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“Once you have tasted flight, you
will forever walk the earth with
your eyes turned skyward, for
there you have been, and there
you will always long to return.”

— Leonardo da Vinci
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IV. Objective and Purpose

The objective of this thesis is the realisation of an innovative rigid airship to offer VIP custom-
ers a new type of air transport for comfortable luxury travelling, with a focus on engineering
and aesthetic preliminary design. Thus, weights and dimensions of the airship have been deter-
mined as well as requirements such as range, cruise, payload, and speed.
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V. Abstract

Airships belong to the category of aerostat, which is an aircraft lighter than air that uses a buoy-
ancy gas to generate its lift. It is classified into three main types - rigid airship, nonrigid airship,
and hybrid airship - all of which can utilise two methods to increase or reduce (modulate) the
upward force to control it. The first way involves volume changing of gas and therefore its
density to balance the fuel weight decrease, manoeuvring the airship and changing its altitude.
The second method is to use a hull aerodynamically to get a lift component, which can be
modulated to change airship inclination, balance fuel, and reduce weight.

There are many ways to move from one part of the world to the other. So why choose to design
an airship? The first motivation is that the global airship market is estimated to increase in value
by 7.2 per cent from 2016 to 2024, therefore presenting a great economic opportunity. Other
advantages are that it is economical and environmentally friendly.

Tools like WBS, study logic, timelines, and so on help the study manager to handle and optimise
resources. The design begins with a top-down approach with an SHA and NA that allow one to
get the general guidelines that define the system. The target is to define the individual elements
that make up the system, where the input for preliminary design is the requirements and the
output is the general dimensions and weights. At the beginning, the designer can compare the
input of the project with those of rigid airships already made to get an idea of the possible output
values to expect. The size of the gondola and hull are important parameters to define airship
weight. The other steps provide for the calculation of a zero lift drag coefficient of main airship
elements and the airship trim, preliminary tail sizing to know the fin’s surface, and an estimate
of range and endurance to define the take-off and landing analysis and propulsion system.
These data permit one to estimate airship weight and its systems. Precise calculations of what
make up the airship and fuel weight provide useful data to initiate a more detailed analysis. A
fundamental output of this preliminary design phase is the gas volume needed to balance airship
weight; its value has great influence on the aircraft size.

Thus, the purpose of this thesis is to show all formulas and logical steps linked to the "Aerody-
namic airship model" and implemented in the Excel program RAsDEx 1.1 to get a preliminary
description of airship dimensions and performances, aerodynamic data, propulsion system,
weight estimation, and gas volume required.

X1
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1. Introduction
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* TILTROTOR
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Airships (Figure 1-1: Aircraft classification) belong to the category of aerostat, which indicates
every aircraft that flies primarily using aerostatic buoyancy. It is a lighter-than-air aircraft which
uses a buoyancy gas to generate its lift, and it can move from one point of the atmosphere to
another because it has a propulsion system (it is powered). More precisely, buoyant lift is gen-
erated by the difference between gas contained within the envelope and the outside air. Indeed,
to generate an upward thrust, the buoyancy gas density must be less than the external fluid
density, according to Archimedes, who stated, ‘Any object, wholly or partially immersed in a

Figure 1-1: Aircraft classification

fluid, is buoyed up by a force equal to the weight of the fluid displaced by the object’.
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Figure 1-2: Balloon (tethered)

A balloon is another class of vehicle that belongs to the category of aerostat. It is motor-free
and could be anchored to the ground with a cable (Figure 1-2) or free to move uncontrollably.
The change in altitude can be guaranteed in three ways:

e heat the air in the balloon to reduce its density compared to the colder outside air (hot-
air balloon)

e use a buoyancy gas to generate its lift

e use both previous techniques

The first airship used hydrogen as a buoyant gas since it is abundant, economical, and has the
lowest density relative to other gasses. Nevertheless, modern airships use helium; although it is
rare and more expensive, it is an inert gas, while hydrogen is flammable.

In this paper, the focus is on rigid airships.



Introduction

1.1.  History

Since ancient time, humankind has always looked up to the sky with the desire to reach it. Even
before Wright’s first flight, in 200 AD the Chinese used lift gas in their signalling lanterns
(Figure 1-3).

Figure 1-3: Sky lantern[ 1]

Indeed, these were the first manmade objects able to fly, even though human transport would
have to wait until 4 June 1783, when the Montgolfier brothers realised the first hot-air balloon.
Later, many others perfected their idea (using different materials and combining buoyant gas
and hot air), but no balloon could be controlled because they all lacked a propulsion system.
Thus, in 1853, the engineer Henry Giffard put a steam engine on a balloon, making the first
controllable aerostat (airship). In July 1900, von Zeppelin launched his first airship, equipped
with two motors, which guaranteed a speed of 18 mph. In the next year, he became the major
manufacturer of rigid airships, and he reached his peak with the realisation of the greatest air-
ship in history, LZ-129 Hindenburg (1936). However, its accident, due to hydrogen’s flamma-
bility, marked the decline of this aircraft category.

! File: (Richy, 2003)- SkyLanternRichy01.jpg, https://en.wikipedia.org.


https://commons.wikimedia.org/wiki/File:SkyLanternRichy01.jpg
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Figure 1-4: LZ-129 Hindenburg burning [2 ]!

1.2. Typology

Airships are classified into three main typologies, according to the constructive design: rigid
airship, nonrigid airship, and hybrid airship, which is the most recent type (Figure 1-5).

! File: (Pasquerella, 1937) - Hindenburg burning.jpg, https://en.wikipedia.org.


https://commons.wikimedia.org/wiki/File:Hindenburg_burning.jpg
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Figure 1-5: Airship typology

Rigid airship: This is the design method used in the realisation of the first airship. The
reason is due to the use of material with poor containment capacity. It was unthinkable
to use a single balloon to carry a large number of goods and passengers, so the problem
could be solved using more small balloons enclosed in a single rigid envelope, which
guaranteed good aerodynamic performances; thus, it could reach big dimensions and
carry a large payload. The rigid airship’s main element is an external envelope (ten-
sioned fabric skin) that covers the rigid framework necessary to support moments and
concentrated loads; within it, there are gas balloons that contain the buoyant gas, are
anchored to the bottom of the envelope, and can expand or contract to generate more or
less lift.
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e Nonrigid airship: This type has an envelope that contains the buoyant gas. Within the
envelope, there are cables connected to the septum that transmit the concentrated loads,
such as a gondola. Finally, there are ballonets, usually two, one placed in front and one
behind, that ensure the maintenance of the same shape in any condition. Indeed, this
airship must maintain the same differential pressure between internal and external pres-
sure. If the external pressure changes, one can change the volume of the ballonets, in-
troducing or expelling air, so that the envelope volume and internal pressure change.

e Hybrid airship': This is a modern construction that combines the advantages of the two
previous types, including lightness and ability to carry a huge payload. There is a sparse
rigid frame where cables are linked for the transfer of concentrated loads, and there are
ballonets to maintain the same differential pressure and improve airship handling.

