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Preface
This technical report is the result of ten weeks of work for ten Bachelor of Science students of the Faculty of
Aerospace Engineering at the Delft University of Technology. Over 4000 man hours, countless investiga-
tions of research papers, a considerable number of Python scripts, and pushing the limits of our engineering
capabilities have been summarized in over six deliverables, this one being the most extensive, intensive,
and complete of them. With this report, we conclude the Design Synthesis Exercise and our Bachelor stud-
ies.

During the DSE, we had the privilege to incorporate all the knowledge learned during the Aerospace Engi-
neering bachelor into practice. The design process was challenging, yet exciting and very rewarding. We
are proud to present the SRP-22, a regional passenger aircraft using a fuel cell powertrain, into which we
poured our heart, soul, and efforts into. The aviation industry is ready and prepared for an innovative break-
through, and we hope that, with our findings, we are able to add our grain of salt to this breakthrough impact.

We would like to extend our most sincere gratitude to our principal tutor - Dr.ir. R. Vos - and to our coaches
- N. Eskue M.Sc, and Dr.ir. R. Saathof - for all their guidance and time spent with us to make this idea
a reality. Furthermore, we would like to thank S. Link M.Sc for her expertise on hydrogen combustion
engines, P. Proesmans M.Sc for his knowledge on average temperature response, and M. van Dongeren
from AeroDelft for the fuel cell design and hydrogen transfer. Finally, we would like to thank our respective
friends and family members, for their supportive efforts all throughout the four years of our university studies,
and especially throughout these past ten weeks.

DSE Group 1, SRP-22 ALAR FOX
Delft, January 2023
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Summary
This report entails the design of a regional passenger aircraft, serving 48 passengers and entering the mar-
ket by 2035. It is known as the SRP-22 ALAR FOX, however, in general, SRP-22 is used. The propulsion
system is designed with hydrogen as its fuel. The hydrogen is converted to electricity with a low-temperature
proton-exchange membrane fuel cell, which in turn is used by the electric motors, to power the propellers.
There are four electric motors with one six-bladed propeller each. Two propellers are located under the
wing near the fuselage and deliver 80% of the total power. The remaining two propellers are positioned on
the wing tips, delivering the remaining 20%. The benefit of these wingtip propellers is an expected drag
reduction of around 10%, due to the attenuation of wingtip vortices.

The hydrogen is stored in a composite tank, located behind the aft pressure bulkhead. The fuel cell is placed
under the cabin floor, just in front of the pressure bulkhead, such that less tubing is required to transport the
hydrogen. The boil-off of the hydrogen is used to transform the hydrogen from its liquid state to its gaseous
state, through the usage of glass rods. After that, the hydrogen is heated up until about 80◦C, which is
the operating temperature of the fuel cell. The control system is controlled through a mechanical-powered
hydraulic system. The elevator design includes horns to relieve the hinge moment.

One of the main goals was to reduce the environmental impact of the aircraft. The average temperature
response of the SRP-22 is almost 83 times lower than that of the ATR 42 by 2064, which supports this goal.
Noise has also been taken into account, which mainly stems from the propellers and airframe. It is found
that the noise levels are well below the limits set by ICAO.

The unit list price of the SRP-22 will be $19 million when using more optimistic fuel cell prices, while a least
optimistic estimate results in a unit list price of $37 million. Moreover, the direct operational cost is around
10% lower than those of the ATR 72. Because of the usage of electric motors, the maintenance cost is
expected to be lower than for a turboprop aircraft.
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Executive Overview
The Design Synthesis Exercise (DSE) is the final project of the Aerospace Engineering Bachelor program at
Delft University of Technology. In the DSE, ten students are given ten weeks to design a regional passenger
aircraft with the goal of minimizing the global warming impact of aircraft operation while still providingmarket-
competitive performance, price, and operational costs.

This final report concludes the design of the SRP-22 ALAR FOX regional passenger aircraft. The Ex-
ecutive Overview is used to show all design specifications in a comprehensive manner.

Project Objective
As the demand grows for short-haul flights together with an outdated fleet of regional aircraft, a new market
is emerging for more efficient and sustainable alternative aircraft. Over the next 20 years, current market
predictions forecast a≈ 2000 unit demand, as airlines seek new alternatives that will lowermaintenance and
operational costs. The aim of the entire project is to present a design proposal for a regional passenger
aircraft with at least a 20% reduction of block fuel per seat over 500 nautical miles compared to market
competitors while providing market-competitive performance, price, and operational costs. As a result, the
Mission Need Statement (MNS) and the Project Objective Statement (POS) are defined as follows:

Mission Need Statement (MNS)

To minimize the environmental impact of regional passenger aircraft, while providing market-
competitive performance, price and operational costs.

Project Objective Statement (POS)

Design a regional passenger aircraft with at least a 20% reduction of block fuel per seat over 500
nmi compared to market competitors, in ten weeks by ten students, entering service by 2035.

Client Requirements
The client requirements for the design of the aircraft are listed. These requirements summarize the stake-
holder view and give a general overview of the design frame. All client requirements are listed in Table 1.

Table 1: Client Requirements

Client Req.
RA-CLI-1 The aircraft shall be able to carry a number of passengers in the range of 46-50.
RA-CLI-2 The aircraft shall have a minimum design range of 1000 nmi, at full passenger

capacity.
RA-CLI-3 The aircraft shall be compliant with CS/FAR 25 regulations.
RA-CLI-4 The aircraft shall have a reduction in block fuel of at least 20% on a 500 nmi

mission compared to reference aircraft.
RA-CLI-5 The aircraft shall have a maximum wingspan ICAO Code C (<36 m).
RA-CLI-6 The aircraft shall have an asking unit price of 36 million USD or lower.
RA-CLI-7 The aircraft shall have a cash operating cost per seat mile on a 500 nmi mission

of 0.16 USD or lower.
RA-CLI-8 The aircraft shall enter service in 2035.
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Aside from the mentioned client requirements, there are many more detailed requirements that showcase
technical specifications. In addition to all requirements, there are mission objectives. These must always
be kept in mind during the design process and describe additional goals considering the design.

Weight Estimations
The Class I weight estimation uses the OEM/MTOM ratio following from the build-up method in the Class
II weight estimation. Together with the power- and wing loading, this is used to design the subsystems
(Table 2). Most of all, the MTOM and W/P ratio are used to both size the power train and determine flight
performance.

Table 2: Weight Estimations Outputs

Outputs Value Unit
MTOM 18650 [kg]
OEM 12770 [kg]
mF 683 [kg]
W/P 0.077 [N/W]
W/S 3270 [N/m2]

Aircraft Geometries
The main aircraft geometries are those of the fuselage and the wing (Table 3). The Sh/S ratio is equal to
0.17 (resulting in a horizontal tail area of 10.3 m2) and the vertical tail area is about 14 m2.

Table 3: Main Aircraft Geometries

Parameter Value Unit
Fuselage Length 23.9 [m]
Fuselage Diameter 3.0 [m]
Wing Span 26.8 [m]
Wing Surface Area 59.9 [m2]

Aerodynamics
As the aircraft contains wing-tip propellers, a drag reduction of approximately 10% to the conventional
case is expected. The chosen airfoil is the NACA 63(4)421, for its overall good aerodynamic performance,
along with a high t/c ratio. The maximum flap deflection is 40◦. The aerodynamic performance is assessed
for cruise, takeoff, and landing configuration (Table 4).

Table 4: Aerodynamic Overview

Cruise
CL 0.63
CL/CD 20
α 4◦

Takeoff/Landing
(CL/CD)flaps,40° 11.6
(CL/CD)flaps,15° 15.2
Airfoil
t/c 0.21
Stall behaviour gradual
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Propulsion
The propulsion system consists of 10 fuel cells stacked together, from which the generated electricity is
used by the electric motors, which in turn power the propellers (Figure 1). The always-present boil-off is
used as an advantage, as it is actually stimulated in order to create the gaseous hydrogen required to run
the fuel cell. In total, there are four motors and propellers present, with six-bladed propellers.

Fuel Cell
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Figure 1: Propulsion System Architecture Block Diagram

Flight Performance
The most interesting aircraft ranges are the range at design payload, the range including divergence, and
the ferry range (Figure 2). The takeoff length is equal to 1160 m, being the summation of the runway length
(855 m) and the distance traveling over an object of 50 ft (305 m), while the landing field length is 1125 m.
The aircraft is able to climb up to cruise altitude (FL280) within 74.5 nmi with a climb time of approximately
20.3 minutes. Furthermore, a bank angle of 40◦ can be achieved.

Figure 2: Payload Range Diagram
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Finance
Manufacturing accounts for the biggest part of the cost influencing the unit list price of the SRP-22. The SRP-
22 will be sold for $19 million for the most optimistic fuel cell price prediction. The least optimistic estimate
results in a unit list price of $37 million. Finally, when comparing to the ATR 72, the direct operational cost
of the SRP-22 are 10% lower for optimistic fuel cell price. In the least optimistic estimate, the SRP-22’s
direct operational cost is comparable with the ATR-42.

Table 5: Financial Overview

Definition Value [USD$] Notes
R&D Cost 1,470 million FY2035
Manufacturing Cost 14,600 million FY2035 (1000 aircraft)
Unit List Price 19 million FY2035 most optimistic case
Unit List Price 37 million FY2035 least optimistic case
Direct Operational Cost 0.19 per seat nmi FY2035 most optimistic case
Direct Operational Cost 0.26 per seat nmi FY2035 least optimistic case
Total Operational Cost 0.39 per seat nmi FY2035 most optimistic case
Total Operational Cost 0.55 per seat nmi FY2035 least optimistic case
Total Program Operational Cost 3,290 million FY2035 most optimistic case
Total Program Operational Cost 4,600 million FY2035 least optimistic case

Sustainability
To compare the environmental impact of the aircraft, the average temperature response is used. This cal-
culates the radiative forcing and its respective temperature response stemming from the operations of the
aircraft and its influence for up to 30 years. The average temperature response of the SRP-22 is signifi-
cantly lower than that of its counterparts that use kerosene. In 2064, the SRP-22 is expected to have an
average temperature response of 0.00035, whereas the ATR 42 is expected to have an average temper-
ature response of 0.029. This means that the average temperature response of the SRP-22 is expected
to be almost 83 times lower than that of the ATR 42 by 2064. The average temperature response of the
SRP-22 is shown in Figure 3. The noise levels at lateral, flyover and approach points are estimated and
shown in Table 6. It is concluded that the noise does not exceed the set limits.

Table 6: Noise Levels

Certification Point Total Noise [EPNdB] Noise Limit [EPNdB]
Lateral 88.5 94
Flyover 85.3 89
Approach 87.6 98
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Figure 3: Average Temperature Response of the SRP-22
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Aircraft Overview
The 3D layout of the aircraft can be found in Figure 4
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Figure 4: Four view drawing of SRP-22
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1
Introduction

As the aviation industry progresses to become increasingly more sustainable on all fronts, the regional
aircraft market will likely see a surge in demand for new aircraft with inferior environmental impact. In a
growing economy, more and more people will need to travel longer distances in shorter times, often invok-
ing air travel. Conventionally however, more air travel results in greater climate impact. As of 2022, the
aviation industry is responsible for 2.1% of all human-induced carbon emissions, and a whopping 12% of
all transport-source emissions. With no immediate action, these figures are expected to increase, even
with the totality of emissions increasing. As a result, the Air Transport Action Group together with the Inter-
national Civil Aviation Organization has set a decarbonization plan to stabilize and cap aviation emissions,
with civil aviation operations culminating in net-zero emissions by 2050. To achieve this, revolutionary
means of propulsion must be integrated into the market.

Over the last decade, great leaps forward have been undertaken with the release of the A320 neo family,
the A350, the B737 max family and the B787, aircraft efficiencies have drastically improved to maintain in-
creased demand while consuming less fuel and emitting less carbon dioxide. Nevertheless, these designs
are primarily economically motivated, with less emphasis on their overall climate impact. Other more radi-
cal alternatives, such as the TU Delft - KLM Flying V or the ZeroAvia retrofitted Dornier 228, have already
theoretically and experimentally proven that total decarbonization is truly achievable. What is predominant
in the aforementioned examples is that most of these aircraft target a mid-range to long-haul market, with
little oversight of the regional market. Furthermore, airlines and operators welcome this change as long as
its economic performance remains unaffected or with little change.

The aim of this report is to present the conceptual design of a regional passenger transport aircraft that
integrates a novel propulsion system to reduce greenhouse emissions while remaining market-competitive
in terms of both unit cost and cash operating cost. The aircraft is expected to comply with CS/FAR-25 reg-
ulations, with an entry-into-service date by 2035. This report is the culmination of ten weeks and over 4000
man-hours in an attempt to prove that the future of regional air travel lies within new green technologies,
and can remain economically feasible for the manufacturer, operator, and customer.

The report is divided into twenty two parts. In Chapter 2 the requirement compliance matrix and design
objectives are presented. Following this, in Chapter 3 the functional flow and functional breakdown structure
of the aircraft is depicted. To choose the best configuration a trade-off was performed in Chapter 4. Next, in
Chapter 5, a market analysis provides a general overview of potential markets. Chapter 6 shows the design
N2 chart, providing an overview of inputs and outputs from different subsystems. Chapter 7 and Chapter 8
provide the class I, class II and aircraft sizing respectively. To generate sufficient lift, Chapter 9 looks into
airfoil selection and sizing of high lift devices. Chapter 10 sizes the airframe, integration of the hydrogen
storage tank and material selection. Following this, in Chapter 11, an overview of all electrical systems
are depicted. In Chapter 12 and Chapter 13 the propulsion system is thoroughly designed and integrated,
together with other systems such as hydraulics. To be able to manufacture the aircraft, a general plan
was set up in Chapter 14. To make sure the SRP-22 is both statically and dynamically stable, Chapter 15
performs this analysis. In Chapter 16 shows the flight performance, such as payload range, gust maneuver
and flight profile diagrams. The technical budget breakdown is presented in Chapter 17. In Chapter 18
the analysis on financial feasibility is performed, both an cost and return on investment. Following this, in
Chapter 19, the climate impact and noise levels are considered, showing the sustainability of the aircraft.
The operations and logistics of flight operations and hydrogen infrastructure are considered in Chapter 20.
Chapter 21 looks at reliability, availability, maintainability and safety. Next, in Chapter 22 the project risks is
analysed. Chapter 23 provides an overview of the future planning of the project, such that the SRP-22 can
enter service in 2035. Finally, in Chapter 24 the verification and validation together with the requirement
comliance form the basis for the recommendations and conclusion in Chapter 25 and Chapter 26.
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2
Requirements and Objectives

To define the design space of the project, an extensive list of requirements is constructed. These include
user requirements, system requirements, and mission requirements. Moreover, design objectives are set
which would drive the design process. Finally, requirement compliance must be checked and if design
objectives are met, showing the feasibility of the initial aircraft design.

2.1. Design Requirement Compliance
All design requirements and their compliance are presented in Table 2.1. A division is made from lead-
ing requirements, subrequirements and sub-subrequirements. Furthermore, the categories to divide all
requirements are bold along with their abbreviation. A distinction between top (TOP) and system (SYS) re-
quirements was made. Top requirements include all user requirements, while system requirements entail
all additional requirements defined to ensure the design will fulfill its purpose.

The requirement compliancematrix shows if the SRP-22 complies with all set requirements. If the design
complies it receives a check mark (✓). If the requirement is conditionally met or indecisive it receives a tilde
(∼). This means the requirement needs more research before it can be determined if it complies or not.
Finally, if a requirement is not yet met it will be set as TBD. This will require a meeting with the customer,
during which acceptance of failing to meet the requirement or changing the design will be the outcome. In
the last column of Table 2.1 the sections that show compliance are presented.

A main focus while designing the aircraft is to ultimately comply with all CS/FAR 25 regulations. As this
is not possible during the conceptual design phase, the most important regulations are presented in the
requirement matrix and complied with. Any additional requirements from CS/FAR 25 shall be considered
during later design phases and testing.

Table 2.1: Requirement Compliance Matrix

Requirement ID Requirement ✓/∼/TBD Sections
Performance (PER)
RA-TOP-PER-1 The aircraft shall be able to carry a number of

passengers in the range of 46-50.
✓ Figure 8.1, Sec-

tion 16.1 and Ap-
pendix A

RA-TOP-PER-2 The aircraft shall have a minimum design
range of 1,000 nmi, at full passenger capac-
ity.

✓ Section 16.1

RA-TOP-PER-3.1 The aircraft shall have a minimum cruise
speed of 275 KTAS.

✓ Section 16.4 and
Section 16.5

RA-TOP-PER-3.2 The aircraft shall comply with approach speed
category C (<141 knots).

✓ Section 16.5

RA-TOP-PER-4.1.1 The aircraft shall have a maximum take-off
field length of 1.37 km over a 15 m obstacle
on a runway with dry pavement (sea level ISA
+ 10 °C day).

✓ Section 16.5

RA-TOP-PER-4.1.2 The aircraft shall have a maximum take-off
field length of 1.37 km over a 15m obstacle on
a runway with dry pavement at 1.5 km above
mean sea level (ISA + 10 °C day).

✓ Section 16.5

Continued on next page
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Table 2.1 – Continued from previous page
RA-TOP-PER-4.2.1 The aircraft shall have a maximum landing

field length of 1.37 km over a 15 m obstacle
on a runway with dry pavement at maximum
landing weight (sea level ISA + 10 °C day).

✓ Section 16.5

RA-TOP-PER-4.2.2 The aircraft shall have a maximum landing
field length of 1.37 km over a 15m obstacle on
a runway with dry pavement at maximum land-
ing weight at 1.5 km above mean sea level
(ISA + 10 °C day).

✓ Section 16.5

RA-TOP-PER-5.1 The aircraft shall have a minimum initial cruis-
ing altitude of FL280.

✓ Section 16.5

RA-TOP-PER-5.2 The aircraft shall have a horizontal distance to
climb up to a cruising altitude of less than 200
nmi.

✓ Section 16.5

Safety and Reliability
(SRE)
RA-TOP-SRE-2.1 The aircraft shall comply with VFR. TBD
RA-TOP-SRE-2.2 The aircraft shall comply with IFR. TBD
RA-TOP-SRE-3 The aircraft shall be capable of flight in known

icing conditions.
✓ Section 11.2

RA-SYS-SRE-1 The aircraft shall have the following lights: ic-
ing, anti-collision, and landing.

✓ Section 11.1

RA-SYS-SRE-2.1 The aircraft shall contain an approved-type
emergency exit within 9.1 m of the furthest
seat on one side of the fuselage cross-section
and 13.7 m on the other side of the fuselage
cross-section.

✓ Figure 8.1

RA-SYS-SRE-2.2 The aircraft shall have at least one Type I and
one Type III emergency exit on each side of
the fuselage cross-section [1] (CS 25.807).

✓ Appendix A and
Section 8.1

RA-SYS-SRE-3 The aircraft shall be protected against catas-
trophic effects from lightning.

✓ Figure 10.3

RA-SYS-SRE-4 The aircraft shall be able to withstand the
calculated ultimate load factors (maneuver or
gust).

✓ Chapter 10

RA-SYS-SRE-5 The aircraft shall carry contingency fuel (five
minutes of holding flight), airport divergence
fuel (to get to an alternate airport2 within 100
nmi) and final reserve fuel (30 additional min-
utes) [2].

✓ Section 16.1 and
Section 7.2

RA-SYS-SRE-6 The aircraft propeller clearance shall be amin-
imum of 18 cm from the ground.

✓ Section 8.5 and
Appendix A

Sustainability (SUS)
RA-TOP-SUS-1 The aircraft shall have a reduction in block fuel

of at least 20% per passenger on a 500 nmi
mission compared to reference aircraft.

✓ Section 7.2

RA-TOP-SUS-2.1 At the lateral noise measurement point, the
maximum noise level shall not exceed 94 EP-
NdB [3].

✓ Section 19.3

RA-TOP-SUS-2.2 At the flyover noise measurement point, the
maximum noise level shall not exceed 89 EP-
NdB [3].

✓ Section 19.3

Continued on next page
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Table 2.1 – Continued from previous page
RA-TOP-SUS-2.3 At the approach noise measurement point,

the maximum noise level shall not exceed 98
EPNdB [3].

✓ Section 19.3

Dimensions (DIM)
RA-TOP-DIM-1.1.1 The aircraft shall have a minimum seat width

of 44 cm.
✓ Appendix A and

Figure A.1
RA-TOP-DIM-1.1.2 The aircraft shall have a minimum arm rest

width of 5 cm.
✓ Appendix A and

Figure A.1
RA-TOP-DIM-1.1.3 The aircraft shall have a minimum seat pitch

of 76 cm.
✓ Appendix A and

Figure A.2
RA-TOP-DIM-1.2.1 The aircraft shall have a minimum stand-up

height in the aisle of 1.9 m.
✓ Appendix A and

Figure A.1
RA-TOP-DIM-1.2.2 The aircraft shall have a minimum aisle width

of 46 cm.
✓ Appendix A and

Figure A.1
RA-TOP-DIM-2 The aircraft shall have a maximum wingspan

compliant with ICAO Code C (<36 m).
✓ Section 8.2 and

Appendix A
RA-SYS-DIM-1.1 The aircraft shall contain a lavatory with mini-

mum dimensions of 91×91 cm [4].
✓ Appendix A and

Figure A.3
RA-SYS-DIM-1.2 The aircraft shall contain a galley storage area

with minimum dimensions of 76×91 cm [4].
✓ Appendix A and

Figure A.3
RA-SYS-DIM-2 The aircraft shall have a minimum overnose

angle of 25.1 degrees [5].
✓ Appendix A and

Figure A.4
Cost (COS)
RA-TOP-COS-1 The aircraft shall have a maximum asking unit

price of 31 million USD in FY2022.
✓ Section 18.2

RA-TOP-COS-2 The aircraft shall have a maximum cash oper-
ating cost per seat mile on a 500 nmi mission
of 0.16 USD in FY2022.

∼ Section 18.3

Timing (TIM)
RA-TOP-TIM-1 The aircraft shall enter service by 2035. TBD Section 23.3
Crew (CRE)
RA-TOP-CRE-1.1 The aircraft shall carry a minimum of two pi-

lots, and one cabin crew member to serve up
to 50 passengers.

✓ Section 7.2

RA-TOP-CRE-1.2.1 The aircraft shall have a minimum crew bag-
gage mass of 14 kg per crew member.

✓ Section 7.2

RA-TOP-CRE-1.2.2 The aircraft shall have a minimum crew bag-
gage volume of 0.1 m3 per crew member.

✓ Table 8.1

Passengers (PAS)
RA-TOP-PAS-1.1.1 The aircraft shall have a minimum passenger

baggage mass of 40 lbs per passenger.
✓ Section 7.2 and

Section 16.5
RA-TOP-PAS-1.1.2 The aircraft shall have a minimum passenger

baggage volume of 0.14 m3 per passenger.
✓ Section 8.1

Undercarriage (UCG)
RA-SYS-UCG-1 The aircraft shall contain an anti-skid brake

system.
✓ Section 8.5

RA-SYS-UCG-2.1 The aircraft shall have a maximum lateral tip-
over angle of 55◦ at the most forward c.g. po-
sition1.

✓ Section 8.5 and
Appendix A

RA-SYS-UCG-2.2 The aircraft shall prevent tip-back at the most
aft c.g. position.

✓ Section 15.1 and
Appendix A

Continued on next page
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Table 2.1 – Continued from previous page
RA-SYS-UCG-3 The load on the nose wheel shall be between

8% and 15% of the total aircraft weight [4].
✓ Section 8.5

Maneuverability, Sta-
bility, Controllability
(MSC)
RA-SYS-MSC-1 The aircraft shall be able to perform a 40◦

bank angle turn.
✓ Section 16.4

RA-SYS-MSC-2 The aircraft shall be able to perform a steep
approach landing with a glide angle greater
than 4.5◦.

✓ Section 16.5

RA-SYS-MSC-3 The scrape angle of the aircraft shall be such
that it prevents tail strikes.

✓ Figure 8.1

RA-SYS-MSC-4 The aircraft shall be able to perform a 45◦
change in bank angle in 1.4s.

✓ Section 15.4

RA-SYS-MSC-5 The x-location of the neutral point shall be
larger than the x-location of the center of grav-
ity.

✓ Section 15.2

RA-SYS-MSC-6 The non-dimensional roll rate shall be larger
than 0.07.

✓ Section 15.3

RA-SYS-MSC-7 The vertical tail shall be able to counteract a
yawing moment generated by a one, inner en-
gine inoperative mission.

✓ Figure 15.4

RA-SYS-MSC-8.1 The slope of the elevator control force over
velocity shall be larger than 0.

✓ Section 15.4

RA-SYS-MSC-8.2 The hinge moment derivative due to deflec-
tion shall be less than 0.

✓ Section 15.4

RA-SYS-MSC-8.3 The elevator efficiency shall be less than 0. ✓ Section 15.4
RA-SYS-MSC-9 The pitching-moment-due-to-angle-of-attack

derivative shall be less than 0.
✓ Section 15.3

RA-SYS-MSC-10.1 The sideforce-due-to-sideslip derivative shall
be less than 0.

✓ Section 15.3

RA-SYS-MSC-10.2 The rolling-moment-due-to-sideslip derivative
shall be less than 0.

✓ Section 15.3

RA-SYS-MSC-10.3 The yawing-moment-due-to-sideslip deriva-
tive shall be larger than 0.

✓ Section 15.3

RA-SYS-MSC-11.1 The side-force-due-to-roll-rate derivative shall
be less than 0.

✓ Section 15.3

RA-SYS-MSC-11.2 The roll damping derivative shall be less than
0.

✓ Section 15.3

RA-SYS-MSC-11.3 The yawing-moment-due-to-roll-rate deriva-
tive shall be less than 0.

✓ Section 15.3

RA-SYS-MSC-12.1 The side-force-due-to-yaw-rate derivative
shall be larger than 0.

✓ Section 15.3

RA-SYS-MSC-12.2 The rolling-moment-due-to-yaw-rate deriva-
tive shall be larger than 0.

✓ Section 15.3

RA-SYS-MSC-12.3 The yawing-moment-due-to-yaw-rate deriva-
tive shall be less than 0.

✓ Section 15.3

RA-SYS-MSC-13.1 The damping ratio of the short period motion
shall be larger than 0.30 and less than 2.00.

✓ Section 15.5

RA-SYS-MSC-13.2 The damping ratio of the phugoid motion shall
be larger than 0.04.

✓ Section 15.5

Continued on next page
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Table 2.1 – Continued from previous page
RA-SYS-MSC-14.1 The roll mode time constant shall be less than

1.4 s.
✓ Section 15.5

RA-SYS-MSC-14.2 The damping ratio of the Dutch roll shall be
larger than 0.08.

✓ Section 15.5

RA-SYS-MSC-14.3 The product of undamped natural frequency
and damping ratio of the Dutch roll shall be
larger than 0.15 rad/s.

✓ Section 15.5

RA-SYS-MSC-14.4 The undamped natural frequency of the Dutch
roll shall be larger than 0.4 rad/s.

✓ Section 15.5

RA-SYS-MSC-14.5 The minimum time to double the amplitude in
the spiral motion shall be larger than 20 s.

✓ Section 15.5

RA-SYS-MSC-15 The Lateral Departure Control Parameter
shall be larger than 0

✓ Section 15.5

Operations and Main-
tenance (OPM)
RA-SYS-OPM-1 The luggage compartment shall be easily ac-

cessible and ergonomically serviceable.
TBD

RA-SYS-OPM-2 The aircraft shall have the required systems to
be able to communicate with the ground and
other aircraft.

✓ Section 20.3

RA-SYS-OPM-3 The aircraft shall allow for easy access for
catering.

TBD

RA-SYS-OPM-4 The aircraft shall allow for energy source re-
plenishment within 40 minutes.

✓ Section 20.2

2.2. Design Objectives compliance
Even though the design space is defined by its requirements, design objectives shall be used to achieve
goals and constantly be kept in mind during the design process. Table 2.2 shows all identified objectives.
Subsequently, the extent of compliance with the design objectives is discussed.

Table 2.2: Design Objectives

# Identifier Objective
1 RA-OBJ-1 Minimize the environmental impact of the entire aircraft life-cycle.
2 RA-OBJ-2 Minimize the usage of hazardous materials.
3 RA-OBJ-3 The aircraft can be converted to a cargo configuration, such that standard sized

cargo pallets are able to fit in the fuselage.
4 RA-OBJ-4 The aircraft is visually appealing and has a modern aesthetic in order to be mar-

ketable and reflect its advanced design.
5 RA-OBJ-5 The preliminary design of the aircraft shall be finished by 2029.3
6 RA-OBJ-6 The aircraft has a target cruise speed of 350 KTAS.
7 RA-OBJ-7 The aircraft shall have similar takeoff performance to the DHC Dash 8 Q300 in

hot climates.
8 RA-OBJ-8 The aircraft has built-in stairs to reduce change-over time and lower operational

airport cost.
9 RA-OBJ-9 The aircraft design can be used to design aircraft family members with different

seating capacities.
10 RA-OBJ-10 The target seat width is 46 cm.
11 RA-OBJ-11 The aircraft has a wingspan compliant with ICAO Code B (<24 m).
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RA-OBJ-1: The environmental impact of the entire aircraft life-cycle of the SRP-22 is 87 times lower than
the most modern version its direct competitor, the ATR 42-600. This is based on the Average Temperature
Response metric, which can be found in Chapter 19.

RA-OBJ-2: Due to the principal use of recyclable non-hazardous materials, at least 91% of the SRP-22
can be recycled. This can be found in Chapter 10.

RA-OBJ-3: SRP-22 can be converted to a freighter aircraft by stripping the cabin of its furnishing and rein-
forcing the floor, resulting in a cargo capacity of 6000 kg. This can be found in Section 8.6.

RA-OBJ-4: The electric motor configuration with its wingtip mounted propellers reflect the novel propulsion
system and thereby the innovative design of the aircraft. This will aid in marketing of the aircraft. The full
aircraft configuration can be found in Appendix A.

