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Summary

Aircraft design methodologies have been significantly developing from the past few years with the
advancements in knowledge based techniques. These methods enable the storage of design knowledge
and rules, and reuse them to create different types of designs, thus preventing the designer to perform
repetitive tasks. Tasks such as parametric modelling of components, such as the aircraft wing can
be automated by storing the modelling processes and the design rules in a knowledge base. With
this process, variants of the wing with different geometric parameters can then be generated in a
short duration by simply varying certain top-level requirements. It is necessary to extend these design
techniques to model aircraft systems in the conceptual design stage. This, not only decreases the
time of design realisation but also presents a scope to assess the effects of various inter-dependencies
due to systems and make appropriate changes, in the early stages of aircraft design. Developing and
demonstrating a framework which aids to assess the influence of the wing subsystems, namely the
flight control actuators, fuel tanks and anti-ice elements; on the aircraft design and performance in the
conceptual design stage is the aim of the thesis.

This thesis presents a combination of physics based and knowledge based design methodologies to
size the wing subsystems and position them in the airframe. Consequently, the methods are integrated
into the conceptual aircraft design process to enable multidisciplinary design with supporting domains.
The methods are aimed to aid the design of conventional systems architectures and More Electric
Aircraft (MEA) systems architectures as well. With these methodologies, the Systems Model Genera-
tor (SMG) application is developed in Python to facilitate semi-automatic wing subsystems sizing and
orientation in the airframe based on top-level aircraft requirements, initial aircraft design parameters
and system specific parameters. The subsystem models generated with the proposed methodology for
short-medium range civil transport aircraft are verified and validated as well. Knowledge based sys-
tems and subsystems selection are implemented to facilitate semi-automated systems, subsystems and
architecture selection, based on the aircraft configuration and systems specific requirements. Methods
for automatic iterative fuel tanks sizing and intersection detection are implemented to further reduce
the overall design time and make the tool more suitable for integrated sizing.

With the multidisciplinary design framework, the conceptual parametric models, volume, mass,
power consumption and position of the subsystems in the airframe are generated and propagated in
the conceptual aircraft design stage; thus bridging the conceptual and the preliminary design stages.
In the proposed framework, the domains of aircraft design generation, systems selection and sizing,
subsystems selection and sizing, engine sizing and mission simulation are considered for the multidis-
ciplinary design process. The domains are integrated with the DLR CPACS-RCE framework.

A case study to demonstrate the process of integrated parametric subsystems sizing of the aircraft,
with the proposed framework is presented. The aim of this case study is to assess the influence of
the MEA systems architecture relative to the conventional systems architecture for a short-medium
range transport aircraft, similar to the Airbus A320-200. In this case study, the quantitative influence
of the subsystems’ parameters on the aircraft design and performance parameters is determined and
analysed. The subsystems’ parameters constitute the mass, power consumption, volume and location
of the subsystems in the airframe and the aircraft design parameters constitute the aircraft masses
such as the overall empty mass and the fuel mass for the mission. The generation and propagation
of the design and performance parameters of the aircraft through each domain of the framework
are presented and analysed as well with the case study. In this case study, it is observed that the
MEA systems architecture results in a lower mission fuel mass relative to the conventional systems
architecture by nearly 2.3%. Furthermore, these results are compared with literature and observed to
be in the similar range of 2-7%. Thus, the validated aircraft design framework presented in this thesis
enables to substantially increases and propagate the design knowledge of aircraft systems, in the early
design stages.
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Introduction

1.1. Background

Aircraft design is a complex multidisciplinary process involving various domains, hence inaccuracies in
predictions of parameters of a single domain cause a snowball effect in other domains and lead to
a flawed design.The process is spread across a large time frame, typically over a span of 10 years.
Realising some of the design restrictions in the later stages of design leads to grounding the project
or to make fixes that are not a part of the design. This is expensive and often leads to a decrease
in the final performance of the aircraft, if the design ever goes into production. This is a part of
the diverging-converging aircraft design process, where the aircraft design diverges initially with a
large number of possible solutions and starts to converge with fixing each design solution [7]. It is
hence required to consider a large number of design possibilities and compute the parameters of all
the domains accurately from the early design stages. However, the in-availability of design data in
these early stages leads to inaccurate predictions. The current methodologies limit these estimations
in the early stages, this is evident by the delay of major aircraft deliveries such as the A380, A350
and Boeing 777. It is hence necessary to develop new design methods that improve the knowledge
regarding different domains of design in the early stages. This aids to make necessary changes to the
domains and design the supporting technologies accordingly in the initial stages. One such domain
is the aircraft systems, which contributes to nearly 30% of the Operating Empty Mass (OEM) [8] and
requires off-takes from the engine such as the shaft power and bleed-air to function.

The conventional systems, such as the hydraulic fight control system, which have been improved
and optimised through the past decade have reached a technological saturation [15]. This trend is
similar to other complementary technologies, common for the conventional tube and wing aircraft
configuration. According to the IATA (International Air Transport Association) technological roadmap
of 2013 [9], novel system technologies such as the All Electric Aircraft (AEA) systems architecture,
hybrid laminar flow control system or the fly-by-light system are expected to be available within the
next five years and integrated with the aircraft over the next decade. These technologies are not only
vital for environmental impact but also to lower the design, development and operating costs of the
aircraft. A similar technological goal was set for the More Electric Aircraft (MEA) systems architecture
for applicability before 2020. This was partially achieved by the A350, A380 and the Boeing 787. The
Boeing 787 is relatively advanced as the bleed-air system was totally eliminated by electrifying the
pneumatic systems, thus making the engines bleed-less. However, this trend was not adopted by the
latter A350. Introducing novel technologies is highly risky from an economic perspective for aircraft
organizations. This is due to the technological uncertainty of initial models of novel systems, which
are usually not very robust. This process of technological saturation and the resources for improving
novel technologies is addressed by the S-curve, proposed by Foster [10]. Considerable changes in the
overall performance of the aircraft are only achievable if these risks are taken by introducing novel
technologies. This introduction is only possible if the knowledge of the uncertainties is available in the
initial design stages.

Besides the civil aviation sector, a considerable growth has been achieved in the Unmanned Aerial
Vehicle (UAV) sector in the past few years. The size of UAVs range from micro air vehicles, which fit

1
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in the human palm to Long Endurance High Altitude (HALE) UAVs which carry out transcontinental
missions across the Atlantic. As the name suggests, these aircraft are unmanned. This narrows down
the design requirements to the on-board systems and the payload for the design mission. Thus the
design and configuration of a UAV is dictated predominantly by the systems.

Due to this vitality of systems in the design and development of aircraft, it is crucial to size the
systems' and subsystems’ simultaneously with the aircraft in an integrated framework from the early
stages of design.

In this chapter, systems sizing in the conceptual design stages is addressed and the objective for
this research is formulated. In Section 1.2, the aircraft design process is outlined with the importance
of systems sizing in the early design stages. In Section 1.3, the scope of the research and the primary
objective along with the sub-objectives are addressed. Finally, the structure of this thesis report with
an overview is presented in Section 1.4.

1.2. Aircraft design and systems

1.2.1. Aircraft design process

The aircraft design process is generally grouped into three stages. The conceptual design stage,
the preliminary design stage and the detailed design stage ([11], [12]). In the conceptual design
stage, different aircraft configurations and concepts are evaluated and sized. Different trade-offs are
considered and the configuration that brings the most value for the requirements is chosen. As the data
about the aircraft is very limited at this stage, the geometry and the performance parameters such as
the fuel consumption are computed with various empirical methods based on historic data. It usually
takes a few weeks to months with nearly 1% of the engineering staff to complete the conceptual design
stage [13].

In the preliminary design stage, further design and analysis of the chosen concepts is carried out and
the configuration is fixed. Due to the availability of a large number of aircraft design and performance
parameters at this stage, high fidelity analysis and physics based methods are employed to get detailed
properties of the aircraft. Preliminary design usually takes from a few months to years, with nearly 9%
of the engineering staff contributing to it [13].

The final stage of design before production is the detailed design stage. Each and every component
that would be present in the aircraft is designed in this stage. The design is fine tuned and the
performance is evaluated accurately. With the completion of this stage, product drawings are released
to manufacturers. The detailed design stage takes a few years to complete with nearly 90% of the
engineering staff [13].

The design process at each stage is multidisciplinary, consisting domains such as aerodynamics,
structures, propulsion, systems etc.The design is iterated through each domain till a design convergence
is reached at each stage. The fidelity of computation at each stage varies based on the available data.
Moreover, this design process is done on various scales such as on a fleet scale, an aircraft scale or
on a component scale. For instance, conceptual design is always carried out on an aircraft scale but
the detailed design is carried out on a component scale as each component is designed and analysed
exclusively. To visualise this design space, La Rocca and Van Tooren [14] proposed the three dimensions
of aircraft design. The design space has three axes containing disciplines, scale and fidelity, similar to
the representation in Figure 1.1.

To put the design stages on this design axis in a perspective, in the conceptual design stage, the
fidelity is usually empiric due to the in-availability of data, the scale is aircraft and the computations
are carried out for each of the domains. One of the main aims of the conceptual design stages is to
assess the effects of each domain on the other domains, thus studying the trade-offs that need to be
made. Similarly, in the preliminary design stage, the fidelity is usually semi physics or advanced physics
methods with computations on a component scale. In the detailed design stage, full physics based
methods are used for computations on a component scale. The components are made as efficient and
as reliable as certification demands.

One of the problems with the current methods in the conceptual design stages is that the use of
empirical methods based on statistics from historic data. This method not only is less accurate but also

11n the scope of this research, a system is defined as an on-board system as a whole, such as the flight control system or the
anti-ice system.
2A subsystem is defined as a part of the system; the flight control actuators are subsystems of the flight control system.
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Figure 1.1: The three dimensions of aircraft design [1]

restricts the assessment of new technologies. These limitations can be addressed with an example
of sizing the on-board systems. Aircraft systems, just as any other electronics have become lighter,
smaller and more efficient. The latest commercial aircraft Boeing produced was the 787 in 2007 and
that of Airbus was the A350X in 2010. The 787 unlike any of the previous aircraft, totally eliminates
bleed-air requirement for the systems, replacing the Environmental Control System (ECS) and the Anti-
Ice System (AIS) with equivalent electric systems. This constitutes the MEA systems architecture, which
is a step towards the All-Electric Aircraft (AEA) systems architecture, which is the total electrification of
the on-board systems. This shift towards the AEA architecture is not a distant reality any more due to
the exponential developments in electronics during the past decade. This ever changing trend limits
evaluating the properties of the systems of the future aircraft designs based on the past aircraft models.
If done so, it would indeed lead to an over or under estimation of certain parameters. Two limitations
arise with over estimation. Firstly, it causes a snowball effect on the other domains, thus increasing
the overall inaccuracy of the parameters. The second problem is that novel technologies such as the
MEA systems cannot be assessed due to the limitations of the current methods. The repercussions of
systems on the overall aircraft design and performance is presented in the following subsection.

1.2.2. Impact of systems on overall aircraft design and performance

Aircraft systems are the on-board systems that contribute to the aircraft’s control, performance, safety
and comfort. The systems on a civil aircraft are usually referenced by the Air Transport Association
(ATA) chapters. Each system is designed to perform specific functions. For instance, the flight control
system is responsible for providing the required control surface actuation. Similarly, the anti-ice system
is responsible for maintaining the wing and other components free of ice formation. The fuel system is
responsible for the safe storage and distribution of fuel. As the on-board systems weight nearly 30%
of the OEM, occupy volume in the airframe and consume all the shaft power generated by the engines;
they indeed impact the design and performance of the aircraft in different ways.

The direct impact of the systems is the effect of the off-takes they derive from the engine for their
functioning. These off-takes may be in the form of shaft power for hydraulic and electric systems, and
bleed air for pneumatic and environmental control systems. Engine off-takes contribute to nearly 5%
increase in the fuel consumption [15]. The increase in Specific Fuel Consumption (SFC) is also linear
to the shaft power off-takes. Bleed air off-takes have a higher impact on the aircraft as the bleed air
off-take decreases the core mass flow to the engine, thus reducing the engine performance as well.

Indirectly, the systems’ mass, volume and the position in the airframe cause a snowball effect on
the overall aircraft design and performance. For instance, larger actuators for flight control may require
a wing with higher thickness or a redesign of the actuator, thus increasing the OEM. This influences
the Maximum Take-off Mass (MTOM). To automate the generation of these subsystem parameters and
propagate the effects to the complementary domains, a design and analysis framework is proposed and
demonstrated in this thesis. The motivation for the development and the objectives of this researched
are presented in the following section.
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1.3. Research scope and objective

The aim of this research is to demonstrate a method which would enable automatic sizing and orien-
tation of the subsystems with the airframe from a volumetric perspective. To automate the parametric
modelling of the subsystems, the geometric parameters need to be related to the aircraft and sub-
system specific parameters. These methods need to be developed into a computer program and the
proposed framework needs to be simulated with complementary domains in an integration environ-
ment. Domains for aircraft design generation, system selection and sizing, subsystem selection and
sizing, engine sizing and mission simulation are considered in this research. Pre-existing tools at DLR
are used to perform the functions of these complementary domains. Translating these requirements,
the following research objective was defined.

aircraft design process, within a multidisciplinary environment.

Develop a framework that enables automated parametric sizing of the subsystems in an integrated

This research objective is divided into several sub-objectives

1. Develop a conceptual multidisciplinary aircraft design framework, capable of propagating the
subsystems’ parameters.

2. Develop methodologies that facilitate automatic generation of subsystems’ parametric models
based on aircraft and subsystem specific parameter.

3. Develop an object-oriented computer program based on these methodologies to automate the
design process.

4. Verify and validate the developed subsystem models with sensitivity analyses.
5. Recreate the developed conceptual design framework in an integration environment.

6. Demonstrate a case study with this framework by comparing a conventional systems architecture
to an MEA systems architecture for a short-medium range transport aircraft.

Fulfilling these sub-objectives would fulfil the main research objective, which aims at improving the
overall aircraft design process.

1.4. Overview and report structure

This chapter presented an overview on the aircraft design process and the importance of aircraft
systems sizing in the conceptual design stage. Further more, the scope of the research; developing a
framework for integrated sizing of aircraft subsystems with the aircraft was discussed and the research
objective was formulated.

In Chapter 2, the state of the art in integrated sizing of systems and volumetric modelling of aircraft
subsystems is presented. The applicability of each of the models in the conceptual design stage is
addressed. The chapter is concluded with grounds for a requirement of a novel methodology. The
proposed framework with this novelty and the implementation is introduced and elaborated in Chapter
3. The various domains of multidisciplinary design and their integration is also presented in detail. The
parametric models of the subsystems and the rules for sizing are described in Chapter 4. In Chapter
5, the validation and the sensitivity analysis of the models is presented at a system, subsystem and an
aircraft level. The case study generated with the proposed framework in presented in Chapter 6. The
conclusions of this research and recommendations for future work are proposed in Chapter 7.



State of the art

2.1. Introduction

In Chapter 1, the main objective of this research is presented along with the background information
relating to aircraft design and the vitality of integrated systems sizing with the aircraft. In this chapter,
the state of the art in integrated systems sizing approaches and parametric modelling methods of the
aircraft subsystems are discussed. Various dissertations have addressed different aspects of systems
and subsystems design. The work on integrated sizing of the systems with the aircraft is discussed is
Section 2.2 and the parametric sizing of the subsystems is discussed in Section 2.3. Each research is
described in brief and critically analysed to infer the methods, novelty and limitations which aid in iden-
tifying improvements necessary to bridge the current research gap. The observations and conclusions
of the current research along with the novelty of the current methodology is presented in Section 2.4

2.2. Integrated sizing of systems with the aircraft

Sizing the systems with the aircraft in an integrated environment was a topic of interest in the past few
years. Lammering [15] proposed a methodology to model the systems and the systems architecture.
In his research, each system was modelled as a function of mass and power consumption (based on
the mission) with semi physics based methods. Additionally, the approach also included computations
of the center of gravity of each of the system. The systems were classified based on traditional ATA
chapters.The methods were integrated with an existing aircraft design environment called Multi Dis-
ciplinary Integrated Conceptual Aircraft Design and Optimization (MICADO). This integration enables
the modelling of different system architectures. Computations of mass and power consumption of the
systems and assessing their influence on the overall aircraft design follows. Thus, different system
architectures can be generated and assessed in the early stages of design with this framework. Lam-
mering also addressed the limitations of regression based computations of the SFC which fail to take
into account the engine type though the engine off-takes were considered. Hence, he used engine
performance analysis tool called GasTurb based on which the polynomial curves were fitted. The com-
puted system properties were fed back into MICADO to resize the aircraft. The “snowball” effects of
the systems architecture on the aircraft were determined with this process as well. Lammering also
demonstrated how new technology such a hybrid laminar flow technology could be integrated and the
effects were assessed on the overall aircraft design. The methodology was validated against present
methods and literature as well, for an aircraft similar to the Airbus A320 and the other similar to the
Boeing 777. The sensitivity of the computed parameters for varying inputs was demonstrated. He
identified the trends of mass and power consumption of the systems which were influenced by system
specific parameters such as the recirculation factor of the Environmental Control System (ECS), aircraft
design parameters such as the cabin dimensions and top level aircraft requirements such as the design
range. Some of the limitations in his research were that various system architectures were not assessed
and the systems were idealised as points and virtually positioned only on a 2D axis.

