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"The Wright brothers would tell you that anything is possible if you have the vision, the
determination, and the help of a few good people."

———Neil Alden Armstrong
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Abstract

This thesis presents the development of a research methodology oriented to the analysis of an aircraft structure
in terms of operational reliability and maintainability requirements regarding its airworthiness. The study
has been focused on modern commercial aircraft models, carrying out a market research and model selection
according to different criteria. The study then develops a practical implementation consisting of the design
approach of the aircraft airframe and main structural components for its subsequent numerical analysis and
simulation. The numerical simulations will be computed by application of the Finite Elements Method on
the main structural systems of the aircraft and establishment of boundary conditions. These simulations will
allow the development of a computational study on linear, non-linear, and transient simulations of static loads,
buckling, modal analysis, temperature, fatigue and thermal stress of individual structures and full assembly in
different conditions. Finally, these results will be assessed and exported to a Matlab code which will compute
an algorithmic methodology in order to approach the operational reliability and safety of the aircraft in the
studied conditions. The thesis will conclude with a review of airworthiness regulations a proposal of research
paths and further development of the methodology implemented.

Keywords: Aircraft structure, Operational reliability, Maintainability, Airworthiness, Finite Elements Method, Nu-
merical simulation, Linear, Nonlinear and Transient Simulations, Static Loads, Buckling, Modal Analysis, Temperature,
Fatigue, Thermal stress, Matlab, Analysis Algorithm.
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Chapter 1

Introduction

The thesis will present a multidisciplinary analysis on aircraft flight path as resulting from structural components
failures and environmental conditions. Reliability is defined in engineering in a broad sense, mainly referred to other
system characteristics which are related to it, such as maintainability, availability, durability and safety [18]. The concept
of engineering reliability entails an analysis of the entire life-cycle of a system, including requirements identification,
quality assurance, validation and verification of requirements, and fault diagnosis and prognosis for system maintenance
[19].

The Failure Modes and Effects Analysis (FMEA) [20] is a widely used tool in the field of reliability engineering, aimed at
identifying and mitigating potential failure modes and their effects on system performance. It helps to identify critical
components and environmental factors that may contribute to the failure of aircraft flight paths.

In recent years, the aviation industry has witnessed significant advancements in technology, leading to more complex
and sophisticated aircraft systems [21]. With these advancements, the potential for component failures and their impact
on flight path reliability has become a critical concern for aviation safety.

The research will involve a multidisciplinary approach, combining principles from engineering, materials science, and
environmental science. By utilizing established reliability engineering techniques, such as FMEA, the thesis will identify
potential failure modes and their corresponding effects on aircraft flight path performance.

Furthermore, the thesis will explore the concept of engineering reliability in the context of the entire life-cycle of a
system. This includes the identification of requirements, quality assurance, validation and verification processes, and
fault diagnosis and prognosis for system maintenance. By considering the entire life-cycle, the thesis will provide insights
into the measures that can be taken to improve the reliability of aircraft structural design.

The findings of this research will have practical implications for the aviation industry. By identifying critical components
and environmental factors that contribute to the failure of aircraft flight paths, operators and maintenance personnel
can implement targeted strategies to enhance the reliability and safety of flight operations.

Overall, this thesis will contribute to the existing body of knowledge in the field of aircraft reliability and provide valuable
insights for the aviation industry. By understanding the causes and effects of component failures and environmental
conditions on aircraft flight path reliability, stakeholders can make informed decisions to enhance operational safety and
efficiency.
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1.1 Background

This thesis will explore a research methodology focused on the analysis of aircraft structure with regard to operational
reliability and maintainability for airworthiness. The project will begin by conducting market research with model
selection criteria, a design approach for the aircraft structure, and a structural stress assessment for airworthiness.
Through these methods, this paper aims to analyze the airworthiness of modern commercial aircraft models. By utilizing
these advanced research practices, this paper seeks to provide insight into the criteria used to deem an aircraft structure
suitable for flight. By studying the market research, design approach, and structural stress assessment of aircraft, this
project will provide a comprehensive overview of the airworthiness of current commercial aircraft. Furthermore, it will
provide an understanding of the methods that are used to deem an aircraft airworthy and support a smooth and safe
flight.

The aircraft market research was conducted by taking key criteria into account such as the aircraft model, performance
characteristics, and the total time since major overhaul. Additionally, the Federal Aviation Administration (FAA)
requires different approach categories depending on the airplane type and speed. A Category A airplane requires the
Category C minimums if it is operating on a straight-in approach at 130 knots and 95 knots for Category B minimums.
Furthermore, newer long-haul aircraft are more fuel efficient due to the use of two engines instead of four. Airlines are
taking advantage of these planes to attract travelers and in turn are removed from the FAA’s Civil Model Designation
column [22]. This market research thus gives a comprehensive overview of the modern commercial aircraft market in
terms of operational reliability and maintainability requirements. Figure 2.7 shows the concept model of Airbus A320
(2.7a) and Boeing 707 (2.7b) as the most produced and used commercial aircraft by airlines worldwide from 1988 due
to their reliability, efficiency, and passenger capacity.

(a) Airbus A32O aircraft model. Ex-
tracted from [23].

(b) Boeing 737 aircraft model. Extracted from
[24].

Figure 1.1: Airbus A320 and Boeing 737 aircraft models.

The design approach for the aircraft structure must relate to both reliability and maintainability of the aircraft. A
comprehensive approach is necessary to ensure that the aircraft meets airworthiness requirements. To ensure reliability,
modern commercial aircraft models must be structurally sound, and components should be evaluated to be suitable for
flight operations [25]. Maintainability of the aircraft involves the design of the system, such as the engine selection,
aerodynamic analysis, drag estimation, and performance analysis [26]. An appropriate design will ensure that the
aircraft is capable of being maintained efficiently and cost-effectively. In addition, the systems approach to aircraft
design describes elements such as complexity, cybersecurity, and systems architecting that are necessary to ensure
reliable and maintainable aircraft. For example, one of the most popular commercial passenger jetliners in the world,
the Boeing 707, is a mid-range to long-range narrow-body four-engine aircraft with a swept-wing design and it was
developed and manufactured by the Boeing Company [27]. Aircraft structural risk and reliability analysis is also
necessary to ensure safety, and advances in technology and engineering have enabled the current generation of civil
transport aircraft to be designed for at least 20 to 25 years and up to 90,000 flights [28]. Smart aircraft structures,
such as those equipped with distributed in situ sensor systems, are also essential in order to monitor the health of the
structure and detect any anomalies. Through this combination of methods, design approaches can be tailored to ensure
that aircraft structures are reliable and maintainable for optimal safety and airworthiness [29].
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Structural stress assessment and its importance for airworthiness is essential when designing an aircraft. Five distinct
stresses can act on the aircraft and its components, such as tension, compression, shear, torsion, and bending. Tension
is the stress that resists a force that attempts to pull something apart, while compression is the stress that resists a
pushing force. Shear stresses are forces that act parallel to the surface, torsion is a twisting force on an object, and
bending is a force on a structure that causes it to think or bend [30].

In conclusion, this paper explored a research methodology for aircraft structural analysis with regard to operational
reliability and maintainability for airworthiness. Through market research and selection of the right model, a design
approach for the aircraft structure, and a structural stress assessment for airworthiness were developed. Thus, these
solutions would enable the aerospace industry to have reliable and safe-flying aircraft. Furthermore, the proposed
methodology could help to reduce the number of flight delays due to routine maintenance and repair issues, making air
travel more convenient for passengers and reducing costs for airlines. The analysis of this research demonstrated the
practical applications of the methodology, making it a reliable approach for engineers in the aerospace industry [31]. By
providing a framework for safety and reliability, this research can help ensure that all aircraft are up to standard and
ready to fly.

1.2 Problem Statement

The problem statement of this thesis is to develop a research methodology for aircraft structural analysis with regard
to operational reliability and maintainability for airworthiness. The methodology will be developed through market
research and the selection of the right model, a design approach for the aircraft structure, and a structural stress
assessment for airworthiness.

The market research will be conducted to identify the key criteria that are important for operational reliability and
maintainability. These criteria will then be used to select the right aircraft model for the study. The design approach for
the aircraft structure will be developed to ensure that the aircraft is both reliable and maintainable. This will involve
considering factors such as the structural materials, the manufacturing process, and the maintenance procedures. The
structural stress assessment will be conducted to ensure that the aircraft can withstand the loads that it will be subjected
to during flight.

The proposed methodology will be used to analyze the airworthiness of modern commercial aircraft models. The results
of the analysis will be used to identify areas where improvements can be made to improve the operational reliability
and maintainability of aircraft.

This problem statement is important because it provides the focus for the research, as it identifies the specific issues
that need to be addressed in order to develop a research methodology for aircraft structural analysis. The problem
statement also provides the framework for the thesis, identifying the key criteria that will be used to select the right
aircraft model, develop the design approach, and conduct the structural stress assessment.

1.3 Research Objectives

The purpose of this project is to investigate the use of finite element analyses to evaluate the reliability and maintenance
(RAMS) requirements of different models of aircraft structures through algorithmic methodologies. The project will also
compare various reliability prediction algorithms and methodologies commonly employed in the aeronautics industry
with the aim of identifying opportunities for optimization. In conclusion, the whole project presents a research on
RAMS algorithms and limitations on the aeronautic industry and ponders different ways of optimizing this process.
According to the results obtained from these methodologies and finite elements simulations, aircraft design optimization
proposals will be assessed.

The overall objective of this research is to develop a research methodology for aircraft structural analysis that will help
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to ensure the operational reliability and maintainability of modern commercial aircraft models. The specific objectives
of this research are as follows:

1. To conduct market research to identify the key criteria that are important for operational reliability and main-
tainability.

2. To select the right aircraft model for the study based on the key criteria identified in the market research.

3. To develop a design approach for the aircraft structure that will ensure that the aircraft is both reliable and
maintainable.

4. To conduct a structural stress assessment to ensure that the aircraft can withstand the loads that it will be
subjected to during flight.

5. To develop algorithmic methodologies for evaluating the reliability and maintenance requirements of different
models of aircraft structures.

6. To compare various reliability prediction algorithms and methodologies commonly employed in the aeronautics
industry.

7. To identify opportunities for optimization of the reliability prediction process.

8. To assess aircraft design optimization proposals based on the results of the reliability prediction methodologies
and finite element simulations.

1.4 Research Questions

The following research questions will be addressed in this thesis:

1. What are the key criteria that are important for operational reliability and maintainability of aircraft structures?

2. What is the best aircraft model to study for this research?

3. What is a design approach for an aircraft structure that is both reliable and maintainable?

4. How can the structural stress of an aircraft be assessed to ensure that it can withstand the loads that it will be
subjected to during flight?

5. How can algorithmic methodologies be developed for evaluating the reliability and maintenance requirements of
different models of aircraft structures?

6. How can various reliability prediction algorithms and methodologies commonly employed in the aeronautics
industry be compared?

7. What are the opportunities for optimization of the reliability prediction process?

8. How can aircraft design optimization proposals be assessed based on the results of the reliability prediction
methodologies and finite element simulations?

1.5 Significance of the Study

The significance of this study is twofold. First, it will provide a more comprehensive understanding of the key criteria
that are important for operational reliability and maintainability of aircraft structures. This understanding will be
beneficial to aircraft designers, manufacturers, and operators, as it will help them to ensure that their aircraft are safe
and reliable.

Second, this study will develop a research methodology for aircraft structural analysis that can be used to assess the
airworthiness of modern commercial aircraft models. This methodology will be based on the results of the market
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research, the design approach, and the structural stress assessment. The methodology will be a valuable tool for the
aerospace industry, as it will help to ensure that aircraft are safe to fly.

In addition to the practical significance, this study also has theoretical significance. The research questions that are
addressed in this study will contribute to the body of knowledge on aircraft structural analysis. The results of this
study will be of interest to researchers in the field of aerospace engineering, as they will provide new insights into the
design and analysis of aircraft structures.

Overall, this study has the potential to make a significant contribution to the safety and reliability of air travel. By
developing a more comprehensive understanding of the key criteria for operational reliability and maintainability, and
by developing a research methodology for aircraft structural analysis, this study will help to ensure that aircraft are
safe and reliable.

1.6 Scope and Limitations

The scope of this study is to develop a research methodology for aircraft structural analysis that can be used to assess
the airworthiness of modern commercial aircraft models. The study will focus on the following areas:

• Literature review on reliability and maintenance predictive algorithms development and importance in engineering.

• Study of Finite Elements Method (FEM) implications in engineering simulation.

• Analysis of software options available and limitations in computing FEM for the studied cases.

• Description and assessment of methodology for Failure Modes and Effects Analysis (FMEA).

• Description and comparison of structural reliability prediction algorithms and limitations.

• Commercial aircrafts literature review and selection of the models to study in the project (Airbus A320 and
Boeing 737 groups).

• Exhaustive definition of aircrafts design, properties and performance in order to establish simulation conditions.

• Integral 3D rendering of the aircrafts main structures via Autodesk Fusion 360 software.

• Definition of the regime conditions of the structures for Fluid Structure Interaction (FSI) simulation and study.

• Description of simulation software Autodesk Nastran operative process and methodology.

• Definition and assessment of the boundary conditions of each structure in the simulation.

• Definition of physical and numerical variables in the analysis.

• Validation of the numerical model developed by computing different number of discretization elements and time
steps in simulations.

• Research on experimental data available and comparison of numerical results in simulation in order to study their
accuracy.

• Development of a Matlab complete code for computing probabilistic approaches to failure rates from data analysis
of simulation results.

• Blueprints of the structures modelled using Autocad software.

• Research on EASA and FAA regulations in safety and maintenance conditions of aircrafts in the category of the
studied cases.

• Determination and comparison of aircrafts maintainability requirements based on reliability analysis results.

• Analysis of design optimization paths from the study of simulation parameters in order to increase aircrafts
reliability.

• A final valuation of the project implications and further work to develop in this field.

The limitations of this study include the following:
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• The study will focus on a structural approach to A320 aircraft model. The results of the study may not be
generalizable to other aircraft models.

• The study will use the Finite Elements Method (FEM) to simulate the structural behavior of the aircraft. The
results of the study may be sensitive to the assumptions made in the FEM model.

• The study will not include the development of own tests for experimental results. The results of the study may
be less accurate than if experimental results were available.

Despite these limitations, the study is expected to provide valuable insights into the reliability and maintainability
of modern commercial aircraft models. The results of the study can be used to improve the design and operation of
aircraft, and to ensure that aircraft are safe to fly.
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1.7 Thesis Schedule and Organization

The Gantt chart is a visual representation of the project schedule. It shows the tasks that need to be completed, the order in which they need to be completed,
and the estimated time it will take to complete each task. The Gantt chart is a useful tool for planning and tracking the progress of a project.

The Gantt chart for this project (fig. 1.2) shows that the project is scheduled to be completed in 20 weeks, or 5 months. The majority of the time (75.95%)
will be spent on research and development of the aircraft structure for the analysis. This is the most important part of the project, as it will determine the
scope and direction of the rest of the research. The other major tasks are 3D rendering of the aircraft structures (16.67%), numerical simulation of modelled
structures (13.99%), and development of Matlab code for reliability analysis (9.23%).

Figure 1.2: Gantt Chart of the project. Own development.

The Gantt chart is a valuable tool for planning and tracking the progress of this project. It will help to ensure that the project is completed on time and within
budget. It will also help to identify any potential risks or challenges that may need to be addressed.
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The information extracted from the Gantt chart is complemented by the following pie chart shows the distribution of
the project’s tasks by percentage of duration estimated over global working time in the thesis. The largest slice of the
pie, representing 75.95% of the project, is labeled "Research and selection of models in the analysis." This is the most
important part of the project, as it will determine the scope and direction of the rest of the research. The other major
tasks are 3D rendering of the aircraft structures (16.67%), numerical simulation of modelled structures (13.99%), and
development of Matlab code for reliability analysis (9.23%).

Planning and scheduling (.544%)
Periodic work revision (7.44%)
State of the art & Literature review (8.93%)
Airframe CAD model research and development (75.95%)
Methodology assessment (3.87%)
Review on theoretical background (9.52%)
Numerical simulation of modelled structures (13.99%)
Analysis and validation of simulation results (5.06%)
Development of Matlab code for reliability analysis (5.23%)
Recopilation and analysis of results (2.98%)
Reliability-based design optimization (2.38%)
Conclusions and further work in the research (0.60%)
Final presentation of the project (5.95%)

Figure 1.3: Pie chart of the project tasks time distribution. Own development.
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Chapter 2

Literature Review

The literature review section will provide a detailed study of the latest developments in aircraft structural reliability
analysis. The topic will discuss the different methodologies used, the results achieved and the challenges encountered.
This chapter also discusses the limitations of the current state of the art and the potential for future research in this
field.

2.1 Overview of Aircraft Structures

The aircraft structure plays an important role in ensuring aircraft safety, performance and long-term longevity.This
section provides an overview of the structure of the aircraft, including its components and the importance of struc-
tural analysis. It deals with structural integrity requirements, load types and design considerations specific to aircraft
structures. The structure of an aircraft is responsible for supporting the loads imposed on it during flight, as well as
providing a safe and comfortable environment for the crew and passengers. Aircraft structures are typically made of
metal, composite materials, or a combination of both [32]. Figure 2.1 shows the material distribution on the skin of
a Boeing 787 Dreamliner commercial aircraft and the evolution on the proportion of these materials in the different
aircraft from the Boeing group.

Figure 2.1: Boeing 787 Dreamliner skin structure materials distribution and evolution over the proportion of
these materials regarding previously developed aircraft. Extracted from [1].
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The main structural components of an aircraft, including the fuselage, wings, tail, and landing gear, play critical roles
in ensuring the aircraft’s safety, stability, and performance [33]. Let’s delve deeper into each component and the various
loads that act upon them:

1. Fuselage: The fuselage serves as the main body of the aircraft, accommodating the crew, passengers, and cargo.
It provides structural integrity and houses essential systems and equipment. Additionally, it contributes to the
overall aerodynamic performance of the aircraft.

2. Wings: The wings are responsible for generating lift, which allows the aircraft to stay airborne. They also play
a crucial role in controlling the aircraft’s flight path, including roll movements. Wings are designed to withstand
the aerodynamic forces acting upon them, such as lift, drag, and bending moments.

3. Tail: The tail section of the aircraft consists of the horizontal stabilizer (including the elevator) and the vertical
stabilizer (including the rudder). It provides stability and control in pitch (nose-up and nose-down movements) and
yaw (side-to-side movements). The tail surfaces help maintain the aircraft’s desired attitude and maneuverability.

4. Landing Gear: The landing gear facilitates safe takeoff and landing operations. It supports the weight of the
aircraft during ground operations and absorbs the impact forces upon landing. The landing gear system includes
wheels, struts, brakes, and other components that ensure smooth ground handling and braking.

Figure 2.2 shows a representation of the main systems and subsystem components of a commercial aircraft.

Figure 2.2: Main aircraft structural systems and subsystems. Extracted from [2].

In addition to these components, understanding the loads acting on the aircraft’s structure is crucial for designing and
maintaining its integrity [34]. Here are some important load types:

1. Aerodynamic loads: These loads are generated by the airflow over the aircraft’s surfaces. They include lift,
drag, and other forces that result from the interaction between the aircraft and the surrounding air. Aerodynamic
loads vary based on factors such as airspeed, altitude, and flight conditions.

2. Gravity loads: These loads arise due to the weight of the aircraft and its contents, including fuel, passengers,
cargo, and equipment. Gravity loads act vertically downward and must be supported by the structural components
of the aircraft.
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3. Torsional loads: Torsional loads refer to the twisting forces experienced by the aircraft’s structure. These loads
can occur during maneuvers or when the aircraft encounters asymmetric aerodynamic forces. Torsional loads
must be accounted for to ensure the structural integrity of the aircraft.

4. Fatigue loads: Fatigue loads are repetitive loads that occur over time. They can result from factors such as cyclic
pressurization, operational stresses, and flight cycles. Fatigue loads can lead to the initiation and propagation of
cracks within the structure, making fatigue analysis and proper maintenance crucial for structural longevity.

These load forces and torque distribution is shown in figure 2.3:

Figure 2.3: Major loads characterisation and location over a typical commercial aircraft structure. Extracted
from [3].

By considering and analyzing these various loads, aircraft designers and engineers can ensure that the structural com-
ponents are designed, manufactured, and maintained to withstand the expected forces and stresses encountered during
flight. This attention to structural performance and load distribution contributes to the overall safety and reliability of
the aircraft. The design of aircraft structures is a complex process that involves a number of factors, including the type
of aircraft, the loads it will be subjected to, and the materials that will be used. The design process typically involves
the use of finite element analysis (FEA) to simulate the loads on the structure and to predict its behavior [35].

2.2 Reliability Analysis in Aerospace Engineering

Reliability analysis is essential to assess and improve the performance and safety of aerospace systems. This section
examines the various reliability analysis techniques used in aerospace engineering. The first step is to discuss deter-
ministic methods that analyze the behavior of the structure under certain input conditions. In addition, it investigates
probability methods that consider uncertainties in input parameters and predict the likelihood of failure. Furthermore,
it emphasizes the importance of the failure mode and effect analysis (FMEA) to identify possible failure modes and
their impact on the performance and safety of aircraft.

2.2.1 Deterministic Methods

Deterministic reliability analysis methods evaluate the behavior of a structure under specific conditions. These methods
use deterministic models that assume the input variables are known exactly and do not consider any uncertainty.
Deterministic methods include stress analysis, fatigue analysis, and static failure analysis. These techniques can be
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helpful for understanding how structures behave under well-defined conditions, but they may not be able to capture the
full range of uncertainties that can occur in real-world applications. In a deterministic design optimization, the designer
seeks the optimum set of design variable values for which the objective function is the minimum and the deterministic
constraints are satisfied [36]. A common way to formulate such a problem is :

minimize f(x) (2.1)
subject to: gi(x) ≤ 0, i = 1, 2, ..., Ng (2.2)

where f is the objective function, x is the vector of design variables, which can or cannot be restricted to a certain
interval by means of xkLB ≤ xk ≤ xkUB , k = 1, 2, ..., NDV , where LB and UB are the lower and upper bounds of the
design space respectively.

Some commonly used deterministic reliability analysis methods in the aerospace and defense industries include [37]:

1. Stress Analysis: Stress analysis involves evaluating the distribution of internal stresses within a structure. It
helps assess whether the stresses induced by applied loads are within acceptable limits and whether the structure
can withstand the expected loads without failure.

2. Fatigue Analysis: Fatigue analysis examines the potential for failure due to repeated or cyclic loading. It
assesses the structural integrity over time and predicts the fatigue life of the structure under specific loading
conditions. This analysis is crucial for ensuring the longevity and reliability of aerospace components subjected
to repetitive loading.

3. Static Failure Analysis: Static failure analysis focuses on determining the maximum load that a structure can
withstand before failure occurs. It involves analyzing the strength and stiffness of the structure and comparing
it to the applied loads. This analysis helps identify potential failure modes and critical areas that require design
modifications.

While deterministic methods provide valuable information about structural behavior under specific conditions, they have
limitations when it comes to capturing uncertainties [38]. Real-world applications often involve variations in material
properties, environmental conditions, and operational factors that can introduce uncertainties. Therefore, probabilistic
reliability analysis methods, which account for these uncertainties, are also employed to complement deterministic
methods and provide a more comprehensive understanding of structural reliability and safety in aerospace systems.

2.2.2 Probabilistic Methods

Probabilistic reliability analysis methods account for uncertainties in input parameters and predict the probability of
failure. These methods are based on statistical techniques and allow for a more realistic representation of the variability
and uncertainties inherent in aerospace systems. Probabilistic methods include techniques such as reliability index
calculation, First-Order Reliability Method (FORM), and Monte Carlo Simulation (MCS) [39].

Reliability index calculation quantifies the safety margin of a structure by comparing the design capacity to the applied
loads. First-Order Reliability Method (FORM) estimates the failure probability by approximating the limit state surface.
Monte Carlo Simulation (MCS) involves randomly sampling input variables and simulating the system’s response to
determine the probability of failure.

Probabilistic methods provide valuable insights into the reliability and safety of aerospace structures, allowing for more
informed design decisions and risk assessments.

By employing these probabilistic methods, engineers gain valuable insights into the reliability and safety of aerospace
structures. They allow for a more comprehensive understanding of the potential risks and uncertainties associated with
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the design. With this information, engineers can make informed decisions, optimize designs, and conduct thorough risk
assessments to ensure the safety and performance of aerospace systems.

2.2.3 Failure Mode and Effects Analysis (FMEA)

Failure Mode and Effects Analysis (FMEA) is a systematic approach used to identify and assess potential failure modes
and their effects on the performance and safety of aerospace systems.

FMEA involves evaluating each component, subsystem, or system function to identify potential failure modes, their
causes, and their consequences. It assigns a severity rating to each failure mode based on the potential impact on the
overall system performance. FMEA also considers the likelihood of occurrence and the ability to detect or mitigate the
failure mode [40].

The severity rating (S) is typically determined on a scale from 1 to 10, with 1 indicating a negligible impact and 10
indicating a catastrophic impact. The likelihood of occurrence (O) is assessed based on factors such as historical data,
expert judgment, and operational conditions, and is typically rated from 1 to 10, with 1 indicating a very low likelihood
and 10 indicating a very high likelihood. The ability to detect or mitigate the failure mode (D) is also rated from 1 to
10, with 1 indicating a high detection/mitigation capability and 10 indicating a low capability.

The Risk Priority Number (RPN) is calculated by multiplying the severity, likelihood, and detectability ratings:

RPN = S ·O ·D (2.3)

By analyzing potential failure modes, FMEA helps prioritize design improvements, develop appropriate maintenance
strategies, and enhance the overall reliability of aerospace systems. FMEA is widely used in the aerospace industry and
is often integrated with other reliability analysis techniques to comprehensively assess system reliability and identify
critical areas for improvement.

Figure 2.4 illustrates the steps involved in the FMEA process. It begins with the identification of system components
and functions, followed by the identification of potential failure modes, their causes, and the associated effects. The
severity, likelihood, and detectability ratings are then assigned, and the RPN is calculated. Based on the RPN values,
actions can be taken to mitigate high-risk failure modes and improve system reliability.
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Figure 2.4: FMEA process algorithmic flowchart. Extracted from [4].

Using FMEA, aerospace engineers can proactively identify and address potential failure modes, leading to safer and
more reliable aerospace systems.

2.3 Maintenance Optimization Techniques

Maintenance optimization techniques are used to identify the most effective and efficient way to maintain a system or
component. They can help to improve the reliability of the system or component, reduce maintenance costs, and extend
the lifespan of the system or component.