RA-OBJ-5: The preliminary design will be finished before 2027 according to project development Gantt
chart which can be found in Chapter 23

RA-OBJ-6: The SRP-22 is designed for a cruise speed of 275 knots. Since the average route length of
the SRP-22 will be around 300 nautical miles, it was decided that achievement of this objective was not
pursued because the 350 knots cruise speed would only decrease the average route flight time by a maxi-
mum of 15 minutes which can be found in Chapter 5.

RA-OBJ-7: The SRP-22 is capable of takeoff in hot and high conditions, similar to the DHC Dash 8. The
takeoff performance compliance at an airport altitude of 2,300 m and 40◦ Celsius ambient temperature is
shown in Chapter 16.

RA-OBJ-8: SRP-22 is equippedwith an internal extendable stairway to allow for quick passenger turnaround,
lower remote airport dependency with regards to mobile stairways and avoid mobile stairway use airport
fees. This is shown in Chapter 20.

RA-OBJ-9: Due to the limited scope of this design phase, this objective is not investigated and therefore
not met at this stage.

RA-OBJ-10: The seat width of the SRP-22 cabin is 0.5m, which can be found in Chapter 8.

RA-OBJ-11: The wingspan of SRP-22 is 26.8m, therefore this objective is not met.

2.3. Requirement Importance
To develop the proper end-product, it is of utmost use that all requirements are ranked in order of importance.
This is not done on an individual basis, but rather on a category basis. Do note that the weights during later
trade-offs may differ, as the importance is variable through different design phases. This list represents the
importance of all categories when evaluating the end-product. The order from the most important to the
least important categories is given below, together with a short explanation for each category’s position.

1. Sustainability
As the main design objective is to minimize the global warming impact of aircraft operation and manufactur-
ing, sustainability has been ranked as themost important. Sustainability greatly affectsmultiple subsystems,
such as the propulsion system and materials used for the structure. As such, sustainability shall have the
highest weight in the trade-off for all design options and hence shall be given priority.

2. Safety and Reliability
Safety and Reliability has high priority, as an aircraft is often rated on its safety. Customers will not want
to fly in an aircraft they do not believe to be safe. Furthermore, if the aircraft of an airline regularly crash,
it damages the name of the company. Hence this has been designated as a top priority. Moreover, this
category is highly regulated through CS-25 rules and therefore drives a large part of the design.
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3. Cost
For an aircraft to be profitable during its lifetime, manufacturing and operational cost shall be limited. Cost
has been given a high priority to make the aircraft attractive to the client.

4. Performance
The aircraft needs to perform according to customer’s expectations. It should fly at a minimum speed, be
able to take off and land on specified runways, and carry a certain amount of passengers or load. Therefore,
performance is ranked as relatively important.

5. Maneuverability, Stability, Controllability
In addition to aircraft performance, the pilot must be able to fly the aircraft properly. Therefore, maneu-
verability, stability and controllability is next. The overall goal regarding this category is that the aircraft is
pleasurable to fly.

6. Operations and Maintenance
Operations and Maintenance include both operations on the ground (such as refueling) and during flight
(such as GPS determination). An easy and fast operable aircraft is preferred, as it reduces the ground time
and hence greater flight time can be made. The same holds for maintenance.

7. Timing
The client requires that the aircraft enter service by 2035. The reason this requirement is a down the line is
that it may be possible to extend this deadline in agreement with the client if the proper reasoning is given.

8. Dimensions
The dimensions ensure the passengers can sit comfortably, stand in the aisle, and can use the overhead
baggage compartment. This is driving the size and cross-section of the fuselage but is considered less
important than all of the above as comfort is not the main priority.

9. Undercarriage
The undercarriage will be designed later and has to serve its purpose. It should ensure takeoff and landing
are performed safely and proper steering is possible. This system is supporting the aircraft, and hence not
one of the most important categories.

10. Passengers and Crew
The final two categories have to do with the baggage of the passengers and crew. This drives the size of
the baggage compartment, which again drives the size of the fuselage. As this is more of an input on the
sizing of the aircraft (dimensions), it is given the lowest priority. Passengers are put above the crew as the
passengers paid for a ticket whereas the crew is at work.

1URL https://arc.aiaa.org/doi/pdf/10.2514/1.46564 [cited 01 Dec 2022]
2URL https://www.mark-pearson.com/airport-distances/#nationwide_results [cited 01 Dec 2022]
3URL https://www.faa.gov/aircraft/air_cert/airworthiness_certification [cited 02 Dec 2022]

https://arc.aiaa.org/doi/pdf/10.2514/1.46564
https://www.mark-pearson.com/airport-distances/#nationwide_results
https://www.faa.gov/aircraft/air_cert/airworthiness_certification


3
Functional Flow and Breakdown

In this chapter, the functional analysis of the aircraft operations is presented. Before designing an aircraft,
a functional analysis must be performed, which includes a functional breakdown and a functional flow. The
functional breakdown of the aircraft operations presents an overview of the aircraft functions, as seen in
Figure 3.2. The functional flow represents the relation between these functions, as seen in Figure 3.1. The
principle function of the aircraft is ”Transport Payload X over range Y between airports of type Z”. This
is broken down into several top level functions, which are further broken into first, second and third level
functions.

Functional Flow

Figure 3.1: Functional Flow Block Diagram of the SRP-22

9



10

Functional Breakdown

Figure 3.2: Functional Breakdown Diagram



4
Design Trade-Off

Earlier in the design process, four design concepts were explored and a trade-off was performed to choose
the best design option for further design. The designs are evaluated based on cost, aerodynamics, climate
impact, and the risk of the design. This chapter includes an overview of the propulsion system configura-
tions, the trade-off methodlogy and finally, the results of the trade-off.

4.1. Propulsion System Configurations
Hydrogen Combustion - This configuration has the most conventional layout besides hydrogen storage.
LH2 combustion works in a very similar manner as jet A1 fuel, needing only minor changes to the turboprops.
Therefore, it has a very similar configuration to the ATR 72 with an aft-mounted storage tank.

INTAKE COMPRESSOR
SHORTENED
COMBUSTION

CHAMBER
TURBINE EXHAUST

LH2 TANK MICROMIX
INJECTOR

HEAT EXCHANGER
PIPING

LOW PRESSURE
REGULATORTPR VALVE

Figure 4.1: Hydrogen Combustion Components

Hydrogen Fuel Cell - The hydrogen fuel cell configuration makes use of electric motors for propulsion. A
total of four electric motors, of which two are mounted on the wing tips, are selected. These tip-mounted mo-
tors allow for an increased L/D, thus improving efficiency and providing a drag reduction of 10%. Moreover,
the storage tank is located behind the rear pressure bulkhead, while the fuel cell is just in front.

Power
Managment

DC/AC
Inverter Electric Motor PropellerFuel Cell DC/DC

InverterLH2

Figure 4.2: Full H2 Fuel Cell Configuration

Hybrid-Electric Series - The HES configuration makes use of a turbo generator running on SAF placed
in the tailcone. In addition, it has a large battery pack to store electric energy for peak performance. The
battery pack is generally very heavy and increases the OEM significantly. Due to this configuration also
having a fully electric propulsion system, it will use the same motor layout as the fuel cell configuration.

Gas Turbine Generator

Battery DC/DC
Inverter

AC/DC
Inverter

PMAD DC/AC
Inverter Electric Motor Propeller

SAF

Figure 4.3: Series architecture
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Hybrid-Electric Parallel/Series - The HEPS configuration makes use of conventional turboprop engines
running on SAF together with a battery pack powering two electric motors mounted at the wingtips. This
configuration also has a similar increase in OEM due to the battery pack as the HES configuration.

Turboprop PropellerSAF

Battery

DC/DC
Inverter PMAD DC/AC

Inverter Electric Motor Propeller

DC/AC
Inverter Generator

Figure 4.4: Parallel/Series architecture

4.2. Trade-off Methodology
The considered criteria were Cost, Aerodynamics/Planform, Climate Impact, and Risk. These criteria use
a scale that runs from 1 (hardly important) to 5 (extremely important). Below the reasoning behind each
criterion for the different design options can be found.

Risk
With regard to safety, the main distinction shall be made between hydrogen and electricity. For hydrogen,
the risk would lie in a pressure build-up within the tank, whereas for electricity the main risk would be a
fire breaking out. Furthermore, the turboprops are certified and hence can be considered to be fairly safe
with respect to the electric propellers. Because of the above, hydrogen combustion is considered the best
option having the least safety risks.

Technological maturity is quantified in TRLs. Multiple current projects are researching hydrogen usage in
combustion and fuel cell systems, with an entry of service in 2035 as well. Being optimistic both combustion
and LT-PEM fuel cells will have TRL9 by 2035 [6] 1 2. For hybrid electric design, the batteries are the critical
factor as the SAF already exists and is produced3. Li-ion batteries already exist, however, compared to Li-air
or Zinc-air, Li-ion has significantly lower specific energy than Li-air. Moreover, lithium is a scarce resource,
making Zinc-air a good contender. However, Li-air and Zinc-air, need further technical development and
won’t be TRL9 by 2035.

Lastly, operations readiness by 2035 focusing on the fueling infrastructure for the hybrid electric con-
figurations is not as optimistic as the ones with hydrogen as fuel. Hydrogen supply is a very likely option
before 20354,5. When it comes to the electrical supply for batteries, very few studies or projects exist and
the existing ones are either very preliminary[7] or don’t provide enough charging capabilities6.

Cost
The cost analysis considered all costs related to fuel, propulsion systems, and operations. For fuel, cost
is analyzed over a 500 nmi per seat mile and also over the aircraft’s lifetime of 25 years, considering four
flights per day, 300 days a year. This adds up to about 60,000 flight hours throughout its lifetime. The
propulsion system cost considers all components that differ per configuration, such as batteries, turboprop,
electric motors, and fuel cells. For the cost of the rest of the aircraft, it is assumed that the cost is equal
and thus is not considering the difference in size per aircraft. For the operational cost, maintenance and
component replacement are considered over the lifetime of parts in the propulsion system. Therefore the
total cost compromises of mainly the propulsion system cost and operations cost explained above over the
entire life span of the aircraft of 25 years. The cost per seat mile, flight, and total cost can be found in
Section 4.3, Table 4.1.

Climate Impact
The Life-Cycle CO2 Emissions per aircraft per year per seat, with relevant values are presented in Table 4.1.
Material supply, energy supply, production, downstream, use, and end-of-life phases of each fuel were
taken into account during calculations.[8]
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The values of CO2 intensity were provided by J. Mukhopadhaya and D. Rutherford [9]. These represent
the amount of CO2 emitted in the entire life cycle such that the fuel provides 1 MJ of energy. Then, using
the power required for a 500nmi flight, the CO2 emissions for that mission are obtained. This is then
multiplied by 4 flights a day and then 300 days per year, to finally obtain the yearly CO2 Emissions per
aircraft. Additionally, all values are normalized by dividing the emission by seat number, finally presenting
the Life-Cycle CO2 Emissions per aircraft per year per seat. All relevant values are presented in Table 4.1.

4.3. Results
All data in Table 4.1 is compared to a baseline value, which is taken from the reference aircraft (ATR-72).

Table 4.1: Values used for Trade-off

H2 Combustion H2 FC HEPS HES
Baseline Value Delta% Value Delta% Value Delta% Value Delta%

Fuel cost 0.053 0.036 -32.1 0.019 -64.2 0.054 1.9 0.048 -9.4
Total cost 43.95 31.30 -28.8 20.19 -54.1 51.75 17.7 45.51 3.5
L/D 16.90 19.80 17.2 22.00 30.2 22.00 30.2 22.00 30.2
Span 27.00 26.83 -0.6 25.22 -6.6 33.23 23.1 35.67 32.1
CO2 80.50 1.74 -97.8 0.92 -98.9 15.4 -80.9 19.1 -76.3
RF 1.03 1.19 15.5 0.61 -41.1 1.16 12.6 1.41 13.0
Safety 8.00 6.00 7.00 6.00
Technology 8.00 7.00 4.00 4.00
Operations 8.00 8.00 4.00 4.00

Table 4.2: Trade-off Results

H2 Combustion H2 FC HEPS HES
Category Unit Weight Score Score Score Score
Cost
Fuel cost [USD $/pax/nmi] 3 8 9 6 6
Total cost [USD Mil$] 4 7 9 5 6
Aerodynamics/Planform
L/D - 3 7 8 8 8
Span [m] 2 6 6 5 4
Climate Impact
CO2 Emissions [Tonnes] 5 11 11 10 10
Radiative Forcing [W/m2 (E-07)] 5 5 8 6 6
Risk
Safety - 2 8 6 7 6
Technology [TRL] 5 8 6 5 5
Operations - 4 8 8 6 6
Sum 253 268 215 215
% of max. attainable score 69.7% 73.8% 59.2% 59.2%

After all data is gathered, a score is given to each category derived from their percentage difference from
the baseline value. A six represents a difference in the range of 10% to -10%, a value of seven in the range
of -10% to -30%, and so on, where the scores are ranging from 1 to 11. This score is then multiplied by
the weight assigned for the category as defined in the second column of Table 4.2. All weighted scores are
summed in the second to last row, after which the final row shows the score as a percentage of the total
score available. Table 4.2 contains the trade-off results.
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4.4. Trade-off Sensitivity Analysis
First, all of the criteria weights were changed one at a time. This did not change the result of the trade-off
itself as H2 fuel cell continued to be the best option in every scenario. However, it did narrow the gap
between LH2 fuel cell and combustion, bringing the score of combustion to around 1-3% of the fuel cell
when Radiative Forcing and Safety were given a weight of 1. Next, a combination of two criteria weights was
changed to see what the impact would be on the result. In this analysis, LH2 combustion only outperformed
LH2 fuel cell (by 1.4%) in the case that both total cost and the RF weights were reduced to 1. While reducing
both CO2 and Radiative Forcing weights to 1 brings LH2 combustion to within 1% of the fuel cell, reducing
technology and operations maturity to 1 increases the difference to more than 10%. Finally, some criteria
were removed altogether. This also did not affect the result of the trade-off unless Radiative Forcing was
removed. In this case, LH2 combustion and fuel cell were equal in score. In this analysis, the Hybrid
Electric configurations did not make any major improvements in their scores or ranking.

The H2 fuel cell outscores the other configurations in most cases, with minute changes to the result oc-
curring only with very extreme (and unlikely) adjustments. This sensitivity analysis, therefore, substantiates
the validity of the trade-off method and its results.

4.5. Conclusion
Looking at the results in Table 4.2, it can be seen that the hydrogen fuel cell scores the best, with hydrogen
combustion closely behind. While hybrid configurations are almost 15 % behind. The design using liquid
hydrogen fuel cells was chosen as the configuration that will be further developed, although hydrogen
combustion performed well in some of these criteria as well, it did significantly worse for Radiative Forcing.
Even though the technological readiness for hydrogen combustion is higher than for the fuel cell, the fuel cell
technology development necessary is still concluded to be realistic. Moreover, the H2 fuel cell configuration
allows for more aerodynamic innovation due to the use of electric motors.

1URL https://www.airbus.com/en/newsroom/stories/2020-11-hydrogen-combustion-explained [Cited 21 Dec. 2022]
2URL https://www.airbus.com/en/newsroom/press-releases/2022-11-airbus-reveals-hydrogen-powered-zero-emiss

ion-engine [Cited 21 Dec. 2022]
3URL https://skynrg.com/ [Cited 21 Dec. 2022]
4URLhttps://www.airbus.com/en/newsroom/press-releases/2022-11-airbus-teams-up-to-advance-green-hydrogen-a

vailability-at-airports [Cited 21 Dec. 2022]
5URL https://skynrg.com/producing-saf/saf-production-plant-in-the-port-of-amsterdam/ [Cited 21 Dec. 2022]
6URL https://www.pipistrel-aircraft.com/products/other-products/charging-infrastructure/ [Cited 21 Dec. 2022]
7URL https://www.transportenvironment.org/discover/airline-contrails-warm-planet-twice-much-co2-eu-study-f

inds/ [Cited 21 Dec 2022]
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https://www.airbus.com/en/newsroom/press-releases/2022-11-airbus-teams-up-to-advance-green-hydrogen-availability-at-airports
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https://www.pipistrel-aircraft.com/products/other-products/charging-infrastructure/
https://www.transportenvironment.org/discover/airline-contrails-warm-planet-twice-much-co2-eu-study-finds/
https://www.transportenvironment.org/discover/airline-contrails-warm-planet-twice-much-co2-eu-study-finds/


5
Market Analysis

The market analysis is used to provide insight to both the status quo and projections of the regional aircraft
market and the market feasibility of the SRP-22 program. The market analysis includes the market volume,
market share and preliminary cost targets of the aircraft.

5.1. Market Volume
Current market
Although not universally defined, regional air transport consists of flights that transport up to 100 passen-
gers and/or cargo on short-haul routes (i.e. routes shorter than 810nmi [10]). These routes usually connect
small cities or remote regions. These flights are performed by two aircraft types with different propulsion
systems: regional jets and turboprops.

The total worldwide commercial aircraft fleet was approximately 25,000 aircraft in 2017, of which about
6000 were turboprops and regional jets accounting for 23.8% of the total [11]. This share is visualized
relative to other aircraft types in Figure 5.1. Regional aircraft with a 20 to 120 seat capacity are responsible
for 24% of the total annual flights worldwide [12].

Narrow Body Jet (120-230 PAX)

56.6%

Wide Body Jet (>230 PAX)

19.7%

Regional Jet

13.3%

Turboprop

10.5%

Figure 5.1: 2017 Global Market Segmentation [11]

Both aircraft types have their strengths and weaknesses, making them suitable for different routes. The
distribution per region of turboprops and regional jets is presented in Figure 5.2. For example, it can be
seen that over half of the regional jets are North America based. The choice for either aircraft can mainly
be attributed to the following characteristics:

Turboprop strengths

• Lowest fuel consumption per block hour among <150 seat aircraft on routes below 300 nmi [13];
• Strong performance on challenging routes (short/unpaved runways etc.);
• Long service life.

15
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Regional jet strengths

• Better perceived safety and in-flight experience and compared to turboprop aircraft, especially in the
U.S. market;

• Significantly faster on routes above 400 nmi [14];
• More innovation within the jet propulsion field [14];
• Higher range, making regional jets more versatile for airlines.

4.25%

6.33%

8.68%

55.13%

5.35%

14.62%

5.65%

Africa

Asia Pacific

Latin America

North America
Eastern Europe

Western Europe

Other

2017 Regional Jet Distribution

11.01%

24.26%

9.85%

26.73%

4.90%

20.67%

2.58%

2017 Turboprop Distribution

Figure 5.2: 2017 Worldwide regional aircraft distribution [11]

Currently the main players in the turboprop market are the aircraft manufacturer ATR and De Havilland
Canada (DHC) which make up about 40% of the market share with the ATR-42/72 and Dash-8 aircraft
families respectively. Due to higher operational costs and production complications of the latter, it is fore-
casted that ATR will prevail within the turboprop market [11]. The regional jet market has two main players:
Embraer with their ERJ-series and until 2020 Bombardier with the CRJ-series, which was sold to Mitsubishi
in June 20201. These two aircraft families make up a large majority of the active regional jets today2.

Market Forecast
The total forecast of worldwide regional aircraft deliveries is presented in Table 5.1. The air transport market
demand in the upcoming decades depends upon a combination of factors, which differ per region in the
world based on their geographical nature and economic and societal development.

Table 5.1: Regional aircraft fleet and delivery forecast (20-120 pax) for 2019-2050 [12]

Fleet forecast 2019 2030 2040 2050
Aircraft in service 5,630 6,690 7,040 6,910

Delivery forecast 2020-2030 2030-2040 2040-2050
Aircraft deliveries 3,230 2,250 2,950

Total 2030-2050: 5200

The demand for regional air passenger transport in the western world will depend on socio-economic factors
and competition with land transport modes such as trains. The European Union’s sustainability agreements
and ”green flying” initiatives will require heavy reduction in CO2 emissions and noise pollution to stay rel-
evant in this market. In regions where alternative transport modes are not feasible, the demand for air
transport will be less vulnerable [15].
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The regional aircraft market within North America requires special attention, as its landscape is partly dom-
inated by the so-called Scope Clause. These clauses are contracts between major airlines and pilot trade
unions which limit the number and size of aircraft that can be flown by its regional subsidiaries. Since about
700 out of 1,100 total active regional jets are operated in North America, this is of major importance to
manufacturers 2. This is one of the reasons it is important to design regional aircraft in families, to allow for
sales of aircraft on markets with the demand for different aircraft capacities.

5.2. Market Share
To estimate the potential market share, the market volume needs to be determined. In order to do this, the
following criteria are considered:

• Only routes under 500 nautical miles are considered, since the difference in flight time between
SRP-22 and regional jets, is under 45minutes, as seen in Figure 5.3 is deemed acceptable. Moreover,
95 % of worldwide turboprop routes and 70% of worldwide regional jet routes are below 500 nautical
miles [12].

• Only regional flights in Europe, North America, Australia, China, India, and Japan are consid-
ered, since these regions are the large regional aircraft markets with concrete plans for developing a
hydrogen economy in the upcoming decades 34567 [16];

• Only flights fromor tomajor hubs that are close to future hydrogen production plants or import
location are considered, since it is unlikely that hydrogen infrastructure will be available on remote
’spoke’ airports. The design range of the SRP-22 is 1000 nautical miles, which allows for round
trips from hubs to remote airports without refueling at the remote airport for routes under 500
nautical miles.

Figure 5.3: Flight time comparison between SRP-22 and a typical regional jet

To get an estimate of the number of aircraft that fly on the routes that are suitable for SRP-22, a dataset
containing over 67,000 flights between 3300 airports on 540 airlines8 is filtered by taking the following steps:

1. A list is made of airports in all considered regions that are above 10 million annual passengers and
are close to a potential hydrogen production plant, import location, or other transport infrastructure for
the 2045 scenario. Another list is made for the 2035 scenario, by only considering major hubs above
20 million passengers;

2. The total route list is then filtered for routes that have one of the airports as their source airport and
that use aircraft with a seating capacity between 20 - 100 seats. One route is considered to be a
combination of two airports (so LIS-MAD and MAD-LIS are one route);

3. The routes are filtered for a maximum distance of 500 nautical miles. The resulting routes in Europe
are shown Figure 5.4 for both an expected infrastructure scenario in 2035 and 2045 respectively.
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(a) 2035 scenario (13 hubs, ≈200 routes) (b) 2045 scenario (60 hubs, ≈600 routes)

Figure 5.4: Regional route maps of the SRP-22 in Europe. Stockholm Arlanda Airport is shown as an example hub, with the green
circle being the 500 nautical mile radius

4. To estimate the total number of aircraft that fly on these routes, a rough estimate is made by dividing
the total regional aircraft fleet in 2017 by the total number of routes flown with regional aircraft:

regional aircraft fleet
total regional routes

=
6000

7500
= 0.8 aircraft per regional route (5.1)

Based on the resulting routes, it can be seen in Figure 5.5 that the average route length is 278 nmi. This
means that the lower cruise speed of the SRP-22 compared to regional jets will have a small impact on the
flight duration, as seen in Figure 5.3. In Figure 5.6 it can be seen that with small number of hydrogen
airport hubs, already a large number of routes can be covered. It is assumed that airports are adapted
with hydrogen infrastructure from large to small.

Figure 5.5: Distance distribution of considered routes Figure 5.6: Total routes per number of hydrogen airports

The route distribution per region is shown in Figure 5.7. It can be seen that if only Europe and North
America live up to the expected infrastructure scenario, already over 85% of the expected hydrogen
aviation market is created.
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(a) Routes per continent (b) Routes per country

Figure 5.7: Routes distribution per region. Routes are matched to their departure airport (2045 scenario)

To estimate the number of potential aircraft sales in the upcoming decades, the following assumptions are
made:

• The fraction of regional aircraft that need to be replaced are approximated by the data in Table 5.1.
For the time frame 2035 - 2045, approximately 3 out of every 8 regional aircraft will be replaced;

• By 2045 about 70 of the largest hubs that are considered are equipped with a hydrogen infrastructure,
opening a total of 1000 routes for SRP-22 as can be seen in Figure 5.6;

• In the first decade of the program (2035 - 2045) the market share with respect to competitors on
these routes is 50%. This is based on the significant advantage of the SRP-22 program with respect
to ’traditional’ competitors in the EU, which strives for climate-neutrality by 20509. North America is
the other main regional air transport market which is dominated by scope clauses, limiting the number
of seats to 76 10. This gives SRP-22 the advantage to the main regional hydrogen aircraft competitor:
the Airbus ZeroE regional turboprop with 100 seat capacity11.

So to obtain the total number of aircraft sales in 2035 - 2045, the number of routes, aircraft per route, the
aircraft that need to be replaced and the market share are taken into account:

Sales2035−2045 = 1000 · 0.8 · 3
8
· 0.5 = 150 (5.2)

It is assumed that the number of aircraft sales will double in the two decades that follow, due to the expec-
tation of many new routes opening up worldwide as a result of climate-neutrality targets in combination with
an increased production capacity of the SRP-22 program. The total expected sales of the SRP-22 program
over 30 years are shown in Table 5.2.

Table 5.2: Expected sales of SRP-22 over 30 years

Decade 2035-2045 2045-2055 2055 - 2065 2035 - 2065
Aircraft sales 150 300 600 ≈ 1000

5.3. Competitive Cost
To compete with existing regional aircraft manufacturers, one of the major emphases mentioned in Fig-
ure 5.1 is to reduce the cost of the aircraft in both the asking unit price and operational cost. The reduction
of the asking unit price of the aircraft is compared to existing regional aircraft. The reference aircraft that
are compared are shown in Table 5.3. All prices are listed in USD, since its the most used currency in the
aviation industry 12.
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Table 5.3: Aircraft asking unit price adjusted to inflation to FY2022 in $USD13

Aircraft Model Listed unit price
(USD, millions)

Year Unit price (Inflation-adjusted to
FY2022, USD, millions)

ATR-42-600 19.5 2012 25.3
ATR-72-600 18.6 2007 26.7
DHC-8 Q300 26.0 2017 31.6
DHC-8 Q400 32.2 2022 32.2
Saab 2000 15.0 1999 26.8
An140 9.0 2011 11.9
BAe 146-100 8.0 1984 22.9
ERJ-145 21.0 2022 21.0
CRJ-200 39.0 2019 45.5
ERJ-140 15.2 2000 26.3

All listed unit prices shown in Table 5.3 that are not listed in 2022 have been adjusted with consideration of
inflation. The average unit cost of all reference aircraft in 2022 is approximately $27 million USD. Existing
regional aircraft remain market value is evaluated to determine potential asking unit price, as within the
North American turboprop market as of 2022, the lowest aircraft age is 15 years old [15]. This leads to a
high demand in the North American market for replacing aging aircraft with new regional aircraft. The total
average remaining market value of registered regional aircraft to the FAA in 2018 is shown in Table 5.4.

Table 5.4: Remaining market value of existing regional aircraft [17] adjusted to inflation to FY2022 in $USD

Number
of Air-
craft

Weighted Av-
erage Market
Value (USD,
million)

Standard De-
viation (USD,
million)

Upper Limit
(USD, mil-
lions)

Lower Limit
(USD, mil-
lions)

Regional jet w/ more
than 60 PAX

1111 15.8 7.0 22.8 8.8

Regional jet w/ less
than 60 PAX

706 1.4 0.2 1.6 1.2

Turboprop w/ more
than 60 seats PAX

45 11.2 3.1 14.3 8.1

Turboprop w/ 20-60
PAX

96 2.7 2.0 4.7 0.7

As shown in Table 5.4, the weighted average market value of aircraft is averagely depreciated by over 50%
compared to the asking unit price shown in Table 5.3, where the weighted average of all remaining market
value is ranged between $14.1 to 5.7 million USD per aircraft.

For the SRP-22 to achieve a competitive advantage in terms of aircraft price, both the asking unit price
and the remaining market value of regional aircraft are considered. 20% contingency percentage for the
asking unit price is considered to be the average asking unit price for the extensive research and devel-
opment cost on the integration of new technology to reduce environmental impact. Additionally, the 20%
contingency percentage also takes into account the market competitor already having mature manufactur-
ing and assembly processes, which allows the manufacturers to reduce the asking unit price. However,
considering the market remaining value of aircraft for air carriers, a deduction of 10% of the upper limit
average remaining market value is considered. Leading to a design unit asking price of approximately 31
million USD.
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The aircraft operational cost is separated into two sectors, direct operational cost, and indirect operational
cost. Direct operational costs are the operating costs that are directly related to the aircraft flight operations,
whereas indirect operational costs relate to marketing expenses, general administration expenses, passen-
ger services, etc. As reported by the FAA in 2018, 48% of the total operational cost were direct operating
costs for passenger air carriers with over $1 billion USD in revenue annually [18].

Direct operational costs consist of two segments, variable cost, and fixed cost. Fuel cost, maintenance cost,
and crew cost all contribute towards the variable cost, whereas aircraft depreciation, rental insurance, etc.
contribute towards the fixed cost. 72.2% of the direct operating cost is contributed by variable costs, the
remaining 27.8% is contributed by fixed costs. The relative percentage contribution of fuel, maintenance,
and crew cost is shown in Figure 5.8

Fuel

32.2%

Maintenance
37.8%

Crew

30.0%

Figure 5.8: Variable Cost Segmentation[18]

As shown in Figure 5.8 fuel and maintenance cost contributes 70% to the total variable cost. Fixed cost
and crew cost could not be reduced by design (single pilot operations are not an option, according to
CS25 regulations) as it is interrelated towards the logistics and operations of the air carriers, hence the
total percentage of contribution that could be designed for within the operational cost is approximately 24%.
Compared to reference aircraft that are discussed previously in Table 5.3, operational costs of turboprop
and regional jet aircraft are displayed in Table 5.5.

