer.

Drag Coefficient (CDC_DCD): The drag coefficient was found to be 0.03, which is slightly higher
than typical values due to the high angle of attack encountered during the pull-up and pull-out phases.

However, the increase was not significant enough to affect the overall stability of the aircraft.

Pressure Distribution:

The pressure distribution along the surface of the S211 aircraft was examined in detail. During the
pull-up phase, the leading edge of the wings experienced the highest pressure, which contributed to a
substantial increase in lift. The fuselage also showed higher pressure areas along the front due to the
steeper angle of attack. As the aircraft transitioned into the apex, the pressure values gradually

equalized across the wings and fuselage, indicating the state of near-zero gravity inside the aircratft.

Flow Separation and Wake Formation:

Flow separation was observed near the trailing edge of the wings during the pull-up phase. This is
typical for aircraft operating at higher angles of attack. The wake behind the aircraft extended
significantly, especially during the descent and pull-out phases. The wake region was particularly
turbulent but remained confined within the limits of the computational domain. No significant flow
reattachment was observed during the pull-out, suggesting that the aircraft's design helps mitigate the

risk of deep stall even during aggressive manoeuvres

To validate the accuracy of the results, a mesh sensitivity analysis was conducted. By varying the
element size in key regions (such as the wing surface and near-field wake region), it was confirmed
that further mesh refinement yielded negligible changes in the lift and drag coefficients, indicating

that the selected mesh was sufficiently fine for this analysis.
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3.5

Summary

This chapter discussed the comprehensive framework which focused on advancing our understanding

of microgravity and its implications for aircraft performance. This journey is structured into several

key stages, each contributing to the overarching goal of enhancing safety, mitigating risk, and

exploring applications in the aerospace and space exploration domains. Additionally, this report delves

into the use of Computational Fluid Dynamics (CFD) modelling for the S211 aircraft, a crucial aspect

of a broader study examining how aerodynamics impacts microgravity flights. The outcomes are

summarized below

This begins with a thorough analysis and simulation methods aimed at establishing
performance benchmarks across various flight parameters. This includes a detailed account of
the flight's parabolic trajectory, and an overview of the various sensors and cockpit equipment
employed during the flight to capture data. This data is a benchmark and is a foundation for

the performance analysis of the aircratft.

One of the main highlights of framework is the creation of a matrix model that fuses the power
of CFD with experimental studies. This matrix model is designed to provide an assessment of
aircraft performance in microgravity. By considering various factors and variables, this
research aims to gain a comprehensive understanding of how aircraft systems operate under
these extraordinary conditions. To validate the efficacy of this matrix model and the insights

it provides, simulation studies will be conducted.

The chapter then delves into the development of a cutting-edge aircraft performance model.
The goal of this model is to create a dynamic and adaptable tool that can accurately simulate,
model, and analyse aircraft behaviour in the challenging context of microgravity environments.
The aerospace industry demands precision, reliability, and safety. In the next phase is to design,
simulate, construct, and evaluate various aircraft parameters. This approach ensures that every

facet of aircraft performance under microgravity conditions is scrutinised.

Development of a robust test framework is done that serves as a comprehensive platform for
conducting in-depth risk analyses. This framework is instrumental in assessing both aircraft
and pilot performance when confronted with the unique challenges posed by microgravity. The

goal is to identify potential risks, vulnerabilities, and areas for improvement.
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Provided an overview of the safety analysis and the risk assessment of the pilot, crew, and

aircraft systems during the microgravity flights.

Microgravity flights involve specific parabolic manoeuvres where the aircraft undergoes rapid
and repeated transitions between gravitational forces and weightlessness, typically lasting only
a few seconds during each parabolic manoeuvre. The pull-up and pull-out phases of a parabolic
flight results in exposing the aircraft to varying drag and lift forces. Thus, maintaining control

over these forces is crucial to ensure the aircraft's stability during microgravity flight.

The chapter also discussed the different types of aerodynamic forces like drag and its types
and the effect these forces have on the flight. This report primarily focuses on calculating the

lift and drag forces on an aircraft in these pull-up and pull-out phases.

Further, focussed on the model setup for the CFD analysis. It starts by defining the
computational domain and the boundary conditions for the analysis. It is then followed by the

development and generation of the meshes which will be used in the CFD.

Following the mesh generation and development, the CFD analysis was conducted which
showed stable lift and drag values throughout the simulation, which were consistent with

theoretical predictions for similar aircraft at low Mach numbers (0.23).

Mesh Sensitivity Analysis will be conducted to validate the accuracy of the results. By varying
the element size in key regions (such as the wing surface and near-field wake region), it will

confirm if the selected mesh was sufficiently fine for this analysis.
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4 Mathematical Matrix

4.1 Kinematic analysis of microgravity flights

4.1.1 Introduction
This section of the report delves into the study of microgravity flight models, with a focus on

the analysis of motion in reduced gravity environments. It introduces an inventive control approach
for achieving zero-gravity flight, employing the proof-mass-tracking technique. The report also
elucidates the deliberate positioning of the proof mass to address non-minimum phase characteristics
and enabling the application of a conventional PID control system for moment control and reducing
positional errors. Furthermore, it presents a thrust controller incorporating three integrators and
state feedback, designed to counteract nonlinear drag by using an internal model that accounts for
quadratically increasing drag. Additionally, in this report a model was developed for a small jet
aircraft that captures key features of micro gravity flights to study the kinematics of manoeuvres and
the sensation of weight within an aircraft. It is assumed the flight occurs in the vertical plane and
neglects the possible couplings between longitudinal and lateral-directional aircraft dynamics.

4.1.2 Operating principles

This section describes the operating principles, assumptions, and initial conditions for the mathematical
model. Considering the problem of creating an arbitrary gravity vector, as the aircraft operates in low-
gravity conditions, it is assumed that the aircraft’s longitudinal axis x® is aligned with the stability x-
axis x°, that is, the angle of attack o is always small (a few degrees), and that the earth-fixed frame is
inertial. Assuming the longitudinal axis x® to be parallel to the floor of the aircraft experiment bay,
then the task at hand is to make the experimental object “feel” a g-force of amplitude u.g, where 0 < p
<1 is a given real number and g is gravitational force (9.8 m/s? or 32.2 ft/s?). The corresponding
reaction force is to be orthogonal to the floor of the aircraft or, for simplicity, it must be orthogonal to
the velocity vector V. Note this reaction force, transmitted through the ground, prevents a supported
object from falling and is equal to the weight the object experiences, also known as the apparent
weight. By this definition, a reduced gravity condition is one in which the apparent weight of an object

is smaller than its actual weight due to gravity.

Figure 4.1 shows the coordinates and the forces acting on the aircraft. This model computes the
trajectory that must be followed by the aircraft for that situation to occur. For that purpose,
consider V is V (t) the aircraft speed, and vy is y(t) the aircraft flight path angle. In frame FS, the

aircraft velocity vector is V is (V, 0, 0).
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Figure 4.1: Coordinate definition and forces

Thus, the aircraft’s inertial acceleration, expressed in frame FE, can be found using Euler’s formula
as shown in equation 1:
‘ V
a=V+wxV=]| 0
—yV
(1)
where o is (0, y', 0) is the angular rate about the body axes. Consider now the reaction force R
acting on a mass m from the aircraft floor. Ideally, the reaction force only acts along the normal axis

of the aircraft; in other words, the object will not experience longitudinal and lateral forces toward the

nose and the sides of the aircraft, even if the aircraft has a high pitch attitude.

According to Newton’s second law of motion, F'is equal to m.a, where F is the force, m is the mass
of an object and a is the acceleration of the object. Extending Newton’s second law to the scenario

of micro-gravity flight, the equation can be rewritten as equation 2:

F=ma=R+m.g 2

In the scenario of the micro-gravity flight, the force exerted on any object is a combination of the
reaction force acting on the body due to the aircraft floor and the weight of the object (m.g)
which changes due to varying accelerations due to gravity as the aircraft goes through the flight
manoeuvre. In frame FB, R is (0, 0, R), with R is —umg to ensure that gravity is locally “vertical” and
g is (—g sin vy, 0, g cos y). Note that the negative sign associated with the reaction force indicates
the direction in which the vector acts with respect to the defined body-fixed frame. Thus, replacing

a, R, and g by their respective values gives the equation 3 below:
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The trajectory (V, y) ( =) with the desired gravity condition gdes equals ug can be derived by

3)

integrating equation 4 and 5 which are a pair of coupled nonlinear differential equations:

V'=—gsiny 4)

y'= —(cos y - wg/V )
Subject to the initial conditions V (0) equalling VO and y (0) equalling 0.

4.1.3 Flight path determination
Let x and h be the position in the inertial reference x* and —z* coordinates. The longitudinal spatial
kinematic equations relating the aircraft body-axes velocities, u and w, to the inertial position are

shown in the equation 6 and 7 below:

x'=Vcos y=ucos 68+ wsin 6 (6)
h' =Vsiny =usin 0 - wcos 6 (7

where u as V cos a and w as V sin a are the velocity components along body axes x?, z8. For reduced-
g flight, it is good to impose zero longitudinal acceleration, ax is 0, and some desired normal
acceleration along the vertical axis of the vehicle, az equals —gdes equals —ug, 1.e., setting u as 0
should trace a zero-gravity parabolic trajectory, while a u equating 0.38 results in a Martian gravity

trajectory.
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Figure 4.2: Non-vehicle specific trajectories with the initial condition V (0) = V0: a) height v/s distance

and b) velocity? v/s time
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The nominal flight trajectory and its corresponding velocity and flight path angle can be calculated by
solving the nonlinear differential equation set defined above with given initial conditions. For instance,
during the pull-up stage (blue line) of zero-g flight, the desired acceleration gdes is chosen as 1.8 g;
the corresponding trajectory can be found using the starting condition of the parabola phase (red
line) as the initial condition and then integrating backward in time until y reaches zero. In practice,
any sudden change in acceleration during the transition may generate a force over the maximum force
that an aircraft can withstand and cause its passengers’ serious physiological issues like vomiting and
temporary blindness. Hence, it is better to have a few-second buffer prior to entering the next stage.
The proposed trajectory generating method, integrating the equations used to define the inertial
positions with the given initial conditions, provides flexibility to designate the flight profile based
on the requirements of the microgravity mission and aircraft specification. Figure 4.2 shows the flight

path trajectory for the initial conditions mentioned above.

This section discusses the background in the longitudinal equations of motion for analyzing the
perception of acceleration that objects inside the aircraft experience during flight. Two longitudinal
models are examined here to establish the relationship between external forces and local
acceleration. A straight-and-level flight example is provided to demonstrate the equivalence of the two
models and to elucidate the effects of gravity on an aircraft. The important parameters that determine
the direction and magnitude of these forces are the attack angle, relative wind speed, and the shape
of the aircraft (particularly the wings).

Longitudinal equations of motion

It is assumed that the body x?z® plane is a plane of symmetry, which means lateral velocity v, roll rate
p, and yaw rate r are negligible; roll and sideslip angles, ¢ and B, are zero during the parabolic
manoeuvre. Thus, a 6-DoF model could be simplified to a 3-DoF model describing pure longitudinal
motion. First, for the purpose of studying the dynamic behaviour along the nominal reduced gravity
trajectory, velocity equations in terms of the stability-axes variables, air speed and aerodynamic angles,
are adopted. A typical control vector of the longitudinal model is U equating (7, de). Two 3-DoF
longitudinal models are presented below for more detailed mathematical derivation of aircraft

longitudinal dynamics. Figure 4.3 shows the longitudinal forces, moments, and angles on the aircratft.
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z” (body)
z° (stability)

Figure 4.3: Longitudinal forces and moments

Equation 8, 9, 10 and 11 shows the stability-axes longitudinal model with the state vector X =
V. 7.0, 9):

Vv =$(—D + T'cos a — mgsin y)

(3)
y = ﬁ([. + T'sin @ — mgcos y)
©
6=g (10)
. M(5,)
q= III-’
(11)

Equation 12, 13, 14 and 15 show the body-axes longitudinal model with the state vector X = (u,

w, 0, q):

X _
u —;—gsm&—qw

(12)
.z
W =;+gcos[—3 + qu
(13)
=4 (14)
. M(5,)
qa==
g (15)

where m and /y are the mass and the moment of inertia about pitch axis, V'is the aerodynamic velocity,

y is the flight path angle, 0 is the pitch angle, q is the pitch rate, u and w are the velocity components
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in frame FB, T is engine thrust, de is elevator deflection, and L, D, and M(de) denote the aerodynamic
lift, drag, and pitch moment, respectively. The definition of angle of attack is a which equals 6 —
y. X and Z represent non-gravitational forces acting along the body axes x® and zZ, respectively,

which can be written as equation 16 and 17 below:

X =T + Lsina — D cosa (16)
Z = -Lcosa - D sina (17

The detailed definition of aerodynamic forces, moment, and angles are illustrated in the figure
above. The aerodynamic forces and moment are defined in terms of dimensionless lift, drag, and pitch
moment coefficients CL, CD, Cm, the dynamic pressure Q, reference wing area S, and the

characteristic length ¢ as equations 18, 19 and 20 respectively below:

L= QSCL (18)
D= QSCp (19)
M= QS¢Cm (20)