To tackle the problem of systems sizing in the conceptual design, Chakraborty [16] developed a
modular environment linking system sizing and analysis with aircraft sizing, including novel system

)
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architectures for which historic data is unavailable. Rather than classifying the systems with ATA
chapters, he classified them into two groups based on their functions, namely the power consuming
systems and the power generation and distribution systems. The novel systems included equivalent
electric systems of all the conventional systems. Chakraborty presented explicit methods through which
different conventional and novel system architectures can be modelled. The performance of different
system architectures was investigated along with the variations of these parameters with the aircraft
size. The sensitivities of the performance of the novel architectures was assessed with technological
uncertainties and limitations, this can be considered as one of the salient features of this work. The
methods proposed were computationally inexpensive, semi-physics based, sensitive to technological
progress and all the inputs could be obtained at the early stages of design. However, in this research
only nine power consuming systems were considered and major systems such as the fuel system and
the galley equipment which consume high power were beyond the scope.

2.3. Parametric sizing of subsystems

Manjulury et. al. [2] demonstrated parametric modelling of flight control surfaces with a Knowledge
Based Engineering (KBE) methodology by associating a Computer Aided Design (CAD) tool (CATIA
[17]) with a knowledge base. CAD templates of the flight control surfaces were created in CATIA
based on associative modelling. This enabled a top-down assembly design, where modifications to
one component would affect the the whole system, thus reflecting the modifications on the other
components as well. The parameters of each of the parts were associated with “rules '” and "reactions
2 which could be triggered by the user by changing the input values in the user interface. For example,
the user inputs for an aileron constitute the length of the aileron, distance from the centre of the wing
etc.

This framework was integrated with the RAPID tool [18], thus allowing the generation of CAD mod-
els of the flight control surfaces for a predefined aircraft model. The framework is capable of generating
geometric models of the ailerons, elevators, rudder and flaps. The constructed surface models were
tested with different aircraft. A user interface was created with excel so as to integrate the tools and
ease the design process. Besides modelling the control surfaces, a flap mechanism was integrated
which allowed the extension and retraction of the flap with the change in actuator stroke. An aerody-
namic model replicating the CAD model was created in Tornado [19], which was capable of updating
automatically with the CAD model. This analysis determined the aerodynamic forces required to de-
flect the control surfaces. These forces were fed down to the simulation tool Dymola [20] in which
the dynamic model of the control surfaces was simulated. The dynamic model computes the force
required for actuating the actuator and feeds it to the optimiser, which then picks the best actuator
for the flap from the actuator component library, for a specific flap configuration. An excel interface
was developed to integrate the CAD tool, the aerodynamics tool and the simulation tool. This tool is
one of the first of its kind, capable of generating automatic CAD models for the flight control surfaces,
as presented in Figure 2.1. Moreover, the user interfaces enabled integration and automation of the
design and analysis, besides easing the usability of the framework. In this research, however, the di-
mensions of the flight control surfaces were not generated in an automated way from an initial aircraft
sizing method, nor the design iterated till convergence. Only the Electro Mechanical Actuator (EMA)
was considered and that was limited to the flap as well. The effects of choosing a specific actuator on
the performance of the aircraft or the influence of modelling the control surfaces in the early stages of
design were beyond the scope of this research.

Inés [3] presented a framework that enabled recurrent design and integration of the flight control
system in a short period of time. CAD templates of the flight control actuators and the associated
hydraulic system were created with a KBE methodology. This framework was integrated with the
RAPID tool [18] to enable automatic integration of the generated CAD models with the pre-existing
aircraft geometry. The methods used to create the templates were similar to the model presented in
the previous paragraph [2] . The flight control actuators, the piping, the hydraulic pump, the hydraulic

1A "Rule” in CATIA is a set of instructions based on conditional statement where the relationships between the parameters in
controlled.

2The "Reaction” feature in CATIA triggers actions such as creation, deletion, insertion, replacement, drag and drop of an object
with a change in the input parameter.
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Figure 2.1: Parametric models of the flight control surfaces [2]

tank, the regulating valve, the hydraulic accumulator, the hydraulic conductors and the Auxiliary Power
Unit (APU) are modelled in the scope of this thesis. The integrated model is presented in Figure 2.2 and
the model of the hydraulic actuator is presented in Figure 2.3. An excel interface was created to input
the parameters such as the number of actuators required for each control surface, rotary radius, length
of the actuator, definition and redundancy of the hydraulic system etc. The hydraulic actuators were
scaled based on the hinge moment required, however the scaling laws of any of the remaining systems
were not discussed. The novelty of this research is that the framework enables automatic redesign
and integration of the flight control system on changing the required parameters in the input file. This
is one of the works where CAD is used in the early stages of design to integrate the aircraft systems.
One of the limitations of this research is the use of only hydraulic actuators. In reality, aircraft use
Electro Hydrostatic Actuators (EHA) and EMAs as well. Moreover the flight control actuators were not
integrated with the flight control surfaces, if done, this would enable to assess the effects of position
and orientation based on the functionality and the available space. The scaling laws of the remaining
systems were not presented, hence it is assumed that static models were used which restrict the sizing
of the systems based on the aircraft parameters. This method presented a huge potential to assess
the effects of volume and mass of the generated systems on the overall aircraft design, however those
analyses were beyond the scope of this research.

Manjulury et. al. [4], in their work presented a framework for the parametric modelling of the
EHA and EMA for flight control. CAD templates were created in CATIA for EHA and EMA models with
KBE methods. This framework enable automatic sizing of the actuator models based on few input
parameters such as hinge moment, actuator stroke etc. The sizing of actuators was based on methods
proposed by Frischemeier [21]. The components of the EHA are the fixed displacement pump, electric
motor, accumulator and power electronics. It is assumed that the motor and the pump are positioned
in the axis parallel to the hydraulic cylinder. The accumulator is assumed as a cylinder and its volume
is determined within some limits of 1/d of the accumulator where [ and d are the length and diameter
of the accumulator. The actuator force, the maximum allowable stress in the material, the maximum
system pressure, the control surface hinge moment, the actuator hinge arm, the swept angle, the
maximum loaded velocity of the actuator, the nominal speed of the motor and the power of the motor
are the parameters required to determine the dimensions of the EHA with semi-physics based methods.
The parametrised models are presented in Figure 2.4. This was the first research which introduced a
framework to enable automatic generation and modification of parametric models of EHAs and EMAs.
Due to the complexity of the actuator models, the scope of the research was limited to just creating
a framework for the actuator models. Integration into an aircraft with the control surfaces or the
influence of the actuator properties on the aircraft design or performance were not addressed.
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Figure 2.2: Parametric model of the aircraft hydraulic system [3]

Figure 2.3: Parametric model of the hydraulic actuator [3]

Lopez et. al. [5] proposed a framework based on KBE methods for parametric sizing of the fuel
system in the conceptual design stage of aircraft. CAD templates for the aircraft fuel system were
created in this framework. The methodology allows modifications to the layout and the geometry
of the systems with few user inputs. This included generation of geometries of the fuel tanks, the
piping, the pressurisation system, the engine feed system which enabled fuel storage, engine feed,
fuel pressurisation, re/de fuelling and venting. Wing tanks, fuselage tanks and aft tanks were defined
for fuel storage. The sizing of the wing tanks is based on wing geometry and the desired combination
of fuel pumps and refuel stations. These tanks are bordered by the wing skin, front spar, rear spar and
wing ribs. The wing tank geometry is defined by 11 parameters, enabling geometries and configurations
similar to the ones seen in contemporary civil aircraft. The method enables sizing of two types of fuel
pumps, centrifugal and cartridge canister types. The transfer pumps are defined by 4 parameters
for geometry and 2 parameters for positioning. The fuel pump is modelled with 9 parameters. One
parameter for pump type , one for redundancy, 6 for sizing and positioning one pump and one more
to position the second pump. A single refuel station can be added with one parameter. The position of
the main central tank was defined relative to the wing reference planes and origin. The fuel tanks are
bordered by the inner surface of the fuselage and the central wing box. Feed pumps can be specified
in a particular tank and the cross-feed connections automatically connect to it. The redundancy of the
feed pump can be set with a parameter. The transfer pumps are present in the central tank and can be
moved and placed with 5 parameters. The tail tanks are bordered with the stabiliser surface and the
rear spar. The transfer pumps can be placed anywhere in the tank, provided they are attached to the
bottom surface. Cross-feed piping was also an integral part of this research. During the condition of
an inoperative engine(s), it is required for the fuel available elsewhere to be utilised by the operative
engine(s), this is the function of the cross-feed system. This is done by connecting the feed pumps
of different tanks. One of the four configurations can be selected with a single input based on the
requirements. The system piping length can also be determined within this method. A transfer system
connects every tank of the aircraft with each other through their transfer pumps. The venting system
is represented by two surge tanks outboard the wing and a rectangular surge box, the size and position
of which can be modified by the user. For all the fuel tanks, besides analysing the fuel capacity of a
fully filled tanks, the possibility of analysing a partially filled tanks at a specific attitude and propagating
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Figure 2.4: Actuator models [4]

its values for stability analyses is discussed as well.

This framework was integrated with RAPID [18] to enable the instantiation of these components as
seen in Figure 2.5 in a pre-existing aircraft geometry created by the tool. The parametric definition of
the fuel tank was capable of propagating throughout the design stages. The automatic generation of
CAD templates of the fuel system based on input parameters is the first of its kind. The fuel system
model is very complex as well, covering most of the functions of the system and the components
related to it. The ability of the framework to generate different configurations and extract data such
as the fuel capacities at different filled fractions at different attitudes and the length of the piping is
novel as well. The mass and position of the fuel tanks play an important role in the aircraft sizing.
However, in this research the effects of different fuel tank configurations or material of the fuel tanks
on the aircraft design were not assessed, though the possibility of assessing the influence of the fuel
capacity was discussed.

Fuchte et. al. [6] in their research, developed a tool for the placement of systems inside the aircraft’s
fuselage. The objective of this research was to estimate the effects of location of certain systems on
system routing. It was claimed that this determination of the various possibilities of the system routing
would enable to make better predictions for the weight and the geometry of the aircraft. The system
components and the connectors were placed in the fuselage based on knowledge patterns. Within the
scope of this research, the environmental control system, the water and waste system and parts of
the electrical power system were placed in a detailed geometrical model of a fuselage. The effects of
changing architectures of the fuselage systems were presented as well. The fuselage model considered
has detailed structural components including the cabin with the fixtures and the overhead stowage bins.
The fuselage model was in the Common Parametric Aircraft Configuration Schema (CPACS) format, thus
enabling interaction with different supporting tools. The large components such as the mixer unit, the
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Figure 2.5: Fuel system generated by RAPID [5]

water and waste system and the power tanks were restricted in their placement to only a few possible
locations. Hence, different architectures were made with the combination of the possible positions of
these systems. These positions were considered based on design rules from previous aircraft. The
possible locations for the mixer unit were in front of the main wing box and behind the landing gear
bay. The possible locations for the water and waste tanks were in the rear of the fuselage, between
the cargo hold and the pressure bulk head.

The connections between the placed systems were routed based on a path finding algorithm. Each
connection was defined by a start and an end point. The path finding algorithm then finds the route in
the available location and blocks the required volume at each frame location. The areas are separated
into squares of 2.54 cm length, forming a 2-D matrix. The algorithm then, based on the mapped field
determines if a block is free or occupied and if free, if it is sufficiently large to place the duct. One
of the assumptions is that each duct occupies a square field and the minimum cross section required
for a duct is the area of a single cell of the matrix. The generation of ducting for the ECS and the
water and waste system was demonstrated with this method. One of the configurations is presented

in Figure 2.6.
'!/' Ji.;r’“
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Figure 2.6: Placement of fuselage components [6]

To demonstrate the usability of this model, a few case studies were presented. For the ECS, it
was assumed that the aircraft has two temperature zones. Three different ECS architectures were
considered based on the placement of the mixing unit. In the first, the mixing unit of the ECS was
placed in front of the wing box, in the second behind the main landing gear and in the third, just in front
of the main bulk head. The possibility of varying temperature zone locations or the placement of the
engines (wing mounted or fuselage mounted) was the reason for these configurations to be considered.
Similarly, the possible locations of the power centre were also varied. Possible locations were the front
section of the fuselage just below the cockpit and the section of the fuselage just behind the main
landing gear bay. The power centre is connected to local distribution centres and to the generators.
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The first systems architecture for the case study was with the mixer unit in the front of the centre
section, the water and waste tanks at the rear in front of the aft bulk head and the power centre in
the front, below the flight deck. The ECS ducting was with local riser ducts with feed lines below the
cabin surface. This layout is analogous to that of an A320. The second architecture considered was
with mixer unit in the aft, behind the main cargo hold, the fresh water tanks in the front , the waste
water tanks in front of the centre wing box and the power centre behind the main landing bay as seen
in Figure 2.7. The ECS ducting was with two main riser ducts. For the two architectures presented,
the surface area and length of the ducting for each of the system was assessed as it correlates with
the weight. Based on the results presented, it was inferred that the second architecture lead to higher
ducting surface areas for the ECS and the water and waste systems. Besides, the ducting length and
the surface area for increasing the number of temperature zones from 1 to 3 was also presented. It
was inferred that with increasing the number of temperature zones, the complexity of the ECS would
increase but the weight penalty due to the increased ducting would be minimal. This method enabled
the assessment of different system architectures in the initial design stages. However, this method
was limited to only determining the incremental ducting surface areas for different configurations of
three systems in the fuselage. The architectures were considered for only a single aircraft with fixed
geometry, this limits the flexibility of the tool to assess the impact of configuration on aircraft with
different geometry. The method even lacks coupling with complementary tools to assess the overall
impact of the architectures.

ECS Mixing Unit

Potable Water Tanks

Figure 2.7: Varying the position of fuselage components [6]

Anti-ice systems were seldom addressed from a design perspective in the aircraft conceptual design
stage in previous research. However, a few design, analysis and optimisation studies [22-25] provide
insights into the preliminary geometry of these systems. The piccolo tube system consists of a tube
with holes aligned along the wing span inside the slat close to the leading edge. Bleed air at high
temperature is passed through the tube. This hot air gets impinged on the leading edge of the slat
through the holes in the tube, thus heating the leading edges of the slat, maintaining the desired surface
temperature. The cross section of a Piccolo tube is presented in Figure 2.8a . In an electro-thermal
anti-ice system, a heating strip is stuck on the leading edge of the slat along the span. The heating strip
works on the principle of electro-thermal heating. The geometry of a typical electro-thermal heating
element is presented in Figure 2.8b.
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Figure 2.8: Anti-ice system models

2.4. Observations from the literature and the novelty of the pro-
posed methodology

Based on the observations from the state of the art, some conclusions are drawn which would aid in
determining the present research gap and thus identify the need for a novel approach. The observations
are summarized in the following table (Table 2.1).

Literature - RAPID °
m Chakraborty [16] Lammering [15] (21, 131, [41, [51) Fuchte [6]

FCS, ECS, AIS,

Systems LGS, TRS, EPGDS, ATA-100 FCS, FUS ECS Ducting
HPGDS, PPGDS, EPGDS
Integrated sizing * v v - -
Parametric modelling - - v’ v’
Case study ° v v - v
Systems’ mass v’ v’ v’ v’
Systems % v ) ]

power consumption

Table 2.1: Summary of the state of the art

The observations made in Table 2.1 are summarized as follows.

1. Geometry, similar to other subsystem parameters such as mass and power consumption, changes
rapidly during the aircraft sizing process. Thus, it is required that this geometric change of
the subsystems is propagated to other domains to enable the sizing if the aircraft with these
considerations.

2. Present methods are stand-alone templates that generate CAD models of the specific subsys-
tems based on KBE methods. Accurate geometries can be generated with ease, provided the
dimensions and other system specific parameters are know. This is of advantage during the late
preliminary design stage when more information regarding the design is exposed. This limits the
usage of these methods during the initial sizing in the conceptual design stage.

3. The geometry generated during the conceptual design stage is not for manufacturing and just
for sizing and visualisation. Hence detailed modelling of the components is not required.

4. The state of the art only consists methods for automating the geometric modelling of specific
subsystems. However, the effects of the geometry on the overall design and performance of the

3Research limited to on-board systems
“Multidisciplinary design with propagation of parameters, enabling snowball effects
5Case study with quantitative results
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5.

aircraft from a subsystem, system and aircraft level was beyond the scope of the prior research
as the methods were never integrated into a multidisciplinary aircraft design process.

A single model that determines the geometry, mass and power consumption of the subsystems
doesn't exist. Uniting these methods under a common platform would facilitate easy integration
of the methods into the aircraft design framework.

To overcome the discussed limitations, the unique aspects of this research are the ones that the
previous research has never addressed or addressed to an insufficient level. Some of the novel char-
acteristics of this research are presented:

1.

To size the subsystems accurately within the available volume, it is required to consider all the
subsystems within a control volume such as all the wing subsystems or all the fuselage subsys-
tems. In this thesis, the considered control volume is the wing (and the empennage).

. To integrate the methods into the overall aircraft design process, a process is developed in the

scope of the current thesis to determine the required systems and subsystems; constituting the
systems (and subsystems) architecture. This eliminates the time consumed for manual selection
and contributes in automating design decisions as well. In this thesis, the design decisions are
stored in a knowledge base which facilitates automatic systems, subsystems and architecture
selection based on minimal input parameters.

. The wing subsystems comprise the fuel tanks, the flight control actuators and the anti-ice ele-

ments. Existing methods support the sizing of the flight control actuators and the fuel tanks,
however new methods are developed in this research for sizing the anti-ice elements.

The sized parametric models of the subsystems are positioned and oriented in the airframe to
assess the volumetric effects and gain space allocation knowledge.

. To avoid intersection of the subsystems in the airframe, a methodology is developed to detect

the intersections, thus enabling the designer resize/reposition the subsystems, based on this
knowledge.

. Fuel tanks can be placed in the wing, in the horizontal stabiliser or in the fuselage. Besides manual

selection, a methodology for iterative sizing and positioning is developed. This method considers
parameters such as the available volume in the airframe, required fuel mass to accommodate
and the possible locations for the fuel tanks.