All types of airships can utilise two methods to increase or reduce (modulate) the upward force
necessary to control the vehicle and allow it to land, take off, and vary altitude. The first way,
previously described, involves changing the volume of gas balloons for the rigid airship and
ballonets for the hybrid and nonrigid airship (STANDARD AIRSHIP). This mechanism allows
changing gas density to generate more or less buoyant lift. The main problems with this method
are the complexity to manage the control system of the gas density, and the gas balloons must
be thick enough to withstand high pressures when the volume is reduced. These things bring a
considerable increase in weight.

p p
pV—nRT—>p—nRT—>p—KT
The second way is to use a hull that is started aerodynamically (AERODYNAMIC AIRSHIP). Thus,
it will have the air foil shape to get a lift component, which can be modulated, varying the
airship trim. The airship inclination and consequently the gondola represent the limitation of
this method. It cannot exceed an angle of sixteen degrees; otherwise, the floor would be too
inclined for passengers.

However, aerodynamic airship is in equilibrium when the sum of buoyancy lift and aerodynam-
ics lift balances the airship weight. One parameter defines to which percentage of airship weight
is supported by the buoyancy lift and consequently the other percentage part is assigned at
aerodynamic lift. This parameter is buoyancy ratio BR:

! This term also indicates an airship that provides its upward force with two components: the buoyant lift and aero
lift, which can be modulated.
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BR — Biire Biise

= (Equation 1-1)
Wairship Blift + Laero

A hybrid case sees two methods, described above, used simultaneously. Thus, volume variation
balances change in altitude, while aerodynamic lift balances fuel consumption. In this case, BR
at landing and take-off are two important values to consider. Designers use the BR at landing
as a useful value for preliminary sizing; it is imposed as input, and the value is between 0.95
and 0.98. BR at take-off is a marker because a low value indicates that the percentage of aero-
dynamic lift to generate is excessive. Typical values for rigid airships are greater than 0.85,
while for hybrid airships the limit is 0.75 because this category of airship can produce a mul-
tilobe configuration that makes it similar to an air foil and can develop a greater aerodynamic
lift than the rigid category.

The equations of these parameters are:

BRigna = (Equation 1-2)

(Equation 1-3)

Where the weight at landing is:

Wigna = OEW + Payload + W, (Equation 1-4)

1.3.  Why Airship?

There are many ways to move from one part of the world to another. According to their needs,
people can use a plane, car, ship, train, or bus. So why choose to design an airship?

In addition to the market research (1.3.1), which shows the constant growth of this sector, here
is a list of the main reasons one should choose an airship instead of any other vehicle.

e They have a vertical take-off and landing.
e They don’t need infrastructures like ports or airports.
e They are economical and environmentally friendly.
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1.3.1. Market Research

The global airships market has estimated that it will increase its value to reach $304 million by
2024, growing at a CAGR of 7.2 per cent from 2016 to 2024. However, three different markets
can be analysed: semi-rigid airships, rigid airships, and nonrigid airships. The prediction is that
the nonrigid airships, due to their low price, are anticipated to lead the global market.

Several marketing agencies and companies are opting for nonrigid airships as they are excep-
tionally light in weight. These airships are highly used for research, commercial tours, adver-
tisements, covering sports events, cargo transport, and surveillance. Indeed, the rising demand
is due to urgent needs for surveillance of large areas.

Thus, the low maintenance cost of airships, cost-effectiveness, and their returns on investment
in the field of advertising are acting as key growth drivers for the global airships market.

Global Airships Market Size and Forecast,
2015 - 2024 (US$ Million)

CAG
2015 2016 2017 2018

Figure 1-6: Global airship market size and forecast 2015-2024 (US $ million) [ 3 '

g 2% (2016- 20280

2022 2023 2024

2019 2020 2021

However, several challenges must be overcome. The use of hydrogen relative to helium reduces
the costs and increases performance but exposes these airships to the risk of inflammability,
which can lead to fatal accidents. In view of these risks, researchers are working on developing

! (variantmarketresearch.com, 2017) - Variant Market Research, https://www.variantmarketresearch.com/report-
categories/defense-aerospace/airships-market.
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hybrid airships that will partly operate on solar energy to mitigate the possibility of hazardous
accidents.

Furthermore, luxury airships represent, in the next year, another growth opportunity for com-
mercial tours and hybrid airships.

Application and geography are two other divisions of the global airships market. Applications
are segmented into commercial tours, surveillance, research, cargo transport, and other uses.
Geography is segmented into North America, Europe, Asia Pacific, the Middle East and Africa,
and Latin America. North America is leading the ranking of the global market, where the re-
quest for new airships is maximum. The presence of many companies in these countries and
the constant technological development, such as the use of hydrogen for safety, have made this
result possible. The increase in interest in this vehicle from the tourism industry has also made
Europe an emerging airships market.

GLOBALAIRSHIPS MARKET SHARE BY REGION, 2024
(VALUE%)

Figure 1-7:Global airship market share by region, 2024 (value %) [ 4 '

! (variantmarketresearch.com, 2017) - Variant Market Research, https://www.variantmarketresearch.com/report-
categories/defense-aerospace/airships-market.
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1.3.2. Purpose Problem and Target

The project purpose is to relaunch a technology from the past that deserves more innovation.
However, the problem is linked to its bad reputation and image.

e Bed reputation: Various tragic incidents that involved an airship have led to their bad
reputation in mass memory. Despite increased security measures (hydrogen has been
replaced with helium), people still have a negative image of this vehicle.

e Image: Airship shapes were considered cool in the twentieth century, but today, with
the sci-fi culture well rooted in society, people expect more than a flying bullet.

Targets can be difficult to extrapolate; thus, the designer must write a mission statement!
answering some questions:
e What is the root problem?

— To find a solution which allows people to travel in comfort and luxury to a
touristy place or not and where conventional aircraft can hardly take off or
land;

— To have a moving speed higher than the nautical vehicles category;

— To create an engaging and innovative design.

e How can the problem be solved?
— The vehicle must be independent from conventional aircraft infrastructures;
— To guaranty vertical take-off and landing;
— Possibility to operate above the water, deserts, or mountains, analysing every
mission phase.

e  Who are the end users?
— Rich social classes
— Celebrities
— Heads of state

Mission Statement
To offer VIP customers a new type of air-transport proposal able to deliver a luxurious
and comfortable travelling and leisure experience similar to super yachting but without
boundaries and limitations that traditionally affect the naval industry.

! A mission statement is a proposition that explains the project target.

10
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With regard to obtaining this target, the airship is a vehicle with a low effectiveness cost
relative to others, but it is not accessible to all. Thus, the focus is on the customers, repre-
sented by super yacht owners, who are looking for private transport that is the perfect com-
bination of innovation, adventure, luxury, comfort, privacy, and personalisation. Greater
speed and freedom of movement are the advantages of using an airship instead of a yacht .