Where Q equals 1/2-pV?where p is the air density. The dimensionless aerodynamic coefficients can

be modelled as equation 21, 22 and 23 as below:

CL = Cry+ Croa + Cr 5o+ Cry 0,

(21)
Cp = Cpo + Cpi (22)
Cm = Cmg + Cmg @ + Cmg o + Cmg 8o o)

m

Where CLO, CLa, CLgq, CLde, CDO, Cm0, Cma, Cmg, Cmode are longitudinal derivatives, and

CDi denotes an induced drag coefficient given by equation 24 below:

c 23
D; TARe

(24)
Where AR is the aspect ratio and e is an efficiency factor, ranging between 0.7 and 0.85 typically. To
summarize, in this research, the stability-axes model is used to design an automatic control system,

while the body-axes model is used to analyse the perception of weight.
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Relations between forces and accelerations

First, assume the body axes x® and )* define the floor plane of the aircraft and that the aircraft thrust
is aligned with the +x? direction. In longitudinal motion, the “local” acceleration components
expressed in the body-axes coordinate can be derived based on the Newton— Euler equations as
shown in equations 25 and 26 below:

a, = % =1u+ gw + gsinf
(25)

Z :
a = — =W —qu — gcos
" (26)
Note that the “local” acceleration is used to describe how much gravity is felt during flight, which can
also be interpreted as the acceleration caused by non-gravitational forces. Then the load factors are

evaluated, and the g-level is defined in the equations 27, 28 and 29 below:

n, ==
=
g 27)
n. = &
s (28)
— level (g) = Jn2 + n2
g g) =ny +nz 29)

Reduced gravity is the condition in which the gravity force felt locally within the aircraft is lower than
normal gravity (1g) and the direction of the force is assumed to be orthogonal to the floor of the
aircraft rather than to the flight path angle. In that case, it is aimed to achieve zero tangential
acceleration, ax is 0, and some desired normal acceleration az i1s —ug (0 <u < 1), implying that X
is 0, Z equals —umg. Under the small angle-of-attack assumption the above equations can be

simplified to the equations 30 and 31 below:

X~T - D =20 (30)
Z = -L = —-umg 3D
Therefore, it can be concluded that, during the reduced gravity flight, thrust is controlled to compensate
for drag. At the same time, lift is regulated by adjusting the elevator to provide a certain level of

gravity.
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Before moving further, a simple example of non-accelerated straight-and-level flight is visited to
clarify the ambiguity of the “local” acceleration terms ax and az. In steady level longitudinal flight,
the aircraft maintains a constant air speed and altitude, indicating V, vy, u, w, 0, q is equivalent to

0. Hence the equilibrium manifold is stated in the equation 32 below:
¢={V,y|V=V0>0,y =0} (32)

and the equilibrium equations expressed in FS and FB are stated in equations 33 and 34 below:

{chbs a—D=0

Tsina+L-—mg=20 (33)
X .

——gsin 8=0

%+gcus£’:ﬂ (34)

Again, under the small angle-of-attack assumption, the steady flight equations expressed in the
stability coordinate can be simplified to 7 equating D, L equating mg which equates to ¥, meaning
that four forces balance each other, so that the aircraft will be at equilibrium. Moreover, as ax is X/m
and az is Z/m. a unit g-level during straight and level flight is expected, which can be confirmed

by the equation 35 below:

g — level = Jn§+n§ = J{sinﬂ}z + (—cos0)? = 1
(35)

One should note that in straight-and-level flight, the pitch angle 0 is constant but not necessarily zero,
implying that there is an angle between the floor of the aircraft and the horizon, as shown in figure
below. The force distribution can be analogous to the stationary mass on a rough inclined plane. The
gravitational force is resolved into a parallel and a perpendicular component, while the floor of the
aircraft provides the reaction forces with the same magnitude but in opposite directions. Remember
that if the flight is steady, all the forces on the airplane are in balance, which will cause an object to

feel standard gravity (1g). Figure 4.4 shows the straight and level flight forces on an aircraft.

71



Figure 4.4: Straight-and-level flight

Stability and body-axes models

In this section, a numerical simulation is included to demonstrate the equivalence of the models
expressed in two different coordinates and study the local acceleration in another scenario. Equation
36, 37 and 38 show some useful transformations between the stability- and body-axes model in the

longitudinal plane.

a = tan"1Z

(36)
V =+u?+w?

(37)
0=y +a (38)

Zero thrust is used and a 10° elevator pulse from 30 to 32 seconds to excite the system is applied and
steady-state behaviour is observed. The state responses are shown in Fig. 4.6, the blue solid lines
represent the body-axes model, and the black dashed lines are from the stability-axes model. It should

be noted that the transformation of the variable is applied to allow a comparison of the two models.

The figures show that the stability- and body-axes models are, indeed, equivalent, and interchangeable
for different purposes. Since the Aircraft has positive longitudinal stability, it has the tendency to return

to its original speed and orientation, without human or machine input, as illustrated in Figure 4.5.
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Figure 4.5: Sample flight trajectory in the inertial coordinate (x, y¥, zF)

It is also observed that the aircraft is oscillating along its flight trajectory, known as the phugoid
motion. The phugoid mode is a long-period and lightly damped oscillation and has a large-amplitude
variation in airspeed, pitch angle, and altitude, but nearly no angle-of-attack change, which can also be
seen as a gradual interchange of kinetic energy (velocity) and potential energy (height). On the
contrary, the other basic motion is called short-period motion, a heavily damped oscillation with a

period of only a few seconds involving a significant angle-of-attack variation.

[— !I,\inl'... |

)
a, (ft/sec?)

0 30 50 100 150 200

0 30 50 100 150 200

c)

0 30 50 100 150 200
time (sec)

Figure 4.6: Elevator impulse response for two state-space models for: a) ax, b) az and ¢) g- level

Figure 4.6 illustrates the short-period and phugoid responses for the aircraft under a pitch-up
disturbance at 30 seconds. The short-period behaviour occurs suddenly when the perturbations

show up and it is seen that there is a remarkable change in vertical body velocity w, pitch rate g,
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and angle of attack a, but the oscillation is damped out in a few seconds. Conversely, the phugoid
mode can be found in the evolution in velocity V or u, pitch angle #, and the change of altitude Ah.

The motion is slow, and damping is weak, thus causing a long-period oscillation.

Although the aircraft loses altitude due to the lack of control forces, it reaches the steady state after
150 seconds, causing the sensation of 1g eventually, any longitudinal steady flight manoeuvres such
as steady climbs or descents and level flight will lead to the feeling of standard gravity. Note that
steady flight is the flight where the aircraft’s linear and angular velocities are constant in a body-fixed
reference frame such as FS or FB.

Proposed framework for flight control

To develop our flight control framework, the concept of proof mass-tracking to generate the desired
zero-g trajectory from any starting condition is implemented. The drag- free tracks and maintains its
position relative to the proof mass falling in its interior to maintain a perfect weightless environment.
Similarly, a pilot can hold a proof mass in their hand at the beginning of a pushover, float the proof
mass above their hand, and then maintain the proof mass in the same position relative to the aircraft
during the manoeuvre. This allows the pilot to use the flight controls to maintain a zero-g environment
inside the aircraft, if the aircraft is kept in the same position relative to the proof mass (in the
absence of any air conditioning or other cockpit environment forces on the proof mass). Therefore, an
autopilot with a way to track and maintain its position relative to a proof mass would be able to use the
same principles to generate a zero-g environment. The position errors appear during deviation from the
nominal trajectory and can be used as the controller input to calculate the required thrust and elevator

deflection to eliminate the errors.

Aircraft longitudinal dynamics have a non-minimum phase characteristic, which results from the
process of generating a pitch-up moment that produces a small downward force, causing the centre
of gravity (CG) of an aircraft to lose altitude. The presence of non-minimum phase dynamics may
degrade the performance of classical controllers such as a proportional— integral—derivative (PID) or a
linear quadratic regulator (LQR) due to unstable internal stability. Related works on the control of
non-minimum phase (NMP) aircraft systems may also be found. One way to avoid the NMP

dynamics is to move the proof mass from the centre of gravity to the cockpit of an aircratft.
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Kinematics related to offsetting CG

This section discusses the motion of a rigid body in a two-dimensional plane to derive the position,
velocity, and acceleration of the cockpit. The subscripts cg and p indicate the quantities at the CG and
the cockpit, respectively. Now consider a rigid body is rotating with angular velocity about the CG
of an aircraft, and the aircraft is simultaneously moving relative to the inertial frame (x%, y£, zF), refer

to Figure 4 . 7.

Figure 4.7: The fixed-point p (cockpit) in body frame is expressed in inertial frame

Then, the motion of the cockpit (point p) can be written in terms of the general expressions for

relative motion as equations 39, 40 and 41 below:

rp = rcg + rp/cg (39)

vp = vcg + vp/cg = veg + w X rp/cg (40)

ap=am+a%=aclq+wxr%+mx(mxr%)

(41)

Where rp is (xp, 0, zp), vp, and ap are the position, velocity, and acceleration vectors of the cockpit
with respect to the inertial frame; rcg equals (x, 0, z) is the position vector of the CG in frame FE;
and rp/cg, vp/cg, and ap/cg are the position, velocity, and acceleration vectors of the cockpit as
observed by the CG in frame FB. Note that, since the aircraft is assumed to be rigid, there is no

relative velocity and acceleration of any point in the aircraft. It is also assumed that both the CG

and the cockpit lie on the body x-axis x*, meaning that rp/cg equals (dx, 0, 0), for simplicity.

Next, the non-minimum phase characteristics by examining the altitude changes at the CG and the

cockpit of the aircraft due to the elevator impulse during level flight are illustrated by an example. The
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model used here is of an aircraft in steady-state level flight trimmed at M equating 0.25 under sea-
level conditions. The nominal states and control inputs can be found by trimming the nonlinear model
using numerical optimization to satisfy the equilibrium (steady-state) conditions: all derivatives are
equivalent to 0 (X" is 0), and the zero-flight path angle ye is 0. The equilibrium values of the state

and control vectors are shown in equations 42 and 43 below:

XT = [ue we B qe]T (42)
UT =[Te 5T (43)
Where u. is 278.997, we is 7.9157, @ is 0.0284, g. is 0, T. is 5.2254 x 10* and & is 0.0267.

The subscript alongside e denotes an equilibrium condition. The undershoot response of the CG to
the elevator impulse is characteristic of an NMP system, thus causing the sluggish response compared
to a minimum phase system (altitude response at the cockpit). It can be observed that when the elevator
deflects up, the CG of an aircraft goes down initially due to the reduced lift in the CG before it
climbs up. Thus, it is better to use position error measured at the cockpit as the feedback signal to

enable a minimum phase system with elevator deflection input.

Moreover, since the aircraft operates and is perturbed slightly around the equilibrium conditions, the
model can be approximated to be linear. Thus, the longitudinal control derivatives Cmde and CZde
can be used to analyse the aircraft’s response due to the elevator impulse. Cmde and CZde are the
derivatives of the pitch moment and Z-force with respect to elevator deflection. In flight dynamics
conventions, elevator deflection is defined as positive when the trailing edge rotates downward. Thus,
Cmoe < 0 and CZoe equals —CLoe < 0 infer that a negative elevator deflection (trailing edge up)
generates a positive (nose up) pitching moment while producing a positive Z-force at the CG that

pushes the aircraft downwards.

4.1.4 Proposed control architecture

Assuming that the proof mass is placed inside a completely enclosed cavity in the cockpit as shown in
Figure 4.8; the position error between the proof mass and the aircraft (e, ex) can be measured directly
by an appropriate sensing apparatus. To keep the position of the cockpit fixed relative to free-falling
proof mass. More specifically, the control loop is designed to simultaneously produce the thrust equal

and opposite to the drag to minimize the tangential error e and regulate the elevator to generate the
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moment to eliminate the normal error ex, as illustrated in Figure 4.9.

N Proof mass

]

T E:;> T Cockpit

. .
S —t—
Triple-integral X
, M(4,)
10y (8)
PID

Figure 4.9: Block diagram - proof-mass-tracking control system
The term “nominal” trajectory (Vo, Yo, Xo, ho) refers to the trajectory that satisfies the nonlinear
differential equations with p equating 0, also known as ballistic trajectory. A significant advantage of
this method is that the aircraft does not follow a prescribed trajectory and tries to regulate itself
around the nominal trajectory instead. In other words, after deviating from the nominal trajectory,

the perturbed aircraft state is seen as a new initial condition for the next nominal trajectory.

It should, however, be noted that in our simulation, the nominal trajectory subject to a given initial
condition on velocity and projectile angle is pre-calculated. Next, the global position errors are defined
as ex 18 Xo — xp and ex is ho — hp, as shown in Fig 10 where x, and 4, are the horizontal position and
altitude of the cockpit of the airplane in frame Fz. The local position errors (e, ex) (expressed in

frame F) can be derived using the following transformation as shown in equation 44 below:
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[Er] _ [ cos@  sin Ei'] [E_r]
e, —sinf cos@l|e, 44)

Where ex and e are the position errors in the inertial frame, and e: and e, are the position errors

in the body frame (considered as measurable and accessible in practice). These errors are shown in

figure 4.10.

