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SUMMARY

In response to future environmental design goals, novel aircraft con gurations and
propulsion architectures have emerged in recent years. While these revolutionary tech-
nologies are anticipated to improve aircraft aerodynamic and propulsive ef ciencies, their
implementations are impeded by certi cation challenges. Type certi cation, a mandatory
process ensuring the safety of a new type of aircraft before it enters commercial service, is
costly, time-consuming, and fraught with uncertainties due to the intensive analyses, exper-
iments, and ight tests required to demonstrate compliance with airworthiness regulations.
Unconventional aircraft, with their unique ight characteristics, can make the certi cation
process even more complex and risky compared to conventional counterparts.

In a traditional aircraft development process, conceptual design is primarily driven by
top-level performance requirements, with certi cation considerations often deferred until
preliminary or detailed design stages. The challenge to consider certi cation requirements
in the conceptual design arises from the fact that vehicle design knowledge is limited dur-
ing early design phases and frequently updated as the design process progresses. Because
most existing certi cation analysis methods are computationally expensive and require de-
tailed design information, some subsystems and components, which should otherwise be
sized according to certi cation requirements, are typically modeled using semi-empirical
methods with correction factors based on the historical data of certi ed aircraft. How-
ever, applying this approach to unconventional aircraft risks converging infeasible designs
in terms of certi cation constraints, as the historical data of conventional aircraft may not
adequately represent the distinct ight characteristics of unconventional aircraft. To mini-
mize the cost associated with the design modi cations to meet certi cation requirements, it
is necessary to shift the certi cation considerations to early design stages before the degrees
of design freedom are locked down.

This dissertation aims to develop a methodology to explicitly incorporate the airwor-
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thiness certi cation requirements from Title 14 of Code of Federal Regulations Part 25 (14
CFR 25) Subpart B Flight and Subpart C Structure into unconventional aircraft conceptual
design and optimization. Three research areas are determined based on the gaps identi ed
from preceding studies. In each research area, hypotheses addressing research questions
are proposed to Il these gaps, and each hypothesis is tested by a speci c experiment.

The rst research area focuses on the development of certi cation analysis capabili-
ties to predict design candidates' compliance with certi cation rules using limited design
knowledge during the conceptual design stage. Two certi cation analysis tools are es-
tablished for this purpose. The Flight Certi cation Analysis Module (FCAM) transforms
the textual requirements of 14 CFR 25 Subpart B Flight into a series of quantitative con-
straint functions. By simulating ight tests based on the procedures outlined in the Advi-
sory Circular, this module evaluates design candidates' dynamic responses against ight
certi cation rules to determine their regulatory compliance. The Dynamic Environment
for Loads Prediction and Handling Investigation (DELPHI) computes the critical dynamic
loads on aircraft structures by simulating the maneuvers speci ed in 14 CFR 25 Subpart C
Structure. By integrating DELPHI with disciplinary analysis modules, the structural cer-
ti cation requirements are automatically enforced in the sizing of aircraft subsystems and
structural components. These tools are validated using a conventional aircraft model cali-
brated based on the ATR 42-500 aircraft and applied to an unconventional aircraft model
calibrated based on NASA's PEGASUS concept to demonstrate their capabilities.

The second research area focuses on incorporating certi cation constraints into the de-
sign space exploration for unconventional aircraft conceptual design. A certi cation-driven
design framework is created by integrating the established certi cation analysis capabili-
ties with disciplinary analysis tools. Using the design framework, a multidisciplinary de-
sign space exploration study is performed for the PEGASUS aircraft's vertical tail sizing
and power split optimization to investigate the impact of certi cation constraints on the

design process. To compare this impact between conventional and unconventional aircratft,
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a benchmark design space exploration study is also performed for the ATR 42-500's verti-
cal tail retro t. The results show that certi cation constraints have a greater impact on the
feasibility and optimality of unconventional aircraft design candidates compared to con-
ventional designs. The study also demonstrates that the simpli ed constraints that were
commonly used in previous design studies for certi cation considerations are not suf cient
to capture the criticality of certi cation constraints for unconventional aircraft.

The third research area examines the level of con dence afforded by the certi cation
analysis by quantifying the impact of uncertainties. Two types of uncertainties are evalu-
ated: epistemic uncertainties arising from modeling errors and technological uncertainties,
and aleatory uncertainties caused by irreducible noise factors. Epistemic uncertainties are
represented by a series of multiplicative factors (i.e., K-factors) applied to the intermediate
disciplinary variables. The sensitivity analysis between these K-factors and design metrics
shows that epistemic uncertainties can compromise the performance and certi cation com-
pliance of an optimal design. Aleatory uncertainties are modeled as a set of noise factors
added to ight dynamics simulations. Utilizing Design of Experiments, surrogate model-
ing, and Monte Carlo simulation techniques, the probability of a design candidate meeting
certi cation requirements under the in uences of loading errors and wind velocities is eval-
uated. The results indicate that aleatory uncertainties can signi cantly impact the aircraft
dynamic responses in ight test simulations, thus affecting a design's compliance with reg-
ulatory constraints. By incorporating robustness as a design metric in the optimization
process, the negative impact of aleatory uncertainties can be effectively mitigated.