Table 5.5: Fuel cost percentage calculation based on operational cost 4

Aircraft Direct Operational Cost / Block Hour
(USD Inflation-adjusted)

Fuel Cost
Percentage

ATR-42-600 $2310 24.7%
ATR-72-600 $2950 20.7%
CRJ-200 $2830 53.7%
ERJ-145 $2320 42.8%

As shown in Table 5.5, the average direct operational cost of all 4 aircraft is approximately $2600 USD
per block hour, with adjustment to inflation and inflation of Jet-A fuel cost as of December 1st7, leading
to ATR-42-600 having the lowest operational cost of approximately $2310 USD. Averagely, each regional
aircraft trip is 1.5 block hours, with an average traveling distance of 356nmi [12], leading to ATR-72-600
having the lowest cost per seat-nmi with approximately $0.17 USD per seat-nmi.

Hence, to meet the user requirements of reducing 10% lower cash operating cost per seat mile on 500
nmi missions, and the design objective for minimizing environmental impact, the SRP-22 aircraft design
should have a lower fuel cost percentage than the ATR-72-600 and the operational cost should be designed
for lower than $0.16 USD per seat-mile, which is approximately $1,770 USD per block hour.
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5.4. SWOT and Stakeholder Analysis
To determine the competitive advantages and disadvantages, the strengths, weaknesses, opportunities,
and threat analysis of the novel regional aircraft are shown in Figure 5.9.

Figure 5.9: SWOT Analysis of the SRP-22 program

Figure 5.10: Stakeholder Analysis of the SRP-22 program
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As shown from Figure 5.9, the competitive advantage of the novel regional aircraft is that the design will
be designed to lower both the operational cost and competitive advantage, providing the opportunities of
disrupting the current regional aircraft. However, the competitive disadvantage is the lack of detailed design
experience and aircraft family consideration, leading to barriers to entering the regional aircraft market.
Stakeholders of the SRP-22 project are derived from the SWOT analysis and are mapped in Figure 5.10.
The following stakeholders are considered:

• Airlines: The end user of SRP-22 aircraft.
• Aircraft Manufacturers: Companies such as ATR or Embraer are direct competition and the SRP-22
project will obtain certain market segments that ATR or Embraere currently possess.

• Authorities: Regulation authorities such as the EASA or the FAA influence the certification and
verification process.

• Suppliers: SRP-22 project requires multiple sources of suppliers such as fuel cell and electric motor
suppliers.

• Public: End user of the service from the airline.
• Employees: Involved in the SRP-22 program.
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7
Weight Estimations

First weight estimations shall be performed for the further design of the aircraft. A wing loading diagram
is constructed which gives W/P and W/S ratios. Furthermore, the combination of Class I and Class II
weight estimations leads to the final combined weight estimation which is used for the design of several
subsystems.

7.1. Wing Loading Diagram
The wing loading diagram is used to determine the necessary shaft power of the aircraft. The construction
of the wing loading diagramwas done by the usage of the method as defined by R. Vos [4]. The design point
was chosen from the wing loading diagram with W

P = 0.077 N/W and W
S = 3270 N/m2, which is constrained

by rate of climb and one engine inoperative takeoff. The design point was mostly chosen for a high W
P , as

this means less power is required. Fuel cells are quite heavy and placed in the aft. More power required
in turn means more fuel cells, causing the center of gravity to be further aft. As can be seen in Figure 7.1,
it would have been possible to choose the design point to be intersecting with both the landing constraint
and the takeoff (OEI) case, leading to a lower W

S .
After the mass of the aircraft is computed, the design point can be revisited. Along with the chosen

design points, the design points for three reference aircraft are shown.

Figure 7.1: Wing Loading Diagram

7.2. Class I Weight Estimation
For the class I weight estimation, the method as described by R. Vos was used [4]. This method uses the
Breguet range equation to find the equivalent range, from which the fuel fraction can be calculated. To
comply with requirement RA-TOP-PER-2, the equivalent range was found to be equal to about 1440 nmi.
The mOE

mMTO
ratio is estimated from both statistical data and additional inputs stemming from the expected

powertrain mass. The payload mass is constructed for an aircraft carrying 48 passengers. The total effi-
ciency was calculated, taking into account the efficiencies of the fuel cell, the wiring, the inverter, the electric
motor and finally the propeller. The L/D ratio during cruise was used from the aerodynamic estimations as
will be elaborated upon later in the report. The main inputs and results are shown in Table 7.1.
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Table 7.1: Inputs and Outputs of Class I

Inputs Value Unit Inputs Value Unit Outputs Value Unit(
L
D

)
cr 16.8 - R 1440 [nmi] MTOM 18290 [kg]

efuel 120 [MJ/kg] fcon 0.05 - OEM 12410 [kg]
mOE
mMTO

0.679 - Rdiv 100 [nmi] mfuel 669 [kg]
mfuel
mMTO

0.027 - E 30 [min]
mPL 5225 [kg] Vcr 275 [KTAS]
ηtot 0.47 -

The payload mass presented in Table 7.1 consists of passengers and luggage. The passengers were set
at a weight of 200 lbs, the calculated mass for the luggage of the passengers would then be 18 kg, thus
complying with RA-TOP-PAS-1.1.1.

After computing the MTOM, the wing loading diagram was revisited. If the design point was chosen to
intersect with the landing constraint, the objective of a wingspan under 24 m would be met as a wingspan
of 23.9 m could be reached. However, this would also lead to an increase in the power loading by 13.2%,
and hence the choice was made to use the old design point.

Furthermore, the fuel mass for the 500 nmi mission is computed to be equal to 241 kg, which leads to ≈
5 kg of fuel per passenger. According to Von Schoenberg, the ATR 42-600 has a lower block fuel per seat
than the Dash-8 q300, hence this aircraft is taken as a comparison [14]. The results are shown in Table 7.2.
Note that block fuel is taken per kg. If rather the energy difference would be taken into account, the energy
density shall be used. This difference is also shown.

Table 7.2: Comparison of Block Fuel per Passenger on 500 nmi

Aircraft Block Fuel per Passenger
[kg]

Relative Difference to
ATR 42-600 [kg]

Relative Difference to
ATR 42-600 [MJ]

ATR 42-600 27 0% 0%
SRP-22 5 -81.7% -48.7%

As the comparison of fuel mass is not relevant to comply with the block fuel reduction requirement, the
difference in required energy is determined to be a better metric. This reduction is mainly caused by the
wingtip mounted propellers and the high efficiency of the fuel cells compared to conventional combustion.
This ultimately results in almost halving the required energy and thus complying with RA-TOP-SUS-1.

7.3. Class II Weight Estimation
The Class II weight estimation was mostly taken from Raymer, with some additions/changes due to the
fact a hydrogen aircraft is designed [19]. For example, as there is no fuel in the wing nor the fuel cell,
less bending relief is present. To compensate for this, the wing weight was estimated using the Torenbeek
method, with the mMTO rather than the mZF [20]. By using this method in this manner, no bending relief
is taken into account, with the mMTO as an input. Furthermore, regular engine weight estimations are not
applicable. Both the mass of the fuel cell and the electric motors were estimated using the peak power
stemming from the wing loading diagram, taking into account losses due to efficiencies. For every fuel cell
delivering 250 kW amass of 80 kg was assigned, while the electric motors were scaled with a power density
of 8 kW/kg. The same was done for the inverter mass. Everything else is the same as for a conventional
aircraft and hence the Raymer method was applied. After calculating all component masses, these were
added up to obtain a more accurate mOE. The percentages of all component masses relative to the total
OEM can be found in Figure 7.2. Adding all components up leads to a OEM of 12,470 kg. The sensitivity
of the Class II with regard to an increase in MTOM has been evaluated. An increase of the MTOM by 7.2%
leads to an increase of the OEM of 2.8%, which is deemed acceptable.
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Figure 7.2: OEM Breakdown

7.4. Final Weight Estimation
After both the Class I and Class II have been conducted, the outcomes can be combined. As mentioned,
the Class II takes the MTOM of the Class I as an input to determine a more specific OEM. This newly
calculated OEM is in turn used to obtain a more accurate OEM/MTOM fraction for the Class I estimation.
As can be deduced from Table 7.1 and the value resulting of the Class II weight estimation, the difference
between the two weight fractions is 0.8%. This difference is smaller than 1%, hence the newly obtained
OEM/MTOM fraction (equal to 0.684) was used in the Class I. This resulted in the estimated masses as
shown in Table 7.3.

Table 7.3: Final Weight Estimations

Outputs Value Unit
MTOM 18650 [kg]
OEM 12770 [kg]
mfuel 683 [kg]

The current Class I does not take into account specific flight phases but rather uses an approximation of
its fuel burn. As a means of validation, a different code using the chemical reaction within the fuel cell was
used [21]. The power during different flight phases was calculated, from which the required mass flow could
be obtained through the chemical reaction [22].

The outcome of these calculations was a required fuel mass of 818 kg of hydrogen for the 1000 nmi
mission, including all contingencies. This means an increase of 19.8% in the required fuel mass with
respect to the value of the Class I. This results from several factors, including the fact that several values
used in the method are uncertain, such as the voltage the fuel cell will use. Furthermore, this method is
more specific, hence a difference could be expected. As the method is basically combining two methods
(power calculations and a chemical reaction), it was used as a validation tool rather than a real estimation.
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Aircraft Sizing

An initial sizing and design of the geometry of the fuselage, wing, empennage, and undercarriage is un-
dertaken to achieve some basic aircraft geometries. Furthermore, the aircraft center of gravity location is
estimated based on Class I and Class II weight estimations. The initial dimensions are presented in this
chapter and would be re-iterated in later stages of the design process.

8.1. Fuselage Design
Themain purpose of the fuselage is to protect the payload - the passengers, cabin luggage, and larger cargo.
In addition, the fuselage provides structural support for the attachment of interfaces (wings, empennage
etc.) whilst also housing the cockpit and other key aircraft systems [23]. The summary table with the final
values is presented in Table 8.2.

Fuselage Cross Section
In this subsection, the fuselage cross-sectional profile of the SRP-22 will be defined. First, it is decided
that a design with a constant cross-section will be adopted instead of a variable cross-sectional shape.
This brings benefits in terms of minimizing the complexity of the production of the fuselage, resulting in a
reduction of production cost [20]. Another advantage stemming from this design choice is that the future
development of lengthened and shortened variants of the base model can be more easily incorporated [24].

The shape of the fuselage cross-section is determined. Common shapes of commercial aircraft’s cross-
sections include (near) circular, double-bubble and rectangular. The rectangular profile is often adopted by
aircraft without a pressurized cabin. However, as the cabin is pressurized during flight, a circular or double
bubble design is optimal as the internal pressure is distributed evenly along the cross-section, lowering the
skin thickness and thus the fuselage’s structural weight [24]. The decision of choosing between a circular
shape or a double bubble shape depends on the storage of additional propulsion systems and cargo. The
double bubble shape provides additional space to accommodate cargo and fuel storage without compro-
mising on the cabin’s floor area and the comfort level of the passengers.

Figure 8.1: Definitions of cabin and seats parameters
[19]

With the cross-sectional shape being decided, the config-
uration is followed up with determining the arrangement of
the cabin. The maximum number of seats abreast is de-
fined by CS-25 regulations, stating that no more than three
seats abreast may be placed on each side of the aisle in any
row [1]. The three abreast, four abreast, and five abreast
configurations are shown in Figure 8.2. Having more seats
abreast leads to a shorter cabin length, a wider fuselage
diameter, and more underfloor storage space. The inner
diameter of the cross-section should be adequately sized
such that the seat width, aisle width, aisle height, and pas-
senger headroom (definitions shown in Figure 8.1) meet
the user requirements specified in Section 2.1. A CAD soft-
ware is used to visually determine the minimum inner diam-
eter of the fuselage (df,i). Subsequently, the thickness of the fuselage (∆d) can be approximated by the
empirical relation shown in Equation 8.1 [24].

∆d = df,o − df,i = 0.084 + 0.045 · df,i (8.1)
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Figure 8.2: Cross-section of the various seating configurations. From left to right: three abreast, four abreast and five abreast

Fuselage Sizing
The fuselage can be divided into three sections: the nose, the cabin, and the tail. During subsonic flight,
one of the main forms of drag is skin friction drag [23]. By adhering the design of the fuselage to the optimal
fineness ratio the minimization of skin friction drag is ensured. Literature suggests that the ideal fineness
ratio for a subsonic aircraft is about 1:8, meaning the ideal fuselage length is eight times as long as the
cross-section diameter of the aircraft [25]. In Figure 8.3, some common geometric parameters and their
symbols are presented. The results for each seat configuration are presented in Table 8.1. The slenderness
ratio has been defined as the ratio between the fuselage length and the fuselage outer diameter. One can
find information regarding the way each parameter is computed in the following sections.

Figure 8.3: Definition of geometric fuselage parameters [23]

Table 8.1: Fuselage sizing and cabin sizing for different seat configurations

Seating
configura-
tion

npax df,i [m] df,o [m] lf [m] lc [m] tf [m] Slenderness
Ratio

Three
abreast

48 2.5 2.7 25.6 17.3 0.20 9.5

Four
abreast

48 2.8 3.0 23.9 13.0 0.21 7.9

Five
abreast

50 3.5 3.7 20.8 10.8 0.24 5.6
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The four abreast setup is selected due to its near-ideal slenderness ratio (close to 8 [25]) thus minimizing
skin friction drag compared to the fuselages designed for the other two seat configurations. The setup also
provides the option of designing a lengthened or shortened variant of the base aircraft in the future without
compromising on the aerodynamic performances.

Nose Cone Sizing
The nose is where the cockpit of the aircraft is situated. It must provide sufficient space for pilots, avionics,
and instruments. In commercial aircraft, the design of nose cones is driven by the performance of said
aircraft in drag divergence. As the designed cruise speed of the SRP-22 is lower than M < 0.5, the effect
of drag divergence is negligible, meaning a less slender nose is required [23]. To reflect this, a nose cone
fineness ratio of 1.2 is selected for the final design of the aircraft, resulting in an approximated nose cone
length of 3.6 m.

Cabin Sizing
In commercial airliners, the cabin is the section where passengers sit. Sizing of the cabin should ensure
adequate spacing for the passenger seating, crew seating, cabin provisions (toilets, galleys), large items
of luggage, and emergency exits. A full-economy configuration is chosen for the SRP-22 to maximize the
number of seats in the cabin without compromising an increasing fuselage length. As seen in Figure 8.3,
the cabin length typically extends into both the nose- and tail cone. The required length allocated for the
cabin section of the SRP-22 is approximated by the method presented by R. Vos [23]. This resulted in a
cabin with 12 rows of seats and a cabin length of 12.3 m. The seating plan of the aircraft is presented in
Figure 8.4. Furthermore, to accommodate for the luggage as defined by requirement RA-TOP-PAS-1.1.2,
along with the overhead luggage compartment (5.7 m3), some cabin space is used for a front luggage
compartment, which has a volume of 3.5 m3. The crew luggage is placed in a compartment within the
cockpit section. The volume of the said crew luggage space is 0.71 m3 which is compliant with the volume
per requirement RA-TOP-CRE-1.2.2.

Figure 8.4: Seating plan of the SRP-22

Tail Cone Sizing
The presence of a conical shape at the tail contributes to increasing the fineness ratio of the aircraft’s tail
section, leading to a lower afterbody drag [20]. Initial length estimations of the tail section (lt) and the tail
cone length (ltc) can be computed by the approximations presented by J. Roskam [25]. From the tail cone
geometry, the tail angle of the aircraft is calculated to be 17.1° [24]. A suitable scrape angle (θtc) of 16.7°
also has to be chosen for the aircraft to have a sufficient angle of attack of 5.5°, discussed in Chapter 9,
during take-off without the occurrence of tail-strike. Thus, this will comply with RA-SYS-MSC-3.

Emergency Exits
Emergency exits are designed to provide means of evacuation in case of an emergency, and to comply with
RA-SYS-SRE-2.2 and EASA CS-25.807. The SRP-22’s seating capacity falls under the 40-79 passenger
interval, meaning that the aircraft requires at least one Type I exit and one Type III exit equipped for each
side of the cabin [20]. Extra fuselage length may be needed as seats cannot be positioned in front of exit
doors for ease of emergency evacuation. By inspecting Figure 8.4, one can observe the window seats of the
furthest seat row is located seven rows from the nearest emergency exits, which equals to approximately
5.3 [m]. The distance of the same seat from the nearest exit on the opposite site is estimated to be 6.1 [m].
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Summary
The fuselage and cabin sizing parameters of the final aircraft are summarized in Table 8.2. A detailed
drawing of the cabin cross section is also shown in Figure A.1.

Table 8.2: Initial fuselage and cabin design parameters for the aircraft

Parameters Values
Number of seats abreast 4
Number of passengers 48

Seat width 0.5 [m]
Seat pitch 0.7 [m]

Standup Aisle Height 1.9 [m]
Aisle Width 0.46 [m]

Fuselage inner diameter 2.8 [m]
Fuselage outer diameter 3.0 [m]

Parameters Values
Tail scrape angle 17.1 [°]

Thickness of the fuselage 0.21 [m]
Fuselage length 23.9 [m]
Cabin length 11.7 [m]

Cylindrical fuselage length 11.2 [m]
Tail length 8.6 [m]

Tail cone length 9.0 [m]
Nose cone length 3.7 [m]
Cockpit length 3.7 [m]

8.2. Wing Planform and Propulsion Placement
The initial wing planform is designed based on the wing surface area (Sw), and taper ratio (λ). The wing
surface area is taken from the wing loading diagram and the taper ratio is assumed from literature [19]. For
the thickness to chord ratio ( tc ), the aircraft design Mach number is low enough to lead us to a t

c of 0.18.
However, the wings in the design are empty and receive no bending relief due to fuel, a higher thickness to
chord ratio of 0.21 is chosen to increase the MOI Section 9.1. The equations used to calculate the required
planform parameters are presented by R. Vos and J.A. Melkert [26].

Table 8.3: Initial wing planform geometry

Sw [m2] b [m] cr [m] ct [m] t/c [-] MAC [m] yMAC [m]
59.9 26.8 3.1 1.4 0.21 2.3 5.9

The placement of the propulsion system and its energy source greatly affect the center of gravity location
and should therefore be determined carefully. The electric propellers are used as sized in Section 12.6.
A big propeller (and electric motor) will be placed under each wing, relatively close to the fuselage. In
addition, a smaller propeller will be placed under each wingtip, to reduce lift-induced drag [27]. To allow for
propeller clearance, a high-wing configuration is chosen. The LH2 tank will be placed in the aft, of which
the design will be elaborated upon in Section 10.2. The fuel cell will be placed here as well, such that the
hydrogen can be converted quickly after leaving the tank. Hereafter through wiring, the electricity will be
used to power the motors.

8.3. Center of Gravity Estimations
Center of gravity estimations is conducted to scale the surface area and the lever arm of the empennage
design. The center of gravity calculations is conducted by a combination of class I weight estimations and
class II weight estimation. The fuselage, wing, empennage system, and fixed items weight fraction with
respect to maximum takeoff weight fractions are shown in Table 8.4.

Table 8.4: Weight fractions with respect to MTOW and longitudinal placement [28]

Weight fractions Longitudinal placement
Fuselage 0.12 0.4 · x/lf
Wing 0.11 0.4 · x/c̄

Propulsion 0.07 −0.2 · x/c̄
Empennage 0.07 0.9 · x/lf

Fuel Tank and fuel cell 0.09 0.64 · x/lf
System + others 0.18 0.4 · x/lf
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Based on the method discussed by R.Vos and J.A. Melkert [28] for the center of gravity calculation, the
location of the LEMAC (xLEMAC) is 11.5 m and the location of the center of gravity (xcg) of the operational
empty is 12.3 m. The most forward and aft center of gravity of the aircraft will be discussed in Section 15.1.

8.4. Empennage Design
The empennage consists of the horizontal- and vertical tail. The empennage needs to provide trim, stability,
and control. The surface areas, Sh and Sv, of the horizontal- and vertical tail respectively are determined
using approximate volume fractions. A.J. Kundu states that the ratio between the horizontal tail- and wing
area should be in the range of 0.25 to 0.35 [29]. From the Design Option Tree (DOT), the most promising
tail designs have been selected as a result of the performed trade-off [30]. Based on the propulsion system
(propeller) and wing placement (high), a T-tail configuration was chosen. With this configuration, the
design has a more efficient horizontal tail (due to less downwash effect), lower complexity and lower weight.

The horizontal stabilizer of the T-tail introduces a bending moment in the vertical tail, which results in an
increase in its structural weight. Nevertheless, the horizontal stabilizer of a T-tail is more efficient, as it is
less affected by downwash by the wing. Therefore, the surface area of the horizontal tail can be relatively
lower, thus decreasing its structural weight. Nonetheless, the separated airflow, created at a high angle of
attack results in a deep stall possibility at the horizontal stabilizer. This was taken into account during the
airfoil selection.

Parameter Estimations
In order to calculate the design parameters of the empennage, the tail volume, the aspect ratio, and the
taper ratio were estimated. Furthermore, the tail arm was determined. This is constrained by the fuel tanks
and the aft fuselage. The estimation of the horizontal and vertical tail volume is based on Roskam tail
sizing estimations for regional turboprop aircraft [25]. A higher tail volume will result in a larger tail. The
horizontal stabilizer is more efficient for a T-tail, which means that the horizontal tail volume coefficient can
be reduced.

The benefits of the aspect ratio, A, of the tail are relatively similar to that of the wing. A higher aspect ratio
results in an increase in generated lift, combined with a higher structural weight. The horizontal stabilizer
of the T-tail should have a low A, in order to relieve the bending moment in the vertical tail. Nonetheless,
a higher A could reduce the vortex-induced downwash, resulting in an earlier stall, and especially relevant
at low speed combined with high altitude. The aspect ratio values are estimated from Roskam [25].

Further tail sizing parameters can then be determined, using the estimated surface area of the horizontal-
and vertical tail. The equations for this purpose are similar to the wing planform equations [28]. The initial
estimate for the tail planform sizing is presented in Table 8.5. This will be reiterated in Chapter 15.

Other Design Considerations
Other parameters adding to the stability can be considered. These are generally used in the case of a small
vertical tail area. These improve the lateral-directional stability of the aircraft. A dorsal fin can be added after
sizing the vertical tail. It improves the efficiency of the vertical tailplane at high angles of attack of yaw. Using
a dorsal fin would mean that the control speed can be reduced during takeoff operation. Furthermore, the
central fin can be attached, which would prevent lateral instabilities at high speed. The three basic options,
relating to the tail setting configurations, are a fixed, adjustable, and all-moving horizontal stabilizer. These
increasewith complexity, and chances of failure. Considering the nature of the aircraft that is being designed
an adjustable tail will be used.

Table 8.5: Initial parameters empennage

Horizontal tail Vertical tail
Tail arm [m] 11 9.6
Surface area [m2] 10 13
Span [m] 6.4 4.2
Root chord [m] 1.8 4.3
Tip chord [m] 1.4 2.1
Sweep angle [°] 0 (at 3c/4) 26 (at LE)
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8.5. Undercarriage design
The main purpose of the landing gear is to provide a suspension system during taxi, takeoff, and landing. It
is designed to absorb and dissipate the kinetic energy of landing impact, thereby reducing the impact loads
transmitted to the airframe [31].

The process of designing the undercarriage starts with determining the number of tires of the nose- and
main wheels, followed by the size and pressure of these. Once these values are obtained, the landing gear
is to be placed following a given set of angular and positional constraints.

Furthermore, the landing gears have a brazing system accounted for, an anti-skid braking system with
a deceleration of 0.50g during roll-out on a dry surface. These will be made from carbon being 40% lighter
than conventional brakes and offering a significant deceleration improvement from 0.45g to 0.50g [32].
Moreover, the anti-skid braking system consists of a control unit relating the hydraulics and pressure input
from the pilot and the temperature and speed sensors on the wheels, resulting in compliance with require-
mentRA-SYS-UCG-1. The final dimensions and locations of the main and nose landing gear are presented
in Table 8.6 and Table 8.7 respectively.

Tire Sizing
The methodology used to size the undercarriage is presented during the Aerospace Design System Engi-
neering Elements lectures presented by the Delft University of Technology [28]. The choices of the number
of wheels, configuration, and dimensions directly depend on the runway conditions on which the aircraft will
operate. One could define this aircraft as a CS25 regional turboprop. For this type of aircraft, the number
of wheels for the nose gear is two [28].

It can be assumed from data from similar aircraft, the load classification number (LCN) will be around
19. The tire pressure is, therefore, equal to 586 KPa or 85 PSI [28].

Table 8.6: Tire sizes

Wheel type Outer diameter [m] Inner diameter [m] Thickness [m] Number [-]
Main Wheel 0.836 0.406 0.247 4
Nose Wheel 0.343 0.152 0.108 2

Undercarriage Positioning
The requirements RA-SYS-UCG-2.1, RA-SYS-UCG-2.2, RA-SYS-UCG-3 relating to undercarriage posi-
tioning are proven in this section. Firstly it must be noted that the origin of the x, y, and z coordinates is
located at the symmetric center of the fuselage at the nose. The scrape- and tip-back angles are driving
for the location of the main landing gear. Whilst the moment equilibrium is used to determine the position
of the nose landing gear. In order to comply with the overturn angle requirement of 55°, wingtip tip over,
and engine tip over the spanwise position of the main landing gear is be determined.

The lateral nose wheel position is driven by the minimum force in ground turning, determined using
moments. The z-location is chosen to be the same as that of the main landing gear, resulting in a deck
angle of 0°.

Table 8.7: Final landing gear dimensions

Xmlg[m] Zmlg[m] hmlg[m] Xnlg[m] ymlg[m] Znlg[m]

13.4 2.26 0.75 4.2 1.75 2.26

8.6. Freighter conversion
To meet the design objective RA-OBJ-3, the SRP-22 aircraft shall be convertible to a freighter aircraft. To
allow for cargo placement the cabin interior furnishing will be removed and the floor will be reinforced. The
operational empty mass of the freighter configuration is calculated by subtracting the furnishing mass as
estimated in Chapter 7 and by adding 10% to the fuselage mass which accounts for the floor reinforcement.
To calculate the cargo mass capacity, the same fuel mass as the standard passenger configuration is added
and this sum is subtracted from the maximum takeoff mass, resulting in the operational empty mass and
cargo mass found in Table 8.8.
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Table 8.8: Mass overview of the SRP-22 freighter configuration

Mass Value Unit
MTOMfreighter 18650 [kg]
OEMFreighter 11930 [kg]
Mcargo 6030 [kg]
Mfuel 683 [kg]

The cargo-hold dimensions are shown in Figure 8.5. The cargo-hold can fit five LD3 containers1 with
dimensions 2.01m by 1.55m by 1.63m with a maximum total mass of 6000 kg. A large cargo door with
dimensions 2.95m by 1.8m will be be added to front part of the cargo-hold to load and unload the cargo
pallets. The payload range diagram of the SRP-22 freighter configuration is shown in Figure 16.1b.

Figure 8.5: SRP-22 Freighter Configuration

1URL https://www.air-cargo-products.de/ld3-container.html [cited 31 Jan. 2023]

https://www.air-cargo-products.de/ld3-container.html
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Aerodynamics

The aerodynamic characteristics of an aircraft are critical to its design as it provides insight into the limits of
performance and how to enhance it. At this phase of the design, some key decisions on the airfoil selection,
wing and drag characteristics and the High Lift Device Design (Section 9.1, 9.2 and 9.3) is done, which are
crucial to flight.

9.1. Airfoil Selection
Selecting the airfoil is a process of making compromises. The chosen airfoil should encompass the best of
five qualities. Namely, its thickness-to-chord ratio, maximum lift coefficient, stall behavior, and lift and drag
characteristics.

Table 9.1: Criteria for Airfoil Selection

Parameter Desired value
t/c Higher for structure. Lower for Aerodynamics

Stall characteristics Gradual
Clmax Highest

(Cl/Cd)max Highest
Cl at (Cl/Cd)max Highest (closest to cruise CL)

Drag bucket - Cl range Largest

Airfoil Tradeoff
To choose the most ideal airfoil for the design, it is necessary to perform a tradeoff between some airfoils
based on the important criteria that impact the performance and design of the aircraft. Airfoil data from five
airfoils, one NACA 5-digit and four NACA 6-digit airfoils are presented in Table 9.2 for a Reynolds number
of 1 · 106 1. Table 9.3 is the final tradeoff table which uses the percentage change relative to the maximum
value to grade the various airfoils. Zero (no deviation from the ideal) is the best possible score in the tradeoff
and the lowest score represents the best possible choice.

Table 9.2: Airfoil data used for tradeoff (Re = 1 · 106) 1

Criteria NACA
23018

NACA
63(3)618

NACA
64(3)618

NACA
63(4)421

NACA
64(4)421

t/c 0.18 0.18 0.18 0.21 0.21
Stall characteristics Abrupt Gradual Gradual Gradual Gradual
Clmax 1.54 1.55 1.5 1.4 1.37
(Cl/Cd)max 90 133 136 120 123
Cl at (Cl/Cd)max 1.2 1.23 1.24 1.17 1.19
Drag bucket-Cl range 1.3 1.4 1.3 1.73 1.64

35
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Table 9.3: Airfoil deviation from ideal criteria values used for tradeoff

Criteria Maximum NACA
23018

NACA
63(3)618

NACA
64(3)618

NACA
63(4)421

NACA
64(4)421

t/c 0.21 14.3 14.3 14.3 0 0
Clmax 1.82 15.4 14.8 17.6 23.1 24,7
(Cl/Cd)max 136 34 2.3 0 12 9.3
Cl at (Cl/Cd)max 1.2 2.3 1.5 0 6 4.6
Drag bucket-CL range 1.8 25.7 20 25.7 0 6.3

Total 91.7 % 52.8 % 57.6 % 41.0 % 44.9 %

With the lowest deviation from the ideal score, NACA 63(4)421 is chosen for its overall good aerodynamic
performance, along with the high t/c ratio which increases the second area MOI and hence benefits the
wing design. Table 9.4 presents some basic parameters of the chosen airfoil, taken from wing tunnel data
[33].

Table 9.4: Wing airfoil parameter

Parameter Value
t/c 0.21
Clmax 1.5
Clα 5.99 [1/rad]

Tail Plane Airfoil
For vertical tails, a symmetric airfoil is chosen mainly due to aircraft symmetry. For horizontal tails, an airfoil
is chosen such that it provides good lift performance at positive and negative angles of attack, as well as
having a high CL- α slope and generates lift with minimum drag and pitching moment. Furthermore, the
tailplane must be clear of any compressibility effects from the wing (lower flow Mach number), which is
achieved by having an airfoil thinner than the wing [25] .