Due to the gradual increase of electrification of aircraft systems, the equivalent electric subsystem
models are developed as well.

. The influence of the parametric models can only be quantified if sized simultaneously with the

aircraft within an integrated multidisciplinary framework. This is the main focus of this research
and is demonstrated by a case study with the proposed framework.

2.5. Chapter summary

From the conclusions drawn based on the state of the art, it is evident that a novel methodology is
required to integrate the subsystem sizing methods in the overall aircraft design process. The limitations
of the present methods are addressed along with the required novelty to overcome this research gap.
Based on these conclusions, the novel framework developed as a part of this research, along with the
development of the parametric sizing domain is presented in the following chapter.






Approach

3.1. Introduction

In Chapter 2, the state of the art in parametric modelling of subsystems and integrated systems sizing
with the aircraft design are discussed. The chapter is concluded with the limitations of the current
methods and the necessary novelty of the proposed framework. In this chapter, the proposed frame-
work in this research is introduced and described in detail. The concept of integrated parametric sizing
of subsystems with the aircraft is presented in Section 3.2. The assumptions and the subsystem models
developed in the scope of this research are discussed in Section 3.3. The development of the subsys-
tems sizing domain, which is a corner stone of the proposed framework is presented in Section 3.4. The
implementation of the proposed framework, with the respective enablers is described in Section 3.5.
The chapter is summarised in Section 3.6.

3.2. Integrated parametric sizing approach

The integration of a specific domain, such as subsystems sizing in the aircraft design process in highly
challenging as the design process is multidisciplinary. The introduction of a new subsystem causes a
change in the performance of the aircraft and so to the design. The design needs to be recomputed
amongst various domains till the design convergence is reached. Different aircraft design frameworks
exist to facilitate this process. Multi Disciplinary Design Optimisation System (MDOPT) by Boeing [26],
DesignCompiler 43 by the University of Stuttgart, Collaborative Application Framework for Engineer-
ing (CAFFE) [27] and Design Engineering Engine (DEE) from TU Delft [28] are some frameworks that
enable multidisciplinary aircraft design. DEE, in specific is focussed on integrated parametric sizing
and analysis of the aircraft (and components) with KBE methodologies. KBE methodologies need tools
called KBE tools which are capable of generating and manipulating geometry. A KBE tool is a platform
which combines the parametric modelling capability of a CAD tool with programming capability [13]. A
framework, similar to DEE is proposed in this research, in specific for parametric sizing of subsystems.
However, the framework is demonstrated with an initial conceptual sizing approach. This keeps the
geometric sophistication at minimum and individual subsystems’ configurations fixed, thus eliminating
the need for specific KBE tools. However, the framework can be adopted with KBE methodologies as
well, with an MMG (Multi Model Generator) capable of subsystems sizing. The overview of the proposed
framework is presented as a flowchart in Figure 3.1. Each of the domains is described in the following
subsections.

Top Level Aircraft Requirements (TLAR) are the set of requirements for the aircraft which are
decided by the aircraft producing organization. These requirements are often derived for configuration,
payload, range, operating costs and emissions. Requirements such as payload, range, take-off field
length, service-ceiling and cruise mach number relate to the performance requirements. The payload
requirements consist parameters such as the number of passengers or payload mass. The requirements
can be extended to system and subsystem specific requirements, engine requirements and mission re-
quirements. Some of the driving parameters for these requirements include technological progress,
competition, demand and regulations. Airlines, government, airports and the regulating authorities are

15



16 3. Approach

Aircraft design generation

TLAR Weights and balance estimation

Wing and fuselage parametric models
Propulsion parameters
Performance parameters

]

Systems selection and sizing

A

HON =

Performance and geometry
requirements

Range

Service ceiling

Cruise mach number
Take-off field length

Wing and fuselage geometric
parameters

Systems architecture
2. Systems’ mass and power consumption

'

Subsystems selection and sizing

i
I
'
'
'
'
'
'
|
'
I
'
'
'
'
'
'
I
'
'
I
'
'
'
'
'
'
I
'
'
I
'
'
'
'
'
'
I
1
I

Subsystems architecture ! Converged?

Subsystems’ parametric models '
! Yes
'
I
'
'
I
'
'
'
'
'
'
I
'
'
I
'
'
'
'
'
'
I
'
'
I
'
'
'
'
'
'
I
I
'
'
'
'
'

R ON =

Payload requirements

1. Payload mass

Subsystems’ mass, power consumption A

and volume

Engine sizing

Mission requirements

1. Mission profile

Ve
System and subsystem

specific requirements

\ 4

Converged
aircraft design

Engine performance maps
2. Fuel consumption per altitude-mach
number

N

Component efficiencies
2. Performance parameters
\_ 3. System requirements J

v

Engine requirements Mission simulation

Engine requirements
Propulsion parameters
Performance parameters

1. Mission fuel mass

WN =

WN =

Figure 3.1: Framework of the sizing methodology

some of the major stakeholders that influence the driving parameters of the requirements.

Aircraft design generation follows the TLAR. This design consists of aircraft geometry, mass
estimations, aerodynamic, structural, propulsion and performance parameters. The parametric models
of the lifting surfaces and the fuselage constitute the aircraft parametric model. The mass estimations
constitute the maximum take-off mass, operating empty mass, payload and fuel masses with their
compositions. The lift to drag ratios and the respective aerodynamic coefficients constitute the aero-
dynamic parameters. Thrust requirements at different stages such as at take-off, cruise and landing
comprise the propulsion requirements. This is the first conceptual design model estimated from TLAR
with statistical data and handbook methods.

System selection and sizing is the domain in which, the on-board systems for the aircraft are
selected and sized. Based on the the systems requirements, TLAR and the aircraft design parameters
determined in the previous domain, the required systems and the actuation mechanism for each sys-
tem are selected. This constitutes the systems architecture. Consequently, each of the systems in the
architecture is sized to determine the mass and power consumption at system and architecture level.
The power consumption constitutes the electrical power, hydraulic power and bleed air requirement.

Subsystem selection and sizing is the core domain developed as a part of this thesis. The sub-
systems for each of the systems in the systems architecture are selected and sized in this domain. The
subsystems selection, similar to the systems selection depends on the subsystem specific requirements,
TLAR and the aircraft design parameters. With the subsystems architecture, each of the subsystem is
then sized to compute the parametric model, geometry, mass and power consumption. The parame-
ters are determined at subsystem level and architecture level as well. The development of this domain
is presented in Section 3.4
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In the Engine sizing domain, the aircraft engine is sized and simulated to generate the perfor-
mance maps. Besides the engine requirements, aircraft propulsion parameters (computed in the initial
sizing process such as the maximum thrust) and the systems off-takes such as the overall shaft power
and bleed air requirement (computed in the preceding domains) are vital to determine the engine pa-
rameters. One of the major parameters computed in this domain includes the fuel consumption of the
engine for the design mission.

In the Mission simulation domain, the aircraft is simulated for the flight mission defined in the
initial requirements with the major aim of determining the mission fuel consumption. This translates
into the mission fuel mass. Besides the mission requirements; the aircraft parametric model, design
masses, performance parameters, engine performance map and aerodynamic parameters are required
to determine the required fuel mass for the mission.

Within the framework, the design parameters are generated and propagated through each of the
domain, with the domains with higher fidelity methods replacing the parameters computed by the initial
estimations. The design is iterated till the MTOM is converged.

The framework is represented as a Design Structure Matrix (DSM) in Figure 3.2 to better present
the interconnection amongst the domains involved. The black squares represent the interaction of the
parameters and the dotted border represents design iteration. The DSM is recreated in Chapter 6 with
the specifics of the parameters exchanged in the presented case study.
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Figure 3.2: Design structure matrix of the framework

Summarising the DSM; with the intial design generated with the TLAR, the aircraft parametric
model ' and geometric parameters are propagated to the systems selection and sizing domain. The
on-board systems architecture, mass and power consumption are determined and propagated to the
subsystems selection and sizing domain. Here, the mass and the power consumption of the subsystems

1The parametric models of the fuselage, wing, horizontal tailplane and the vertical tailplane, are referred to in this thesis as the
aircraft parametric model.
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are computed and replaces the specific systems’ parameters computed in the prior systems selection
and sizing process. The recomputed power consumption is propagated to the engine sizing domain
and the overall masses are recomputed based on the systems’ mass computed by the higher fidelity
methods. The engine is sized with these power requirements and simulated, thus generating the
propulsion performance maps which are successively propagated to the mission simulation domain.
With the aerodynamic performance maps, aircraft parametric model and design masses from the initial
sizing process, the propulsion performance maps from the engine sizing, the mission simulation domain
calculates the required mission fuel. This is replaced with the fuel mass computed during the initial
sizing process, thus changing the MTOM as well. This process continues till convergence of the MTOM
within a specific tolerance is reached.

3.3. Subsystem models and assumptions

Flight control actuators, fuel tanks and anti-ice elements are the only subsystems considered within the
scope of this thesis. These constitute most of the wing subsystems, together occupying nearly 80%
of the overall wing volume and 60% ° of the wing mass.

The following assumptions are made to integrate the theory and develop the subsystems sizing
domain as a part of the proposed framework.

1. Subsystems such as the wiring and ducting are not considered due to the complexity involved in
the routing and their dependency on the power distribution centres located in the fuselage.

2. The geometrical sophistication will be minimal as the main requirement from geometry in this
study is to estimate the volume, parametric model and to determine the volume allocation of
the subsystems in the airframe. Analysis capability, manufacturability and assembly are not the
requirements of the subsystems’ parametric models at this stage and hence ignored.

3. The actuator configurations are fixed and hence independent of the control surface. In practice,
actuator configurations are specific to the actuating control surface. For instance, the EHA of a
horizontal stabiliser is different in configuration relative to the EHA of an aileron. In this thesis,
the configurations are fixed as the focussed design stage is conceptual and early preliminary.

3.4. Development of the subsystems sizing domain

To transform the concept of subsystems parametric sizing presented in the previous sections to usable
models, two major enablers have been utilised. Firstly, to integrate all the methods into a re-creatable
framework in computer programs, a schema is selected. A schema is a data format that enables easy
interpretation of data by computers and humans. This standardises the design process. All the data in
this framework is wrapped with this schema, which is unique to aircraft design. The subsystem sizing
methods have been developed into an executable computer program, which automates the parametric
sizing process, based on the aircraft level and subsystem specific requirements. The schema and the
framework of the sizing tool are presented in the following subsections. The parametrisation of the
subsystem models and the theory for sizing the subsystems is presented in Chapter 4.

3.4.1. Common Parametric Aircraft Schema

Common Parametric Aircraft Configuration Schema (CPACS) ([31], [32]) is an open-source Extensible
Mark-up Language (XML) schema developed by DLR to assist multidisciplinary conceptual and prelim-
inary design of aircraft. CPACS can hold the product, process and analysis data and hence enables
data exchange amongst various tools. CPACS is the chosen data format in this thesis due to its flexi-
bility of holding parametric data and its compatibility with various complimentary in-house (DLR) tools
implemented in this research. A part of the schema is presented in Figure 3.3.

The data of a specific component is stored in its respective ontology. For instance, all the geometric
and parametric modelling data of the wing is stored as a "wing” ontology. Besides structuring the file,
the use of ontologies also enables the reuse of these components at different locations in an easier way.
This data can be interpreted or written with the help of supporting tools that wrap the data in the CPACS

2Estimated based on the volume allocation equations and product catalogues from literature ([29], [30]) .
3Estimated based on the mass breakdown equations from literature ([11], [16]).
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Figure 3.3: CPACS Schema

format. VAMPzero [33] and TIGL [34] are two such tools. TIGL enables visualisation of the geometry in
the CPACS file. TIGL viewer is an open source geometry interpreter for CPACS files, developed by DLR.
The geometry library developed in this tool uses the OpenCASCADE software, an open source 3D CAD
development platform. The geometry generated can also be exported as IGES/STEP files from TIGL,
which can then be interpreted in most of the CAD software. The parametric models of the aircraft and
the generated subsystems are visualised in this thesis with TIGL viewer. A sample geometry generated
by TIGL viewer by interpreting a CPACS file is presented in Figure 3.4.

Figure 3.4: Geometry visualization of CPACS file in TIGL viewer

3.4.2. Framework of the sizing tool

Systems Model Generator (SMG) is the tool developed as a part of this thesis. The tool is developed
in the programming language Python with an object-oriented methodology. The parametric data is
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wrapped with the CPACS schema. The tool is developed such that the whole (selection and sizing)
process is automated and the required tool settings can be changed through respective slots in the
input file. The working of the tool can be split into five major stages, namely the input, subsystems
architecture selection, subsystems sizing, intersection detection and output. The sizing process of the
tool is presented in Figure 3.5.
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Figure 3.5: Algorithm of SMG

The Inputs consist of the subsystem specific parameters such as the architecture requirements,
component efficiencies and the overall aircraft parameters computed in the initial design stage. The
input file is in the CPACS format, with the system specific inputs in the toolspecifics slot of the file.

The Subsystems architecture selection is based on two inputs, aircraft type and technology
level. This selection is done based on the “"Knowledge Based System Selection (KBSS) and Knowledge
Based Subsystem Selection (KBSUS)” concepts. The subsystems and the architectures can also be
manually set by changing values for each subsystem individually in the input file, however this would
result in a slightly higher setup time. The subsystems architecture is computed at this stage. This
concept is further elaborated in Subsection 3.4.3.

In the Subsystems sizing process, each of the required subsystem from the architecture require-
ment list is sized to determine the mass, power consumption, parametric model and its orientation in
the airframe. The current methods are capable of sizing the flight control actuators, anti-ice elements
and the fuel tanks for the aircraft. This is further expanded in Subsection 3.4.4.

In the Intersection detection stage, all the parametric models, the subsystems models in the air-
frame and the aircraft parametric model are verified against each other to check for any intersections.
The names of the subsystems with intersections are written to the output. This knowledge gives the
designer an opportunity to resize, reposition or eliminate the intersecting components. This process is
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elaborated in Subsection 3.4.6.

The Output constitutes all the outputs computed. These include the subsystem and architecture
level parameters, which get written as an output XML file in the CPACS format. This file can be
interpreted through supporting tools such as TIGL to observe the parametric models of the subsystems
in the airframe and can be edited in parallel through an XML editor to make any modifications to
geometry and/or orientation.

3.4.3. Knowledge based system and subsystem selection

Based on common terminology and knowledge from previous aircraft, rules have been derived and
stored in the program as accessible dictionaries. With this availability, the required architecture is se-
lected with the dictionary keys. The systems and subsystems that a specific aircraft requires depend
on the functions the aircraft is required to perform. These functions are nearly similar for a specific
type of aircraft. For instance, all civil transport aircraft systems need to facilitate flight control, com-
munication, navigation, environmental control, protection of the wing surfaces against ice and rain and
provision of emergency power. Hence, it is mandatory for civil transport type of aircraft to have the
systems that perform these functions. Similarly, a Medium Altitude Long Endurance (MALE) Unmanned
Aerial Vehicles (UAV) for surveillance needs defence related systems such as advanced radars and Infra
Red (IR) cameras, besides the mandatory flight control and navigation systems, while not requiring
an environmental control system. Hence, the required systems can be selected for a specific type of
aircraft with a single input of “Aircraft Type”. This is presented as a table in Table 3.1. However, as only
three systems are considered in this thesis for the subsystems domain, the scope of KBSS is reduced
as presented in Table 3.2. As seen from the table, there is no difference with incorporating KBSS but
the functionality is incorporated so as to facilitate future developments of the tool when extended to
more systems and aircraft configurations.

Based on the selected systems, the subsystems with the required quantity will be selected for each
of the systems. This is done with the KBSUS process. The KBSUS in the scope of this thesis is presented
in Table 3.3 and Table 3.4. Subsystems of the flight control system constitute the flight control actuators
of every control surface. The presence of a control surface actuator is determined by the presence
of the control surface. Typical MALE UAVs do not constitute secondary flight control surfaces, hence
these actuators are assumed to be absent. Anti-ice elements of the wing are the subsystems of the
anti-ice system. The anti-ice elements are present in most types of aircraft depending on the flight
level and operating environment. The subsystems of the fuel system constitute the wing fuel tanks,
the fuselage fuel tanks and the empennage fuel tanks. The fuel storage on MALE UAVs is only possible
in the fuselage due to the thinner profiles of the wing and the empennage, thus explains their absence
in the table.