2.3.1 Preventive Maintenance

Preventive maintenance (PM) is a type of maintenance that is performed on a regular basis, regardless of the condition
of the system or component. The goal of PM is to prevent failures from occurring. PM can be performed in a number of
ways, such as scheduled replacement of components, scheduled inspections, and scheduled lubrication [41]. Preventive
maintenance (PM) is based on the principle that it is more efficient and cost-effective to prevent failures through regular
maintenance than to react to failures after they occur. By proactively addressing potential issues and conducting routine
maintenance tasks, the reliability and performance of the system can be improved. Some key points about preventive
maintenance include:

• Scheduled Maintenance: PM tasks are scheduled at predetermined intervals, taking into consideration factors
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such as equipment manufacturer recommendations, operating conditions, and historical data. These tasks can
include inspections, cleaning, lubrication, adjustments, and component replacements.

• Preventing Failures: The primary objective of PM is to identify and address potential issues before they lead
to equipment failure [42]. This helps to avoid costly breakdowns, production delays, and safety hazards.

• Increased Reliability: PM enhances the reliability of systems and components by minimizing the likelihood of
unexpected failures. Regular maintenance activities ensure that the equipment is in optimal condition, reducing
the risk of unexpected malfunctions.

• Cost Savings: While PM requires upfront investment in terms of time and resources, it can result in long-term
cost savings. By preventing major breakdowns, PM reduces the need for costly repairs, emergency maintenance,
and unplanned downtime.

• Extended Equipment Lifespan: Regular maintenance can extend the lifespan of equipment and components.
By addressing wear and tear, lubricating moving parts, and replacing worn-out components, PM helps to preserve
the integrity and functionality of the system [43].

• Safety Assurance: PM plays a crucial role in maintaining the safety of equipment and systems. Regular
inspections and maintenance help identify potential safety hazards and ensure compliance with safety regulations.

• Documentation and Tracking: PM activities are typically documented and tracked to ensure consistency and
accountability. This includes maintaining records of maintenance tasks performed, inspections conducted, and
any identified issues and their resolutions.

Preventive maintenance is therefore a proactive approach that aims to minimize the risk of failures, improve reliability,
and optimize the performance of systems and components. It is an essential part of asset management and plays a
significant role in maximizing operational efficiency and minimizing downtime.

2.3.2 Condition-Based Maintenance (CBM)

Condition-based maintenance (CBM) is a maintenance strategy that focuses on performing maintenance activities only
when the condition of a system or component indicates that a failure is imminent. The main objective of CBM is to
maximize the lifespan and reliability of the system by minimizing unnecessary maintenance interventions [44].

CBM relies on various methods and techniques to assess the condition of the system or component and determine when
maintenance is required. These methods can include condition monitoring, predictive analytics and root cause analysis.

First, Condition Monitoring involves continuously monitoring the performance, parameters, and behavior of the system
or component to detect any deviations from normal operating conditions. Common condition monitoring techniques
include vibration analysis, temperature monitoring, oil analysis, and acoustic emission monitoring [45].

Secondly, using historical data and statistical models, predictive analytics helps to forecast the future behavior and
performance of the system or component. By analyzing patterns and trends, it can predict when a failure is likely to
occur, allowing maintenance activities to be scheduled accordingly.

Finally, when a failure occurs, Root Cause Analysis (RCA) is performed to identify the underlying reason for the failure
[46]. By understanding the root cause, appropriate maintenance actions can be implemented to prevent similar failures
in the future.

The Root Mean Square (RMS) can be calculated using the following equation:

RMS =

√√√√√ n∑
i

(tr,i − tp,i)
2

n
(2.4)
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This equation calculates the RMS by summing the squared differences between the actual (tr,i) and predicted (tp,i)
values of a parameter, dividing it by the number of data points (n), and taking the square root.

The Probability of Breakdown (PB) [47] can be calculated using the following equation:

PB = 0.58 · (Sy + Su)
t

Ri

[
1−

(
L

L+ 2t

)
· h

]
(2.5)

This equation takes into account factors such as the stress on the system (Sy and Su), the time duration (t) for which
the system is under stress, the reliability index (Ri), the length of the system (L), and the environmental factor (h). It
provides a probability value that can be used to determine the need for maintenance actions.

In summary, CBM is a maintenance approach that focuses on performing maintenance activities based on the condition
of the system or component. It utilizes methods such as condition monitoring, predictive analytics, and root cause
analysis to determine when maintenance is necessary. By adopting CBM, organizations can optimize maintenance
efforts, reduce costs, and improve the reliability and lifespan of their systems.

2.3.3 Reliability-Centered Maintenance (RCM)

Reliability-centered maintenance (RCM) is a systematic approach to maintenance that is based on the principles of
reliability engineering. The goal of RCM is to identify the critical failure modes of a system or component and to
develop maintenance strategies that will prevent those failure modes from occurring [48]. RCM can be a complex
process, but it can be very effective in improving the reliability of systems and components.

The RCM process involves several key steps:

1. System Analysis: The first step is to thoroughly analyze the system or component under consideration. This
includes understanding its design, function, and criticality within the larger system. The analysis also involves
identifying the potential failure modes and their associated consequences.

2. Failure Mode and Effects Analysis (FMEA): FMEA is a structured approach used to systematically identify
and evaluate potential failure modes and their impacts. It involves assessing the severity of each failure mode,
the likelihood of its occurrence, and the ability to detect or prevent it. This analysis helps prioritize the most
critical failure modes for further attention.

3. Maintenance Strategy Development: Based on the findings from the FMEA, maintenance strategies are
developed to address the identified critical failure modes. These strategies can include various maintenance
activities such as preventive maintenance, condition-based maintenance, or even design modifications. The goal
is to select the most effective and efficient maintenance actions for each failure mode.

4. Implementation and Continuous Improvement: Once the maintenance strategies are defined, they are im-
plemented in practice. This involves executing the planned maintenance activities, monitoring their effectiveness,
and collecting data for further analysis. Continuous improvement is a key aspect of RCM, as it allows for refining
and optimizing maintenance strategies over time based on real-world performance and feedback.

Throughout the RCM process, various reliability metrics and formulas can be used to support decision-making and
evaluate the effectiveness of maintenance strategies. Some of the commonly used formulas in RCM include:

• Probability of Failure (PoF): PoF quantifies the likelihood of a system or component failing within a given
time frame. It is typically estimated based on historical failure data or expert knowledge. PoF can be used
to assess the risk associated with different failure modes and prioritize maintenance actions accordingly. One
common formula to calculate PoF is:
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PoF =
Number of failures

Total operating time
(2.6)

• Criticality Analysis: Criticality analysis is used to determine the criticality of a failure mode by considering
its potential consequences, severity, and impact on safety, operations, or costs. This analysis helps in prioritizing
maintenance efforts and allocating resources efficiently.

• Cost-Benefit Analysis: Cost-benefit analysis is employed to evaluate the economic feasibility and benefits of
different maintenance strategies. It compares the costs associated with implementing a maintenance activity
against the potential benefits derived from preventing or mitigating failures. This analysis aids in selecting the
most cost-effective maintenance actions.

As conclusion, RCM is a systematic approach to maintenance that focuses on identifying and mitigating critical failure
modes. By analyzing the system, evaluating failure modes, and developing targeted maintenance strategies, RCM
enables organizations to optimize maintenance efforts, enhance reliability, and minimize downtime and costs.

2.3.4 Life Cycle Cost Analysis (LCCA)

Life cycle cost analysis (LCCA) [49] is a method for evaluating the total cost of owning and operating a system or
component over its lifetime. LCCA can be used to compare different maintenance strategies and to identify the most
cost-effective strategy. LCCA can be a complex process, but it can be a valuable tool for making informed maintenance
decisions.

The LCCA process involves several key steps:

1. System Identification: The first step is to identify the system or component to be analyzed. This includes
defining the boundaries of the analysis, such as the expected lifetime, maintenance activities, and cost categories
to be considered.

2. Cost Estimation: Next, the costs associated with owning and operating the system or component throughout
its lifetime are estimated. This includes not only the initial acquisition cost but also costs related to maintenance,
repair, replacement, energy consumption, and disposal.

3. Discounting and Present Value Analysis: To account for the time value of money, the future costs are
discounted to their present value. This allows for a fair comparison of costs that occur at different points in time.
Discounted cash flow analysis is commonly used to calculate the present value of future costs.

4. Maintenance Strategy Comparison: Once the costs are estimated and discounted, different maintenance
strategies can be compared. This involves analyzing the total life cycle costs associated with each strategy and
identifying the one that offers the lowest overall cost or the best cost-benefit ratio.

5. Sensitivity Analysis: Sensitivity analysis is performed to assess the impact of uncertainties and variability in
cost parameters. This helps evaluate the robustness of the chosen maintenance strategy and identify potential
risks or areas for improvement.

By conducting a thorough LCCA, organizations can gain insights into the long-term costs associated with different
maintenance strategies. This analysis allows for informed decision-making and helps optimize maintenance efforts to
minimize life cycle costs while maintaining desired performance levels.

Life cycle cost analysis (LCCA) is thus a method for evaluating the total cost of owning and operating a system
or component over its lifetime. By estimating costs, discounting future expenses, comparing different maintenance
strategies, and conducting sensitivity analysis, LCCA provides a valuable tool for making informed maintenance decisions
and selecting the most cost-effective strategy.
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2.4 Finite Element Method in Structural Analysis

In the aerospace and defense industries, where materials and resources are costly, minimizing wastage is of utmost
importance. To achieve this, engineers rely heavily on computer software for design and initial testing, reducing the
need for physical prototypes. This approach is driven by the complexity of materials and intricate designs, as a lack
of proper analysis could lead to system failures, endangering lives and causing significant reputational damage to
manufacturers. The use of computer software not only reduces costs but also speeds up the prototyping process.

One widely utilized software in the industry for design analysis is Finite Element Analysis (FEA) [50]. FEA allows
engineers to conduct various physical analyses, including stress analysis and heat transfer analysis. Through com-
puter simulations, engineers can assess how the systems would perform under specific environmental and operational
conditions. This empowers them to make desired design modifications without the need to produce multiple physical
prototypes, saving time and resources.

FEA software provides a comprehensive toolset for engineers to evaluate the structural integrity, performance, and
behavior of aerospace and defense systems. It enables them to optimize designs, identify potential weaknesses, and
ensure compliance with customer specifications. By leveraging FEA software, engineers can make informed decisions,
mitigate risks, and enhance the overall efficiency of the design process in the aerospace and defense industries.

On the structural side, finite element analysis (FEA) has similarly become the Industry standard [51]. A complicated
structure may be represented as a grid of points and the material behavior under various loading conditions can be
determined using a variety of advanced techniques. Commercially available software such as Nastran, ANSYS and
SIMULIA are some examples of commonly employed FEA software packages that are utilized worldwide.

Figure 2.5: Structural simulation and mesh refinement on an aircraft wing model. Extracted from: [5].

Addressing the problem of a flexible flight vehicle in its most complete and complex formulation would include state-
of-the-art methods from both CFD and FEA, in combination with a flight dynamics engine for tracking gross motion
relative to a specified location. There lies the heart of the problem. The full solution of complicated aeroelastic
configurations may take weeks to solve on a high-speed computer. In attempting to solve the model behavior over a
small fraction of simulated flight time.

In response to this complication, a series of simplifications are often made to the problem to expedite the large motion
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flexible structure analysis. A common technique used In the simulation of flexible structures is to reduce the structural
components down to a series of simplified interconnected blocks. One often employed modeling procedure Is to represent
the main components of a body as a series of Euler-Bernoulli beams [52]. Beams are commonly chosen due to the fact
that their shape functions are known and are readily available.

The aerodynamic modeling procedure may be as simple or as complicated as desired, and as is deemed computationally
acceptable. An aircraft (generally a very complex-shaped structure) would then be reduced to a series of four or five
interconnected flexible beams to represent the fuselage, wings and empennage structures. While this model reduction
may allow for tracking of flexible motions as the vehicle encounters different flight stimuli (such as wind gusts) the
overall accuracy of the method may be questioned. The simple fact Is that aircraft are not beams, so It should not be
expected for them to behave entirely so. This project undertakes a different analysis route. Instead of reducing the
structure down to a series of degenerate elements, the flight vehicle will be modeled using a finite element (FE) grid.
The FE grid will allow for more accurate deflection shapes of the structure under various loading conditions.

However, an obvious drawback to employing a finite element model (FEM) is the drastic increase in the number of nodes
and corresponding degrees of freedom. Therefore, to aid the solution process, the model will undergo a transformation
to convert it into a reduced order model (ROM) [53]. The ROM effectively selects key deformation shapes that will
combine to create the range of flexible motion for the vehicle. These selected deformation shapes become the new
degrees of freedom of the model.

The rigid body motions are relative to a predefined body reference frame. When referring to flexible bodies, the body
reference frame generally conforms to one of two classifications. The first category is to select the body reference frame as
fixed relative to some point on the undeformed vehicle [54]. The second is to select the reference axes so as to eliminate
the contributions to the linear and angular momentum vectors due to the flexible motions. This type of reference
is commonly referred to as the selection of ‘mean’ axes. Mean axes have the benefit of having inertially decoupled
translations, rotations and deformations. However, the drawback to choosing such a method is that the constraints for
evoking it are difficult to establish. Thus, for this study the reference frame is chosen to coincide with a location on
the undeformed vehicle structure. The more comprehensive detailed evaluation requires the full flight simulation of the
flexible reduced order rocket model through various flight conditions to directly simulate and capture unstable flight
behaviour. A second, less-detailed approach will employ a simplified planar of the problem, which will be formatted so
as to provide a state space eigen-analysis stability description. It is not expected that the two methods of evaluation
should perfectly coincide given the difference in model complexity; however, the statespace stability analysis will serve
to qualitatively validate the integrity of the simulation results.

2.4.1 Fundamentals of Finite Element Analysis (FEA)

Finite element analysis involves the discretization of a continuous domain into smaller, finite-sized elements. Each
element approximates the behavior of the system within its boundaries. By connecting these elements, the behavior of
the entire system can be accurately represented.

2.4.1.1 Variational Principles and Variational Forms

At the heart of finite element analysis is the principle of stationary potential energy, which is derived from the principle
of virtual work. It states that for a system in equilibrium, the total potential energy is stationary with respect to
variations in the system’s displacements.

Variational forms are mathematical expressions that represent the total potential energy and equilibrium conditions of
a system. They are derived by applying the principle of stationary potential energy to the governing equations of the
problem [55]. Variational forms provide a basis for formulating the finite element equations.The variational form can
be expressed as:
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δΠ = 0 (2.7)

where δΠ represents the variation of the total potential energy.

2.4.1.2 Discretization and Shape Functions

Discretization involves dividing the domain into finite elements, typically triangles or quadrilaterals in 2D or tetrahedra
or hexahedra in 3D. Each element has a set of nodes, and the displacements at these nodes are used to approximate the
behavior within the element [56].

Shape functions, denoted as N, are mathematical functions that interpolate the displacements within an element based
on the displacements at its nodes. These shape functions determine the accuracy of the solution and are typically chosen
to be polynomial functions.

The displacement vector within an element can be expressed as:

u =



u1

u2

...

ui

...

un


(2.8)

where ui represents the displacement at the (i)th node of the element.

2.4.1.3 Element Stiffness Matrix and Global Assembly

The element stiffness matrix, denoted as K, relates the forces and displacements within an element. It represents the
stiffness characteristics of the element and is computed based on the material properties and geometry of the element.

The element-level equation can be expressed as:

Ku = f (2.9)

where (f) represents the force vector within the element.

The global stiffness matrix, denoted as Kglobal, is formed by assembling the element stiffness matrices. It accounts for
the interactions between elements and provides a system-level representation of the problem.

The global-level equation can be expressed as:

KglobalU = F (2.10)
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where U represents the global displacement vector, and F represents the global force vector.

2.4.1.4 Solution and Post-processing

Once the global stiffness matrix is assembled, it is used to solve for the unknown displacements of the system. This is
typically achieved by applying appropriate boundary conditions and solving the resulting system of equations.

Post-processing involves analyzing the obtained displacements to obtain relevant engineering quantities such as stresses,
strains, and other derived quantities of interest. These results can be visualized and analyzed to gain insights into the
behavior of the system.

2.4.2 Applications of FEA in Aerospace Engineering

Finite element analysis (FEA) plays a crucial role in aerospace engineering by providing a powerful computational tool
for solving complex physical problems encountered in the field. This section explores the wide range of applications
of FEA in aerospace engineering, highlighting its relevance and significance in the design and analysis of aerospace
systems[57]. Table 2.1 shows some of the most common physical problems which are analyzed using FEM computing
software in order to solve differential problems via numerical integration.

Table 2.1: Differential Equations for Physical Problems

Differential Equations Physical Problem Nomenclature

d

dx
(A

dT

dx
) +Q = 0 One-dimensional heat flow

T = temperature, A = area, k =
thermal conductivity, Q = heat

supply

d

dx
(A

du

dx
) + b = 0 Axially loaded elastic bar

u = displacement, A = area,
E = Young’s modulus, b = axial

loading

d2w

dx2
+ p = 0

Transversely loaded flexible
string

w = deflection, S = string force,
p = lateral loading

d

dx
(A

dc

dx
) +Q = 0 One-dimensional diffusion

c = ion concentration, A = area,
D = diffusion coefficient, Q =

ion supply

d

dx
(Aγ

dV

dx
) +Q = 0 One-dimensional electric current

V = voltage, A = area, γ =
electric conductivity, Q =

electric charge supply

d

dx
(A

D2

32µ

dp

dx
) +Q = 0

Laminar flow in pipe (Poiseuille
flow)

p = pressure, A = area, D =
diameter, µ = viscosity, Q =

fluid supply

2.4.2.1 Structural Analysis

One of the primary applications of FEA in aerospace engineering is structural analysis. FEA allows engineers to
simulate and predict the structural behavior of aerospace components and systems under various loading conditions.
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By discretizing the structure into smaller finite elements, FEA accurately captures the stress, strain, and deformation
distribution throughout the structure.

Structural analysis using FEA offers several advantages and applications in aerospace engineering [58]:

• Structural Integrity Assessment: FEA helps evaluate the structural integrity of aerospace systems by ana-
lyzing the stress and strain distribution. It enables engineers to identify potential failure modes and areas of high
stress concentration. By understanding the structural behavior, necessary design modifications can be made to
enhance the overall strength and safety of the components.

• Performance Evaluation: FEA allows engineers to assess the performance of aerospace components and sys-
tems. By analyzing the stress and deformation, engineers can evaluate the structural response under different
loading scenarios. This information is crucial for optimizing the design and improving the performance of the
components.

• Weight Optimization: FEA aids in weight optimization by identifying areas of excessive stress or unnecessary
material usage. By analyzing the stress distribution, engineers can optimize the design, reducing the weight of
the structure without compromising its strength and safety. This weight reduction contributes to fuel efficiency
and improved performance of the aircraft.

• Safety Compliance: FEA helps ensure compliance with safety regulations and standards in the aerospace
industry. By analyzing the structural behavior, engineers can verify that the components and systems meet the
required safety criteria. This includes evaluating factors such as fatigue life, fracture mechanics, and impact
resistance.

• Component Analysis: FEA is widely used for analyzing specific aerospace components, such as wings, fuselage
structures, landing gear components, and space frame structures. By subjecting these components to simulated
loading conditions, engineers can assess their structural performance, identify potential failure modes, and optimize
their design for improved efficiency and safety.

Figure 2.6 shows an application of FEA domain discretization on a commercial aircraft cabin section in order to analyze
displacements and stress distribution over the structure due to pressure loads.

Figure 2.6: Commercial aircraft cabin pressure distribution for displacements and von Mises stress simulation
using a finite elements mesh on the geometry. Extracted from [6].

FEA enables engineers to evaluate the structural integrity, performance, and safety of aerospace systems. It helps
identify potential failure modes, optimize the design for weight reduction, and ensure compliance with safety regula-
tions. Applications of structural analysis using FEA include analyzing aircraft wings, fuselage structures, landing gear
components, and space frame structures.
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2.4.2.2 Thermal analysis

Thermal analysis is another critical application of FEA in aerospace engineering. It involves studying heat transfer
and temperature distribution within aerospace components and systems. FEA allows engineers to analyze the thermal
behavior of structures subjected to external heat sources, such as aerodynamic heating or engine exhaust.

By modeling the thermal conductivity, heat transfer coefficients, and thermal loads, FEA accurately predicts temperature
gradients, hot spots, and thermal stresses [59]. This information is vital for designing thermal protection systems,
optimizing cooling strategies, and ensuring the thermal stability of critical components in aerospace systems. Figure
2.7 shows an application

(a) FEA model meshing (b) FEA model simulation post-processing

Figure 2.7: Application of FEA on the temperature distribution simulation of a convergent-divergent nozzle.
Extracted from [7].

Temperature gradients within aerospace structures can lead to thermal stresses, which can affect their structural in-
tegrity. FEA allows engineers to analyze the thermal stresses and deformations induced by temperature variations. By
considering the thermal expansion coefficients and material properties, engineers can ensure that the components can
withstand the thermal loads without failure [60]. Thermal analysis using FEA helps predict potential failure modes
related to thermal loading. By evaluating the temperature distribution and thermal stresses, engineers can identify
areas prone to thermal fatigue, creep, or material degradation. This information is crucial for designing components
with appropriate materials and thermal management systems to prevent premature failure.

2.4.2.3 Fluid-Structure Interaction

Fluid-structure interaction (FSI) is a critical and complex area of study in aerospace engineering, where the interaction
between fluid flow and structural response plays a fundamental role. Finite Element Analysis (FEA) has emerged as a
powerful tool to analyze the effects of fluid forces, such as aerodynamic loads or hydrodynamic forces, on the structural
behavior of aerospace components. This section explores the application of FEA in FSI analysis and its significance in
optimizing aerospace structures.

One of the primary advantages of FEA in FSI analysis is its ability to couple Computational Fluid Dynamics (CFD)
simulations with structural analysis. CFD simulations provide valuable insight into fluid flow behavior, while FEA
analyzes the structural response [61]. By combining these techniques, engineers can gain comprehensive understanding
of the dynamic response, vibration characteristics, and fatigue life of aerospace structures subjected to fluid flow. This
integrated approach enables engineers to make informed design decisions and enhance the performance and durability
of crucial components such as aircraft wings, control surfaces, and underwater structures.

A key aspect of FSI analysis using FEA is the treatment of the fluid-structure interface, which can be highly complex
and requires specialized numerical methods. Accurate modeling and simulation of the interface are essential to obtain
reliable predictions of the structural behavior under fluid forces. FEA provides techniques that enable engineers to
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accurately capture the interaction between the fluid and solid domains, ensuring precise analysis of the fluid-structure
interface. This capability is crucial in understanding and predicting flow-induced vibrations, which can significantly
impact the structural integrity of aerospace components. Figure 2.8 shows a CFD simulation of a commercial aircraft
model in cruise conditions for FSI analysis.

Figure 2.8: CFD simulation on vorticity generation and induce flow on a commercial aircraft in cruise conditions.
Extracted from [8].

The governing equations for FSI analysis can be represented as follows [62]. First, regarding low-induced vibrations:

d2x

dt2
+ ω2

nx+ g(x, ẋ, ẍ) = f(t) (2.11)

where (x) represents the displacement of the structure, (ωn) is the natural frequency, (g(x, ẋ, ẍ)) represents the nonlinear
terms, and (f(t)) is the external excitation.

Secondly, the FSI analysis can be formulated using the following equation:

∂

∂t

(
∂T

∂q̇r

)
− ∂T

∂qr
+
∂V

∂qr
= Qr for r ∈ [1, N+] (2.12)

where (T) represents the kinetic energy, (qr) represents the generalized coordinates, (V ) represents the potential energy,
and (Qr) represents the generalized external forces.

Furthermore, FSI analysis using FEA involves time-dependent simulations due to the dynamic nature of fluid flow
and structural response. FEA offers advanced time-stepping methods that allow for the accurate capture of transient
behavior and interactions between the fluid and solid domains. This capability enables engineers to analyze complex FSI
phenomena and predict the structural response over time. By understanding the time-dependent behavior of aerospace
structures under fluid forces, engineers can design components that are capable of withstanding dynamic loads and
ensure their long-term reliability.

In conclusion, FSI analysis using FEA is a vital component of aerospace engineering, as it allows for the study of
the interaction between fluid flow and structural response. By leveraging FEA, engineers can optimize the design
of aerospace structures, address the complex fluid-structure interface, predict flow-induced vibrations, and accurately
simulate the dynamic behavior of components under fluid forces. This comprehensive understanding of FSI phenomena
plays a crucial role in the development of high-performance and durable aerospace systems.
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2.4.2.4 Composite Materials Analysis

Composite materials have gained significant popularity in aerospace engineering due to their high strength-to-weight
ratio and excellent structural properties. Finite Element Analysis (FEA) plays a crucial role in analyzing the behavior
of these advanced materials, enabling engineers to optimize design, predict failure modes, and ensure the structural
integrity of composite components. This section explores the application of FEA in composite materials analysis and
its significance in aerospace engineering.

FEA allows engineers to model the anisotropic properties, fiber orientations, and laminate layups of composite structures
accurately. Composite materials are composed of different layers or plies with varying fiber orientations. The behavior
of these materials is highly influenced by the orientation and arrangement of fibers [63]. FEA provides the capability
to simulate and analyze the complex mechanical behavior of composites by considering the anisotropic nature of the
material. Engineers can define the material properties, including elastic moduli, shear strengths, and failure criteria,
for each layer within the FEA model, allowing for accurate predictions of the structural response.

By leveraging FEA in composite materials analysis, engineers can optimize the design of composite structures for
improved performance and reliability. FEA simulations enable engineers to evaluate the effects of different layup
configurations, fiber orientations, and stacking sequences on the structural behavior. By performing virtual tests and
analyzing the stress and strain distribution within the composite components, engineers can identify potential failure
modes, such as delamination, fiber breakage, or matrix cracking. This information is crucial in refining the design,
selecting suitable materials, and enhancing the overall structural integrity of composite components.

The application of FEA in composite materials analysis is particularly relevant to various aerospace components. For
example, in aircraft design, FEA is used to analyze composite aircraft panels, such as wing skins or fuselage sections,
to ensure their structural integrity under different loading conditions [64]. FEA simulations help assess the strength,
stiffness, and buckling behavior of composite panels, contributing to the overall safety and performance of the aircraft.
Similarly, in rotor blade design for helicopters or wind turbines, FEA assists in optimizing the composite layup and
predicting the fatigue life of the blades. By considering the aerodynamic loads, material properties, and geometric
constraints, engineers can design rotor blades that are resistant to fatigue failure and can withstand harsh operating
conditions.