The airfoil chosen for both the horizontal and vertical tail is the NACA 0012 as it satisfies the above
requirements for both tail surfaces. Its characteristics are shown in Table 9.5, taken from wing tunnel data
[33].

Table 9.5: Tail airfoil parameter

Parameter Value
t/c 0.12
Clmax 1.6
Clα 5.73 [1/rad]

9.2. Wing Aerodynamic Characteristics
The lift and drag characteristics are computed based on the aircraft’s mission profile and wing planform.
The airfoil Cl- α curve is plotted based on wind tunnel data [33] and the CL- α curve is computed based on
the DATCOM method [34].

The parasite drag (or zero-lift drag) is estimated using the component build-up method, which adds the
contributions of the fuselage, wing, empennage and nacelles (and flaps/landing gear for take-off/landing)
to the zero-lift drag (CD0

) [19]. The lift-induced drag is calculated using the calculated lift coefficient and the
change in Ostwald efficiency factor(e) due to flaps being implemented for takeoff and landing configurations
[4]. The wing-tip propellers in the design lead to a reduction in total drag, and therefore a 10 % reduction in
drag is taken into account [27]. According to T. Sinnige this is still a conservative estimate, but is chosen
as such as no specific flight data for the aircraft is available at this stage.

The aerodynamic parameters in clean configuration are described in Table 9.6 and plotted in Figure 9.3.
Furthermore, the lift coefficient distribution (clean) over the span of the wing is given in Figure 9.1.
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Table 9.6: Aerodynamic parameters

Parameter Value Parameter Value
(CL/CD)max 20.5 CL at (CL/CD)max 0.78

CLDes 0.63 (CL/CD)Des 20
CLmax 1.35 (clean) | 2.4 (flaps) αDes 4 [deg]
CLα 5.63 [1/rad] CD0 0.021
αstall 14.6 [deg]

Figure 9.1: Local lift distribution over wing

9.3. High Lift Device Design
The CLmax.clean of the wing is stated to be 1.35 as discussed previously, however from the wing loading dia-
gram the design constraint of CLmax is 2.4. Hence, the use of high-lift devices with a design ∆CL of 1.05 is
required. The method of designing the high-lift device follows the process presented by F. Olivero [35].

Trailing edge and leading edge high-lift devices are considered while designing the high-lift devices, how-
ever, to decrease the weight, mechanism complexity, and maintenance cost, leading-edge high-lift devices
are not used. The design choice for the trailing edge high lift device is chosen based on reducing the
weight of the high lift device and the mechanism complexity. Hence, the lowest cf/c and c

′ /c design option
is chosen. The high lift device choice characteristics are shown in Table 9.7.

Table 9.7: High Lift Device Design Choice Characteristics

Variable Value Variable Value
Max ∆CL 1.05 Maximum Deflection 40 [deg]

Flap starting location 1.5 [m] Flap ending location 7.37 [m]
Flap type Double Slotted Flap Swf/S 0.62

cf/c 0.34 c
′ /c 1.18

For the design choice the retraction mechanism will use the six bar mechanism [36]. The dimensions of
the high lift devices could be seen in Figure 9.2.
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Figure 9.2: High Lift Devices Dimensions

The effect of high lift devices on the lift and drag characteristics of the wing is shown in Figure 9.3 and
Table 9.8.

(a) Lift curve (b) Drag polar

Figure 9.3: Lift and Drag Characteristics

Table 9.8: Effect of High lift Devices on Aerodynamic Parameters

Parameter Value Parameter Value
CD0f, 40deg

0.075 CD0f, 15deg
0.04

CLmaxf, 40deg 2.4 CLmaxf, 15deg 2.25
(CL/CD)Maxf, 40deg 11.6 (CL/CD)Maxf, 15deg 15.2

CL at (CL/CD)Maxf, 40deg 1.6 CL at (CL/CD)Maxf, 15deg 1.1

The sensitivity of high lift device sizing with regards to a decrease in CLmax clean has been evaluated. In the
situation that the CLmax clean of the wing is lower than 1.3, a double slotted flaps will still be feasible, however
the cf/c will increase to 0.4. The increase of cf/c still deem feasible as it is still within the margin within the
hinge line and the trailing edge of the wing. Additionally, the likelihood of the CLmax clean to further decrease
is unlikely, as the Clmax value is conducted by wind tunnel testing.

1http://airfoiltools.com/

http://airfoiltools.com/
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Structures & Materials

Designing the airframe structure is one of the most difficult and detailed phases of aircraft sizing. This chap-
ter aims to provide an overview of the initial wing box design together with the integration of the empennage,
fuselage and hydrogen storage tank. Finally, a material selection is made for the main components of the
aircraft, mainly focusing on cost and sustainability.

10.1. Airframe Design
Wing
To be able to approach the wing box structure, the span was split into nine sections to simulate taper. This
gives a general approximation of the required components to be able to sustain the loads. The spars are
assumed to be placed at 0.15 and 0.6 chord length. From an initial analysis of the loads acting on the wing
the top flange of the front spar is assumed to be critical, thus driving the design. In order to size the wing box
structure, the loads on the wing need to be determined. In Table 10.1 themaximum loading is determined by
comparing the load factor at OEM and at MTOM together with the loading diagram in Section 16.2. These
load factors are from the gust and maneuver envelope, Figure 16.2. Thus by taking the ultimate loads as
the design load, the structures are sized such that the design complies with requirement RA-SYS-SRE-4.

Table 10.1: Maximum Wing Loading

MTOM OEM
Load Factor 2.64 3.25
Total Load 483 [kN] 407 [kN]

To calculate the bending moment distribution, the lift generated by the wing and its structural weight are
considered as well as the weights of the engines. The lift is modelled as ten point loads along the half-span
derived from the lift distribution. The weight of the wing structure is also modelled as ten point loads at
the same location as the lift point loads. The magnitude of these loads are scaled based on the chord
length over the span and such that the total weight of all points combined is equal to the structural weight
estimation. The weight of the inner and outer engine are added to the nearest wing weight point load. The
resultant bending moment is then computed for the 10 points along the half-span using Figure 10.1:

L1

W1

Mi

W4

W10

z

L(z)

W(z)

b/2

Figure 10.1: Free body diagram of the half-wing with the
considered loads (not to scale)

Wi

Li

FT,main

dF,T

dL = 0.25c

dcg = 0.375c

Ti

Figure 10.2: Free body diagram of the wing cross section at the
main engine with the considered loads (not to scale)
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Mi(z) = (Li −Wi)

(
b

2
− zi

)
(10.1)

Wi(z) = Di(z)(zi=1 − zi) (10.2)

The resulting diagram can be found in 10.3. The shear force diagram is obtained by taking the derivative
of the bending moment diagram. To calculate the torque distribution, the center of gravity is assumed to
be on the center line of the wing cross section and in the midpoint between the front and aft spar. The lift
along the span and thrust of the inner engine are considered, where the lift is assumed to act on quarter
chord, and the perpendicular distance from the thrust vector to the center line is obtained from the SRP-22
technical drawing, found in Figure A.4. The torque is then calculated for all ten points using Equation 10.3
(where ci is the local chord.) and plotted in Figure 10.3.

z1 ≤ zi ≤ z4 z4 ≤ zi ≤ z10

Ti = FT,main · dF,T + 0.125ci · Li Ti = Li · 0.125ci (10.3)

Figure 10.3: Loading diagrams of the wing over the half span

For the structural wing design 2024-T3 aluminium alloy was used6. This has a density of 2840 kg/m3,
tensile yield strength of 352 MPa, shear yield strength of 285 MPa, E modulus of 73.1 GPa and a poisson’s
ratio of 0.33. Next, using the moment diagram in Figure 10.3, the required second area of inertia could
be determined, such that the yield strength would not be reached in the skin (assuming safety factor 2.0).
From this the spar, assuming an I beam shape, could be sized. The spar height and width tapers with
the chord length, whereas the thickness for the web and flange are assumed to be constant. A general
overview of the height, width and thickness of all components in the wingbox are presented in Table 10.2.

Table 10.2: Wing Structure Components

Thickness [mm] Height Width

Front Spar Web = 8.0
Flange = 10.0 0.17 ·chl 0.25 ·sph

Aft Spar Web = 8.0
Flange = 10.0 0.15 ·chl 0.25 ·sph

Ribs 3.0 0.18 · chl 0.45 · sph
Stringers 2.0 2.0 [cm] 2.0 [cm]
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The chl stands for the chord length at a certain wingspan and the sph the spar height at a certain wingspan.
Most components were scaled by fitting them into the airfoil and assumption by literature. The web and
flange thickness were calculated by the taking the required second area of inertia, deducting the skin second
area of inertia and thus resulting in the required spar second area of inertia. Optimizing this shape for
second area of inertia/weight and shear results in a web thickness of 10.0 mm and 12.0 mm for the flanges.
Next, using Equation 10.4 the rib spacing could be calculated. due to the simplified approach of the wingbox
in nine section, the spacing does not perfectly align along the span. The results can be found in Table 10.3.

b =

√
σ · π2 · EAl

(1− v2)
· t2skin (10.4)

Finally, the stringer pitch could be determined. This spacing has the same inconsistency due to the simpli-
fied wing box approach. By applying Equation 10.5 the spacing can be calculated, using Kc = 6.32 due
the b/t ratio as found in ”Airframe stress analysis and sizing” page 610 [37]. The results can be found in
Table 10.3 and a cross-sectional view in Figure 10.4.

b =
tskin√

τ
Kc·EAl

(10.5)

Figure 10.4: Airfoil Cross-section with Stringers at Spanwise Location 9.4m

Due to the wing not having any bending relief due to fuel storage in the wing, the wing weight is expected
to be higher that of aircraft that store fuel in the wing. Using the data from Table 10.3 the weight of the wing
box is estimated to be 1265 kg. Using the relation from the Journal of Aerospace eq. 56 [38], the wing box
weight and total wing weight are related with a factor 1.73, resulting in an estimated total wing weight equal
to 2188 kg

This is just below the estimate from the Class II weight estimation using Torenbeek’s method in Chapter 7
[20]. However, the estimation of the wing structure is not optimized, as this would require a detailed design.

Table 10.3: Skin Thickness, Rib and Stringer Spacing of the Wing Box

Spanwise Loc. [m]
from the Root

Skin Thickness [mm]
span

Rib Spacing [m]
span

Stringers [-]
Top Flange

Stringers [-]
Bottom Flange

0.0 3.0 0.44 25 14
2.1 2.5 0.45 25 14
4.1 1.7 0.63 25 13
6.0 1.0 0.72 25 11
7.8 1.0 0.84 22 10
9.4 1.0 1.02 18 7
10.8 1.0 1.27 13 2
11.9 1.0 1.6 6 -
12.7 1.0 - 2 -
13.2 1.0 - - -
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Figure 10.5: Wing Structure Design Overview

Fuselage
The initial part of structurally designing the fuselage structure is determining the load cases and determining
the ultimate load. for the loading analysis, the weight, gust, symmetrical horizontal tail deflection, rudder
deflection, and side slip are considered. From this analysis, it was concluded that the skin at the top of
the fuselage would be the most heavily loaded in compression, caused by maximum horizontal tail control
surface deflection force, maximum gust loading at OEM and the weight of the empennage considering no
cabin pressurization. By applying the method in ”Aircraft Fuselage Design Study”[39], a maximum moment
of 1.1· 106 Nm was determined.

The fuselage structural design was mainly done for bucking of the fuselage skin. The skin thickness was
set at 2.5 mm. The surface area of a stringer was assumed to be 2.3· 10−4 m2, deducted from the stringer
dimensions of a KC-1355. Through an iterative process of increasing the number of stringers to be able
to not reach the aluminum alloy yield strength (safety factor 2.0) and optimizing for buckling, done with
Equation 10.4. This resulted in a fuselage stringer pitch of 0.18 m.

For the frames, a similar approach was applied as for the ribs in the wing structure. This requires an
estimate of the maximum torsion. This torsion is caused by rudder deflection, slide slip, and weight when
the aircraft is at a bank angle. This caused torsion of 43· 103 Nm. By using Equation 10.5 the frame spacing
was determined to be 0.53 m.

Finally, around the windows, doors, and emergency exits reinforcement is necessary due to the cut-outs.
In Figure 10.6 a general overview of the stringer and frame spacing is presented together with the reinforced
area around a window. For the entire fuselage structural layout, Appendix A should be consulted.

Figure 10.6: Fuselage Structural Layout Showing Frame and Stringer Pitch

Empennage
The empennage structural design methodology is similar to that of the wing. The detailed structural design
was not performed for the empennage, as it was deemed to be of little importance for the conceptual
design. The most important aspect was the integration of the empennage spars into the fuselage around
the hydrogen storage tank, as seen in Figure 10.7.
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Figure 10.7: Empennage structural integration

It becomes clear that the empennage spars enter the fuselage structure aft of the entire hydrogen storage
structure. Therefor, it is assumed that the empennage can be integrated into the airframe in a conventional
manner.

Undercarriage
The landing gear is one of the most critical components in an aircraft, and an undercarriage collapse can
be critical upon landing or takeoff. It is therefore important to size the struts according to the possible loads
and forces that are to be endured, as these bear most of the loads upon landing and braking. Upon braking,
the main landing gear strut bears a force of 1.5 times the static load whilst the nose landing gear bears a
force of 0.2 times the static load

Thus, struts should be made of a durable, resistant material which is at the same time lightweight and
inexpensive. Assuming the struts have a circular cross section, and are of cylindrical shape, the following
equation may be used to calculate the stress to be endured by the struts:

θstrut =
Fy

A
+

M ·R
I

(10.6)

A viable option could be the use of Titanium 10Al-2Fe-3V, which has a large safety factor, whilst still having
the lowest value of maximum stress and deflection developed, which avoids structural failures.

10.2. LH2 Storage Tank
The tank designed to store the liquid hydrogen is made with a carbon fibre reinforced polymer (CFRP). The
implementation of CFRP is currently being researched and first prototypes have been presented, showing
the feasibility of this technology1. CFRP has a density of about 1800 kg/m3, a yield strength of 550 MPa
and a thermal conductivity of 0.3 W/m· K [40] 2 3. Frommultiple studies into the implementation of hydrogen
tanks into aircraft, it is determined that an aft-placed storage tank is the best option for a regional aircraft [41].
Moreover, a choice must be made between an integral or non-integral tank. An integral tank is generally
heavier as it is load-bearing, but requires less volume in the fuselage [42]. The decision was made to have
a aft-mounted integral tank in the tail cone.

Pressures and Forces
To be able to integrate the tank into the aircraft an overview of the forces acting on the structure is provided.
The loads during flight are considered to be the weight of the empennage, part of the fuselage aft of the
tank and the forces caused by the control surfaces on the empennage. For simplicity the tank is uniformly
designed for the ultimate load that it must be able to transfer. The ultimate load is on the tank is near the
top and bottom of the tank, mainly due to bending and torsion. During a pull-up manoeuvre will cause
the weight aft of the tank to create a large bending moment. The weights of the empennage and fuselage
are determined using the statistical group weights method from Raymer [19]. the c.g. location of the tail
cone is assumed to be 1/3 (that of a hollow cone) of the fuselage length aft of the tank. The horizontal and
vertical tail planes both have their c.g. at 0.4 of the chord length. For the loads caused by the lift of the
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tail plane and control surfaces, the analysis estimates a force of about 96 kN on the horizontal tail surface.
This combined with bending caused by weight results in a moment around the lateral axis of 560 kN· m.

After determining the tank thickness necessary to carry the forces acting on the aircraft, the thickness ac-
counting for the pressure differnces can be computed. Table 10.4 shows the different pressures accounted
for during tank design.

Table 10.4: Pressures used for Tank Design

Filling Venting Cruise Hydrostatic Ultimate ∆Pressure
1.2 [Bar] 3.0 [Bar] 0.3 [Bar] 0.2 [Bar] [43] 2.9 [Bar]

Next the thickness of the outer shell can be determined. The thickness required for the bending load is
calculated using the equations in chapter 6, Mechanics of Materials [44]. The thickness for the pressure
difference is calculated using Equation 10.7:

tpres =
∆Pmax · rshell

σ · ew
(10.7)

ew is the safety factor of 0.8 used for pressurized tanks [41]. The overall thickness, taking a safety factor of
two, is equal to 5.6 mm. This thickness is for the entire tank, as the caps are ellipsoids with a radius ratio
of 2:1, is equal for the conical part and caps. The ellipsoid cap shape is chosen due to its weight en shape
characteristics which are beneficial for the integration of the tank [45].

Fuselage Integration
To structurally integrate the tank, carbon fiber composite rods are used to connect the tank with the alu-
minium fuselage airframe. Connecting these materials can cause corrosion, but can be mitigated using
solid state welding [46]. As the CF composite rods have a low thermal conductivity, equal to the storage
tank, it conducts little heat the aluminium fuselage structure into the tank. The rods are connected to the
tank such that they act as a truss structure. The rods and tank will be surrounded by insulation material,
which is covered with a thin layer of composite skin such that the fuselage has a smooth surface. The
integration of the hydrogen storage tank can be found in Figure 10.8

Figure 10.8: Top view of LH2 Storage Tank Fuselage Integration

Thermal
For the insulation of the tank EPS is selected. This material is chosen due to its low thermal conductivity
of 0.0037 W/m· K and relatively low density of 26 kg/m3 4. An alternative is insulation by MLI. This new
insulating technology using a vacuum is determined not to be favorable for the application in aircraft due
to its catastrophic failure nature and its constant servicing to maintain the vacuum [47]. Moreover, it is
generally heavier than EPS for the same thermal resistance, but less voluminous. As this technology is not
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readily available and much more complicated than using EPS, for this conceptual design it was discarded.

Determining the insulation thickness is an iterative process, depending on the allowed heat flow into the tank.
If too much heat gets into the tank it will cause excess boil-off, increasing the pressure in the tank. Using the
allowed boil-off rate for the propulsion system from Chapter 12, the allowed heat flow can be determined,
resulting in a required thickness of 13 cm. However, this is not considering the thermal conductivity of the
structure connecting the tank to the fuselage and other unforeseen heat flow. Therefor a safety factor of
1.5 is applied, ultimately resulting in a thickness of 20 cm.

Tank Weight and Geometry
The tank is sized to fit into the tailcone of the aircraft. This requires the tank to taper at approximately the
same rate as the outer skin of the fuselage, angle of 14°, as can be seen in Figure 10.8. A general overview
of the geometry of the tank, together with the weight estimation are presented in Table 10.5, The tank is
designed to carry 683 kg of hydrogen, needing a volume of 9.9 m3 (including a 3% margin).

Table 10.5: LH2 Storage Tank Weight and Geometry

Thickness [mm] Diameter [m] Length [m] Mass [kg]
Front Cap 5.6 2.27 0.57 98
Aft Cap 5.6 1.16 0.29 291
Conical Section 5.6 2.7 48
Complete Tank 5.6 3.56 437

Each section mass is including the insulation mass. The gravimetric index, defined as mtank
mfuel

, of the tank (with-
out insulation or regulation systems) is estimated to be 0.64, relatively inline with the reference composite
tank design1. Moreover, a tank divider is included such that the tank is split into two tanks, necessary to
comply with CS-25 regulations. Adding frames, stringers, insulation and environment control subsystems
would likely increase the total mass significantly, resulting in a gravimetric index of 1.4-1.8 [48]. For the
aircraft design a gravimetric index of 1.4 was selected for the entire storage system, resulting in a total tank
mass of 956 kg.

10.3. Materials
The material selection for SRP-22 are chosen for optimal performance and by taking the following require-
ments and design objectives into account:

RA-TOP-COS-1: The aircraft shall have a maximum asking unit price of 31 million USD.
RA-OBJ-1: Minimize the environmental impact of the entire aircraft life-cycle.
RA-OBJ-2: Minimize the usage of hazardous materials.

Airframe
Aluminium alloy 2024-T3 is chosen for the majority of the airframe, for its high strength-to-weight ratio,
high fatigue resistance, excellent toughness and high maturity with regards to manufacturing in aerospace
applications. Moreover, it has very high recyclability. The use of composites in the airframe has been
omitted due to lower recyclability, higher cost and more complex manufacturing process.

Landing gear and pylons
Titanium alloy 10Al-2Fe-3V is used for the landing gear and pylons, since these components contain critical
load paths, making this high strength titanium alloy very suitable. It also has excellent corrosion resistance
and high recyclability. Titanium 10Al-2Fe-3V is more expensive and more difficult to fabricate than Alu-
minium alloy 2024-T3, therefore is chosen to use this material exclusively for these components.

Hydrogen tank
The rationale for the material selection for the hydrogen storage tank are described in Section 10.2. EPS is
fully recyclable, while carbon fiber reinforced plastic (CFRP) is currently not commonly recycled industrially.
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However, extensive research is conducted on its recyclability with promising methods as a result. It is
therefore assumed that by the end of the lifetime of the first SRP-22 aircraft, CFRP is 90% recyclable.

Miscellaneous
The propulsion system is mostly composed of off-the-shelf products as described in Chapter 12. Electric
motors and other electric systems are mostly composed of metals such as steel and copper that have high
recyclability. Fuel cells in addition also contain precious metals, which are already recycled up to 90% cur-
rently. The cabin interior will be fully composed of recycled materials, such as thermoplastics and recycled
fabrics.

This material selection results in an overall End-Of-Life recyclability of at least 91%. An overview of selected
materials can be found in Table 10.6, and a visualization of the main structural materials is presented in
Figure 10.9.

Table 10.6: Materials used in SRP-22

Component Principal mate-
rial

ρ [kg/m3] σy [MPa] m [kg] Fraction
of OEM [%]

Recyclability
[%]

Airframe 8300 66 92
Fuselage, wing,
empennage Al 2024-T3 2780 345 6800 54 93

Landing gear, py-
lons

Ti 10Al-2Fe-3V 4650 1170 1500 12 90

Hydrogen tank 950 7.6 92
Tank structure and
integration rods CFRP 1800 550 800 6.4 90

Insulation EPS 26 - 150 1.2 100
Miscellaneous 3000 24 97

Cabin interior Thermoplastics
and fabrics - - 1000 8.3 100

Fuel cells Steel, precious
metals - - 800 6.4 95

Electric motors,
electronics, avionics Copper, steel - - 1200 9.6 95

Total 12250 98 91
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CFRP, EPS Titanium 10Al-2Fe-3V
Composite blades Aluminium 2024-T3

Figure 10.9: Materials used in the airframe, propellers and tank of the SRP-22

Lightning Protection
As dictated by requirement CS 25.581, RA-SYS-SRE-3 in the requirement list, the aeroplane must be
protected against the catastrophic effects from lightning. This can be shown by designing the components
in such a way that the strike does not endanger the aeroplane.

Firstly, the skin around the cabin and interior compartments is designed with a metallic mesh which pro-
vides an additional layer of protection, conducting electricty through the exterior protecting the passengers,
crew, and avionics. This not only prevents damage to the structure but also prevents the buildup of electric
current in any one area. Additionally, areas that are more prone to receive lightning strikes are further
protected with the following features:

1. Wire Bundle Shields: This especially protects the avionics and flight control system, which could be
easily destroyed by a lightning strike and cause critical damage. Special shield protection is installed
in wiring such that no damage occurs

2. Static Dissipators: These are metallic pieces connected electrically to the frame of the aircraft, with
spikes or needles on the end. It is housed in a fiberglass rod to insulate it from the airplane. Because
the spikes concentrate the electric charge around them, and they are connected to the airframe, they
allow the airplane to dissipate any static electricity it may build up out into the air. If lightning does
strike the plane, the electricity will go through the dissipator and not through the airplane by reducing
the electric field to below lightning-collection levels, within the protected area.

1URL https://newatlas.com/aircraft/hypoint-gtl-lightweight-liquid-hydrogen-tank/ [cited 13 Jan. 2023]
2URL https://www.christinedemerchant.com/carbon_characteristics_heat_conductivity.html [cited 13 Jan. 2023]
3URL https://www.chemeurope.com/en/encyclopedia/Carbon_fiber.html [cited 13 Jan. 2023]
4URL https://omnexus.specialchem.com/selection-guide/expanded-polystyrene-eps-foam-insulation [cited 18 Jan.

2023]
5URL https://www.researchgate.net/figure/Dimensions-of-stringer-and-frame-for-the-KC-135-fuselage-panel-d

imensions-in-inches-1_fig6_253689277 [cited 19 Jan. 2023]
6URL https://asm.matweb.com/search/SpecificMaterial.asp?bassnum=MA2219T851 [cited 19 Jan. 2023]
7URL https://www.appropedia.org/Composites_in_the_Aircraft_Industry [cited 20 Jan. 2023]
8URL https://aviation.stackexchange.com/questions/81661/materials-usually-used-in-dorsals-fins-specificall

y-in-the-atr-72 [cited 20 Jan. 2023]

https://newatlas.com/aircraft/hypoint-gtl-lightweight-liquid-hydrogen-tank/
https://www.christinedemerchant.com/carbon_characteristics_heat_conductivity.html
https://www.chemeurope.com/en/encyclopedia/Carbon_fiber.html
https://omnexus.specialchem.com/selection-guide/expanded-polystyrene-eps-foam-insulation
https://www.researchgate.net/figure/Dimensions-of-stringer-and-frame-for-the-KC-135-fuselage-panel-dimensions-in-inches-1_fig6_253689277
https://www.researchgate.net/figure/Dimensions-of-stringer-and-frame-for-the-KC-135-fuselage-panel-dimensions-in-inches-1_fig6_253689277
https://asm.matweb.com/search/SpecificMaterial.asp?bassnum=MA2219T851
https://www.appropedia.org/Composites_in_the_Aircraft_Industry
https://aviation.stackexchange.com/questions/81661/materials-usually-used-in-dorsals-fins-specifically-in-the-atr-72
https://aviation.stackexchange.com/questions/81661/materials-usually-used-in-dorsals-fins-specifically-in-the-atr-72


11
Electrical Systems

The aircraft’s electrical systems are one of the most important systems in an aircraft. This includes the exte-
rior lighting, anti-icing, anti-rain and anti-fog systems, autopilot and of course the electrical block diagram.

11.1. Lighting System
Exterior Lighting
The lighting of an aircraft is a key system. External lights are required for safety purposes as they are used
to alert the personnel working around the aircraft in low light hours. They also allow aircraft identification
in flight, and some lights also help the pilots to navigate the aircraft on the ground and help to view certain
structures of the aircraft. According to EASA - SERA regulations, these are the following lights needed by
the aircraft, which will be applied to the aircraft, in order to comply with RA-SYS-SRE-1.

1. Anti Collision Lights

(a) Beacon: In normal operations, these red flashing lights located in the fuselage belly and hori-
zontal stabilizer are used during ground and flight operations.

(b) Strobes: Located in the wingtips and below the tailcone, these very bright synced flashing lights
are only used upon line-up and takeoff

2. Navigation Lights: Made to be able for an observer to identify the aircraft’s direction, these consist
of three lights; the port, or left wingtip which should be red. the starboard, or right wingtip which is
green and a white rear tailcone light.

3. Landing Lights: These are integrated in forward part of the sponson belly, provide enough light for
night landing without glare / halation for pilots.

4. Taxi Lights: These help the pilot to navigate during airport taxiing, located in the nose landing gear
strut.

5. Take-Off lights: These are also located in the nose landing gear strut, and have longer beams.
6. Logo Lights: Placed on horizontal stabilizer, these illuminate the company logo and attract attention

towards the aircraft.
7. Wing Engine inspection Lights: Located in the fuselage, these light up the engines and wings

without excessive glare

Figure 11.1: All Relevant Exterior Lights
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11.2. Anti-Icing, Anti-Rain and Anti-Fog systems
It is expected that the SRP-22 also operates under challenging conditions such as ice, heavy rain, and fog.
Consequently, special systems to alleviate the effect of these conditions have to be designed.

Anti-Icing System
In order to prevent the accumulation and formation of ice in critical aircraft systems an anti-icing system
may be used. The formation of ice can have catastrophic consequences such as degradation of flight per-
formance, malfunction of critical systems, and even result in accidents.

The SRP-22 is equipped with Electro-Impulse de-icing systems, which operate by delivering mechanical
impulses to the surfaces on which ice has formed, such as the wing leading edge, and vertical and hori-
zontal tailplane. These impulses are generated by electromagnetic coils which can be installed on these
surfaces. Additionally, a thermal electric system can also be implemented in order to prevent ice formation
on other critical systems such as pitot tubes, stall vanes, and total air temperature probes. Thus, complying
with RA-TOP-SRE-3.

Anti-Rain and Anti-Fog System
When flying through severe rain it is quite possible that rain accumulates on the windshields and thus pilot
visibility is severely reduced. In order to avoid this, a simple windshield wiper is installed on the windshield
exterior, as well as rain repellent adhesives on the wiper paths.

Additionally, under certain humidity conditions, fog can form on the inside and outside of the windshield.
In order to avoid this, special electrical wiring is installed inside the windshield material.

11.3. Autopilot
When the autopilot is engaged, the Autopilot servo provides inputs to the yaw, roll, and pitch to the rudder,
aileron, and elevator. Additionally, just like in the Cessna Citation II, the autopilot commands may be
overridden at any time by the pilots.

Additionally, being an irreversible flight control system, the control surfaces are not directly linked to
the controls. Meaning that at the flight controls, the aeroforces at the surface cannot be felt. In this case,
there is a hydraulic power control unit in between the actual surface and the cockpit controls, as depicted
by Figure 13.3

Regarding the navigation, the autopilot may also be used to set a given heading, speed, vertical speed,
and altitude as well as set to follow a certain route. Additionally, in order to comply with RA-TOP-SRE-2.1
research in the necessary instruments and equipments will be performed for day and night rules. Further-
more, research on the landing requirements for the instrumentation for the IFR compliance will be done
with respect to requirement RA-TOP-SRE-2.2.
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11.4. Electrical Block Diagram
All the above systems that require electricity discussed in Chapter 12, Chapter 20 and Chapter 11 are
shown in the electrical block diagram Figure 11.2.