Aircraft
Type | Civil | UAV | Fighter

System

FCS Yes | Yes | Yes
FUS Yes | Yes | Yes
ECS Yes | No Yes
LGS Yes | Yes | Yes
AIS Yes | Yes | Yes
TRS Yes | No Yes
GALEQ Yes | Yes | Yes

Table 3.1: Knowledge Based System Selection

The subsystems can be powered with different power sources. For example, the flight control
actuators can be actuated with hydraulic power or electric power or a combination of both. This
actuation is unique for each make and model. For instance the flight control system of an Airbus
A320 uses hydraulic actuation [35] while that of a Boeing 777 uses hydraulic and electric actuation
[36]. To ease the actuation selection for each component, predefined architectures are stored in the
program, which are then selected with a single input called “Technology Level” (TL) . Six architectures
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Aircraft
Type | Civil | UAV | Fighter
System
FCS Yes | Yes | Yes
FUS Yes | Yes | Yes
AIS Yes | Yes | Yes

Table 3.2: Scope of Knowledge Based System Selection in this thesis

Aircraft
Type | Civil | UAV | Fighter

Subsystem

Aileron actuators Yes | Yes | Yes
Elevator actuators Yes | Yes | Yes
Rudder actuators Yes | Yes | Yes
Spoiler actuators Yes | No | Yes
THS actuators Yes | No Yes
Flap actuators Yes | No | Yes
Slat actuators Yes | No | Yes
Anti icing elements Yes | Yes | Yes
Wing fuel tanks Yes | No | Yes
Fuselage fuel tanks Yes | Yes | Yes
Empennage fuel tanks | Yes | No | Yes

Table 3.3: Knowledge Based Subsystem Selection

Subsystem Number | Basis

Aileron actuators 4 2 per control surface
Elevator actuators 4 2 per control surface
Rudder actuators 3 3 per control surface
Spoiler actuators 10 1 per control surface
THS actuators 1 1 per control surface
Flap actuators 8 2 per control surface
Slat actuators 8 2 per control surface
Anti icing elements 4 1 per slat

Wing fuel tanks 2 1 per wing

Fuselage fuel tanks 1 1

Empennage fuel tanks | 2 1 per horizontal tail surface

Table 3.4: Number of subsystems

are stored, varying from technology levels 1-6 as presented in Table 3.5. In the table, “E” stands
for electric power, “"EH" is a combination of electric and hydraulic power, *H” is hydraulic power and
“P" is pneumatic power. TL 1 is an all-electric subsystems architecture with total electrification of the
flight control system, anti-ice system and the fuel system, while a TL 6 is a conventional subsystems
architecture; with a hydraulic flight control system, pneumatic anti-ice system and electric fuel system.
TL 2-5 are between conventional and all-electric subsystems architecture of TL 1. TL 2 constitutes all-
electric subsystems architecture (similar to TL 1) with the flight control actuators replaced with EHAs.
TL 3 is an MEA subsystems architecture with all-electric flight control system (EMAs) (elimination of
hydraulic system) and retention of pneumatic system for bleed-air anti-ice. TL 4 is an MEA subsystems
architecture as well, however the hydraulic system is retained for flight controls but the pneumatic
system is eliminated as the anti-ice system is electrified. This is similar to the architecture of the
Boeing 787. TL 5 is similar to TL 3 i.e. an electric flight control system and a pneumatic anti-ice system
with an exception of the EMAs replaced with EHAs. With increasing the subsystems in the future or
by defining different actuation for each flight control actuator, there is a possibility of a large number
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of combinations for the technology levels (architectures), but in the scope of this thesis, only the 6
technology levels presented are defined for automatic selection. However, there is also a possibility
to set the actuation of each subsystem manually to define the required architecture. The concept of
technology level is introduced to standardise architectures and to enable the selection of the systems
and the subsystems architectures for an aircraft just two inputs; “Aircraft Type” and “Technology Level”.
This concludes the subsystems architecture selection process.

Technology

Level | 1| 2 31415 6
Subsystem
Aileron actuators E{EH|E|H|EH|H
Elevator actuators E|EH|E|H|EH |H
Rudder actuators E{EH|E|H|EH|H
Spoiler actuators E|EH|E|H|EH|H
THS actuators E|EH|E|H|EH |H
Flap actuators E|EH|E|H|EH|H
Slat actuators E|EH|E|H|EH|H
Anti icing elements E|E PIE|P P
Fuel system E|E E|E|E E

Table 3.5: Architecture based on technology level

3.4.4. Sizing individual subsystems

The sizing of each subsystem is independent of the other, thus is performed in parallel following the
subsystems architecture selection process. Five sizing algorithms are defined, based on the unique
parametric modelling requirement of each of the subsystems. Algorithms for actuator sizing, wing
fuel tank sizing, fuselage fuel tank sizing, hot-air anti-ice element sizing and electro-thermal anti-ice
element sizing are defined and elaborated in this subsection. All the parameters are computed based
on rules, relating the required parameters to the inputs. Hence, the whole process is automated with
the inputs defined in the input file. The parametrisation and the specific rules for sizing each subsystem
are presented in Chapter 4.

The sizing process of the three actuators is similar and can be split into four sub-processes, as
observed in Figure 3.6. With the actuator requirements defined parsed as input, first, the mass and
power consumption of the actuator is computed. Successively, the geometry of the components and
so of the subsystem is determined. Based on the control surface position, the orientation of the model
is fixed. A generic geometry file for each actuator is already pre-defined as a schema in the tool. The
tool, clones the generic geometry file of the specific actuator, replaces the dimensions of individual
components to the computed dimensions and saves this data schema to the final output file. This
generic geometry file serves as a blue-print, thus enabling to create any number of subsystems each,
with its unique parameters. The whole process repeats for every single actuator required, specified in
the requirement.

The wing fuel tanks are integral, and hence modelled from the parametric model of the wing. As
seen in Figure 3.7, firstly, the wing parametric model is cloned and thus acts as a blueprint. The
coordinates of all the airfoils that comprise the wing are extracted from the wing model. Each airfoil
profile of the clone is then modified by slicing it from the leading edge and the trailing based on the
front and rear spar positions as a fraction of the local chord, defined in the requirements®. The wing
is then rebuilt with these replaced profiles, from the root to tip, defined as a fraction of the wing semi-
span from the fuselage surface, defined in the requirements. The generated parametric model in the
schema is saved to the final output file. The mass of the tank, occupying volume, material volume and
fuel mass capable are computed as well based on the data from the parametric model generated. The
process is similar for the empennage fuel tank as well, with the Horizontal Tail Plane (HTP) parametric
model serving as a blue-print for it rather than the wing.

The fuselage fuel tank sizing is dependent on the parametric model of the aircraft for its size and
position. As seen in Figure 3.8, the sizing process is similar to that of the actuators, where a generic

4The required profile is the central section.
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geometry file is cloned, edited and propagated to the output. If the fuselage fuel tank is a central tank,
it is placed at the center of the wing. If the tank is an add-on, it is placed in the fuselage at the required
fraction of the fuselage length, specified in the requirements. Parameters of mass and volume, similar
to the wing fuel tank are computed based on the parametric model.

The hot-air anti-ice element is sized similar to the actuators with a generic geometry file cloned and
edited, based on the computed geometry. This is evident from the flowchart is Figure 3.9. Based on
the requirements, the power consumption is firstly computed. Successively, the geometric parameters
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Figure 3.8: Sequence flowchart of the fuselage fuel tank sizing process

of the element are computed and based on the wing position from the aircraft parametric model, the
subsystem position is determined. The data of the parametric model in schema is written to the output
file. Based on the parametric model, the occupying volume, material volume and material mass are
computed as well.

The electro-thermal anti-ice element is defined as a thin strip surrounding the leading edge of
the wing. As the strip is placed on the wing leading edge, it is an aerodynamic design requirement
for its profile to blend in. Hence, the wing parametric model is required to generate the parametric
model of the electro-thermal anti-ice element. The process is presented in Figure 3.9. Similar to the
sizing process of actuators and hot-air anti-ice element, the power consumption of the elements is first
determined. The wing parametric model is then cloned, and similar to the wing fuel tank, the airfoil
profiles are extracted and modified. The modifications are made such that the airfoil profile is sliced
from the leading edge, with the chord as a fraction of the wing local chord, computed in the sizing
process °. The volume and mass of the elements is determined based on the data from the parametric
model and requirements of thickness and material density.

3.4.5. Automatic fuel tank sizing

In reality, while designing an airplane, the fuel tank limits nor the number of fuel tanks required
are hardly known. With the required fuel mass known, it is usually an iterative process to fix the
configuration and limits. This limits the use of the fuel tanks sizing process in an automated framework
in the tool as sizing limits are not directly related to the requirements. To overcome this limitation,
an automatic fuel tank sizing algorithm was developed which is presented in Figure 3.11. The only
requirement is the required fuel mass. With this requirement, the wing fuel tank is first sized © by
setting the start fraction to 0.1 and end fraction to 0.2. Iteratively, the end fraction is increased till
0.95, with 0.001 incremental with each run. At each iteration, the fuel mass capable is computed,
based on the tank thickness, fuel density and fill fraction and the end fraction is only increased if the
capable mass is lower than the required mass. Once the wing tank reaches its limit, an empennage
tank is created with its start fraction at 0.1 and end fraction at 0.2. The iterative sizing process is
similar to the wing fuel tank. Successively, a fuselage fuel tank is created and iteratively sized till it

5The required profile is the section from the leading edge to the chord fraction.
6The central tank is automatically created
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reaches its limit. The sizing stops at this point as all the tank limits are reached. The status of the
requirements fulfilment is written to the output. Though the core sizing algorithm stays the same, the
automatic sizing algorithm overlooks the fuel tanks sizing process by manipulating the inputs, running
the inner sizing algorithms, checking the requirements status and repeating this process till either the
requirements meet or limits reach.

3.4.6. Intersection detection

With the presence of a large number of parametric models in close proximity, there is a high possibility
that one or more of the models would intersect due to deviations in computed position, size or the
number of subsystems. Besides, in reality, subsystems are positioned/designed around an object of
obstruction. This level of detailed modelling in the conceptual and early preliminary design stages is
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quite complicated and beyond the scope of this research. In any case, it would be highly beneficial
for the designer if the tool provides this knowledge of subsystems intersection, based on which, the
subsystems could be resized, repositioned or eliminated, if required. An algorithm is developed for
this specific purpose of intersection detection, which is presented in Figure A.1 of Appendix A. With
all the parametric models in the CPACS file, the tool checks ’ all the parametric boundaries of the
subsystems models against each other (and that of the aircraft parametric model) for intersections. If
any, a dictionary is created with the names of the intersecting subsystems as seen from the flowchart
in the figure and is propagated to the output. With this knowledge, the geometries or positions of the
subsystems can be edited through the CPACS file or by changing the specific inputs and the tool can
be re-run for a re-design.

7The check is performed with a check-intersect function from the TIGL library for CPACS parametric models.
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3.5. Implementation of the framework

Within an aircraft design framework, it is required to identify the domains of interest and develop
workflows to propagate the influence of that specific domain. In this thesis, workflows are developed
to aid aircraft design with subsystems sizing, which is the proposed framework. To start developing any
component for an aircraft, the geometry of the airframe and the design data such as the mass estimates
are required. The mass estimates constitute the estimated masses of the groups such as structures,
systems, fuel, passengers etc. from which an estimated maximum take of mass is computed. This
initial design is usually generated by an aircraft design initiator. From this design data and other
requirements, the systems are selected and the mass and power consumption of these systems are
determined. This is done by an initial systems synthesis tool. The geometry of the subsystems is then
computed after which they are oriented in the airframe. Besides, the mass and power consumption
of these subsystems are computed as well. The computed power consumption is propagated to size
and simulate the engine. The engine performance maps and the aircraft design data computed in the
initial domain are propagated to the mission simulation tool which simulates the specific mission and
computes the fuel consumption for the mission. This translates into the fuel mass for the mission which
is @ major driver for the aircraft performance, emissions, maintainability and the manufacturability.

The functions of each of the domains in the framework discussed in Section 3.2 can be performed
by programs that can be executed with inputs and outputs exchange through files. The design initiator
used in this research is VAMPzero, an open-source object-oriented conceptual aircraft design tool based
on handbook methods ([37], [11], [12]). Initial system synthesis is performed by the Systems Synthesis
Module (SSM), which aids in systems selection and computations of mass and power consumption
of systems with semi-physics based methods ([15], [16]). The subsystems’ geometry is computed
by the Systems Model Generator (SMG), the tool developed as a part of this research, presented in
the previous subsection. The engine is sized and simulated by the Engine Modelling Module (EMM),
with thermodynamic relations ([38], [39]). The mission analysis is performed by the Fast and Simple
Mission Simulation (FSMS) with standard equations of motion. All the tools are developed by DLR. The
proposed framework is recreated as an executable workflow in the integration environment RCE [40],
as presented in Figure 3.12. All the data exchange is through the CPACS format. The methods used
in each of the tools are described in brief in the following subsections.

3.5.1. Design initialization

VAMPzero is an medium fidelity object oriented conceptual aircraft design tool developed in Python. It
is an open-source tool developed by DLR and was validated with different Airbus and Boeing transport
aircraft models [1]. With the TLAR defined in the CPACS format, VAMPzero generates the initial design.
This consists of the aircraft mass breakdown, performance data and geometries of the fuselage, wing
and the tail. The masses include the design masses, the payload masses, the fuel mass and the
OEM. The design masses include the MTOM, Zero Fuel Mass (ZFM) and Zero Landing Mass (ZLM). The
payload masses constitute the passenger and the cargo masses. The OEM constitutes the mass of
the structures, power unit, systems and furnishing. VAMPzero can also be configured to compute only
the desired parameters while keeping the rest constant. In this thesis, as the systems sizing would
be performed by other tools (SSM and SMG), the systems mass requirement initially is configured
such that it is unchanged by VAMPzero. The initial estimate would be made by empirical relations and
successively, it would be replaced by computation from SSM and SMG. VAMPzero, in this thesis will
also be used for design initialization and successive iterations to recompute all the parameters. This
process loops till convergence is reached.

3.5.2. Systems selection and sizing

In this thesis, SSM is implemented for the initial systems selection and sizing. SSM models the power
consuming, power producing and the power distributing aircraft systems with semi-physics based meth-
ods [16]. The power consuming systems constitute the on-board systems which consume hydraulic
power, electric power or bleed air. The power producing systems are the generators which produce
electrical power and hydraulic power from shaft power of the engine. The power distributing systems
constitute the pneumatic ducting, hydraulic piping and the electrical wiring from the power generators
to the consumers. The subsystems are categorised into seven groups and include a vast majority of
the on-board systems. The seven systems that are modelled with SSM are the flight control system
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(FCS), environmental control system (ECS), landing gear system (LGS), anti-ice system (AIS), galley
equipment (GALEQ) and the power generation and distribution system (PGDS). The mass and power
consumption of the remaining systems (Misc) are considered as miscellaneous additions. Besides the
conventional hydraulic and pneumatic actuation, the systems can also be modelled with electric actu-
ation. The parameters are computed by a combination of energy equivalence, component break down
and regression based methods from literature. The output of SSM constitutes the systems architecture,
the total mass of the systems, the total shaft power consumption and the bleed-air consumption at
system and architecture level. The modelling basis for each of the systems is described in brief and
the cited literature can be referred for a deeper understanding.

Flight control system

The flight control system constitutes actuators of primary and secondary flight control surfaces. The
aileron, elevator, rudder, spoiler, trimmable horizontal stabilizer and the high lift devices are included in
the FCS. The power required to actuate a control surface is computed based on the required actuation
velocity and the hinge moment of the control surface. It is a function of the control surface dimensions,
the ambient conditions and the hinge moments of the control surfaces [41].

Environmental control system

The mass of ECS is a function of the mass of the air conditioning equipment. The power consumption
is computed based on the required power to maintain the cabin temperature and pressure for the
duration of the flight. The heat load is the heat generated from the passengers, the galley equipment
and the hat transfer from the atmosphere through the skin of the aircraft into the cabin. It is a function
of the fuselage geometry, the number of passengers and the required cabin temperature and pressure

([421, [15D).

Landing gear system

The LGS constitutes the landing gear extraction/retraction system, the nose wheel steering system
(NWSS) and the wheel braking system (WBS). The landing gear extraction.retraction system is further
divided into nose landing gear and main landing gear. The mass of the landing gear is a function of
the structural mass of the landing gear. The power consumption for extension and retraction is the
power required to lower the mass of the whole landing gear to a certain angle with a certain velocity,
for a specific period of time. It is a function of the landing gear mass and dimensions ([43], [16]). The
mass of the NWSS is a function of the structural mass of the landing gear. The power required is the
power consumed by the landing gear to turn at a certain angle, with a specific velocity, supporting the
mass of the aircraft. It is a function of the MTOM ([46], [47], [16]). The mass of the WBS is a function
of the structural mass of the landing gear. The power consumption is the power required to bring the
aircraft to a stop during after landing. It is computed based on the MTOM and the thrust of the aircraft

([16], [43D.

Anti-ice system

The AIS system is further divided into wing ice protection system and cowl ice protection system. The
mass of the ice protection systems is a function of the mass of the anti icing and de icing equipment.
The power consumption of the wing ice protection system is the power required by the bleed air or
the electric heaters to maintain the wing at a certain temperature to avoid icing, for a specific period
of time. It is a function of the wing geometry, amongst many. Similarly, the power consumption of the
cowl ice protection system is the power required to maintain the engine cowl at a temperature. It is
a function of the cowl dimensions, besides the surface temperature and duration requirements. ([44],

[45], [16]).

Galley equipment

The galley equipment constitutes the in-flight entertainment system (IFE) and the furnishings. These
systems are modelled from component level. The number of IFE equipment and the food and beverage
machines such as the coffee machines, the hot water machines and the ovens are specified, along with
the mass and power consumption of each of the system from literature. The total mass and power
consumption is hence, the summation of the masses and power consumption of all the listed systems.
The furnishing constitutes the seats and the additional equipment such as the over-head compartments
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and lavatories. The seat mass is calculated based on the number of classes, seat mass of each class,
and the number of seats per class. The overhead compartment and lavatory mass is estimated based
on empirical relations which are a function of the number of passengers and crew [11].

Power generation and distribution Systems

The power generation systems are further divided into pneumatic power generation system, electric
power generation system, hydraulic power generation system and mechanical power generation sys-
tem. The mass and power consumption of these systems are a function of the MTOM of the aircraft
and the total power requirements of the respective power consuming systems [16]. The power distri-
bution systems constitute the pneumatic ducts, hydraulic pipes and the electrical wires. The mass of
the power distribution systems are a function of the aircraft geometry and the power requirement of
each of the respective power consuming systems [16].

Miscellaneous systems

The miscellaneous systems (Misc) constitute the remaining systems such as the avionics, lights etc.
that are not included in the systems categorised above. The mass and power consumption of each of
these systems is computed based on low fidelity empirical methods [11].