Figure 1-8: Level of speed and comfort

11
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Chapter 2

2. Airship Design

Much knowledge is necessary in a multidisciplinary project like this, including a technical part
related to engineering and an aesthetic part. Naturally, the two parties must reach a compromise
to get the final system. Even before realising the systems and subsystems that characterise the
airship (and, in general, for each new project), it is important to undertake a series of phases
concerning the project’s preliminary definition and resource management.

This project was divided into phases by choosing the ESA standard (explained in detail in An-
nex A3). These various phases can be graphically shown through the V-model tool (Figure 2-1).
This paper considers in detail the 0, A, and B phases.

Operative life

Stakehoders & \ Requirements
Needs Analysis \and Constraint

definition

Validation and

Preliminar) A
¥ certification

design

Test and
verification of
systems

Detailed
design

Production

I D-

Figure 2-1: V-model

The design begins with a top-down approach, with an SHA and NA that allow one to get the
general guidelines that define the system. The target is to define the individual elements that
make up the system, where the input of preliminary design is the requirements and the output
is the general dimensions and weights; detailed design is the next step. The design continues
with the production of the total system, and a bottom-up approach concludes the process. This
part of the V-model starts from the verification and the tests, in detail, of all the systems. Then
the normative body certifies this, and finally the airship (in this case) is ready to operate.

13
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2.1. Phase0

Phase 0 encompasses both management and design aspects. The first ones are important to
organise the project and use tools such as WBS (work break structure), study logic, and time-
line.

First of all, WBS permits one to reduce degrees of complexity of the project by dividing it into
subactivities. The figure below (Figure 2-2) shows this instrument in graphic form.

|

RESEARCH AND
DATA

PHASED

COLLECTION

r

OPERATIVE
MISSION

DEFINITION

\Jd

CHOSEN
CONCEPT AND

PHASE A

ARCHITECTURE

=
Z
]
=
i
Q
<
=
<
=
>
(]
2
[
(7]

v v

PRELIMINARI
DESIGN

PRODUCT
ASSURANCE

PHASE B

DEFINITION

Figure 2-2: WBS

Seven activities are identified for this project:

e Study management—This activity will affect all phases of the project, and its task pro-
vides for the management and organisation of resources.

e Research and data collection—This is necessary to develop knowledge about the rigid
airship. Moreover, with this information, an Excel program implemented a preliminary
sizing of a rigid airship.

e Operative mission definition—The high-level requirements are the target; they become
the guideline to accomplishing some concepts.

14
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e Chosen concept and architecture—The target of this activity is the trade-off amongst
the various preliminary concepts derived from the previous activity.

e Preliminary design definition—It provides a higher level of detail of systems and sub-
systems that make up the chosen concept and architecture.'

e Product assurance—Risk and cost are two of the most important aspects of each project,
especially when people are the payload. However, product assurance is not covered in
this paper.

Moreover, each subactivity has a section describing its content, objective, various steps, start
and end dates, responsibility, and any output. The name of this document is WPD (work pack-
age description).

The study logic allows one to identify the logical and temporal flow of the various operation,
as shown in Figure 2-3

! Concept indicates how the mission is carried out from the functional point of view, whilst architecture indicates
the physical elements that allow the mission execution.
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Figure 2-3: Study logic
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Despite study logic being an important management tool, it cannot give any information about
the project’s temporal scale. Instead, the timeline (Figure 2-4) is the instrument used for this

Preliminary Requirement
Thu 13/09/18
ImlTf‘_:n__:"_“a::r_r_':'_'_:__lﬁ Critically Design Review
R [ Today | Mon 22/10/18
|May 18 Jun ‘1 Jul ‘18 Sep 18 Oct 18
Start : l l I l * | Finisr
Star inish
Mon 23/04/18 | PHASED PHASE A PHASE B Tue 23/10/18

Mon 23/04/18 - Tue 31,0718

Stakehoder Analysis Needs Analysis

Mon 23/04/18 - Thu...  Fri 18/05/18 - Fri...
Excel Program development

Sun 20/05/18 - Fri 20/07/18

Prefiminary Concept & Architecture
Development
Mon 11/06/18 - Tue 31/07/18

Wed 08/08/18 - Wed 120918

Fri 14/0918 - Tue 23/10/18
Engineefing Design

Fri 14/09¢18 - Wed 171018
Aesthetit Design

Fri 14/0918 - Wed 1771018

Trade off concept

— o~
.

Validation Concepl
Mon Z7/06/18 - Wed 12/09/18

T

Design Merging
Sun 14/10/16 - Sun 21,1018

2.1.1. Stakeholder Analysis

Figure 2-4: Timeline

SHA is the first step of the wider need analysis. It allows one to identify the SHs and map them
according to their roles in the mission (more details on the SH classification are in Annex A4).

e SH identification—The subject identification, linked to the project, takes place through
some research into the social and economic fields. The super yacht class is the reference
for this case study. The main SHs are:

— Euro Airship (customer)

— Rich social classes
— Luxury hotel chains

— Celebrities
— Policymakers
— Public

e SH mapping—The mapping consists of dividing the SHs into four categories, as shown

below (Figure 2-5):
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- CELEBRITIES

- LUXURY HOTEL CHAIN
- EURO AIRSHIP

APATHETICS

-PUBLIC

DEFENDERS

-PUBLIC

>
INTEREST

Figure 2-5: Stakeholder mapping

2.1.2. Constraints

The project starts when the promoters and the company that has to realize it, sign a contract. If
promoter have some needs the designer can accept or not, or renegotiate them, while constraints

must be satisfied otherwise, termination of the contract and payment of a penalty.

The Euro-Airship company imposed some constraints that Pininfarina Company accepted.

They are:

Rigid airship category;
One body of revolution;
Fuel propulsion system;
Luxury yacht.

18
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2.1.3. Needs Analysis

SHs, analysed in section 2.1.1, have needs that the designer tries to satisfy. The first step re-
quired by NA is the prioritisation (Table 2), which allows identifying primary needs and sec-
ondary needs. Every aspect of it receives a score that is the summation of the terms equal to the
number of SHs. Each term is equal to the product of two scores: one is relative to the degree of
importance'of the SH, and the other is equal to the interest that SH has in that need.?

SHs can express discordant needs; thus, negotiation and reconciliation are fundamental. In case
of an unresolved conflict between primary and secondary needs, the first have priority. The
analysis of conflicts is the name of this step.

! It is rated with a score from one (minimum degree of importance) to four (maximum degree of importance).