Figure 11.2: Electrical Block Diagram of the SRP-22



12
Propulsion

Together with the design of the liquid hydrogen storage tank, the propulsion system is where the bulk
of the innovation of the SRP-22 lies. The purpose of this section is to design, size, and select multiple
components that will propel the aircraft from take-off to landing and through its cruise altitude and velocity
while maintaining net greenhouse emissions at zero during all phases of operation. To do this, a fuel cell
powertrain is sized and selected, along with the design of the air inlets, motor configuration, and propeller
sizing.

12.1. Power Requirements
To size the propulsion system accordingly, it is necessary to have an overview of the power consumption
of the aircraft. The power estimations are split it up into multiple components.

Propulsion Shaft Power
The shaft power is sized based on the maximum power required to take off, as this is the limiting factor.
This is derived from the design Power-to-weight ratio through the following equation, giving a maximum
value of approximately 2395 kW.

Pp =
WTO

W/PDes
(12.1)

Cabin Electrical Power
Due to the limited information openly provided by aircraft manufacturers, it is hard to estimate the power
consumption of in-flight systems. As a first, generic estimate, the following values are used:

• Environmental Control System: 24 kW
• Cabin lighting (cockpit, galley, aisle, bathroom, seat belt, and individual reading lights) [49]: 20 kW
• Galley instruments (oven, hot beverage maker, water heater, air chilling unit) [50]: 9.5 kW
• Charging ports 1: 4 kW
• Inlet fan (Equation 12.3): 1 kW

This is brings the total cabin electrical consumption to an approximate value of 60 kW. As a reference,
the total power consumption of the aircraft would hypothetically peak when the aircraft delivers maximum
propulsive power, all cabin lights are on, cabin heating is on, and all charging ports are in use. This brings
the peak required power to approximately 2455 kW.

12.2. Fuel Cell
The central focus of the propulsion system revolves around a proton-exchange membrane fuel cell, which
is an electro-chemical device that extracts electricity from a redox chemical reaction [51] - to produce:

H2 + 1
2 O2 H2O with biproducts heat and extracted electricity

Based on the aforementioned characteristics as well as power requirements, the fuel cell chosen is the
Horizon VLS-III series Liquid-Cooled Stack 2, which has the following characteristics:
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Table 12.1: Horizon VLS-III Characteristics and Configuration

Parameter Value Unit
Rated power 250 [kW]
Number of cells 500 -
Cell voltage (avg.) 0.7 [V]
Operating temp. 70-85 [°C]
Min. low temp. start < 30 [°C]
Dimensions (l · w · h) 837 · 552 · 266 [mm]
Efficiency 0.67 -
Mass 80 [kg]
Number of stacks chosen 10 -
Total available power 2.5 [MW]
Total weight 800 [kg]
Total volume 0.123 [m3]

12.3. Air Inlets
The air inlets provide a source that conducts atmospheric air for use as a reactant in the fuel cell, as well
as to pressurize the aircraft cabin. The general architecture of the inlets is portrayed in Figure 12.1.

Intake fan
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Compressor

Heat
exchanger

Compressed air
rerouting to cabin

Humidifier

Fuselage

Cabin air
compressor

AC PACK Pivoted slats
air exit

HEPA filter

Fuel Cell

Figure 12.1: General Inlet Architecture (not to scale) [own work]

Cabin Pressurization
CS-25 regulations state that each compartment must have enough fresh air (but not less than 0.28 m3/min.)
per member (section AMC 25.831) [1]. Assuming a cabin air density equal to an altitude of 2000 m (ρ =
1.007 kg/m3), an airflow of 0.282 kg/min. must be provided per occupant, thus totaling 0.24 kg/s for the
entirety of the cabin.

Oxygen Fuel for Fuel Cell
The oxygen content required to power the fuel cell is calculated through the following [21]:

ṁO2
=

MO2
· P

n · F · Vcell
(12.2)

where MO2
is the molar mass of oxygen, P is total power required (followed from Section 12.1), n is the

number of electrons per mole involved in the reaction, F is the Faraday constant, and Vcell is the individual
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cell voltage. However, the mass flow must be adjusted to compensate for the concentration of oxygen in
the ingested air, as well as the oxygen stoichiometric ratio in the reaction:

ṁair =
ṁO2

· λO2

gO2

(12.3)

where λO2
is the oxygen stoichiometric ratio (taken from [52]), and gO2

is the mass fraction of oxygen in air.
This gives a required air flow of 6.88 kg/s.

Inlet Sizing
The inlet is designed so that - only during ground operations - fans are required to be in operation to ensure
sufficient air. The inlets are integrated as protrusions on the fuselage. To calculate the inlet area, the mass
flow rate formula is used. However, due to the position of the inlets near the fuselage, the free stream
velocity of air cannot be used due to interference with the boundary layer. It is necessary to therefore
calculate an average velocity of air based on the protrusion of the intake with respect to the boundary layer.
To minimize an increment of drag, the protrusion of the inlet is sized to be the thickness of the boundary
layer. The average flow velocity for a given protrusion ratio can be calculated by integrating the 1/7-power
law velocity profile 3 [53]:

VavgBL =

∫ h

0
V∞ ·

(y
δ

) 1
7

=
7

8
· V∞ ·

(
h

δ

) 8
7

(12.4)

Using a protrusion ratio of 1
(
h
δ

)
and a free stream velocity equal to the lift-off true airspeed, the average

boundary layer velocity can be used to calculate the inlet area through the aforementioned mass flow equa-
tion, to give a total required area of 0.3 m2.

The final inlet design is composed of two separate inlets - one on each side of the fuselage, placed on
the sponsons directly perpendicular to the free stream flow, each with an area of 0.15 m2. The inlets are
traditional scoops (as opposed to the commonly used NACA ducts), as minimize pressure losses inside
the inlet, requiring less pressurization for cabin use.

To calculate the power required to run the fan, the required mass flow at sea-level is computed (10.5 kg/s
per inlet), and the dynamic pressure difference across the fan is computed (based on lift-off speed, 35 Pa)
to give a total power required of approximately 400 W. Thus, the total maximum power required to run both
inlet fans is of 800 W.

The sensitivity of number of stacks chosen with regards to the increase of total cabin and inlet fan power has
been evaluated. For the number of stacks to remain the same as discussed in Table 12.1, the maximum
total cabin and inlet fan power is 105 kW, which represents to approximately 73% increase in total cabin
and inlet fan power than estimated. Hence, the power requirement is deemed acceptable.
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Figure 12.2: Inlet Positioning and Size

12.4. Electric Motor
The propulsion system is distributed across four motors - two inboard and two wingtip-mounted - to benefit
from the aerodynamic advantage of wingtip-mounted propellers, while maintaining a low level of main-
tenance and complexity, and allowing for a relatively easy control of the aircraft under a one-engine-
inoperative condition. According to [27], wingtip propellers can attenuate wingtip vortices when the motors
counter-rotate the direction of the vortices, which is statistically quantified in a minimum of 17% total drag
reduction for this specific aircraft in cruise conditions.

The two inboard motors are sized to provide 80% of the total power, while the two outboard propellers
are sized to provide the remaining 20%. Based on the peak power aforementioned in Section 12.1, the
electric motors are selected.

Electric Motor Selection
The wingtip-mounted motor chosen is the H3X HPDM-250 4, which has the following characteristics:

Table 12.2: H3X HPDM-250 Characteristics

Parameter Value Unit
Peak power 250 [kW] (for 30 s)
Continuous power 200 [kW]
Continuous torque 95.5 (direct) and 640 (6.7:1 gearbox) [Nm]
Cruise system efficiency 0.957 -
Mass 13 [kg]
Operating temp. -40 to 60 [°C]
Max. operating altitude FL350 -
Volume 0.009 [m3]
Integrated DC-AC inverter? Yes -

The inboard motor selection is of greater complexity because current market options offer either low-power
solutions (<250 kW), or high-power solutions (>2.8 MW). However, H3X offers the alternative of custom-
made motors ranging from 30 kW to 30 MW 5. As such, choosing a custom-made motor is the most viable
and economically feasible solution. This motor shall provide 958 kW of power, while maintaining the op-
erating temperature ranges, maximum operating altitude, and integrated DC-AC inverter solutions of the
HPDM-250.
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12.5. Supercapacitor
A supercapacitor is connected to the fuel cell as an alternative means of delivery of power to the motor. The
supercapacitor is - under normal conditions - not used to provide any power. However, it is a redundancy
mechanism in case there is a malfunction with one or multiple fuel cell stacks. The supercapacitor is
sized to temporarily provide the maximum power output of one fuel cell stack, should there be a loss of
fuel cell power during the peak-power flight phase. The supercapacitor selection is based on the required
capacitance 6:

C =
Ibackup · t

V
=

I2 · t
PFC

(12.5)

where I is the current produced by one fuel cell stack, t is the running time of the supercapacitor, and PFC

is the power produced by one fuel cell stack. The running time of the supercapacitor is preset to be the
time it takes from the aircraft at standstill to reach V2.

As such, the supercapacitor selected must be able to deliver a capacitance of 74 F, over a voltage difference
of 350 V. To achieve this, smaller supercapacitors can be stacked to produce the desired voltage difference.
However, the bigger the stack, the greater the voltage imbalance between individual supercapacitors, which
can lead to a supercapacitor having a greater voltage than the rated voltage 7.

To limit this effect, two supercapacitor stacks are designed to work in parallel (one for each set of motors),
with a capacitance of 74 F, but a voltage difference of 175 V.

12.6. Propeller Design
Propeller Sizing
The two different motors require two different propeller sizes for their corresponding power. The propeller
diameter is calculated through a statistical first estimated provided by [19]:

Dp = 0.55 · 4

√
PTO

1000 · n
(12.6)

where PTO is the maximum shaft power of the aircraft (aforementioned in Section 12.1), and n is the
number of engines. This results in a diameter of 3.03 m for the two inboard propellers, and 2.15 m for the
two wingtip-mounted propellers.

Number of Blades
The number of blades on each propeller was determined through a comparison study with the reference
aircraft [30], as well as by blade efficiency comparison and noise generation.

While a theoretical blade limit does not exist, it is precautionary to keep the number below eight - eight
blades translates into a basic fan, which can be ducted to reduce noise and tip losses 9. Furthermore, a
single blade propeller is not possible due to the excessive vibrations caused. As such, it is ideal to maintain
the number between two and eight blades. Assuming a constant propeller diameter for all options, it is
observable that adding more blades to a propeller increases the thrust generated. Propeller efficiency
decreases due to the incremental generation of drag. Incrementing the number of blades reduces the
blade-tip vortex noise [54].

It is concluded that the design number of blades is of six blades per propeller. This is because, although
the propeller efficiency slightly decreases, the propeller is still able to generate significantly more thrust,
and a reduction in noise emissions. This is supported by the fact that a majority of the reference aircraft
also have a six-blade design.

Braking
Due to the nature of the propellers, reverse thrust is not a possibility for this aircraft. For landing, braking
must be achieved through an alternative method. Apart from conventional disk brakes used on the un-
dercarriage, by including a variable-pitch mechanism, the propellers’ pitch can be set to negative values
(beta-position), to reverse the direction of the airflow and generate reverse thrust, without changing the
rotational direction of the propellers 8.
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Furthermore, an additional propeller brake system is installed on the main inboard propellers, which allow
the propeller to lock in place while still letting the motor turn. As such, the motors can be used as auxiliary
power units without generating thrust, in order to power the aircraft for ground operations [55].

12.7. Propulsion System Architecture
To summarize the powertrain components, an overview of the propulsion system architecture is provided
in Figure 12.3.
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Figure 12.3: Propulsion System Architecture Block Diagram
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13
Aircraft Integration

The first part of this chapter focuses on the creation of a pleasant and safe environment in the cabin for
the passengers. Therefore, the air needs to be appropriately managed, which will be significantly different
considering the use of electric propellers rather than air-breathing engines. The regulation of waste, water,
and food supply will be undertaken. Furthermore, the regulatory system for the fuel and hydraulic system
is laid out, whilst a representation of the hardware and software system is presented for the entire aircraft.
Finally, the information flow software for the cockpit is presented.

13.1. Environmental Cabin Control
The interior cabin environment is of utter importance, especially considering the passenger experience.
Ensuring a nice temperature, comfortable pressurization and fresh air ventilation increases passenger sat-
isfaction and thus is desired by the customer.

Air
In general, the air required for air circulation is obtained from the air-breathing engines, where the air is
compressed and cooled before mixing with internal re-circulating air. It is then supplied to the passenger
cabin and cockpit by the environment control system. However, as electric propellers do not breathe air,
an inlet should be placed along the fuselage in order to provide both fresh air and provide fresh oxygen to
be used by the hydrogen fuel cells.

Once the external air has been obtained from the inlet, it is sucked and compressed and this bleed air is
then supplied into the cabin mixed with recirculating filtered air. This re-used air is passed through several
filters including HEPA filters to remove any unwanted gases, vapors, fumes as well as bacteria, viruses,
and particles.

Additionally, from previous studies and statistical data it is given that the optimal cabin temperature in-
side the cabin should be in the 18 to 24-degree range. Thus, the air mixture is heated to those temperatures
before being supplied to the passenger cabin, through several air diffusers which are located alongside the
cabin as well as in individual controls above each seat, allowing every passenger to customize their tem-
perature as well as ensuring a fresh air circulation at all times.

Given that the SRP-22 has a cruising altitude of 28,000 feet, a pressurized cabin is required. Typically,
commercial aircraft cabins are pressurized to keep an inner atmosphere that resembles that of 6,000 to
8,000 feet, which is still comfortable for passengers as it only decreases oxygen levels in the blood by 4%1.

Waste, water, and food supply
Regarding comfort, the water and waste system is designed to provide water for galleys and lavatories.
Fresh water is stored and distributed while a different system deals with wastewater. That system includes
a thoughtful engineering method to dispose of the different wastes that could occur during the flight.

The lavatory waste collection system consists of a vacuum lavatory, which makes use of the pressure
differential between the cabin interior and exterior to pump the waste out of the lavatory and into the waste
tank. Additionally, water is also added to flush the toilet. This water is mainly wastewater obtained from
the sink water as well as possible residual water produced by the fuel cell. Once on the ground, the waste
tank will be emptied by a truck.

Potable water is supplied to the aircraft by ground trucks and is stored in a special tank. This is mainly
used in the galley in order to make coffee, tea, and other drinks.
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Figure 13.1: Representation of different parts of the water and waste system [56]

Additionally, the waste and water system also consists of a water tank pressurization system that pressures
the water tank and air dealing with the tank (including air compressor, pressure regulator filter, and pressure
relief valve).

The aircraft galley is to be located in the front of the aircraft, next to the service door which allows for
easy access to catering and ground services.

13.2. Fuel and Hydraulic System
The integration and relation between the hydrogen fuel cell and generated electricity to power the electric
propellers are presented in the following section. Alongside the design of the hydraulic system that will
supply fluid to different control systems.

Fuel system layout
The main layout of the hydrogen fuel system is presented in Figure 13.2. The blue arrows represent the
hydrogen that is fed from the hydrogen tank onto the fuel cell with the help of a compressor and valve. The
output of the fuel cell is an electric current which is fed into the four electric propellers

Figure 13.2: Representation of the fuel system
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Hydraulic system layout
Generally, the functions of the hydraulic system vary from one aircraft to another, but typical functions of
this system are to provide hydraulic power to the actuators which at the same time are in charge of moving
the primary flight control systems such as ailerons, rudder, and elevator, as well as move secondary flight
controls like flaps, trim, and speed brakes. Additionally, the hydraulic system is also in charge of extending
and retracting the landing gear and ground steering.

The SRP-22 has two hydraulic systems, namely the green and blue systems. Each system is designed to
supply fluid to different parts. The layout for the hydraulic system is presented in Figure 13.3.

1. Reservoir: Located behind the main gear, it provides hydraulic fluid to both systems (green and blue)
2. Electric green & blue pump: Powered by the aircraft, the objective of these is to increase the speed

of the fluid flow to different parts.
3. Accumulator: Where the pressurized fluid is stored until it is sent to specific components.
4. Cross feed valve: This valve connects both green and blue systems

The blue system is designed to supply fluid to the propeller brake, spoilers, flaps, the nose wheel steering,
parking, and emergency brake, via the emergency accumulator. The green system supplies the main land-
ing gear retraction and extension systems as well as the normal, parking, and emergency brakes.

The hydraulic system is to be located inside the landing gear sponsons, making use of empty space and
also being quite close to relevant systems such as landing gear and brakes which reduces the pipe length.

Figure 13.3: Representation of the hydraulic system layout

When designing the complex system the following design guidelines are taken into account: firstly, all
lines and components are easily accessible for maintenance and repair. Additionally, The hydraulic lines
are routed such that no critical hydraulic lines are close together. This way, in case a catastrophic failure
occurs not all hydraulics, would be affected at the same time.
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13.3. Hardware & software block diagram
The hardware and software block diagram show the overall flow of systems in the aircraft. Figure 13.4 is
aimed at providing a general overview of how systems are interconnected. In this block diagram, only the
propulsion system is depicted in detail. Therefore, in later stages, the hydraulics, cabin equipment, and
communications systems should be worked out in more detail to show the flow of information back to the
cockpit.
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Figure 13.4: Hardware & Software Block Diagram
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13.4. Data Handling Block Diagram
The data handling block diagram shows how data is collected, processed, and finally used in the aircraft.
Figure 13.5 shows a smaller branch in the diagram, which shows how the main aircraft parameters such
as speed, altitude, position, and navigation data are fed onto the cockpit

Figure 13.5: Data handling block diagram

1URL https://aerospace.honeywell.com/us/en/about-us/blogs/why-do-aircraft-use-cabin-pressurization#:~:
text=What%20is%20the%20cabin%20pressure,6%2C000%20to%208%2C000%20feet%20high. [Cited 20 Jan. 2022]

https://aerospace.honeywell.com/us/en/about-us/blogs/why-do-aircraft-use-cabin-pressurization#:~:text=What%20is%20the%20cabin%20pressure,6%2C000%20to%208%2C000%20feet%20high.
https://aerospace.honeywell.com/us/en/about-us/blogs/why-do-aircraft-use-cabin-pressurization#:~:text=What%20is%20the%20cabin%20pressure,6%2C000%20to%208%2C000%20feet%20high.


14
Production Plan

In this chapter, the production plan of the aircraft is assessed. A lean thinking approach is taken during the
production process, which will ensure the reduction of waste while procuring the materials, manufacturing
all needed parts throughout the assembly, and during the final step of integration, taking into account hu-
man resources and transportation when necessary. A lean methodology is an approach in which materials,
economics, human factors, and other resources are set up such as to maximize the outcome of a desired
event while minimizing waste.

14.1. Manufacturing
The first step is the procurement of all necessary materials. For the SRP-22, this includes raw materials
such as titanium, aluminum, and composites, followed by the procurement of other miscellaneous parts,
such as stringers, ribs, rivets, spars, and skin panels.

Once the necessary materials are procured, the manufacturing processes are established. A lean man-
ufacturing philosophy will be taken into account throughout the entire process. A large number of parts will
be manufactured in-house, using different manufacturing methods, while there will be some components
that will already be manufactured and procured from external manufacturers, such as the electric motors,
propellers, fuel cells, electronic systems, etc. Long delivery time of ordering off-the-shelf products will have
to be accounted for when the production schedule of the aircraft is planned, in order to prevent delays to
aircraft assembly.

14.2. Assembly
The assembly of the SRP-22 is generally similar to the one adopted for other conventional turboprop aircraft.
The process resembles a line production that streamlines the manufacturing process by allowing a number
of complex sub-assembly to be accomplished outside the main assembly line simultaneously before being
simply connected to the rest of the aircraft.

The assembly starts with parts manufacturing and parts acquisition. Next, the tail cone and the nose
cone are assembled and subsequently joined with the cylindrical fuselage assembly. At the current stage,
the tail cone sub-assembly will already have included the hydrogen tank, thermal insulation, and fuel cells.
In the next step, the empennage of the aircraft is assembled and attached to the tail cone section of the
fuselage. At the same time, the first stage of wing construction also started, as the primary structures of
the wing (spars, ribs, stringers, and skin panels) are being assembled. Once the wing is constructed, the
sub-assembly continues with mounting the HLDs and ailerons and the product is then mounted onto the
fuselage. Next, the main undercarriage and powerplant subsystems are fabricated and attached to the
main assembly. To finalize the process, cabin items are installed and the livery is painted. Figure 14.1
provides an illustration of the order in which the aircraft will be assembled.

Multiple checks must be carried out during the production process, and after delivery of the product, in
order to ensure the final product will perform as intended, as well as to guarantee operational safety. These
checks can be performed through inspection of the parts produced and non-destructive evaluation used to
detect defects on the materials of the product. Ultrasonic testing may be employed to investigate laminate
separation and/or voids in parts manufactured with composites [57].
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Figure 14.1: Assembly sequence chart of the SRP-22



15
Stability and Control

In order to adhere to the requirements set, the static and dynamic stability has to be analyzed, in longitudinal,
directional, and lateral directions. For this purpose, an analysis of the aircraft balance has been performed.
Furthermore, the control surfaces located on the wing and the tail for rotations in the vertical, lateral, and
longitudinal axis are designed.

15.1. Loading Diagram
To analyse aircraft balance, the loading diagram of the aircraft is constructed and the most forward and
most aft c.g are determined. By loading the cargo, passengers and fuel sequentially and then in alternative
orders, the resulting loading diagram can be seen in Figure 15.1. The most front c.g. is found to be located
at approximately 11.7 m from the nose of the aircraft (0.08 MAC), whereas the most aft c.g. is located when
the aircraft is at its OEM. The most aft c.g. can be found at 12.7 m from the nose (0.47 MAC). The most
front c.g. is chosen at MZFM rather than from the blue line from loading passengers, as the cabin crew can
be ordered to load the passengers such that no issues arise.
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13000
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15000
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18000
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M
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)

Fuel First
Cargo
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Fuel

Figure 15.1: Loading diagram

15.2. Longitudinal Static Stability and Control
Requirement RA-SYS-MSC-2 refers to static stability and control along the longitudinal, lateral, and direc-
tional axes. The previously sized and positioned horizontal tail is evaluated for longitudinal stability and
control. The critical condition for stick fixed static stability is during cruise, whilst for the trimming of the
aircraft, the critical condition is during landing, with the flaps full out. The scissor plot presented in Fig-
ure 15.2 shows the compliance of the horizontal tail sizing to longitudinal stability and control, as stated in
RA-SYS-MSC-5. A safety margin of 0.05 MAC with respect to the front and aft c.g. as obtained from the
loading diagram (Figure 15.1) is taken into account in the c.g. range. Resulting of this, the Sh/S ratio has
been evaluated to be equal to 0.17. Longitudinal static stability states that:

xnp > xcgaft
(15.1)
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Figure 15.2: Horizontal tail sizing with longitudinal stability and control

15.3. Stability Derivatives and Requirement Compliance
In order to check compliance with the static stability requirements RA-SYS-MSC-10, RA-SYS-MSC-11,
and RA-SYS-MSC-12 the lateral, and longitudinal stability derivatives of the aircraft are computed based
on the methodology in [25]. The lateral static stability derivatives, their requirements and compliance are
presented in Table 15.1 and the longitudinal stability derivatives are presented in Table 15.2.

Table 15.1: Lateral and directional stability derivatives and requirements

With respect to Derivative Value Requirement for stability
Sideslip angle CYβ

-1.1 <0
Clβ -0.06 <0
Cnβ 0.09 >0

Roll rate CYp -0.13 <0
Clp -0.51 <0
Cnp -0.087 <0

Yaw rate CYr 0.46 >0
Clr 0.29 >0
Cnr -0.18 <0

Table 15.2: Longitudinal stability derivatives

With respect to Derivative Value
Airspeed CXu 0

CZu -1.27
Cmu 0

Angle of Attack CXα
0.39

CZα
-5.63

Cmα -1.70

With respect to Derivative Value
Acceleration along top axis CXα̇

0.45
CZα̇

0.29
Cmα̇ -0.17

Pitching velocity CXq 0
CZq -6
Cmq -17

The maneuverability requirement about the XB-axis, can be quantified using the steady rolling flight re-
quirement, stated in Equation 15.2 [58]. The value for the non-dimensional roll rate has been found to be
0.151, thus meeting requirement RA-SYS-MSC-6.
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(
pb

2V

)
max

= −
Clδa
Clp

· δa > 0.07 (15.2)

Note that the static longitudinal stability requirement is met, as Cmα is negative. Furthermore, the static
longitudinal stability requirement is met, as Cmα

< 0, relating to RA-SYS-MSC-9. The aircraft moment
coefficient dependent on the angle of attack is calculated by summing the contribution of the wing and of
the horizontal stabilizer [59]. Figure 15.2 and Table 15.1 demonstrate that the static stability and control
requirement RA-SYS-MSC-2 is met.

15.4. Control Surface Design
In this section, the aircraft control surfaces elevator, aileron, and rudder are designed. The control system
is controlled through a mechanical-powered hydraulic system. At the end of the section, a summary of all
control derivatives is given.

Elevator design
The longitudinal stability and equilibrium of the aerodynamic moment about the center of gravity are driving
the sizing of the horizontal tail and the elevator, as well as the hinge moment. The backup in case of failure
of the control system will be through manual reversion, using a reversible control system, using a natural
feel for the force exerted on the elevator through the stick. The elevator would then be controlled using a
push-pull rod system. The control stick is then linked through cables, that are linked to pulleys to the push
rod at the elevator. The elevator control force is presented in Figure 15.5, and considering the high nature of
the elevator control force, a shielded horn has been designed. The sizing is done by force equilibrium and
will decrease the hinge moment derivative due to deflection significantly [58]. The methodology used to size
the elevator is presented in the [59] and [32]. The requirement for trim stick force stability, dFe

V > 0 is met, as
can be visualized in Figure 15.5, thus complying with requirement RA-SYS-MSC-8.1. From the equations
for the elevator deflection angle over angle of attack and velocity it can be deduced that trim stability is
obtained, when the signs of Cmδe

and Cmα are both negative. In Table 15.3 it has been calculated that the
sign of the elevator efficiency is indeed negative whilst in Table 15.2, presented in Section 15.3, the Cmα

has been calculated. The respective values for compliance of RA-SYS-MSC-8.2 and RA-SYS-MSC-8.3
are presented in Table 15.3. The final values for the geometry of the elevator and trim tab are presented in
Table 15.4 and Table 15.5, and are visualized in Figure 15.4.

Figure 15.3: Example of a human mechanical powered system [59]
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Table 15.3: Requirements for the elevator sizing

Value Requirement
Hinge moment derivative due to deflection [59] -0.072 Chδ < 0

Elevator efficiency [59] -1.11 Cmδe < 0

Table 15.4: Sizing parameters for the elevator on the horizontal
tail

Parameters Values Units
Se 1.35 [m2]

Cetip 0.42 [m]
Ceroot 0.54 [m]
be 2.6 [m]

Table 15.5: Sizing parameters for the trim tab on the horizontal tail

Parameters Values Units
Stab 0.65 [m2]

Ctabtip 0.295 [m]
Ctabroot 0.35 [m]
btab 2.0 [m]

Figure 15.4: Elevator, trim tab, and horn design

Figure 15.5: Trim stick force stability curve
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Vertical tail and rudder design
In order to adhere to RA-SYS-MSC-7 the vertical tail has been resized. The vertical tail can be sized for its
most critical requirement, which in a multi-engine transport aircraft is for a One Engine Inoperative situation
upon takeoff [60]. Where it is assumed that the pilot performs the corrective measure of cutting off the
opposite wing tip engine, to reduce the yawing moment. This can be done by taking moments about the
z-axis of the aircraft, as the thrust asymmetry generated by the engine inoperative will produce a yawing
moment which should be counteracted by the vertical tailplane force. The vertical tailplane force is defined
as in Equation 15.3 and the moment equilibrium by Equation 15.4.

Y =
1

2
ρV 2SCYδr

δr (15.3)

TLyT = Y lv (15.4)

Where TL is the thrust asymmetry yT is the lateral distance from the resultant to the centerline and lv is
the distance from the aft center of gravity to the aerodynamic center of the vertical tail. The moment of
the vertical tail is a function of aircraft geometry, sideslip angle, aileron deflection, and rudder deflection.
However, it is assumed that in this flight condition, there is no sideslip angle and the aileron is not deflection.
The effect of a sideslip angle is shown in Section 25 As such, from the required moment to be counteracted
by the vertical tailplane due to the thrust asymmetry one can calculate the required vertical tailplane force.

Using equation Equation 15.3 one can then compute the vertical tail area needed for the most critical
requirement. As shown in Table 15.6. A 14 m2 tail will provide sufficient force at a nine degree rudder
deflection in order to counteract the thrust asymmetry moment.

Once the vertical tail area is calculated, the next step is to calculate the rudder dimensions and size.
As mentioned in [60] , the most critical flight condition when sizing the rudder for a multi-engine (wing

placed) transport aircraft is the asymmetric thrust caused by a One Engine Inoperative Condition. Following
the method presented in [60] the ratio of chord lengths between the vertical tail and the rudder may be
obtained. Then, the rudder span, tip chord, root chord and other geometric aspects are derived with the
use of simple Aspect Ratio, and Area equations. The final rudder dimensions are shown in Table 15.7 and
visualized in Figure 15.6.

Table 15.6: Sizing parameters for vertical tail

Parameters Values Units
Sv 14 [m2]
bv 4.3 [m]
Cvtip 2.1 [m]
Cvroot 4.2 [m]

Table 15.7: Sizing parameters for tail rudder

Parameters Values Units
Sr 2.2 [m2]
br 3.0 [m]
Crtip 0.46 [m]
Crroot 0.93 [m]

Figure 15.6: Rudder and vertical tail design
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Aileron design
SRP-22 is considered a class II aircraft in which the roll performance of the SRP-22 shall have a steady roll
of the aircraft at level flight to a bank angle of 45◦ in 1.4 seconds in all flight phases, RA-SYS-MSC-4. The
most critical stall speed of the aircraft is during takeoff, in which the stall speed at takeoff is 50ms−1. The
ca/c ratio of 0.30 was taken so that a 10% chord margin was used between the rear spar and the leading
edge of the aileron. As the ca/c ratio is 0.30, hence the aileron effectiveness for the chord ratio is 0.52
[60]. Additionally, all possible design options for ailerons are using differential ailerons, which minimizes
the adverse yaw effect. The method of designing the aileron follows the process presented by F. Olivero
[35]. The design choices got the aileron are shown in Table 15.8 and in Figure 15.7.