3.5.3. Subsystems selection and sizing

SMG firstly sets systems and subsystems architecture with KBSS and KBSUS (Subsection 3.4.3). The
tool then computes the geometric parameters, orientation parameters and the performance parameters
(mass, power consumption) of each of the subsystems. These subsystems include the flight control
actuators, anti-ice elements and fuel tanks. The flight control actuators are modelled for all the primary
and secondary flight control surfaces of a civil transport aircraft. The tool then performs checks to
determine intersections amongst the subsystems and the aircraft parametric model. All the results
including the names of the intersecting subsystems are wrapped as per the required CPACS ontology
to the output. The framework of this tool is presented in Subsection 3.4.2 and the sizing rules of the
subsystems are presented in Chapter 4.

3.5.4. Engine sizing

EMM is a medium fidelity tool that sizes the engines based on design requirements such as bypass ratio,
turbine inlet temperature, overall pressure ratio, component efficiencies, etc. and two performance
requirements, namely maximum thrust and off-takes (shaft power and bleed air). Thermodynamic
relations are used with ideal gas assumptions for simulating this sized engine. Parameters such as the
temperature, pressure, mass flow rate of air at every section are determined with energy equivalence
relations. The mass flow rate of fuel is determined as well, at each mission point for every thrust
setting. This constitutes the performance map of fuel consumption which is propagated to the mission
simulation for computation of the mission fuel mass.

3.5.5. Mission simulation

In this thesis, an in-house tool, FSMS is used for simulation of the aircraft for the mission defined in
the requirements. FSMS assumes the aircraft as a point mass body and determines the performance of
the aircraft based on standard equations of motion for a 2-dimensional mission. The aerodynamic and
propulsion parameters at each mission point are interpolated from the performance maps computed in
the previous domains. One of the performance parameters computed by FSMS is the fuel consumption.
Based on this, the mass of fuel for the mission is calculated.

3.5.6. Integration
RCE is an integration environment to facilitate automated data exchange between various tools [48].
In this research, it is implemented to exchange data between VAMPzero, SSM, SMG, EMM and FSMS
through the CPACS file. The tools are integrated into RCE, to not only facilitate multidisciplinary design
but to also store the knowledge so as to facilitate usage and development of the tools by peers and
successors [49].

From the workflow presented in Figure 3.12, it can be observed that the tools are denoted as boxes
with abbreviations. The initial input file with TLAR is passed to VAMPzero, where the workflow starts.
The tool-specific parameters are input through the tool specific input provider below each of the tool.
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The arrows specify the direction of information flow. All the data exchanges through CPACS and the
tool outputs are written into tool-specifics of the CPACS file as well. Adapting this schema enables the
whole design and performance knowledge of the aircraft to be stored and propagated with a single file.
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Figure 3.12: Recreation of the framework in RCE

The design is initiated with the inputs of wing dimensions, fuselage dimensions and other top level
requirements. An estimated value of the systems mass is also an input. Based on the design and
performance parameters computed by VAMPzero and other tool-specific parameters, SSM computes
the systems architecture, masses and power consumption. This calculated systems mass is updated to
the OEM and MTOM. Subsequently, the parameters are propagated to SMG which generates the wing
subsystems parametric models and orients them in the airframe. The mass and power consumption
values of the wing subsystems are recomputed and updated to the systems mass, OEM and MTOM.
With the maximum thrust (computed by VAMPZero), shaft power and bleed-air off-takes (computed
by SSM and SMG), EMM sizes the engine and generates the performance maps which constitute the
fuel consumption at each mach-number and altitude specified in the design mission. All the computed
parameters are propagated to FSMS which computes the fuel consumption at every mission point
and calculates the total fuel mass for the mission and updates the MTOM as well. These new values
are propagated back to VAMPzero for redesign. The design is iterated till the specified convergence
tolerance is reached. The final output file is stored in the directory specified in the output tool. This file
can be interpreted with any XML viewer to find the computed parameters or can be exported to TIGL
viewer to visualise the geometries. The workflow can be modified to facilitate Design Of Experiments
(DOE) and optimisation studies as well.

3.6. Chapter summary

In this chapter, a framework for integrated parametric subsystem sizing with the aircraft is presented
along with the implementation. Different domains of the multidisciplinary framework, which contribute
to the overall aircraft design and sizing are introduced and described. With the aid of enablers, it
is evident that the process can be standardised and integrated with ease. This ensures that certain
processes such as the parametric sizing and design generation can be automated based on a few top
level and system specific requirements. Moreover, once the workflow is integrated, it is possible to
run a large number of case studies within in a certain period. The supporting domains are already
developed into pre-existing tools which can be plugged in into these workflows. SMG, is one such
domain, which is developed as a part of this research. The structure of the program and the algorithms
implemented to enable parametric sizing of different subsystems are presented in this chapter as
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well. The parametric models of the individual subsystems generated, and the sizing rules which relate
the parametric dimensions of the subsystems to the aircraft and subsystem specific parameters are

presented in the following chapter.



Subsystems parametrisation and
sizing

4.1. Introduction

In Chapter 3, the framework developed as a part of this research to enable integrated parametric
sizing of the aircraft subsystems with the aircraft is presented. The domain of subsystems selection
and sizing along with the sizing algorithms implemented is presented. The parametrisation and the
sizing rules of these subsystems are described in this chapter to provide an insight into the rule-based
sizing processes, which relate the aircraft and subsystem specific parameters to subsystems’ geometry,
mass, power consumption and orientation in the airframe. Each of the subsystem is introduced with
its function and the parametric model is described with the number of parameters required for sizing.
These constitute the required number of dimensions for sizing a parametric model. The sizing of the
flight control actuators is presented in Section 4.2, fuel tanks in Section 4.3 and anti-ice elements is
Section 4.4. Two major sizing processes are implemented based on the subsystems. The flight control
actuators, fuselage fuel tank and hot-air anti-ice element are sized by changing the dimensions of the
components of a predefined model. The wing fuel tank, empennage fuel tank and the electro thermal
anti-ice element are sized by duplicating the parametric model of the wing and manipulating the profile
as per the requirements. These subsystems are highly sensitive and dependent to the profile of the
wing parametric model and hence this approach results in the least deviation with low modelling steps.
The chapter is concluded with a brief summary in Section 4.5.

4.2. Flight control actuators

The flight control system provides the means to control the aircraft’s direction and orientation. This is
achieved by means of flight control surfaces, which can be deflected by the pilot by means of a control
stick. Modern aircraft translate the input force of the pilot into electrical signals which are processed
by a computer and propagated to the flight control actuators. Flight control actuators are devices
that translate these control signals into mechanical force to the control surface for deflection. This
translation is done by means of a power source such as hydraulic fluid or electrical power. Flight control
actuators can be divided into three main categories based on the source of power. Electro hydraulic
actuators, also known as fly-by-wire actuators derive the necessary power from the hydraulic source
of the aircraft. Electro hydrostatic actuators have an inbuilt hydraulic reservoir, thus derive electrical
power from the generators to pump this fluid to provide the required actuation. Electro mechanical
actuator works solely on electrical power for actuation. It consist of an electric motor, geared to a
screw. The motor provides rotation to turn the engaged screw, which provides the required actuation.
More actuators exist but are not considered in the scope of this research as they are not widely used
nor expected in the near future in modern civil transport aircraft. The parametrisation and the sizing
of the flight control actors is presented in this section.

33
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4.2.1. Electro hydraulic actuator

The electro hydraulic actuator is idealised as an assembly of five components, namely the cylinder, rod,
head, base and valve block. These components can be seen in Figure 4.1. The cylinder, the rod and
the valve block are defined with two parameters each, length and diameter. The head and the base,
similarly are defined with parameters of diameter and thickness. All the components are modelled as
cylinders. A simplified parameter dependency for sizing is presented in Figure 4.2. The control surface
is idealized as a thin panel [50]. With the dimensions of the control surface, the conditions at cruise,
the maximum angle of attack («) and the maximum deflection (&), the hinge moment of the control
surface can be determined with methods proposed by Truckenbrodt [51].

1 2 2
Mhinge = E p-vT Chinge(a' 6)-S ref,cs (4-1)
Here, p and v are the density and the velocity at cruise conditions and S,..f . is the reference area
of the control surface. The hinge coefficient is given by
Chinge = Ch,a ca+ Ch,5 -6+ Ch,O (42)

The hinge moment for zero deflection (C, o) equal to zero as it is assumed that no hinge moment is
generated at zero deflection. The coefficients relating to the angle of attack (¢, ) and control surface
deflection (Cy, s) can be determined with the control surface width to depth ratio (4.5) [51].

Ayg= — S8 (4.3)

Cmean chord

¢.s is the mean control surface width and c¢,,.qn chora iS the mean chord length.

1

Ch,a = _AT : [(3 - ZACS) ' /1cs - A%S - (3 - 4135) : aSinV lcs] (44)
cs
3
41— Acs (E) . . 2
Cns = - - [asingAcs — asin [Aqs — Aés] (4.5)
cs

This method was also implemented by Lammering [15] for determining maximum required power
for control. The actuation force for the control surface can be determined based on the hinge moment.
The critical conditions of control are checked by varying the control surface deflection and the angle
of attack. The actuation force and the required number of actuators per control surface lead to the
actuation force required per actuator. With the system pressure and the required force per actuator,
the piston diameter can be determined with pascals law. Based on the control surface dimensions,
maximum deflection and the hinge fraction, the stroke of the actuator can be determined with basic
trigonometry. The diameter and lengths of the rod, cylinder, base, head and valve block are determined
based on relations derived from existing actuator models [30] relating the piston diameter and actuator
stroke to these parameters. Similar methods are proposed by Frischemeier [21], relating geometric
parameters to physical parameters. The actuator mass is determined based on the force to mass
ratio of the actuator also known as the “figure of merit”. With certain subsystem specific parameters
such as the output velocity, the peak and maximum deflection rates, the actuator efficiencies and the
usage fractions, the actuator power consumption is also determined with energy equivalence methods
proposed by Chakraborty [16].

4.2.2. Electro hydrostatic actuator

The EHA is idealised an assembly of nine components constituting the cylinder, rod, head, base, accu-
mulator, valve block, electric motor, pump and power electronics module. These components can be
seen in Figure 4.3. The hydraulic cylinder, rod, head and base are parametrised similar to the hydraulic
actuator presented in the previous subsection. The accumulator, valve block, pump and electric motor
are parametrised with two dimensions each, length and diameter. The power electronics module is
idealised as a cuboid, parametrised by length, width and thickness. Similarly, all the components, be-
sides the power electronics will be modelled as cylinders. Similar to the electro hydraulic actuator, first
the piston diameter and the actuator stroke are determined with physics based methods relating the
control requirements, system pressure and control surface parameters to the piston area and actuator
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Figure 4.2: Electro hydraulic actuator and EHA sizing

stroke. Successively, the parameters of the remaining components are sized as a functions of these
two parameters with empirical relations derived from literature. A similar EHA model was considered by
Manjulury et.al [4] for sizing the flight control actuators with a KBE methodology. The sizing methods
are similar to those proposed by Frischemeier [21].

4.2.3. Electro mechanical actuator

The EMA constitutes five components, namely, the cylinder, rod, head, base and electric motor. The
assembly is presented in Figure 4.4. All the components are parametrised as cylinders with diameter
and length (or thickness), similar to the components of the subsystems discussed in the previous
sections. The sizing of EMA is slightly different from the electro hydraulic actuator and EHA sizing in a
way that scaling factors are used from an early stage. The dependency is presented in Figure 4.5. The
difference in the approach is due to the elimination of hydraulics for EMA. With the required force and
the actuator stroke determined, the parameters of the components are determined with scaling factors
relating the physical parameters to the component dimensions. Firstly, a scaling ratio (x*) is defined for
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Figure 4.3: Electro hydraulic actuator parametric model

each parameter which relates the required parameter (x) to a reference value of the parameter (x,.r).
Similar methods were implemented by Munjulury et. al [4] for the EMA sizing with a KBE methodology.

== (4.6)

Xref

To attain geometric similarity when scaling, the geometric proportions are kept constant. The di-
mension variations of all the parameters can be determined with the generic length variation parameter
I*. The variation of a cylinder radius can be given by

=1 (4.7)
Mechanical components designed with a fixed constraint such as the maximum allowable stress (0,,4x)
enable relating the transmitted force scaling fraction (F*) to the length scaling fraction (I*)

Fr =13 (4.8)

With this method, various estimation models proposed by Budinger et. al [52] were implemented to
determine the dimensions of each of the components of the EMA. The mass and power consumption of
the actuator are determined with semi-physics based methods which are functions of various subsystem
specific parameters such as the mechanical efficiencies, actuation velocities, state of the art, etc.
proposed by Chakraborty [16].
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Figure 4.4: Electro mechanical actuator parametric model
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Figure 4.5: EMA sizing dependency

4.2.4. Actuator positioning
The actuators are positioned in the airframe based on the data extracted from the parametric model of
the aircraft. A diagram which represents in brief, the parameter dependency for actuator positioning
is presented in Figure 4.6. The control surfaces include the ailerons, elevators, rudder, spoilers, flaps,
slats and the horizontal stabilizer. With the control surface dimensions along with their position and
orientation in the airframe !, the actuators are positioned and oriented for each of the control surface
in the airframe based on the positioning architecture. Two positioning architectures are implemented,
based on the number of actuators required per control surface. If a control surface requires a single
actuator, the actuator would be positioned at the center of the control surface. However, for a higher
number of actuators, the actuators would be placed at equidistant points along the span of the control

surface.
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Figure 4.6: Actuators positioning

1This data is available in the CPACS file with the aircraft parametric model
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4.3. Fuel tanks

Modern medium and long range transport aircraft store their fuel in the wing between the structure
(wet wings) and in tanks inside the fuselage. These constitute the wing fuel tanks, fuselage fuel tanks
and the empennage fuel tanks [53]. The sizing process of the fuel tanks has already been presented in
Chapter 3. The parametrisation of each of these tanks and the binding limits for sizing are presented
in the following subsections.

4.3.1. Wing and empennage fuel tanks

The wing fuel tanks tanks are bound by the front spar, rear spar, tank end ribs , upper skin and lower
skin. Hence, only four parameters are required a to generate a wing fuel tank, namely, start fraction,
end fraction , front spar fraction and rear spar fraction. The start and end fractions are the fractions
relative to the wing semi-span * from the fuselage surface. The front spar and rear spar fractions are
fractions of the front spar and rear spar positions relative to the local wing chord from the leading edge
of the wing. These bounds are presented in Figure 4.7.
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Figure 4.7: Wing fuel tank parametrisation

4.3.2. Fuselage fuel tanks

The fuselage fuel tank is modelled as a cuboid and hence parametrised by length, breadth and height
as presented is Figure 4.8. This fuel tank can be positioned anywhere along the length of the fuselage
with the input defined by the fraction of the fuselage length, from the nose of the fuselage. The width,
height and length of the fuselage tank are determined based on the width to diameter fraction, height
to diameter fraction and the length to length fraction. The width to diameter fraction is the fraction of
the tank width relative to the fuselage diameter, similarly the with to length fraction is the maximum
length of the tank as a fraction of the fuselage length.

4.3.3. Fuel tanks sizing

The overall sizing rules of the fuel tanks are summarised with parameter dependencies in Figure 4.9.
With the wing and fuselage parametric models and the required fuel mass, the fuel tanks are first
sized in an iterative manner and oriented in the airframe. The fuel tanks are parametrised as hollow
models, hence thickness is specified as well. With the parametric models, volumes such as the fuel tank
occupying volume and fuel tank material volume are determined. This leads to calculating the the fuel

2HTP semi-span for empennage fuel tank
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Figure 4.8: Fuselage fuel tank parametric model

volume capable based on the required fuel fill fraction; which is a fraction of the tank overall volume
that needs to be filled with fuel with considerations for inerting, internal structure and component
volumes. With the fuel density, the fuel mass capable is determined. Similarly, the fuel tank mass is
determined based on the fuel tank material density.
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Figure 4.9: Fuel tanks sizing

4.4, Anti-ice elements

Ice accumulation on the lifting surfaces not only leads to an increase in the mass but also changes
the wing profile due to its presence. This results in an increase in mass and flow separation on the
wing, leading to an overall decrease in lift. The dangers of this effect vary from slight performance
decrease to wing stall, leading to fatal accidents. Anti-ice elements are responsible for preventing the
ice accumulation on the aircraft wing. Thermal anti-ice elements heat the wing to a certain temperature
to prevent the formation of ice. This heat is generated by different means. A conventional hot-air anti-
ice system consists of tubes called "piccolo tubes” running along the leading edge of the wing. The
high temperature bleed-air from the engine is diverted to the piccolo tubes which results in heating
the wing surface through conduction (or convection) and radiation. In recent years, electro-thermal
anti-ice elements have been introduced which generate this heat by electricity, thus eliminating the
necessity for bleed-air extraction from engines. These constitute thin strips placed on the leading edge
of the wing, thus form an integral part of the wing. However, electro thermal anti-ice elements lead
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to an increase in wing drag due to the interference between the wing surface and the element. The
parametrisation and sizing rules of the hot-air anti-ice element and the electro-thermal heating strip
are presented in the following subsections.

4.4.1. Hot-air anti-ice elements

The piccolo tubes for ice elimination are modelled as tubes. Hence, they are parametrised with outer
diameter, thickness and length. The sizing methodology is similar to actuators, relating subsystem
specific and top level parameters to the geometry. The parameters dependency for sizing is presented
in Figure 4.10. With the wing parametric model and the conditions at cruise, the required area of
protection, length of protection and the start and end fractions of the element as a function of the
wing semi-span are determined based on energy equivalence methods [16]. The span-wise extent of
the protection is most influenced by the mean aerodynamic chord (c,,,.) of the wing, according to a
study carried out by Airbus, cited by Chakraborty [16] and Liscout-Hanke [54]. A linear relationship
between the c,,,. and the extent of protection was derived by Liscout-Hanke based on the study. This
study included different civil transport aircraft, ranging from short-medium range aircraft such as the
Airbus A320, Boeing 737, to medium-long range aircraft such as the Boeing 767, Airbus A330, Boeing
757, Boeing 777, Boeing 787 and the Airbus A380. Chakraborty [16] however, derived the following
equation; a linear and a quadratic relationship between the variables based on the same study.