Finally, a certi cation-driven design methodology is proposed as the overarching hy-
pothesis of the dissertation, building upon the validated hypotheses and the outcomes of
experiments. The proposed design methodology is compared to two design methodologies
currently used for unconventional aircraft conceptual design: the semi-empirical point-
based design approach and the simpli ed-constrained design space exploration method.

Three designs for the PEGASUS concept are generated using the proposed and the bench-
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mark design methods and compared in terms of ight performance, compliance with design
constraints, and robustness against noise factors. The results reveal that only the design
generated by the proposed method meets all operational and certi cation constraints while
maintaining optimal mission performance, as well as takeoff and landing performance.
Therefore, the proposed certi cation-driven design methodology is demonstrated superior-
ity over existing conceptual design methods in generating optimal and robust conceptual
designs, thus reducing the risks associated with unconventional aircraft development in

subsequent design phases.
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CHAPTER 1
INTRODUCTION

1.1 Aircraft Certi cation

Modern aircraft consist of complex systems with numerous interdependent subsystems and
equipment. Flawed design or improper operation can pose signi cant threats to crew mem-
bers, passengers, and others in proximity to the aircraft. In light of these potential risks,
all types of civil aircraft must be certi ed by regulatory administrations to demonstrate
compliance with government-mandated safety regulations governing design, production,
and operation. The airworthiness certi cation process is multifaceted and engages various
stakeholders, including aircraft manufacturers, suppliers, regulatory authorities, and other
industry participants. The process starts with the design and development of an aircraft and
ends with the certi cation of the aircraft and its systems as airworthy, meaning it can op-
erate safely in ight. Generally, aircraft airworthiness certi cation encompasses four key

elements [1]:

1. Type Certi cate (TC): Certi cate that veri es an aircraft design meets airworthiness

requirements;

2. Production Certi cate (PC): Certi cate that approves the quality of manufacture and

assembly process;

3. Certi cate of Airworthiness: Certi cate that ensures each produced aircraft adheres

to its TC and is safe for operation;

4. Continuing Airworthiness: Processes by which an aircraft complies with airworthi-
ness requirements and remains in a condition for safe operation throughout its life

cycle.



From an aircraft designer's viewpoint, type certi cation is the most critical and challenging
aspect of all certi cations when developing a new aircratt.

Type certi cation con rms the aircraft (or helicopter, engine, and propeller) of a new
type intended for serial production complies with regulatory airworthiness requirements.
Figure 1.1 from the Federal Aviation Administration (FAA) Order 8110.4C [2] presents a
high-level ow diagram of the type certi cation process. In a type certi cation process,

ve key activities are involved [1]:

1. Establishing the certi cation basis: The aircraft manufacturer needs to collaborate
with the regulatory authority to determine the certi cation rules with their amend-

ment level that the aircraft of a new type must show compliance with.

2. Establishing the means or methods of compliance: The aircraft manufacturer needs
to identify the applicable procedures and the types of action to take (i.e., test, anal-
ysis, inspection/evaluation, or any combinations) to show that the aircraft type to be

certi ed complies with the requirements speci ed in the certi cation basis.

3. Demonstration and ndings of compliance: The aircraft manufacturer needs to per-
form the actions determined in the certi cation plan and record the relevant data as

proof of compliance.

4. Certifying the type design: The regulatory authority reviews the certi cation compli-
ance submitted by the aircraft manufacturer and approves the type certi cate if the

ndings of compliance with all certi cation requirements are made.

5. Post-type certi cation activities: The aircraft manufacturer needs to provide services

to ensure the aircraft's continuing airworthiness.

Developing aircraft systems and demonstrating their compliance with airworthiness
regulations for the type certi cation is essentially a system engineering process. Two stan-

dards from the Society of Automotive Engineers (SAE) Aerospace Council, APR-4754A
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Figure 1.1: Typical type certi cation process [2].