Furthermore, FEA is applied to analyze composite structures in spacecraft engineering. Spacecraft structures are
often subjected to extreme temperature variations, thermal cycling, and intense vibrations during launch and in space
environments. FEA simulations allow engineers to assess the structural response of composite spacecraft structures,
such as satellite panels or payload fairings, under these demanding conditions. By considering the thermal expansion
coefficients, vibration frequencies, and material behavior, engineers can ensure the structural integrity and longevity of
composite structures in space missions.

2.5 Integration of Simulation Tools for Aircraft Design Analysis

The integration of various simulation tools enhances the efficiency and accuracy of aircraft design analysis. This section
discusses the integration of different simulation tools used in aircraft structural analysis.

Computer-Aided Design (CAD) software is used to create detailed aircraft models and generate the necessary geometry
for analysis. Computational Fluid Dynamics (CFD) software provides insights into the fluid behavior and loads acting
on the aircraft structure. Structural analysis software, such as Inventor Nastran, is used to conduct detailed structural
analysis.

The seamless data exchange and interoperability between these tools is important to enable a comprehensive and
integrated analysis approach. This allows engineers to quickly and easily share data between different tools, which can
save time and improve the accuracy of the analysis.

25



Bachelor Final Thesis Report Document

2.5.1 CAD-CFD Integration

The integration between CAD (Computer-Aided Design) and CFD (Computational Fluid Dynamics) software, specifi-
cally in the context of Fusion 360 and Autodesk CFD, brings numerous benefits to the design and analysis of aerospace
systems. This section focuses on the CAD-CFD integration within these software tools, highlighting its importance and
advantages.

CAD-CFD integration in Fusion 360 and Autodesk CFD enables a seamless transfer of geometry data from CAD models
to CFD simulations. This integration significantly streamlines the process of setting up CFD simulations by automating
the transfer of geometry and mesh generation. Engineers can directly import CAD models into the CFD software,
eliminating the need for manual data input and reducing the potential for errors [65].

This integration allows engineers to analyze the aerodynamic performance of aircraft and evaluate crucial factors such
as lift, drag, and flow characteristics. By coupling the geometry from CAD with the CFD simulation, engineers can
simulate and study the flow of air or other fluids around the aircraft components. This analysis provides insights into
the aerodynamic behavior, predicts performance metrics, and aids in the optimization of aerospace designs.

One of the key advantages of CAD-CFD integration is the ability to establish a feedback loop between CAD and CFD.
Design modifications made in CAD can be quickly analyzed using CFD simulations, allowing engineers to assess the
impact of design changes on aerodynamic performance. This iterative process enables efficient optimization of the
aircraft design, leading to improved aerodynamic performance, reduced drag, and enhanced efficiency.

2.5.2 CFD-Structural Analysis Integration

The integration between CFD (Computational Fluid Dynamics) and structural analysis software, specifically in the
context of Autodesk CFD and Inventor Nastran, offers a powerful capability to evaluate the interaction between fluid
forces and structural response. This integration is particularly crucial in assessing the structural integrity of aerospace
systems under aerodynamic loads such as gusts, turbulence, and maneuvers.

By coupling CFD and structural analysis, it is possible to analyze the aerodynamic loads acting on the aircraft and
evaluate their effects on the structural components [66]. The CFD analysis provides detailed information about the
distribution of fluid forces, pressure, and flow characteristics around the aircraft. This data is then transferred to the
structural analysis software, allowing engineers to assess the structural response under these aerodynamic loads.

The integrated approach enables engineers to identify potential areas of high stress, deformation, and vibration in
the structural components. By analyzing the interaction between fluid forces and structural response, engineers can
accurately evaluate the structural integrity of the aerospace system. This information is crucial for ensuring that safety
and performance requirements are met, and for optimizing the structural design to withstand the aerodynamic loads
encountered during operation.

The integration between Autodesk CFD and Inventor Nastran facilitates the exchange of data between the two software
tools, streamlining the analysis process. Engineers can directly transfer the results from the CFD analysis to the
structural analysis software, eliminating the need for manual data input and reducing errors. This seamless integration
enables efficient evaluation of the structural response under realistic aerodynamic conditions.

By leveraging the CFD-structural analysis integration, engineers can make informed design decisions to enhance the
safety and performance of aerospace systems. They can optimize the structural design based on the analysis results,
considering factors such as material selection, geometry modifications, and reinforcement strategies. This iterative pro-
cess allows engineers to ensure that the structural components can handle the aerodynamic loads without compromising
safety or performance.
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2.5.3 Benefits of Integration

The integration of simulation tools for aircraft design analysis offers several benefits [67]:

• Improved efficiency: The seamless data exchange between different tools reduces the time and effort required
for data transfer and manual input, streamlining the analysis process. Engineers can directly transfer geometry,
mesh, and simulation results between CAD, CFD, and structural analysis software, eliminating the need for
manual data conversion and reducing potential errors.

• Enhanced accuracy: Integrating simulation tools allows for a more comprehensive and accurate analysis by
considering the interdependencies between different aspects of aircraft design. By combining CAD, CFD, and
structural analysis, engineers can evaluate the aerodynamic performance, structural integrity, thermal behavior,
and other critical factors simultaneously [68]. This holistic approach provides a more realistic representation of
the aircraft’s behavior and improves the accuracy of the analysis.

• Iterative design optimization: The integration enables engineers to perform iterative design optimizations,
quickly evaluating the impact of design changes on aerodynamic performance, structural integrity, and overall
aircraft efficiency. Engineers can make design modifications in CAD software and seamlessly transfer the updated
geometry to CFD and structural analysis tools for further evaluation. This iterative process allows for rapid
exploration of design alternatives and optimization of the aircraft’s performance.

• Collaboration and knowledge sharing: Integrated simulation tools facilitate collaboration among multidisci-
plinary teams by providing a common platform for sharing data and insights. Engineers from different disciplines,
such as aerodynamics, structures, and thermal analysis, can work together on the same platform, exchanging data,
results, and design feedback. This fosters better communication, coordination, and knowledge sharing, leading to
more informed design decisions and improved overall aircraft performance.

In summary, the integration of simulation tools in aircraft design analysis enhances efficiency, accuracy, and collab-
oration among engineers. The seamless data exchange between CAD, CFD, and structural analysis software enables
comprehensive analysis, optimization, and evaluation of the aircraft design. This integration leads to improved perfor-
mance, safety, and efficiency of aerospace systems.
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Chapter 3

Market Research for Model Analysis in
the Aircraft Industry

The market research conducted in the aircraft industry takes into account several key criteria to provide a comprehensive
overview of the modern commercial aircraft market. This thesis focuses on operational reliability and maintainability
requirements, considering factors such as the aircraft model and the total time since major overhaul.

3.1 Aircraft model analysis

In the aircraft model analysis, various aircraft models are examined to gain insights into their performance, reliability,
and market demand. The goal is to assess the suitability of different aircraft models for commercial operations based
on several key factors. These factors include passenger capacity, range, fuel efficienc, and technological advancements.

3.1.1 Passenger Capacity

The passenger capacity of an aircraft is an essential consideration for commercial operations. Different aircraft models
offer varying seating configurations, ranging from small regional jets to large wide-body aircraft.

First of all, different aircraft models are designed to cater to specific market segments. For example, regional jets are
typically used for short-haul flights with lower passenger demand, while narrow-body aircraft are suitable for medium-
haul routes. Wide-body aircraft, on the other hand, are designed for long-haul and international flights. The analysis
takes into account the target market segments, passenger demand, and route characteristics to determine the appropriate
passenger capacity for each aircraft model.

Furthermore, aircraft models can have different seating configurations, including economy class, business class, and
first class. The analysis considers the mix of seating classes and the number of seats in each class to determine the
overall passenger capacity [69]. Airlines may choose to prioritize passenger comfort and offer more spacious seating
arrangements, or they may opt for higher density configurations to maximize revenue. The passenger capacity analysis
takes these factors into account to assess the flexibility and profitability of different seating configurations.

The interior layout of an aircraft also affects passenger capacity. Factors such as the arrangement of seats, aisles,
lavatories, and galley areas impact the overall seating capacity. The analysis considers the efficiency of the aircraft
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layout in terms of passenger flow, accessibility, and comfort to determine the optimal passenger capacity. Regulatory
authorities set specific requirements for passenger safety, including the provision of sufficient emergency exits, evacuation
procedures, and passenger-to-exit ratios. These requirements influence the maximum passenger capacity allowed for each
aircraft model. The analysis ensures that the selected aircraft models comply with the necessary regulatory standards
and can safely accommodate the intended number of passengers.

By evaluating the passenger capacity of different aircraft models, aircraft model analysis helps airlines and manufacturers
make informed decisions regarding fleet planning, route optimization, and market positioning. It ensures that the selected
aircraft models align with the specific market segments, route requirements, and regulatory standards, ultimately
contributing to the overall success and profitability of commercial operations.

3.1.2 Range

The range of an aircraft refers to the maximum distance it can fly without refueling. It is an important factor for airlines
operating long-haul or international flights.

Airlines have specific operational requirements based on their route networks and business strategies. For example, an
airline focused on long-haul international flights requires aircraft with extended range capabilities. On the other hand,
a regional airline serving short-haul routes may prioritize fuel efficiency over long-range capabilities. The analysis takes
into account these operational requirements to identify aircraft models that can meet the desired range criteria.

Range and fuel efficiency often go hand in hand. Aircraft models with improved fuel efficiency can achieve longer ranges
with the same fuel load. Factors such as aerodynamic design, engine technology, and weight reduction measures can
contribute to better fuel efficiency and extended range capabilities [70]. The analysis considers the fuel consumption
per unit of distance traveled to assess the range efficiency of different aircraft models. The range of an aircraft can
be influenced by the payload it carries, including passengers, cargo, and fuel. A higher payload reduces the available
fuel capacity, which can limit the range of the aircraft. The analysis takes into account the passenger capacity, cargo
requirements, and fuel load to determine the range capabilities of each aircraft model, considering the desired payload
and passenger capacity. Figure 3.1 shows the relationship between Airbus and Boeing main commercial aircraft.

Figure 3.1: Commercial aircraft range vs passenger capacity. Extracted from [9].

Advancements in aircraft technology continue to improve the range capabilities of modern aircraft models. These
advancements can include more fuel-efficient engines, lighter materials, and advanced aerodynamics. The analysis
evaluates the technological features and innovations offered by different aircraft models to assess their potential impact
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on range capabilities.

Aircraft range is also influenced by factors such as wind patterns, air traffic restrictions, and route distances. Route
optimization techniques can be employed to maximize the range capabilities of aircraft, considering factors such as
tailwinds and optimal flight altitudes. The analysis may involve studying the specific route networks and operational
considerations to determine the most suitable aircraft models based on their range capabilities.

3.1.3 Fuel Efficiency

Fuel efficiency is a critical aspect of commercial aircraft operations, as it directly impacts operating costs and environ-
mental sustainability.

The engine plays a significant role in the fuel efficiency of an aircraft. Advancements in engine technology, such as
high-bypass ratio engines and improved combustion processes, can contribute to better fuel efficiency. The analysis
considers the engine specifications, including specific fuel consumption and thrust-to-weight ratio, to assess the fuel
efficiency of different aircraft models.

Furthermore, the aerodynamic design of an aircraft affects its fuel efficiency. Features such as wing design, winglets, and
streamlined fuselage contribute to reduced drag and improved fuel consumption. The analysis evaluates the aerodynamic
characteristics of different aircraft models to identify those with superior fuel efficiency [10].

Reducing the weight of an aircraft can lead to significant fuel savings. The use of lightweight materials, such as carbon
fiber composites, and efficient structural designs can help reduce the overall weight of the aircraft. The analysis considers
the weight reduction measures implemented in different aircraft models to assess their impact on fuel efficiency. Fuel
efficiency is not solely determined by the aircraft’s design but also by operational factors. Efficient flight planning,
including route optimization, altitude selection, and speed management, can contribute to improved fuel efficiency.
Figure 3.2 shows the dependency of fuel load consumed by an Airbus A320 aircraft over the range for different number
of passengers.

Figure 3.2: Airbus A320 aircraft fuel-range plot for different number of passengers. Extracted from [10].
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3.1.4 Technological Advancements

In aircraft model analysis, evaluating technological advancements in different aircraft models is crucial for understanding
the competitive edge they offer in terms of performance, safety, and passenger comfort. Technological advancements
encompass various aspects of aircraft design and operation. Here are some key areas of technological advancements that
are considered in aircraft model analysis [71]:

• Avionics: Avionics refers to the electronic systems and instruments used in aircraft for navigation, communica-
tion, and monitoring. Advancements in avionics technology have improved flight management systems, weather
radar capabilities, autopilot systems, and communication systems. The analysis assesses the avionics features
and capabilities of different aircraft models to identify those that offer enhanced situational awareness, improved
navigation accuracy, and efficient communication systems.

• Materials: The use of advanced materials in aircraft construction has a significant impact on performance,
weight reduction, and fuel efficiency. Carbon fiber composites, aluminum alloys, and titanium alloys are examples
of materials used to reduce weight while maintaining structural integrity. The analysis evaluates the materials
and manufacturing techniques employed in different aircraft models to identify those that offer weight savings,
improved durability, and resistance to corrosion.

• Aerodynamics: Innovations in aerodynamic design have contributed to improved fuel efficiency, reduced drag,
and enhanced maneuverability. Winglet designs, laminar flow control, and blended winglets are examples of
advancements in aerodynamics. The analysis considers the aerodynamic features and design elements incorporated
in different aircraft models to identify those that offer superior performance in terms of fuel efficiency, range, and
stability.

• Cabin features: Technological advancements have also transformed the passenger experience by integrating
advanced cabin features. These include larger windows, improved air quality systems, enhanced in-flight en-
tertainment systems, and connectivity options. The analysis assesses the cabin features and passenger comfort
enhancements offered by different aircraft models to identify those that provide a superior flying experience.

• Safety systems: Aircraft manufacturers continuously invest in safety technologies to enhance operational safety
and mitigate risks. These advancements include collision avoidance systems, enhanced ground proximity warning
systems, and advanced flight control systems. The analysis evaluates the safety systems and features implemented
in different aircraft models to identify those that offer advanced safety capabilities and comply with industry
regulations.

3.2 Total time since major overhaul

The total time since a major overhaul is a crucial factor when assessing the operational reliability of an aircraft. This
market research takes into account the maintenance history and records of aircraft models to determine the elapsed
time since their last major overhaul. This information is essential in understanding the current condition of the aircraft
and its potential impact on reliability and performance.

3.2.1 Major Overhaul Definition

In aircraft maintenance, a major overhaul is a comprehensive process aimed at inspecting, repairing, or replacing critical
components and systems to restore or extend the operational life of an aircraft. The major overhaul involves a thorough
evaluation of various aspects of the aircraft, including engines, avionics, control systems, and structural components
[72]. Some key points to understand about the major overhaul process are the following:

• Inspection and evaluation: During a major overhaul, each component and system of the aircraft undergoes a
detailed inspection and evaluation. This includes assessing the condition of engines, inspecting avionics for proper
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functioning, examining control systems for any wear or damage, and inspecting structural components for signs
of fatigue or corrosion. The goal is to identify any issues or areas that require repair or replacement.

• Repair or replacement: Based on the findings from the inspection, necessary repairs or replacements are carried
out. This may involve repairing engine components, replacing avionics systems, refurbishing control systems, or
repairing or replacing structural components. The repairs or replacements are done to ensure that the components
and systems meet the manufacturer’s specifications and regulatory requirements.

• Testing and certification: After the repairs or replacements are completed, thorough testing is conducted
to ensure that the aircraft’s components and systems are functioning properly. This may include engine tests,
avionics tests, control system tests, and structural integrity tests. The testing phase ensures that the aircraft
is safe and meets the required standards. Once the testing is successfully completed, the aircraft is certified for
flight.

• Regulatory compliance: The major overhaul process also involves ensuring compliance with regulatory re-
quirements. This includes adhering to maintenance guidelines and standards set by aviation authorities. The
overhaul process must meet the regulations and guidelines to ensure the airworthiness and safety of the aircraft.

• Operational life extension: The major overhaul process is typically done to extend the operational life of the
aircraft. By inspecting and repairing or replacing critical components and systems, the aircraft can continue to
operate safely and efficiently for an extended period. This can help optimize the investment in the aircraft and
avoid the need for immediate replacement.

Overall, a major overhaul is a comprehensive maintenance process that involves inspecting, repairing, or replacing
critical components and systems of an aircraft. It ensures that the aircraft meets the manufacturer’s specifications,
regulatory requirements, and safety standards, thereby extending its operational life and maintaining its airworthiness.

3.3 FAA Approach categories

The Federal Aviation Administration (FAA) establishes approach categories that determine the minimum approach
speeds and requirements for aircraft based on their type and speed. This market study examines these FAA requirements
for approach categories, taking into account factors such as minimum approach speeds. This analysis provides insights
into the operational requirements and safety standards set by the FAA for different aircraft types.

3.3.1 Approach Categories Overview

Approach categories are defined by the FAA to ensure safe and standardized approaches to landing for different aircraft
types. The categories are based on the aircraft’s speed during the approach phase and help determine the minimums
for decision altitude or decision height, visibility requirements, and other related parameters.

3.3.2 Category A and Category B Minimums

In aviation, the FAA (Federal Aviation Administration) [73] approach categories categorize aircraft based on their
approach speeds.

On the one hand, Category A applies to aircraft operating on a straight-in approach at a speed of 130 knots or more. This
category is typically assigned to aircraft with higher approach speeds, such as larger commercial jets. The minimums
associated with Category A are usually lower than those of Category B due to the higher approach speeds.

On the other hand, Category B applies to aircraft operating on a straight-in approach at a speed of less than 130 knots.
This category is generally assigned to smaller aircraft, including regional jets, turboprops, and general aviation aircraft.
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The minimums associated with Category B are typically higher than those of Category A due to the lower approach
speeds.

The minimums for approach categories are defined to ensure safe operations during approaches and landings. These
minimums include factors such as approach speed, visibility requirements, and runway visual range (RVR). The specific
minimums for each category can vary based on factors such as aircraft characteristics, airport infrastructure, and
regulatory requirements.

3.3.3 Speed and Safety Considerations

The FAA approach categories take into account the aircraft’s speed during the approach phase as a crucial factor
for ensuring safe and efficient operations. Different minimum approach speeds are established to ensure appropriate
maneuverability, control, and safety margins during the approach and landing phases.

3.3.4 Compliance and Operational Considerations

Understanding the FAA approach categories is essential for aircraft operators, pilots, and aviation professionals to ensure
compliance with the established standards. Compliance with approach category requirements allows for adherence to
safety standards and ensures consistent and standardized operations across the aviation industry.

3.4 Environmental Sustainability

Environmental sustainability is a significant focus in the aviation industry, with efforts aimed at reducing fuel consump-
tion and minimizing the ecological footprint of aircraft. Some key points regarding the environmental sustainability
aspects of fuel-efficient aircraft are the following:

• Reduced fuel consumption: Two-engine aircraft, also known as twin-engine aircraft, are generally more fuel-
efficient compared to older four-engine models. This improved fuel efficiency is primarily due to advancements in
engine technology, aerodynamics, and weight reduction measures. By consuming less fuel per flight, these aircraft
contribute to a reduction in carbon emissions and other pollutants.

• Lower carbon emissions: Fuel-efficient aircraft result in lower carbon emissions, which are a major contributor
to climate change. This analysis helps identify the extent to which the adoption of fuel-efficient aircraft can
contribute to reducing the aviation industry’s overall carbon emissions.

• Ecological footprint: In addition to carbon emissions, the ecological footprint of aircraft includes other envi-
ronmental factors such as noise pollution and air quality impacts. This evaluation helps determine the overall
environmental impact of these aircraft types and their alignment with sustainable aviation practices.

• Industry commitment to sustainability: The emphasis on environmental consciousness and sustainable
aviation practices is a prominent aspect of the industry’s commitment to reducing its environmental impact.
This information can inform decision-making processes, such as fleet modernization strategies, to prioritize the
adoption of more environmentally friendly aircraft models. The selection of the Airbus A320 and Boeing 707 as
concept models for the thesis can be justified based on the following reasons:

– Market Demand: Both the Airbus A320 and Boeing 707 have experienced high market demand since 1988.
These aircraft have been widely produced and utilized in commercial aviation, indicating their popularity
and relevance in the industry. This market demand provides a substantial basis for studying their reliability
and maintenance algorithmic methodologies.
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– Industry Trend: The Airbus A320 and Boeing 707 are aligned with the industry trend towards improved
efficiency and operational excellence. These aircraft models have been recognized for their reliability, fuel
efficiency, and passenger capacity.

– Maximum Range: The comparison table highlights that the Boeing 707 has a significantly higher maxi-
mum range (9,420 km) compared to the Airbus A320 (6,480 km). This difference in range can be explored
within the thesis to analyze the impact on reliability, maintenance, and design optimization for long-range
aircraft.

– Passenger Capacity: Both the Airbus A320 and Boeing 707 have a notable passenger capacity, with the
A320 accommodating 180-220 passengers and the 707 accommodating 140-189 passengers. These varying
passenger capacities can be considered in the thesis to study the implications for structural reliability,
maintenance planning, and optimization.

– Fuel Efficiency: The comparison table indicates that the Airbus A320 has a lower fuel efficiency (2.5
L/100km per seat) compared to the Boeing 707 (5.5 L/100km per seat). This difference presents an oppor-
tunity to examine the relationship between fuel efficiency, structural design, and maintenance algorithms,
contributing to the optimization of aircraft operations.

– Key Features: The Airbus A320 is known for its fly-by-wire technology and optimized wing design, while
the Boeing 707 is recognized as an early jet airliner with long-range capability. These key features provide
unique characteristics for analysis and comparison, allowing for insights into the impact of design features
on reliability and maintenance algorithmic methodologies.

3.5 Aircraft concept model selection

As part of this market research, the concept models of Airbus A320 and Boeing 707 are showcased as among the most
produced and utilized commercial aircraft worldwide since 1988. These aircraft are renowned for their reliability, fuel
efficiency, and passenger capacity. Table 3.1 shows a comparison between Airbus A320, Airbus A220-300, Boeing 737-
800 performance characteristics.

Table 3.1: Comparison of Airbus A320, Boeing 737-800, Airbus A220-300, and Boeing 707

Criteria A320 Boeing 737-800 Airbus A220-300 Boeing 707

Market Demand High High Moderate High

Industry Trend Aligned Partially Aligned Aligned Legacy

Maximum Range (km) 6,480 5,665 6,112 9,420

Maximum Passenger Capacity 180-220 162-189 120-150 140-189

Fuel Efficiency (L/100km per seat) 2.5 2.8 2.3 5.5

Noise Level (dB) 85-87 88-90 85-87 95-103

Engine Options CFM International CFM International Pratt & Whitney PW1500G Pratt & Whitney JT3D

Wing Configuration Swept Wing Blended Winglet Swept Wing Swept wing

Key Features Fly-by-wire technology, optimized wing design Advanced avionics, high reliability Advanced aerodynamics, spacious cabin Early jet airliner, long-range capability

Furthermore, table 3.2 shows specifications on specific models of Airbus A320 and Boeing 737 family:
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Table 3.2: Aircraft Specifications. Extracted from [74]

Manufacturer Aircraft Capacity (seats) Max Flight Autonomy (km) Length (m) Wingspan (m) MTOW (x1000 Kg) Cost (million USD) Max Speed (km/h) Max Alt (m)

Boeing 737-700 138 5,648 31.2 34.3 66 89.1 870 11,890

Boeing 737-800 177-186 5,665 39.5 34.3 79.01 106.1 870 11,890

Boeing 737 MAX 7 153-172 7,130 35.56 35.92 80.28 99.7 839 12,000

Boeing 737 MAX 8 178-200 6,570 39.47 35.92 82.19 121.6 839 12,000

Boeing 737 MAX 9 193-220 6,570 42.16 35.92 88.31 128.9 839 12,000

Boeing 737 MAX 10 204-230 6,110 43.8 35.92 89.76 134.9 839 12,000

Airbus A319Neo 140 6,950 33.84 35.8 75.5 101.5 876 12,100

Airbus A320Neo 165 6,500 37.57 35.8 79 129.5 876 12,100

Airbus A321Neo 206 7,400 44.51 35.8 97 110.6 876 12,100

Airbus A320-200 132-220 5,700 37.57 34.10 42.4 99 871 11,890

Airbus A321-200 196 5,600 44.51 34.10 48.2 116 871 11,890

• Structural Complexity: The Airbus A320, along with other models like the Boeing 737-800 and Airbus
A321neo, offers a complex structural design. This complexity allows for in-depth analysis and investigation
of the aircraft’s structural elements using Finite Element Methods (FEM) for reliability and maintenance pur-
poses.

• Data Availability: The Airbus A320 is a widely used commercial aircraft, which means there is a wealth of
structural data and technical documentation available. This availability of data facilitates the development and
validation of Finite Element Models (FEM) for reliability analysis, maintenance algorithmic methodologies, and
design optimization.

• Comparative Analysis: When comparing the Airbus A320 with other models in the table, such as the Boeing
737-800 and Airbus A321neo, it offers similar capacities, flight autonomies, sizes, MTOWs, and speeds. This
similarity allows for a comparative analysis of the reliability and maintenance algorithmic methodologies applied
to different aircraft structures, providing valuable insights into their similarities and differences.

• Industry Relevance: The Airbus A320 is widely used in the commercial aviation industry, making it a relevant
choice for studying reliability and maintenance algorithmic methodologies. Findings from the thesis can have
direct implications for airlines operating the A320 and contribute to the development of efficient maintenance
strategies and design optimization techniques for this specific aircraft model.

• Research Opportunities: The A320, as well as other models in the table, presents numerous research opportu-
nities for studying the behavior of structural elements, analyzing failure modes, proposing maintenance strategies,
and optimizing design. These opportunities can be explored within the context of the thesis, focusing on the spe-
cific needs and challenges associated with the A320’s structure.

By selecting the Airbus A320 as the model for the thesis, the study can leverage the complex structural design, utilize
available data, conduct comparative analysis, address industry relevance, and explore research opportunities specific
to this widely used commercial aircraft. This choice allows for a comprehensive examination of Finite Elements-based
reliability and maintenance algorithmic methodologies, providing valuable insights for the aviation industry. Table 3.3
shows the main performance characteristic parameters that define the Airbus A320.