Proof T
mass

Figure 4.10: Definition of errors

Therefore, it is important to figure out how to regulate thrust and the elevator to their respective
reference values in order to create a zero-g environment. The closed-loop block diagram of our control
framework is illustrated above, while the simulation architecture, where Cr(s) and Cu(s) are the
thrust and moment controllers, respectively. In the controller design process, it is assumed that the
aircraft operates at a small angle of attack during the zero-g phase. Moreover, the effect of deflection
of the elevator on lift is assumed to be negligible, i.e., Cis is 0, to decouple the motion control in the
longitudinal and normal directions, corresponding to thrust and moment (elevator) control,

respectively.

B + e~ | Coordinate & A
Koty N N
Fi - Transform m

Triple-integral

(5)

e/,

e“,

" CM(S)
PID

Figure 4.11: Block diagram of the simulation framework
In the Figure 4.11, Ps® equaling (xo, 0, ho) denotes the nominal position in the inertial frame and P®

equaling (xp, 0, hy) is the actual position of the cockpit of the airplane.
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Triple-integral thrust control

It is known that tracking a zero-g parabolic trajectory requires thrust force to counterbalance
aerodynamic drag D = QSCD. The term OSCD, however, is speed-dependent and cannot be easily
measured nor estimated. Thus, an attempt was made to develop a thrust controller that can reject the
unknown drag based on the characteristics of aerodynamic forces that evolve during parabolic flight.
Recalling previous discussion about micro gravity flight. The true airspeed is shown in equation 45

and dynamic pressure is shown in the equation 46 below:
V =V; + gt?

Q =-pV?=—p(VZ + g*t?)

(45)

(46)

It was found that the square of speed is a quadratic function of time, which causes dynamic pressure
and drag to grow quadratically in time. Here the properties of a classical feedback control loop are used
to verify the characteristics of the controller CT(s), such that the quadratic disturbance is completely
rejected. Based on the internal model principle, the controller needs a triple integrator to counteract
the quadratic disturbance since 1/s3 is the internal model of the parabolic disturbance #. By
assuming that a reference signal and measurement noise are not present (i.e., 7 is 0 and 7 is 0), the
transfer function —P/(1 + PC) obtained from the block diagram in figure 4.12 illustrates how the error

variable reacts to disturbances.

d

controller plant

+ e N.(s) U + N, (s)

r— D) [ 01 5,09 >y
C(s) P(s)
n

Figure 4.12: Block diagram - standard feedback loop with noise, disturbance, and reference inputs

Thus, it is found that the steady-state error of the controller composed of three integrators subject to a
parabolic disturbance input by employing the Final Value Theorem as shown in equation 47 which

is expanded into equations 48, 49, 50 below:

e(o) = limsE(s)
5=0 (47)
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. . -p
limsE(s) = lims——d
5—=0 ( j =0 1+PC

(48)
Np(s)
. =P . Dp(s) 1
lims——d =lims————
50 1+PC 550 14 0PEINe(s) 53
P * (49)
Npl(s) Np(s) 4
— — S'
, Dpls) 1 . Dnis) 1
s - — P -
f;l_]:r[; 5 1+N_|"'..'|-"-;.nl';_-l:.¥ljﬁ Iims 53 Np':.'r':'NL‘I.'I'} sfl []
Dpls) 53 Dpis)
5=0 (50)

Examination of the derivation above shows that the steady-state error is indeed zero, as desired.
After realizing the necessity of the triple-integral control system, the focus was on implementing this

architecture in the aircraft velocity dynamics as shown in equation 51 below:

. 1 — .
V=—(T -D- i =T — D — gsi
m( Cos & mgsiny) gsiny 51)

Bear in mind that the design of the thrust (longitudinal) controller here is based on the following
assumptions 1) The angle of attack is small, i.e., a approximately equal to 0, i1) The derivative of the
tangential position deviation is approximated as the difference between actual and nominal velocity,
1.e., et i1s V' — Vo. Drag and gravitational forces are viewed as unknown disturbances. As a result, the

velocity dynamics considered in the controller design as shown in equation 52 and figure 4.13 below:

v=L=T
m

(52)

L
=

[\
A

— Cr(s)

Triple-integral

—gsin~y
Figure 4.13: Velocity dynamics of an aircraft

The second assumption suggests that the derivative of the position error is required to associate
the velocity dynamics with a control signal; the state variables as the error variables e equals (€3, €2,

el, e, e) are selected and their definitions are shown in equation 53 below:
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e =ene=[ee=[fees = [feé= e -

Then using a chain of three integrators, the error dynamics can be represented in the state- space model

as shown in equation 54 below:

es] [0 1 0 0 Oypesy O
el lo o1 0 olle fo]
E|el|=ID 0 0 1 G”El +|GI(T—VG)
e 00 0 0 1e 0
] Lo o o o olle! Lj}J
A B

(54)

One should note that the system dynamics involve the derivative of the nominal velocity Vo equals
—g sinyo. This can however be neglected as it is bounded and considered negligible compared to the
thrust contribution, which is expected to grow parabolically to compensate for drag. Thus, the state-
space model becomes a simple Sth-order linear system e’ is Ae + Bu. where u equals €. This is
stated in equation 55 below. With this the next step is to find a state feedback law to drive the error
vector to zero, i.e., e — 0.

T=-Ke=—lkqg kg ki ke kp],

(55)

Nevertheless, since a differentiation operation is neither casual nor realizable, a 1st-order approximated
differentiator (APD) is used, cascading a pure differentiator and a lowpass filter (LPF), to take
the derivative of the measured position errors. At the same time, any high-frequency differentiation
noise can be suppressed by properly selecting the cut-off frequency fc. Note that the APD becomes
the conventional differentiator as fc — oo. Figure 4.14 shows the comparison of the pure

differentiator and an approximated differentiator.
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Figure 4.14: Bode plot comparison of a pure differentiator and an approximated differentiator.

>
)
o
=
A

Cr(s)

Figure 4.15: Realization of the thrust controller
The proposed thrust (longitudinal) controller shown in Figure 4.15 consists of three integrators
used to reject quadratically increasing drag and state feedback that stabilizes the system. It is assumed
that all the state variables need to be accessed, and the final step was to find the optimal state feedback
control gain K using LQR. Finally, the optimal gain K that minimizes the quadratic cost function needs

to be calculated using equation 56 below:

J =] (e"Qe + u"Ru)dt
(56)

Subject to the system dynamics e’ = Ae + Bu, conditions shown in equation 57 below:

Q =QT z0andR = RT > 0
(57)
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Weighting matrices to trade off the regulation performance and control effort. The optimal feedback
gain K can be derived by employing the maximum principle as K equals R /B’P, where P is the solution

of the algebraic equation 58:

A+ATP - PBR'BTP+Q =0 (58)

Elevator control

Under the small angle-of-attack assumption, the flight path angle is approximately equal to the
pitch angle; therefore, only pitch dynamics are considered when designing the moment (elevator)
controller. Moreover, since the system is converted to minimum phase by moving the reference
point from the CG to the cockpit, a simple PID controller is sufficient to provide appropriate

control. Thus, the pitch moment control law was determined as equation 59:
dey,

de (59)

The corresponding elevator deflection can be derived based on the relationship between the pitch

ﬁ_'f —_ -;fpnfn + f{fn‘rﬂﬂ + kﬂn

moment coefficient and the elevator.

4.2  Al-Driven theoretical modeling and performance analysis

4.2.1 Introduction

Aircraft performance studies are fundamental in optimizing efficiency, safety, and sustainability in
aviation. Performance studies involve analyzing various factors such as aerodynamics, propulsion
efficiency, fuel consumption, and flight stability. The integration of Artificial Intelligence (Al) in
aerospace engineering is transforming how aircraft performance is analyzed, optimized, and validated.
Traditional modeling techniques rely heavily on computational fluid dynamics (CFD), empirical data,
and extensive testing, which, although effective, present limitations in handling complex and nonlinear
systems but Al-driven approaches provide a more dynamic and adaptable framework.

Al is particularly advantageous in handling complex and nonlinear systems that are difficult to model
using conventional analytical techniques. With advancements in Al, innovative methodologies now
allow for improved predictive modeling, reducing reliance on costly physical testing while increasing
accuracy and adaptability. Al provides the ability to analyze vast datasets, identify patterns, and make
real-time adjustments based on live operational data. Machine learning (ML), deep learning (DL), and
other Al approaches facilitate enhanced decision-making capabilities in aircraft performance analysis.

This section delves into Al-driven methodologies for developing theoretical models in aircraft
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performance studies. It highlights Al's role in analyzing safety issues concerning aircraft and crew,
leveraging augmented datasets, and utilizing Al in understanding complex and nonlinear systems. By
implementing Al, aircraft performance modeling becomes more adaptive, precise, and efficient,

ultimately leading to advancements in aviation technology and operational safety.

4.2.2 Theoretical Modeling Using Al

Challenges in Traditional Aircraft Performance Modeling

Traditional aircraft performance modeling is based on physics-based approaches, which often require
solving complex differential equations. These models struggle with the unpredictability of real-world
operational conditions, which are influenced by multiple variables such as weather, aircraft weight,
and mechanical wear. Additionally, traditional models require extensive computational resources,
making real-time analysis impractical in many cases.

Another challenge lies in data availability and quality. Performance models rely on flight test data,
which can be expensive and time-consuming to collect. Any gaps in the dataset can reduce the
accuracy of these models. Furthermore, traditional methods often assume linear relationships between
variables, whereas real-world aircraft operations exhibit nonlinear dynamics.

Moreover, the calibration of conventional models demands significant manual intervention from
aerospace engineers. This process increases human error risk and limits the scalability of models for
different aircraft types and configurations. The lack of adaptability in traditional performance models
makes them less effective in dynamic environments where real-time adjustments are necessary.

By integrating Al, many of these limitations can be addressed. Al-based models do not rely solely on
predefined equations; instead, they learn from historical and real-time data, continuously improving
their accuracy. Al also enhances adaptability by integrating multiple data sources, such as satellite
weather data and in-flight telemetry, to improve performance predictions.

Another benefit Al brings to performance modeling is automation. Al algorithms can process vast
datasets autonomously, reducing the time required for analysis and enabling rapid optimization of
aircraft configurations. The ability to self-adjust based on incoming data provides Al-based models
with a distinct advantage over traditional methodologies.

Al Approaches for Aircraft Performance Modeling

Artificial Intelligence provides several techniques for modeling aircraft performance, each suited to
different aspects of the process. Neural Networks (NN), for instance, are highly effective in predicting

aerodynamic forces and optimizing aircraft designs. By training on flight test data and simulations,
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neural networks can approximate complex aerodynamic relationships without requiring explicit
equations.
Genetic Algorithms (GA) are another Al-based approach widely used in aircraft design optimization.
These algorithms simulate evolutionary processes, iterating through multiple design variations to find
the most efficient configuration. This technique is particularly useful in optimizing wing shapes,
reducing drag, and enhancing fuel efficiency.
Reinforcement Learning (RL) is a branch of Al that is highly applicable to adaptive control systems
in aviation. By using a reward-based system, RL enables aircraft systems to learn from real-time
operational data and make automated performance adjustments. This improves fuel efficiency and
flight stability, reducing pilot workload.
Support Vector Machines (SVM) are useful for classifying aircraft operational conditions based on
sensor data. By analyzing patterns in historical flight data, SVM models can predict potential
performance anomalies and assist in preventive maintenance scheduling.
Another innovative approach is fuzzy logic, which allows aircraft systems to handle uncertainties and
imprecise data. Unlike traditional logic-based systems, fuzzy logic can model gradual changes in
aircraft performance, such as turbulence effects, engine wear, and environmental variations.
To develop an accurate and predictive model for aircraft performance, Al-based mathematical
algorithms are employed. These algorithms leverage machine learning (ML), deep learning (DL), and
statistical analysis to construct a theoretical framework for:

e Flight dynamics and aerodynamics modeling

o Fuel efficiency and propulsion system optimization

o Structural integrity analysis under different flight conditions

o Environmental impact assessments
Mathematical models, combined with Al, allow to optimize various aircraft parameters, such as wing
shape, engine efficiency, and aerodynamic performance. By analyzing data from flight simulations and
operational conditions, Al algorithms can improve decision-making processes and provide engineers
with real-time feedback for design refinements. This results in safer, more fuel-efficient, and
environmentally sustainable aircraft.
1. Neural Network-Based Flight Dynamics Modeling
Modern aircraft rely on sophisticated Al models to enhance flight dynamics predictions, optimize

control strategies, and ensure stability under dynamic conditions. Deep learning architectures, such as
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recurrent neural networks (RNNs) and convolutional neural networks (CNNs), model the nonlinearities
in flight behavior by processing vast amounts of flight data. These models help anticipate aircraft
responses under various operational scenarios, reducing reliance on costly physical testing.
a) Long Short-Term Memory (LSTM) Networks
LSTM networks are widely used for time-series analysis of flight data, improving predictions of
aircraft stability and control under changing conditions. These networks help:
o Predict aircraft behaviour in turbulence.
o Improve real-time flight control adjustments.
o Enhance pilot assistance systems by forecasting environmental changes such as wind gusts and
altitude variations.
Application: An LSTM-based model was used to predict the impact of sudden wind shifts on

aircraft stability, significantly reducing control lag and improving response times.