EOP = ko +kq - Cpgc +kz- Cmacz (49)

"EOQP" is the fraction of the wing semi-span to be protected, and "k,”, "k," and "k;"” are constants.
Successively, with the chord of the slat and scaling factors derived from literature ([22],[23],[24]),
relating diameter of the piccolo tube to the slat chord, the root diameter of the tube is determined by
the scaling factor method. The diameter of the tube (dia,;.) is proportional to the area of protection
(Areap,otection) @S the wing is heated by the tube, which is in turn heated by convection with the
bleed-air.

diapic X Areaprotection (410)

The area of protection, is a function of the local chord of the slat (C,;,;). Hence, it can be assumed
that the diameter of the tube is proportional to the local chord of the slat and that their ratio is a
constant (k*). With these relations, the diameter of the piccolo tube can be determined based on the
local chord of the slat, and the slat chord and reference diameter of the reference model. The diameter
of the tube tip is determined based on the wing taper ratio. The cross-section of the tube in the slat
in presented in Figure 4.12. In a similar way, the position of the element from the leading edge (d,;.)
of the slat is determined as well.

Areaprotection X Cslat (411)
diay;c % Csiqt (4.12)
dia,;
—FE = (4.13)
Cslat
Uepic ref _ (4.14)
Cslat ref
dia,;
diay;, = Cp;”ef  Cyiat (4.15)
slat ref

The presented sizing methodology is similar to the scaling fractions methodology presented in the
actuators sizing subsection. With the parametric model, thickness and material density, the occupying
volume and the mass of the piccolo tubes are determined. With the subsystem specific parameters
such as the available supply temperature, time fraction of usage and overall efficiencies, the power
consumption of the anti-ice system can be determined with semi-physics based methods [16]. The
parametric model of the piccolo tubes in the airframe is presented in Figure 4.11. Due to the method's
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high dependency on the reference parameters, the diameter and position of the piccolo tube are highly
sensitive to the scaling ratios. A sensitivity analysis with these parameters is presented in Chapter 5. In
spite of the limitations, this method can be considered as a starting point for the hot-air anti ice element
parametric sizing in the absence of a practical physics-based method for the initial design stages.
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Figure 4.10: Hot-air anti-ice element sizing
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Figure 4.11: Hot-air anti-ice element parametric model

4.4.2. Electro-thermal anti-ice elements

Electro-thermal anti-ice elements are parametrised as thin strips running along the leading edge of the
wing. As the profile of these strips needs to be similar to the wing leading edge, they are sized in a
similar fashion to the wing fuel tanks, by duplicating the wing parametric model and manipulating the
airfoil profile as per the requirements of start fraction, end fraction, upper surface fraction and lower
surface fraction. These parameters are determined in a way similar to the hot-air anti ice elements,
presented in the previous subsection. The parametric model of the electro-thermal anti-ice element
in the airframe is presented in Figure 4.13. Similarly, the mass of the models is determined with
the parametric model, thickness and the material density. The power consumption is determined with
similar semi-physics based methods from literature [16] with a focus on electrification of the subsystem.
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diapic

Cslat

Figure 4.12: Cross-section of the hot-air anti-ice element in the slat

P s

Figure 4.13: Electro-thermal anti-ice element parametric model

4.5. Chapter summary

In this chapter, the parametrisation of the subsystems along with the rules which enable sizing of
these subsystems from the aircraft and subsystem level parameters are presented and explained in
detail. The subsystem models enable the creation and analysis of different architectures such as an
MEA subsystems architecture or different fuel tank configurations. With the fuel tanks and anti-ice
elements, due to the inclusion of material density and thickness, impact of different materials can be
assessed as well on an overall aircraft level from perspectives of mass and volume. Most of the methods
used are semi-physic based methods which are relatively more accurate than the empirical methods.
The scaling factor methodology is partly empirical as well, leading to inaccuracies of predictions. One
such parameter is the hinge moment, which in reality is highly sensitive to the mission segment, usage
fraction and the three dimensional control surface data. The assumptions made to simplify these co-
relations is a result of in-availability of other parameters of design at the initial stages °. However,
this limitation can be worked around by determining exactly how much the result would deviate for
an estimated deviation in the input, i.e. with a sensitivity analysis. Moreover, the results can also be
validated against literature to determine if the theory supports the results. The validation and sensitivity
analysis of the models for this purpose, from a subsystem, system and aircraft level are presented in
the following chapter.

3An input slot for hinge moment is also defined where the user can specify the hinge moment of the control surface from
literature or by implementing higher fidelity methods.
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5.1. Introduction

The sizing rules and the parametrisation of the subsystems are presented in the previous chapter with
a focus on the methods implemented. The possibilities of errors due to the implemented methods was
also addressed. Validating the subsystem models ensures that the results are in strong agreement
with the theory and literature. Sensitivity analysis serves a two fold purpose. Firstly, the methods
can be verified by observing the trends in the results and any anomalies found can be tracked to the
root cause to determine if it is an error in translation of theory or an effect that is observed at the
extremes. Secondly, the sensitivities of the results, such as the volume, mass and power consumption
against the input parameters can be assessed. This provides knowledge on the estimated deviation of
the results for an estimated range of the input parameter, thus enabling to determine the parameters
that cause the highest influence on the design. The sensitivity analysis as a part of this thesis is
performed at the subsystem (Section 5.2), system (Section 5.3) and aircraft level (Section 5.4). At
the subsystem and system level, subsystem specific parameters are varied and at the aircraft level,
wing and fuselage geometric parameters are varied and the trends against the results are observed.
A configuration similar to the Airbus A320-200 was chosen for the validation and sensitivity analysis
studies. The reference actuator models at subsystem level are of the aileron.

5.2. Subsystem level

The sensitivity analysis of the electro hydraulic actuator volume, with certain subsystem specific param-
eters is presented in Figure 5.1. The varied input parameters are the hinge fraction®, control surface
deflection angle, system pressure, gearing ratio, hinge moment and the control surface chord. Ever
parameter specified above is kept constant besides the parameter that is varied. The parameters are
varied to the extremes to determine the variation in the result and validate it with the considered the-
ory or literature. Hinge moment in the tool is calculated by the method presented in Section 4.2.1.
However, as the fidelity of this methodology is low, for the sensitivity analysis, the hinge moment is
assumed as an input and is varied about a certain range. This approach is considered with an outlook
to replace the current hinge moment calculation method by higher fidelity methods with external tools
in successive research. It is observed from the figure that an increase in any of the parameters besides
the system pressure leads to an increase in the overall volume. A higher hinge fraction requires a
longer rod, while higher deflection angle, gearing ratio and hinge moment would result in a higher
force requirement. To achieve this higher force with at a constant system pressure, a higher diameter
of the piston and cylinder is required (area based on pascals law). This reasons the higher increase in
volume. However, increasing the system pressure would generate the same force at a lower diameter,
which explains the inverse proportionality. The trends are in well agreement with the theory presented
in Chapter 4 and with literature [30]. The quantitative changes are tabulated in Table 5.1. The hinge
fraction has the highest influence, with every 1% variation, the volume varies by 1%. Gearing ratio
has the least influence. Increasing the system pressure by 1% would decrease the actuator volume

IFraction of the control surface chord where the actuator hinge would be placed.
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by nearly 0.5%. Thus, a low gearing ratio and high system pressure are ideal for a minimal actuator
volume.

Electro hydraulic actuator - Volume
300

200

Hinge fraction

Deflection angle
O ] System pressure

500 -400 -300 -200  -100 0 100 200 300 400 500 Gearing ratio

—@— Hinge moment

Percentage change in volume

Control surface chord
-200

-300
Percentage change in parameter

Figure 5.1: Sensitivity of the electro hydraulic actuator volume with the subsystem level parameters

Variable Variation in variable Variation in volume
Hinge fraction 0.1 (20%) 20%

Gearing ratio 0.5 (16.6%) 10.6%
System pressure 1 MPa (4.8%) -2.2%
Deflection angle 1° (3.3%) 3%

Hinge moment 100 Nm (2.85%) 2%

Control surface chord 0.1 m (16.6%) 16.2%

Table 5.1: Percentage variation of the electro hydraulic actuator volume with the subsystem level parameters

The parameters of the wing fuel tank are varied as well to assess the overall influence. The start
fraction, end fraction, fill fraction, front spar fraction and rear spar fraction are varied and the influence
on the fuel tank occupying volume is studied from the observations presented in Figure 5.2. The
quantitative values are presented in Table 5.2. It is observed that the volume of tank decreases by
3.7% with increase in start fraction by 0.001, which is nearly 10%. Similarly, the volume of tank
increases by 0.63% with an end fraction increase of 0.001, around 1%. This is in well agreement with
theory as the wing has higher volume at the root relative to the tip. Similarly the Front spar fraction
has a higher influence relative to the rear spar fraction. Though the trends are quite straight forward,
the ability to generate this quantified knowledge would aid in fuel tank sizing decisions while designing
novel aircraft configurations. Similar sensitivity studies were performed for other parameters such as
the fuel tank mass and fuel mass capable (Appendix B) and the results enabled the tool verification,
besides validation.

Variable Variation in variable Variation in volume
Start fraction 0.01 (10%) -3.7%

End fraction 0.01 (1.17%) 0.63%

Front spar fraction 0.01 (3%) -3.2%

Rear spar fraction 0.01 (1.43%) 2%

Table 5.2: Percentage variation of the wing fuel tank volume with the subsystem level parameters

The sizing of the hot-air anti ice element is based on the sizing factors determined with the refer-
ence parameters considered for the tube diameter. These constitute the reference tube diameter and
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Figure 5.2: Sensitivity of the wing fuel tank volume with the subsystem level parameters

the reference slat chord. The variation of volume with variation of these parameters is presented in
Figure 5.3 and the percentage change in values are represented in Table 5.3. It is observed that the
volume of the elements is highly sensitive to the reference parameters, with nearly 44% variation of
the volume with 0.5cm (12.5%) variation in reference tube diameter. Similarly, the volume decreases
by 25% with a 0.5cm (36%) increase in the reference slat chord. Due to the high sensitivity of the
parameters and the use of empirical methods. This method can be replaced by physics based methods
in successive research, depending on higher number of variables and physics-based functions, thus

leading in @ more accurate result.
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Figure 5.3: Sensitivity of the hot-air anti-ice element volume with the subsystem level parameters

Variable

Variation in variable Variation in volume

Reference slat chord
Reference tube diameter

0.5 cm (35.7%)
0.5 cm (12.5%)

-24.5%
43.7%

Table 5.3: Percentage variation of the wing fuel tank volume with the subsystem level parameters
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5.3. System level

The fuel tanks and the hot-air anti-ice elements are validated against literature for an A320-200 equiv-
alent configuration. The fuel system consists of a central tank and two wing tanks [55], as observed in
Figure 5.4a. A similar configuration recreated with SMG is presented in Figure 5.4b. Comparing both
the configurations, presented in Table 5.4 it was observed that the fuel mass capability of the wing
fuel tanks deviated the maximum by around 6%, though the overall deviation of the fuel mass capable
with all the fuel tanks mounted to nearly 4.4%. This deviation is owed to the estimation of the fill
fraction, based on the internal volume occupied by the structure, inerting gas and other supporting
components.

The anti-ice elements were validated in a similar method with literature [55] and a deviation of
around 9% in the occupying volume was observed. The absolute values are presented in Table 5.5.
The comparison of the configurations is presented in Figure 5.5. The error is attributed to the sensitivity
of the scaling factor methodology implemented for the anti-ice element sizing discussed in the previous
section.

The iterative sizing capability of the fuel tanks is verified with a sensitivity analysis by gradually
increasing the fuel mass capability requirement. As seen in Figure 5.6, from points 1-2, the tank size
initially remains constant in spite of increasing the required capable fuel mass. This is due to minimum
requirement of the tank size being larger than the volume required by the capable fuel. The central
tank is pre-modelled and hence, the requirements are met for very low values of fuel mass. After a
certain limit, it is observed that the fuel tanks’ size increase with increasing the required fuel mass,
which is a consequence of the iterative sizing. The change in slope of the plot signifies the addition of
a fuel tank. At point 2, the wing fuel tank is added and its size is increased in the span-wise direction,
till the limit is reached, at point 3. The empennage tank is added at this point and its size, similar to
the wing fuel tank is increased till the limit, which is reached at point 4. At this point, the fuselage fuel
tank is added and it’s length is increased in the direction of the empennage till the limit is reached, as
observed at point 5. As all the limits are reached at point 5, the fuel tanks’ size no longer increases in
spite of increasing the fuel requirement. This is the plateau observed in the plot from points 5-6. The
change in the parametric models of the tanks during this sizing process is presented in Appendix A.

INNER CENTER INNER
TANK  TANK  TANK

'

(a) Fuel tanks configuration from literature [55]

2 \'\'\\
e “ \

(b) Fuel tanks configuration from SMG

Figure 5.4: Fuel tanks validation
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Fuel mass capable (kg) A320 A320-SMG Deviation (%)

Central tank 6476 6581 1.62
Wing tanks 12250 12970 5.87
Total 18728 19551 5.39

Table 5.4: Deviation of the fuel tanks’ parameters relative to literature
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(a) Anti-ice elements configuration from literature [55]
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(b) Anti-ice elements configuration from SMG
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Figure 5.5: Anti-ice elements validation

Occupying volume (m®) A320 A320-SMG Deviation (%)
Anti-ice element 0.1788 0.1952 9.17

Table 5.5: Deviation of the anti-ice elements’ parameters relative to literature

5.4. Aircraft level

At the aircraft level, the wing geometric parameters such as the wing aspect ratio, taper ratio, wing
span and fuselage geometric parameters such as the fuselage diameter and the fuselage length are
varied. All the stated parameters are kept constant besides the varied parameter for the sensitivity
analysis. In the first study, the aspect ratio of the wing is varied from -2.6% to 2.6% from the initial
value of 10.3 with the span fixed. The variation of the outputs is presented in Figure 5.7 and tabulated
in Table 5.6. The increase of wing aspect ratio with constant span leads to a decrease in the wing
reference area and consequently the wing volume decreases as well. This results in an overall airframe
volume decrease by 0.5% for every 1% increase in aspect ratio. Due to the decrease in the wing
area, the control surface areas decrease as the control surfaces are sized as a fraction of the wing
dimensions. This leads to a lower dynamic pressure on the control surfaces, causing a decrease in the
hinge moment (Section 4.2.1). The lower hinge moment leads to a decrease in the required actuation
forces. The related decrease in actuator volume is 5%, mass and power consumption is 3% per
percentage increase of the aspect ratio. The decrease in the wing volume also leads to a decrease in
the properties of the anti-ice elements due to the reduced area of protection and of the fuel tanks due
to the direct co-relation with the wing volume.

A similar study is conducted by varying the fuselage diameter from -25% to 25% with the baseline
at 4.5 m. With every 0.5 m (11%) increase in fuselage diameter, it is observed from Figure 5.8 that
the actuator volume increases by 300%, actuator mass and actuator power consumption by nearly
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Figure 5.6: Sensitivity analysis of the fuel tank sizing
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Figure 5.7: Variation of results with wing aspect ratio

90%. The percentage variations of results are presented in Table 5.7. An increase in fuselage diameter
leads to an increase in the HTP and Vertical Tail Plane (VTP) geometries, which results in larger control
surfaces and so larger actuators. The airframe volume increases by 53% for 11% increase in the
fuselage diameter. This is a contribution of the fuselage volume and the increased HTP and VTP
volumes. The higher fuselage diameter leads to an increase in the central fuel tank dimensions, thus
increasing the capable fuel mass by nearly 9% and the fuel tanks overall volume by 6%. The wing
however remains unchanged due to the fixed dimensions, resulting in the constant anti-ice element
parameters. It is observed that the actuators are highly sensitive to the change in dimensions of the
fuselage due to the snowball effect on the lifting surfaces as a result of the higher structural mass.
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Variable

Variation

Actuators mass
Actuators power
Actuators volume
Anti-ice elements mass
Anti-ice elements power
Anti-ice elements volume
Fuel tanks mass

Fuel tanks volume

Fuel mass capable
Airframe volume

-3%
-3%
-5%
-1%
-2%
-1%
-3.5%
-4%
-4%
-0.5%

Table 5.6: Percentage variation of the parameters with 1% (0.1) variation of the aspect ratio
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Figure 5.8: Variation of results with fuselage diameter

Variable

Variation

Actuators mass
Actuators power
Actuators volume
Anti-ice elements mass
Anti-ice elements power
Anti-ice elements volume
Fuel tanks mass

Fuel tanks volume

Fuel mass capable
Airframe volume

87%
87%
300%
0%
0%
0%
0.20%
6%
9%
53%

Table 5.7: Percentage variation of the parameters with 11% (0.5m) variation of the fuselage diameter

5.5. Chapter summary

In this chapter, validation and sensitivity analysis of the models at the subsystem, system and aircraft
level are presented. The most and the least sensitive parameters at each stage for a specific system
or the subsystem and the quantitative influence on the overall parameters is assessed as well. Though
only a few models were presented, the sensitivity analysis was performed on all the subsystem models
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and the results are presented in Appendix B. The results are observed to be in well agreement with the
theory as well. The sensitivity analysis provides an insight into the effects of the input parameters on
the results at the subsystem, system and aircraft scale. However, propagating the design knowledge to
generate and influence a new design requires integration of supporting domains. This must be initiated
by generating a design from scratch with certain top level parameters. This integrated aircraft design
process is demonstrated with a case study in the following chapter.