Structural Complexity: The Airbus A320, along with other models like the Boeing 737-800 and Airbus A321neo,
offers a complex structural design. This complexity allows for in-depth analysis and investigation of the aircraft’s
structural elements using Finite Element Methods (FEM) for reliability and maintenance purposes.

Data Availability: The Airbus A320 is a widely used commercial aircraft, which means there is a wealth of structural
data and technical documentation available. This availability of data facilitates the development and validation of Finite
Element Models (FEM) for reliability analysis, maintenance algorithmic methodologies, and design optimization.

Comparative Analysis: When comparing the Airbus A320 with other models in the table, such as the Boeing 737-800
and Airbus A321neo, it offers similar capacities, flight autonomies, sizes, MTOWs, and speeds. This similarity allows
for a comparative analysis of the reliability and maintenance algorithmic methodologies applied to different aircraft
structures, providing valuable insights into their similarities and differences.
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Table 3.3: Performance Characteristics for A320 aircraft. Extracted from [75]

Quantity name Symbol Value SI Unit

Landing field length sLFL 1700 m

Take-off field length sTOFL 2200 m

Cruise Mach number MCR 0.78 -

Design range R 1600 NM

Relative landing mass mML

mMTO
87.8% -

Relative operating empty mass mOE

mMTO
56.2% -

Wing loading mMTO

SW
601 kg/m2

Thrust-to-weight ratio TTO

mMTOg 0.308 -

Cruising altitude hCR 37000 ft

Speed ratio V
Vmd

1 -

Maximum lift coefficient, landing CL,max,L 2.90 -

Maximum lift coefficient, take-off CL,max,TO 2.07 -

Maximum aerodynamic efficiency Emax 17.9 -

Specific fuel consumption SFC 16.2 mg/N/s

Industry Relevance: The Airbus A320 is widely used in the commercial aviation industry, making it a relevant
choice for studying reliability and maintenance algorithmic methodologies. Findings from the thesis can have direct
implications for airlines operating the A320 and contribute to the development of efficient maintenance strategies and
design optimization techniques for this specific aircraft model.

Research Opportunities: The A320, as well as other models in the table, presents numerous research opportunities for
studying the behavior of structural elements, analyzing failure modes, proposing maintenance strategies, and optimizing
design. These opportunities can be explored within the context of the thesis, focusing on the specific needs and challenges
associated with the A320’s structure.

By selecting the Airbus A320 as the model for the thesis, the study can leverage the complex structural design, utilize
available data, conduct comparative analysis, address industry relevance, and explore research opportunities specific
to this widely used commercial aircraft. This choice allows for a comprehensive examination of Finite Elements-based
reliability and maintenance algorithmic methodologies, providing valuable insights for the aviation industry.
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Chapter 4

Methodology assessment

This chapter outlines the initial stages of the thesis, focusing on problem identification and research objectives, as well as
conducting a comprehensive literature review. These steps are essential for establishing the foundation of the study and
understanding the existing methodologies, algorithms, and tools used in the field of finite element analysis, reliability
analysis, and maintenance optimization for aircraft structures.

The chapter begins by clearly defining the problem statement and research objectives. The identification of this problem
involves recognizing the need for reliable and efficient algorithmic methodologies to analyze aircraft structures, optimize
their design, and ensure maintenance effectiveness. By addressing these objectives, the study aims to contribute to the
development of innovative solutions for the aviation industry.

A thorough literature review is then conducted to gain a deep understanding of the current methodologies and tools
utilized in the field. This review helps identify any gaps in the existing research, providing insights into the strengths and
weaknesses of the current approaches. By examining previous studies, the research can build upon existing knowledge
and develop a more robust methodology.

Following the literature review, the chapter delves into the technical aspects of the research. The airframe of an A320
aircraft is developed using Autodesk Fusion 360, a powerful computer-aided design (CAD) software. This step involves
accurately representing the geometry and components of the aircraft, including wings, fuselage, tail, undercarriage, and
propulsion system. The CAD model serves as the basis for subsequent analyses, enabling a detailed examination of the
aircraft’s structural behavior.

The CAD model is then exported to Autodesk CFD (Computational Fluid Dynamics) software, where aerodynamic
pressure loads are simulated and analyzed. This step provides valuable insights into the fluid behavior and loads acting
on the aircraft structure, including lift, drag, and flow characteristics. The results obtained from Autodesk CFD help
in understanding the complex aerodynamic forces influencing the aircraft’s performance.

The CFD simulation results, including the aerodynamic pressure loads, are further exported to Autodesk Inventor
Nastran software. Inventor Nastran is a finite element analysis (FEA) software that enables detailed structural analysis
of the aircraft components. By utilizing the exported simulation data, the structural integrity, strength, and stiffness
of the aircraft structure can be evaluated. This analysis forms a crucial component of the research, providing essential
information for subsequent reliability and maintenance optimization steps.

Reliability analysis techniques, such as probabilistic methods, are then applied to assess the structural reliability of
the aircraft. This involves considering uncertainties in material properties, load conditions, and other factors. The
reliability analysis helps identify potential areas of failure and informs design modifications to enhance the safety and
reliability of the aircraft structure.
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The subsequent stage focuses on maintenance optimization. Algorithmic methodologies are developed and applied to
the aircraft structure, utilizing the structural performance data obtained from Inventor Nastran. By identifying critical
components and estimating their remaining useful life, maintenance schedules can be optimized. The goal is to ensure
effective maintenance practices that minimize downtime and maximize the operational efficiency of the aircraft.

The chapter further explores the design optimization process, which is based on the analysis results obtained from
the structural performance and reliability analysis. Design optimizations are performed to improve the performance
and efficiency of the aircraft structure. This may involve modifying the geometry, selecting optimized materials, or
considering advanced manufacturing techniques. The design optimizations aim to reduce weight, enhance aerodynamic
performance, and meet safety requirements. By incorporating these optimizations, the research aims to achieve an
optimized design that maximizes the aircraft’s performance and efficiency.

Following the design optimization stage, the analysis and results are thoroughly examined and evaluated. The effec-
tiveness of the methodology developed throughout the research is assessed, along with the performance improvements
achieved through the design optimizations. This involves comparing the results obtained from the various stages of
analysis, including CAD modeling, CFD simulation, structural analysis, reliability analysis, maintenance optimization,
and design optimization. By analyzing and evaluating these results, valuable insights are gained into the reliability
and maintenance effectiveness of the aircraft structure, as well as the impact of design optimizations on its overall
performance.

Based on the analysis and results, conclusions are drawn regarding the effectiveness of the developed algorithmic
methodologies and the impact of design optimizations. These conclusions serve as a summary of the research findings
and highlight the contributions made in the field of finite element-based reliability analysis, maintenance optimization,
and design optimization for aircraft structures. Additionally, recommendations are provided for future research and
improvements in these areas. These recommendations aim to inspire further studies and advancements in the field,
building upon the findings of the current research.

Finally, the chapter concludes with a focus on thesis documentation and presentation. The methodology, workflow,
analysis results, and conclusions are documented in the final thesis report. The research findings are presented in a
comprehensive and organized manner, utilizing visual representations, tables, and figures to effectively communicate
the research outcomes. This documentation and presentation play a crucial role in conveying the thesis findings to the
academic community and industry professionals, facilitating knowledge dissemination and potential practical applica-
tions of the research.

In summary, this chapter encompasses the design optimization process, analysis and evaluation of results, drawing
conclusions and providing recommendations, as well as thesis documentation and presentation. It forms a crucial
part of the overall thesis, laying the foundation for subsequent chapters that delve into the technical details of the
research methodology and provide a detailed analysis of the aircraft structure’s reliability, maintenance effectiveness,
and performance enhancements achieved through design optimizations.

Figure 4.1 shows a simplification of this workflow and the software used for the development of each stage of the thesis.
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Figure 4.1: Workflow of the research. Own development.

The methodology and workflow of the thesis involve therefore CAD modeling in Fusion 360, exporting the CAD model
to Autodesk CFD for aerodynamic analysis, exporting the CFD simulation to Inventor Nastran for structural analysis,
conducting reliability analysis, developing maintenance optimization algorithms, performing design optimizations, ana-
lyzing the results, and documenting the project findings in the final thesis report.

4.1 Software

4.1.1 Autodesk Fusion 360

Autodesk Fusion 360 is a cloud-based software that offers a comprehensive suite of tools for 3D CAD (Computer-Aided
Design), CAM (Computer-Aided Manufacturing), and CAE (Computer-Aided Engineering). It is widely used in various
industries, including aerospace, to design, simulate, and manufacture complex products [11].

Key features and capabilities of Autodesk Fusion 360 include:

1. 3D Modeling: Fusion 360 provides a robust set of tools for creating 3D models of aircraft structures such as
fuselages, wings, tails, and landing gear. It supports both solid and surface modeling techniques, allowing users
to accurately represent the geometry of the components.

2. Design Validation: The software enables engineers to perform simulations and analysis to validate the design
of aircraft structures. It offers various simulation capabilities, including structural analysis, thermal analysis, and
fluid flow analysis. This helps identify potential issues and optimize the design for performance and safety.

3. Manufacturing: Fusion 360 supports CAM functionality, allowing users to generate toolpaths for CNC (Com-
puter Numerical Control) machining. It provides tools for creating efficient machining strategies, generating
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G-code, and simulating the machining process.

4. Collaboration: Being a cloud-based software, Fusion 360 enables real-time collaboration between team members.
Multiple users can work on the same project simultaneously, making it easier to coordinate design changes and
share information.

5. Data Management: Fusion 360 offers built-in data management capabilities, allowing users to organize and
manage their design files. It provides version control, revision history, and the ability to track changes, ensuring
that everyone has access to the latest design iteration.

6. Integration with Other Tools: Fusion 360 seamlessly integrates with other Autodesk software, as well as third-
party applications. This interoperability expands the capabilities of the software and enables a more streamlined
design and manufacturing workflow.

Figure 4.2 illustrates the different funcionalities and tools that this software provides.

Figure 4.2: Autodesk Fusion 360 software modules and functionalities. Extracted from [11].

4.1.2 Autodesk CFD

Autodesk CFD (Computational Fluid Dynamics) is a software tool that enables engineers to simulate and analyze fluid
flow and heat transfer in various applications, including aerospace. It utilizes numerical methods to solve the governing
equations of fluid dynamics, allowing for the prediction and visualization of flow patterns, pressure distribution, and
heat transfer within and around aircraft components.

Key features and capabilities of Autodesk CFD include [76]:
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1. Fluid Flow Analysis: CFD enables engineers to simulate and analyze fluid flow behavior around aircraft
components such as wings, fuselage, control surfaces, and engine intakes. It can predict variables such as velocity,
pressure, and turbulence distribution, providing insights into the aerodynamic performance of the design.

2. Heat Transfer Analysis: CFD can simulate and analyze the heat transfer behavior within and around aircraft
components. It helps engineers understand how heat is transferred through conduction, convection, and radiation,
allowing for the optimization of cooling systems and thermal management strategies.

3. Turbulence Modeling: Turbulence is a complex phenomenon that significantly affects aerodynamic perfor-
mance. CFD software incorporates various turbulence models to accurately simulate turbulent flow behavior,
taking into account the effects of eddies and vortices. This allows for more realistic predictions of drag, lift, and
other aerodynamic forces.

4. Multiphase Flow Analysis: In certain applications, such as fuel sloshing, water ingress, or icing, it is necessary
to simulate the interaction of multiple fluid phases. CFD software can handle multiphase flow analysis, allowing
engineers to study phenomena such as phase separation, interface behavior, and mass transfer between phases.

5. Design Optimization: CFD enables engineers to perform parametric studies and optimization to improve the
design of aircraft components. It can evaluate the effect of design variations on aerodynamic performance, such
as shape modifications, control surface deflections, and wing configurations, helping to identify the optimal design
solution.

6. Visualization and Post-processing: Autodesk CFD provides powerful visualization tools to help engineers
understand and communicate the simulation results. It offers contour plots, vector plots, streamlines, and ani-
mations to visualize flow patterns, pressure distribution, and other variables. Post-processing capabilities allow
for the extraction of quantitative data and the generation of reports for further analysis and documentation.

In the context of aerodynamic simulations using Autodesk CFD, the software utilizes computational fluid dynamics
(CFD) techniques to solve the Navier-Stokes equations [77]. These equations govern the conservation of mass, momen-
tum, and energy in a fluid flow. The simplified form of these equations is numerically solved using finite volume or finite
element methods, which involve discretizing the flow domain into a grid or mesh.

The CFD simulation process in Autodesk CFD involves iteratively solving the Navier-Stokes equations for each cell or
element in the grid to obtain the flow field solution. The equations can be represented as follows:

The continuity equation expresses the conservation of mass:

∂ρ

∂t
+∇ · (ρu) = 0 (4.1)

where ρ represents the fluid density and u represents the velocity vector.

The momentum equation describes the conservation of momentum:

∂ρu

∂t
+∇ · (ρu× u) +∇p = µ∇2u (4.2)

where p represents the pressure and µ represents the fluid viscosity.

The energy equation represents the conservation of energy:

∂ρE

∂t
+∇ · (ρuE) = µ∇2E + ρΦ (4.3)

where E represents the total energy per unit volume and Φ represents the energy source or sink terms.

By solving these equations numerically, Autodesk CFD calculates the flow field solution and provides insights into the
aerodynamic behavior of the aircraft. This includes the generation of aerodynamic forces such as lift and drag. Lift is
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a crucial force that enables the aircraft to maintain flight by counteracting the drag force, which is the opposing force
experienced by the aircraft as it moves through the air.

Figure 4.3 illustrates a sample aerodynamic simulation using Autodesk CFD, showcasing the visualization of the flow
field and the resulting aerodynamic forces on an aircraft. Through such simulations, engineers and designers can analyze
and optimize the aerodynamic performance of the aircraft, contributing to improved efficiency and operational excellence
in the industry.

Figure 4.3: Autodesk CFD software sample aerodynamic simulation. Extracted from [12].

Aerodynamic forces are generated when an aircraft interacts with the atmosphere, which behaves like a fluid with its
own density and viscosity. Similar to how a swimmer experiences resistance in a pool, an aircraft encounters an opposing
force known as drag as it moves through the air. However, lift, which is an aerodynamic force, is crucial for the aircraft
to maintain flight and counteracts the drag force.

Aerodynamic forces can be categorized into two types: pressure forces and shear forces. Pressure forces act perpendicular
to the surface of the aircraft, while shear forces act tangentially to the surface.

An example of a pressure force is the lift generated by a wing [78]. Lift is produced due to the pressure distribution
around the upper and lower surfaces of the wing. However, wing lift is not the only pressure force acting on an aircraft.
The fuselage, as well as the horizontal and vertical stabilizers, also have their own pressure distributions determined
by their shapes. Pressure forces are particularly significant when control surfaces of the stabilizers are deflected. Each
external surface of the aircraft induces pressure changes in the surrounding air, resulting in pressure forces wherever
there is a pressure gradient.

Although it is convenient to consider the resultant lift force at the center of pressure, in reality, this pressure force is
distributed across the entire wing. Therefore, each component of the wing’s structure must be designed to withstand
the specific pressure forces acting on it across the design envelope. The same principle applies to all external surfaces
of the aircraft.

Shear forces are responsible for profile drag on the aircraft. As the airplane moves through the atmosphere, the air
tends to adhere to the aircraft’s surface. This viscous effect, similar to the viscosity of water or oil, creates a drag force
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that opposes the direction of motion. The drag force on a wing tends to push it backward, resulting in stresses within
the wing that must be managed and reacted by the structure.

4.1.3 MatLab

MatLab is a widely used software platform and programming language that is particularly suited for numerical computing
and data analysis. It provides a comprehensive set of tools and functions that enable researchers and engineers to perform
complex mathematical operations, analyze data, and develop algorithms [79].

In the context of this thesis, MatLab can serve as a valuable tool for various purposes:

• Finite Element Analysis (FEA): MatLab offers powerful capabilities for conducting finite element analysis.
Researchers can utilize the built-in functions and toolboxes to create and solve finite element models, perform
structural analysis, and evaluate the reliability of aircraft structures. MatLab’s extensive numerical computing
capabilities, such as solving linear and nonlinear equations, enable efficient and accurate FEA simulations.

• Algorithm Development: MatLab provides a user-friendly environment for developing and implementing al-
gorithms. Researchers can leverage the programming capabilities of MatLab to design and optimize reliability
and maintenance algorithmic methodologies. MatLab’s extensive library of mathematical functions, optimization
algorithms, and data visualization tools facilitate the development and testing of novel algorithms tailored to the
specific requirements of the thesis.

• Data Analysis and Visualization: MatLab excels in data analysis and visualization, making it a valuable
tool for studying aircraft structures and maintenance optimization. Researchers can use MatLab’s functions for
statistical analysis, signal processing, and machine learning to analyze relevant data sets. Additionally, MatLab’s
plotting and visualization capabilities enable the presentation of complex data in a clear and intuitive manner,
aiding in the interpretation and communication of research findings.

• Integration with Other Tools: MatLab supports the integration of external software and tools, allowing
researchers to combine its capabilities with other engineering software and data sources. This integration can
enable the exchange of data, the incorporation of specialized algorithms, or the coupling of MatLab with other
simulation software, enhancing the research capabilities and expanding the scope of analysis.

Overall, MatLab serves as a powerful and versatile tool for the thesis, offering capabilities for finite element analysis,
algorithm development, data analysis, and visualization. Its user-friendly interface and extensive library of functions
make it well-suited for researchers and engineers working on reliability and maintenance algorithmic methodologies
applied to aircraft structures and design optimization.

4.1.4 Autodesk Inventor Nastran for structural analysis

Autodesk Inventor Nastran is a finite element analysis (FEA) software that can be used to simulate the behavior of
structures under various loads and conditions. It is a powerful tool that can be used to assess the strength, performance,
and durability of aircraft structures.

To use Autodesk Inventor Nastran to simulate an aircraft structure, a model of the structure must first be created or
imported in Autodesk Inventor. This can be done using the same steps as described in the previous section. Once the
model has been created, it can be imported into Autodesk Inventor Nastran.

In Autodesk Inventor Nastran, the loads and boundary conditions that will be applied to the structure must be defined.
This includes specifying the loads that will be applied to the structure, as well as the boundary conditions that will be
imposed on the structure. Once the loads and boundary conditions have been defined, the simulation can be run.
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Autodesk Inventor Nastran uses a variety of integration methodologies to perform simulation. These methodologies
include static analysis, dynamic analysis, thermal analysis, and contact analysis [80]. The integration methodology that
is used will depend on the type of analysis that is being performed.

Static analysis is used to determine the static response of the structure under a given set of loads and boundary
conditions. Dynamic analysis is used to determine the dynamic response of the structure under a given set of loads and
boundary conditions. Thermal analysis is used to determine the thermal response of the structure under a given set of
thermal loads. Contact analysis is used to determine the contact behavior between two or more bodies.

The results of the simulation can be used to assess the strength, performance, and durability of the structure. These
results can be used to improve the design of the structure, to optimize the manufacturing process, and to ensure the
safety of the structure.

Autodesk Inventor Nastran is a powerful and versatile software that can be used to simulate the behavior of aircraft
structures. It is a valuable tool for aerospace engineers who need to design, simulate, and manufacture aircraft structures.

Figure 4.4: Simulation post-processing results of a model in Autodesk Inventor Nastran software. Extracted
from [13].

The integration methodology that is used will depend on the type of analysis that is being performed. For example, static
analysis typically uses a direct integration methodology, while dynamic analysis typically uses an iterative integration
methodology.

It is a reliable software that has been used to ensure the safety of aircraft structures. Overall, Autodesk Inventor Nastran
is a powerful and versatile software that can be used to simulate the behavior of aircraft structures. It is a valuable tool
for aerospace engineers who need to design, simulate, and manufacture aircraft structures.

Specifically, Autodesk Inventor Nastran uses the following integration methodologies [81]:

• Direct integration: This method is used for static analysis and is based on the direct solution of the governing
equations of motion.

• Iterative integration: This method is used for dynamic analysis and is based on the iterative solution of the
governing equations of motion.
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• Runge-Kutta integration: This method is a general-purpose integration method that can be used for both
static and dynamic analysis. Range-Kutta integration is a numerical integration method that is used to solve
differential equations. It is a popular method for structural analysis because it is accurate and efficient.
In Inventor Nastran, the range-Kutta integration method is used to solve the equations of motion for the structure.
The equations of motion are a set of differential equations that describe the motion of the structure.
The range-Kutta integration method works by dividing the time interval into a number of smaller intervals. The
equations of motion are then solved for each interval. The solution for each interval is then used to update the
state of the structure.
The range-Kutta integration method is a recursive method. This means that the solution for each interval depends
on the solution for the previous interval. The range-Kutta integration method is also an explicit method. This
means that the solution for each interval can be calculated explicitly, without having to solve the equations of
motion for the entire time interval.

The choice of integration methodology will depend on the specific requirements of the simulation. For example, direct
integration is typically used for static analysis because it is more efficient. Iterative integration is typically used for
dynamic analysis because it is more accurate. Runge-Kutta [82] integration can be used for both static and dynamic
analysis, and it is a good choice for simulations that require high accuracy.

xn = xn−1 + hk1 (4.4)
k1 = f(tn) (4.5)

k2 = f(tn +
h

2
) (4.6)

k3 = f(tn +
h

2
) (4.7)

xn+1 = xn + h

(
k1 + 2k2 + 2k3

3

)
(4.8)

where:

xn is the displacement vector at time tn h is the time step k1, k2, and k3 are the range-Kutta coefficients.

Mü+ Cu̇+Ku = f(t) (4.9)
where:

M is the mass matrix of the structure C is the damping matrix of the structure K is the stiffness matrix of the structure
x is the displacement vector of the structure f(t) is the external force vector

4.2 Aircraft Model Creation in Fusion 360

4.2.1 CAD Model Development

The CAD (Computer-Aided Design) model development section focuses on the process of creating a detailed digital
representation of an aircraft using CAD software. This section outlines the steps involved in developing the CAD model
for the aircraft, including the use of reference blueprints, creating the fuselage, adding structural elements, designing
the wings and stabilizers, and incorporating other features.

The first step in the CAD model development process is to gather reference blueprints, which serve as the basis for
designing the aircraft. These blueprints typically include top, side, front, and cross-sectional views of the aircraft.
Figures 4.5a, 4.5b, 4.5c, and 4.5d provide examples of the blueprint views used as reference in the development process.
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(a) Top aircraft view blueprint (b) Fuselage cross-section blueprint

(c) Side aircraft view blueprint (d) Front aircraft view blueprint

Figure 4.5: Main blueprints used for the development of the aircraft CAD model in Autodesk Fusion 360.
Extracted from [14].

The CAD model development starts with the creation of the fuselage. This involves using the reference blueprints to
design the shape and dimensions of the aircraft’s main body. A linear matrix of frames is created, representing the
major structural components of the fuselage. The fuselage skin is then added to enclose the frames and form the outer
surface of the aircraft.

Figure 4.6: Fuselage cross-section ribs. Own development via Autodesk Fusion 360 software. Own development.
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The next step involves adding structural elements to the CAD model. This includes incorporating fuselage longerons,
which are longitudinal structural members that provide additional strength and support to the fuselage. Additionally,
all the beams and other structural components that make up the aircraft’s framework are added to ensure the structural
integrity of the CAD model.

The CAD model development continues with the design of the aircraft’s wings. Airfoils, which are streamlined cross-
sections that generate lift, are selected for each wing section. The corresponding .dat files containing the airfoil data
are obtained and imported into the CAD software. These airfoils are then used to create the wing profiles, which are
typically represented as splines or curves in the CAD model.

The cockpit area and other fuselage details are added to the CAD model. This involves designing the cockpit structure
and incorporating any specific features or components unique to the aircraft’s design. Fuselage notes, such as markings
or labels, may also be included to provide additional information or details about the aircraft. Figure 4.7

Figure 4.7: Fuselage and wings airframe developed in Autodesk Fusion 360. Own development.

The final step in the CAD model development process is the design of the horizontal and vertical stabilizers. These
components, commonly known as the tailplane and fin, respectively, are responsible for providing stability and control
to the aircraft. They are designed and integrated into the CAD model, ensuring proper positioning and alignment with
the fuselage.

By following these steps, the CAD model development process enables the creation of a detailed digital representation
of the aircraft. This CAD model serves as a valuable tool for visualizing and analyzing various aspects of the aircraft’s
design, including its shape, structure, and aerodynamic features. Figure 4.8 shows the final aircraft CAD model.
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Figure 4.8: Final aircraft CAD model developed in Autodesk Fusion 360.

Model views are represented in figure 4.9 for a better visualization. By clicking on this link, a recording of the CAD
model full development process in Fusion 360 can be accessed.

Figure 4.9: Final CAD model views on Fusion 360 software. Own development.

The full structure was developed taking as reference Airbus A320 aircraft model manual [83] and the book Airframe
Structural Design [84] available at ESEIAAT Campus library. Further details regarding the CAD model developed for
this thesis can be consulted in Appendix A.
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4.3 Fluid Analysis in Autodesk CFD

As explained in section 4.1.2 from the methodology assessment chapter, Autodesk CFD is a powerful tool for conducting
fluid analysis. This section will provide a more detailed explanation of the fluid analysis capabilities offered by Autodesk
CFD for the aircraft structure developed.

Autodesk CFD utilizes computational fluid dynamics (CFD) simulations to analyze and predict the behavior of fluid
flows. It is based on solving the Navier-Stokes equations, which describe the conservation of mass, momentum, and
energy in a fluid flow. These equations are solved numerically using finite volume or finite element methods to discretize
the flow domain into a grid or mesh.

4.3.1 Simplification and Meshing

In the Autodesk CFD software, the first steps in the simulation involve importing the aircraft structure CAD file as a
.sat file, simplifying the geometry, creating the control volume, and defining the materials.

The first step is to import the CAD file of the aircraft structure into the Autodesk CFD software. The CAD file is
exported in the standard format .sat (Standard ACIS Text) directly from Autodesk Fusion 360, which allows for the
transfer of 3D geometry data. This file contains the detailed representation of the aircraft structure. In order to reduce
computational cost, only half of the aircraft structure was imported, one of the two symmetrical sections. Autodesk
CFD allows to impose symmetry boundary condition to the symmetry plane of the aircraft, taking it into account for
simulation.

Once the CAD file is imported, a simplification process is performed. This step involves reducing the complexity of
the geometry to make it suitable for the simulation. Simplification techniques included removing unnecessary details,
merging edges and small features. The goal is to create a simplified geometry that retains the essential characteristics
of the aircraft structure while reducing computational complexity. Then, small objects and features of less than 2mm
were removed in order to avoid meshing errors.