Python Implementation:
import numpy as np
import tensorflow as tf
from tensorflow.keras.models import Sequential
from tensorflow.keras.layers import LSTM, Dense
# Generate dummy flight data
time_steps = 100
features = 10
data = np.random.rand(1000, time_steps, features)
labels = np.random.rand(1000, 1)
# Build LSTM model
model = Sequential([
LSTM(50, return_sequences=True, input shape=(time_steps, features)),
LSTM(50),
Dense(l)
7
model.compile(optimizer="adam’, loss='mse’)

model.fit(data, labels, epochs=10, batch_size=32)

86



b) Transformer Models

Transformers are powerful for modeling contextual dependencies in aerodynamic parameters. They
excel in identifying long-range dependencies, improving:
e Accuracy in flight trajectory predictions.
e Autonomous decision-making in dynamic flight environments.
e Real-time anomaly detection in aircraft sensors.
Application: A transformer model trained on historical flight data successfully predicted deviations in
aircraft trajectory due to unexpected weather disturbances, improving fuel efficiency by optimizing
flight paths.
Python Implementation:
import torch
from torch import nn
# Define transformer model
class TransformerModel(nn.Module):
def _init__ (self, input dim, hidden dim, output _dim, num_heads, num_layers):
super(TransformerModel, self). _init ()
self-encoder layer=nn.TransformerEncoderLayer(d_model=input _dim, head=num_heads)
self-transformer_encoder=nn.TransformerEncoder(self.encoder layer,num_layers=num_layers)
self.fc = nn.Linear(input dim, output dim)
def forward(self, x):
x = self.transformer_encoder(x)
return self.fc(x)
Usage
model = TransformerModel(input dim=10, hidden dim=50, output dim=1, num_heads=2,
num_layers=2)
data = torch.rand(100, 10, 10) # Dummy flight data
output = model(data)
¢) Physics-Informed Neural Networks (PINNs)
PINNSs integrate fundamental physics with Al models, ensuring that predictions adhere to aerodynamic
and thermodynamic principles. By incorporating domain-specific knowledge, these models enhance

robustness and interpretability.
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Key Features:

e Incorporates Navier-Stokes equations for aerodynamic coefficient prediction.

e Reduces reliance on extensive computational fluid dynamics (CFD) simulations.

e Improves the physical realism of Al-driven predictions.

Loss Function Formulation: L = Ldata + ALphysics
where:
Ldata= Mean Squared Error (MSE) on CFD/flight data.
Lphysics = Residual of governing fluid equations.
A= Regularization parameter ensuring physics compliance.
Python Implementation:
import torch
import torch.nn as nn
class PINN(nn.Module):
def _init _(self, input dim, hidden dim, output _dim):
super(PINN, self). _init ()
self.fcl = nn.Linear(input_dim, hidden_dim)
self.fc2 = nn.Linear(hidden_dim, output dim)

def forward(self, x):
x = torch.relu(self.fcl(x))
return self.fc2(x)
# Define physics-informed loss
lambda reg = 0.1
def physics_loss(pred, physics residual):
data_loss = torch.mean((pred - physics_residual) ** 2)
return data_loss + lambda_reg * torch.mean(physics_residual ** 2)
Usage
model = PINN(input _dim=35, hidden dim=50, output_dim=1)
data = torch.rand(100, 5)
output = model(data)
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Table 4.1: Applications in Aircraft Design and Control

Al Model Application Key Benefit

LSTM Time-series flight prediction | Improved real-time control

Transformer Flight trajectory optimization | Enhanced predictive accuracy
Aerodynamic coefficient .

PINN o Physics-based robustness
estimation

2. Reinforcement Learning for Control Optimization

Reinforcement learning (RL) is employed to enhance aircraft control systems, allowing autonomous
decision-making. RL-based models optimize control inputs for various phases of flight, reducing
human error and improving overall efficiency.

e Deep Q-Learning Networks (DQNs): Used for decision-making in flight path optimization.
These networks help Al systems learn the best flight strategies by evaluating multiple scenarios
and choosing the most efficient trajectories.

o Policy Gradient Methods: Applied to continuous control problems in aircraft maneuvering.
These techniques enable smooth and precise adjustments to control surfaces, improving aircraft
responsiveness and fuel economy.

e Multi-Agent RL: Enhances collaborative decision-making between human pilots and Al co-
pilots. By training multiple agents to coordinate and optimize flight decisions, multi-agent RL
ensures seamless interactions between Al-driven autopilot systems and human operators.

Agent: Proximal Policy Optimization (PPO).

State Space: [Airspeed, AoA, altitude, G-forces].

Action Space: [Elevator deflection, throttle adjustment].

Reward Function:

R=wl -Stability+w2 -Fuel Efficiency—w3-G-Load Violation (61)
Through reinforcement learning, Al-driven control systems can adapt to changing flight conditions in
real-time, improving safety, fuel efficiency, and operational flexibility.

Al-Powered CFD Simulations for Aerodynamic Studies

CFD simulations generate massive datasets that traditional methods struggle to process efficiently. Al
techniques such as deep reinforcement learning and physics-informed neural networks (PINNs) extract

meaningful insights from CFD data, enabling:
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o Efficient acrodynamic modeling: Al-based surrogate modeling reduces computational costs by

approximating complex fluid dynamics equations.

e Turbulence prediction and flow optimization: GANs (Generative Adversarial Networks) create

enhanced turbulence models, refining flow predictions for more stable and fuel-efficient flight.

e Drag and lift coefficient estimations for various airframe configurations: Al-based surrogate
models improve aerodynamic efficiency through iterative learning and data refinement,

optimizing aircraft design for different flight conditions.

By integrating Al into CFD simulations, researchers can significantly accelerate the design and testing
of next-generation aircraft while reducing costs and time-to-market for new aerospace technologies.

1. CFD Data

CFD solves the Navier-Stokes equations:
ouot+(u-Vyu=—1pVp+vV2u+gotou+(u-Vyu=—p1Vp+vV2u+g (62)
where uu = velocity field, pp = pressure, vv = kinematic viscosity.

Table 4.2: CFD Simulation Parameters for Training Al Models

Parameter Value Range

Mach Number 02-0.8

Reynolds Number|1x1061x106 — 5x1065%106

Angle of Attack |-5°—20°

2. Sensor Data Preprocessing

Sensor noise reduction using a Kalman Filter:
x k=x"k—1+Kk(zk—Hx"k—1) (63)

where KkKk = Kalman gain, zkzk = measurement.
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Data Acquisition & Preprocessing

Table 4.3: Data Acquisition

Data Type Description

Al Application

Simulations turbulence models.

CFD High-resolution flow fields, pressure distributions,

Training deep neural networks

(DNNS).

(FDR) G-forces).

Flight DataReal-time telemetry (AoA, airspeed, engine thrust,

Anomaly detection,

reinforcement learning.

Structural

Sensors

Strain gauges, accelerometers, fatigue monitoring.

Predictive maintenance (LSTM

networks).

Pilot Biometrics|EEG, heart rate, G-suit pressure sensors.

G-LOC prediction (CNN + RL).

A synthetic CFD dataset containing 5,000 samples with key aerodynamic parameters was created. The

dataset includes inputs such as angle of attack, airspeed, altitude, elevator deflection, and aileron

deflection, and outputs as lift coefficient (Cl), drag coefficient (Cd), and pitching moment coefficient

(Cm). Below is the Python script for generating this dataset and training AI models using TensorFlow

and Scikit-Learn.

import numpy as np

import pandas as pd

from sklearn.model_selection import train_test split

from sklearn.preprocessing import StandardScaler

from sklearn.neural _network import MLPRegressor

import tensorflow as tf

from tensorflow.keras.models import Sequential

from tensorflow.keras.layers import LSTM, Dense, Dropout
# Generate synthetic CFD dataset

np.random.seed(42)

num_samples = 5000

angle of attack = np.random.uniform(-5, 20, num_samples)
airspeed = np.random.uniform(50, 250, num_samples)

altitude = np.random.uniform(100, 12000, num_samples)
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elevator_deflection = np.random.uniform(-15, 15, num_samples)

aileron_deflection = np.random.uniform(-10, 10, num_samples)

Cl = 0.1 * angle of attack + 0.002 * airspeed - 0.0001 * altitude + 0.05 * elevator_deflection +

np.random.normal(0, 0.02, num_samples)

Cd = 0.02 + 0.001 * angle of attack**2 + 0.00005 * airspeed + np.random.normal(0, 0.005,

num_samples)

Cm = -0.05 * elevator deflection + 0.002 * angle of attack + np.random.normal(0, 0.01,

num_samples)
# Create dataframe
df = pd.DataFrame({
"Angle of Attack”: angle of attack,
"Airspeed": airspeed,
"Altitude": altitude,
"Elevator Deflection": elevator deflection,
"Aileron_Deflection": aileron_deflection,
"Cl": CI,
"Cd": Cd,
"Cm": Cm
2
# Save to CSV
df:to_csv("synthetic _cfd data.csv", index=False)

# Prepare data for ML

X = df[["Angle of Attack”, "Airspeed", "Altitude",
"Aileron_Deflection"]].values

Y =dff["Cl", "Cd", "Cm"]].values

scaler X = StandardScaler()

scaler Y = StandardScaler()

X scaled = scaler X fit_transform(X)

Y scaled = scaler Y.fit_transform(Y)

X train, X test, Y train, Y test = train test split(X scaled,

random_state=42)

"Elevator Deflection”,

Y scaled,

test size=0).2,
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# Scikit-Learn Neural Network
mlp _model = MLPRegressor(hidden layer sizes=(50, 50), activation="relu’, solver='adam’,
max_iter=500, random_state=42)
mlp model fit(X train, Y train)
mlp score = mlp_model.score(X test, Y test)
print(f"Scikit-Learn MLP Score: {mlp _score}")
# TensorFlow LSTM Model
X train_Istm = X train.reshape((X train.shape[0], 1, X train.shape[l]))
X test Istm = X test.reshape((X test.shape[0], 1, X test.shape[l]))
Istm_model = Sequential([
LSTM(50, return_sequences="True, input_shape=(1, X train.shape[l])),
Dropout(0.2),
LSTM(50, return_sequences=False),
Dropout(0.2),
Dense(25, activation="relu’),
Dense(3) # Output: Cl, Cd, Cm
7
Istm_model.compile(optimizer="adam', loss="mse’)
Istm_model.fit(X train_Istm, Y train, epochs=50, batch size=32, validation data=(X test Istm,
Y test), verbose=1)
loss = Istm_model.evaluate(X test Istm, Y test)

print(f"LSTM Model Loss: {loss}")

4.2.3 Safety Issues and AI-Driven Data Analysis

Safety Concerns in Aircraft Operations

Aircraft safety is a paramount concern in aviation, encompassing various aspects such as structural
integrity, mechanical reliability, human factors, and environmental hazards. Failures in any of these
areas can lead to serious incidents, making predictive analysis and preventive measures essential.
Mechanical failures account for a significant percentage of aviation safety incidents. Issues such as
engine malfunctions, hydraulic failures, and control surface anomalies can compromise flight safety.
Traditional maintenance practices rely on scheduled inspections, which may not always detect

potential failures before they become critical.
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Human factors also play a crucial role in aircraft safety. Pilot error remains a leading cause of aviation
accidents, often attributed to fatigue, miscommunication, or situational awareness limitations.
Monitoring pilot behavior and physiological signals can help mitigate these risks.

Environmental hazards such as severe weather conditions, bird strikes, and turbulence also pose safety
threats. Conventional forecasting models provide general predictions, but they often lack real-time
adaptability to sudden atmospheric changes. Al-based predictive systems can integrate live
meteorological data, providing more accurate and immediate warnings.

Cybersecurity has become another pressing concern with the increasing reliance on digital flight
systems and avionics. Al-driven security systems can detect unusual network activities, helping to
prevent cyber threats and unauthorized access to critical aircraft systems.

Al-Driven Safety Models

To address safety concerns, Al-driven models provide real-time data analysis and predictive insights.
Predictive maintenance is one of the most significant Al applications in aviation safety. Al algorithms
analyze engine performance, hydraulic systems, and avionics to predict potential failures before they
occur. Airlines can use this data to perform maintenance only when necessary, improving safety while
reducing operational costs.

Another crucial application is biometric crew monitoring, where Al-powered systems track pilot
fatigue levels by analyzing facial expressions, eye movements, and heart rate data. These systems
provide real-time alerts to mitigate fatigue-related errors.

Automated anomaly detection is another Al-driven safety measure that improves operational
reliability. Machine learning models analyze real-time flight data to detect irregularities, such as
abnormal engine performance or unexpected aircraft movements. Early detection allows for prompt
corrective action, preventing accidents before they occur.

Al can also enhance air traffic management, optimizing flight paths to reduce collision risks. Al
algorithms analyze aircraft trajectories, airspace congestion, and meteorological data to suggest the
safest and most efficient routing options.

Al-driven safety models enable aircraft systems to become more proactive in detecting and mitigating
risks. By leveraging real-time and historical data, Al enhances decision-making in both routine
operations and emergency scenarios.

Case Study: Al-Based Safety Analysis for Marchetti S211 Jet

The Marchetti S211, a military jet trainer, serves as an ideal testbed for Al-based flight safety
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applications. The proposed Al-driven microgravity simulation matrix can be used to predict and

mitigate risks associated with training flights, thereby improving pilot and aircraft safety.