Case study

6.1. Introduction

In the previous chapter, the validation and the sensitivity analysis of the subsystem models is pre-
sented. In this chapter, a case study with the proposed framework of integrated subsystems sizing
with the aircraft, presented in Chapter 3 is demonstrated. TLAR similar to the Airbus A320-200 [56]
are considered for the design case as it is one of the most widely used aircraft and literature exists for
validation of the results. Two architectures, a conventional systems architecture and an MEA systems
architecture are generated for this design with the framework. The description of the case is described
in detail in Section 6.2. The design framework and the results at each of the domain are focussed in
Section 6.3. To conclude, the chapter is summarised in Section 6.5.

6.2. Case description

The reference aircraft for the case study is a 150 passenger single-class aircraft with a payload of 13,550
kg, equivalent to the Airbus A320-200. For the design mission a range of 2780 NM is considered and
the fuselage length and diameter are fixed as 37.57 m and 4.14 m respectively. The wing span of
36.5 m is fixed as well. The systems mass is initially fixed as 12,000 kg, which is later recomputed by
supporting higher fidelity tools. The TLAR are specified in Table 6.1. For this aircraft, the following two
systems architectures are generated and compared.

1. A conventional systems architecture , all the possible systems are actuated with hydraulic and
pneumatic power.

2. An MEA systems architecture in which all the systems are electrified, thus working primarily on
only electric power.

6.3. Design framework and results

Overview

The proposed design framework in Chapter 3 is represented as a Design Structure Matrix (DSM) pre-
sented in Figure 6.1 with the specific inputs and outputs of each domain. With the TLAR specified
in Table 6.1, an initial design is generated by VAMPZero. This design is propagated to SSM for the
subsystems selection and sizing. In this domain, the subsystems are selected and sized based on the
subsystem specific requirements. The major outputs from this domain include the systems’ mass, sys-
tems’ power consumption. This updates the OEM and the MTOM of the design. The updated design
is propagated to SMG for parametric sizing of the subsystems. The subsystems are resized based on
the volume allocation requirements. The mass and power consumption of the subsystems are also
computed besides the parametric models and their volumes. The systems mass, systems power con-
sumption, OEM and MTOM are updated based on these computations. The design is propagated to
EMM which sizes and simulates the engine to provide thrust and enable required power off-takes. The
sized engine is simulated to determine the performance maps at each mach number, altitude and thrust
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Parameter Value
Performance

Range (NM) 2,780
Masses

Payload (kg) 13,550
Systems (kg) 12,000
Fuselage

Length (m) 37.57
Diameter (m) 4.14
Wing

Span (m) 36.5
Aspect ratio (-) 10.3
Taper ratio (-) 0.24

Sweep (qc) (deg) 25

Table 6.1: TLAR of the design aircraft

level for the mission. This design is propagated to FSMS. Based on the overall masses, aerodynamic
parameters and the engine performance maps, FSMS simulates the aircraft for the mission and deter-
mines the fuel mass. Thus, the MTOM is updated. This design is not yet converged as the first mass
of systems provided to VAMPZero is a guess value. Thus, the design is propagated to the converger
which stores the MTOM. The systems mass computed by SSM and SMG is propagated to VAMPZero to
restart the sizing process once again. The cycle continues till two consecutive values of MTOM received
by the converger differ within the specified tolerance. In this thesis, the specified tolerance is 0.1. The
normalised convergence of certain major parameters of the conventional architecture are presented
in Table 6.2 and Figure 6.2. Due to the high tolerance value specified, the design converges within
five iterations. The convergence data of the major parameters for the MEA systems architecture is
presented in Table C.1 and Figure C.1. For a clear understanding of the generation and propagation
of the parameters through the domains the parameters of the pre-final iteration (iteration-4) through
different domains are discussed from this point on throughout this chapter.

Iteration Msys OEM Mfuel MTOM Unit
12,111 40,628 19,527 73,705 kg
12,132 40,643 19,538 73,731 kg
12,147 40,654 19,547 73,751 kg
12,155 40,660 19,551 73,761 kg
12,155 40,660 19,551 73,761 kg

u b WN =

Table 6.2: Change in parameters of conventional systems architecture with iteration

VAMPZero

In the initial run, based on the Top Level Aircraft Requirements (TLAR) (Table 6.1), the design is
initialized by VAMPZero. At this stage, the methods are not sensitive to the systems architecture,
hence the same geometry is generated for both the architectures as observed in Table 6.3. This
updates the aircraft parametric model (Figure 6.3), geometric parameters (Table 6.3), aircraft masses,
propulsion and aerodynamic parameters to the CPACS file. In successive iterations, the systems mass
is replaced by the values computed by higher fidelity methods; SSM and SMG in the preceding iteration.
Hence, the masses are sensitive to the systems architecture from the second iteration. In the fourth
iteration (after which the design converges), the OEM is computed as 40,654 kg, capable fuel mass as
19,547 kg and MTOM as 73,751 kg for the conventional systems architecture. Similarly, the OEM is
computed as 42,110 kg, capable fuel mass as 19,096 kg and MTOM as 74,756 kg for the MEA systems
architecture. The parameters and the relative deviations are presented in Table 6.4. All the parameters
are propagated to the SSM, SMG and FSMS, while only the required thrust is propagated to EMM for
engine sizing and simulation.
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Figure 6.1: DSM of the framework with propagation of parameters to different disciplines
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Figure 6.2: Normalised convergence of the major parameters of the conventional systems architecture

SSM

With the parameters from VAMPZero, systems architecture requirements and system specific parame-
ters from the input, the systems architecture is set and the respective mass and power consumption
of the systems is computed by SSM. A brief introduction to SSM and the sizing dependencies of each
system are presented in Subsection 3.5.2. The higher fidelity methods at this stage are sensitive to the
systems architecture. In the conventional systems architecture, the Flight Control System (FCS) and
the Landing Gear System (LGS) are actuated with hydraulic power while the Environmental Control
System (ECS) and Anti-Ice System (AIS) are actuated with bleed-air from the engines. In the MEA
systems architecture, all the systems are electrified. The relative differences of the MEA systems’ mass

percentage change of MEA systems architecture, relative to conventional systems architecture with SSM
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Parameter Conventional and MEA Conventional
(VAMPZero) (Literature [56])
Fuselage
Length (m) 37.57 37.57
Diameter (m) 4.14 3.95
Wing
Span (m) 36.50 35.80
Aspect ratio (—) 10.30 10.30
Taper ratio (-) 0.24 0.24
Sweep (qc) (deg) 25 25
Area (m?) 129 124
VTP
Height (m) 6.64 6.26
Aspect ratio () 1.71 1.82
Taper ratio (-) 0.35 0.26
Sweep (qc) (deg) 30 34
Area (m?) 26 21.5
HTP
Span (m) 14.21 12.40
Aspect ratio (-) 5.15 5
Taper ratio (—) 0.30 0.26
Sweep (qc) (deg) 30 29
Area (m?) 39 31

Table 6.3: Key parameters of the aircraft, common to aircraft with either MEA or conventional systems architectures

Parameter Conventional Conventional MEA % Change '
(VAMPZero) (Literature [56]) (VAMPZero)

Masses

Systems mass (kg) 12,147 12,000 13,603 12

OEM (kg) 40,654 42,600 42,110 3.6

Fuel mass (kg) 19,547 21,252 19,096 -2.3

MTOM (kg) 73,751 73,500 74,756 1.35

Propulsion

Max thrust (N) 202,650 240,000 203,437 0.4

Table 6.4: Initial design parameters of the aircraft with MEA systems architecture, relative to the conventional systems
architecture from VAMPZero (iteration-4) and literature (conventional)

relative to the conventional systems’ are presented in Figure 6.4. The highest negative deviation is the
mass of the power generation and distribution system (PGDS) as the hydraulic system which includes
the hydraulic piping and hydraulic power unit is eliminated in the MEA systems architecture. Mass
of the environmental control system contributes to the highest mass increase due to the higher mass
contribution of the on-board compressor units which replace the bleed-air for air conditioning. A similar
increase in the systems mass is observed in complementary systems as well due to the higher mass of
the electric alternatives. This increases the overall mass of the MEA architecture by 9% (1094 kg) and
the power consumption by 8.1% (14.6 kW) relative to the conventional systems architecture as seen
in Table 6.5. As the systems’ mass is recomputed, the OEM and MTOM as well are recomputed and
updated in the CPACS file. The miscellaneous systems (Misc) constitute the remaining systems such
as the avionics, lights etc. that are not included in the systems categorised above. However, they are
not influenced directly by the systems architecture directly as the methods are not sensitive to the de-
gree of electrification. However, the overall systems mass influences the parameters of these systems
through the empirical relations, which are functions of the OEM and the number of passengers.

2Zpercentage change of MEA systems architecture, relative to conventional systems architecture with SSM
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Figure 6.3: Parametric model of the aircraft
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Figure 6.4: Relative differences of masses of the MEA systems to the conventional systems

Parameter Conventional Conventional MEA % Change’
(SSM) (Literature [15]) (SSM)

Systems mass (kg) 12,155 12,000 13,249 9

Systems power consumption (kW) 180 175 194.6 8

Systems bleed-air consumption (kg/s) 2.5 2.5 0 100

OEM (kg) 40,660 41,863 41,754 2.7

MTOM (kg) 73,867 73,413 74,961 1.5

Table 6.5: Key parameters computed by SSM and their change for MEA systems architecture relative to conventional systems
architecture (iteration-4)

SMG

Consequently, the subsystems architecture is selected and the parametric models along with the mass
and power consumption at the subsystem level are computed with SMG. The methodology of subsys-
tems sizing by SMG is presented in Section 3.4 and the underlying sizing rules of the subsystems are
presented in Chapter 4. One of the main objectives of this stage is that all the subsystems fit in the
airframe, provide the required function and do not intersect with the other subsystems. This usually
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leads to changing the subsystem parameters by iteration to meet the requirements. In this case study,
the parameters of the actuators had to be iterated to find the design that fits into the airframe. This re-
sults in the increase increase of the MEA actuators’ overall mass by 620 kg (41%), power consumption
by nearly 2 kW (-2%) and volume by 0.1 m3 (58%) relative to the conventional systems architecture.
This is due to the higher actuator density due to the lower volume requirement. The systems’ mass is
recomputed due to this change, leading to a re-computation of the OEM as 42,118 kg and the MTOM
as 75,352 kg. The updated parameters are presented in Table 6.6. This leads to more accurate results
of the systems as higher number of requirements are fulfilled, relative to the previous stage. With
this update, the systems mass of MEA systems architecture is higher by 12%, power consumption by
8.6% , OEM by 2.3% relative to the conventional systems architecture. The parametric models of the
subsystems generated with the airframe are presented in Figure 6.5 for a conventional subsystems
architecture and in Figure 6.6 for an MEA subsystems architecture. The updated power consumption
is propagated to the engine sizing domain, the functions of which are performed by EMM.

Figure 6.5: Parametric models of the conventional systems

Parameter Conventional Conventional MEA % Change°
(SMG) (Literature [15]) (SMG)

Actuators volume (m3) 0.145 - 0.230 58
Actuators mass (kg) 1,510 1,500 2,130 41
Actuators power consumption (kW) 73 70 72 -2
Subsystems volume (m3) 19.6 - 19.7 0.6
Systems mass (kg) 12,155 12,000 13,613 12
Systems power consumption (kW) 180 175 196 8.6
Systems bleed-air consumption (kg/s) 2.5 2.5 0 100
OEM (kg) 40,660 41,863 42,118 3.3
MTOM (kg) 73,867 73,413 75,325 2

Table 6.6: Key parameters computed by SMG and their change for MEA systems architecture relative to conventional systems
architecture (iteration-4)

EMM
A turbofan engine with the requirements equivalent to the CFM56-5B [57] is considered for the engine
sizing. A bypass ratio of 6, a burner temperature of 1450 K and an overall pressure ratio 32.6 are fixed.

3percentage change of MEA systems architecture, relative to conventional systems architecture with SMG
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Figure 6.6: Parametric models of the MEA systems

Parameter Value
Name (-) CFM56-5B
Type (-) Turbofan
Bypass ratio () 6

Burner temperature (K) 1450

Table 6.7: Engine specifications (iteration-4)

The main requirements for the engine sizing are a maximum thrust of 101,325 N at sea level, computed
by VAMPZero, shaft power consumption and bleed-air consumptions of 180 kW and 1.25 kg/s for the
conventional systems architecture and shaft power consumption of 194.6 kW for the MEA systems
architecture with elimination of bleed-air requirement. These requirements are computed by SMG and
SSM. The engine specifications are presented in Table 6.7 .With the engine specific parameters, thrust
requirement, shaft power and bleed air off-takes, the engine is sized to fulfil the power and thrust
demands of the aircraft. The sized engine is simulated for each thrust setting at every mach number
and altitude, specified in the design mission. The fuel consumption at each of these mission points is
determined based on the requirements. The SFC of the engine in the cruise condition is presented in
Table 6.8. A decrease of 11% is observed in the SFC of the engine for the MEA systems architecture
relative to the the conventional systems architecture. The higher SFC is a consequence of the bleed-air
extraction from the engines in the conventional systems architecture relative to the total elimination
of bleed-air in the MEA systems architecture. The influence of bleed-air extraction in the conventional
systems architecture is higher than the influence of higher shaft power (and thrust) requirement of the
MEA systems architecture. This was indeed the observation in prior research ([15], [16])

Parameter Conventional MEA %o Difference
Max thrust (N) 101,325 101,719 0.4
SFC (=2) 0.054 0.048 -11%

Table 6.8: SFC of the engine for the aircraft with the MEA systems architecture relative to the conventional systems
architecture (iteration-4)
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FSMS

With the engine performance map, aerodynamic performance parameters and aircraft masses, the
aircraft is simulated by FSMS for the design mission presented in Figure 6.7. The aircraft is assumed
as a point mass and the mission fuel mass is computed based on standard equations of motion. This
computed fuel mass is updated, thus changing the MTOM. The whole framework is iterated till MTOM
converges. The overall decrease in mission fuel mass is 2.3% for the MEA systems architecture,
relative to the conventional systems architecture. The final results are tabulated in Table 6.9. The
fuel consumption benefit by the elimination of bleed-air extraction is superior to the fuel consumption
penalty due to the higher shaft power, systems mass and engine thrust of the MEA systems architecture.

These results are presented in Figure 6.8.

Mission Profile
12000
10000
€ 8000
% 6000
% 4000
2000
0
0 500 1000 1500 2000 2500 3000
Distance in NM
Figure 6.7: Design mission for the aircraft
Parameter Conventional Conventional MEA % Change *
(Literature [15])
Actuators volume (m?3) 0.145 - 0.230 58
Actuators mass (kg) 1,510 1,500 2,130 41
Actuators power consumption (kW) 73 70 72 -2
Subsystems volume (m?) 19.6 - 19.7 0.6
Systems mass (kg) 12,155 12,000 13,613 12
Systems power consumption (kW) 180 175 196 8.6
Systems bleed-air consumption (kg/s) 2.5 2.5 0 100
OEM (kg) 40,660 41,863 42,118 3.3
Fuel mass (kg) 19,551 21,252 19,101 -2.3
MTOM (kg) 73,761 73,413 74,769 1.3

Table 6.9: Final results (iteration-4) of the MEA systems architecture and the conventional systems architecture

“4Percentage change of MEA systems architecture, relative to conventional systems architecture with SMG
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Figure 6.8: Percentage change of the parameters for the MEA systems architecture relative to the conventional systems
architecture

6.4. Comparison with related studies

The benefits of MEA systems architecture is a well researched topic through out the past decades.
This is attributed to the ever growing technologies in electronics and computation. Jones [58] pre-
sented findings of the expected benefits of the MEA systems architectures for civil transport aircraft
in his research by comparing different studies over the decades. The main focus of his research was
the estimated benefits of electrification of the systems. He presented the Integrated Digital Electric
Aircraft (IDEA) study [59] conducted by Lockheed and Boeing which estimated a fuel consumption
reduction of 3% for an MEA systems architecture relative to a conventional systems architecture for a
200 passenger Boeing 757. Similarly, the Collaborative Research Initiative into Secondary Power Sys-
tems (CRISPS) study [60] estimated a fuel saving around 3-5% for an Airbus A320 aircraft based on
the degree of electrification. The methods used for these estimations were mostly empirical and based
on the estimation of technological progress of the MEA systems. In relatively recent times, Jomier [61]
conducted a similar study and observed an OEM increase around the same range as the result in this
thesis. However, all the above studies were only based on projected estimations and did not implement
multidisciplinary design methodologies. Chakraborty [16] conducted a similar study by implementing
semi-physics based methodologies similar to the ones implemented in this thesis for sizing the aircraft
systems simultaneous with the aircraft. The relative mission fuel mass benefit for the MEA systems
architecture was computed as 3.13%, which is nearly 1% higher relative to the 2.3% computed in the
current research. This deviation is attributed to the higher systems mass and power consumption cal-
culated in this research due to the additional volumetric requirements implemented in the subsystems
sizing domain, the domain developed as a part of this research. The presented conclusions are briefly
summarised in Table 6.10.