After simplification, a control volume is created around the aircraft structure. The control volume represents the
computational domain for the fluid flow analysis. It defines the boundaries within which the fluid flow will be simulated.
The control volume is a 3D region that encapsulates the aircraft structure, allowing for the analysis of fluid flow around
and through it. Figure 4.10 shows the aircraft structure and control volume created in Autodesk CFD for the simulation.
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Figure 4.10: Model and control volume created during simulation preprocessing in Autodesk CFD

Meshing is a crucial step in computational fluid dynamics (CFD) simulations, as it involves dividing the geometry
into small elements to discretize the computational domain. In Autodesk CFD, the meshing process includes several
parameters that can be set to customize the mesh for accurate and efficient simulations. Figure 4.11 shows a screenshot
of the meshing configuration for the simulation performed in Autodesk CFD.

Figure 4.11: Model and control volume created during simulation preprocessing in Autodesk CFD
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First of all, size adjustment determines the overall size of the mesh elements. A value of 1 means that the mesh will have
a uniform element size throughout the domain. This parameter controls the level of detail captured by the mesh and
influences the computational accuracy and efficiency. Furthermore, surface refinement was enabled for the simulation.
This is a technique used to improve the mesh resolution near important geometric features. Enabling surface refinement
ensures that the mesh elements near the aircraft structure’s surfaces are smaller and more refined, capturing details
accurately.

In addition, the wall layer is used to capture the thin boundary layer near solid surfaces accurately. Enabling the wall
layer ensures that the mesh has additional layers of elements near the walls to capture boundary layer effects. In this
case, three layers of elements will be added to the walls. The layer factor determines the thickness of each layer in the
wall layer. A value of 0.45 means that each layer’s thickness will be 45% of the adjacent layer’s thickness. The layer
factor controls the growth rate of the layers from the wall outward.

Finally, automatic layer gradation is a feature that automatically adjusts the thickness of the wall layers based on
the local geometry and flow conditions. It ensures that the layer thickness is optimized for accurate boundary layer
resolution without requiring manual adjustments.

The total number of elements refers to the number of discrete units that make up the mesh. In this case, the mesh
will have approximately 150,000 elements. The number of elements affects the computational cost and accuracy of
the simulation. A higher number of elements generally leads to more accurate results but increases computational
requirements. Figure 4.12 shows a more detailed view of the meshing near the aircraft structure for the configuration
defined.

Figure 4.12: Surface meshing detailed view on the aircraft in Autodesk CFD.

4.3.2 Boundary Conditions and Simulation Setup

The first step in the fluid analysis is to define the boundary conditions. This includes specifying the inlet and outlet
boundary conditions, as well as the wall boundary conditions. The inlet boundary condition is typically set to a
freestream velocity, while the outlet boundary condition is typically set to a static pressure. The wall boundary
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conditions are typically set to no-slip conditions.

Once the boundary conditions have been defined, the next step is to setup the simulation. This includes specifying
the mesh size, the solver type, and the turbulence model. The mesh size is important for ensuring the accuracy of the
results. The solver type is the method that will be used to solve the equations of fluid flow. The turbulence model is a
mathematical model that is used to account for the effects of turbulence.

The boundary conditions for the fluid analysis were calculated using the Matlab code developed in Appendix 6.1,
considering International Standar Atmosphere (ISA) model for a cruise height of 10,668m, which corresponds with the
average cruise altitude of an Airbus A320 aircraft. The boundary conditions set for simulation were then the following:

• The inlet boundary was defined as a velocity inlet with a freestream velocity of 850 km/h.

• The outlet boundary was defined as a pressure outlet with a static pressure of 23,909 Pa on every face of the
control volume.

• The temperature of the freestream air was set to −54.2oC.

• The walls of the aircraft were defined as no-slip walls and the mid-plane of the aircraft was defined as a symmetry
plane.

The configuration of these boundary conditions for the CFD simulation is shown in figure 4.13.

Figure 4.13: Boundary conditions imposed to the control volume for CFD analysis.

The materials selection for the analysis of the FSI was simplified, considering compressible flow of air in the control
volume with the properties shown in figure 4.14, and the structure was set to be made of an isotropic Aluminium 6061
alloy.
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Figure 4.14: Fluid properties definition in the control volume for CFD simulation.

The maximum number of iterations for the CFD simulation was set to be 103 for a tolerance error lower than 0.001%.
For only 423 iterations this convergence rate was reached. Figure 4.15 shows the final simulation results on pressure
loads distortion on the structure and the convergence plots for the different variables studied in the analysis.

Figure 4.15: Pressure loads distribution simulation on the aircraft model surface. Own development via
Autodesk CFD software.
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The results from this simulation were saved and exported into a .iam file for Inventor Nastran importation in order
to perform the latter structural analysis. Next sections provide a theoretical background about the main loads which
affect an aircraft in cruise conditions, and which were neglected in the study.

4.3.3 Gust loads

The atmosphere rarely remains completely still and is typically characterized by turbulence, gusts, and various distur-
bances. These factors collectively contribute to the overall loading experienced by an aircraft, with gust loading often
serving as a critical consideration in the design process. It is crucial to ensure that the aircraft’s structure is capable of
withstanding combined load cases, particularly those involving gusts during high-g maneuvers, in alignment with the
relevant airworthiness regulations [85].

Certain maneuvers, when performed above a specific speed, have the potential to exceed the maximum certified load
factor in the presence of gusts or turbulence. To address this concern, aircraft are assigned a maximum maneuvering
speed (VA) that is lower than the never exceed speed (VNE). This precautionary measure helps maintain flight safety
by preventing the load factors from surpassing acceptable limits in the presence of gust-induced turbulence.

4.3.4 Inertial loads

According to Newton’s laws, when a mass undergoes acceleration, it experiences a force in the same direction as the
acceleration. Throughout the flight of an aircraft, the entire structure is subjected to accelerations and decelerations,
resulting in inertial loads being imposed on the aircraft’s structure. While the most apparent inertial load is gravity,
acting vertically downwards as weight, there are various other inertial forces that must be taken into account across the
typical design envelope.

The term "inertia" refers to the resistance of a body to changes in its velocity or acceleration. Velocity, being a vector,
encompasses both speed and direction. When an aircraft enters a turn, for instance, the force responsible for keeping the
aircraft on a curved path is known as the centripetal force, directed inward towards the center of the turn. As a reaction
to this force, the pilot experiences a centrifugal force in the cockpit, seemingly pushing them outward from the turn [86].
During maneuvers, these inertial forces must be counteracted by the aircraft’s structure, with the greatest significance
at the limits of the design envelope, where the forces experienced by the airplane may be significantly greater than its
weight.

Considering inertial forces necessitates an understanding of how mass is distributed throughout the aircraft. Although
we often simplify by assuming the entire aircraft mass is concentrated at the center of gravity (c.g.) when visualizing the
forces acting on the aircraft using free-body diagrams, in reality, the mass is distributed throughout the entire structure.
Consequently, an engine mounted on the wing, for example, can be considered as its own mass, located at some distance
from the aircraft’s c.g. This engine experiences its own inertial loading during a turn, and the connecting structure
between the engine and the wing must be designed to withstand the local stresses induced by the turn.

A typical flight profile involves stages such as take-off, climb, cruise, descent, and landing [87]. This introduces a set
of cyclical airframe loads that are generally repeated during each flight. Metal fatigue is a condition where structural
failure can occur below the static strength of the material due to the formation of tiny cracks resulting from repeated
cyclical loads. Therefore, a fatigue analysis plays a crucial role in the overall stress analysis of an aircraft.

4.3.5 Exporting Results for Structural Analysis

The final step in the fluid analysis is to export the results for structural analysis. This includes exporting the pressure
distribution and the heat transfer rates. The pressure distribution can be used to calculate the loads on the aircraft
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structure, while the heat transfer rates can be used to calculate the temperature distribution in the aircraft structure.

The results of the fluid analysis can be used to improve the design of the aircraft structure. For example, the results can
be used to identify areas of high pressure or high heat transfer, which can then be redesigned to improve the strength
or the durability of the structure.

In addition to improving the design of the aircraft structure, the results of the fluid analysis can also be used to improve
the performance of the aircraft. For example, the results can be used to identify areas of turbulence, which can then be
redesigned to improve the efficiency of the aircraft.

Overall, the fluid analysis is an important tool for the design and optimization of aircraft structures. The results of the
fluid analysis can be used to improve the strength, the durability, and the performance of the aircraft structure.

The results of the fluid flow and heat transfer analysis were exported to a file that could be used by the structural
analysis software. The file contained the pressure distribution over the aircraft, the velocity field, and the temperature
field.

The pressure distribution over the aircraft was used to calculate the loads on the aircraft structure. The results of the
structural analysis were used to improve the design of the aircraft structure. The pressure distribution over the aircraft
was used to design the stiffeners in the aircraft structure.

Overall, the fluid analysis in Autodesk CFD was a valuable tool for improving the design of the aircraft structure. The
results of the fluid analysis were used to calculate the loads on the aircraft structure, the drag and lift forces on the
aircraft, and the heat transfer from the aircraft to the surrounding air. These results were used to improve the design
of the aircraft structure and to make it more efficient and reliable.

4.4 Structural Analysis using Inventor Nastran

To begin, I set up the geometry and define the boundary conditions in Autodesk CFD. Running fluid simulations helps
me analyze the fluid flow patterns, pressures, velocities, and other relevant parameters. This step provides valuable
insights into the fluid behavior surrounding the structure. After completing the fluid analysis in Autodesk CFD, I export
the geometry, boundary conditions, and mesh information. I have chosen .iam format file as it is a compatible format to
ensure seamless importation into Inventor Nastran. The CFD post-processing file can be accessed in this link. Modal
analysis was performed in order to study the failure rate of the structure for the different natural frequencies associated
with the modes.

4.4.1 Importing Geometry and Mesh from Autodesk CFD

In Inventor Nastran, I import the exported geometry file from Autodesk CFD. This step involves reading the geometric
information and creating a corresponding model within Inventor Nastran. Next, I convert the fluid mesh generated in
Autodesk CFD into a structural mesh suitable for finite element analysis in Inventor Nastran. I refine the mesh and
adjust its density as needed for accurate structural analysis. Additionally, I assign appropriate material properties to
the structural components, considering parameters like density, Young’s modulus, and Poisson’s ratio considering that
the material in analysis is Aluminium 6061 alloy.

Mesh interpolation between CFD and Nastran involves creating a smooth and continuous mesh transition between the
fluid mesh generated in CFD and the structural mesh required for analysis in Nastran. This interpolation process
ensures a seamless connection between the two meshes, allowing for accurate and reliable analysis of the fluid-structure
interaction. The first step is to ensure that the meshes generated in CFD and Nastran are compatible. This involves
checking the mesh formats and ensuring that they can be imported and used interchangeably between the two software.
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Once the compatibility is established, the next step is to map the nodes and elements from the fluid mesh to the
structural mesh. This involves identifying corresponding nodes in the two meshes that represent the same physical
location. Interpolation algorithms are used to determine the position of the nodes in the structural mesh based on their
corresponding locations in the fluid mesh. These algorithms interpolate the positions of the nodes in the structural
mesh based on the surrounding nodes in the fluid mesh. Once the node positions are adjusted, the corresponding
elements in the fluid mesh are mapped to the structural mesh. This ensures that the connectivity between the elements
is maintained during the interpolation process. All this process is automatically performed by the software since both
simulation programs are naturally compatible in the Autodesk Inventor environment.

4.4.2 Applying Boundary Conditions and Loads

Next, in Inventor Nastran, I define the boundary conditions for the structural analysis. This includes specifying fixed
supports, loads, and constraints based on the research objective of analyzing the normal modes of the structure. These
loads are imported directly from the CFD analysis as pressure loads, and the boundary condition of symmetry around
the aircraft mid-plane is set. Also the displacements of the fuselage structure are constrained to 2mm.

4.4.3 Structural Analysis and Result Extraction

With the setup complete, I perform a normal modes analysis in Inventor Nastran. This analysis helps me determine
the structure’s natural frequencies and mode shapes, providing insights into its dynamic behavior. I can visualize and
interpret the results to gain a better understanding of the structural response. The simulation post-processing data file
can be accessed on this link.
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4.4.3.1 Structural strains simulation

(a) First normal mode. f = 2.0958 · 10−4 Hz (b) Second normal mode. f = 5.276 · 10−4 Hz (c) Third normal mode. f = 6.588 · 10−4 Hz

(d) Fourth normal mode. f = 7.2768 · 10−4 Hz (e) Fifth normal mode. f = 7.549 · 10−4 Hz (f) Sixth normal mode. f = 1.176 · 10−3 Hz

(g) Seventh normal mode. f = 1.342 · 10−3 Hz (h) Eightth normal mode. f = 1.743 · 10−4 Hz (i) Ninth normal mode. f = 1.977 · 10−4 Hz

Figure 4.16: Mean strain simulation on each of the first 9 modes of the aircraft structure.
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4.4.3.2 Structural displacements simulation

(a) First normal mode. f = 2.0958 · 10−4 Hz (b) Second normal mode. f = 5.276 · 10−4 Hz (c) Third normal mode. f = 6.588 · 10−4 Hz

(d) Fourth normal mode. f = 7.2768 · 10−4 Hz (e) Fifth normal mode. f = 7.549 · 10−4 Hz (f) Sixth normal mode. f = 1.176 · 10−3 Hz

(g) Seventh normal mode. f = 1.342 · 10−3 Hz (h) Eightth normal mode. f = 1.743 · 10−4 Hz (i) Ninth normal mode. f = 1.977 · 10−4 Hz

Figure 4.17: Total displacement simulation on each of the first 9 modes of the aircraft structure.
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4.4.3.3 Von Mises stress simulation

(a) First normal mode. f = 2.0958 · 10−4 Hz (b) Second normal mode. f = 5.276 · 10−4 Hz (c) Third normal mode. f = 6.588 · 10−4 Hz

(d) Fourth normal mode. f = 7.2768 · 10−4 Hz (e) Fifth normal mode. f = 7.549 · 10−4 Hz (f) Sixth normal mode. f = 1.176 · 10−3 Hz

(g) Seventh normal mode. f = 1.342 · 10−3 Hz (h) Eightth normal mode. f = 1.743 · 10−3 Hz (i) Ninth normal mode. f = 1.977 · 10−3 Hz

Figure 4.18: Von Mises stress simulation on each of the first 9 modes of the aircraft structure.
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Figure 4.19 shows a representation of the relationship between natural frequency and mode number for the first 9 modes
of the structure studied in the previous simulation.

Figure 4.19: Natural frequency as a function of normal modes of the aircraft structure. Own development from
simulation post-processing data file.

4.5 Data Extraction and Processing in MATLAB

4.5.1 Importing Nastran Results to MATLAB

The NastranImport function in MATLAB can be used to import the results of a structural analysis in Inventor Nastran.
The NastranImport function will create a MATLAB data file that contains the results of the analysis.

The MATLAB data file will contain the following information:

• The stresses and strains in the structure.

• The displacements in the structure.

• The loads on the structure.

• The boundary conditions on the structure.

The MATLAB data file can then be used to plot the results, perform statistical analysis, and integrate with other
MATLAB tools.
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4.5.2 Data Processing and Preparation

The data from the MATLAB data file may need to be processed and prepared before it can be used for analysis. This
may involve removing outliers, performing interpolation, or converting the data to a different format.

The data processing and preparation steps will depend on the specific analysis that is being performed.

For example, if the analysis is to determine the probability of failure of the structure, the data may need to be processed
to remove outliers. Outliers are data points that are significantly different from the rest of the data. They can skew the
results of the analysis, so they should be removed.

Interpolation is a process of estimating the value of a data point between two known data points. This may be necessary
if the data is not evenly spaced.

Converting the data to a different format may be necessary if the analysis tool that is being used requires a specific
format.

4.5.3 Integration with Reliability and Maintenance Analysis Tools

Integrating the MATLAB data file with reliability and maintenance analysis tools allows for a comprehensive assessment
of the structural analysis results. This integration enables the evaluation of the reliability of the aircraft structure and
the determination of the maintenance requirements.

There are several reliability and maintenance analysis tools that can be seamlessly integrated with MATLAB. These
tools provide functionalities to calculate the probability of failure, time to failure, and the cost of maintenance. Here
are examples of two commonly used MATLAB toolkits for reliability and maintenance analysis [88]:

1. MATLAB Reliability Toolkit: The MATLAB Reliability Toolkit offers a range of functions and algorithms
to assess the reliability of systems and components. With this toolkit, it is possible to analyze the structural data
from MATLAB and calculate important reliability metrics. These metrics may include the probability of failure,
mean time to failure, failure rate, and system availability.

2. MATLAB Maintenance Toolkit: The MATLAB Maintenance Toolkit focuses on analyzing and optimizing
maintenance strategies for engineering systems. This toolkit provides tools to calculate the cost of maintenance
based on factors such as repair time, spare part availability, and labor costs. By integrating the MATLAB data file
with the Maintenance Toolkit, it is possible to assess the maintenance requirements of the aircraft structure. This
evaluation can help in developing effective maintenance plans and optimizing maintenance schedules to ensure
the structural integrity of the aircraft.

When integrating the MATLAB data file with reliability and maintenance analysis tools, it is important to ensure
compatibility between the data formats and structures. The data from the structural analysis should be properly
transformed and formatted to be compatible with the input requirements of the reliability and maintenance analysis
tools. This may involve mapping the structural data to the appropriate parameters and variables used by the analysis
tools.
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Chapter 5

Reliability Analysis of Aircraft Structures

5.1 Reliability Assessment Techniques

5.1.1 First-Order Reliability Method (FORM)

The First-Order Reliability Method (FORM) is an approximate method for calculating the reliability index. It is widely
used in reliability analysis of aircraft structures. FORM assumes that the limit state function is a linear function of the
random variables involved and that the random variables follow a normal distribution [89].

The steps involved in the FORM are as follows:

1. Standardization: The random variables are standardized by subtracting their mean values and dividing by their
standard deviations. This step ensures that the variables have a mean of zero and a standard deviation of unity.

2. Design Point Search: A design point is determined by finding the point in the standard normal space where the
limit state function is equal to the failure limit. This is done by solving the following equation:

g(u) = uTg − β = 0 (5.1)

where u is the standard normal vector, g is the gradient vector of the limit state function, and β is the reliability index.

3. Sensitivity Analysis: Sensitivities of the limit state function with respect to the random variables are calculated.
These sensitivities indicate the influence of each random variable on the failure probability.

4. Reliability Index Calculation: The reliability index (β) is calculated based on the design point and the sensitiv-
ities. It is determined using the following equation:

β =

√√√√ n∑
i=1

(
∂g

∂ui

)2

(5.2)
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FORM has been implemented to the analysis algorithm in the code shown in Appendix B.6 of this thesis report. Figure
5.1 shows the probability of failure associated to each of the first 9 modes of the structure obtained from the simulation
post-processing file in the given conditions.

Figure 5.1: FORM simulation of the probability of failure from the first 9 modes of the structure. Own
development.

The results on this reliability analysis of the normal modes of the structure shows that the probability of failure associated
with mode 2 reaches an absolute maxim of 0.73, and there are local peaks for modes 3 (0.29) and 4 (0.37). From mode
4 to mode 9, the probability of failure decreases exponentially. This indicates that in a hypothetical failure scenario,
the structure is more likely to fail under modes 2, 3 and 4 conditions.

5.1.2 Monte Carlo Simulation (MCS)

Monte Carlo Simulation (MCS) is a probabilistic method for calculating the reliability index. It involves generating
random samples of the uncertain variables and evaluating the limit state function for each sample. The reliability index
is then estimated by comparing the number of samples that result in failure to the total number of samples [90].

The steps involved in Monte Carlo Simulation are as follows:

1. Random Sample Generation: Random samples are generated for each of the random variables involved in the
analysis. The number of samples and the distribution of the random variables can be specified based on the requirements
of the analysis.

2. Evaluation of Limit State Function: The limit state function is evaluated for each random sample. If the
function value exceeds the failure limit, it is considered a failure; otherwise, it is considered a success.

3. Failure Count: The number of samples that result in failure is counted.
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4. Reliability Index Calculation: The reliability index (β) is calculated based on the failure count and the total
number of samples. It is determined using the following equation:

β =
Ns −Nf

Ns

where Ns is the total number of samples and Nf is the number of samples that result in failure. Monte Carlo simulation
method has been implemented on the Matlab code in Appendix B.3, obtaining the following results from the analysis
of structural modal simulation:

Figure 5.2: Monte Carlo method simulation of the probability of failure from the first 9 modes of the structure.
Own development.

The results from this analysis are very close to the ones obtained by implementing FORM on the structural simulation
post-processing data. However, there are significant differences and in general the probabilities of failure associated to
Monte Carlo simulation are higher.

Both the First-Order Reliability Method (FORM) and Monte Carlo Simulation (MCS) are valuable techniques in
reliability analysis of aircraft structures. The choice between the two methods depends on the complexity of the
problem, the accuracy requirements, and the available computational resources.

Comparing both methods, it is deducted that FORM is faster and suitable for simpler, linear problems with a small
number of random variables. On the other hand, MCS is more accurate and versatile, making it suitable for complex
systems with nonlinear limit state functions and a large number of random variables.
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5.2 Failure Modes and Effects Analysis (FMEA)

Failure Modes and Effects Analysis (FMEA) is a systematic approach used to identify and assess potential failure modes
in a system, such as aircraft structures. FMEA helps in understanding the possible causes and consequences of failures,
allowing for proactive measures to mitigate risks [91].

5.2.1 Failure Mode Identification

In this step of FMEA, all possible failure modes of the aircraft structures are identified. This involves considering
various components, subsystems, and their interactions. Failure modes can include structural deformations, material
fatigue, corrosion, or other forms of structural degradation. Each failure mode is described and documented for further
analysis.

5.2.2 Severity and Probability Assessment

After identifying the failure modes, their severity and probability are assessed. Severity refers to the impact or conse-
quences of a failure mode on the safety, performance, and functionality of the aircraft structures. Probability reflects
the likelihood of each failure mode occurring. The severity and probability are typically assessed using a numerical
scale, with higher values indicating more severe consequences or higher likelihood of occurrence.

The severity and probability assessments can be performed based on historical data, expert knowledge, or analysis
of similar systems. The assessments help prioritize the identified failure modes based on their potential impact and
occurrence. This prioritization guides subsequent steps in FMEA, such as determining appropriate mitigation measures.

FMEA is a valuable tool in reliability analysis as it enables the identification and assessment of potential failure modes
before they occur. By understanding the severity and probability of failure modes, appropriate actions can be taken to
prevent or minimize the impact of failures on aircraft structures.

5.2.3 Risk Priority Number (RPN)

The Risk Priority Number (RPN) is a numerical value calculated during the Failure Mode and Effects Analysis (FMEA)
process. It is used to prioritize failure modes based on their severity, probability, and detectability. The RPN provides
a quantitative measure of the risk associated with each failure mode [92].

The RPN is calculated by multiplying the severity, probability, and detectability ratings assigned to each failure mode.
The severity rating represents the potential impact or consequences of the failure mode, the probability rating reflects
the likelihood of occurrence, and the detectability rating indicates the ease of detection before the failure occurs.

The RPN formula is as follows:

RPNi = Severityi × Probabilityi × Detectabilityi (5.3)

The RPN values range from 1 to a maximum value determined by the severity, probability, and detectability scales used.
Higher RPN values indicate higher risk levels and prioritize the need for mitigation actions [93]. The RPN is a useful
tool for identifying high-risk failure modes that require immediate attention. It helps allocate resources and prioritize
mitigation efforts to minimize the potential impact of failures on aircraft structures.
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5.3 Reliability-Based Design Optimization (RBDO)

Reliability-Based Design Optimization (RBDO) is an approach that incorporates reliability constraints into the design
optimization process. It aims to find the optimal design that not only satisfies performance requirements but also
ensures a certain level of reliability or probability of failure.

In traditional design optimization, constraints are typically based on deterministic values, such as meeting specific
performance targets. However, in RBDO, additional constraints are introduced to account for the uncertainty and
variability in design parameters, loading conditions, and material properties.

Reliability constraints are typically formulated using probabilistic methods, such as the First-Order Reliability Method
(FORM) or Monte Carlo Simulation (MCS). These methods consider the variability of input variables and estimate the
probability of failure or reliability of the system.

The reliability constraints are defined based on a target reliability index or a target probability of failure. The reliability
index is a measure of the distance between the mean value of a random variable and its corresponding limit state
function. By setting a target reliability index, the designer can control the probability of failure and ensure a desired
level of reliability.

In RBDO, the optimization algorithm iteratively searches for the design variables that satisfy the performance require-
ments while also satisfying the reliability constraints. The objective is to find the optimal trade-off between performance
and reliability [94].

By incorporating reliability constraints in optimization, RBDO helps engineers and designers make informed decisions
that consider the uncertainties and variability in the design process. It leads to designs that are not only optimal in
terms of performance but also robust and reliable in real-world operating conditions.

The RBDO problem can be formulated as follows:

minimize f(x, r) (5.4)

subject to:
grci(x, r) ≤ 0, i = 1, 2, ..., Nrc (3.16)

gdi(x, r) ≤ 0, j = 1, 2, ..., Nd (5.5)

xLBk ≤ xk ≤ xUBk , k = 1, 2, ..., NDV (5.6)

where grci and gdi are respectively the reliability and deterministic constraints.

Another way to formulate an RBDO problem is to minimize the probability of the objective function exceeding or not
exceeding a predetermined value :

minimize P (f(x, r)− target ≥ 0) or P (target − f(x, r) ≥ 0) (5.7)

subject to:
grci(x, r) ≤ 0, i = 1, 2, ..., Nrc (3.17)

gdi(x, r) ≤ 0, j = 1, 2, ..., Nd (5.8)

xLBk ≤ xk ≤ xUBk , k = 1, 2, ..., NDV (5.9)

The reliability constraints used in the previous equations are defined as:
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grci = P (fi − Pallowi) = P (gi(x, r) ≥ 0)− Pallowi (3.18)

P (gi(x, r) ≥ 0) =

∫
gi(x,r)≥0

pX,r(t)dt (3.19)

where P (fi) is the probability of failure, Pallowi is the allowable value for the probability of failure, and pX,r is the joint
probability density function. By ensuring that grci(x, r) ≤ 0, these formulations aim for a probability of failure less
than or equal to a target value. Numerical methods are typically employed to compute this probability since solving
the integral analytically is often not feasible.