Table 4.4: Marchetti S211 Jet specifications

Parameter

Value

Max Speed

420 knots (778 km/h)

Service Ceiling

42,000 ft (12,800 m)

Thrust-to-Weight

0.4

Typical Mission

Pilot training, aerobatics

Application of Al in Safety and Risk Mitigation

Microgravity Simulation Matrix: Al-based predictive models simulate various flight

conditions, including microgravity, to assess aircraft and pilot response under extreme

conditions.

Real-Time Anomaly Detection: Al algorithms analyze sensor data from the aircraft to detect

deviations from normal operational patterns, preventing mechanical failures before they occur.

Predictive Decision Support: Al-driven systems provide real-time recommendations to pilots,

improving situational awareness and emergency response strategies.

By implementing Al-driven safety solutions in the Marchetti S211, researchers can refine risk

mitigation techniques that enhance the safety of pilots and aircraft. The Al-based microgravity

simulation matrix can be extended to other jet trainers, improving overall training efficacy and mission

readiness. Below table gives the metric comparison of traditional vs Al enhanced methods.

Table 4.5: Traditional Vs Al method

Metric Traditional Method |AI-Enhanced Method Improvement
Stall Prediction Accuracy|70% 95% +25%
False Alarm Rate 15% 3% -12%
Engine Failure Detection |60% 88% +28%
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4.3 Advancing Al-Driven Theoretical Modeling and Data Analysis

for Aircraft Performance and Safety in Space Missions

4.3.1 Introduction

The aerospace industry faces mounting pressure to achieve higher performance, improved safety, and
operational resilience, especially in the context of advanced missions such as suborbital flights and
deep space exploration. Traditional methods of performance modeling and system analysis, while
foundational, are increasingly insufficient for the complex and nonlinear challenges posed by dynamic
flight environments. This section aimed at optimizing Al-driven mathematical modeling, fine-tuning
autonomous systems, and enhancing data analysis methodologies. The goal is to equip next-generation
aerospace platforms with the intelligence required to operate autonomously and adaptively under

extreme conditions.

4.3.2 Optimization of the Mathematical Matrix Model

The core of this project lies in the development and refinement of a robust mathematical matrix model
designed to integrate real-time aerodynamics, structural dynamics, control surface responses, and
environmental parameters. This matrix model enables high-fidelity simulations of aircraft behavior

under both conventional and extreme conditions such as space mission scenarios.
Key Activities

o Parameter Refinement: The matrix was recalibrated using flight telemetry data and 5000 synthetic
datasets generated through CFD (Computational Fluid Dynamics). The regression model for lift

coefficient was refined using gradient descent to minimize MSE:

C; = 0.1a + 0.002V — 0.0001~h + 0.058,

(64)
Optimized using gradient descent to minimize:
l T
MSE = ~ » (¢, -cr)
i=1 (65)
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Figure 4.15: Lift coefficient error over iterations
e Dynamic State Feedback Integration: Implemented Kalman filters to minimize noise and

improve simulation stability. Kalman filter implemented as:

Ep = Tp—1 + Kp(zx — HEp_1) )
Where:

* K Kalman gain
*  Zp: measurement vector

e I state estimate

Improved signal-to-noise ratio by 27% and stabilized pitch-angle estimation.

e Microgravity Scenario Embedding: Modeled variables specific to low-density atmospheres and
altered thrust vectors. Thrust vector adaptation and reduced gravity were simulated. Adjusted lift

and drag coefficients for rarefied flow regimes:

Cp=Cpy+ K(CL)2 with K = ﬁ

(67)
8. 1o :

cpv — g _y. ;T == (i W)’
AP (68)
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e Multi-Objective Optimization: Applied Genetic Algorithms (GA) for fuel efficiency,

aerodynamic balance, and robustness. Fitness function:

F = wL/D + wy(1/fuel) + w;(G-stability) 69)

Result improved aerodynamic efficiency by 16%.

o Integration with AI Agents: Configured the matrix as an environment for reinforcement learning

algorithms. Reinforcement learning using PPO with reward:

R =085+ asFE — ayG
Where:

s S:stability

s E:fuel economy

* G:G-load penalty (70)

Trained agents reduced control errors by 23%.
Case Study: Matrix Optimization in Simulated Microgravity Tasks

A simulation was conducted using the refined matrix model to the Marchetti S211 to emulate flight
conditions under microgravity. Adjustments were made to accommodate the jet's specific control

responses and mission profile.
Scenario: High-G turn followed by microgravity dive.

Table 4.6: Key parameters

Parameter Value

Initial Altitude 25,000 ft

Target Altitude 42,000 ft

Mission Duration 22 minutes

Environmental Inputs|[Variable gravity, high-altitude pressure drops
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The model demonstrated improved prediction of control deflection outcomes, better thermal
estimation, and minimized oscillatory behavior during atmospheric re-entry. Reinforcement learning
agents trained in this matrix exhibited a 23% improvement in stability control compared to baseline
models, 15% reduction in thermal boundary error during re-entry, Fuel usage decreased by 12.3% due
to matrix-led trajectory optimization, Vertical speed variations smoothed by 26%, and stable pitch

control at 100 km altitude.

4.3.3 Fine-Tuning Al Algorithms for Autonomous Adaptation
Aircraft operating in space or high-altitude environments must autonomously adapt to unpredictable
and often hostile conditions. To address this, our project advanced the development and deployment

of Al algorithms tailored for resilience and real-time decision-making.
Key Activities

o Reinforcement Learning Deployment: Used PPO (Proximal Policy Optimization) to develop

agents that autonomously manage throttle, flight paths, and control surfaces. Algorithm: PPO

Table 4.7: Comparison PID vs PPO

Metric Baseline (PID)|PPO Agent
Settling Time (s) ||12.4 8.2

Max G Deviation|[3.2 g 2.1¢g

Fuel Usage (kg) {152 131

R= —10— 0., —0.01 % fuel + 0.1 * stability
! 1)

o Time-Series Learning with LSTM Networks: Applied LSTM to anticipate state transitions using
flight telemetry. Used sequence data (airspeed, AoA, vertical acceleration) for 5000-time steps.
Prediction MAE improved by 19% after 100 epochs. Architecture:

LSTM(64) — Dense(32) — Qutput(1l) 72)
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o Transformer-Based Models for Anomaly Detection: Enabled pre-emptive detection of failures
via attention mechanisms. Multi-head self-attention network detected early signs of actuator delay,
detected actuator drift 6 seconds before failure. Achieved 94% anomaly precision. Multi-head

attention layers:

cn

Kt
Attention(Q, K, V') = softmax (Q ) Vv
v Uk

(73)

Detected actuator drift 6 seconds before failure (94% precision)

e Simulation in Randomized Environments: Trained agents across 10,000+ randomized flight
conditions with changing:
o wind speeds (0-50 m/s)
e pressure (40—100 kPa)
e control lags (0-0.5s)
Al robustness score improved by 21%.
o Co-Pilot AI Module: Simulated Al-human interaction to support pilot incapacitation protocols.
Multi-agent system using shared reward:
R = Ry + Rar + B x coordination accuracy
(74)
Response time after pilot incapacitation reduced from 3.4s to 1.9s.

Case Study: AI-Controlled Autonomy During Control Surface Jam

In a test scenario, The PPO-based Al was tested on the S211 under simulated elevator surface jam.

Simulation Conditions:
o Altitude: 28,000 ft
e Speed: 370 knots

o Failure: Sudden jam of elevator control at +3.2g manoeuvre

System Response:
e Al re-routed control through coordinated rudder and aileron

e Adjusted throttle to maintain pitch angle.
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Key Activities

learning to reduce data dependency. PINN integrated Navier-Stokes equations:

Table 4.8: Performance Comparison:

Metric Human-only||Al-Assisted|Improvement
Altitude Deviation |[+460 ft +210 ft -54%
Response Time 3.6 sec 1.7 sec -52%
Recovery Fuel Use||34.1 kg 27.4 kg -19.6%

framework was expanded to address this challenge.

Loss = MSEg4.. + A % Residualyg

4.3.4 Enhancing AI-Driven Analysis for Complex, Nonlinear Data

Reduced dependency on CFD by 40% while maintaining lift prediction within 5% margin.

high-dimensional data i.e.:100+ sensor channels to 10 latent features:

Kalman filters. Kalman + FFT smoothing removed sensor outliers, boosting model accuracy from

82% to 91%.

Table 4.9: PC1 and PC2 description

Feature

Description

PCl1

Engine vibration magnitude

PC2

Ao0A oscillation frequency

Modern aerospace operations generate high volumes of heterogeneous, nonlinear data. Traditional

methods fall short in extracting actionable insights from these datasets. Our Al-driven data analysis

o Physics-Informed Neural Networks (PINNs): Integrated aerodynamic equations into deep

o Dimensionality Reduction and Feature Engineering: Applied PCA and t-SNE to streamline

o Al-Augmented Preprocessing Pipelines: Improved data fidelity using FFT-based denoising and
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o Unsupervised Learning for Pattern Discovery: Revealed unknown event classes and anomalies
via DBSCAN. DBSCAN found three unlabelled clusters indicating unusual engine harmonic
signatures. Maintenance flagging now 88% accurate.

e Cross-Model Ensemble Techniques: Combined RNN, CNN, and MLP outputs for predictive
reliability.

Table 4.10: Model accuracy

Model ||Accuracy

RNN 86%

CNN 89%

Ensemble|[93%

Case Study: Predictive Maintenance via Anomaly Pattern Discovery

Structural sensor data from over 1,000 training flight cycles was analyzed using unsupervised learning.
Al Methods Used:

e LSTM for time-series failure prediction

e PCA for dimensionality reduction

o DBSCAN for clustering anomaly patterns

Al models identified precursors to fatigue crack formation through minute vibration harmonics.
Maintenance teams were able to intervene before structural damage occurred, preventing potential

mission failure and reducing costs by 40%.

4.3.5 Summary

This chapter work investigated the concept of simulating microgravity which focused on the
kinematic analysis for reduced gravity flights and presents a novel control framework for zero-
gravity flight based on the proof-mass-tracking method. Further, integrated Al-driven methodologies
for theoretical modeling and performance analysis in aircraft studies. Outcomes are summarized
below:

e Initially discussed the operating principles of reduced gravity flight by analysing the relationship
between ground reaction force and passenger’s sensation of weight, it provided the kinematic analysis

for the trajectory that creates a feeling of arbitrary gravity.

102



e  Further, the chapter delves into the distribution of force on an aircraft under reduced gravity
conditions. The discussion was built on the small angle-of-attack assumption, and it was found that
thrust should be set approximately equal to drag, while lift was regulated to a specific value to create
the level of reduced gravity desired. Furthermore, it presents a steady-state level flight example to
clarify the meaning of local (non-gravitational) gravity and to validate the analytical method.

e The model then suggested using a free-falling proof mass as an inertial reference to guide an
aircraft towards a drag-free orbit. Only the deviation from the nominal trajectory is required to
calculate the corresponding thrust and the elevator deflection. A proof mass is placed in the cockpit
rather than at the center of gravity to avoid non-minimum phase characteristics.

e A traditional PID structure is sufficient for the moment (elevator) controller to eliminate the
normal position error. A thrust controller consisting of three integrators and state feedback was
developed based on an internal model of the quadratically growing drag. This control architecture
can counter the unknown, nonlinear drag and minimize the tangential position error.

e Al-Based Theoretical Modeling: Addressed challenges in traditional aircraft performance
modeling, such as computational complexity and data limitations. Developed Al-driven solutions
using Neural Networks (NN), Genetic Algorithms (GA), and Reinforcement Learning (RL) for
improved accuracy and adaptability.

e Al Techniques for Performance Optimization: Implemented machine learning approaches,
including LSTMs for time-series flight prediction and Transformer models for flight trajectory
optimization. Developed Physics-Informed Neural Networks (PINNs) to ensure compliance with
fundamental aerodynamic principles.

e  Al-Powered CFD Simulations: Utilized Al to enhance Computational Fluid Dynamics (CFD)
simulations, reducing computational costs and improving turbulence prediction and aerodynamic
efficiency. Created synthetic CFD datasets for training Al models and improving predictive accuracy.
e Data Acquisition and Preprocessing: Collected and processed real-time flight data, CFD
simulations, and structural sensor data to enhance Al models. Implemented Kalman filtering for noise
reduction in sensor data, improving model reliability.

e  Safety Analysis Using Al: Identified potential safety concerns in aircraft operations, leveraging
Al for predictive maintenance and anomaly detection. Integrated Al-based decision-making

frameworks to enhance operational safety and efficiency.
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5 Validation of the Matrix Model as a Benchmarking
Standard for Aircraft Simulation in Microgravity

5.1 Background and Previous Work
The earlier stages of the project established the mathematical and computational foundations
necessary for simulating microgravity environments using light jet aircraft. Previous report focused
on developing a mathematical matrix model capturing CFD-based studies, kinematic analysis of
microgravity trajectories, and novel control architectures such as triple-integral thrust control and
proof-mass-tracking frameworks. This work enabled the characterization of reduced gravity flight

paths and provided a baseline for integrating adaptive control laws.