2 Interest is rated with a score from one (minimum interest) to five (maximum interest).
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Table 1: Needs Definitions and Prioritisation
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Table 2: Needs Ranking

To be able to make an intercontinental travel

Moving speed higher than nautical vehicles category

Large windows o enjoy the 3460° view

Stay in the air {aloft) for days or weeks

Proven the highest safety and reliability
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Table 3: Needs affinity and conflicts

To get the highest luxury
comfortlevel
To be able to make an
intercontinental travel
To permit the owner to
reach every place that it
wants
Moving speed higher
than nautical vehicles
category
Possibility to operate
above the water, desert
or mountain
Large windows to enjoy
the view & take pictures
Economicaland
environmentally friendly
Stay in the air (aloft) for
days or weeks
required
Proven the highest safety
and reliability
Vertical take-off and
landing

INo additional infrastructure|

To get the highest luxury
comfortlevel
To be able to make an
intercontinental travel

'
+

To permit the owner to reach
every place that it wants

Moving speed higher than
nautical vehicles category
Possibility to operate
- above the water, desertor
mountain
Large windows to enjoy
the view & take pictures
Economical and
environmentally friendly
Stay in the air (aloft) for
days or weeks
No additional infrastructure
required
Proven the highest safety
and reliability

- Conflitti

+ | Affinita Vertical take-off and landing
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2.1.4. Requirements

The high-level requirements are the technical language translation of the needs. They are the
starting point for the designer. The requirements analysis is as important as it is long and com-
plex, because writing and keeping track of it appropriately requires many steps (not covered in
this paper). The table below lists all mission requirements; they are subcategories that indicate
how the mission takes place.

Table 4: Requirements and Constraints

REQUIREMENTS AND CONSTRAINTS

Payload Weight 7.5 ton
Range 6500 Km
Maximum Altitude 2000 m
Maximum Endurance 5 days
Cruise Speed 15.05 m/s
Minimum Endurance 3 days
Maximum Speed 25.08 m/s
Crew 8
People
Guess 10
Mission Flight Strategy Constant Speed /
BR (Landing) 0.98 /
FR 4 /
Propeller Efficiency 0.7 /
Rigid Structure /
Body of Revolution /
Airship Configuration Fuel Propulsion /
Luxury Yacht Arrange- /
ment

Modifying the requirements is possible during all design phases: 0, A, B, and C. Moreover,
verification of written requirements is mandatory.

23






Preliminary Definition of the Airship Dimensions

Chapter 3

3. Preliminary Definition of the Airship Dimensions

3.1. Historical Rigid Airship Database

Dimensions of an airship are the outputs of the preliminary design. But the designer can com-
pare the inputs of the project with those of rigid airships already made (data list in annex AS,
Table 21) to get an idea of the possible output values to expect.

Payload can be used as an input to compare, and the first step consists of MTOW (maximum
take-off weight) determination, with the help of the graph below that shows the relationship
between payload and MTOW:
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Figure 3-1: Extrapolation of MTOW from payload

The linear trend line is the function that approximates in the best way this data distribution;
thus, its equation gives the value of MTOW using the payload value of 7.5 tons:

MTOW = (Payload + 0.122)/0.345 (Equation 3-1)
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MTOW = 22.09 tons

MTOW value is the input used to obtain all subsequent output, such as OEW, fuel weight, and
helium volume. The next step provides the creation of the graphs of each input and output pair.

Thus, the designer can generate the trend lines.

The relationship between MTOW and OEW is shown in Figure 3-2:
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Figure 3-2: Extrapolation OEW from MTOW

Trend lines that approximate this data distribution in the best way is ‘power function’. Just enter
the MTOW value in the equation to get the OEW.

OEW = 1.0804 MTOW °825 (Equation 3-2)

OEW = 13.88 tons

The graph below (Figure 3-3) indicates the relationship between MTOW and fuel weight and

power trend lines is the best function:
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MTOW to FUEL WEIGHT
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Figure 3-3: Extrapolation of fuel weight from MTOW

Wiryer = 0.0349 MTOWwW 1313 (Equation 3-3)

Wiryer = 2.03 tons

Finally, the linear trend line is the best fit for data distribution that permits one to obtain he-
lium volume from MTOW, as shown in

Figure 3-4:
MTOW to HELIUM VOLUME
300000
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Figure 3-4: Extrapolation of helium volume from MTOW
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Vie = 795.05 MTOW + 6768 (Equation 3-4)

Vye = 24307 m3

However, as mentioned at the beginning of the paragraph, these outputs act as guidelines for
the designer, but they, of course, may not match with the outputs of the project obtained during
the B phase.

3.2. Gondola Dimensions

The size of the gondola is an important parameter to define its weight through a preliminary
estimate. Size depends on multiple factors such as:

Payload weight

Crew members

Guest members

Airship range and endurance
Comfort level

Since guests on board are looking for a high level of comfort, and the target vehicle is a yacht,
an analysis of the rooms and typical internal space of a yacht is important. Then this estimate
must be compared with the reference gondola' of EUROAIRSHIP. This step serves to verify
that the interior space area of a yacht (fifty metres in length) is compatible with the available
surfaces of an average-size airship. Because gondola size is a constraint, the sum of the rooms
area and the interior spaces typical of a yacht must be less than the gondola area.

Its value is equal to:
Gondola Area = 416 m?

In the table below, the first column shows the available surface of the yacht with detailed value
of the room surface, whilst the next column presents the values of reduced surface for con-
straint.

! The gondola belongs to the model DGPA 50 Tons, produced by Euro Airship company.
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Table 5: Analysis of the Internal Area

TYPICAL ROOMS 50 m SUPERYACHT AIRSHIP GONDOLA
bar, wine cellar & dining area 29 m? 26 m?
gym & toy room 35m? 35 m?
PSI}J)iIéIEC 136.5 m? 133.5 m?
salon cinema 22.5m? 22.5 m?
main lobby & main saloon 50 m? 50 m?
crew cabin & crew mess 50 m? 31 m?
pilot cabin 9 m? 20 m?
CREW & | suitcase, pantry & food stor- 5 5
SERVICE . 31 m 190m? | 21S™ o7
SPACE
laundry, galley 20.5 m? 20.5 m?
electric panel, entran§e & tech 79.5 m? 14 m?
space, control & engine room
Owner’s cabin 40 m? 40 m?
GUEST o ; , ; ,
SPACE 2 x vip cabin 40 m 128 m 40 m 115m
3 x guest cabin 48 m? 35 m?
GARAGE FOR TENDERS, TOY & RES- 50 m2 40 m?
CUE VEHICLE
EXTERNAL AREA 216 m? 20 m?
TOT. 720.5 m? 415.5 m?

Annex A5 details the determination of the yacht areas and gondola surface.
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3.3. Hull Dimensions

The hull is the portion of the airship formed by the outer envelope, the rigid grid or framework,
and finally the gas balloons. Its size depends on the volume of helium stored. Moreover, from
historical data, the external envelope for rigid airships has a volume 10 per cent greater than the
helium volume.

The first assumption is related to the solid material used to approximate the outer envelope.
Constraint on the airship configuration indicates the realisation of a single body of revolution.
Thus, the best solid to use is a prolate spheroid (Figure 3-5). It has the major axis ‘a’ longer
than two equals axes ‘b’ and ‘c’.

Am=ESmZ > —C

LENGTH

Figure 3-5: Prolate spheroid

To determine the length and diameter of the solid is necessary for the external envelope volume,
and the FR (Fineness Ratio) is the starting point.