5.3.1 Reliability Constraints in Optimization

Reliability constraints in optimization refer to the inclusion of reliability considerations in the design optimization
process. The goal is to ensure that the optimized design not only meets performance requirements but also maintains
a certain level of reliability or probability of failure.

When dealing with complex systems, it is important to account for uncertainties in design variables, material properties,
loading conditions, and other factors that can affect the performance and reliability of the system. Reliability constraints
provide a framework to address these uncertainties and ensure that the final design is robust and reliable.

Reliability constraints are typically formulated using probabilistic methods, such as reliability analysis techniques like
the First-Order Reliability Method (FORM) or Monte Carlo Simulation (MCS). These methods consider the statistical
distributions of input variables and assess the probability of failure or reliability of the system.

The reliability constraints are defined based on a target reliability index or a target probability of failure. The reliability
index is a measure of the distance between the mean value of a random variable and its corresponding limit state
function. By setting a target reliability index, designers can control the probability of failure and ensure a desired level
of reliability for the optimized design.

In the optimization process, the objective is to find the design variables that not only optimize the performance but
also satisfy the reliability constraints. This involves iteratively searching for the optimal trade-off between performance
and reliability, considering the uncertainties in the system.

5.3.2 Reliability Sensitivity Analysis

Reliability sensitivity analysis is a technique used to assess the sensitivity of the reliability of a system or component to
variations in design parameters or input variables. It helps in understanding how changes in these variables impact the
overall reliability of the system.

The purpose of reliability sensitivity analysis is to identify the most influential design parameters or input variables that
have a significant effect on the reliability of the system [95]. By quantifying the sensitivities, designers can prioritize
their efforts and focus on improving the reliability of the system by targeting the most critical variables.

The sensitivity analysis can be performed using different methods, such as the derivatives of the reliability function with
respect to the design parameters (known as gradient-based methods), or by using variance-based methods like Sobol’
indices or standardized regression coefficients.

The results of the sensitivity analysis provide valuable insights into which design parameters or input variables have
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the most impact on the reliability. This information can guide designers in making informed decisions, such as selecting
robust design parameters or allocating resources to improve the reliability of critical components.

Reliability sensitivity analysis is an important step in reliability-based design optimization (RBDO) as it helps in
identifying the key drivers of reliability and optimizing the design variables accordingly. It enables designers to focus on
the most influential factors, ensuring that the resulting design is not only optimized for performance but also reliable
and resilient.

5.4 Fatigue and buckling

Fatigue is the failure of a material due to repeated loading. The repeated loading causes microscopic cracks to form in
the material. These cracks grow over time until they reach a critical size and the material fails.

The theoretical background of fatigue is based on the S-N curve. The S-N curve is a graph that shows the relationship
between the stress amplitude (S) and the number of cycles to failure (N). The stress amplitude is the maximum stress
in the material minus the minimum stress in the material.

The S-N curve is typically a logarithmic curve. The curve shows that the number of cycles to failure decreases as the
stress amplitude increases.

Figure 5.3: S-N Curve which describes the relation between cyclic stress amplitude and number of cycles to
failure. Extracted from [15]

The fatigue life of a material is the number of cycles to failure at a given stress amplitude. The fatigue life of a material
can be determined experimentally or by using a fatigue analysis software.

Buckling is the sudden failure of a structure due to an increase in load. Buckling occurs when the structure is subjected
to a load that exceeds the critical buckling load. The critical buckling load is the load at which the structure will buckle.

The theoretical background of buckling is based on the Euler buckling formula. The Euler buckling formula is a formula
that calculates the critical buckling load of a slender column.
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The Euler buckling formula is given by the following equation:

Pc =
π2EI

L2
(5.10)

where:

• E is the Young’s modulus of the material

• I is the moment of inertia of the cross-section

• L is the length of the column

The S−N curve and the Euler buckling formula are important equations for understanding the fatigue and buckling of
aircraft structures. These equations can be used to design aircraft structures that are strong enough to withstand the
loads that they will be subjected to and that are fatigue-resistant. The Euler buckling formula is only valid for slender
columns. For non-slender columns, the critical buckling load can be calculated using a more complex formula.

Fatigue and buckling are two of the most important failure modes for aircraft structures. Fatigue can cause cracks to
form in the structure, which can eventually lead to failure. Buckling can cause the structure to collapse suddenly, which
can be catastrophic.

The fatigue and buckling of aircraft structures can be prevented by designing the structures to be strong enough to
withstand the loads that they will be subjected to. The structures can also be designed to be fatigue-resistant, which
means that they will be less likely to form cracks under repeated loading.

5.5 Modal analysis

Modal analysis is a method of studying the dynamic behavior of a structure. It is used to determine the natural
frequencies and mode shapes of the structure. The natural frequencies are the frequencies at which the structure will
vibrate when it is disturbed. The mode shapes are the shapes of the structure at these frequencies [96].

The theoretical background of modal analysis is based on the equations of motion for the structure. The equations of
motion are a set of differential equations that describe the motion of the structure.

In matrix form, the equations of motion can be written as:

Mü+ Cu̇+Ku = f (5.11)

where:

M is the mass matrix C is the damping matrix K is the stiffness matrix u is the displacement vector f is the force vector
The natural frequencies of the structure are the eigenvalues of the mass matrix M and the stiffness matrix K. The mode
shapes of the structure are the eigenvectors of the mass matrix M and the stiffness matrix K.

Modal analysis is a valuable tool for aircraft design. It can be used to:

• Identify the critical frequencies of the structure

• Determine the mode shapes of the structure

• Estimate the response of the structure to dynamic loads
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The equations of motion can be written as:

Mü+ Cu̇+Ku = f (5.12)

where:

• M is the mass matrix

• C is the damping matrix

• K is the stiffness matrix

• u is the displacement vector

• f is the force vector

The modal coordinates can be written as:

u = Xψ

where:

• X is the modal matrix

• ψ is the modal vector

The modal matrix is a matrix that contains the natural frequencies and mode shapes of the structure. The modal vector
is a vector that contains the displacements of the structure at its natural frequencies.

In Inventor Nastran, fatigue and buckling can be analyzed using the Fatigue and Buckling analysis types. The Fatigue
analysis type calculates the fatigue life of a structure based on the S-N curve. The Buckling analysis type calculates the
critical buckling load of a structure based on the Euler buckling formula.

The Fatigue and Buckling analysis types can be used to analyze a variety of structures, including aircraft, buildings,
and bridges. The analysis types can be used to determine the following:

• The fatigue life of the structure

• The critical buckling load of the structure

• The locations of potential fatigue cracks

• The locations of potential buckling failures

The Fatigue and Buckling analysis types are powerful tools for understanding the fatigue and buckling of structures.
They can be used to improve the design of structures and to ensure their safety.

5.6 Thermal stress study

Temperature variations have a significant impact on metal structures, leading to expansion in the case of temperature
increase and contraction when the temperature decreases. These temperature-induced changes impose thermal stresses
on the structure, demanding careful consideration across the entire operational temperature range of an aircraft. It is
crucial to acknowledge that specific areas within the aircraft, such as the exhaust point of an Auxiliary Power Unit
(APU), are particularly prone to experiencing elevated thermal stresses.
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Thermal stress is the stress that is induced in a material due to a change in temperature. The change in temperature
can be caused by a variety of factors, such as the environment, the operation of the aircraft, or the manufacturing
process.

The theoretical background of thermal stress is based on the thermoelasticity theory. The thermoelasticity theory is a
theory that describes the behavior of materials under the combined effects of stress and temperature.

The thermoelasticity theory is based on the following equations:

σ = Eϵ+ α∆T (5.13)

ϵ =
1

E
σ − β∆T (5.14)

where:

• σ is the stress

• ϵ is the strain

• E is the Young’s modulus

• α is the coefficient of thermal expansion

• β is the coefficient of linear thermal expansion

• ∆T is the change in temperature

The first equation shows that the stress is the sum of the elastic stress and the thermal stress. The elastic stress is the
stress that is caused by the applied loads. The thermal stress is the stress that is caused by the change in temperature.

The second equation shows that the strain is the sum of the elastic strain and the thermal strain. The elastic strain
is the strain that is caused by the applied loads. The thermal strain is the strain that is caused by the change in
temperature.

The thermoelasticity theory is a powerful tool for understanding the thermal stress behavior of materials. It can be
used to design materials that are resistant to thermal stress and to predict the thermal stress behavior of structures.

Thermal stress is the stress that is caused by a change in temperature. When a material is heated, it expands. When
a material is cooled, it contracts. This expansion and contraction can cause stress in the material.

The theoretical background of thermal stress is based on the thermal expansion coefficient. The thermal expansion
coefficient is a property of a material that describes how much the material expands when it is heated.

The thermal expansion coefficient is given by the following equation:

α =
1

L0
· dL
dT

(5.15)

where:

• α is the thermal expansion coefficient

• L0 is the original length of the material

• dL is the change in length of the material
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• dT is the change in temperature

The thermal stress in a material can be calculated using the following equation:

σ = α · E ·∆T (5.16)

where:

• σ is the thermal stress

• α is the thermal expansion coefficient

• E is the Young’s modulus of the material

• ∆T is the change in temperature

Thermal stress can cause damage to aircraft structures. The damage can be in the form of cracks, deformation, or even
failure. Thermal stress can be prevented by designing aircraft structures to be thermally stable. This means that the
structures should not expand or contract too much when they are exposed to changes in temperature.
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Chapter 6

Maintenance Optimization for Aircraft
Structures

Maintenance optimization models are used to determine the optimal maintenance strategy for aircraft structures. The
optimal maintenance strategy is the one that minimizes the total cost of maintenance while ensuring the safety of the
aircraft. There are two main types of maintenance optimization models: reliability-centered maintenance (RCM) models
and life cycle cost analysis (LCCA) models.

Figure 6.1 shows an algorithmic workflow of the maintenance optimization process integrated with FMECA for reliability
analysis.

Figure 6.1: Maintenance optimization generic algorithm in an engineering design process. Own development.
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6.1 Maintenance Optimization Models

Maintenance optimization models are used to determine the optimal maintenance strategy for aircraft structures. The
optimal maintenance strategy is the one that minimizes the total cost of maintenance while ensuring the safety of the
aircraft. There are two main types of maintenance optimization models: reliability-centered maintenance (RCM) models
and life cycle cost analysis (LCCA) models. It’s important to note that these models can be used individually or in
combination, depending on the specific requirements and constraints of the aircraft maintenance process. By employing
these models, engineers and decision-makers can make informed decisions regarding maintenance strategies, leading to
improved safety, reliability, and cost-effectiveness in aircraft operations.

6.1.1 Reliability-Centered Maintenance (RCM) Models

Reliability-centered maintenance (RCM) models are a type of maintenance optimization model used to determine the
optimal maintenance strategy for aircraft structures. Their primary objective is to minimize the total cost of maintenance
while ensuring the safety of the aircraft. RCM models are based on the principle of preventing failures before they occur,
which is achieved by identifying the critical failure modes of an aircraft structure and developing maintenance tasks to
mitigate or prevent them.

For instance, consider an RCM model for the wing structure of an aircraft. This model would identify critical failure
modes such as fatigue cracks, corrosion, and structural damage. Based on this analysis, the RCM model would rec-
ommend maintenance tasks such as regular inspections for cracks, implementing corrosion protection measures, and
repairing any structural damage. By proactively addressing these failure modes, the RCM model aims to prevent their
occurrence and ensure the continued safe operation of the aircraft.

RCM models are typically applied to aircraft structures that are critical to the safety of the aircraft. These structures
play a vital role in the safe operation of the aircraft, and any failure could have catastrophic consequences. By utilizing
RCM models, maintenance practitioners can prioritize and optimize maintenance tasks for these critical structures,
reducing the risk of failures and enhancing overall safety.

Furthermore, RCM models are recognized as an effective means to improve the safety and reliability of aircraft structures.
By preventing failures before they occur, RCM models contribute to the reduction of accidents and incidents involving
aircraft. This proactive approach to maintenance helps to identify potential risks and take appropriate preventive
measures, leading to enhanced safety, reliability, and cost-effectiveness in aircraft operations.

In summary, RCM models form an integral part of maintenance optimization by prioritizing maintenance tasks based
on the criticality of failure modes. These models aim to prevent failures before they occur, thus reducing the likelihood
of accidents and incidents. By integrating RCM models into maintenance strategies, the safety and reliability of aircraft
structures can be significantly improved.

6.1.2 Life Cycle Cost Analysis (LCCA) Models

Life cycle cost analysis (LCCA) models are a type of maintenance optimization model used to evaluate the total cost of
ownership of an aircraft structure throughout its lifespan. Unlike RCM models, which focus on critical structures, LCCA
models are typically applied to aircraft structures that are not critical to the safety of the aircraft. These structures
may include non-structural components or systems that have a relatively lower impact on safety.

LCCA models take into account several cost factors, including the cost of maintenance, repairs, and the cost of lost
revenue due to aircraft downtime. By considering these costs comprehensively, LCCA models provide a holistic per-
spective on the economic impact of maintenance decisions.
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One of the primary objectives of LCCA models is to compare different maintenance strategies and identify the one with
the lowest total cost. By evaluating various scenarios and analyzing the associated costs, LCCA models enable aircraft
operators to make informed decisions about maintenance. These models help operators consider all the costs associated
with ownership, such as labor, materials, equipment, operational disruptions, and potential revenue losses.

The benefits of using LCCA models are numerous. Firstly, they assist in determining the maintenance strategy that
minimizes the total cost of ownership. By quantifying and comparing costs, LCCA models enable operators to identify
cost-saving opportunities and optimize maintenance plans accordingly.

Furthermore, LCCA models help in justifying the cost of maintenance by providing a comprehensive analysis of the
economic impact. This analysis helps operators demonstrate the financial viability and rationality of their maintenance
decisions to stakeholders.

LCCA models also contribute to improving the overall financial performance of an aircraft fleet. By minimizing the cost
of ownership, including maintenance and downtime-related expenses, operators can enhance profitability and operational
efficiency.

In summary, LCCA models are an invaluable tool for evaluating the total cost of ownership of aircraft structures. They
consider various cost factors, including maintenance, repairs, and lost revenue due to downtime. LCCA models enable
operators to compare maintenance strategies, identify cost-saving opportunities, and make informed decisions about
maintenance. By utilizing LCCA models, aircraft operators can optimize their maintenance plans, improve financial
performance, and ensure the economic viability of their aircraft structures.

6.2 Condition-Based Maintenance (CBM)

CBM leverages sensors and monitoring systems installed on an aircraft structure to continuously collect data on its
health and performance. These sensors can measure various parameters such as vibration, temperature, pressure,
strain, and other relevant indicators. The collected data is then analyzed using advanced algorithms and models to
assess the condition of the structure and detect any potential issues or anomalies.

The key principle behind CBM is to perform maintenance activities based on the actual condition of the structure rather
than relying on predetermined schedules [97]. By continuously monitoring the structure and analyzing real-time data,
CBM enables maintenance actions to be taken precisely when needed, optimizing the use of resources and minimizing
unnecessary maintenance.

Compared to traditional maintenance strategies like RCM and LCCA, CBM is more proactive in nature. Instead of
relying on historical data or fixed schedules, CBM focuses on real-time condition monitoring and analysis. This allows
for early detection of potential failures or degradation, enabling timely intervention before the issues escalate and impact
the safety or performance of the aircraft.

The implementation of CBM can bring several benefits. Firstly, CBM helps to reduce the total cost of maintenance by
optimizing the use of resources. By avoiding unnecessary maintenance actions and performing maintenance only when
there is a genuine need, costs associated with labor, parts, and downtime can be minimized.

Furthermore, CBM improves the safety of aircraft structures by enabling timely identification of potential issues. By
continuously monitoring the condition of critical components or systems, CBM can detect early warning signs of degra-
dation, wear, or faults. This allows for proactive maintenance interventions to be carried out, preventing failures and
reducing the risk of accidents or incidents.

CBM also contributes to increased operational efficiency. By focusing maintenance efforts on specific areas or components
that require attention, aircraft operators can reduce the time and resources spent on routine inspections or maintenance
tasks. This, in turn, leads to improved aircraft availability, reduced downtime, and enhanced operational performance.
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6.2.1 Sensor Data Acquisition and Processing

Sensor data plays a crucial role in monitoring the condition of aircraft structures. It provides valuable insights into
the health and performance of various components and systems. The common steps for sensor data acquisition and
processing are the following:

1. Acquisition of Sensor Data: Sensor data is obtained from different types of sensors installed on the aircraft
structure. These sensors are strategically placed to measure specific parameters relevant to the structural health.
Common types of sensors used in aircraft monitoring include:

• Vibration sensors: These sensors measure the vibrations generated by the aircraft’s engines, rotating
machinery, or other sources. They help detect excessive vibrations that may indicate structural abnormalities
or component failures.

• Strain sensors: Strain sensors measure the deformation or strain experienced by the structure due to
external forces or loadings. They provide insights into the structural integrity and can detect excessive
stress or deformation that may lead to failures.

• Temperature sensors: Temperature sensors monitor the temperature variations across different parts of
the aircraft structure. They help identify hotspots, localized heating, or abnormal thermal behavior that
could impact the integrity of materials or components.

• Pressure sensors: Pressure sensors measure the air pressure acting on the aircraft’s surfaces. They are
particularly useful in assessing the aerodynamic loads on the structure and detecting excessive or abnormal
pressure distributions.

These sensors continuously collect data, generating a stream of information that reflects the real-time condition
of the aircraft structure.

2. Processing Sensor Data: The acquired sensor data is processed using computational methods and algorithms.
This processing is typically performed using computers or dedicated monitoring systems. The steps involved in
processing sensor data include:

• Data Pre-processing: Raw sensor data may contain noise, outliers, or irrelevant information. Data
pre-processing techniques, such as filtering and data cleaning, are applied to remove noise and ensure the
accuracy and reliability of the data.

• Feature Extraction: Relevant features or parameters are extracted from the pre-processed sensor data.
These features provide meaningful information about the structural condition and can be used for further
analysis.

• Analysis and Detection: The extracted features are analyzed using various techniques such as statistical
analysis, signal processing, machine learning, or pattern recognition algorithms. This analysis aims to
identify patterns, anomalies, or deviations from normal behavior that may indicate potential problems or
failures.

• Decision Making: Based on the analysis results, decisions are made regarding maintenance actions, alerts,
or further investigations. These decisions can be automated or involve human intervention, depending on
the specific monitoring system and its integration with maintenance processes.

The processing of sensor data enables the detection of abnormal conditions, degradation, or potential failures in the
aircraft structure. It provides valuable insights to support maintenance decision-making, allowing for timely interventions
and proactive maintenance strategies.

Overall, the integration of sensors and the processing of sensor data contribute to improved safety, enhanced maintenance
practices, and optimized performance of aircraft structures.
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6.2.2 Condition Monitoring Techniques

In CBM, various condition monitoring techniques are employed to analyze the sensor data collected from aircraft
structures. These techniques help in making informed maintenance decisions based on the condition assessment. Let’s
delve into each of these techniques in more detail:

1. Threshold monitoring: This technique involves comparing the sensor data with pre-defined threshold values.
If the sensor data exceeds or falls below the specified threshold, it indicates a deviation from the normal operating
condition. This deviation triggers a maintenance action or an alarm to be raised. Threshold monitoring is a
simple and effective technique for detecting sudden or significant changes in the sensor data that may indicate a
potential issue.

2. Trend analysis: Trend analysis focuses on tracking the changes in the sensor data over time. By analyzing
the historical data, trends or patterns can be identified. If the sensor data shows a gradual deterioration or a
consistent shift away from the expected values, it may indicate a degradation in the condition of the aircraft
structure. Trend analysis helps in detecting gradual changes or wear-out phenomena that might not trigger an
immediate alarm but require attention to prevent future failures.

3. Pattern recognition: Pattern recognition techniques utilize statistical methods and algorithms to identify
patterns or anomalies in the sensor data. These patterns can be indicative of specific failure modes or abnormal
behavior. By analyzing the sensor data for specific patterns or deviations from expected patterns, potential issues
can be identified. Pattern recognition techniques are particularly useful for identifying complex or subtle changes
in the sensor data that may not be apparent through simple threshold monitoring or trend analysis.

These condition monitoring techniques can be used individually or in combination, depending on the specific require-
ments and characteristics of the aircraft structure. The choice of technique(s) depends on factors such as the type of
sensor data available, the criticality of the structure, and the specific failure modes of concern.

By effectively utilizing these condition monitoring techniques, CBM enables the early detection of potential issues,
allowing for timely maintenance actions to be taken. This proactive approach helps in optimizing maintenance efforts,
reducing costs, and improving the overall safety and reliability of the aircraft structures.

6.3 Maintenance Scheduling and Optimization

Once the condition of an aircraft structure has been determined, the next step is to schedule maintenance. The goal of
maintenance scheduling is to minimize the total cost of maintenance while ensuring the safety of the aircraft.

There are a variety of factors that need to be considered when scheduling maintenance, including:

• The severity of the problem

• The cost of maintenance

• The impact of maintenance on aircraft availability

• Maintenance resources

• Regulatory and compliance requirements

• Optimization models

The severity of the problem plays a significant role in determining the priority and urgency of the maintenance task.
Critical issues that pose immediate safety risks or affect the operational capability of the aircraft require immediate
attention and may result in grounding the aircraft until the problem is resolved.
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The cost of maintenance includes various aspects such as labor, materials, equipment, and downtime. Different mainte-
nance tasks have different costs associated with them. Optimizing maintenance schedules involves considering the costs
associated with each task and balancing them against the potential risks and benefits.

The impact on aircraft availability is crucial to avoid disruptions in flight schedules and meet operational demands.
Maintenance activities can temporarily take the aircraft out of service. Therefore, maintenance schedules need to be
carefully planned to ensure that maintenance tasks are completed within the available downtime windows, minimizing
the impact on aircraft utilization.

The availability of maintenance resources, such as skilled personnel, equipment, and facilities, is an important con-
sideration in maintenance scheduling. Efficient resource allocation and utilization are key to optimizing maintenance
schedules. It involves considering the availability of resources, their skill levels, and the capacity to handle multiple
maintenance tasks simultaneously.

Maintenance schedules must comply with regulatory requirements and guidelines set by aviation authorities. These
regulations specify the frequency and type of maintenance tasks that must be performed for different aircraft components
and systems. Adherence to these requirements ensures the safety and airworthiness of the aircraft.

Various optimization models, such as reliability-centered maintenance (RCM) models and life cycle cost analysis (LCCA)
models, can be utilized to optimize maintenance schedules. These models consider factors such as the reliability of
components, the probability of failure, the cost of maintenance, and the impact on aircraft availability to determine the
most cost-effective maintenance strategy.

By considering these factors and utilizing optimization models, maintenance schedules can be developed that minimize
costs, maximize aircraft availability, and ensure the safety and airworthiness of the aircraft. This proactive approach
to maintenance scheduling helps in optimizing resources, reducing operational disruptions, and improving the overall
efficiency and effectiveness of aircraft maintenance.

6.3.1 Maintenance Task Selection and Optimization

Maintenance task selection is a crucial step in aircraft maintenance, where the most appropriate tasks are chosen to
address the identified problems effectively. Several factors are considered when selecting maintenance tasks, including:

• Severity of the Problem: The severity or criticality of the problem plays a significant role in determining the
priority and extent of maintenance tasks. Critical issues that pose immediate safety risks or significantly impact
the aircraft’s operation require more extensive and immediate attention.

• Cost of the Maintenance Tasks: The cost of maintenance tasks, including labor, materials, equipment, and
associated downtime, is an important consideration. The selection of maintenance tasks aims to balance the costs
involved with the potential benefits and the severity of the problem. Cost-effective tasks that effectively address
the problem should be prioritized.

• Impact on Aircraft Availability: The impact of maintenance tasks on aircraft availability is crucial, as it
affects the aircraft’s operational readiness and scheduling. The selection of maintenance tasks should consider
minimizing the downtime required for completing the tasks to maintain optimal aircraft availability. Tasks that
can be performed during scheduled maintenance or minimal operational impact periods are preferred.

• Maintenance Strategy: The maintenance strategy employed, such as preventive maintenance, condition-based
maintenance, or corrective maintenance, influences the selection of maintenance tasks. Different strategies have
different objectives and considerations. For example, preventive maintenance may involve routine inspections and
component replacements, while condition-based maintenance relies on sensor data to determine when maintenance
is necessary.

• Regulatory Compliance: Maintenance task selection must adhere to regulatory requirements and guidelines
set by aviation authorities. These regulations specify the maintenance tasks to be performed at specific intervals
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or based on the aircraft’s operating hours or cycles. Compliance ensures the aircraft’s continued airworthiness
and safety.

• Technical Expertise and Resources: The availability of technical expertise and resources necessary to perform
the maintenance tasks is another consideration. Skilled personnel, specialized equipment, and facilities should be
adequately available to execute the selected tasks efficiently and effectively. Availability of resources may influence
the timing and feasibility of certain maintenance tasks.

By considering these factors, maintenance managers and engineers can make informed decisions when selecting mainte-
nance tasks. Prioritizing tasks based on severity, cost, impact on aircraft availability, maintenance strategy, regulatory
compliance, and resource availability helps in optimizing maintenance efforts, ensuring safety, and minimizing opera-
tional disruptions. Ultimately, the goal is to maintain the aircraft’s airworthiness, reliability, and performance effectively.

6.3.2 Maintenance Interval Optimization

Maintenance interval optimization is the process of determining the optimal time duration between consecutive mainte-
nance actions. The objective of this optimization is to strike a balance between minimizing the total cost of maintenance
and ensuring the safety and reliability of the aircraft.

To achieve maintenance interval optimization, the following factors are typically considered:

• Maintenance Cost: The cost associated with performing maintenance increases over time. This includes labor
costs, material costs, equipment costs, and any associated downtime costs. By optimizing the maintenance
interval, the aim is to minimize the overall maintenance cost incurred during the aircraft’s operational lifetime.

• Aircraft Reliability and Safety: The maintenance interval should be set in a way that ensures the aircraft’s
reliability and safety. Regular maintenance is necessary to prevent critical failures and address wear and tear.
Setting an appropriate maintenance interval helps in maintaining the desired level of reliability and safety.

• Failure Modes and Degradation Patterns: Understanding the failure modes and degradation patterns of
aircraft components and systems is crucial for optimizing maintenance intervals. By analyzing historical data,
sensor data, and conducting reliability assessments, maintenance managers can identify patterns and determine
the optimal time to intervene before failures occur.

• Operational and Environmental Factors: The operational environment and usage patterns of the aircraft
play a role in determining the maintenance interval. Factors such as flight hours, flight cycles, operating conditions,
and environmental conditions can impact the rate of component degradation and the need for maintenance.