Further, expanded these efforts by embedding Al algorithms within the matrix models, deploying
reinforcement learning (Proximal Policy Optimization), long short-term memory (LSTM) networks,
transformer-based anomaly detection, and Physics-Informed Neural Networks (PINNs). These
advances improved simulation fidelity, reduced reliance on expensive CFD, enhanced anomaly
detection precision (up to 94%), and demonstrated predictive maintenance capabilities. Together,
these achievements demonstrate the readiness to advance from theory and simulation toward

validation and deployment.
5.2 Introduction

The transition toward research-based missions in microgravity environments ranging from
suborbital flights to lunar and Martian operations necessitates high-fidelity, validated simulation
frameworks. These frameworks must accurately model vehicle dynamics, control behavior, and
environmental interactions under reduced gravity and rarefied atmospheric conditions. The matrix
model developed under this project integrates multi-domain physical dynamics, making it a prime
for benchmarking aircraft simulation in microgravity. This report validates the matrix model as a
standard for simulating aircraft behaviors and control in microgravity conditions, demonstrating its
utility for mission-critical applications such as space agriculture and space mining. It also highlights

dissemination efforts aimed at broadening the model’s impact.

The core of this project lies in the development and refinement of a robust mathematical matrix
model designed to integrate real-time aerodynamics, structural dynamics, control surface responses,
and environmental parameters. This matrix model enables high-fidelity simulations of aircraft

behaviors under both conventional and extreme conditions such as space mission scenarios.
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5.3 Model evaluation and efficacy

5.3.1 Performance evaluation
The matrix model was evaluated on the following key performance criteria:

» Aerodynamic Response Accuracy: Predicted lift/drag coefficients compared against CFD and

experimental data in rarefied atmospheric conditions.

» Control Surface Effectiveness: Measured stability under actuator jam scenarios, gravity vector

shifts, and control latency.

 Trajectory Prediction Fidelity: Evaluated performance during simulated re-entry, microgravity

arcs, and high-G manoeuvres.

* Thermal Boundary Accuracy: Modeled thermal flux and heat gradients during atmospheric

transitions.

* Al Agent Integration: Tested with PPO and LSTM agents for dynamic control, fault recovery,

and adaptive behaviour.

5.3.2 Simulation testbeds
The matrix model was validated through extensive simulation environments:
* Jet Aircraft Testbed: Marchetti S211 configured for parabolic and high-altitude scenarios.

* Planetary Conditions: Lunar (0.16g) and Martian (0.38g) gravity profiles with variable pressure

regimes.

» Randomized Environmental Scenarios: Over 10,000 simulations with changes in:
o Wind speed (0-50 m/s)

o Pressure (40—100 kPa)

o Actuator lag (0-0.5s)
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Validation cross-referenced:

* Open FOAM CFD outputs

» Synthetic datasets representing mission anomalies
Key metrics validating its efficacy include:

* Aerodynamic prediction accuracy: Achieved <4.2% error in lift/drag estimation under 0.3g—1g

transitions.
* Trajectory and control prediction: Pitch, roll, and vertical speed errors kept within +5 m/s range.
* Thermal response modeling: Predicted surface heat flux during re-entry within 7% of CFD values.

* Autonomous Recovery: PPO agents achieved control re-routing in <2 seconds during control

surface failure.
* Robustness: Maintained stability across randomized simulations.

» Learning Convergence: PPO and LSTM agents trained effectively within the matrix, achieving

low control error rates and high generalization across test conditions.

* Control system simulation under failure: In scenarios such as elevator jams, Al agents trained in

the matrix reduced:
o Altitude deviation by 54%
o Response time by 52%
o Recovery fuel use by 19.6%
5.3.3 Correlation to space industry applications

Space Agriculture

Space-based agriculture is a cornerstone of long-duration missions, planetary habitats, and orbital
biospheres. The matrix model's integration into this domain provided a high-fidelity simulation
environment for evaluating closed-loop life support systems, plant growth dynamics, and
environmental control strategies under variable-gravity and rarefied atmospheric conditions.

Key simulation focuses and outcomes:

* Artificial Gravity Cycling: Simulations spanned controlled transitions between microgravity (0g),
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partial gravity (0.2g—0.6g), and Earth-equivalent gravity (1g). These transitions were critical for
understanding mechanical stresses on structural plant supports and fluid redistribution in roots and

mist delivery systems.

Outcome: Enabled dynamic reconfiguration of environmental control algorithms for gravity

cycling, improving plant stability and nutrient uptake by 14% in partial gravity tests.

* Fluid Mist Dispersion in Aeroponic Chambers: The matrix model simulated how microdroplets
behaved in various gravitational and pressure regimes. This included flow separation, vortex

formation near roots, and mist propagation efficiency.

Outcome: Optimization of nozzle actuation timing and pressure profiles improved uniformity of
nutrient mist coverage, resulting in an 18% improvement in humidity retention and root zone

saturation.

* Air Recirculation and Pod Orientation Control: Simulated CO2/O: loop dynamics and air
stratification under different pod orientations (vertical/horizontal alignment) and centrifugal gravity
effects. The aerodynamic model was used to fine-tune ventilation channel geometries and fan

control systems.

Outcome: Enhanced gas mixing led to a 12% gain in CO: scrubbing efficiency and more stable

temperature zones across the plant canopy.

» Al Integration for Environment Control: PPO and LSTM agents-controlled lighting, nutrient

delivery, and ventilation dynamically, adapting to plant growth stages and environmental drift.

Outcome: Enabled robust autonomous operation with minimal manual correction, supporting long-

term deployment on lunar and orbital stations.

Space Mining

Lunar mining missions demand high precision in descent, landing, excavation, and sample return
processes often under weak gravity and harsh terrain variability. The matrix model supported end-
to-end simulation of these systems, focusing on mechanical, thermal, and control performance

across diverse environmental scenarios.
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Key simulation focuses and outcomes:

» Robotic Descent in Low Gravity (e.g., 0.16g Lunar Surface): High-fidelity modelling of descent
trajectories included plume-surface interactions, dust recirculation, and surface rebound under

actuator latency.

Outcome: Control system refinements reduced lateral landing drift error by 12% and improved

touchdown repeatability across simulated regolith variations.

» Regolith Plume Interaction and Surface Feedback: The model simulated regolith lofting caused
by descent thrusters, including particle velocity distribution, thermal feedback, and sensor

occlusion.

Outcome: Provided training data for LSTM-based vision systems to maintain terrain tracking during

plume interference, enhancing landing precision and sensor robustness.

 Retro-thrust Fuel Optimization and Dynamic Attitude Correction: The model allowed agents to
dynamically adjust thruster burn profiles using environmental feedback (e.g., slope angle, regolith

compaction, wind shear).

Outcome: Achieved a 22% reduction in retro-thrust fuel consumption while maintaining vertical

alignment within £2° during descent.

» Landing Gear and Actuator Stability in Granular Terrain: Simulations assessed compliance and
shock absorption during touchdown on soft or inclined surfaces. Control agents adapted damping

profiles and leg extension sequences based on real-time feedback.

Outcome: Enhanced actuator coordination led to a 15% reduction in bounce-back events and

minimized mechanical stress across the landing struts.

* Autonomous Excavation Control: LSTM agents were trained using terrain interaction models to

optimize digging depth, force application, and torque regulation.

Outcome: Improved energy efficiency during excavation by 9% and reduced tool wear in abrasive

soil conditions.
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5.4  Benchmarking and risk reduction

The developed matrix model is designed not only as a simulation tool but as a benchmarking

standard that can be applied across different platforms and mission types.
* Benchmarking Tool:

The matrix model serves as a standardized benchmarking framework applicable across a wide range
of mission profiles, including fixed-wing aircraft, re-entry vehicles, autonomous drones, and
spaceborne robotics. It enables consistent evaluation of system performance under controlled and
repeatable simulation environments. One of its key applications is cross-platform performance
comparison, allowing designers and engineers to assess how different aircraft configurations or
control strategies behave under identical simulated conditions such as microgravity, varying
atmospheric pressures (40—-100 kPa), and latency scenarios. For example, it can be used to compare
the lift-to-drag performance of winglet designs across transitions from Martian gravity (0.38g) to

lunar gravity (0.16g) and Earth-normal (1g) conditions.

In addition, the model supports in-depth analysis of control architecture by evaluating deterministic
versus adaptive control loops in mission scenarios involving actuator lag, environmental
perturbations, or system failures. This provides valuable insight into the robustness and
responsiveness of different control strategies. The framework also enables modular payload
benchmarking, where avionics systems or robotic components are subjected to simulated in-flight
anomalies, thermal stress, and structural loads such as those encountered during high-G manoeuvres

or rapid atmospheric transitions.

The impact of this benchmarking capability is significant. It establishes uniform, quantifiable
performance metrics including response time, recovery latency, and thermal modeling accuracy
which enable objective cross-program comparison and development tracking. Furthermore, it
facilitates third-party validation and pre-deployment certification of critical subsystems, supporting

faster, safer integration of new technologies into operational aerospace and spaceflight missions.
* Training and Certification Platform:

The matrix model also functions as a comprehensive virtual environment for the training,

evaluation, and certification of both human operators and Al-based flight systems. It supports a
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wide range of training capabilities, beginning with pilot-Al interaction scenarios, where
collaborative control systems can be tested under dynamic mission conditions. This includes

situations in which pilots and Al agents must share authority or transition control seamlessly.

The platform also serves as a safe and controlled testbed for validating autonomous systems,
particularly reinforcement learning agents such as LSTM and PPO models. These agents can be
trained to perform critical recovery maneuvers, optimize fuel use, and manage fault-tolerant
operations without the risks associated with physical test flights. Furthermore, the matrix model
enables detailed actuator and sensor fault testing by simulating both single- and multi-point failure
modes including control surface jams, propulsion latency, and sensor anomalies like dropouts or

false readings.

The overall impact of this platform is significant: it allows for the pre-deployment certification of
Al agents and control architectures under edge-case conditions that would be difficult, dangerous,
or costly to replicate in real-world environments. Additionally, it enhances the realism and depth of
training for human teams, supporting mission readiness while avoiding the risks and expenses

associated with physical flight or space testing.
+ Safety and Risk Reduction Asset:

One of the core objectives of the matrix model is to serve as a proactive risk mitigation platform,
enabling developers to identify failure modes and system vulnerabilities in a virtual environment
long before physical deployment. This significantly reduces the cost, time, and safety risks
associated with hardware development and mission execution. Through detailed failure mode
simulation, the model can assess how propulsion, control, structural, or sensor failures propagate
across subsystems and can simulate cascading failures along with potential recovery strategies. It
also supports mission readiness assessment by allowing teams to virtually test complex mission
scenarios such as lunar descent, atmospheric re-entry, and spacecraft docking—under realistic and
randomized conditions. With over 10,000 environmental variations including changes in wind,
pressure, and actuator lag, the model helps measure system robustness across a broad range of edge

cascs.

Another key benefit lies in design iteration support. Engineers can quickly refine hardware and

software designs using feedback from simulated stress profiles and Al-agent performance metrics,
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identifying and resolving potential design flaws before physical prototyping begins. This virtual-

first approach dramatically enhances efficiency and reliability during early development stages.

The cost and safety impact of this methodology is substantial. By shifting a significant portion of
testing to a simulated environment, physical testing requirements especially in high-risk domains
like re-entry or planetary landing can be reduced by up to 40%. The model also improves mission
assurance by validating integrated system behaviours under stressful and failure-prone conditions,
and it helps de-risk experimental flight platforms, ultimately accelerating their path to first flight or
orbital deployment.

Industry Benefits:

Enhanced readiness for future orbital missions
* Lowered entry barrier for new aerospace and drone manufacturers
+ Standardized test protocol for cross-vehicle performance comparison

* Cross-Vehicle Compatibility

AI/ML Development Platform

5.5 Conclusion

The matrix model developed in this project has undergone thorough validation and has proven itself
as a robust, Al-compatible benchmarking standard for aircraft simulation in microgravity. Its

versatility span:

 Simulated control and re-entry operations

* Environmental system design for space agriculture

* Precision descent and control for robotic space mining

Its integration with Al tools, predictive control systems, and simulation testbeds makes it a viable

platform for both academic research and industrial deployment in off-Earth operations.
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5.6 Key Contributions:

* Demonstrated high accuracy in rarefied atmospheric modelling.

Adapted for multiple use cases: agriculture pods, mining drones, suborbital aircraft.
* Integrated Al agent training (PPO, LSTM, Transformer) for autonomous flights.

* Supports benchmarking across multiple aircraft types and mission conditions.

Enables early anomaly detection and mission failure prevention.

* Enhances safety and reduces test-phase costs

5.7 Summary

This chapter validates the matrix model developed for benchmarking aircraft simulation in
microgravity. It documents the progression from mathematical and computational foundations
covering CFD-based aerodynamic studies, kinematic analyses of reduced-gravity trajectories, and
novel control architectures such as triple-integral thrust control and proof-mass-tracking
frameworks through to the integration of Al methods (including Proximal Policy Optimization,
LSTMs, transformer-based anomaly detection, and Physics-Informed Neural Networks). The
validated matrix model integrates real-time aerodynamics, structural dynamics, control-surface
responses, and environmental parameters to produce a high-fidelity simulation platform for
reduced-gravity and rarefied-atmosphere flight scenarios and demonstrates utility for mission-

critical applications such as space agriculture and space mining. Progress is detailed below:
* Developed and validated a matrix model for simulating aircraft in microgravity.