Vol = 1.1Voly,s (Equation 3-5)

Below is the expression of prolate spheroid volume and FR:
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Vl_nld2
=%
FR—l

T d

m FR d3
{Vol =
l

=FRd

The final equations are:

(Equation 3-6)

l—FR3 6Vol_3 6 Vol FR?
L_ mFR T

Where:

Two important pieces of data to calculate are the external surface and the surface plan of the
airship. First it is necessary to determine the coating weight covering the framework. The sec-
ond could be used as a reference surface to make a comparison of aerodynamics and, in general,
performance data with other aircraft.

5 arcsin(e) )
Seuy=2m|c“+a CT (Equation 3-7)
Where:
2
e=l-%

While the surface plan:
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nld

Splan = T (Equation 3-8)

Even though the reference surface for an airship is the following:

Sref = Vol?/3 (Equation 3-9)

The number of lobes configuration of an airship permits one to link the surface plan with the
reference surface through the following relationship:

Splan = NiSref (Equation 3-10)

Where Njis determined empirically according to the number of lobes. In the case of a single
body of revolution:

Nl=2

Prolate spheroid might not be the airship’s final form because to increase performance or use
the second way to generate lift (paragraph 1.2), this shape must be changed.
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Chapter 4

4. Aerodynamic Data Estimate

Aerodynamic data are important for any project that provides for relative movement of an ob-
ject within a fluid, where performance optimisation is a primary requirement. The aerospace
industry and others such as automobile and naval industries use advanced aerodynamic simu-
lation software to get accurate information about aerodynamic drag that a body generates whilst
moving in the fluid, the distribution of surface on its surface, lift or down-lift generation if the
body is started aerodynamically, and many other types of information. Of course, this precision
has a cost in terms of time and high use of resources.

A thorough analysis during this phase of preliminary design is not necessary because in this
phase, all computing tools have many approximations and assumptions that lead to an output,
however truthful.

4.1. Historical Rigid Airship Database

The first instrument is an analysis of aerodynamics in the historical rigid airship database, which
allows one to obtain a preliminary estimate of the values to be used as references (Figure 4-1).

Columns in the table below show the following parameters:

e Reference—It indicates reference surface used to calculate the aerodynamic parameters.
In accordance with section 3.3, reference surface for airships is Vol??, whilst for other
aircraft it is wing surface plan.

e AR—For an airplane, this is ratio of wingspan and medium geometric wing chord or in
another form valid for rectangular wings is the ratio of wingspan squared and wing sur-
face plan. For an airship, the aspect ratio is the ratio of diameter squared and surface
plan;

e (CL,—This is the lift curve slope.

e K—Itis a factor that contains effects of the drag due to lift.

e (Cpo—This is the zero lift drag coefficient.
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Vehicle
1 BoR, Fil= 7.2 Vold3 08 ogoos 37 0028 t
2 8ol F'= 6.0 Vald= 021 0006 29 0.030° 6
3 BoR. FRl=248 Vol#3 027 00088 1.7 0.0285° fy
4 BoRFR=36 Wi#3 035 0007 13 0031 b
G0 LSS Akron wio fails, Woldd .22 00063 28 009 7
Flab@
Bb  USSAkron +toils, FR=55 Vold® 023 00125 124 0029 /
d0  ZPSKwio loils FR=44 Vo3 0290 00066 20 D052 12
ab  ZPSK + ails, FR=4.4 Va3 03 005 09 0026 12
7o HALEw/olails, FR=32  Wal?d D4 oo 115 ooe 14
7t HALE + talls, FR= 3.2 Voi?3 0.4 00122 0.55 0.024° 14
4 P-791 Voldd (.54 0046 032 0.096 14
9 HA- 1 Va2 040 0045 028 D033 14
10 Aemacratl Wol#3 046 0027 046 0032 14
11 M2-F1 Swen 065 00225 049 0.082 0
|2 M2-F2 Souan 0712 00216 095 0085 9
13 HL-10 Spian 1Y4 0023 057 005 @
14 K244 Spign 062 0024 0623 004 @
15 K-24B Spign 101 00217 05 0.025 9
| & Spoce Shultle Spen 227 00437 033 008 Q@
17 SR-71 Sovar 1.72 004 03 0.006 13
18 F-117A Splan 2.06 005 033 00108 13
|9 F-224 Saen 236 0046 0046 0018 i3
20 F-160 Syl 3.2 0084 ON gmea 13
21 F-104C St 245 onse 017 017 13
22 F-15E Spkan 3.02 0087 018 0028 13
23 F-&E Saian 3.83 0 Dad 0.12 a0 13
Adl Be = 107 and M < 0.2,
R e i 1 for bodies af revalution,
Wine tunnel o, value and maodels did not have full operational features such as lines
cooling drag, and landing gear,

Figure 4-1: Table of design and aerodynamic datasheet [ 5 ]'

!'(Carichner & Nicolai, 2013) - chapter 3, “Aerodynamics,” table 3.1, dirship Design and Case Studies
(2013),
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4.2. Preliminary Assessment

The next step is to calculate all parameters seen in the previous paragraph. Comparison of these
parameters with those in the table allows an understanding of whether results are plausible.

The first aerodynamic parameter to calculate is AR:

dZ

Splan

AR =

Expression of surface plan is referring to the elliptical surface.

d? d?
AR = =
dl T 5,
nyy 3 d? FR
AR = 4
"~ TFR

(Equation 4-1)

The second is K. It consists of two terms; one is generated by the encounter of low-pressure
and high-pressure flow at the end of the object. This phenomenon causes a trailing vortex with
consequential downwash of the aerodynamic centre and drag generation. The other includes

effects of pressure drag on the hull, gondola, and other airship components.

Theoretically, two formulas allow one to calculate these factors, but the diagram below was
obtained with experimental acrodynamic data of the airship in Figure 4-1regarding the function

of the AR parameter.
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Experimental "K" Determination

K

Figure 4-2: Experimental “K” determination
The equation for the graph function above is:

4 3 2

1 1 1 1
K =-0.0144 (ﬁ) + 0.183 (ﬁ) - 0514 (ﬁ) + 0.838 (ﬁ) - 005 (Equatlon 4—2)

It is important to know that K value calculated through (Equation 4-2 is in reference to the
surface plan. To get K in the function of reference surface for an airship, divide it by N (Equa-
tion 3-10):

(K )Volz/ 3 =17
The next parameter is CLq, whose full expression is:

2w AR

CLa —_

BZ

Where 6 is sweep of the wing and £ is the parameter that entails the information on Mach num-
ber:

ﬁZzl_MZ
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Regarding the airship design, the expression can be simplified because it is a vehicle that gen-
erally flies in the incompressible subsonic field. This means that speeds are low, and conse-
quently so are Mach number and 8 = 1. Also, tan? § can be approximated to 1 for a small

sweep angle. Thus, (Equation 4-3) becomes:

2m AR
Cly=——— (Equation 4-4)

2+ V4 + AR?

In case of a small AR, typical of airships, the equation can be further simplified:

AR
Cl, = i (Equation 4-5)

2

The diagram below shows the two expression graphs match up for low values of AR.