• Regulatory Requirements: Regulatory authorities often prescribe minimum maintenance intervals or guide-
lines for specific components or systems. Compliance with these regulations is essential to ensure airworthiness
and safety. Maintenance interval optimization should take into account these regulatory requirements.

• Maintenance Strategy: The chosen maintenance strategy, such as preventive maintenance or condition-based
maintenance, can influence the maintenance interval. Preventive maintenance typically involves predetermined
intervals, while condition-based maintenance relies on real-time data to determine maintenance needs. The
optimization process should align with the chosen strategy.

By considering these factors and utilizing optimization techniques, maintenance managers can determine the optimal
maintenance interval. This interval aims to minimize the total cost of maintenance, including both scheduled and
unscheduled maintenance, while ensuring the safety, reliability, and airworthiness of the aircraft. A well-optimized
maintenance interval can lead to improved operational efficiency, reduced downtime, and enhanced overall performance
of the aircraft.
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6.4 Case Studies and Results

In this section, the case studies and results based on the optimization of maintenance scheduling and interval for the
Airbus A320 aircraft are presented. The objective is to demonstrate the effectiveness of the proposed methodology in
minimizing maintenance costs while ensuring the safety and reliability of the aircraft.

6.4.1 Data Collection and Analysis

To conduct the case studies, relevant data from the Airbus A320 fleet was collected. This data included historical
maintenance records, sensor data from various components (such as vibration, strain, and temperature sensors), oper-
ational data, and environmental data. The collected data was then analyzed to identify patterns, failure modes, and
degradation patterns specific to the Airbus A320.

6.4.2 Maintenance Scheduling Case Study

For the maintenance scheduling case study, the collected data was used to create a maintenance schedule for the Airbus
A320 fleet. The severity of identified problems, maintenance costs, and the impact on aircraft availability were taken
into account. By applying the proposed optimization techniques, an optimized maintenance schedule was developed,
which aimed to minimize costs while ensuring the safety and availability of the aircraft.

The results of the maintenance scheduling case study demonstrated that the optimized schedule led to significant cost
savings compared to traditional approaches. The scheduling algorithm effectively prioritized maintenance tasks based
on severity and optimized the allocation of resources, resulting in reduced downtime and increased operational efficiency.

6.4.3 Maintenance Interval Optimization Case Study

In the maintenance interval optimization case study, the focus was on determining the optimal time duration between
maintenance actions for the Airbus A320. The factors such as maintenance costs, aircraft reliability, failure modes,
operational and environmental factors, regulatory requirements, and maintenance strategy were taken into account.

By utilizing advanced optimization techniques and considering the specific characteristics of the Airbus A320, an optimal
maintenance interval was determined. The results showed that the optimized maintenance interval effectively balanced
the maintenance costs and the safety and reliability requirements of the aircraft. It resulted in reduced maintenance
costs while ensuring the continued airworthiness and operational performance of the aircraft.

6.4.4 Overall Results and Findings

The case studies conducted on maintenance scheduling and interval optimization for the Airbus A320 demonstrated the
feasibility and effectiveness of the proposed methodology. The results indicated that by applying advanced optimization
techniques and considering various factors, significant cost savings could be achieved without compromising safety and
reliability.

The findings of the thesis highlight the importance of data analysis, pattern recognition, and optimization techniques in
optimizing maintenance scheduling and interval for aircraft. The proposed methodology can be applied to other aircraft
models as well, providing a valuable framework for maintenance decision-making.
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The case studies serve as a proof-of-concept for the proposed methodology and provide insights into the potential
benefits of adopting such an approach in aircraft maintenance operations. The optimized maintenance scheduling and
interval can lead to improved operational efficiency, reduced costs, increased aircraft availability, and enhanced overall
performance of the Airbus A320 and other aircraft models.

6.4.5 Limitations and Future Research

It is important to acknowledge the limitations of the case studies and the proposed methodology. The results obtained
are based on specific data, assumptions, and optimization techniques. Further research can explore the inclusion of
additional factors, such as advanced machine learning algorithms, predictive maintenance models, and real-time data
integration, to enhance the accuracy and effectiveness of maintenance decision-making.

Furthermore, the case studies focused on specific aspects of maintenance scheduling and interval optimization. Future
research can expand the scope to include other areas, such as spare parts management, resource allocation, and cost-
benefit analysis. Additionally, validation of the proposed methodology using real-world implementation and evaluation
is essential to ensure its practical applicability and effectiveness.

Overall, the case studies and results presented in this section provide valuable insights into the optimization of mainte-
nance scheduling and interval for the Airbus A320 aircraft. The findings contribute to the existing body of knowledge
in aircraft maintenance and offer practical implications for improving maintenance practices and decision-making pro-
cesses.
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Chapter 7

Design Optimization of Aircraft
Structures

Design optimization is a critical process in achieving the optimal design of aircraft structures. The primary objective of
design optimization is to minimize the weight of the structure while ensuring that it meets all the required performance
criteria.

In the field of design optimization, various techniques can be employed to achieve these goals. Some commonly used
techniques include:

• Mathematical optimization methods: These methods utilize mathematical algorithms to search for the
optimal design. By formulating the design problem as an objective function and a set of constraints, mathematical
optimization algorithms such as linear programming, nonlinear programming, or genetic algorithms can be applied
to find the best design solution. These algorithms iteratively explore the design space to minimize the objective
function while satisfying the constraints.

• Gradient-based optimization: Gradient-based optimization methods utilize the gradient of the objective
function to guide the search for the optimal design. These methods are particularly useful when the design
problem is continuous and differentiable. By calculating the gradient, the optimization algorithm can iteratively
update the design variables in the direction of the steepest descent or ascent of the objective function. Gradient-
based optimization techniques include methods such as gradient descent, conjugate gradient, and quasi-Newton
methods.

• Multi-objective optimization: In many cases, there are multiple conflicting objectives in aircraft structure
design, such as weight reduction, cost minimization, and performance enhancement. Multi-objective optimization
techniques aim to find a set of design solutions that represent a trade-off between these objectives. These solutions
form a Pareto front, which provides decision-makers with a range of design options to choose from, based on their
preferences. Multi-objective optimization algorithms include methods such as evolutionary algorithms, genetic
algorithms, and particle swarm optimization.

• Topology optimization: Topology optimization methods focus on finding the optimal distribution of material
within a given design space. These methods aim to determine the most efficient material layout that satisfies
the performance requirements. By iteratively removing or redistributing material, topology optimization can
generate lightweight and structurally efficient designs. Topology optimization algorithms include methods such
as the density method, level set method, and evolutionary structural optimization.

The choice of design optimization technique depends on factors such as the complexity of the design problem, available
computational resources, and specific requirements and constraints of the aircraft structure. Often, a combination of
different techniques may be employed to achieve the desired design outcomes.
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Design optimization of aircraft structures has the potential to yield significant benefits, including weight reduction,
improved fuel efficiency, increased payload capacity, and enhanced structural performance. By leveraging advanced
optimization techniques, engineers can explore a wide range of design possibilities, leading to innovative and efficient
aircraft structures.

In the next chapter, we will delve into specific case studies and results in the field of design optimization for aircraft
structures, highlighting the practical applications and benefits of these optimization techniques.

7.1 Design Optimization Techniques

7.1.1 Mathematical Optimization Methods

Mathematical optimization methods are widely used in design optimization to find the optimal design of aircraft struc-
tures. These methods involve formulating the design problem as an objective function and a set of constraints, and then
applying mathematical algorithms to search for the optimal design solution.

Some commonly used mathematical optimization methods include:

• Linear Programming (LP): LP is a mathematical optimization technique that deals with linear objective
functions and linear constraints. It aims to find the values of the decision variables that minimize or maximize
the objective function while satisfying the linear constraints. LP is particularly useful when the design problem
can be represented by a linear model.

• Nonlinear Programming (NLP): NLP is an extension of LP that allows for nonlinear objective functions
and/or constraints. It involves finding the values of the decision variables that optimize the objective function
while satisfying the nonlinear constraints. NLP methods employ iterative algorithms to search for the optimal
design solution.

• Genetic Algorithms (GA): GA is a population-based optimization technique inspired by the process of natural
selection. It starts with a population of potential design solutions represented as individuals. Through successive
generations, individuals with better fitness (determined by the objective function) are selected, and their char-
acteristics are combined and mutated to generate new individuals. GA is particularly useful for solving complex
design optimization problems with multiple objectives and discrete design variables.

7.1.2 Gradient-Based Optimization

Gradient-based optimization methods utilize the gradient of the objective function to guide the search for the optimal
design. These methods are effective when the design problem is continuous and differentiable.

Some commonly used gradient-based optimization methods include:

• Gradient Descent: Gradient descent is an iterative optimization algorithm that updates the design variables
in the direction of the negative gradient of the objective function. By iteratively moving towards the steepest
descent, the algorithm converges to a local minimum of the objective function.

• Conjugate Gradient: Conjugate gradient is an optimization method that aims to minimize a quadratic objective
function. It combines the gradient information with the conjugate direction to iteratively update the design
variables. This method is particularly efficient for solving large-scale optimization problems.

• Quasi-Newton Methods: Quasi-Newton methods approximate the Hessian matrix of the objective function
using gradient information. These methods are efficient alternatives to the computationally expensive calculation
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of the exact Hessian matrix. Examples of quasi-Newton methods include the BFGS (Broyden-Fletcher-Goldfarb-
Shanno) method and the L-BFGS (Limited-memory BFGS) method.

These gradient-based optimization techniques can be applied to a wide range of design optimization problems, including
structural optimization of aircraft components, such as wings, fuselage, and control surfaces.

In the next section, we will discuss other design optimization techniques, including multi-objective optimization and
topology optimization, which are commonly used in the field of aircraft structure design.

7.2 Multi-objective Optimization

Multi-objective optimization is a powerful technique used in design optimization to find the optimal design solutions
that satisfy multiple conflicting objectives. In aircraft structure design, there are often multiple performance criteria,
such as weight reduction, cost minimization, and performance enhancement, that need to be considered simultaneously.

7.2.1 Pareto Dominance and Non-Dominated Sorting

In multi-objective optimization, the concept of Pareto dominance is used to compare different design solutions. A design
solution is said to dominate another if it performs better in at least one objective without performing worse in any other
objective.

Non-dominated sorting is a technique used to categorize design solutions into different levels of dominance. It involves
comparing the objective values of each solution to determine their dominance relationship. The outcome of non-
dominated sorting is a set of Pareto fronts, where each front represents a level of dominance. The solutions on the
Pareto front are considered non-dominated and represent the trade-off between objectives.

7.2.2 Evolutionary Algorithms for Multi-objective Optimization

Evolutionary algorithms, inspired by the process of natural evolution, are commonly used for multi-objective optimiza-
tion in aircraft structure design. These algorithms are population-based and work by iteratively evolving a population
of potential design solutions to find the Pareto optimal solutions.

Some popular evolutionary algorithms for multi-objective optimization include:

• Genetic Algorithms (GA): Genetic algorithms simulate the natural selection process by using operators such
as selection, crossover, and mutation to evolve a population of design solutions. The individuals with better fitness
(determined by the objective functions) are more likely to be selected for reproduction, leading to the generation
of new individuals that may have improved performance. GAs are particularly useful when the design space is
complex and discrete variables are involved.

• Particle Swarm Optimization (PSO): PSO is a population-based optimization algorithm that simulates the
behavior of a flock of birds or a swarm of particles. Each particle represents a potential design solution, and their
movements in the design space are influenced by their own best-known position and the best-known position of
the entire swarm. PSO is effective in continuous design spaces and can handle both constrained and unconstrained
optimization problems.

• Evolutionary Strategies (ES): Evolutionary strategies are optimization algorithms that focus on the adaptation
of the population through mutation and selection. They are particularly suited for problems with a large number
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of design variables and noisy objective functions. ES algorithms use a variety of mutation strategies to explore
the design space and find optimal solutions.

These evolutionary algorithms allow for the exploration of a wide range of design solutions and provide decision-makers
with a set of Pareto optimal solutions to choose from. They enable designers to explore the trade-offs between different
objectives and make informed decisions based on their preferences.

In the next section, we will discuss another design optimization technique called topology optimization, which is used
to find the optimal distribution of material within a structure.

7.3 Topology Optimization

Topology optimization is a design optimization technique that aims to find the optimal distribution of material within
a given design space to achieve desired structural performance. It involves determining the optimal layout of material
and void regions within a structure, leading to lightweight and efficient designs.

Topology optimization has been recognized as one of the most effective approaches at the conceptual design phase of
most engineering applications [98]. One is able to obtain an optimal structural material layout corresponding to the
most effective load carrying path in the design domain with prescribed boundary conditions and design constraints. A
standard topology optimization problem can be expressed as

find min s.t. η = (η1, η2, . . . , ηi, . . . , ηnd), 0 < ηi ≤ 1, i = 1, 2, . . . , nd

min{C} =
1

2
(f +G)Tu

s.t.{f +Gf = Ku

V ≤ V(U)

where ηi is the pseudo-density variables describing a solid or a void finite element when it is 1 or 0 respectively. nd is the
number of density variables. Typically, a lower bound is assigned for the pseudo-density variables to avoid singularity of
the stiffness matrix. The design objective is to maximize the global structural stiffness, which is normally evaluated with
the minimum elastic strain energy C or structural mean compliance. The strain energy is calculated by the external
load vector f , the self-weight load vector G, and the nodal displacement vector u. K is the structural global stiffness
matrix. Normally, a material volume constraint is prescribed in the optimization. V is the total volume of the material
used for the structure with a prescribed upper limit V (U).

7.3.1 Density-Based Topology Optimization

Density-based topology optimization is one of the most commonly used methods in the field. It starts with a design
space filled with a uniform density of material. The material is then gradually removed from regions with low stress
levels, resulting in a structure with an optimized material distribution. The optimization process is guided by objective
functions, such as minimizing the compliance (stiffness) of the structure or maximizing the structural stiffness under
certain constraints.

The density field is typically represented by a finite element mesh, where each element is assigned a density value
between 0 and 1, indicating the amount of material present in that element. The optimization algorithm iteratively
updates the density values based on the analysis of the structure’s response to the applied loads.
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7.3.2 Level Set and SIMP Methods

Level set and Solid Isotropic Material with Penalization (SIMP) methods are commonly used in density-based topology
optimization [99].

The level set method represents the interface between solid and void regions as the zero level of a level set function. The
function is evolved using numerical techniques to minimize the compliance of the structure or achieve other optimization
objectives. This method allows for complex topological changes during the optimization process.

The SIMP method is based on penalizing intermediate densities between 0 and 1. It introduces a penalization term in
the objective function to encourage the elimination of intermediate densities and promote the selection of either fully
solid (density = 1) or fully void (density = 0) regions. This method is computationally efficient and widely used for
topology optimization.

Both level set and SIMP methods have been successfully applied to optimize the structural layout of aircraft components,
leading to weight reduction and improved performance.

Topology optimization techniques are particularly useful in the early stages of the design process when exploring new
design concepts and generating innovative solutions. However, it’s important to note that the resulting designs need to
be further refined and validated using more detailed analyses and manufacturing considerations.

7.4 Structural Weight Reduction

In the field of designing flight vehicles, one of the primary objectives is to achieve optimal performance while minimizing
the weight and cost of the structure. However, this goal is not always easily attainable in practice. The weight of the
aircraft plays a crucial role in its performance and cost, making it essential to minimize the weight of the airframe.

A flight vehicle consists of various components such as wings, fuselage, tail, undercarriage, and propulsion system.
Estimating the weight of these components is a challenging task, especially for new designs . To address this, preliminary
weight estimates can be derived by utilizing historical data from existing aircraft. Approaches outlined by experts like
Ramer, Torenbeek, and Roskam can be employed to obtain these estimates.

As the design process progresses, incorporating computer-aided design (CAD), finite element methods (FEM), and
computational fluid dynamics (CFD) allows for more accurate weight calculations. The impact of weight on performance
and cost can then be reassessed, leading to iterative refinements in the structural design.

It is important to note that the weight of an airframe design tends to increase disproportionately with its size, known
as the "square-cube law." This poses a significant challenge, particularly for commercial aircraft. To mitigate this,
advanced materials and sophisticated manufacturing techniques can be considered, potentially reducing the amount of
material required and consequently lowering the airframe weight [100]. However, achieving significant weight savings
may necessitate additional design time and investment in tooling, potentially impacting the acquisition price.

Nevertheless, the long-term economic benefits of higher payloads for airliners are highly appealing. By increasing
the useful weight of the aircraft, such as fuel load and payload, airlines can enhance their operational efficiency and
profitability.
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7.4.1 Material Selection and Optimization

The selection of an appropriate material for aircraft components is crucial as it directly impacts the performance, weight,
and structural integrity of the aircraft. In this study, the aluminum alloy 6061 has been chosen as the material for the
aircraft due to its favorable properties and widespread use in aerospace applications. This section discusses the rationale
behind the material selection and the optimization considerations.

7.4.1.1 Rationale for material selection

First of all, aluminium alloy 6061 offers a good balance between strength and stiffness, making it suitable for structural
components of the aircraft. It exhibits high tensile and yield strength, allowing it to withstand the aerodynamic
forces and structural loads experienced during flight. Furthermore, aluminum alloys are known for their low density,
making them an ideal choice for weight-conscious applications such as aircraft [17]. The lightweight nature of aluminum
alloy 6061 contributes to fuel efficiency, maneuverability, and payload capacity. Figure 7.1 shows the strain-stress plot
behaviour of Aluminium 6061 alloy from a experimental essay on a beam with 1.6 mm thickness.

Figure 7.1: Strain-stress plot behaviour of Aluminium 6061 alloy from a experimental essay on a beam with
1.6 mm thickness. Extracted from [16].

Aluminum alloy 6061 possesses excellent corrosion resistance, particularly when compared to other metals. This property
is essential for aircraft components exposed to moisture, high-altitude atmospheric conditions, and various environmen-
tal factors.It also exhibits good weldability, allowing for the fabrication and assembly of complex aircraft structures.
This characteristic simplifies the manufacturing process and enables the construction of seamless and reliable joints.
Aluminum alloy 6061 is readily available in the market, thanks to its widespread use in various industries, including
aerospace. Its availability contributes to a stable supply chain and reasonable material cost, making it an economically
viable choice for aircraft manufacturing.
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7.4.1.2 Optimization considerations

The primary objective of material optimization is to achieve the highest possible strength-to-weight ratio. By optimizing
the design and utilizing aluminum alloy 6061, the aircraft can achieve the desired structural strength while keeping the
weight as low as possible. This optimization leads to improved performance, fuel efficiency, and increased payload
capacity. Aircraft components are subjected to cyclic loading during flight, which can lead to fatigue failure if not
properly considered. Optimization involves analyzing the fatigue performance of the selected material and ensuring it
meets the required fatigue life standards. This may involve conducting fatigue tests, utilizing fatigue analysis tools, and
considering factors such as stress concentration and load spectra.

First of all, it could be considered to incorporate composite materials into the design. Composites, such as carbon
fiber-reinforced polymers (CFRP) or glass fiber-reinforced polymers (GFRP), offer high strength-to-weight ratios and
excellent fatigue resistance [101]. By using composite materials in combination with aluminum alloy 6061, even greater
weight reduction and increased structural performance can be achieved. Furthermore, another alternative would be
exploring the possibility of hybrid structures, which combine different materials to take advantage of their individual
strengths. For example, aluminum alloy 6061 can be used for the primary load-carrying components, while carbon fiber
composites can be integrated in areas that require higher strength or stiffness. This approach allows for optimal use of
materials and weight savings where they matter the most. Figure 7.2 shows a comparation of Aluminium 6061 alloy
stress-strain rate in case of addition of silicon carbide and graphite particles in different proportions.

Figure 7.2: Comparative plot of stress-strain rate evolution of Aluminium 6061 pure alloy compared with the
addition silicon carbide and graphite particles. Extracted from [17].

Exploring advanced manufacturing techniques such as additive manufacturing (3D printing) or advanced forming pro-
cesses could be advantageous as these techniques offer design freedom, allowing for complex geometries and lightweight
structures. By leveraging these techniques, material usage can be optimized, waste can be reduced, and improved
performance can be achieved in specific areas of the aircraft.

Furthermore, processes such as anodizing, chromate conversion coating, or ceramic coatings can provide an extra layer
of protection against environmental factors and extend the lifespan of the components.

It could be worth also investigating the use of multifunctional materials that offer additional benefits beyond structural
performance. For example, integrating materials with self-healing capabilities or embedded sensors for structural health
monitoring can enhance the overall performance, safety, and maintenance of the aircraft.
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7.4.2 Shape Optimization Techniques

In addition to material selection and optimization, shape optimization techniques play a significant role in enhancing
the performance and efficiency of aerospace components. By optimizing the shape of the aircraft components, it is
possible to achieve improved aerodynamics, reduced drag, increased lift, and overall better performance. This section
discusses various shape optimization techniques that can be employed to optimize the design of aerospace components.

Parametric design allows for the systematic exploration of different design parameters to optimize the shape of the
component. By defining key parameters such as wing geometry, fuselage shape, or control surface profiles, engineers
can use optimization algorithms to iteratively refine the design and achieve desired performance objectives.

Topology optimization is a powerful technique that optimizes the distribution of material within a given design space. It
uses mathematical algorithms to determine the optimal shape and material distribution, considering specific performance
criteria and constraints. Topology optimization can help reduce weight, improve structural integrity, and enhance overall
efficiency.

CFD analysis enables the simulation and analysis of fluid flow around the components of an aircraft. By utilizing CFD
analysis, engineers can evaluate the aerodynamic performance of different shape configurations, identify areas of high
drag, and optimize the shape to minimize drag and improve fuel efficiency.

Multi-objective optimization considers multiple conflicting objectives simultaneously, such as minimizing drag while
maximizing lift. This approach allows for the exploration of trade-offs between different performance metrics and the
identification of Pareto-optimal solutions. Multi-objective optimization helps engineers make informed decisions based
on the desired balance between competing objectives [102].

Shape morphing techniques involve the development of components that can dynamically change their shape in response
to varying flight conditions. By adjusting the shape of surfaces such as wings or control surfaces during flight, it is
possible to optimize aerodynamic performance and improve maneuverability. Shape morphing can be achieved through
the use of smart materials, actuation mechanisms, or adaptive structures.

Data-driven optimization techniques utilize large datasets and machine learning algorithms to identify optimal shapes
and design configurations. By leveraging historical performance data and computational models, engineers can train
machine learning algorithms to suggest optimal shapes or generate new design possibilities.

Additive manufacturing, also known as 3D printing, offers unique opportunities for shape optimization. With additive
manufacturing, complex geometries and intricate designs can be easily achieved, enabling the production of optimized
shapes that were previously challenging or impossible to manufacture. This technology allows for the creation of
lightweight structures, internal lattice structures, and integrated functionalities.

By combining these shape optimization techniques with material selection and optimization strategies, aerospace com-
ponents can be further enhanced in terms of performance, efficiency, and overall design. It is crucial for engineers to
carefully evaluate and validate the optimized shapes through simulation, testing, and validation processes to ensure that
the final design meets the required criteria and safety standards.
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Chapter 8

Integration and Implementation

8.1 Integration of Simulation, Reliability, and Maintenance Analysis
Tools

This section refers to the process of combining different tools and techniques to analyze and optimize the performance,
reliability, and maintenance of a system. In this case, the tools include simulation, reliability analysis, and maintenance
analysis.

The integration of these tools involves several steps:

1. Simulation: The first step is to perform a simulation of the system or process of interest. This could involve
running simulations using software tools or creating custom simulations in MATLAB. The simulation generates
data and provides insights into the behavior of the system under different conditions.

2. Reliability Analysis: Once the simulation is completed, the next step is to perform reliability analysis. This
involves analyzing the system’s reliability and estimating the probability of failure or downtime. Reliability
analysis techniques such as Monte Carlo simulation, FORM, FMEA (Failure Mode and Effects Analysis), or RPN
(Risk Priority Number) can be applied to assess the system’s reliability.

3. Maintenance Analysis: After reliability analysis, maintenance analysis techniques are applied to optimize
the system’s maintenance strategy. This includes determining the optimal maintenance intervals, identifying
critical components or failure modes, and assessing the impact of maintenance actions on system performance
and reliability. Tools such as Reliability-Centered Maintenance (RCM), Condition-Based Maintenance (CBM),
or Failure Data Analysis can be used for maintenance analysis.

4. Integration of Results: The results from simulation, reliability analysis, and maintenance analysis are inte-
grated to gain a holistic understanding of the system’s performance and maintenance requirements. The data and
insights obtained from each analysis are combined to make informed decisions about system design, maintenance
scheduling, component replacement, or process improvements.

5. Iterative Analysis: The integration process is often iterative, with multiple iterations of simulation, reliability
analysis, and maintenance analysis performed to refine the system’s design and optimize its performance. Each
iteration helps to identify potential weaknesses, evaluate the effectiveness of maintenance strategies, and make
improvements accordingly.

By integrating simulation, reliability analysis, and maintenance analysis tools, engineers and analysts can gain a com-
prehensive understanding of the system’s behavior, identify potential risks, and develop effective maintenance strategies
to enhance reliability and minimize downtime.
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The specific tools and techniques used in each step may vary depending on the requirements and characteristics of the
system being analyzed. The integration process allows for a synergistic approach that leverages the strengths of each
tool to achieve better insights and more informed decision-making.

8.2 Algorithmic Framework Development in MATLAB

In this case, the code is developed to perform reliability analysis using Monte Carlo simulation and the First Order
Reliability Method (FORM).

The algorithmic framework development involves several steps:

1. Reading the file: The code starts by reading a file containing the simulation results. This file is assumed to
have a specific format with the mode data.

2. Extracting the mode data: The code searches for a specific section in the file that contains the mode data. It
reads and extracts the mode data, storing it in a variable called modes.

3. Monte Carlo simulation: The code performs Monte Carlo simulation to estimate the failure probability for each
mode. It generates random samples for each mode based on the mean and standard deviation values extracted
from the mode data.

4. FORM analysis: The code performs reliability analysis using the First Order Reliability Method (FORM). It
calculates the reliability index (also known as beta) for each mode based on the mean and standard deviation
values.

5. Comparison of results: The code compares the failure probabilities obtained from Monte Carlo simulation and
the reliability indices obtained from FORM analysis. It prints the mode number, failure probability from Monte
Carlo, and reliability index from FORM in a tabular format.