* Built on CFD, kinematic, and control system research, later enhanced with Al (PPO, LSTM,
Transformers, PINNSs).

* Achieved <4.2% aerodynamic prediction error and <7% thermal modelling error.

Al agents enabled fault recovery within 2 seconds, cutting altitude deviation by 54% and fuel use

by ~20%.

» Validated across >10,000 simulations including jet testbeds, lunar and Martian gravity, and

randomized disturbances.
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* Space agriculture simulations showed 18% better humidity retention and 12% improved CO-

scrubbing.
» Space mining simulations achieved 22% lower fuel consumption and 12% reduced landing drift.

* Model serves as a benchmarking and training platform, reducing risk, cost, and time for aerospace

testing.

» Contributions include multi-domain integration, Al-driven resilience, anomaly detection, and

benchmarking across mission types.

The matrix model has undergone thorough validation and, this report, demonstrates robustness and
Al compatibility as a benchmarking standard for aircraft simulation in microgravity. Its validated
capabilities cover simulated control and re-entry operations, environmental-system design for space
agriculture, and precision descent/control for robotic space mining. The model’s integration with
Al tools and its performance across extensive simulation testbeds indicate it is suitable for both
academic research and industrial deployment in off-Earth operations, and it provides a practical

foundation for the next phase of hardware validation and standards engagement.
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6 Model Refinement, Deployment Strategy, And Industry

Feedback Framework

6.1 Introduction

This report constitutes an extension to the previously submitted research milestones on Al-driven
aircraft performance modeling and microgravity flight simulation. Building upon the established
mathematical matrix framework, reinforcement learning—based autonomy, and advanced data

analytics pipelines, this document focuses on three complementary objectives:

1. Further refinement of the existing aircraft performance and safety models, with emphasis
on robustness, explainability, and operational readiness.

2. Definition of practical deployment strategies for transitioning the developed models from
research and simulation environments into operational and industry-facing contexts.

3. Design of a structured feedback and evaluation framework, including survey instruments,

to systematically capture insights from industry end-users and stakeholders.

The intent is to close the loop between theory, implementation, and real-world adoption by
ensuring that model refinement is informed by deployment constraints and that deployment

success is measured through structured industry feedback.

6.2 Further Model Refinement

6.2.1 Objectives of Continued Refinement

While the current modelling framework demonstrates strong predictive accuracy and adaptive
control performance, further refinement is required to ensure scalability, trustworthiness, and
sustained performance under operational variability. The key objectives of continued model

refinement are:

e Improving generalisation across aircraft configurations and mission profiles.

e Enhancing numerical stability and computational efficiency for near—real-time execution.
¢ Increasing interpretability of Al-driven decisions for pilots, engineers, and regulators.

e Strengthening fault tolerance and graceful degradation under partial system failures.

e These objectives guide the refinement activities described in the following subsections.
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6.2.2 Structural Refinement of the Mathematical Matrix Model

The existing mathematical matrix model integrates aerodynamic forces, propulsion dynamics,
control surface responses, structural behaviour, and environmental effects into a unified state-
space representation. To support scalability and maintainability, the refined model adopts a
hierarchical and modular structure.

The global state vector is decomposed into interacting submodules representing aerodynamics,
propulsion, structural response, and control actuation. Each submodule maintains its own internal
state representation and update equations, while well-defined interfaces govern information
exchange between modules. This modularisation enables selective refinement or replacement of
individual components without destabilising the overall system.

In addition, adaptive parameter scheduling is introduced to account for regime-dependent
behaviour. Parameters such as lift and drag coefficients, control effectiveness, and thrust response
are expressed as continuous functions of altitude, Mach number, and gravity level. Smooth
interpolation techniques replace discrete lookup tables, reducing discontinuities and improving
numerical stability during rapid transitions such as pull-up and microgravity injection phases.
Uncertainty quantification is also explicitly embedded within the matrix formulation. Stochastic
disturbance terms represent sensor noise, model mismatch, and environmental variability. These
terms are propagated through the state equations, enabling probabilistic performance assessment

and supporting downstream risk analysis.

6.2.3 Hybrid Physics - AI Model Integration

To balance physical fidelity with adaptability, the refined framework adopts a hybrid physics - Al
modelling paradigm. In this approach, the physics-based matrix model provides baseline
predictions grounded in first principles, while Al components learn residual dynamics that are
difficult to model explicitly.

Physics-informed neural networks (PINNs) are extended to enforce conservation laws, stability
constraints, and known aerodynamic relationships during training. The Al components therefore

operate within physically plausible boundaries, reducing the risk of spurious or non-intuitive
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predictions. This hybrid structure improves extrapolation performance in sparsely sampled
regimes, such as high-altitude or microgravity conditions, where purely data-driven models
often struggle.

The hybrid architecture also facilitates explainability. Deviations between physics-based
predictions and Al-corrected outputs can be analysed to identify unmodelled phenomena or

emerging system degradation, providing valuable diagnostic insights.

6.2.4 Refinement of Learning and Adaptation Algorithms

The reinforcement learning (RL) and time-series prediction components are further refined to
enhance robustness and training efficiency. Curriculum learning strategies are introduced,
whereby agents are trained progressively from nominal flight conditions to increasingly
extreme scenarios, including high-G manoeuvres, actuator faults, and sensor degradation.
This staged exposure improves convergence stability and reduces sensitivity to initial
conditions.

Reward functions are expanded into multi-objective formulations that explicitly balance
safety margins, passenger comfort, fuel efficiency, and structural loading. By encoding these
competing objectives directly into the learning process, the resulting policies exhibit more
balanced and operationally realistic behaviour.

Meta-learning techniques are also explored to enable rapid adaptation when encountering new
aircraft configurations or mission profiles. By learning how to learn, the system can recalibrate
itself with minimal additional data, reducing retraining time and supporting fleet-level

scalability.

6.2.5 Explainability and Human-in-the-Loop Enhancements

Explainability is a critical enabler of industry trust and regulatory acceptance. The refined
framework therefore incorporates multiple mechanisms to support human understanding and
oversight.

Attention-based models used for anomaly detection expose attention weights, highlighting
which sensors and state variables most strongly influence a given decision. This transparency

aids engineers in validating system behaviour and diagnosing unexpected outcomes.

Approximate decision rules are extracted from trained policies using surrogate models and
rule-induction techniques. These rules provide simplified representations of Al behaviour that

can be reviewed, documented, and referenced during certification processes.
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Human-in-the-loop interfaces are designed to allow pilots and engineers to constrain Al
actions within predefined safety envelopes. Rather than replacing human judgement, the
system is positioned as an intelligent assistant that enhances situational awareness and
decision-making.

6.3 Deployment Strategies

6.3.1 Deployment Objectives and Constraints

The deployment of Al-driven aerospace systems must address not only technical feasibility
but also organisational readiness, regulatory compliance, and operational integration.
Deployment strategies are therefore designed to minimise disruption to existing workflows
while enabling incremental adoption and validation.

Key constraints include stringent safety and certification requirements, limited tolerance for
operational risk, and the need for compatibility with legacy avionics and maintenance

systems. These factors strongly influence the proposed deployment of architecture.

6.3.2 Phased Deployment Architecture

A phased deployment strategy is recommended to manage risk and build stakeholder
confidence. The first phase involves offline deployment within high-fidelity simulation
environments. Here, the refined models are subjected to extensive stress testing, Monte Carlo
simulations, and scenario-based evaluations. This phase supports validation, pilot training,
and regulator engagement without direct operational exposure.

In the second phase, the system operates in shadow mode alongside existing avionics and
monitoring systems. Al generates predictions and recommendations but does not directly

influence aircraft behaviour. Performance is evaluated against ground truth and pilot actions.

The third phase introduces assisted operation, where Al outputs are integrated as decision-
support tools. Pilots and engineers retain full authority but benefit from enhanced situational
awareness and predictive insights.

The final phase enables limited autonomous or semi-autonomous operation for predefined
tasks, such as trajectory optimisation or anomaly detection, under strict safety constraints and

continuous monitoring.



6.3.3 Technical Infrastructure and Integration

Deployment requires a robust technical infrastructure capable of supporting real-time
inference, secure data handling, and controlled updates. An edge cloud hybrid architecture is
proposed, with time-critical computations executed on-board and non-critical analytics
handled in secure cloud environments. Containerisation and version control mechanisms
ensure reproducibility and traceability of deployed models. Cybersecurity measures,
including encryption and authentication, protect sensitive flight and operational data.
Integration with existing avionics, maintenance, and digital twin platforms is prioritised
through standardised data interfaces and interoperable formats. This reduces training

overhead and accelerates adoption.

6.3.4 Validation, Certification, and Governance

Validation, certification, and governance represent some of the most significant challenges
in the deployment of Al-enabled aerospace systems. Unlike conventional deterministic
software, learning-based systems exhibit adaptive behaviour, probabilistic outputs, and
sensitivity to operational context. These characteristics require assurance approaches that
extend beyond traditional verification and validation paradigms used in avionics
certification.

In the proposed framework, validation is treated as a continuous lifecycle activity rather than
a single pre-deployment gate. During early development and pre-deployment phases,
extensive offline validation is conducted using Monte Carlo simulations, large-scale
parameter sweeps, and systematic fault-injection campaigns. These exercises are designed
to expose the system to extreme and unlikely combinations of environmental conditions,
sensor degradations, and actuator anomalies. The outcomes of these simulations are used to
establish validated performance envelopes, confidence bounds, and explicit limitations of
applicability.

Following offline validation, the system enters operational evaluation phases in shadow and
assisted-operation modes. During these phases, continuous validation mechanisms monitor
the divergence between predicted system states and observed outcomes. Residual analysis,
statistical drift detection, and confidence-bound monitoring are employed to identify gradual
performance degradation caused by sensor ageing, model mismatch, or evolving operational
practices. When deviations exceed predefined thresholds, automated safeguards are
activated, including reversion to conservative control strategies and notification of human

operators.
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Certification readiness is supported through rigorous traceability and documentation
practices. Every deployed model version is linked to its training data, configuration
parameters, validation results, and operational performance metrics. This comprehensive
audit trail enables regulators and certification authorities to assess not only the correctness
of outcomes, but also the provenance, assumptions, and limitations of the system. Such
transparency is essential for building regulatory confidence in Al-enabled decision-support

and control systems.

Governance structures provide the organisational backbone for these technical measures.
Clear roles and responsibilities are defined for model ownership, update approval,
deployment authorisation, and incident response. Decision rights are separated to avoid
conflicts of interest, and escalation pathways are established to ensure timely intervention
when anomalies are detected. This governance framework aligns with emerging international

best practices for the assurance of safety-critical Al systems in aviation and related domains.

6.4 Industry Feedback and Evaluation Framework

6.4.1 Strategic Importance of Industry Feedback

While quantitative metrics derived from simulation and operational testing provide objective
measures of system performance, they do not fully capture human factors such as usability,
trust, organisational readiness, and cultural acceptance. Industry feedback is therefore an
essential complement to technical validation, ensuring that the developed system delivers
meaningful value in real-world operational contexts.

Structured feedback enables the identification of mismatches between design assumptions
and operational reality. It highlights features that are perceived as valuable by end-users,

as well as

those that introduce cognitive load, ambiguity, or resistance. Importantly, feedback also
informs change management strategies by revealing organisational and cultural barriers to

adoption that may not be apparent through technical evaluation alone.

6.4.2 Feedback Collection Methodology

A mixed-methods methodology is adopted to balance breadth and depth of insight.
Structured surveys provide quantitative measures that can be analysed statistically and

compared across stakeholder groups and deployment phases. Semi-structured interviews
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allow deeper exploration of specific issues raised in surveys, enabling nuanced
understanding of user concerns and expectations.

Workshops and live demonstrations complement these methods by providing opportunities
to observe system use in context. These interactive sessions facilitate shared understanding
between developers and end-users and often reveal workflow integration issues that are
difficult to articulate in survey form. Feedback is collected longitudinally across simulation-
only exposure, shadow mode operation, and assisted operational use, capturing how

perceptions evolve as familiarity and trust develop.

6.4.3 Stakeholder Segmentation

Different stakeholder groups interact with the system in distinct ways and therefore prioritise
different attributes. Pilots and flight test engineers focus on operational relevance, situational
awareness, and workload management. Maintenance and reliability engineers prioritise
diagnostics, fault prediction, and interpretability of health monitoring outputs. Operations
managers and safety officers assess compliance, risk mitigation, and organisational impact,
while systems integrators evaluate interoperability, scalability, and lifecycle support.

Segmented feedback analysis ensures that these differing priorities are explicitly recognised
and addressed. Rather than averaging responses across groups, the framework preserves
role-specific insights, supporting balanced design decisions that reflect the needs of the

entire operational ecosystem.

6.4.4 Feedback Survey Design Principles

Feedback instruments are designed in accordance with established human—systems
integration and human factors principles. Questions are framed in clear, unambiguous
language and avoid unnecessary technical jargon. Where technical concepts are unavoidable,
brief explanatory context is provided to ensure consistent interpretation across respondents.
Likert-scale items capture perceptions of accuracy, trust, and usability in a structured and
comparable form, while open-ended questions allow respondents to articulate concerns,
experiences, and suggestions in their own words. This combination supports both

quantitative analysis and qualitative thematic interpretation.
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6.5 Expanded Qualtrics Survey

The following survey structure is designed for implementation in Qualtrics and reflects best
practice in survey-based evaluation of complex technical systems.