Comparison between CL, Expressions
1.000
o0
L]
= 0.100
=
=)
®| 0.010
-
L
0.001
0 0.5 1 1.5 2 2.5 3 3.5 4 45
AR
——CL _alpha simplified ——CL_alpha simplified for airship

Figure 4-3: Comparison between CL, expressions
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4.2.1. Zero Lift Drag Coefficient

Overall, drag of an aircraft consists of two components. The first one is a parasitic drag that is
not linked with lift generation, whilst the other is induced resistance.

D =Dy + D, (Equation 4-6)

Total parasitic drag is equal to the sum of parasitic drag of each aircraft element invested by
airflow, and it is divided into three further drag forms.

n
Dy = z Dfrictionk + Dshapek + Dwavek (Equation 4-7)
k

The first two drag forms are always present, whilst the last takes over when the aircraft is in
supersonic field. Wave drag is not present for an airship.

Total parasitic drag of all components taken individually is actually less than total drag of
components assembled on aircraft because in their connecting points, swirling flows are gener-
ated that increase parasitic drag. This new component is called drag interference.

Zero lift coefficient expresses parasitic drag, and there are two ways to estimate it:

e Experimental: It is a long and expensive solution that involves building a scale model
to perform tests inside a wind tunnel.

e Approximate method: It is a method used in the preliminary design phase that consists
of two distinct factors, skin friction and form effects on drag, on the main airship ele-
ments such as body and tail. For the gondola, landing gear, and other components, an
empirical formula can provide a good result.

This paper analyses the second method, with parasitic drag determination of all main compo-
nents that make up an airship. For this study, (Equation 4-7) can be rewritten in the following
way to explain the above-mentioned factors:

n
Swetk .
Cpo = Z kaFFk m (Equation 4-8)

Inputs needed to analyse components in detail are shown in the Table 6:
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Table 6: Input Needed for Aerodynamic Analysis

INPUT
Z Altitude

T(Z) Temperature
w(T) Dynamic Viscosity
p(Z) Air Density
Veruis Cruise Speed
(cruise Dynamic Pressure
Vol?? Reference Surface
Swet Wet Surface

FR Fineness Ratio

Some of the inputs are not available directly since some calculations are required. Annex A9
treats the calculation of dynamic viscosity in detail, whilst Annex A7 provides detailed guid-
ance on how to calculate temperature and air density to change altitude. (Equation 3-7), and
(Equation 3-9) calculates wet body surface and reference surface.

Dynamic pressure at input cruise altitude has the following expression:

1 .
—pV? (Equation 4-9)

Qcruise = 2 Véruise

This is where the collection and determination phase of input ends. One can now begin the
parasitic drag determination of all components, which are:

e  Body—The first step involves calculating Reynolds’s number! :

Veruisel
Re = pﬂ% (Equation 4-10)

! Reynolds’s number is a dimensionless number that shows the ratio between inertial and viscous forces.
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“Re” is important to determine the skin friction coefficient. With the assumption of no-
laminar flow,! the equation is:

0.455

Cr=——8 —~ -
4 (logqo Re)?58 (Equation 4-11)

Skin Friction Coefficient in Cases of Laminar and
Turbulance Flow

0.008
0.007
0.006

0.005

Cf

0.004
0.003
0.002
0.001

0.1 1.0 10.0
Millions

Re

——Cf turbolence ~——Cf laminar

Figure 4-4: Skin friction in cases of laminar and turbulence flow

The second step provides a calculation for the form factor. The equation, which is the
same for the envelope and gondola, is:

!'It is a conservative assumption because the airship could have a flow with transition from laminar to turbulence
that corresponds to a lower skin friction coefficient (Figure 4-4). However, transition point determination is com-
plex.
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1.5 7

+—— Equation 4-12
FR1.5 FR3 ( ! )

FFbOdy = 1

Thus, one can utilise (Equation 4-11) and 4-12 enter the wet surface of the envelope
into (Equation 4-8) to obtain the zero lift coefficient of the body.

Tail - The steps are the same as those for the envelope and assumptions concerning the
tail aspect ratio and the value of ratio between air foil thickness and its chord.

ARian =1

t
() -ois
C/ Max

The main differences are in the calculation of Reynolds’s number because it changes
the reference length, which for the tail is the average chord whose expression is calcu-
lated in paragraph 5, and the form factor that has another expression, which considers
the ratio between air foil thickness and its chord, as shown in the equation below:

t t\* :
FFp=1+12 p + 100 (E) (Equation 4-13)
Of course, for the drag estimate, wet surface along with other parameters, to insert in
(Equation 4-8)also applies to the tail.
Cabin and gondola - Considering that the envelope and gondola form factors are equal,

the zero lift coefficient of the gondola can be obtained from the parasitic drag coefficient
of the body/envelope through the following relationship:

0.108 C Vol?/3 4+ 7.7
C = DObody” O (Equation 4-14)
DO0gondola Vol2/3

Engine group - It consists of three elements that generate parasitic drag: the nacelles,
cooling system, and structural elements that link engines with the gondola or envelope.

Noengine4-25 .
Cbonaceries = T VolZ3 (Equation 4-15)
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2%107%Vol + 4.1
CDOcooling = V012/3

(Equation 4-16)

0.044Cpo,,, 4, VOI?/* +0.92

Equation 4-17
CDOmounting - Vol2/3 (Equation )

Thus, total parasitic drag of the engine group is:
CDOengine = CDOnacelles + CDOcooling + CDOmounting (Equation 4'18)

e Landing gear - An airship can have two types of landing gear: the standard variant with
wheels and one with air cushions. The equation for parasitic drag calculation is related
to the model with wheels. The expression is:

1.76 * 10™®Vol + 0.92

DoLg = TR (Equation 4-19)

e C(Cables - In this preliminary phase, design is not detailed to the point of knowing how
control and structural support of the tail or other elements are managed. If structural and
control cables are external to the gondola and envelope, airflow is invested, and they
generate a higher parasitic drag component.

9.7 * 107®Vol + 10.22

DOc¢qples = V0l2/3 (Equatlon 4-20)

The last contribution to the zero lift coefficient is due to interference drag. Indeed, various
coefficients do not consider the junction between two elements that provides drag increase.

4.78 * 10~°Vol

DOinterf. = V0l2/3 (Equatlon 4—21)

The sum of zero lift coefficients of all components (described above) is equal to the total zero
lift coefficient of the airship.
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4.2.2. Airship Trim

Airship trim becomes important if the method of upward force modulation occurs through gen-
eration of a lift component. Indeed, lift coefficient is related to the incidence angle (Figure 4-5).

Cl

Clstan

LINEAR FIELD

Olstan a

Figure 4-5: Relationship between lift coefficient and incidence angle

Analysing the first linear section of the function for higher values of incidence angle, the lift
coefficient also increases, generating greater upward force with reduction of the buoyant gas,
external envelope volume, and weight. However, as stated in sectionl1.2, airship trim variation
coincides with gondola inclination, which constitutes a limit for the incidence angle. For an
ergonomic issue, this value must not exceed ten degrees. One way to mitigate the inclination
problem is to equip the gondola with a small negative angle in reference to the envelope axis,
to be subtracted from airship incidence angle. Thus, the floor plan is less inclined.