Table 15.8: Aileron design choice

Parameters Values
Inboard aileron location 7.4m
Outboard aileron location 12.0m

ca/c 0.30

δaup,max 25◦

δadown,max 19◦

Steady roll rate 32.3 ◦ s−1

Time to bank 45◦ 1.39 s
Aileron type Differential aileron

Figure 15.7: Aileron design

Control derivatives
The control derivatives for the deflection of the control surfaces (aileron, rudder, and elevator) are given
below in Table 15.9, which were computed using the method described in Roskam [25].

Table 15.9: Control derivatives for aileron, rudder, and elevator

With respect to Derivative Value Sign convention [58]
Aileron deflection CYδa 0 0

Clδa -0.39 < 0
Cnδa 0.01 > 0

Rudder deflection CYδr 0.25 > 0
Clδr 0.03 > 0
Cnδr -0.09 < 0

Elevator deflection CXδe
0

CZδe
-0.24

15.5. Dynamic Stability and Control Analysis
The requirements RA-SYS-MSC-13, RA-SYS-MSC-14 relate to dynamic stability and are proven in this
section. This includes an analysis of the aircraft response to different aircraft motion in symmetric and
asymmetric conditions as well as the dynamic directional stability based on the aileron.
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For dynamic stability, the main criterion for dynamic stability is that all real parts of the complex eigen-
values are negative. Furthermore, the aircraft is designed to comply with the Level I stability requirements
from MIL-F-8785C for a Class II aircraft for Category B flight phase.

The lateral and longitudinal stability derivatives presented in the section above are used to find the
eigenvalues for the asymmetric and symmetric flight motions respectively. The symmetric motions that have
been analyzed are the short period (sp) and phugoid motion (ph), for the asymmetric case the aperiodic
roll (r), Dutch roll (d), and spiral (s) are investigated.

The requirement compliance for the symmetric and asymmetric motions are listed in Table 15.10. The
damping ratio, natural eigenfrequency, and roll mode time constant of the motions are calculated using the
eigenvalues. The eigenvalues of the symmetric and asymmetric motions have been determined analytically
and are plotted in Figure 15.8 and 15.9 respectively [59][32].

Table 15.10: Compliance of the symmetric and asymmetric motion towards stability

Motion Parameter Value Requirement [58]
Short period ζsp 0.95 0.30 ≤ ζsp ≤ 2.00

Phugoid motion ζph 0.179 ζph ≥ 0.04

Aperiodic roll Tr 0.74 [s] Tr < 1.4 [s]
Dutch roll ζd 0.16 ζd ≥ 0.08

Dutch roll ζdωnd 0.18 ζdωnd ≥ 0.15 [rad/s]
Dutch roll ωnd 1.2 ωnd ≥ 0.4 [rad/s]

Spiral motion T2s 36 [s] T2s > 20 [s]

Figure 15.8: Eigenvalue requirement compliance for symmetric motions: short period (λ1 and λ2) and phugoid (λ3 and λ4)
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Figure 15.9: Eigenvalue requirement compliance for asymmetric motions: aperiodic roll (λ5), Dutch roll (λ6 and λ7), and spiral (λ8)

The criterion for aircraft departure characteristics is based on dynamic directional stability. The requirement
for the Lateral Control Departure Parameter (for Aileron Alone) is presented in Equation 15.5, this has been
calculated to be equal to 0.088. From this analysis, it can be concluded that the aircraft fulfills RA-SYS-
MSC-15.

LCDP = Cnβ − Clβ
Cnδα
Clδα

> 0 (15.5)
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Flight Performance

The goal of flight performance is to show the capabilities of the aircraft in flight. This includes transportation
capabilities, climbing, takeoff and landing performance, and banking. Furthermore, the loading factors the
aircraft will have to be able to sustain during flight are determined. Combining all of the flight performance
characteristics results in a general overview of the overall mission.

16.1. Payload Range Diagram
A payload range diagram is generated in order to show the transportation performance of the aircraft. The
diagram represents the range at two important design points - the design payload (Point B) and ferry range
(Point C). The payload is taken to serve 48 passengers, with a mass of 200 lbs and the luggage mass as
defined in the requirements. The diagrams shown in Figure 16.1a was constructed for the SRP-22 using
the Breguet range equations [4]. The range at design payload is found to be equal to 1020 nmi, sufficing
the range defined in the requirement RA-TOP-PER-2. A detailed overview of all points can be found in Ta-
ble 16.1. The total fuel mass, presented in the table takes into account the contingency fuel, and necessary
fuel for divergence, thus meeting requirement RA-SYS-SRE-5.

The payload range diagram for the SRP-22 freighter configuration is shown in Figure 16.1b. Due its lower
operational empty mass the ferry range is slightly higher.

(a) Conventional configuration (b) Freighter configuration

Figure 16.1: Payload Range Diagrams

Table 16.1: Points on Payload Range Diagram

Aircraft mass [kg] Payload mass [kg] Fuel mass [kg] Range [nmi]
OEM + Payload mass Design payload 0 0

MTOM Design payload Trip fuel 1020
MTOM Design payload Total fuel mass 1450

OEM + Total fuel mass 0 Total fuel mass 2440
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16.2. Gust and Maneuver Load Diagram
The ultimate load factor the aircraft would have to be able to sustain is determined. The load factor is the
ratio between the lift generated by the aircraft and its weight. CS-25 regulations specify that two overlaying
plots be constructed to obtain the entirety of the flight envelope, named a V-n diagram as it relates the
structural load limits of the aircraft to its velocity. The velocities that are used for the construction of the
diagram are defined in

• VS = 60.5 [m/s] (Stall speed)
• VC = 141.5 [m/s] (Design cruise speed)
• VD = 158.7 [m/s] (Design diving speed)

• VA = 97.2 [m/s] (Design maneuvering speed)
• VB = 117.6 [m/s] (Design speed for maximum
gust intensity)

Note: all velocities are given in EAS.

Maneuverability
The maneuver diagram is constructed at the aircraft’s three main operating altitudes, namely sea level
(FL000), cruise altitude (FL280), and loiter altitude (FL195). This last one is defined as such because it is
the boundary between low and high operating airway structures, and is the theoretical limit at which pilots
can fly under visual flight rules. For each altitude, the limiting load factors are calculated based on the stall
speed, cruise speed, and dive speed, as well as the limits imposed by CS-25. The limiting load factors are
plotted for both clean configuration and with flaps deployed.

Gust Loads
The gust diagram is constructed for three aircraft weights (namely operating empty weight, operating empty
weight with maximum fuel, and maximum take-off weight), based on CS-25 requirements for gust velocities,
gust gradient distances, and flight profile alleviation factors. The changes in load factor are calculated and
plotted at the design speed for maximum gust velocity, cruise speed, and dive speed. It was concluded
that the most extreme case derives from the operating empty weight at FL000, since this is the one with
the highest changes in load factor.

Flight Envelope and Ultimate Load Factor
The gust diagram at operating weight and gust diagram at maximum take-off weight were overlapped with
the maneuver diagram at maximum take-off weight, both at the limiting case of FL000, to obtain the flight
envelope, as seen in Figure 16.2. As a result, the maximum load factor is 3.25, while the minimum load
factor is -1.25. As stated in CS-25 regulations, “Unless otherwise specified, a factor of safety of 1.5 must
be applied to the prescribed limit load which are considered external loads on the structure,” with which the
ultimate load factors may be calculated:

• nultmax = 3.25 · 1.5 = 4.875 • nultmin = -1.25 · 1.5 = -1.87

Figure 16.2: Complete Gust and Maneuver Envelope
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16.3. Optimum Velocity
Using Chapter 15 of Ruijgrok, it was found that for maximum endurance, the ratio C3

L
C2
D
should be maximized

[61]. This ratio was found with CL < 1.0, in order to avoid stalling conditions. This resulted in a CL of 0.98.
When using it to solve for velocity in the lift equation, the optimum velocity to fly at FL280 was found to be
equal to 213 KTAS [61]. As this is below the required minimum cruise speed, this was not considered a
viable option. When solving for density rather than velocity, it was found that at optimum altitude to fly at
275 KTAS was FL400. The summary of the results can be found in Table 16.2.

Table 16.2: Optimum Flight Velocities

Case VTAS [kts] ρ [kg/m]3 Altitude [FL]
Min. cruise altitude 213 0.49 280
Opt. altitude Vcrmin 275 0.31 400

16.4. Bank Angle
To comply with RA-SYS-MSC-1.1, a bank angle performance analysis was performed. Using eq. 12.2-3
from Ruijgrok [61], the power required to perform a 40° bank angle turn can be calculated. Furthermore,
due to the bank angle, the vertical lift will decrease. To compensate this loss of lift, the angle of attack must
be increased. This was done using eq. 12.1-13.

Table 16.3: 40° Bank Angle Turn Analysis

Power Available 2.44 ·103 [kW] Vertical Lift Cruise 1.83 ·105 [N] AoA Cruise 3.9 [°]
Power Required 2.26 ·103 [kW] Vertical Lift 40° Turn 1.40 ·105 [N] AoA 40° Turn 6.6 [°]

From Table 16.3 it is clear that sufficient power is available. The 1.40 ·105 N vertical lift generated during
the turn is not sufficient to overcome the weight of the aircraft. Therefore, as shown, the angle of attack
shall be increased to 6.6◦ to overcome this. By doing so, the altitude can be maintained while banking
without stall occurring (from Figure 9.3). Furthermore, note that the lift during cruise as shown in Table 16.3
is calculated with Vcr equal to 275 kts and the design CL, hence requirement RA-TOP-PER-3.1 is met.

16.5. Flight Profile
The flight can be divided into three phases: climb, cruise and descent. In addition, climb and descent
can be divided into more phases, such as approach for example. The overall mission profile (Figure 16.3)
describes all phases that are determined. For both the climb and descent phases the velocity is given
in constant KIAS. The KIAS of the final climb phase and first descent phase are chosen as such that at
cruise altitude the velocity is effectively equal to the cruise velocity, which is given in KTAS. The descent is
performed under a constant glide angle of 4.5°.

The takeoff field length has been calculated for the critical case as defined by requirement RA-TOP-PER-
4.1.2. The method for runway length and air length as defined by R. Vos was used [4]. This led to a runway
length of 855 m, a length of 305 m to fly over the 50 ft obstacle, and hence a total takeoff length of 1160 m.
As this is satisfied, this also holds for the less critical situation defined in requirement RA-TOP-PER-4.1.1.

Furthermore, the landing field length is calculated to be equal to 1125 m for the most critical case, per
CS-25 and the method as defined by R. Vos [1] [4], thus complying with RA-TOP-PER-4.2.1 and RA-TOP-
PER-4.2.2. For this, CLFL = 0.45 and VSR0 = 50 m/s. According to CS-25 regulations, the velocity during
approach (at the 50 ft obstacle) may not be smaller than 1.23VSR0 [1]. This means the velocity shall have
a minimum of 61.5 m/s. When solving the lift equation at landing weight (assumed 0.97· MTOW) for CL

with this minimum velocity, this results in a CL of 1.55 at 5000 ft landing altitude, which is achievable (from
Figure 9.3. As 61.5 m/s (120 kts) is below 141 kts, the approach speed is well below category C and hence
requirement RA-TOP-PER-3.2 is met.
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Figure 16.3: Mission Profile

The climb phase has a variable ROC depending on the power required at every instance. Furthermore, the
aircraft is constantly accelerating to fly at constant IAS, as the TAS does change with altitude. In addition,
the aircraft shall accelerate to enter a new climb phase, until finally the cruise level at FL280 is reached.
The detailed climb profile has been worked out and is shown in Figure 16.4. The horizontal distance of
the climb is equal to 74.5 nmi with a climb time of approximately 20.3 minutes. The climb profile shows
compliance with requirements RA-SYS-MSC-1.2, RA-TOP-PER-5.1, and RA-TOP-PER-5.2 respectively.
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Figure 16.4: Climb Profile

16.6. Different Mission Profiles
The maximum attainable velocity can be calculated by setting Pa = Pr for the respective altitude. At FL280,
this results in a maximum attainable velocity of 336 KTAS for the current design CL. The difference in
consumed energy by flying at the maximum velocity with respect to the minimum cruise speed is 50.7%
and hence is disregarded. Next, the difference in energy consumption between flying at FL280 with the
minimum cruise speed and at FL400 as found in Section 16.3 is computed. When climbing to FL400
whilst adjusting the mission profile such that the cruise velocity remains 275 KTAS, the distance spent
in cruise is found to decrease. In addition, the energy consumption decreases. The results are given in
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Table 16.4. Note that the only difference in the mission profile would be that a constant speed of ≈ 140
KIAS is maintained for both climb and descent. Furthermore, the length of the phases increases a little as
the cruise altitude changes to FL400. However, since the maximum operating altitude of the electric motors
is FL350 (Section 12.4), flying at this altitude is infeasible.

Table 16.4: Difference in energy consumption of different flight levels

Variable FL280 FL400 Percentage Difference
Cruise Distance 1650 [km] 1525 [km] -7.6%
Energy Consumption 15,410 [MJ] 13,960 [MJ] -9.4%

16.7. Critical Climate Takeof
As per objective RA-OBJ-7, the goal is to have proper performance in hot and high climates. To quantify
this, an altitude of 7600 ft with a temperature of 40◦ is taken, which is where the A380 tested for their hot
and high performance 3. Next, using the one-engine inoperative case equation for required takeoff power
as given by R. Vos [4], the W/P ratio is computed. As this condition was limiting in the design of the power
train, the obvious outcome is that there is too little power available. However, if CL2 is increased by 12%
to 2.1 which according to Figure 9.3 is achievable, the power required is around 2.44 MW. As the electric
motors do not suffer from any power lapse, the SRP-22 has a big advantage over aircraft containing air-
breathing engines, as the peak power remains 2.44 MW as per sea level. Furthermore, it is found that
the distance to clear the obstacle is equal to 244 m, which means a climb angle of 3.5◦ shall be achieved.
When computing the maximum achievable climb angle at these conditions, it is found that a climb angle up
to 8.5◦ can be reached, easily complying with the aforementioned required climb angle.

1https://www.h3x.tech/ [cited 20 Jan. 2023]
2https://www.researchgate.net/figure/Typical-propeller-efficiency-curves-as-a-function-of-advance-ratio-J

_fig3_281946347 [cited 20 Jan. 2023]
3https://www.geaerospace.com/press-release/jv-archive/gp7200-powered-a380-completes-high-altitude-and-hot

-weather-testing[cited 31 Jan. 2023]

https://www.h3x.tech/
https://www.researchgate.net/figure/Typical-propeller-efficiency-curves-as-a-function-of-advance-ratio-J_fig3_281946347
https://www.researchgate.net/figure/Typical-propeller-efficiency-curves-as-a-function-of-advance-ratio-J_fig3_281946347
https://www.geaerospace.com/press-release/jv-archive/gp7200-powered-a380-completes-high-altitude-and-hot-weather-testing
https://www.geaerospace.com/press-release/jv-archive/gp7200-powered-a380-completes-high-altitude-and-hot-weather-testing
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Technical Budget Breakdown

In the early phases of aircraft design, a technical budget was assigned to quantify a value for each key
technical parameter of the design [30] and a contingency was assigned to the same. At this phase of the
design, this budget is reviewed to check the accuracy of the parameters, which were budgeted.

Range
The first budget to be assessed is the maximum range of the aircraft. The maximum range of the aircraft
has a direct effect on the airlines’ business model. As a top-level requirement RA-TOP-PER-2, the new
aircraft shall have a design range of 1000 nmi. This is similar to the regional turboprop aircraft in the market.
Therefore, a range budget of 1000 nmi is adopted for the design. For the final design of SRP-22, the range
is 1450 nmi, this is the outcome when taking maximum fuel mass and a range of 1020 nmi. taking only the
necessary trip fuel mass.

Cruise Speed
For the cruise speed, the top-level requirement RA-TOP-PER-3.1 states that the aircraft shall have a min-
imum cruise speed of 275 kts. This is comparable to similarly sized turboprop regional passenger aircraft.
Therefore, the cruise speed budget is set at 275 kts. This is also the final value of cruise speed for the
SRP-22.

Runway Field length
Determination of the runway field length budget for both take-off and landing is given as requirements RA-
TOP-PER-4.1.1, RA-TOP-PER-4.1.2, RA-TOP-PER-4.2.1, RA-TOP-PER-4.2.2 that the aircraft shall have
a maximum field length of 1370 m. Thus, a budget of 1370 m is set. Additionally, the SRP-22 has a 1160
m take-off field length and a 1370 m landing field length.

Mass
Maximum Takeoff Mass Minimizing the weight of an aircraft is a subject of paramount importance as an
increase in weight in one component often resulted in a weight increase in another component, commonly
known as the ’snowball effect’[20]. The rapid mass estimation method is applied where the component
weight of an aircraft is determined by relating it in terms of a fraction given in a percentage of the maximum
takeoff mass (MTOM)[29].

Operational Empty Mass Literature suggested that the OEM typically accounts for 53%-58% in a regional/
short-haul aircraft. This is cross-checked with the OEM obtained by taking the average of said parameter
of 13 reference aircraft. It can be seen that from both methods, the OEM accounts for around 58% of the
aircraft’s weight. Thus, for the preliminary estimation of the OEM fraction, a value of 58% is set. The max-
imum takeoff weight and the OEMs of the reference aircraft are tabulated in Table 17.1, whereas a more
detailed estimation of the subsystem level mass fraction of the proposed aircraft is presented in table 17.2.

Fuel mass fraction: Similar to the payload mass budget, the fuel mass budget is also determined by using
the rapid mass estimation method. It is suggested that the fuel mass fraction corresponds to 20%-28% of
the MTOM in twin-prop regional aircraft whereas, for jet-powered counterparts, the fuel makes up to 22%-
30% of the aircraft’s total mass[29]. By comparing both values, a preliminary fuel mass fraction of 25% is
set for the proposed aircraft.

Payload mass fraction: From literature, it has been suggested that the typical mass fraction of the wing
group for a regional aircraft with two shaft engines is 15%-18%. For regional aircraft equipped with two jet
engines, the MPL equates to 12%-20% of the MTOM[29]. It is thus decided that for the upcoming regional
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aircraft, the payload will account for 17% of the total weight of the aircraft.

Final Values SRP-22 After the class I and class II weight estimations analyzed in Section 7.2 and Sec-
tion 7.3 respectively, the final MTOM of 18650 kg is determined as seen in Table 17.1, were it can be
seen that the OEM is 68% of the MTOM. Note that instead of the rapid estimation method to estimate the
OEW percentage contributions, in the class II weight estimations the Raymer method [19] is used and the
percentages are defined as in Table 17.2. It can also be seen in conclusion, the final MTOM and OEM of
the SRP-22, fall below the previously budgeted values from reference aircraft. Furthermore, the fuel mass
turns out to be 4%, which is a much lower percentage, this is due to the fact that hydrogen is used as fuel
instead of the conventional Jet A fuel. In addition, the payload mass turns out to be 28%, which turns out
to be higher than the budgeted value of 17%, this is due to the fuel mass fraction being 86% lower than the
budgeted one, as detailed in the below paragraph.

Table 17.1: MTOM and OEM Relations of Existing Turboprops[62] and SRP-22

Aircraft Model MTOM [kg] OEM
[kg]

OEM fraction
[%]

ATR-42-600 18600 11750 63.2
Dash 8 Q300 19505 11793 60.5
ATR-72-600 22800 13311 58.4
Dash 8 Q400 29800 17819 59.8
Xian MA600 21800 13730 63.0
Saab 2000 23000 13800 60
Fokker F50 20820 13400 64.4
An140 21500 12810 59.6
Average turboprop 22228 13552 61
SRP-22 18650 12770 68

Table 17.2: Estimated Mass Fraction Based on the Rapid Estimation Method[29] and the final SRP-22 values

REM [%] SRP-22 [%] Difference [%]
Fuselage 11 11.8 7.3
Wing 10.5 12.1 15
Empennage 2.5 6.8 172
Undercarriage 4 3.3 -17.5
Powerplant 9.5 11.4 20
System 8.5 11.2 32
Others 16 11.4 -29
OEW 58 68 17
Fuel 25 4 -84
Payload 17 28 65
MTOW 100 100

Parameters like Range, Cruise speed etc mentioned above were used are design inputs and therefore
have the same value as the budget. Furthermore, a contingency management plan is taken into account
for the technical budget, which decreases as the design matures. At this stage of the design, the final
configuration has been chosen which is a conventional high-wing and T-tail configuration. The mass is
a great contributor to the technical budget breakdown. At the preliminary design stage, a contingency of
20% was taken into account [30]. Since some details of the design have been worked out already, the
contingency is decreased from 20% to 10% for further design stage. In addition, parameters like the range,
the cruise speed etc are not set to change significantly in further stages of the design taken therefore a
contingency factor of 5%.



18
Financial Analysis

The purpose of this chapter is to give insight into the manufacturing and research and development costs
for the client. Alongside an analysis of the Return on Investment and break-even point for future marketing.
Finally, the operation cost of the SRP-22 program has been established, based on the estimated Direct
Operating Cost for different assumptions made for the fuel cell price. All methods within this chapter are
discussed by J. Roskam [63] and the cost and price are adjusted for inflation in 2035.

18.1. Manufacturing, Research and Development Cost
The cost of manufacturing is the key influence on the asking price per aircraft, the break-even point, and the
ROI. The biggest segment of the manufacturing cost is the production cost, in which fuel cell cost heavily
influences the cost. Hence, the effect of the estimated fuel cell price prediction in 2035 will be analyzed.
Three different fuel cell prices are taken as a preliminary estimate, one being the current $/kW price of fuel
cell stacks, 50% price reduction in current $/kW price of fuel cell stacks, and optimistic fuel cell price by
2035 discussed by Aerospace Technology Institute [64]. The fuel cell prices are shown in Table 18.1.

Table 18.1: Fuel cell price

Types of fuel cell prices Price [$/kW] (Inflation-adjusted to FY2035, USD)
No price reduction compared to 20221 6,000
50% Price reduction compared to 2022 3,000

Optimistic price[64] 640

As shown from Table 18.1, the difference between the optimistic price of fuel cell and no price reduction
fuel cell price is approximately 95%. Due to the great reduction in fuel cell price, the manufacturing cost
varies greatly between the different fuel cell prices. The total manufacturing cost of 1,000 aircraft sold is
shown in Table 18.2, and the 1,000 aircraft sold analysis is based on the estimate of the SRP-22 program
selling 1,000 aircraft stated in Chapter 5.

Table 18.2: Manufacturing cost for different fuel cell prices

Types of fuel cell price Manufacturing cost [$] (FY2035, USD in millions)
Current fuel cell price 29,500

50% reduction to current fuel cell 21,000
Optimistic price 14,600

As shown from Table 18.2, the difference in manufacturing cost differs by approximately 50%. The manu-
facturing cost breakdown of each fuel cell price is shown in Figure 18.1.
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(a)Without fuel cell price reduction

(b)With 50% fuel cell price reduction

(c)With optimistic fuel cell price

Figure 18.1: Cost breakdown structure for research and development phase

In Figure 18.1, the fuel cell price is incorporated in the engine and avionics price. From the figure, it can
be deduced that the fuel cell price greatly influences the cost breakdown of the manufacturing cost. Only
when the price is using the optimistic price of fuel cell the engine and avionics price is less than 50% of the
total manufacturing cost. Hence, to achieve lower manufacturing costs, the optimistic fuel cell is preferred.
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The R&D cost of different fuel cell prices is shown in Table 18.3.

Table 18.3: Research and development cost for different fuel cell prices

Types of Fuel Cell Price Research and development cost [$] (FY2035, USD in millions)
Current fuel cell price 1,550

50% reduction to current fuel cell 1,510
Optimistic price 1,470

As shown in Table 18.3, the difference between the current fuel cell price and optimistic price R&D cost
varies by approximately 5%. To better understand the effect of the fuel cell price influence, the cost break-
down of the R&D phases is illustrated in Figure 18.2.

(a)Without fuel cell price reduction

(b)With 50% fuel cell pice reduction
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(c)With optimistic fuel cell price

Figure 18.2: Cost breakdown structure for research and development phase

As shown in Figure 18.2 the manufacturing cost of the test aircraft contributes the most to the total cost
during the R&D phase, despite the price of the fuel cell. As shown from Figure 18.1 the fuel cell price greatly
influences the manufacturing cost, which explains the lower R&D cost for optimistic fuel cell price and the
decrease in flight test plane manufacturing cost contribution to the R&D cost.

18.2. Return on Investment and Break-Even Analysis
The Aircraft Estimated asking Price (AEP) could be determined based on the manufacturing cost and R&D
cost. The variation of the number of aircraft sold and Aircraft Estimated asking Price with 20% profit margin
from manufacturing cost is shown in Figure 18.3.

Figure 18.3: Aircraft Estimated asking Price

As shown from the Figure 18.3, the results are proportional to themanufacturing cost and the R&D cost. The
AEP for 1000 aircraft sold, the break-even point, and the ROI for 1000 aircraft sold are stated in Table 18.4.
From the values it can be deducted that RA-TOP-COS-1 is met for the three estimated fuel prices for the
expected market analysis.
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Table 18.4: AEP, break-even point, and ROI

Types of fuel
cell price

AEP [$]
(FY2035, USD
in millions)

AEP [$]
(FY2022, USD
in millions)

Break-even
point (number
of aircraft)

ROI

Current fuel cell
price

37 31 411 19%

50% reduction
to current fuel
cell

27 22 502 19%

Optimistic price 19 16 601 18%

As shown from Table 18.4, to achieve the break-even point the earliest the current fuel cell price should be
used, and the AEP just meets the market competitiveness discussed in Chapter 5. Whereas in the case
of only a 50% reduction of the current fuel cell price by 2035, the AEP is approximately 10 million lower in
AEP compared to the asking price discussed in Chapter 5. Whereas in the case of optimistic fuel cell price,
despite the lengthy process until the break-even point, the AEP is approximately 50% lower than the asking
price discussed in Chapter 5. Hence, the fuel cell price will not hinder the SRP-22 project in terms of AEP.
The cost breakdown structure of the SRP-22 program with optimistic fuel cell price is shown in Figure 18.4.

Figure 18.4: Cost breakdown structure of the SRP-22 with optimistic fuel cell price

18.3. Operation Cost
To obtain market competitiveness, the operational cost is analyzed. The Direct Operating Cost (DOC)
consists of the flight cost, maintenance cost, depreciation cost, and administration cost. The hydrogen
price used to calculate the direct operating cost is $2 per kg2. All three fuel cell prices are analyzed as the
depreciation cost varies greatly due to fuel cell price. The DOC for 500 nmi of different fuel cell prices is
shown in Table 18.5.
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Table 18.5: Direct Operating Cost for different fuel cell prices

Types of fuel cell price DOC per seat nmi
[$/nmi] (FY2035, USD)

DOC per seat nmi
[$/nmi] (FY2022, USD)

Current Fuel cell price 0.26 0.22
50% reduction to current
fuel cell

0.22 0.18

Optimistic price 0.19 0.16

As shown in Table 18.5, for the optimistic fuel cell price the 10% reduction in the Direct Operating Cost (in
FY2022) requirement RA-TOP-COS-2 is met as discussed in Section 5.3 with the correction to 2035 using
the escalation factor discussed by Roskam [63]. Whereas the Direct Operating Cost for 50% reduction in
fuel cell price is comparable to the direct operating cost of the ATR-72. The direct operating cost for no
reduction in fuel cell price is comparable to the direct operating cost of the ATR-42. The total operating cost
combining direct and indirect operating cost are shown in Table 18.6.

Table 18.6: Total Operating Cost for different fuel cell prices

Types of fuel cell price Total operating cost per seat nmi [$/nmi] (FY2035, USD)
Current fuel cell price 0.55

50% reduction to current fuel cell 0.46
Optimistic price 0.39

The total operating cost is an important factor for airlines to determine the total program operating cost. For
the analysis of total program operating cost, it is assumed a total of 100 airlines are purchasing the SRP-22
based on the routes analysis of SRP-22 in Chapter 5. Furthermore, it is assumed that all airlines purchase
10 aircraft, hence the total program operating cost for airlines is shown in Table 18.7 with the estimate of
SRP-22 having a lifespan of 25 years.

Table 18.7: Total Program Operating Cost for different fuel cell price

Types of fuel cell price Total program operating cost [$] (FY2035, USD, millions)
Current Fuel cell price 4600

50% reduction to current fuel cell 3870
Optimistic price 3290

For the SRP-22 to be considered a successful program and to meet both the aircraft asking price and direct
operating cost requirement, the optimistic fuel cell price would be needed. With a 50% reduction in current
fuel cell price and no fuel cell price reduction, the program could potentially still be a competitive product
due to lower environmental impact, and have comparable direct operating cost to aircraft competitors.

1URL https://www.emobility-engineering.com/hydrogen-fuel-cells/ [cited 24 Jan. 2023]
2URL https://blogs.worldbank.org/ppps/green-hydrogen-key-investment-energy-transition#:~:text=According%2

0to%20Bloomberg%20New%20Energy,price%20competitive%20with%20natural%20gas. [cited 24 Jan. 2023]

https://www.emobility-engineering.com/hydrogen-fuel-cells/
https://blogs.worldbank.org/ppps/green-hydrogen-key-investment-energy-transition#:~:text=According%20to%20Bloomberg%20New%20Energy,price%20competitive%20with%20natural%20gas.
https://blogs.worldbank.org/ppps/green-hydrogen-key-investment-energy-transition#:~:text=According%20to%20Bloomberg%20New%20Energy,price%20competitive%20with%20natural%20gas.
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Sustainability

Sustainability is a very important factor when it comes to aviation. Therefore different metrics were used
to analyze how sustainable the SRP-22 is. For these a life cycle assessment was done, as well as an
Average Temperature Response analysis indicating how much more sustainable the SRP-22 is compared
with the ATR42-600. Lastly, the Effective perceived noise was calculated to see whether it complies with
noise limit requirements from ICAO.