(Guidelines for Development of Civil Aircraft and Systems) [3] and APR-4761 (Guidelines

and Methods for Conducting the Safety Assessment Process on Civil Airborne Systems and
Equipment) [4], provide guidance for this system engineering process and are approved by
the FAA. Speci cally, the system development and safety assessment process established

in these two standards compromises ve main stages:

1. Aircraft-level requirements de nition: de ning high-level aircraft requirements, es-
tablishing safety objectives, and conducting an initial aircraft-level safety assess-

ment;

2. System-level requirements de nition: identifying system requirements, conducting a

functional hazard assessment, and de ning system-level safety objectives;

3. System architecture and design: conducting a preliminary aircraft safety assessment



and a preliminary system safety assessment and re ning the system requirements

based on the assessment;

4. System integration and veri cation: integrating system components, verifying the

system against requirements, and conducting a system safety assessment;

5. System validation and certi cation: validating the system for its intended purpose,

generating certi cation artifacts, and obtaining regulatory approval.

In this process, a series of safety assessment techniques are also involved to identify poten-
tial hazards, assess their impacts, and implement necessary mitigation measures throughout
the aircraft system development lifecycle. The primary techniques suggested by APR-

4754A and APR-4761 include

1. Functional Hazard Assessment (FHA): FHA identi es the potential hazards related to
aircraft system functions and categorizes them based on their severity and likelihood.

This assessment is performed at both the aircraft level and the system level.

2. Preliminary Aircraft/System Safety Assessment (PASA/PSSA): PASA/PSSA exam-
ines the architecture of the aircraft or the system of interest and determines how fail-
ures in the architecture could cause the hazards identi ed in the FHA. The objective
of PASA/PSSA is to establish the complete safety requirements for the anticipated

aircraft or system architectures.

3. Aircraft/System Safety Assessment (ASA/SSA): ASA/SSA evaluates whether the
anticipated aircraft or systems can satisfy the safety requirements established in the
PASA/PSSA and validates the effectiveness of the implemented mitigation mea-
sures. Methods, including the fault tree analysis (FTA), the reliability block diagram
(RBD), and the Markov analysis (MA), are used to assess the fault tolerance of the

aircraft or systems and estimate the overall system reliability for safety veri cation.



By following the safety assessment process outlined in ARP-4754A and ARP-4761, aircraft
manufacturers can mitigate aircraft system development risks, improve the overall safety
of the aircraft system, and facilitate compliance with airworthiness regulations.

Although type certi cation is mandatory, the process can be time-consuming and ex-
pensive. To show compliance with airworthiness certi cation regulations, the aircraft man-
ufacturer must undergo a standardized procedure and perform numerous analyses, ground
experiments, and ight tests. These regulations span various domains, such as ight perfor-
mance, structure, propulsion, equipment, and design integration. The extensive nature of
the certi cation regulations, especially many of which need to be veri ed by full-scale tests
and demonstrations, leads to considerable expenses and time commitments during the type
certi cation process. For instance, the type certi cation of Boeing 787 went through more
than 4000-hour ight tests and 16 000 demonstrations and inspections to verify more than
1500 airworthiness regulations [5]. Even for a derivative aircraft, like the Airbus A350-
1000, the accumulated ight test time in the type certi cation process also exceeds 1600
hours [6]. Statistical data reveals that the type certi cation cost for a normal category air-
craft (i.e., number of passengers less than 19 and ramp weight less than 19 000 pounds) is
about 25 million dollars, while for a transport category aircraft, the cost can reach hundreds
of millions of dollars [7]. Furthermore, because certi cation-related tests and experiments
are usually conducted when design freedom is limited, any unexpected redesigns required
for compliance with certi cation requirements can be prohibitively expensive.

The escalating cost of type certi cation has become a pressing issue within the aviation
community. Existing large aircraft corporations can minimize these costs by shortening
the certi cation period. Their design experience and proprietary historical data allow them
to predict certi cation performance and control uncertainties in the early stages. How-
ever, for new aircraft manufacturers, the certi cation cost might be uncontrollable due to
the lack of experience. For example, COMAC ARJ21 entered service eight years behind

its original schedule because of certi cation delays [8]; the rst delivery of COMAC C919



was postponed from 2014 to no earlier than 2021 due to technical dif culties in certi cation
tests [9]; Mitsubishi temporarily suspended the MRJ project after it experienced ve delays
resulting from the design modi cations needed to meet certi cation requirements [10]. Be-
cause of the immaturity in certi cation, these companies have to afford the cost of redesign
on top of the contractual costs at the risk of losing clients. Consequently, type certi cation

has become an obstacle for new aircraft manufacturers entering the market.

Observation 1

Aircraft type certi cation is a process that is expensive, time-consuming, and subject
to uncertainties, the cost and time spent on which highly depend on the airgraft

manufacturer's experience.