Of course, take-off is the phase with the highest rate of incidence because fuel on board is
maximum, and its weight must be balanced by lift force. Thus, analysing this phase can deter-
mine if the incidence angle is less than the limit angle.

(Equation 4-3) represents the curved slope of the function linear section and is the ratio between
lift coefficient and incidence angle.

_dcl

. =— (Equation 4-22
« = q )

Thus, the limit lift coefficient, given the values of curve slope and limit angle, is:
Cligmit = Clg Qiimie (Equation 4-23)
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From this, it is possible to evaluate minimum dynamic pressure, which an airship must over-
come to fit within trim limits:

Who 9

Qiimit = W (Equation 4-24)

Where “WHho” is the airship heaviness at take-off and, more precisely, is the weight portion that
is not balanced by buoyant lift. A detailed discussion of heaviness is found in section 8.

Then, the minimum speed at which an airship can fly is:

Viimic = (Equation 4-25)

If the target is to compute the maximum incidence angle of the airship, the inputs are:

Table 7: Input Needed for Airship Trim Analysis

INPUT
(cruise Dynamic Pressure
Vol?3 Reference Surface
Who Heaviness at Land-
ing
Clo Curve Slope

The first parameter to calculate is lift coefficient at maximum heaviness:

Who 9

Dy, =—
( )WHO ‘]cruiseVOlz/3

(Equation 4-26)

From the equation below and the curve slope value, the incidence angle of airship at take-off
is:

Amax = T < Aimit (Equation 4-27)
a
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Chapter 5

5. Tail Design

This element provides the airship with control and stability. A horizontal tail manages longitu-
dinal dynamic and pitch manoeuvre, whilst a vertical tail involves later-directional dynamic,
roll, and yaw manoeuvre. Tail design is important during this project phase because this element
significantly affects the operative empty weight. The designer defines tail configuration and
through determination of distance between the front quarter of the tail MAC and gravity centre
(Figure 5-1) can obtain the tail surface and consequently the weight.

lt /—

Longitudinal Axis

Figure 5-1: Tail position schematisation

The main problem is knowledge about the gravity centre because this is derived from the exact
weight and relative position of all components and systems which constitute the airship. Thus,
the preliminary approach, with different assumptions, is to use the tail volumetric coefficient,
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whose construction derives from historical airship data such as their reference surface, moment
arm between tail and gravity centre, external volume, and airship length. With the presence of
a vertical and horizontal tail, there are also two more coefficients.

PRELIMINARY TAIL SIZING
0.1
3
5
3
O
o
S
0.01
1000 10000 100000 1000000
VOLUME [m"3]
——C VI ——CHT

Figure 5-2: Construction of vertical and horizontal tail volumetric coefficient [ 6 ]'

The expression of the horizontal tail volumetric coefficient is:

SHTlHT

Cyr = W (Equation 5-1)

The equation for the vertical tail volumetric coefficient is:

! This graph is based on airship data found in (Carichner & Nicolai, 2013) vol. 11, chapter 7, 2013.
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Syrlyr .
Cyr = W (Equation 5-2)

Where the distance between the anterior quarter of vertical and horizontal tail MAC and gravity
centre is the same:

lVT = lHT = lT = 45% lb
The value of the moment arm set at 40 per cent of the airship length is derived from observation

of the typical moment arm of the models built.

Tail configuration is the first step which a designer must take. Aerodynamic, stylistic, and con-
structive design influence this choice.

Performances of Different Tail Configuration

0.035
0.03
0.025
0.02
0.015
0.01

0.005 I I I
0

No Tail Y >< X B 1 -O-I
ECDO mCl alpha

Figure 5-3: Performances of different tail configurations

Y and X configurations, shown in the graph above, are best from an aerodynamic point of view
because they have lower zero lift coefficients than other configurations and a high curve slope
lift.

The second step is determination of the horizontal and vertical tail surface plan. Through the
diagram in Figure 5-2, the coefficients are determined by inserting the external volume value
as input, and then the tail surfaces plan can be explained from equations (Equation 5-1) and
(Equation 5-2):

47



MULTIDISCIPLINARY DESIGN OF RIGID AIRSHIP EQUIPPED TO SUPERYACHT IN COLLABORA-
TION WITH PININFARINA

CurlpVol?/3
= % (Equation 5-3)
t
2
= M (Equation 5-4)
It

In case an airship is equipped with propulsion for trim control, tail surface may be smaller than
in a conventional airship. Thus, subtraction of 0.025 from the coefficients improves the result
accuracy.

Tail elements generally have the same surface except for “ |_” and “+” configurations, where
vertical tail surface plan must be assigned only vertical elements, whilst horizontal tail surface
plan is applied to the horizontal element (Figure 5-4). Indeed, for tail elements which do not
have their surface plan coincident with the horizontal and vertical plan, these can have the same
surface plan through variation of two parameters, surface plan of the tail element and inclination
relative to the horizontal or vertical plan. Therefore, for a pair of these values, surface plan of
tail element projected onto the vertical and horizontal plane provides values of horizontal and
vertical tail surface plan from equations (Equation 5-3) and (Equation 5-4).

H-CONFIGURATION H-CONFIGURATION
VERTICAL
SURFACE PLAN
7z
=
5 -
=) B2 ﬂ,
2 |
5 =
' 131 133 oy
:_’r o
r A2 “jl
] Al =
SL < A3 B4 o
s 3]
=
o
|
7
S H=(AT+AZ-AZHAL ) cos( =4 A1 *cos(0) S_H=BI+B3=2*Bl  HORIZONTAL
SURFACE PLAN

Figure 5-4: Comparison of “X” and “+” configurations

e X-Configuration - Values to determine this configuration are surface plan of the tail
element, which is the same for all elements, and its relative angle within the horizontal
plan. First, the horizontal and vertical surfaces plan must be divided into four because
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there are four tail elements that are symmetrical. Then the element surface plan is ob-
tained through the Pythagorean theorem:

2 2
S, = (SleT) + (%) (Equation 5-5)

Whilst the inclination angle of the tail element is:

_ (SVT) .
6 = arctan | — (Equation 5-6)
Sur

+-Configuration - In this case, it is sufficient to divide the surface plan of the vertical
tail by two to distribute it in an equal way between the two vertical tail elements. The
same is true for the surface plan of a horizontal tail. Thus, equations to determine the
vertical and horizontal elements are:

S

Sel, = % (Equation 5-7)
S

Set, = % (Equation 5-8)

Using this configuration is less convenient than the previous one because the elements’
surface is greater than X-configuration elements, as shown in Figure 5-4.