19.1. Average Temperature Response
The average temperature response (ATR) shows the environmental impact of an aircraft fleet for a certain
time in terms of temperature response during flight operations. It is important for sustainability to keep this
number as low as possible. The average temperature response is calculated using Equation 19.1. The
normalized radiative forcing, RF , is calculated for all emissions during flight, as presented by Proesmans
[65]. The calculations of the G-factor are done using the method proposed by [66]. The main input, to be
changed, for the average temperature, is the mass flow of the propulsion system.

∆T (t) =

∫ t

t0

GT (t− t′) · RF∗ (t′) dt′ with GT (t) =
2.246

36.8
e−t/36.8 (19.1)

The emissions accounted for when using a hydrogen fuel cell are water vapor emissions and contrails. As
these are short-lived emissions, a time horizon of 30 years is accounted for [66]. The graph for the temper-
ature response of the SRP-22 and the ATR42-600 are plotted in Figure 19.1 and Figure 19.2 respectively.
Since the ATR of the SRP-22 is significantly lower than that of its counterparts that use kerosene [66], it
fulfills the objective of the mission needs statement.
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Figure 19.1: Average Temperature Response over 30 years for aircraft fleet of SRP-22
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Figure 19.2: Average Temperature Response over 30 years for aircraft fleet of ATR 42

Looking at both graphs above it can be stated that the SRP-22 has an average temperature change lower
than the ATR42 by a reduction factor of 80, making it therefore a more sustainable aircraft, thus minimizing
climate impact as is stated in the mission need statement.

19.2. Life Cycle Assessment
The environmental assessment is relevant for the entire life cycle. Therefore, the following stages have
been defined.

• Raw material extraction
The materials that will be considered for the structure of the aircraft will have to be suitable for sustain-
ing large forces, all while minimizing the environmental impact of the extraction of the rawmaterial and
maximizing the durability of the material in the structure. Another part of the raw material extraction
is the creation of the energy source that will be used in operations.

• Manufacturing
In the manufacturing stage, different production methods will be considered that can be applied to
the various phases in the manufacturing of an aircraft. The manufacturing stage will mainly focus on
a sustainable working environment, using green energy sources and minimizing waste, taking a lean
thinking approach.

• Transportation
An imperative factor in the design process of an aircraft is transportation. The complex technology of
the respective parts creates a necessity for mature technology that can only be found at specific facto-
ries, spread across the world. Optimizing the transportation lines for this would optimize sustainability,
from both an environmental and economic point of view.

• Usage
The usage of the aircraft entails all operations, including ground and airborne operations. The main
objective for minimizing environmental impact during the flight will be related to the reduction of emis-
sions due to propulsion. This reduction in emissions, made possible due to hydrogen propulsion, can
be found in Section 19.1

• Waste disposal
The aircraft’s after-life can be optimized for environmental reasons by waste reduction. Furthermore,
the integration of a circular life cycle will be considered. The SRP-22 is largely constructed using
aluminium alloys which are easily recyclable, thus making it more sustainable than its composite
counterparts.
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19.3. Noise
The noise requirements RA-TOP-SUS-2.1, RA-TOP-SUS-2.2 and RA-TOP-SUS-2.3 derived from ICAO
Annex 16 Volume I state that the maximum noise levels shall not exceed the following:

• At the lateral full-power reference noise measurement point: ≤ 94 EPNdB
• At flyover reference noise measurement point: ≤ 89 EPNdB
• At approach reference noise measurement point: ≤ 98 EPNdB

The lateral, flyover and approach noise certification points are defined by ICAO as shown in figure 19.3.
The distance from the flyover point to the aircraft is 640 m, obtained by using the climb profile found in
Figure 16.4.

Figure 19.3: ICAO noise certification points [67]

To estimate the noise production of the aircraft, only the largest contributors are assessed. The largest
sources of noise of an aircraft are the propulsion system and the airframe, as can be seen in Figure 19.4.
The largest noise source of the electric propulsion system are the propellers, whereas the contribution of
the electric motors and other mechanical components such as the gearbox are considered negligible in
this analysis[68]. The airframe however has a significant impact on the noise emission, especially during
approach due to the deployment of the landing gear and high-lift devices. Therefore the noise of the
propellers and airframe are both considered.

Figure 19.4: Typical noise source breakdown for aircraft [69]

Propeller noise
In order to estimate the noise produced by the propellers of the aircraft, the method presented in [70] is
used. Although noise estimation is a complex process, it provides a simple method to give a first order
approximation for far-field noise of propellers based on a number of parameters related to the propeller
and engine. The parameters that are used are:
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Table 19.1: Parameters used for propeller noise estimation

Parameter Value Unit Parameter Value Unit
Propeller efficiency 0.8 [-] Velocity at takeoff 101 [kts]
Number of blades 6 [-] Velocity at approach 141 [kts]
Blade angle during takeoff 15 [◦] Advance ratio during takeoff 0.6 [-]
Blade angle during approach 17 [◦] Advance ratio during approach 0.85 [-]
Shaft power main engine 1310 [HP] Rotational frequency main engine 1720 [RPM]
Shaft power wingtip engine 330 [HP] Rotational frequency wingtip engine 2430 [RPM]
Diameter main propeller 3.03 [m] Mach number at main propeller tip 0.79 [-]
Diameter wingtip propeller 2.15 [m] Mach number at wingtip propeller tip 0.79 [-]

For the lateral and flyover case, the takeoff conditions are used. For these cases, the engines are consid-
ered to be on the maximum power setting. During approach, 10% of maximum power is assumed. The
advance ratio J is chosen such that the engines operate at constant RPM:

J =
VTAS
n ·D

(19.2)

Where n is the rotational frequency of the engines in revolutions per second. The advance ratio can be
adjusted by changing the propeller blade angle, which can be seen in Figure 19.5.

Figure 19.5: Typical propeller efficiency curves as a function of advance ratio J [71]

The resulting noise levels in EPNdB for the main propellers and wingtip propellers are combined using
Equation 19.3 to obtain a total noise estimate for each certification scenario and can be found in Table 19.2.

EPNdBtotal = 10 · log10

(
n∑

i=1

10
EPNdBi

10

)
(19.3)

Airframe noise
The airframe noise is caused by the aerodynamic interaction of the atmosphere and the exterior of the
aircraft. A first-order estimation method is established by NASA [72]. It uses the following relationship
derived from airframe noise measurements:

SPLclean = 10 · log10(V 5) + 10 · log10(W )− 74.0 (19.4)

Where SPLclean is the sound pressure level in dB for a clean aircraft configuration, normalized to an altitude
of 152 meters from the aircraft. V is the aircraft velocity andW is the weight of the aircraft, both considered
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at the noise certification point. The following steps are taken to obtain the noise level in EPNdB for the
three certification points:

1. Equation 19.3 is considered at maximum takeoff weight for all certification points, and V is taken as
97.2 m/s due to limitations of Equation 19.3 [72];

2. Two correction factors are added to Equation 19.3 to account for the deployment of the flaps and
landing gear, wich are Cf = 7 and Clg = 5 respectively [72];

3. The sound pressure level in dB is adjusted to the distance to the certification points and converted to
A-weighted sound pressure level in dBA using the method proposed in [70];

4. The A-weighted sound pressure level is converted to Effective Perceived Noise Pressure Level (EP-
NdB) by adding 13 as proposed in [73].

This results in the noise levels in EPNdB for the three certification points which can be found in Table 19.2.

Total noise and requirement compliance
The total noise is computed with Equation 19.3 using the EPNdB values caused by the airframe and pro-
peller for each certification scenario. The resulting total noise is presented in Table 19.2 and compared to
the noise certification limits. Since there is a large margin to the limit cases, it can be concluded that the
aircraft meets the requirements in this first-order approximation.

Table 19.2: Noise breakdown, total and limit overview for the certification points

Certification point Propeller Noise
(EPNdB)

Airframe Noise
(EPNdB)

Total Noise
(EPNdB)

Noise limit
(EPNdB)

Lateral 88.5 68.9 88.5 94
Flyover 85.3 64.2 85.3 89
Approach 85.9 82.6 87.6 98

In conclusion, SRP-22 complies with the noise requirements stated by ICAO and is also listed in RA-TOP-
SUS-2.1, RA-TOP-SUS-2.2, and RA-TOP-SUS-2.3.
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Operations and Logistics

In order for hydrogen-powered aircraft to take flight, a supported hydrogen infrastructure needs to be devel-
oped. This chapter describes the most important aspects of such infrastructure from production to ground
operations at the airport. In addition, flight operations and logistics are outlined.

20.1. Hydrogen infrastructure
Production
Currently, one of the biggest challenges towards the use of hydrogen in aviation is the limited sustainable
production capacity of hydrogen. Nowadays the majority of the hydrogen is produced by steammethane re-
forming (SMR), which uses natural gas as a raw material and creates CO2 as a byproduct. This CO2 could
be captured and stored for a zero-emission production process of so called ‘Blue hydrogen’. Numerous
other production methods exist, often referred to with their color code as can be seen in Figure 20.11.

Figure 20.1: Hydrogen Production Methods with Color Codes

While a hydrogen powered aircraft may have zero in-flight emissions, it is important that the hydrogen is
also produced without emissions to minimize the total climate impact of the aircraft. Therefore countries
should strive for production of hydrogen with renewable or nuclear energy.

Since hydrogen is one of the few candidates for storage of renewable energy in the future, the transition to
a hydrogen infrastructure should be seen in a larger national and supranational context. Many industries
together will create a large demand for a sustainable energy source in the future, potentially pushed by
governmental organizations to meet climate goals or reduce dependency on fossil fuels. Therefore blue
hydrogen, albeit CO2 neutral, is not suitable for long term usage because of its dependency on natural gas.

With this perspective in mind, hydrogen production plants should be located near nuclear or renewable
energy plants such as large wind parks or solar farms, depending on the nature of the region. Also, the
hydrogen production plant should be near the relevant industries such as airports and industrial production
plants to minimize the transport of hydrogen.

Transport
In the early stages of a hydrogen infrastructure, it would be ideal to minimize the adaption of airports to ac-
commodate hydrogen aircraft. Hydrogen will need to be liquefied to increase its volumetric energy density,
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before it can be used in aircraft. This could be done at the hydrogen production site, and then be trans-
ferred to the airport with insulated cryogenic tanker trucks, which is a proven and used means of transport2.
Another option would be to transport hydrogen via a dedicated pipeline infrastructure. Since the hydro-
gen is gaseous in these pipelines, it would need to be liquefied at or close to the airport. Such hydrogen
pipelines already exist to a limited extent in Europe and the United States3 and there are concrete plans
for the development of an extensive hydrogen pipeline infrastructure throughout Europe in the upcoming
two decades which can be seen in Figure 20.2 [16].

Figure 20.2: European Hydrogen Pipeline Network Plan for 2030 (left) and 2040 (right)

Storage
Storage of liquid hydrogen can be achieved in multiple ways, with the two main techniques being cooling to
cryogenic temperature or pressurizing the storage tank to 700 bar. Both techniques are proven technology
and are currently mostly used in the high-tech and space industry 4. The port of Kobe in Japan currently
operates a liquid hydrogen terminal with a tank capacity of 2,250m3 5, which would be enough to completely
tank the SRP-22 around 200 times.

20.2. Ground operations
The general ground operations of the regional aircraft are shown in 20.3. The majority of this process is
identical for traditional kerosene powered aircraft, except for liquid hydrogen refueling. This process is
explained in 20.2.

Refueling and turnaround time
The method of liquid hydrogen tanking depends on the available airport hydrogen infrastructure. The option
that requires the least adaption to the airport is to use insulated tank trucks to maintain the liquid state of the
hydrogen. Airbus is currently developing a liquid hydrogen refuelling station at Toulouse Airport, expected
to be operational in 2025 6.

Knowing the Liquid Hydrogen density of 71 kg/m3, assuming a flow velocity of 2.5 m/s [12]. Two hose
diameters were taken into account one of the inner diameter of 50 mm and another of 100 mm 7. The
smaller hose implies a fuelling time of 32 minutes, while the latter results in a much shorter fueling time of
8 minutes, meaning with both hose sizes RA-SYS-OPM-4 is complied for.

The SRP-22 the aircraft is equipped with a lightweight extendable staircase to allow for fast passenger
turnaround, avoid mobile stairway airport fees and increase independence in remote airports which might
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not have suitable mobile stairways for SRP-22. The stairway is made of Aluminium alloy 2024-T3 to allow
for lightweight design. The weight of the internal staircase is estimated to be around 150 kg based on the
CAD model shown in Figure 20.4, around 1% of the operational empty mass. Due to this relatively low
fraction and for sake of simplicity, it is not taken into account in the weight estimation, stability and control
analysis and sizing of the aircraft in this design stage.
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Figure 20.3: Ground Operations Flow Diagram

Figure 20.4: Internal extendable stairs of SRP-22 in deployed configuration
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20.3. Flight Operations & Logistics
The typical mission profile of the regional aircraft is shown in Figure 20.5. The figure follows a typical mission
profile, as any other aircraft with kerosene fuel would. Note that a diversion is taken into account as this is
also present when calculating the weight estimations of the aircraft. Furthermore, the aircraft is equipped
with a VHF communication system, which enables communication between the aircraft and the ground
system or with other aircraft. This is crucial when it comes to safety, a prime example is when loitering is
necessary and is communicated from the ground stations to the aircraft in flight, meaning RA-SYS-OPM-2
is complied with.

Figure 20.5: Mission Profile

The mission profile follows the following sequence:

1. Taxi/take off: The aircraft is taxied from the gate to the runway. Prior to takeoff, the lift devices are
deployed. During takeoff, the aircraft is accelerated to takeoff speed. After taking off the aircraft starts
to climb by accelerating to the target cruise altitude and velocity. The landing gear is retracted, the lift
devices are adjusted to the climbing setting, and the climb angle is reached.

2. Cruise: Since the weight of the aircraft will decrease due to fuel consumption, the aircraft needs to
maintain its cruise altitude and speed by adjusting the control surfaces.

3. Descent/loitering: Once the aircraft is approaching its destination, it can start descending, some-
times followed by loitering if the aircraft is not cleared to land by air traffic control. Once the aircraft is
cleared to land, the aircraft proceeds to finalize the descent.

4. Approach/Landing: The high lift devices need to be adjusted to the approach setting. Furthermore,
the landing gear is deployed and the aircraft is decelerated to approach speed. The last set is landing,
in which the aircraft touches down on the runway. The aircraft is decelerated and the high lift devices
are retracted, to taxi to the designated position at the airport and shut down the engines.

5. Diversion: In emergency cases, the aircraft needs to divert and climb to a diversion cruise altitude.
The diversion can be to a different airport, a different runway, or the same runway under a different
time slot. For these emergency and unusual situations, reserves of fuel need to be accounted for.
After the diversion cruise, the aircraft is cleared for descent, during which the high lift devices are
deployed to descent settings, and a descent angle needs to be reached.

1URL https://globalenergyinfrastructure.com/articles/2021/03-march/hydrogen-data-telling-a-story/ [cited 11
Jan. 2023]

2URL https://www.energy.gov/eere/fuelcells/liquid-hydrogen-delivery [cited 11 Jan. 2023]
3URL https://www.energy.gov/eere/fuelcells/hydrogen-pipelines [cited 11 Jan. 2023]
4URL https://energies.airliquide.com/resources-planet-hydrogen/how-hydrogen-stored [cited 12 Jan. 2023]
5URL https://energies.airliquide.com/resources-planet-hydrogen/how-hydrogen-stored [cited 12 Jan. 2023]
6URL https://www.airbus.com/en/newsroom/press-releases/2022-11-airbus-and-arianegroup-to-pioneer-liquid-h

ydrogen-technology [cited 12 Jan. 2023]
7URL https://hoseconfigurator.elaflex.de/GELBRING/VHD-C/Product3.html [cited 23 Jan. 2023]

https://globalenergyinfrastructure.com/articles/2021/03-march/hydrogen-data-telling-a-story/
https://www.energy.gov/eere/fuelcells/liquid-hydrogen-delivery
https://www.energy.gov/eere/fuelcells/hydrogen-pipelines
https://energies.airliquide.com/resources-planet-hydrogen/how-hydrogen-stored
https://energies.airliquide.com/resources-planet-hydrogen/how-hydrogen-stored
https://www.airbus.com/en/newsroom/press-releases/2022-11-airbus-and-arianegroup-to-pioneer-liquid-hydrogen-technology
https://www.airbus.com/en/newsroom/press-releases/2022-11-airbus-and-arianegroup-to-pioneer-liquid-hydrogen-technology
https://hoseconfigurator.elaflex.de/GELBRING/VHD-C/Product3.html
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RAMS Characteristics

The reliability, availability, maintainability, and safety characteristics of the aircraft are elements used to eval-
uate the operational performance of the SRP-22. For conventional subsystems, the RAMS characteristics
are compared with reference aircraft [30]. For novel subsystems, an independent analysis is performed.

21.1. Reliability
Reliability inquires on how probable a system failure is, over the entire lifetime of the aircraft.

Fuel cell
Fuel cells have been applied to aeronautical sciences since the late 1980s 1. Technology has developed
exponentially since that date, and as recently as January 2023, the first fuel cell semi-commercial flight has
taken place 2. Nevertheless, a significant leap forward must take place before fuel cell flights become a
regular occurrence. The current fuel cell chosen (Horizon VLS-III) is still in the certification phase, and has
not yet been tested for such large-scale applications. This means that there exists a real possibility of fuel
cell failure, which decreases the reliability of the aircraft.

Hydrogen tank insulation
The liquid hydrogen tank must store the propellant at a grand temperature of 20°K. However, the novel
conservation technologies and materials are still in the experimental phase and have never flown on aircraft
before 3. As such, the reliability of the system is still to be determined, and a failure possibility must be
accounted for.

Electric motor
Of the two electric motors chosen for the design, one of the motors is custom-made to fit the needs of
the aircraft. While the H3X HPDM-250 has been previously tested, the custom motor has not commenced
development, and as such the reliability of the system still needs experimental verification to ensure its
reliability is adequate. Furthermore, the unconventional positioning of the wingtip-mounted propellers is a
design choice that divides many engineers on whether it is an effective means of drag reduction or not.

Conventional subsystems
The conventional subsystems of the aircraft (controls, undercarriage, wing, empennage, landing gear) are
similar to those currently implemented in similar transport aircraft. To quantify the reliability of these sub-
systems, the reliability of existing aircraft is documented. Not accounting for propulsion system / powertrain
failures, the ATR 72-600, DHC-8 Q400, and CRJ 200 have dispatch reliability of 99.7% 4, 99.5% 5, and
99% 6, respectively.

21.2. Availability
The availability researches the operational availability of the aircraft during its entire lifespan. It attempts to
quantify for how long every system can be in use.

Ground operations
Between flight routes, aircraft experience a turnaround, which comprises the time an aircraft is grounded
for pre-flight checks, refueling, and passenger/luggage embarking/disembarking 7. Refueling estimations
take a maximum estimated time of 32 minutes, but can significantly decrease based on the tubing diameter
used. Refueling must be performed however with no passengers within the cabin to limit the casualties in
case of unexpected disaster. The low passenger capacity and easy access to luggage compartments are
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beneficial to the turnaround time, since passenger offloading/onboarding can be performed in as little as
10 minutes each. As such, an approximate turnaround time can range anywhere between 28 minutes to
55 minutes, based on the airport’s refueling capabilities and crew engagement.

Furthermore, the aircraft is designed to fly multiple trips on a single tank of hydrogen, should the des-
tination not have a developed hydrogen infrastructure. With this in mind, the aircraft turnaround time can
take as little as 20 minutes, with pre-flight inspections performed simultaneously while offloading.

Auxiliary power unit
While the aircraft does not have a dedicated APU, its motors act as ground power systems when the
propeller brake is activated. Therefore, no huffer cart or similar alternative is required. With the fuel cell’s
cold start temperature, electrical systems can be powered within a matter of seconds. However, this system
should run for a certain short period of time before the fuel cell reaches optimal operating temperature -
crucial for take-off power.

Maintenance time
Maintenance is explored in more detailed within the following section. While it is hard to estimate the
exactitude of time needed for maintenance, it is expected that overhaul ground times take longer than
conventional aircraft, due to tedious process of examining the tank’s feasibility. A-checks and B-checks,
however, may take less time than conventional aircraft due to the design simplicity of the motor [74].

21.3. Maintainability
Maintainability characteristics focus on how effectively the aircraft can be maintained - with parts repaired
and replaced - throughout the entirety of its lifetime. The greatest maintenance threats lie between the fuel
cell system, and the integral tank.

Fuel cell system
The fuel cell system is a combination of the air intake supply and the electricity generation within the fuel
cell. The system works harmoniously in a carefully regulated process to provide a source of electricity
through a chemical reaction. As such, maintenance is an essential part in ensuring that the system works
in optimal condition.

The fuel cell environment is very specific, requiring adjusted levels of oxygen, hydrogen, temperature,
and hydration for the reaction to occur. If any of these is unbalanced, the result will be a sub-optimal
production of power. First of all, intakes must be inspected regularly to ensure there are is no clogging or
debris build-up that may restrict the airflow. Furthermore, the carbon, dust, and HEPA filters must also be
inspected and replaced regularly to not contaminate the fuel cell and cabin environments. In the contrary,
further maintenance will be required to repair any damaged internal parts, leading to extended grounded
time and additional inquired costs.

The fuel lines require extended inspection to ensure there are no hydrogen leakages into the cabin
environment, which risk providing a source of ignition and loss of propellant. Additionally, the fuel cell itself
must be inspected to ensure that the membranes do not dry out and that temperature remains within the
operational limits. To do this, the fuel cell can be accessed through a hatch in the cabin (as it lies in front
of the aft pressure bulkhead), where stacks can be slid out for maintenance or replacement. Since the
system is made up of ten separate stacks, it is advised that stacks are simply removed and interchanged
periodically to avoid extended grounded time and a bulk inspection of ten stacks.

Hydrogen tank
Due to the tank operating outside pressurized conditions, the tank will go through pressure changes ranging
from 1.2 bar at refueling to 0.3 bar in cruise. As such, these extreme cycles can have an effect the tank’s
structural integrity. Furthermore, the cryogenic environment of the tank can cause embrittlement of the tank
walls. The tank is also integrated into the aircraft, meaning that replacement of the tank can lead to serious
grounding time.

The tank can be accessed through hatches on the outside of the fuselage, through which periodic
inspection is expected. If the tank is deemed unfeasible for flight, the aircraft must be grounded to further
assess the options of replacing the tank structure.
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Conventional subsystems
Conventional subsystems may continue to be inspected and maintained in the same manner that current
airlines perform, through the following inspections [74]:

1. Pre-flight checks (visual inspection): Obvious mechanical problems that imminently threaten the
scheduled route.

2. A-checks (every 150 flight hours): Inspection of interior and exterior, fluid servicing, visual inspection
of power lines.

3. B-checks (every 750 flight hours): Preventive maintenance of aircraft lubrication, examination of air-
frame.

4. C-checks (every 3000 flight hours): Detailed inspection of airframe, propellers, and accessories.
Flight control recalibration.

5. D-checks (every 20000 flight hours): Aircraft overhaul to return it to its original condition. Cabin interior
is dismantled and structural checks performed.

21.4. Safety
Safety is a fundamental pillar of aircraft operations. Due to general public’s reserved views on aviation,
the commercial aircraft market must comply with stricter safety standards than other industries. To review
the biggest safety risks of the system, please refer back to Section 22.1, risks R-TANK-02, R-TANK-03,
R-FC-01, R-FC-03, R-UND-01, and R-CAB-01.

1URL https://www.fzt.haw-hamburg.de/pers/Scholz/dglr/hh/text_2020_11_19_HydrogenAircraft.pdf [last accessed
29-01-2023]

2URL https://www.prnewswire.com/news-releases/zeroavia-makes-aviation-history-flying-worlds-largest-aircr
aft-powered-with-a-hydrogen-electric-engine-301726022.html [last accessed 30-01-2023]

3URL https://newatlas.com/aircraft/hypoint-gtl-lightweight-liquid-hydrogen-tank/ [last accessed 30-01-2023]
4URL https://www.atr-aircraft.com/presspost/first-atr-72-600-high-capacity-delivered-to-cebu-pacific [last

accessed 06-12-2022]
5URL https://www.aerocontact.com/en/virtual-aviation-exhibition/product/573-bombardier-q400 [last accessed

06-12-2022]
6URL https://https://en.wikipedia.org/wiki/Bombardier_CRJ100/200#cite_note-Flight20June2017-12 [last accessed

06-12-2022]
7URL https://www.faa.gov/air_traffic/publications/atpubs/aim_html/chap5_section_1.html [last accessed

31-01-2023]

https://www.fzt.haw-hamburg.de/pers/Scholz/dglr/hh/text_2020_11_19_HydrogenAircraft.pdf
https://www.prnewswire.com/news-releases/zeroavia-makes-aviation-history-flying-worlds-largest-aircraft-powered-with-a-hydrogen-electric-engine-301726022.html
https://www.prnewswire.com/news-releases/zeroavia-makes-aviation-history-flying-worlds-largest-aircraft-powered-with-a-hydrogen-electric-engine-301726022.html
https://newatlas.com/aircraft/hypoint-gtl-lightweight-liquid-hydrogen-tank/
https://www.atr-aircraft.com/presspost/first-atr-72-600-high-capacity-delivered-to-cebu-pacific
https://www.aerocontact.com/en/virtual-aviation-exhibition/product/573-bombardier-q400
https://https://en.wikipedia.org/wiki/Bombardier_CRJ100/200#cite_note-Flight20June2017-12
https://www.faa.gov/air_traffic/publications/atpubs/aim_html/chap5_section_1.html
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Risks

For a more detailed in-depth look at how the risks are formulated, refer back to the baseline report [30].
This design project entails a significant number of risks that must be identified to ensure that the project life
runs efficiently with minimal setbacks. The risk register for the technical and operational risks is presented
below and divided into multiple sections for easier comprehension: The main technical risks are identified
alongside their cause, event, and effect. A risk assessment is then performed, which assigns each risk a
numerical rating of importance through its likelihood of occurrence and impact rating, as shown in. Lastly, a
mitigation strategy is defined for each risk, along with a responsible team member, and the risk assessment
is reevaluated to give each risk a residual likelihood and impact rating after the mitigation strategy has been
put in place.

22.1. Risk Identification
Since risk analysis is a continuous process - new risks may be discovered until the design project is com-
plete. The initial project organizational risks may be consulted in the project plan and baseline report [75,
30]. The initial technical design risks are presented in the midterm report [76].

An abbreviated risk register is presented in Table 22.3 at the end of this section. These are the ten risks
that prove to be most fatal to the safe use, operation, and development of the project.

22.2. Risk Assessment
To evaluate the likelihood of a risk occurring, a method called the Probability of Occurrence (PoO) is used
[77]. This method assigns a weight, from one to five, to each risk based on the likelihood of its occurrence.
To evaluate the impact of a risk, a weight method is used to assign a numerical value to the impact of every
risk. This method, appropriately named Severity of Consequences (SoC), transforms the abstract concept
of impact into a quantifiable value1.

The risk rating is the final numerical value assigned to each risk. This is the value that rates and
positions the risks. With this number, the team is able to identify the risks that require more elaborate
mitigation methods, and the risks that are the most prevalent. To evaluate the risk rating, the likelihood and
and impact are multiplied, to give a value between 1 and 25: The higher the risk rating, the more severe
the risk is to the project. Once these values have been assigned, each individual risk can now be plotted
on a risk map, as seen in Figure 22.1.

Table 22.1: Technical risk rating

ID Likelihood (1-5) Impact (1-5) Rating (1-25)
R-TANK-01 3 3 9
R-TANK-02 2 4 8
R-TANK-03 3 5 15
R-OPER-01 4 3 12
R-FC-01 2 4 8
R-FC-02 2 3 6
R-FC-03 3 3 9
R-MOT-01 2 4 8
R-UND-01 1 5 5
R-CAB-01 1 5 5
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22.3. Risk Mitigation
Once the initial risks have been quantified, it is crucial to determine a mitigation strategy for the relevant
risks. As seen in Figure 22.1, the most crucial risks are the ones that lie in the red region. The objective is
to reduce their risk rating so that they lie mostly within the green region. Nevertheless, a mitigation strategy
must be put in place for every risk, no matter how small the risk may be. This is because, as previously
stated, risk rates evolve throughout the project: what may seem like a small risk now might eventually grow
to become a critical one.

The risk mitigation strategies are classed into one of four main methods:

• TREAT: A system is put in place to reduce the risk rate before the risk occurs.
• TRANSFER: The risk is passed on to a third party, who then bears the risk and decides on how to
mitigate it.

• TERMINATE: The risk is deemed fatal to the project, and a system is put in place beforehand to
minimize the risk rate to the absolute minimum possible.

• TOLERATE: The risk is a positive risk, or nothing can be done by the team or third parties to minimize
the risk. As such, the risk must be accepted and expected.