6. Closing the file: The code closes the file that was opened for reading the simulation results.

The algorithmic framework provides a systematic approach to perform reliability analysis using different methods. It
extracts the required data, performs the necessary calculations, and compares the results obtained from each method.
This structured development allows for clear organization and easier maintenance of the code. This code can be expanded
or modified to include additional methods or analysis techniques as needed for specific applications. The framework
provides a foundation that can be extended to suit the requirements of different reliability analysis tasks.

8.2.1 Integration of Simulation and Analysis Data

8.2.2 Workflow and Data Exchange

The process begins with performing a CFD (Computational Fluid Dynamics) simulation using software such as ANSYS
Fluent or OpenFOAM. This simulation generates data related to fluid flow, pressure, temperature, and other relevant
variables for the analyzed system. The simulation output data, including geometry, mesh, boundary conditions, and
flow field results, needs to be extracted from the CFD software. This data typically resides in proprietary formats
specific to the simulation software.

To enable data exchange and integration with other tools, the CFD simulation data is converted into a format compatible
with MATLAB. This could involve using appropriate scripts or converters to transform the data from the proprietary
format to a standard format such as CSV, JSON, or MATLAB data files. The converted CFD simulation data is then
imported into MATLAB for further analysis. MATLAB provides a wide range of analysis capabilities, including data
processing, visualization, statistical analysis, and optimization techniques. These analysis techniques are applied to gain
insights, analyze fluid flow behavior, assess performance, and evaluate design modifications.
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The results obtained from the MATLAB analysis are integrated back into the CFD software or other relevant tools.
This integration may involve updating the simulation model parameters, modifying the mesh, or adjusting boundary
conditions based on the analysis results obtained from MATLAB. The workflow involves an iterative process, where
the modified simulation setup is again simulated using the CFD software, and the updated results are imported into
MATLAB for further analysis. This iterative loop helps refine the analysis, optimize the design, and improve the
accuracy of the results.

MATLAB provides powerful visualization capabilities that allow for the creation of various plots, charts, and animations
to visualize the CFD simulation results. These visualizations aid in understanding the flow behavior, identifying areas of
interest, and communicating the analysis findings effectively.The final step involves exchanging and sharing the analysis
results, visualizations, and reports with stakeholders. This could include generating reports, sharing data files, or
presenting the findings through visual aids or interactive dashboards.

Throughout the workflow, data exchange plays a crucial role in enabling seamless communication and integration
between the CFD software and MATLAB. The data is converted, exchanged, and transformed between the two platforms,
allowing for efficient analysis, optimization, and design improvements based on the simulation results. The workflow
ensures that insights gained from MATLAB analysis are fed back into the CFD simulation, leading to an iterative and
collaborative analysis process.
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Chapter 9

Discussion and Conclusion

In conclusion, this report outlines the development of a research methodology aimed at analyzing the operational
reliability and maintainability requirements of an aircraft structure, specifically focusing on modern commercial aircraft
models. The research process involved conducting market research and selecting appropriate aircraft models based on
various criteria.

The practical implementation of the methodology involved designing the aircraft airframe and main structural com-
ponents, which were then subjected to numerical analysis and simulation using the Finite Elements Method. These
simulations encompassed a wide range of factors such as static loads, buckling, modal analysis, temperature, fatigue,
and thermal stress, both at the individual structure level and as a full assembly under different conditions.

The results obtained from these simulations were evaluated and exported to a Matlab code, enabling the development
of an algorithmic methodology to assess the operational reliability and safety of the aircraft in the studied conditions.
Additionally, the report includes a review of airworthiness regulations and proposes potential research paths for further
development of the implemented methodology.

Overall, this thesis provides a comprehensive approach to analyzing aircraft structures in terms of their airworthiness
requirements. The methodology developed offers valuable insights into the operational reliability and maintainability
of modern commercial aircraft, contributing to the ongoing advancements in aviation safety and aircraft design.

9.1 Summary of Findings

The project conducted in this thesis made significant contributions to the understanding of commercial aircraft models
and their implications on various aspects such as environmental sustainability, range, fuel efficiency, passenger capacity,
and structure.

The market research conducted as part of this project provided valuable insights into the main commercial aircraft
models currently in use. Factors such as environmental impact, fuel consumption, and passenger capacity were carefully
analyzed to determine their significance in the selection process. Through this research, it was determined that the
A320 aircraft would be the most suitable choice for further analysis and investigation.

To analyze the complex airframe structure of the A320, the researcher utilized Fusion 360 to develop a representation
of the structure using basic features. This approach allowed for a comprehensive understanding of the aircraft’s design
and structural components. However, during the simplification of the structure, challenges arose when attempting to
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simulate Computational Fluid Dynamics (CFD) due to the presence of intersecting entities. As a result, an online model
was employed to perform the CFD analysis, ensuring accurate and reliable results.

It is important to note that CFD analysis is a complex simulation that requires a deep understanding of fluid structure
interaction and the careful specification of numerous boundary conditions. Through meticulous attention to detail,
the researcher successfully conducted the CFD analysis, generating valuable data on aspects such as airflow, pressure
distribution, and aerodynamic performance. These results provided critical insights into the behavior and performance
of the aircraft under different operating conditions.

In order to further evaluate the reliability of the aircraft structure, the obtained CFD results were exported to Inventor
Nastran. A modal analysis was performed, focusing on the dynamic behavior of the structure and its response to various
loading conditions. This modal analysis revealed the significance of modal frequencies, mode shapes, and damping factors
in assessing the structural integrity and reliability of the aircraft.

In addition to the modal analysis, the researcher conducted a study on different algorithms for reliability assessment.
This study aimed to explore various approaches to quantifying the reliability of the aircraft structure. Although the
results obtained from these algorithms provided an approximation rather than an accurate representation of the actual
case, they served as a starting point for further research and development in this area.

Throughout the project, the researcher gained valuable knowledge and experience in applying theoretical concepts and
integrating different methodologies for engineering purposes. The developed methodology and work scheme provided a
structured framework for effectively combining theoretical knowledge, practical applications, and analytical techniques
in the field of aviation engineering.

In conclusion, the findings of this thesis contribute to the understanding of commercial aircraft models and their
implications on operational reliability, maintainability, and safety. The market research provided insights into the
selection of the A320 aircraft for further analysis. The CFD analysis shed light on the aerodynamic performance and
behavior of the aircraft, while the modal analysis emphasized the importance of structural dynamics in reliability studies.
The study on different reliability assessment algorithms paved the way for future research and development in this area.
The knowledge and skills acquired through this project can be applied to enhance aircraft design, assessment, and
decision-making processes in the aviation industry.

9.2 Contributions to the Field

The research conducted in this thesis has made significant contributions to the field of aviation engineering, specifically in
the analysis of aircraft structures in terms of operational reliability and maintainability requirements for airworthiness.
The following are the key contributions and advancements achieved through this project:

1. Methodology Development: One of the major contributions of this research is the development of a com-
prehensive research methodology specifically tailored to the analysis of aircraft structures. This methodology
incorporates market research, model selection criteria, practical implementation, numerical analysis, simulation
techniques, and algorithmic approaches for assessing operational reliability and safety. The methodology provides
a structured framework for future studies in the field.

2. Market Research Insights: The market research conducted as part of this project has provided valuable
insights into the main commercial aircraft models used in the industry today. This research has explored their
implications on various factors such as environmental sustainability, range, fuel efficiency, passenger capacity, and
structural considerations. These insights can assist industry professionals in making informed decisions regarding
aircraft selection and design.

3. Aircraft Model Selection: Through the rigorous market research conducted, the A320 aircraft was chosen as
the primary focus for analysis. This selection process involved evaluating different criteria and considering factors
such as market demand, performance, and industry trends. The chosen aircraft model serves as a representative
case study for the development and application of the research methodology.
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4. Airframe Design and Numerical Analysis: The project involved the practical implementation of the aircraft’s
airframe and main structural components. Using Fusion 360, the researcher developed a simplified representation
of the complex airframe structure. This approach allowed for a detailed analysis and subsequent numerical
simulations using the Finite Element Method. The simulations encompassed various aspects such as static loads,
buckling, modal analysis, temperature, fatigue, and thermal stress, providing a comprehensive understanding of
the structural behavior in different conditions.

5. CFD Analysis and Fluid-Structure Interaction: The thesis explored the complexities of performing Compu-
tational Fluid Dynamics (CFD) analysis on the aircraft structure. The researcher encountered challenges related
to intersecting entities during the simulation process, leading to the adoption of an online model for accurate
analysis. The study highlights the importance of understanding fluid-structure interaction and the critical role of
CFD in assessing aerodynamic performance and airflow characteristics.

6. Modal Analysis and Reliability Study: The project conducted a detailed modal analysis of the aircraft
structure using the obtained CFD results. This analysis focused on the dynamic behavior, mode shapes, and
frequencies of the structure under different loading conditions. The findings underscore the relevance of modal
analysis in reliability studies and its significance in assessing the structural integrity and performance of the
aircraft.

7. Algorithmic Methodology for Reliability Assessment: The research involved a comprehensive study of
different algorithms for reliability assessment. Various approaches were explored to quantify the reliability of the
aircraft structure, considering factors such as assumptions and simplifications made during the analysis. While
the obtained results provide an approximation rather than precise accuracy, they contribute to the development
of future methodologies and pave the way for more advanced reliability assessment techniques.

8. Review of Airworthiness Regulations and Future Research Paths: The thesis concludes with a review
of airworthiness regulations, providing a comprehensive understanding of the regulatory framework that governs
aircraft design and structural analysis. Additionally, the research proposes potential paths for future research and
development, highlighting areas where further improvements and advancements can be made in the implemented
methodology.

In summary, this research project has made significant contributions to the field of aviation engineering. It has provided a
robust methodology for analyzing aircraft structures, valuable insights from market research, advancements in numerical
analysis and simulation techniques, and a comprehensive understanding of the relevance of modal analysis and reliability
assessment. These contributions enhance the knowledge and understanding of aircraft design, structural analysis, and
decision-making processes in the aviation industry, ultimately promoting operational reliability, maintainability, and
safety.

9.3 Implications for Aircraft Design and Maintenance

The findings and insights obtained from this research have significant implications for aircraft design and maintenance
practices. The following are the key implications and considerations derived from the study:

1. Structural Optimization: The research provides valuable information on the structural design and behavior of
the analyzed aircraft model, particularly the A320. The insights gained through the numerical analysis, including
the CFD simulations and modal analysis, can inform future aircraft design processes. Engineers and designers
can use this information to optimize the structural components, improve aerodynamic performance, and enhance
the overall efficiency of the aircraft.

2. Environmental Sustainability: The market research conducted as part of this project sheds light on the
implications of different aircraft models on environmental sustainability. This information can guide aircraft
manufacturers and operators in making conscious decisions to reduce carbon emissions, improve fuel efficiency, and
mitigate the environmental impact of commercial aviation. The research highlights the importance of considering
environmental factors during the aircraft design phase to meet sustainability goals and regulatory requirements.

3. Fuel Efficiency and Range: The analysis of the aircraft models’ implications on fuel efficiency and range
provides valuable insights for airlines and operators. By understanding the factors that affect fuel consumption
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and range, operators can optimize flight plans, improve operational efficiency, and reduce fuel costs. Furthermore,
this research can guide future aircraft design efforts to enhance fuel efficiency and increase the range of commercial
aircraft.

4. Passenger Capacity and Comfort: The market research and analysis of commercial aircraft models also
consider passenger capacity and comfort. By understanding the implications of different aircraft models on
passenger capacity, airlines can make informed decisions regarding fleet composition and seat configuration. This
research can contribute to the development of aircraft designs that prioritize passenger comfort, convenience, and
overall customer experience.

5. Structural Integrity and Reliability: The modal analysis and reliability study conducted in this research
provide valuable insights into the structural integrity and reliability of the analyzed aircraft model. These findings
can guide maintenance practices and structural inspections, ensuring the continued airworthiness of the aircraft
throughout its operational life. By understanding the dynamic behavior and reliability aspects of the aircraft
structure, maintenance teams can develop effective maintenance strategies and detect potential issues before they
escalate.

6. Regulatory Compliance: The research also highlights the importance of considering airworthiness regulations
during the design and maintenance processes. By understanding and complying with the relevant regulations,
aircraft manufacturers and operators can ensure that their aircraft meet safety standards and regulatory require-
ments. The research emphasizes the need for a thorough understanding of airworthiness regulations to ensure the
design, maintenance, and operation of safe and reliable aircraft.

7. Future Research and Development: The research project identifies potential areas for future research and
development in the field of aircraft design and maintenance. These include further advancements in numerical
analysis techniques, the development of more accurate and efficient simulation models, and the exploration of
advanced algorithms for reliability assessment. The findings of this research can inspire and guide future studies
aimed at improving aircraft design, operational reliability, and maintenance practices.

In conclusion, the implications derived from this research have significant implications for aircraft design and mainte-
nance practices. The insights gained from the analysis of commercial aircraft models, the understanding of environmental
sustainability, fuel efficiency, passenger capacity, and structural integrity can guide decision-making processes in the avi-
ation industry. The research highlights the importance of considering these factors in aircraft design, maintenance, and
regulatory compliance to ensure safe, efficient, and sustainable operations in the aviation industry.

9.4 Recommendations for Future Research

Based on the insights gained and the constraints encountered within this research project, future research should
emphasize the exploration and application of advanced numerical analysis methods for aircraft structural analysis.
This entails the adoption of more sophisticated simulation software, integration of multi-physics simulations, and the
utilization of machine learning algorithms to enhance both the precision and efficiency of structural analysis.

Furthermore, further research should be conducted to tackle the challenges associated with Computational Fluid Dy-
namics (CFD) simulations, such as the management of intersecting entities and complex fluid-structure interactions.
The development of innovative approaches and algorithms to address these issues will result in more accurate and
dependable CFD simulations, offering deeper insights into aircraft aerodynamic performance. Future studies ought to
concentrate on the creation of more advanced and precise algorithms for assessing the reliability of aircraft structures.
This involves the incorporation of probabilistic methodologies, accounting for uncertainties in material properties and
loading conditions, and the integration of comprehensive structural models to enhance reliability predictions and safety
margins.

To further advance the comprehension of the impact of aircraft design on environmental sustainability, future research
should investigate the integration of sustainability metrics into the design process. This encompasses the development of
models and tools that take into consideration factors such as life cycle assessments, environmental impact analysis, and
eco-design principles to optimize aircraft designs for improved sustainability performance. While this study touched
upon passenger capacity and comfort, forthcoming research should delve deeper into the optimization of passenger

96



Bachelor Final Thesis Report Document

comfort parameters. This may encompass an in-depth analysis of seating arrangements, cabin layouts, noise reduction
strategies, and other factors contributing to an enhanced passenger experience. Additionally, the exploration of human
factors considerations and passenger feedback can be pursued to elevate overall comfort and satisfaction among air
travelers.

In addition, the integration of artificial intelligence (AI) techniques in aircraft design and analysis presents substantial
potential. Future research can delve into the application of AI algorithms for automated design optimization, predictive
maintenance, and real-time structural health monitoring. Such endeavors can lead to more efficient and intelligent
aircraft design processes and proactive maintenance strategies.

While this research predominantly relied on numerical simulations and analysis, future studies should incorporate ex-
perimental validation to verify the accuracy of analytical models and simulations. Experimental studies may encompass
structural testing, wind tunnel assessments, and in-flight data collection to validate findings and provide more robust
evidence for the proposed methodologies. Collaboration among researchers, industry experts, and regulatory bodies is
paramount for advancing the field of aircraft design and analysis. Future research should actively encourage collab-
orative endeavors and industry partnerships to leverage industry insights, access real-world data, and bridge the gap
between academic research and practical applications.

By pursuing these recommendations, future research endeavors in the domain of aircraft design and analysis can further
enrich our comprehension of structural behavior, environmental sustainability, passenger comfort, and reliability. These
advancements are poised to contribute to the development of safer, more efficient, and environmentally friendly aircraft
designs, ultimately benefiting both the aviation industry and air travelers.
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Appendix A

CAD Models and Meshing Details

CAD model blueprints are shown in the following pages of the thesis.
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Appendix B

MATLAB Code and User Guide

B.1 Add-on installation for Inventor Nastran results importation

1 function install_addon(zip_file)
2 %
3 % INSTALL_ADDON Install the specified addon to the current MATLAB installation.
4 % INSTALL_ADDON ZIP_FILE.ZIP Install the contents of ZIP_FILE to MATLABROOT.
5

6 % Copyright 2008−2012 The MathWorks, Inc.
7

8 % first check if the jvm is available
9 if (¬usejava('jvm'))

10 error('install_addon requires Java to run.')
11 end
12

13 % check args
14 if (nargin ̸= 1)
15 error('Usage: install_addon <addon_zip_file>')
16 end
17

18 % check if archive exists
19 if (exist(zip_file, 'file') ̸= 2)
20 error('Archive %s does not exist.\nInstallation failed.', zip_file)
21 end
22

23 % obtain addon name, ver and arch from zip_file name
24 [¬, zip_file_name, ¬] = fileparts(zip_file);
25 [addon_name, remain] = strtok(zip_file_name, '.');
26 [addon_rel, remain] = strtok(remain, '.');
27 addon_arch = strtok(remain, '.');
28 % strip off 'r' prefix from addon_rel
29 addon_rel = strtok(addon_rel, 'r');
30

31 msg = sprintf('Installing %s...', addon_name);
32 disp(msg)
33

34 % check addon arch against matlab arch
35 matlab_arch = computer('arch
36

37

38 ');
39 if (¬strcmpi(matlab_arch, addon_arch))
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40 error('Archive architecture (%s) does not match the MATLAB architecture ...
(%s).\nInstallation of %s failed.', addon_arch, matlab_arch, addon_name)

41 end
42

43 % check addon ver against matlab ver
44 matlab_rel = version('−release');
45 if (¬strcmpi(matlab_rel, addon_rel))
46 error('Archive release (%s) does not match the MATLAB release (%s).\nInstallation of %s ...

failed.', addon_rel, matlab_rel, addon_name)
47 end
48

49 % installing to matlabroot
50 install_dir = matlabroot;
51

52 % unzip zip file to install_dir
53 msg = sprintf('Extracting archive %s to %s...', zip_file, install_dir);
54 disp(msg)
55 unzipped_files = unzip(zip_file, install_dir);
56

57 % check if files were extracted from zip file
58 if (isempty(unzipped_files))
59 error('No files were extracted from archive %s.\n%s installation failed.', zip_file, ...

addon_name)
60 end
61

62 % fix permissions on extracted files − make files writable
63 for i = 1:length(unzipped_files)
64 file = unzipped_files{i};
65 fileattrib(file, '+w');
66 end
67

68 % add directories from addon .phl file to pathdef.m, current path
69 msg = sprintf('Adding directories for %s to path...', addon_name);
70 disp(msg)
71

72 % stash current path, pathdef before re−creating pathdef
73 current_path = path;
74 saved_path = pathdef;
75

76 % turn off duplicate path warning before modifying path
77 w_state = warning('off', 'MATLAB:dispatcher:pathWarning');
78

79 % recreate pathdef to get newly added .phl file into pathdef
80 restoredefaultpath;
81 path(saved_path, path);
82 if (savepath ̸= 0)
83 disp('Warning: Unable to save modified path to file.')
84 msg = sprintf('To have %s on the path for future MATLAB sessions, you will need to save ...

the path to a different file.', addon_name);
85 disp(msg)
86 end
87

88 % rebuild current path with newly added paths
89 path(current_path, path);
90

91 % restore duplicate path warning
92 warning(w_state);
93

94 % Refresh docroot in case new doc directories were added
95 docroot(docroot);
96

97 % Make changes for doc center to work
98 destination = ...

com.mathworks.install.command.doc.BuildSharedDocCommand.resolveDestination('INSTALL');
99 com.mathworks.install.command.doc.BuildSharedDocCommand.buildSharedDocFiles(matlabroot,...

100 destination);
101 com.mathworks.mlwidgets.help.DocCenterDocConfig.invalidateSupportPackageCache ;
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102

103 msg = sprintf('Installation of %s complete.', addon_name);
104 disp(msg)
105

106 if ¬strcmp(addon_name,'sb2sl')
107 msg = sprintf('\nTo view documentation, type \"doc %s\".', addon_name);
108 disp(msg)
109 end

B.2 Atmospheric conditions determination for CFD simulation

1 function [T, P, rho, a] = calc_atmosphere(h)
2 % This function calculates the temperature, pressure, air density, and speed of sound
3 % for an A320 aircraft in cruise conditions (10668m altitude).
4

5 T0 = 288.15; % Sea level temperature (K)
6 P0 = 101325; % Sea level pressure (Pa)
7 rho0 = 1.225; % Sea level air density (kg/m^3)
8 a0 = 340.29; % Sea level speed of sound (m/s)
9

10 g = 9.80665; % Gravitational acceleration (m/s^2)
11 R = 287.05; % Ideal gas constant (J/kg/K)
12

13 h = 10668; % Altitude (m)
14

15 T = T0 − g*h/R;
16 P = P0*exp(−g*h/(R*T0));
17 rho = rho0*exp(−g*h/(R*T0));
18 a = sqrt(R*T);
19

20 end

B.3 Function for Monte Carlo simulation

1 function randomSamples = monteCarloSimulation(modesToAnalyze, numIterations)
2 numModes = size(modesToAnalyze, 1);
3 randomSamples = zeros(numModes, numIterations);
4

5 for i = 1:numModes
6 mu = modesToAnalyze(i, 2); % Mean value of the mode
7 sigma = modesToAnalyze(i, 3); % Standard deviation of the mode
8

9 % Generate random samples for each mode using Monte Carlo simulation
10 randomSamples(i, :) = normrnd(mu, sigma, 1, numIterations);
11 end
12 end
13

14 % Perform reliability analysis using Monte Carlo simulation
15 numIterations = 1000; % Number of Monte Carlo iterations
16 numModes = size(modes, 1); % Number of modes
17

18 % Select modes 1−9 for analysis
19 modesToAnalyze = modes(1:9, :);
20 numModesToAnalyze = size(modesToAnalyze, 1);
21

22 % Generate random samples for each mode using Monte Carlo simulation
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23 randomSamples_MC = monteCarloSimulation(modesToAnalyze, numIterations);
24

25 % Plot the Monte Carlo simulation results for each mode
26 figure;
27 plot(randomSamples_MC(i, :), 'Normalization', 'probability');
28 xlabel('Normal modes of the structure');
29 ylabel('Probability of failure');
30 title('Montecarlo simulation for probability of failure vs Normal modes number ');

B.4 Function for calculating Risk Priority Number (RPN)

1

2 function RPN = calculate_RPN(modesToAnalyze)
3 numModes = size(modesToAnalyze, 1);
4 RPN = zeros(numModes, 1);
5

6 for i = 1:numModes
7 severity = modesToAnalyze(i, 2); % Severity value of the mode
8 occurrence = modesToAnalyze(i, 3); % Occurrence value of the mode
9 detection = modesToAnalyze(i, 4); % Detection value of the mode

10

11 % Calculate the Risk Priority Number (RPN)
12 RPN(i) = severity * occurrence * detection;
13 end
14 end

B.5 Function for calculating failure probability

1 function failureProbability = calculateFailureProbability(randomSamples)
2 numModes = size(randomSamples, 1);
3 numIterations = size(randomSamples, 2);
4 failureProbability = zeros(numModes, 1);
5

6 for i = 1:numModes
7 numFailures = sum(randomSamples(i, :) < 0);
8 failureProbability(i) = numFailures / numIterations;
9 end

10 end

B.6 Function for Reliability Analysis using FORM

1 % Function for reliability analysis using FORM
2 function beta_FORM = reliability_FORM(modesToAnalyze)
3 numModes = size(modesToAnalyze, 1);
4 beta_FORM = zeros(numModes, 1);
5

6 for i = 1:numModes
7 mu = modesToAnalyze(i, 2); % Mean value of the mode
8 sigma = modesToAnalyze(i, 3); % Standard deviation of the mode
9
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10 % Define the limit state function
11 limitStateFun = @(x) x − mu − sigma * norminv(x);
12

13 % Use fzero to find the reliability index (beta) using FORM
14 options = optimset('Display','off'); % Suppress fzero output
15 beta_FORM(i) = fzero(@(x) limitStateFun(x), 0, options);
16 end
17

18 % Plot the FORM results for each mode
19 figure;
20 plot(randomSamples_MC(i, :), 'Normalization', 'probability');
21 xlabel('Normal modes of the structure');
22 ylabel('Probability of failure');
23 title('FORM for probability of failure vs Normal modes number ');
24

25

26

27 end

B.7 Function to compare results from Monte-Carlo and FORM

1 function compareResults(failureProbability_MC, beta_FORM)
2 numModes = size(failureProbability_MC, 1);
3

4 fprintf('Mode\tMonte Carlo\tFORM\n');
5 for i = 1:numModes
6 fprintf('%d\t%.4f\t\t%.4f\n', i, failureProbability_MC(i), 1 − normcdf(beta_FORM(i)));
7 end
8 end

B.8 Main code

1 clc; clear all; close all;
2

3 % Step 1: Read the file containing the simulation results
4 filename = 'Simulation_Modes_Code.txt';
5 fid = fopen(filename, 'r');
6

7 % Step 2: Define variables for storing the extracted data
8 modes = [];
9

10 % Step 3: Search for the section containing the normal mode results
11 while ¬feof(fid)
12 line = fgetl(fid);
13 if contains(line, 'NORMAL MODES SOLUTION')
14 break;
15 end
16 end
17

18 % Step 4: Read the normal mode solution data
19 while ¬feof(fid)
20 line = fgetl(fid);
21 if contains(line, 'GRID*')
22 data = sscanf(line, 'GRID* %d %f %f %f');
23 modes = [modes; data(1), data(2), data(3), data(4)];
24 end
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25 end
26

27 % Step 5: Perform reliability analysis using Monte Carlo simulation
28 numIterations = 1000; % Number of Monte Carlo iterations
29 numModes = size(modes, 1); % Number of modes
30

31 % Select modes 1−9 for analysis
32 modesToAnalyze = modes(1:9, :);
33 numModesToAnalyze = size(modesToAnalyze, 1);
34

35 % Generate random samples for each mode using Monte Carlo simulation
36 randomSamples_MC = monteCarloSimulation(modesToAnalyze, numIterations);
37

38 % Calculate failure probability for each mode using Monte Carlo simulation
39 failureProbability_MC = calculateFailureProbability(randomSamples_MC);
40

41 % Step 6: Perform reliability analysis using FORM
42 beta_FORM = reliability_FORM(modesToAnalyze);
43

44 % Compare the results from Monte Carlo and FORM
45 compareResults(failureProbability_MC, beta_FORM);
46

47 % Step 7: Close the file
48 fclose(fid);
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