6.5. Chapter summary

In this chapter, the proposed framework was demonstrated with a case study by comparing a conven-
tional systems architecture to an MEA systems architecture for an aircraft configuration equivalent to
the Airbus A320-200. The generation and propagation of the parameters at each domain was described
in detail as well. The contribution of the parametric systems modelling domain is the added knowl-
edge of the parametric models of the subsystems in the airframe. This knowledge of volume allocation
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- Current
IDEA [59] | CRISPS [60] | Jomier [61] Chakraborty [16] research
Estimated 3% 3%-5% 2% 3.13% 2.3%
benefit
Based on Integrated Integrate_d
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Table 6.10: Summary of the case study conclusions

aided the redesign of the subsystems based on the restrictions of intersections and confinement within
the airframe. This redesign contributed to accurate mass and power consumption parameters of the
systems in this case study. It was assessed that the MEA systems architecture reduces the mission
fuel mass by nearly 2.5%. The results were within acceptable range relative to literature. Though the
relative variation of the mission fuel mass seems low, the framework assists to compute the absolute
values of parameters and enable multidisciplinary design of the overall aircraft. The aim of this case
study is to validate the framework with literature, thus designing novel configurations with this frame-
work would generate new knowledge about the design in the initial stages. This would enable to assess
different systems and subsystems architectures and make certain design decisions that would channel
the design into the most feasible path. The conclusions of this research and the recommendations for
future development of the framework are proposed in the following chapter.




Conclusions and recommendations

7.1. Conclusions

In the scope of this research, a framework to size the subsystems with the aircraft in an integrated mul-
tidisciplinary process from a volumetric perspective is presented. The contributions and the conclusions
of this research are as follows.

1. Integrated sizing framework developed in this research served the objective of enabling au-
tomated parametric sizing of the subsystems in an integrated aircraft design process, within a
multidisciplinary environment. The disciplines included aircraft design generation, systems selec-
tion and sizing, subsystems selection and sizing, engine sizing and mission simulation. Medium
fidelity methods were implemented in these domains for sizing. The subsystem selection and
sizing domain which enables parametric sizing of the subsystems was developed as a part of
this research. It was possible to generate and propagate the knowledge of the parametric mod-
els of the subsystems such that the influence and the snowball effects are captured. The whole
framework was recreated in an integration environment to carry-out design studies. The methods
were verified and validated with literature and the framework is demonstrated with a case study.
In the case study, a short-medium transport aircraft with a conventional systems architecture
and an MEA systems architecture were generated and the results were assessed with respect
to literature. A 2.3% in fuel benefit was observed for the aircraft with the MEA systems archi-
tecture, relative to the conventional systems architecture. Excluding high fidelity methods for
major domains such as aerodynamics, structures and flight control would indeed lead to certain
inaccuracies. However, it was considered acceptable in the scope of this research as the main
objective of this thesis was to demonstrate the methodology for automatic integrated parametric
sizing of the subsystems with the aircraft.

2. Subsystems selection and sizing domain developed as a part of this research is capable
of selecting and sizing the parametric models of subsystems. The flight control actuators, fuel
tanks and anti-ice elements which constitute the majority of the wing subsystems were modelled.
Different design techniques were implemented, such as sizing the subsystems from predefined
geometric templates or from the parametric model of the aircraft so as to blend-in the sub-
system model with the aircraft profile. The sizing rules were implemented to enable modelling
conventional subsystems and the all-electric equivalents of these subsystems. The methods im-
plemented for sizing however were a combination of empirical and physics based methods. The
limitations with the empirical methods is the high uncertainty of the result due to the dependency
of the results on a few parameters and the relations based on statistic regressions. The imple-
mented physics based methodology were medium fidelity as well due to the limited knowledge
of the design in the early stage.

3. Design automation methodologies developed for sizing include the automatic fuel tanks sizing
and the intersection detection. The automatic fuel tanks sizing enables sizing of the fuel tanks
automatically in an iterative manner based on just the required fuel mass. New tanks are added
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and the dimensions are increased till the requirements are met. The intersection detection capa-
bility provides the designer with the knowledge regarding intersection of any on-board parametric
subsystem models or the airframe. This enables the designer to redesign the subsystems/aircraft
or re-allocate the positions to the subsystems to avoid this pitfall. Such processes lower the
design time and enable the designer to allocate his time to innovative tasks such as carrying out
different case studies.

Integration of the proposed framework in an integration environment enabled to carry-out
different design studies within a short period. Each domain of the framework was replaced by
an executable computer program and a workflow was created to simulate the framework. This is
an example of model-based engineering which enables easy integration and implementation of
different domains. This eliminates the task of re-inventing the wheel as each domain would be
developed by the respective specialists but can still be used by peers by simply plugging the tool
into their multidisciplinary workflow. The SMG tool developed as a part of this research will serve
the same purpose. Data parsing complications might occur when integrating tools developed
by different specialists. The implementation of a standardised data schema lowers the required
interpretation time by both human and computer alike.

. Verification and validation for such high number of cases was possible within such a short

time only with the integration and automation methodologies described in the prior paragraphs.
These techniques demand high setup time but the ease of carrying out a large number of studies
within the short period outweigh the initial delay. The verification and validation added credibility
to the design methods to a certain extent and also served in verifying the tool over a wide range
of inputs with the sensitivity analysis.

. Case study enabled the demonstration of the overall framework in a quantitative manner. This

served as a test for assessing the capabilities of all the developed methodologies as the results
were validated at each step. Generating and assessing the parameters of the conventional sys-
tems architecture against an MEA systems architecture and validating the results with literature
not only added credibility to the framework and the modelling methods but also enabled to quan-
tify the added benefit of the novel domain developed. The higher design knowledge provided by
the parametric models and the intersection detection functionality enabled to redesign the actua-
tors such that they would fit in the airframe and avoid intersections. This lead to a higher energy
density of the actuators due to the decreased size, thus leading to a lower fuel benefit relative to
literature. It is also slightly distressing that most of the current research predict the added fuel
benefit for total electrification of the aircraft as less than 5%. However, it is evident from our
past that it is such challenges that empower humans to seek out revolutionary technologies.

. Knowledge of the design is increased in the initial design stage with this methodology. Though a

case study with a low fuel benefit was demonstrated with this framework, it is vital to acknowledge
that this result was derived based on more knowledge of the design. This case study also serves
as a validation for the proposed design methodology. The knowledge of the design generated by
this framework is in the form of parametric models and volume allocation of the models in the
airframe, in a quantified manner . This vast design knowledge is generated in the initial design
stages, however due to a lot of assumptions and estimations the absolute values might differ
from that of a detailed design. Till this gap is bridged to an acceptable range, this method can
only be used to estimate the trends of the effects of integration of certain technologies. With
this knowledge, the vital parameters can be identified and manipulated to drive the trends in the
desired direction.

7.2. Recommendations for future work

Based on the above discussion, it is evident that further development of the framework is vital to fully
exploit the benefits of increasing design knowledge, integrated sizing and design automation. For this
purpose, the following domains are recommended to carry-out future developments.

1. The developed framework enables orientation of the components in the airframe and identification

of intersections amongst the components and the airframe. However, it is the responsibility
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of the designer to reposition or redesign the subsystems to avoid these intersections in the
successive designs. This is often time consuming as the designer needs to deal with a large
number of volume allocation possibilities to determine the most appropriate solution. Automating
this process would not only overcome the above limitations but would also lead to determining the
most optimal solution for this problem of space allocation for optimal packaging of subsystems.
Similar challenges have been dealt in the past in the naval engineering domain with optimising the
storage of containers on-board a container vessel ([62], [63], [64]). These methods are based
on heuristics and can be developed with the tool such that optimal packaging of the subsystems
can be done in an automated process.

The framework can be further developed in different perspectives.

2. The framework can be extended by introducing medium - high fidelity methods for major domains
such as aerodynamics, structures and flight control. This introduction would indeed reveal a high
number of snowball effects due to the interdependencies. For instance, an actuator that doesn't
fit in the wing can be protected by an external cowling. The added fuel penalty for the drag
generated by this cowling and the structural mass can be assessed against the fuel penalty due
to higher mass of the smaller actuators that fit completely inside the airframe.

3. The subsystems discipline can be extended to include more number of subsystems such as in-
strumentation, galley equipment and power distribution units which occupy high volume. This
would provide a large amount of knowledge regarding the possible systems architectures. Design
studies such as assessing the combined influence of fuselage and wing subsystems on the overall
design and performance can be performed.

4. The fidelity of the sizing methods can be improved, which would result in more accurate results.
For instance, the current semi-physics based methods for actuators sizing can be replaced with
recreated modelica [65] models which would simulate the control laws with respect to the design
mission and assess the power consumption. With the ever increasing computational power, this
integration would not substantially increase the overall design time, in-spite of demanding a
higher setup time.

5. The framework can be extended to different aircraft configurations such as a Blended-wing body
(BWB) or an Unmanned Aerial Vehicle (UAV). The UAV design, in specific would be highly bene-
ficial as a UAV design is solely driven on the systems that are required. As such, the knowledge
of parametric models and space allocation would add value to the design as the designer could
generate higher number of possible configurations based on the optimum packaging of the sub-
systems as per the requirements. Developing the overall framework to include flight controls
domain, a UAV could be designed for instance, for higher manoeuvrability or low fuel consump-
tion. As such, a large number of design possibilities can be generated and assessed effectively
in a shorter duration. Moreover, the framework can be extended to assess the cg effects of the
subsystems on the aircraft.

In this way, the proposed framework can be developed to carry out design studies by generating
and propagating the knowledge of the parametric subsystem models. The possibility in also extended
to different domains, aircraft configurations, and different subsystems, which in the past, could have
only been possible in the late preliminary or detailed design stages. With this research, we are one
step closer to increasing the design knowledge in the initial design stages.
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Figure A.1: Flowchart of intersection detection
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3. HTP

4. Fuselage

5. Actuators(All Control
surfaces)(Aileron, Elevator,
Rudder, Spoiler, THS, Flap,
Slat, Stabilizer)

6. Fuel tanks (Wing,
Fuselage, Empennage)

7. Anti icing elements
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A.2. Automatic fuel tanks sizing

(a) Initial configuration of the fuel tanks

(b) Increases the end fraction of the wing fuel tanks till maximum limit is reached

(c) Introduces the empennage fuel tank and increases the end fraction till limits
reached

(d) Introduces the fuselage fuel tank and increases the end fraction till limits reached

Figure A.2: Automatic sizing of fuel tanks



Sensitivity analysis

B.1. Sensitivity analysis - Subsystem level

B.1.1. EHA
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Figure B.1: Sensitivity of the EHA volume with the subsystem level parameters

Variable

Variation in variable Variation in volume (Baseline = 1441 ¢m?)

Hinge fraction
Gearing ratio

System pressure
Deflection angle
Hinge moment
Control surface chord

0.1 (20%)
0.5 (16.6%)

1 MPa (4.8%)
1° (3.3%)
100 Nm (2.85%)
0.1 m (16.6%)

18.5%
11.8%
-2.5%
3%
2%
15.3%

Table B.1: Percentage variation of the EHA volume with the subsystem level parameters
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B.1.2. EMA
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Figure B.2: Sensitivity of the EMA volume with the subsystem level parameters - Plot 1
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Figure B.3: Sensitivity of the EMA volume with the subsystem level parameters - Plot 2

Variable Variation in variable Variation in volume (Baseline = 4200 cm?)
Hinge fraction 0.1 (20%) 19.5%
Gearing ratio 0.5 (16.6%) 15.6%
Deflection angle 1° (3.3%) 3%
Hinge moment 100 Nm (2.85%) 2.7%
Control surface chord 0.1 m (16.6%) 16.3%
Reference cylinder diameter 1 cm (12.5%) 24%
Reference torque 100 Nm (100%) -1%
Reference rod diameter 1 cm (33.33%) 51.8%
Reference output force 1 kN (16.6%) -4%
Reference motor diameter 1 ¢m (10%) 11%

Table B.2: Percentage variation of the EMA volume with the subsystem level parameters



B.1. Sensitivity analysis - Subsystem level

B.1.3. Wing fuel tank
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Figure B.4: Sensitivity of the wing fuel tank - tank mass with the subsystem level parameters

Variable Variation in variable Variation in tank mass
Start fraction 0.01 (10%) -4%

End fraction 0.05 (6%) 3.1%

Front spar fraction 0.02 (6%) -6.5%

Rear spar fraction 0.02 (3%) 4%

Tank material density 100 kg/m3 (4%) 4%

Tank skin thickness 0.5 ¢m (100%) 100%

Table B.3: Percentage variation of the wing fuel tank - tank mass with the subsystem level parameters

Wing fuel tank - Fuel mass capable

100

80
60 —@— Start fraction

40 End fraction
Fill fraction

—@— Front spar fraction

-400  -300 -200  -100 _ 0 400

—@— Rear spar fraction
Fuel density

—@— Tank material density

Percentage change in fuel mass

—@— Skin thickness

-100
Percentage change in parameter

Figure B.5: Sensitivity of the wing fuel tank - fuel mass capable with the subsystem level parameters
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Variable Variation in variable Variation in fuel mass capable (Baseline = 12,970 kg)
Start fraction 0.01 (10%) -4%

End fraction 0.05 (6%) 3.1%
Front spar fraction 0.02 (6%) -6.5%
Rear spar fraction 0.02 (3%) 4%
Fill fraction 0.1 (12.5%) 12.5%
Fuel density 0.1 kg/l (12.5%) 12.5%
Tank skin thickness 0.5 ¢cm (100%) -3%
Table B.4: Percentage variation of the wing fuel tank - fuel mass capable with the subsystem level parameters

B.1.4. Hot-air anti-ice element

Percentage change in volume

)
o
o

Hot air anti-ice element - Occupying volume - Aircraft level

—@— Wing taper ratio
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Figure B.6: Sensitivity of the hot-air anti-ice element occupying volume with the aircraft level parameters

Variable Variation in variable Variation in volume
Quarter chord wing sweep 1° (5%) 1%

Wing taper ratio 0.1 (50%) 6%

Wing aspect ratio 1 (12.5%) -16%

Wing span 1 m (3.33%) 0.23%

Table B.5: Percentage variation of the hot-air anti-ice element occupying volume with the aircraft level parameters
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B.1.5. Electro-thermal anti-ice element
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Figure B.7: Sensitivity of the electro-thermal anti-ice element occupying volume with the aircraft level parameters

Variable Variation in variable Variation in volume
Quarter chord wing sweep 1° (5%) 0.4%

Wing taper ratio 0.1 (50%) -1%

Wing aspect ratio 1 (12.5%) -12.4%

Wing span 1m (3.33%) -0.65%

Table B.6: Percentage variation of the electro-thermal anti-ice element occupying volume with the aircraft level parameters
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B.2. Sensitivity analysis - Aircraft level
B.2.1. Wing taper ratio

Percentage change in output

Wing taper ratio

80

80

-80
Percentage change in taper ratio

—@— Actuator mass

—@— Actuator power
Actuator volume
AIE Mass

—&— AIE Power

=@ AIE Volume

—&—FT Mass

—@— FT Volume

—@— Fuel Mass

—— Airframe Volume

Figure B.8: Variation of results with wing taper ratio

Variable Variation
Actuators mass -2.7%
Actuators power -2.7%
Actuators volume -4.6%
Anti-ice elements mass 14.63%
Anti-ice elements power -12.45%
Anti-ice elements volume 37.13%
Fuel tanks mass -12.70%
Fuel tanks volume -20%
Fuel mass capable -22.3%
Airframe volume -1%

Table B.7: Percentage variation of the parameters with 0.1 (41%) variation of the wing taper ratio
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B.2.2. Wing span

Percentage change in output

Wing span

—@— Actuator mass
Actuator power
Actuator volume
AIE Mass

—@&— AIE Power

-500
Percentage change in span

40— AIE Volume

—@— FT Mass
—@—FT Volume
—@— Fuel Mass

—@— Airframe Volume

Figure B.9: Variation of results with wing span

Variable

Variation

Actuators mass
Actuators power
Actuators volume

Anti-ice elements mass
Anti-ice elements power
Anti-ice elements volume

Fuel tanks mass
Fuel tanks volume
Fuel mass capable
Airframe volume

12.3%
12.3%
16.4%
4.6%
8.3%
4.6%
13.3%
13.9%
13.4%
43%

Table B.8: Percentage variation of the parameters with 1 m (3%) variation of the wing span
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B.2.3. Wing quarter chord sweep angle
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Figure B.10: Variation of results with wing quarter chord sweep angle

Variable Variation
Actuators mass 0.35%
Actuators power 0.35%
Actuators volume 0.6%
Anti-ice elements mass 2.7%
Anti-ice elements power 4.5%
Anti-ice elements volume 2.7%
Fuel tanks mass 1%
Fuel tanks volume 0.85%
Fuel mass capable 0.8%
Airframe volume 0.32%

Table B.9: Percentage variation of the parameters with 1° (4%) variation of the wing quarter chord sweep angle



B.2. Sensitivity analysis - Aircraft level

B.2.4. Fuselage length
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Figure B.11: Variation of results with fuselage length

Variable Variation
Actuators mass -1.7%
Actuators power -1.7%
Actuators volume -3%
Anti-ice elements mass 0%
Anti-ice elements power 0%
Anti-ice elements volume 0%
Fuel tanks mass 0%
Fuel tanks volume 0%
Fuel mass capable 0%
Airframe volume 9%

Table B.10: Percentage variation of the parameters with 1° (4%) variation of the fuselage length






Case study data

C.1. Case study - MEA systems architecture

Iteration Msys OEM Mfuel MTOM Unit
1 13,563 42,078 19,072 74,700 kg
2 13,578 42,098 19,087 74,735 kg
3 13,603 42,110 19,096 74,756 kg
4 13,613 42,118 19,101 74,769 kg
5 13,613 42,118 19,101 74,769 kg

Table C.1: Change in parameters of MEA systems architecture with iteration

Convergence of parameters - MEA architecture

1.0005

0.9995
0.999
0.9985
0.998
0.9975

Normalised mass

0.997
0.9965
0.996

3 35

Iteration number

—@— Msys
MOEM
Mfuel

MTOM

4.5 5 5.5

Figure C.1: Normalised convergence of the major parameters of the MEA systems architecture
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