Block 1: Introduction and Consent

This block introduces the project context, explains the purpose of the survey, outlines
expected completion time, and describes data handling and confidentiality arrangements. A
mandatory consent question is included, with survey termination logic applied if consent is
not granted.

Q1. Information Statement

Question type: Descriptive Text

You are invited to participate in a survey evaluating an Al-enabled aircraft performance and
safety framework developed for advanced flight operations.

The purpose of this survey is to gather industry feedback on model performance, usability,
trust, deployment readiness, and future development priorities. Participation is voluntary. All
responses will be treated confidentially and analysed in aggregated form. The survey will take

approximately 10—15 minutes to complete.

Q2. Consent to Participate
Question type: Multiple Choice (Single Answer)

Do you consent to participate in this survey?

O] Yes, I consent to participate

1 No, I do not consent

Display Logic: 1f “No” — End survey.

Block 2: Respondent Profile

This block captures respondent background information, including primary role, level of
familiarity with Al-enabled aerospace systems, and years of industry experience. These
variables enable segmented analysis of responses and support interpretation of differing

perspectives.
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Q3. Primary Professional Role

Question type: Multiple Choice (Single Answer)

Which of the following best describes your primary role?
L1 Pilot / Flight Crew

L1 Flight Test Engineer

] Aerospace / Systems Engineer

L1 Maintenance or Reliability Engineer

] Operations Manager

[ Safety or Compliance Officer

[] Systems Integrator / Technology Specialist

O Other (please specity)

Q4. Industry Experience
Question type: Multiple Choice (Single Answer)

How many years of experience do you have in the aerospace or aviation industry?

] 0-5 years
] 6-10 years
01 11-20 years

] More than 20 years

QS. Familiarity with AI-Based Aerospace Systems
Question type: Scale (5-point)

How familiar are you with Al-based or data-driven aerospace systems?
1 — Not at all familiar

2 — Slightly familiar

3 —Moderately familiar

4 — Very familiar

5 — Extremely familiar
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Block 3: Exposure Context

Respondents are asked to indicate the context in which they interacted with the system, such
as simulation-only exposure, shadow mode operation, or assisted operational use. Additional
questions capture which system components were most frequently engaged, providing context

for subsequent evaluations.

Q6. Context of System Interaction
Question type: Multiple Choice (Single Answer)

In what context did you interact with or observe the system?

O] Simulation only
[0 Shadow mode (Al running in parallel without control authority)
L1 Assisted operation (decision support)

L1 Demonstration or briefing only

Q7. Components Interacted With
Question type: Multiple Answer (Checkboxes)

Which system components did you interact with or observe? (Select all that apply)
o [ Aircraft performance prediction
o [ Trajectory optimisation
e [J Anomaly or fault detection
e [ Decision-support recommendations
e [ Visualisation or dashboard outputs

o [ Safety or risk indicators
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Block 4: Model Performance and Reliability
This block assesses perceived accuracy, consistency, and robustness of the system across
operating conditions. Likert-scale questions quantify overall impressions, while open-text

responses capture specific scenarios in which performance was notably strong or weak.

Q8. Accuracy of Outputs
Question type: Scale (5-point)

The system’s output was accurate relative to my expectations and domain knowledge.

1 — Strongly disagree

2 — Disagree
3 — Neutral
4 — Agree

5 — Strongly agree

Q9. Consistency Across Conditions
Question type: Scale (5-point)
The system performed consistently across different operating

conditions. 1 — Strongly disagree — 5 — Strongly agree

Q10. Behaviour Under Abnormal Conditions

Question type: Scale (5-point)

The system behaved appropriately under abnormal or unexpected

scenarios. 1 — Strongly disagree — 5 — Strongly agree

Q11. Performance Strengths and Weaknesses

Question type: Text Entry (Long Answer)

Please describe any scenarios where the system performed particularly well or particularly

poorly.
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Block 5: Usability and Integration
Questions in this block focus on interpretability of outputs, integration with existing
workflows, and effectiveness of visualisations. Respondents are encouraged to suggest specific

improvements that would enhance usability or reduce cognitive load.

Q12. Interpretability of Outputs
Question type: Scale (5-point)

The system outputs were easy to understand and

interpret. 1 — Strongly disagree — 5 — Strongly agree

Q13. Integration with Existing Workflows
Question type: Scale (5-point)

The system integrated well with existing tools, processes, or

workflows. 1 — Strongly disagree — 5 — Strongly agree

Q14. Effectiveness of Visualisations

Question type: Scale (5-point)
Visualisations and displays supported effective decision-

making. 1 — Strongly disagree — 5 — Strongly agree
Q15. Usability Improvements

Question type: Text Entry (Long Answer)
What changes or improvements would most enhance system usability or integration?

Block 6: Trust, Safety, and Explainability

This block evaluates trust in system recommendations, adequacy of explanations, and
preferences regarding human override. Open-ended questions allow respondents to elaborate
on trust-related concerns and safety considerations.

Q16. Trust in Recommendations

Question type: Scale (5-point)

I trust the system’s recommendations.

1 — Strongly disagree — 5 — Strongly agree

Q17. Adequacy of Explanations
Question type: Scale (5-point)
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The system provided sufficient explanation or justification for its

outputs. 1 — Strongly disagree — 5 — Strongly agree

Q18. Override Preferences

Question type: Multiple Choice (Single Answer)

In which situations would you prefer to override the system’s recommendations?

L] Routine operations

[] High-stress or time-critical scenarios

L] Novel or unfamiliar conditions

O] I would generally not override the system

O Other (please specify)

Q19. Trust and Safety Concerns
Question type: Text Entry (Long Answer)

Please describe any trust, safety, or reliability concerns you may have.

Block 7: Operational Value and Adoption
Respondents assess the perceived operational benefits of the system, such as improved safety
margins, reduced workload, and enhanced situational awareness. Questions also probe

willingness to support adoption within their organisation and identify barriers to deployment.

Q20. Operational Benefit
Question type: Scale (5-point)

Deployment of this system would deliver meaningful operational

benefits. 1 — Strongly disagree — 5 — Strongly agree

Q21. Most Valuable Benefits
Question type: Multiple Answer (Checkboxes)

Which benefits do you consider most valuable? (Select all that apply)

O Improved safety margins
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] Reduced pilot or operator workload
0 Enhanced situational awareness
O Predictive maintenance or fault detection

L] Improved training and simulation capability

Q22. Support for Adoption
Question type: Scale (5-point)

I would support adoption of this system within my

organisation. 1 — Strongly disagree — 5 — Strongly agree

Q23. Barriers to Adoption
Question type: Text Entry (Long Answer)

What factors might limit or prevent adoption of this system in your organisation?

Block 8: Future Development Priorities
Participants are asked to rank future development priorities, providing clear guidance on
where additional investment would be most valuable. Open-text questions capture regulatory,

organisational, or technical issues requiring attention.

Q24. Development Priority Ranking
Question type: Ranking

Please rank the following areas in order of priority for future development (1 = highest priority):
o Explainability and transparency
e Level of automation
o Integration with existing systems
o Performance accuracy

e User interface and visualisation

Q25. Regulatory or Organisational Issues

Question type: Text Entry (Long Answer)
Are there any regulatory, organisational, or technical issues that should be prioritised in future

development?



Block 9: Final Comments

A final open-ended question invites any additional feedback or suggestions not captured

elsewhere in the survey.

Q26. Additional Feedback

Question type: Text Entry (Long Answer)

Please provide any additional comments, suggestions, or feedback not covered above.

6.6 Survey Results

Respondent Profile (n =20)

Characteristic Frequency
Pilot / Flight Crew 4
Flight Test Engineer 2
Aerospace / Systems Engineer  ||5
Maintenance/Reliability Engineer|3
Operations Manager 2
Safety/Compliance Officer 2
Systems Integrator 2

Industry Experience

Experience

0-5 years

6—10 years

11-20 years

>20 years

Lol [ «][ W] 5]
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Likert Scale Results (1 = Strongly Disagree, 5 = Strongly Agree)

Question Mean|SD
Q5 Familiarity with Al Systems 3.00 [|0.79
Q8 Accuracy 4.10 ||0.64
Q9 Consistency 4.05 {/0.69
Q10 Behaviors under abnormal conditions||4.00 /0.73
Q12 Interpretability 4.05 |0.66
Q13 Workflow Integration 4.00 (|0.74
Q14 Visualization 4.10 ]/0.68
Q16 Trust 405 [0.71
Q17 Explainability 4.00 [|0.76
Q20 Operational Benefit 4.20 {0.61
Q22 Support for Adoption 4.10 |0.67
Individual Responses (20 Participants)

D [Q5]Q8[Q9][Q10]/Q12]/Q13][Q14]Q16]Q17][Q20]Q22
pL B s 41 |5 e 15 & & 5 |5
22 4 lla & |4 & & & |4 |l |a
P34 5 |5 4 4 |5 |5 |5 |4 |5 |5
A3 4 4 B & & s & 3 & |
s s 4l ¢ & |5 & & |5 |
o2 4 4B & |3 16 & 3B ¢ |4
P74 5 15 5 14 |4 |5 |5 |4 |5 5
PSI3 |4 |4 [¢ 4 |4 |4 ¢ |4 |4 |a
ol BB BB 1B B B B I3
prof3 |l4 |4 [4 |l |4 |4 [+ [+ |5 |4
piifa s s |5 |5 |4 |5 |5 |5 |5 |5
P23 |4 & |4 |4 |4 |4 |4 |l |4 |4

12¢



ID @ Q8((Q9/Q10/Q12(Q13|/Q14(|Q16(|Q17||Q20(|Q22
P32 4 & |4 |4 |3 |4 |4 |l |4 |4
P143: S5 4 |4 |4 |5 |5 |4 |5 |5
P154:4445444445
P163:4444444444
P17 2:4 4 14 |3 |4 |4 |4 |4 |4 |4
P18 4: S5 15 15 5 15 |15 |5 |5
PIo3 4 |4 [¢ |4 |4 |4 ¢ |4 |4 |4
o2 ¢ 33 1B 1B |4 B B [+« |3
Multiple Choice Results

Q6 System Interaction

Response n|

Simulation only ?

Shadow mode ?

Assisted operation ?

Demonstration only ?

Q7 Components Used

Component Selected

Performance prediction ||17

Trajectory optimisation ||14

Fault detection 15

Decision support 16

Dashboard visualisation||18

Safety indicators 15
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Q18 Override Preference

Response

Routine operations

High-stress situations

Novel conditions

Would not override

Other

[ = = Qo] O] 5]

Q21 Most Valuable Benefits

Benefit Selected
Improved safety 18
Reduced workload 15

Better situational awareness||17

Predictive maintenance 13

Improved training 12

Development Priority Ranking (Q24)

Rank|Development Area

1 Performance accuracy

2 Explainability & transparency

3 Integration with existing systems
4 User interface & visualisation
5 Level of automation

Summary of Open-Ended Responses

Q11 Performance Strengths

o High prediction accuracy during normal operations.

o Early detection of abnormal flight conditions.
o Useful decision-support during simulations.

e Good visual presentation of aircraft status.
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Q15 Suggested Improvements
o Simplify dashboard layout.
o Improve integration with existing avionics.
o Faster response times.
e More customisable alerts.
Q19 Trust and Safety Concerns
o Explainability of Al decisions.
e Validation under extreme weather conditions.
o Certification requirements.
e Human oversight should remain available.
Q23 Adoption Barriers
o Regulatory approval.
o Integration cost.
o Staff training.
o Resistance to organisational change.
Q25 Future Priorities
e Certification and regulatory compliance.
e Improved transparency.
o Expanded testing across diverse aircraft.
o Better interoperability.
Q26 Additional Comments
Overall, respondents viewed the framework positively and believed it has significant potential to
improve operational safety, situational awareness, and maintenance planning. The strongest
recommendations focused on increasing explainability, ensuring certification readiness, and

improving integration with existing aerospace systems before full-scale deployment.

6.7 Feedback Analysis and Continuous Improvement Loop

Survey data was analysed using descriptive statistics to identify trends and differences across
stakeholder groups and deployment phases. Open-ended responses will be subjected to
systematic thematic analysis, enabling identification of recurring concerns, unmet needs, and
proposed enhancements.

Insights from feedback analysis will be integrated with objective performance metrics derived

from simulation and operational monitoring. This triangulation will ensure that subjective
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perceptions are interpreted in appropriate technical context. Findings will translate into
prioritized development tasks, which will be incorporated into subsequent refinement cycles.
Updated models will be validated and redeployed through controlled processes, closing the

loop between user feedback and technical evolution.

6.8 Conclusion

This report completes the transition from advanced Al-driven aircraft performance
modelling to an industry-oriented, deployment-ready framework. By addressing validation,
certification, governance, deployment strategy, and structured industry feedback, the work
establishes a robust pathway for adoption in safety-critical aecrospace environments. Together
with Part A of the report, this document demonstrates not only technical maturity but also
organizational and regulatory readiness, positioning the framework for sustainable real-

world impact.
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