Following this, all risks are assigned mitigation strategies, as seen in Table 22.2, and the likelihood, impact,
and rate of the residual risks are formulated. Additionally, a team member is assigned to bear the respon-
sibility of each risk. Lastly, the residual risks are mapped on a new risk map. This allows to see which
risks are the most critical after the mitigation and contingency strategies are put in place. These can be
observed on Figure 22.2.
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Table 22.2: Technical Risks Mitigation Strategies

ID Planned Response Res. Like-
lihood

Res. Im-
pact

Res.
Rate

Responsible

R-TANK-01 TREAT: Discuss the feasibility of introducing either a BOG compressor [78] or an IRAS cooler
design [79] to actively control the temperature of the tank

2 2 4 Manufacturing manager /
Structural engineer

R-TANK-02 TREAT: Replace conventional TPRV with a TPRV that has active open-close mechanism, in
order to regulate accurately the amount of hydrogen vented instead of full dumping

2 1 2 Manufacturing manager /
Propulsion engineer

R-TANK-03 TREAT: Discuss the feasibility of introducing an IRAS cooler design [79] to actively control the
temperature of the tank

2 2 4 Manufacturing manager /
Structural engineer

R-OPER-01 TREAT: Establish rapport with airports to come within feasible timeline of operative LH2 infras-
tructure. If timeline exceeds service date, establish contacts between LH2 storage plants and
airports to temporarily provide regular delivery of LH2 to airport during necessary time

3 2 6 Operations manager

R-FC-01 TREAT: Integrate hydrogen-in-air sensor to assess concentration of hydrogen in air to determine
leak. If determined, (partially) turn off fuel cell while hydrogen concentration drops

2 3 6 Flight performance engi-
neer

R-FC-02 TREAT: Integrate heat exchangers to passively transfer the heat generated by the fuel cell to
other systems which require heat. Reroute the water vapor biproduct back into the fuel cell
membrane and intake air fans to regulate operating environment humidity

2 1 2 Propulsion engineer

R-FC-03 TREAT: Reroute part of the current generated by the fuel cell to a supercapacitor, capable of
delivering power to temporarily replace fuel cell output during emergency operation

3 1 3 Propulsion engineer

R-MOT-01 TREAT: Size motors so that minimummission can be completed with either of the engines inoper-
ative (under one-engine inoperative condition). Have crossover electricity lines so that electricity
input to inoperative engine can be rerouted to alternative engines for extended flight time

2 1 2 Propulsion engineer

R-UND-01 MITIGATE: Design undercarriage so that a gravity-assisted deployment may be executed, and
undercarriage extended and locked in place

1 1 1 Structural engineer

R-CAB-01 TREAT: Size air inlets to provide greater mass flow than the minimum pressurization required.
Provide oxygen backup system onboard for a limited oxygen supply while descending to a breath-
able altitude

1 2 2 Propulsion engineer /
Flight-performance engi-
neer
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Table 22.3: Fatal risk identification

ID Name Cause Event Effect
R-TANK-01 Control of the boil-off rate Boil-off rate cannot be regulated Too much / too little boil-off is avail-

able for GH2 propulsion
Propulsion systems does not generate re-
quired thrust

R-TANK-02 Control of TPRV venting TPRV can only be activated, but not
deactivated

Excessive pressure in tank activates
the TPRV venting mechanism

All H2 is drawn from the tank, leaving air-
craft with no propellant for remainder of
flight

R-TANK-03 Regulation of tank temper-
ature

Tank temperature cannot be sus-
tained at cryogenic needs

Excessive boil-off occurs Premature consumption of all fuel, risk of
explosion, or activation of TPRV

R-OPER-
01

Underdeveloped airport
LH2 infrastructure

Regional airports do not have appro-
priate logistics to accommodate stor-
ing of LH2 onsite

Airports do not have LH2 available LH2 aircraft cannot be refueled pre/post
flight at airports

R-FC-01 Fuel cell leakage Leakage in the tubing that relays tank
with fuel cell

Loss of hydrogen Risk of explosion and loss of thrust

R-FC-02 Regulation of fuel cell envi-
ronment

Changes in temperature and humidity
within fuel cell casing

Fuel cell does not operate in optimal
conditions

Decrease of power

R-FC-03 Fuel cell failure Fuel cell malfunction Fuel cell stops operations Partial loss of power available and electri-
cal system

R-MOT-01 Motor failure Technical or disruption failure of elec-
tric motor

Motor becomes unavailable for thrust Less total thrust available and a new mo-
ment is introduced

R-UND-01 Undercarriage deploy-
ment

Mechanical disruption of deployment
system

Landing gear is not deployed Belly landing and potential hull loss

R-CAB-01 Cabin depressurization Inlets cannot sustain required air in-
take

Pressure level inside cabin cannot be
maintained

Passenger discomfort and potential loss of
consciousness

1URL https://institute.acs.org/lab-safety/hazard-assessment/fundamentals/risk-assessment.html [last accessed 26-01-2023]

https://institute.acs.org/lab-safety/hazard-assessment/fundamentals/risk-assessment.html
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Project Development

This chapter is aimed at providing an overview of the required design phases and certification process. A
future development flow diagram together with a project Gantt chart, provide an overview of the required
steps until entry into service in 2035.

23.1. Design Phase Timeline
After the initial phase of the design process, also called the conceptual design phase, a number of additional
development phases will take place. A general timeline shows these phases in Figure 23.1.

Figure 23.1: Entry into Service Timeline for the SRP-22

During the DSE, the conceptual design process is performed. However, this phase is not finished by the
time of DSE completion and therefore continues for the first few months of 2023. The next phase is the
preliminary design, which commonly takes about two years [20]. Next, the detailed design is performed.
As this is extremely complicated, it is the most time consuming phase. Throughout the aviation industry the
required time for this phase varies a lot. The detailed design usually starts near the end of the preliminary
design phase and continues during the certification process, as things shall need to be altered as a result
of flight tests etc. Therefore the detailed design phase runs from 2025 all the way to 2032. The certification
for an entirely new aircraft takes between five to nine years1. As the proposed aircraft is relatively small
compared to some wide body aircraft which are also certified within this timeframe, a certification time of
five years is considered for the SRP-22.

Conceptual Design
The conceptual design process is aimed at discovering all options available to design the product requested
by the costumer/stakeholder. These options are compared and initial configurations are created, which are
mainly based on statistics, reference aircraft and assumptions. Once these concepts have been presented
to the costumer together with an initial requirement check, one design will be chosen and the development
will move on the the next phase.

Preliminary Design
During the preliminary design phase engineers will focus on aerodynamics, flight mechanics, structural
analysis and stability together with initial wind tunnel tests2. Detailed calculations will be performed, show-
ing an initial proof of concept which is used at the final evaluation of the design phase so the go/no-go
decision can be made. Furthermore, a detailed cost analysis is performed to ensure the aircraft is able to
comply with the user requirements for the desired unit price.

Detailed Design
The final design phase is aimed at outlining every detail of the aircraft as much as possible. The detailed
design phase mainly focuses on the structural implementation of all subsystems, thus determining ribs,
spars and rivet locations. In addition to the aircraft design itself, a flight simulator must be developed and
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the manufacturing process set up. This process is extremely important to be able to efficiently produce the
aircraft once fully developed. For the manufacturing unique machines and tools must be made. During the
detailed design process the first tests are also performed, preparing for the certification process. These
test will result in many alterations to the design, causing this to be a very lengthy design phase.

Certification
During the detailed design phase the certification process of the aircraft will also be initiated. To be able to
perform the civil transport flights for which the SRP-22 is designed, the aircraft must comply with authority
regulations. Many counties have their own regulations, but the FAA and EASA are considered to be the
leading authorities. They have an extensive regulation manual with which all aircraft of similar type must
comply with.

To be able to perform all the test required to certify the aircraft, usually multiple prototypes are build. This
is generally an expensive approach, but reduces development time. These prototypes will be put through
a rigorous and extensive test flight program, testing the aircraft in the most extreme conditions it should
ever encounter. This could contain high loading through manoeuvres and maximum take-off weight tests,
but also for circumstances such as a bird strike or engine failure3. Once the aircraft is certified pilots will
also be able to obtain a type rating for the aircraft and it will be able to enter service.



23.2. Future Development Flow Diagram 103

23.2. Future Development Flow Diagram
To provide a general overview of the mentioned design phases and certification, a future development flow
diagram is provided in Figure 23.2. Each block shows a task and in which estimated time frame it should
be performed, such that the entry into service date of 2035 can be met.
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23.3. Future Project Gantt Chart
In Figure 23.3 and Figure 23.4 the project Gantt chart up to the entry into service date of 2035 is shown.
This gives an overview of the timeline and the tasks that must be performed till SRP-22 aircraft service. To
comply with RA-TOP-TIM1 requirement, further studies throughout the design process will be evaluated.

Figure 23.3: Future Project Gantt Chart [1]
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Figure 23.4: Future Project Gantt Chart [2]

1URL https://www.faa.gov/aircraft/air_cert/airworthiness_certification [cited 22 Dec. 2022]
2URL https://www.engineeringclicks.com/aircraft-design-process/ [cited 22 Dec. 2022]
3URL https://www.easa.europa.eu/en/domains/aircraft-products/aircraft-certification [cited 22 Dec. 2022]

https://www.faa.gov/aircraft/air_cert/airworthiness_certification
https://www.engineeringclicks.com/aircraft-design-process/
https://www.easa.europa.eu/en/domains/aircraft-products/aircraft-certification


24
Verification and Validation

During the course of the conceptual design of the SRP-22, it is important to check that the procedure is
correct and as expected. This is especially important for the integration between the different component
subsystems and/or systems. Unit tests (UT) are performed on small pieces of code that can be separated
from the entire script. This helps to find potential errors in the code early in the design process and make
the necessary improvements. System tests (ST) are performed on larger pieces of code in order to test the
interactions between the code and check that the whole system behaves as expected.

The validation of the aircraft is aimed at showcasing the similarities in real-life tests and numerical
solutions for the proposed aircraft design. Normally, the design would be validated during the test phase
of the aircraft. However, since this is currently not feasible, the subsystems of the proposed design were
validated by comparing the numerical solutions to other similar existing aircraft or literature.

24.1. Verification
Model Verification
The verification tests are implemented to confirm that the used methods produce the right output. The Unit
tests and System tests have been performed on all codes. A summary of the unit tests performed on the
codes is presented in Table 24.1. Units are the smallest parts of code that can be separated from the entire
script.

Table 24.1: List of the unit and system tests performed on the Class I and Class II weight estimation.

Test ID Test Description Status
UT-WE-01 Check that units are consistent PASSED
UT-WE-02 Check that formulas are correct PASSED
UT-WE-03 Check that units are converging between the codes PASSED
UT-WE-04 Check the unit calculations manually PASSED
ST-WE-01 Check system convergence between the codes PASSED

The first two tests are walk-through type tests. The units and methods used in the code have earlier been
presented in the relevant sections. The relevant codes have been checked for convergence relative to each
other, with the values related to the requirements. This step is called the system test. At last, a manual
verification calculation is performed, by comparing the results of manual calculations of the units to the
code results. By performing these calculations by hand as a sanity check, the code is ultimately verified.
An example of performing the calculations by hand for the Class I resulted in an error of approximately
0.1% and the Class II by 0.0%. Therefore the code is considered correct. For all parts containing code or
methods from literature, this verification process is applied such that the outcome can be considered correct.

Design Verification
To verify the design output and check the requirement compliance, different types of tests can be performed.
Each requirement is able to be verified by using one or a combination of the following four verification
methods.

• Analysis
Using numerical simulations and code to analyse if the design is able to meet the requirement.

• Inspection
A visual inspection and measurement of dimensions to verify requirement compliance.
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• Test
Using special equipment and simulation techniques, such as a wing whiffle tree, system tests can be
performed and requirements verified.

• Demonstration
Performing tests to check the functional operation of the system, without any special equipment or
simulation techniques.

Table 24.2: Design Verification using Analysis, Inspection, Test and Demonstration

Analysis Inspection Test Demonstration
RA-TOP-PER-2 RA-TOP-PER-1 RA-TOP-PER-3.1 RA-TOP-SRE-1
RA-TOP-PER-3.1 RA-TOP-SRE-1 RA-TOP-PER-3.2 RA-TOP-SRE-2
RA-TOP-PER-3.2 RA-SYS-SRE-1 RA-TOP-PER-5.1 RA-TOP-SRE-3
RA-TOP-PER-4.1 RA-SYS-SRE-2.1 RA-TOP-PER-5.2 RA-SYS-SRE-3
RA-TOP-PER-4.2 RA-SYS-SRE-2.2 RA-TOP-SRE-1 RA-SYS-SRE-4
RA-TOP-PER-5.1 RA-SYS-SRE-6 RA-SYS-SRE-4 RA-TOP-SUS-2
RA-TOP-PER-5.2 RA-TOP-DIM-1 RA-SYS-MSC-1.1 RA-SYS-OPM-4
RA-SYS-SRE-5 RA-TOP-DIM-2 RA-SYS-MSC-1.2
RA-TOP-SUS-1 RA-SYS-DIM-1 RA-SYS-MSC-1.3
RA-TOP-COS-1 RA-SYS-DIM-2 RA-SYS-MSC-2
RA-TOP-COS-2 RA-TOP-CRE-1.1 RA-SYS-MSC-3
RA-TOP-TIM-1 RA-TOP-CRE-1.2 RA-SYS-MSC-4
RA-SYS-UCG-1 RA-TOP-PAS-1 RA-SYS-MSC-6
RA-SYS-UCG-2 RA-SYS-OPM-1 RA-SYS-MSC-7
RA-SYS-UCG-3 RA-SYS-MSC-8
RA-SYS-MSC-1.1 RA-SYS-MSC-9
RA-SYS-MSC-1.2 RA-SYS-MSC-10
RA-SYS-MSC-2 RA-SYS-MSC-11
RA-SYS-MSC-3 RA-SYS-MSC-12
RA-SYS-MSC-4 RA-SYS-MSC-13
RA-SYS-MSC-5 RA-SYS-MSC-14
RA-SYS-MSC-6 RA-SYS-MSC-15
RA-SYS-MSC-7 RA-SYS-OPM-1
RA-SYS-MSC-8 RA-SYS-OPM-2
RA-SYS-MSC-9 RA-SYS-OPM-3
RA-SYS-MSC-10
RA-SYS-MSC-11
RA-SYS-MSC-12
RA-SYS-MSC-13
RA-SYS-MSC-14
RA-SYS-MSC-15

During the conceptual design phase, only the Analysis and Inspection verification can take place. Test and
Demonstration will take place during later phases such as certification. To comply with the requirements
that can only be confirmed using these methods, a simplified analysis is applied for the conceptual design.
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24.2. Validation
Weight Estimation
The design point chosen for the SRP-22 is compared to the design points of several reference aircraft as
can be seen in Figure 7.1. From the figure it is evident the design points lay around the same region, while
as explained in Section 7.1 the power of the SRP-22 is relatively lower, whereas its surface area is bigger.
The actual design points are shown in Table 24.3.

The validation for the Class I andClass II was performed by comparing the outputs of the design to the DASH
8-Q300 and ATR 42-600. This is done for the OEM and MTOM in Table 24.4. These weight estimations are
within an allowable range when accounting for the increased weight of the alternative propulsion system
requiring fuel cells and a hydrogen storage tank. The new propulsion system increases the OEM by about
2300 kg, but can be reduced by 1100 kg due to the elimination of turboprop engines. This results in an
increase of 1200 kg for the OEM, relatively close to the expected increase of 1000 kg when comparing
values in Table 24.4.

Table 24.3: Wing Loading Design Points

Aircraft W/P W/S
SRP-22 0.077 3270
ATR 42-600 0.057 3350
ATR 72-600 0.069 3665
DASH 8-Q300 0.051 3400

Table 24.4: OEM and MTOM Comparison

Aircraft MTOM OEM
SRP-22 18,650 12,770
ATR 42-600 18,600 11,700
DASH 8-Q300 19,505 11,791

Aircraft Sizing
For the validation of the design of the SRP-22, it has been geometrically compared to the ATR 42-600 and
DASH 8-Q300. The values are presented in Table 24.5. The difference in fuselage diameter comes from
the fact that the SRP-22 does not have a flatter belly fuselage whereas the ATR 42-600 and Dash 8-Q300
do. When comparing the aspect ratios, the respective aspect ratios are 12, 11.1 and 13.3 from top to
bottom as seen in Table 24.5.

Table 24.5: Sizing Comparison Between SRP-22 and Reference Aircraft

Aircraft npax Fus. Length [m] Fus. Diameter [m] Wing Span [m] Wing Surface [m2]
SRP-22 48 23.9 3.0 26.8 59.9
ATR 42-600 50 22.7 2.7 24.6 54.5
DASH 8-300 56 25.7 2.7 27.4 56.2

Structures
Validating the airframe (fuselage, empennage, and undercarriage) is very difficult as it is ultimately designed
during the detailed design phase. Using a visual comparison between an ATR 42-600 and SRP-22 similari-
ties in the spacing of frames and stringers can be seen, but no more can be validated. For the validation of
the wing structure can also be done by comparing the design wing weight to those of estimation methods.
This is done in Table 24.6

Table 24.6: Wing Mass Estimation

SRP-22 Raymer Torenbeek
Wing Mass [kg] 2188 1667 2218

These results show a relatively wide range of estimations. From the Baseline Report, a weight fraction of
the MTOM was calculated to be 10.5% [30]. This would estimate a wing weight of 1960 kg. The lower
estimate by Raymer can be clarified by the low MTOM of the SRP-22, as the prediction mainly depends
on that mass [19]. Moreover, these wings have bending relief due to heavy turboprops and fuel stored in
the wings. The Torenbeek method normally takes the MZFW, such that this bending relief is not taken into
account [20]. As the wings of the SRP-22 will be empty, this method was used with the MTOM as an input
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rather than the MZFW. Therefore, this estimation is a bit high but relatively more comparable. The overall
wing structural design is difficult to validate with reference aircraft wings. However, the wing mass provides
a general approximation that provides partial validation.

For the Hydrogen storage tank there is very little data with which it can be compared as its implemen-
tation into aviation is currently being researched. The structural connection of the hydrogen tank using
carbon rods is comparable to that used in rockets, but would need additional research to be validated. The
structural tank weight and thus gravimetric index (mtank

mfuel
) can be compared.

Table 24.7: Gravimetric Index Comparison

SRP-22 HyPoint GTL 1 McKinsey 2

G.I. Tank 0.64 0.45
G.I Entire System 1.4

This validation remains a bit indecisive as such few reference tanks are actually produced. The tank G.I.
is estimated to be higher than of the HyPoint/GTL tank, mainly due to the SRP-22 tank being load bearing.
Moreover, in a recent press conference Airbus announced an expected gravimetric index of 1.8 for the entire
storage system. For the calculations for the SRP-22 a gravimetric index of 1.4 was assumed. Therefore,
the current assumption is considered to be acceptable as values vary significantly among sources and a
relatively conservative G.I. is assumed.

Aerodynamics
The aerodynamic characteristics are more difficult to validate, as little data is available on reference aircraft.
Therefor the types of airfoils where compared and the lift coefficient during cruise. From the comparison
in Table 24.8, it is clear that the type of airfoil is somewhat different. This can be clarified by the different
cruise speed and flight level the different aircraft are designed to fly at.

Table 24.8: Aerodynamic Comparison

SRP-22 NACA 63(4)421 ATR 42 NACA 43018
t/c 0.21 0.145
Clmax 1.4 1.68

(Cl/Cd)max 120 105.2
CLcr 0.63 0.49

Stability and Control
The stability and control derivatives of reference aircraft are not easily obtainable, as they mostly follow
from flight data. However, the output of the tail sizing can be compared. In Table 24.9, the values of the tail
sizing are shown alongside the tail sizes of the ATR 42-600. The ratio of the horizontal area relative to the
wing surface area is interesting as the SRP-22 has a relatively aft c.g. because of the hydrogen storage
in the tail cone. However, as is evident from Table 24.3, the W/S ratio of the SRP-22 is higher than for the
ATR 42-600 and hence the wing surface area was expected to be higher. Still, the relative difference in the
horizontal tail area to the wing area is bigger, which is unexpected.

Table 24.9: Tail Sizing [80]

Aircraft Av Ah λv λh ΛvLE [◦] Sh/Sw
SRP-22 1.3 4.0 0.5 0.78 26 0.17
ATR 42-600 1.6 4.1 0.61 0.60 32 0.21

Aircraft Performance
Aircraft performance can mainly be validated by the usage of flight data. As it is not possible to acquire real
flight data and reference flight data is hard to come by, this is something that would need to be done at a
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later design stage. However, it is possible to compare some of the flight performance parameters, such as
cruise altitude and cruise velocity. The certified velocities for the DASH 8-Q300 are provided by EASA [81].
Other values are taken from the Midterm Report [76]. The overview is given in Table 24.10. The range of
the SRP-22 is slightly higher, whereas the velocity is lower.

Table 24.10: Aircraft Performance Parameters

Aircraft Cruise Speed [KTAS] Cruise Altitude [FL] Range with max PAX [nmi]
SRP-22 275 280 1000
ATR 42-600 300 250 716
Dash 8-Q300 287 250 924

Sustainability
The calculated noise levels are compared to reference aircraft. These aircraft are turboprops, hence the
similarity lies in the mass and presence of a propeller, but these are airbreathing engines rather than electric
motors. The data from the ATR 42-500 andDASH8-315 are taken as these have the samemass and engine
as the ATR 42-600 and DASH 8-Q300 respectively and had very detailed data available [82] [83]. As can
be seen in Table 24.11, the noise levels of the SRP-22 are mostly close to the ATR 42. Furthermore, the
noise levels are the highest in the approach category for all, while flyover results in the lowest noise level.

Table 24.11: Noise Levels

Aircraft MTOM [kg] Lateral [EPNL] Flyover [EPNL] Approach [EPNL]
SRP-22 18,650 82.1 77.7 89.0
ATR 42-500 18,600 80.9 77.8 94.2
DASH 8-315 19,505 86.9 80.0 94.9

1URL https://newatlas.com/aircraft/hypoint-gtl-lightweight-liquid-hydrogen-tank/ [cited 13 Jan. 2023]
2URL https://hydrogencouncil.com/wp-content/uploads/2020/01/Path-to-Hydrogen-Competitiveness_Full-Study-1

.pdf [cited 25 Jan. 2023]

https://newatlas.com/aircraft/hypoint-gtl-lightweight-liquid-hydrogen-tank/
https://hydrogencouncil.com/wp-content/uploads/2020/01/Path-to-Hydrogen-Competitiveness_Full-Study-1.pdf
https://hydrogencouncil.com/wp-content/uploads/2020/01/Path-to-Hydrogen-Competitiveness_Full-Study-1.pdf


25
Future Recommendations

This report was constructed as part of the requirements for a Bachelor’s course and within a limited time
frame, with certain aspects of the content remaining outside of the scope of work and knowledge required.
As such, certain findings should be investigated further to assess their accuracy and developments. The
most important recommendations are presented below.

Investigations Into Boil-Off Control
Using boil-off is a great improvement in fuel efficiency and cost. Current research into the technology
involves using a cryogenic pump to extract the liquid hydrogen from the tank and eventually heating to a
gas. The boil-off is then considered as losses, becoming a source of consumed yet unused fuel. The SRP-
22 uses a pump to extract the boil-off and feed it directly to the fuel cell, with no latent energy expenditure.
However, this system implies that the power available is directly related to the quantity of boil-off available:
Having too little boil-off means that there is not enough power available, and having too much boil-off means
that the pressure build up in the tank can cause tank rupture. The boil-off must also be controlled based
on the power required for each phase of flight.

Rudimentary techniques exist to control the boil-off, through the use of glass rods to regulate the heat
inside the tank. However, more investigation into this is required to find an effective way of timely regulating
the heat flow.

Investigations Into Cryogenic Tank Storage
There is exists a vast array of theoretical research into the cryogenic storage of propellant on aircraft.
However, of the limited aircraft that have flown on hydrogen, all of them have been on compressed gaseous
hydrogen. As such, experimental data on the feasibility of cryogenic storage is limited, and needs greater
investigation.

Additionally, the tank onboard the SRP-22 has no active cooling mechanisms: It relies purely on insu-
lation conditions to maintain the temperature. As previously mentioned in Chapter 21, the material tech-
nologies used are still very premature, and the results portrayed theoretically may be discrepant from ex-
perimental data. The assumptions made for the tank’s gravimetric index also proved to be reliant on data
that is disputed by fellows in industry: While some research estimates indexes between 0.4 to 0.6, other
research is much more conservative with values ranging up to 1.8. To get a clearer idea of what to use,
further research is required in this aspect.

CFD and Wind Tunnel Testing of Inlets
Boundary layer aerodynamics is a complex area of physics that largely remains outside the scope of this
report. Analytical equations were used to determine an average flow velocity inside the boundary layer, but
this approach remains simplistic and may differ from computational fluid dynamics models, or wind tunnel
testing.

Since the entire inlet design is characterized by the average flow velocity inside the boundary layer, the
inlet geometry should be numerically and experimentally tested to ensure that the analytical findings of this
report match. For this, further investigation is recommended.

CFD and Wind Tunnel Testing of Wingtip Propellers
The design choice of including wingtip-mounted propellers is one that divides many engineers on whether
it is an effective means of drag reduction or not. While certain research suggests that it is beneficial, other
research also points out downsides such faster wingtip stall. As such, these characteristics should be
computationally tested on the aircraft before further implementation is progressed.
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Future Investigation Into Water Vapor Emissions
The SRP-22 prouds itself in not emitting any NOx or carbon emissions during operation. However a biprod-
uct of the fuel cell is the generation of water vapor. While some of this vapor is reinjected into the aircraft
for air and membrane hydration, a large majority of the vapor produced must be expelled back into the air.
Water vapor itself can be considered a greenhouse gas due to its short yet potent warming effect. As such,
to limit these emissions, a mechanism is proposed to freeze the outgoing vapor into water pellets which fall
back down to the ground, in the same style as light hail. It is recommended to investigate this alternative
further to obliterate the potential argument of SRP-22 greenhouse emissions through water.

Improved Cost Estimations
The unpredictability of financial markets makes preliminary cost estimations vary drastically from conser-
vative to optimistic outcomes. These unpredictabilities are greatly affected by the past, current, and future
states of the world, as observed in the 21st century through the World Trade Center attacks of 2001, the
2007 economic recession, the Novel Coronavirus crisis of 2020, and the ongoing war in Ukraine. Fuel
and hydrogen costs vary drastically within time periods, and predictions may be inaccurate. Considering
there are still 13 years before the aircraft is expected to enter service, improving technologies for hydrogen
acquisition, developments in manufacturing of fuel cells and cryogenic tanks, and diversification of opera-
tions, means that the preliminary estimates presented in this report have a margin of error. As such, it is
recommended that as the entry-into-service date nears the present, a revision of these cost estimations is
assessed.

Vertical Tail and Rudder Design Improvements
In Figure 15.4 it assumed that in an engine inoperative case the sideslip angle is 0 degrees. This assumption
could be slightly unrealistic and thus in order to make a more precise calculation of the the vertical tailplane
dimensions a sideslip angle of 5◦ could be used. This means that an additional force on the vertical tailplane
should be considered when taking moments around the center of gravity, and as such the vertical tailplane
dimensions would vary. Thus the total vertical tailplane force could be defined as

Y =
1

2
· ρ · V 2 · S · (CYβ

· β + CYδr
· δr) (25.1)

Additionally, the rudder is sized for one of its most critical conditions, an engine failure. However, it could
also be sized for a crosswind landing, in which tail and rudder have to work oppositely. Following the
method presented in [60] the ratio of chord lengths between the vertical tail and the rudder may be ob-
tained. Then, the rudder span, tip chord, root chord and other geometric aspects are derived with the use
of simple Aspect Ratio, and Area equations.
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Conclusion

The objective of this project was to present the steps that have been taken in the conceptual design of a
regional passenger aircraft with at least a 20% reduction of block fuel per seat over 500 nmi compared
to market competitors, entering service by 2035. In order to do so, a trade-off was performed from which
it was clear that the aircraft would be powered by a fuel cell running on hydrogen, while this hydrogen is
stored in its liquid state, located in the tail cone of the aircraft. With this basis in mind, the further aircraft
architecture was created. The resultant was four abreast seating, with a T-tail and high wing configuration.
Furthermore, the wing contains four electric motors, all powering their own propeller.

The aircraft has been designed for minimum power required instead of minimum surface area, in order
to size down on the power train. The hydrogen has to be stored cryogenically in order to be kept in its
liquid form. This is done by the use of a carbon-fiber-reinforced polymer tank which is integrated into the
fuselage such that it is load-bearing. An insulation layer of 20 cm is added to ensure the boil-off rate is kept
sufficiently low. This boil-off rate however will be increased while in flight, to control the gaseous hydrogen
rate entering the fuel cell. The performed design results in some general characteristics (Table 26.1) and
general performance parameters (Table 26.2).

Table 26.1: SRP-22 General Characteristics

Number of Crew 3 [-]
PAX 48 [-]
Design Payload 5225 [kg]
Length 23.9 [m]
Wingspan 26.8 [m]
Wing Area 59.9 [m2]
Airfoil NACA 63(4)421 [-]
OEM 12,770 [kg]
MTOM 18,650 [kg]
Max Fuel Mass 683 [kg]
No. Propellers 4 [-]
Fuel cell Type PEM [-]
Fuel LH2 [-]

Table 26.2: SRP-22 General Performance

Cruise Speed 275 [kts]
Cruise Altitude FL280 [-]
Stall Speed, clean config. 118 [kts]
Design Range 1020 [nmi]
Ferry Range 2440 [nmi]
Takeoff Field Length 1160 [m]
Landing Field Length 1125 [m]
Horizontal Climb Distance 74.5 [nmi]

Revisiting the design objective, the reduction in block fuel per seat over a 500 nmi mission was found to be
equal to 81.7% when comparing fuel mass and 48.7% when comparing energy consumption to the ATR
42-600. Furthermore, it has been shown that the current design indeed is able to enter service by 2035,
with the novel technologies included.

Furthermore, there was a need to minimize the environmental impact of regional passenger aircraft while
providing market-competitive performance, price, and operational costs. The environmental impact was
minimized by usage of a fuel cell running on liquid hydrogen, which lead to an average temperature re-
sponse 83 times smaller than that of the ATR 42-600 by 2065. Furthermore, the design range of the
aircraft exceeds that of the main competitors, while its price and operational costs are comparable.

In general, it can be concluded that the SRP-22 is capable of performing its assigned tasks. After the next
phases will be performed, the SRP-22 will be ready to depart on its journey towards clean skies.
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A
Technical Drawing

Figure A.1: Cabin cross section of SRP-22

Figure A.2: Seat Pitch
Figure A.3: Dimensions of lavatory and galley units in

the SRP-22
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Figure A.4: Four view drawing of SRP-22
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