1.2 Paradigm Shift to Unconventional Aircraft

Future aircraft are expected to be performance-ef cient and environment-friendly. With
the surge of concern on global climate change, civil transport aircraft have come under
increased public scrutiny due to their signi cant emissions of carbon dioxidg)@al ni-
trogen oxides (N¢) at high altitudes. To lessen the environmental impact of aviation activ-
ities, regulatory authorities and international organizations have recently proposed various
design goals for future aircraft development, focusing on reducing fuel consumption, emis-
sions, and noise. Notable examples include NASAs Environmentally Responsible Avia-
tion (ERA) project [11], FAA's Continuous Lower Energy, Emissions, and Noise (CLEEN)
program [12], and the European Commission's Clean Sky program [13], as presented in
Table 1.1. However, achieving these ambitious design goals poses challenges for conven-
tional fuel-powered tube-and-wing (TAW) aircraft. As current con gurations and system
architectures approach “technology saturation”, the potential for improvement becomes
limited, regardless of further optimization efforts on conventional designs [14].

In order to realize these design goals, novel aircraft con gurations and propulsion ar-

chitectures are proposed for future aircraft. The novel con gurations under active study
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Table 1.1: Future aircraft environmental design goals

Metrics NASA ERA [11] FAA CLEEN [12] $ EU Clean Sky [13]
N+1 N+2 N+3 | Phasel Phase 2 Phasel Phase?2
Noise -32dB -42dB -71dB| -32dB -32dB | -50% -65%
NO, Emissions| -60% -75% -80% | -60% -75% -80% -90%
CO, Emissions - - - - - -50% -75%
Fuel Burn -33% -50% -60%| -33% -40% - -

include hybrid wing-body (HWB), truss-braced wing (TBW), joined-wing, and double-
bubble fuselage, as shown in Figure 1.2. The HWB con guration is characterized by its
geometrically integrated center-body fuselage and outboard wing [15]. The ying wing
shape facilitates a higher lift-to-drag ratio during cruise compared to TAW aircraft [16].
The TBW concept employs struts as intermediate structures to support high-aspect-ratio
wings, resulting in lower induced drag compared to TAW aircraft [17]. The addition of the
strut accommodates the bending moments and shear stress from the long wingspan without
signi cantly increasing the wing's internal structural weight [18]. The joined-wing con g-
uration connects the tips of a backward-swept wing and a forward-swept wing using a nto
create a closed lifting surface [19]. The elimination of conventional wingtips discourages
the formulation of wingtip vortices, thereby reducing the induced drag [20]. The double-
bubble fuselage concept transforms the conventional cylindrical fuselage into a wide and
attened lifting shape, promoting a higher lift-to-drag ratio [21]. With engine nacelles at-
tached at the rear end of the fuselage, the boundary layer over the top of the fuselage can be
ingested by the engine in ow, which in turn decreases the overall skin friction drag [22].

The unconventional propulsion architectures under active study include electri ed air-
craft propulsion (EAP), distributed propulsion, wingtip-mounted propulsor, and boundary
layer ingestion (BLI), as shown in Figure 1.3. EAP uses electricity as an alternative energy
source to reduce emissions from fuel consumption [23]. There are two types of electri ed
propulsion [24]: 1) All-electric propulsion, which relies solely on batteries for the energy

source, and 2) Hybrid-electric propulsion, which uses both gas turbine engines and bat-



(a) Boeing BWB-0009A blended wing-body con- (b) Boeing Subsonic Ultra Green Aircraft Research
cept (SUGAR) truss-braced wing concept

(c) Lockheed Martin joined-wing concept (d) Aurora D8 double-bubble fuselage concept

Figure 1.2: Examples of novel aircraft con gurations.

teries to generate propulsive power (i.e., parallel hybrid-electric) or gas turbine engines
to charge batteries and drive electric motors (i.e., serial hybrid-electric or turbo-electric).
Distributed propulsion places multiple power units across the aircraft (usually along the
wing's spanwise direction) to enhance power ef ciency and reduce takeoff and landing
eld lengths [25]. As electric power is easier to transmit across multiple locations than
fuel, distributed propulsion is commonly used in the electri ed propulsion system, i.e.,
distributed electric propulsion (DEP) [17, 26]. Wingtip-mounted propulsor con guration
positions propellers or turbine engines at the tip of the wing. The slipstream induced by the
rotation of propellers or fans weakens the strength of wingtip vortices, reducing the aircraft
induced drag [27, 28]. Recently, the wingtip-mounted propulsors have been implemented
in EAP concepts, such as NASAs X-57 [29] and PEGASUS aircraft [30]. Boundary layer
ingestion is a propulsion-airframe integration technique where the boundary layer formed
over the fuselage or wing is ingested into the propulsion system and accelerated back-
ward [31]. Instead of directly passing into wakes, the boundary layer is re-energized in

the propulsion system, lling in wake defects, reducing wake mixing losses, and decreas-
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