Y-Configuration - This procedure is similar to the X-configuration, but the lack of sym-

metry and presence of an element surface plan coincident with a vertical plan compli-
cates the equation to calculate the surface plan of the element and its inclination angle.
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Al Al=A2=A3=A

SV

Figure 5-5: Y-configuration schematisation

Where the equations system is:

SVT=A+a1+a2
SHT=b1+b2

(Equation 5-9)
| A= /bf + a2

This is with three equations and five unknowns (element surface plan and four horizon-
tal and vertical projections of the two elements). Two more equations are needed; oth-
erwise, this system is not solvable. From Figure 5-5, it is possible to see that:

a1=a2=a
{bl bzzb

Now the system is solvable, and the final equation for the element surface is:

2 2.\, 4
- §SVT + \/(g SVT) + 3 (SI;T + Sir) (Equation 5-10)

Sel=A= 2

Whilst through the trigonometric expression below, the inclination angle is:

Syr = 25, cos(0)
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_ ( SHT ) .
6 = arcos (Equation 5-11)
28,
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Chapter 6

6. Performances

Performances such as distance and power, required from an airship for precise flight conditions,
are important for determining the fuel amount to be loaded on board to travel the route estab-
lished and the propulsion system weight. Eventually the airship uses a hybrid method to vary
its altitude, and performances allow one to gather information about take-off and landing dis-
tances.

The first thing to do is calculate the power required during the flight with straight and uniform

motion, as shown in Figure 6-1.
LBLLI‘ANO“ \<

ch.

L.'\F.R(J
\-/]:)
a.c.

ThruSl/<

Figure 6-1: Forces and weights distribution on airship

During this type of flight, the airship is in equilibrium, and therefore the result of vertical and
horizontal forces is null:

{W = Lpyoy t Lgero cos(a) + D sin(a)

Equation 6-1
T = Dcos(a) — Lgerosin(a) (Equation 6-1)

Moreover, the angle between speed and airship is small, and the equation above can be simpli-
fied as:
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{ buoy T Laero (Equation 6-2)

T=D

Because:

IR

u {cos(a) =1

sin(a) =0

(Equation 6-2) shows two terms that balance the weight. As mentioned in paragraph 1.2, buoy-
ancy lift is constant at a certain altitude, whilst aero lift varies to balance the fuel burn; thus, it
varies between two heaviness values: heaviness at take-off when fuel on board is maximum and
heaviness at landing when fuel tanks are empty.

Whilst drag in the second equation can be expressed with a drag coefficient, this in turn has a
parasitic drag coefficient and drag due to the lift coefficient. Thus, the equation above can be
rewritten as:

W=L +q ClVol?/3
{ buoy T 4 (Equation 6-3)

T = q(Cpo + K C)VoI?/3

Where aero lift is also equal to heaviness at a precise time of flight:

Lgero = q Cl Vol?/? = g Wy (Equation 6-4)!

To get the thrust power, multiply the force needed to advance - in this case, drag force - with
airship flight speed, as shown in (Equation 6-5).

P=VD =q(Cphy + KCVoI?/3V (Equation 6-5)

! Pay attention to units of measure. Indeed, Newton is the unit of measure for aero lift, whilst Kg is used for
heaviness.
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Power is described through two terms as a function of the speed. Replace the lift coefficient of
the equation above with those of (Equation 6-4:

2K(gW)? 1

1
—_ 2/37/3 -
P 2CDOpVol Ve + Vol?l3

(Equation 6-6)
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Table 23 shows all mathematical considerations to get the equation above. The first term is
derived from parasitic drag and increases with cubic speed. The second term is power linked to
the induced drag and decreases with hyperbolic trend as the speed increases. Figure 6-2 shows
the curve’s trend:

Power Terms

1400
1200
1000
800
600
400
200

Power [KW]

0 5 10 15 20 25 30 35 40
Speed [m/s]

Power Power due to Parasitic Drag Power due to Induced Drag

Figure 6-2: Power breakdown in two terms

Indeed, the speed of minimum power does not correspond to the minimum speed because in-
duced drag is a function directly proportional to the square of the lift coefficient, which in-
creases considerably with decreased speed. Thus, power increase due to the induced drag is the
negative aspect for the aerodynamic airship.

However, power expressed through (Equation 6-6) is not that required by the engine because
propellers generate thrust, which balances the drag, and these elements, although well-con-
structed, have an efficiency of less than one. Thus, engines must provide a greater power than
necessary power because propellers do not convert all power into thrust.

Pp=— (Equation 6-7)

Sea level power is an important value to define airship performances and preliminary sizing. It
can be entered into (Equation 6-5) with the following parameters:

(Equation 6-8)
ASLmax — EPSLVn%ax
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PRSL_max -

Wio[N]

5L,V O3

C lmax_power -

qSLmax (CDO + KCll'ZnaX_powe‘r)VOlz/3Vmax
Np

6.1. Range and Endurance Estimate

(Equation 6-9)

(Equation 6-10)

Although the title of this section implies calculation of the airship flight distance, generally the
range is a value provided as input. Thus, initially, the unknown is the range, an assumption used
to obtain formulas necessary to explain (in a second step) the real unknown, which is the heav-

iness at take-off.

However, as well as for airplanes, two possible flight strategies exist for airships. First is con-
stant lift coefficient strategy, and second is constant speed strategy. Actually, a third strategy
exists that combines the advantages of the previous two. The input needed to make this analysis

1S:

Table 8: Input Needed for Airship Range Analysis

R
Whi
Coo

BSFC

V012/3
Mp

INPUT
Range [Km]
Heaviness at Landing [Kg]
Drag Coefficient
Factor of Total Drag Due to Lift
Brake Specific Fuel Consumption [Ib/hp/h]
Dynamic Pressure [Pa]
Reference Surface [m?]
Propeller Efficiency
Ration between Altitude Air Density and

Sea Level Air Density
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6.1.1. #1 Cruise Strategy - Constant Cl

To keep the lift coefficient constant during flight, the speed must decrease because of fuel re-
duction and, consequently, lift. This strategy guarantees maximum range, but during the final
phases, the speed is too low; thus, the duration of the flight increases considerably.

The equation that allows calculating the range is the Breguet range equation shown below:

R v aw
= Equation 6-11
. awyde (Equation )
Where weight variation against time is:
aw :
—— = BSFC Pg[hp] (Equation 6-12)

dt

The power expression ((Equation 6-5)) and weight variation (Equation 6-12) are entered into
(Equation 6-11). Since lift and heaviness are in equilibrium and therefore are equal, multiplying
and dividing these terms into the equation does not make any changes but makes the expression
easier to integrate.

Wy Lgero AW
R= f Tp_ Zaero (Equation 6-13)

~ Jw, BSFC D Wy

An exact solution of the integral is possible by making some assumption before solving it. For
example, lift coefficient, BSFC, and propeller efficiency are constant during all airship flights.
Thus, final expression of the range for flight strategy at lift coefficient constant is:

326 np Laero WHO
R = 207 (Lare) (Vi) bquaton 6.14
[nm] BSEC ( D )max n W, (Equation )

The number 326 serves to express the units of measurement of the BSFC coherently, with the
result expressed in nautical miles because this is the only dimensional value. Heaviness is also
a dimensional value, but the expression presents a ratio. Thus, both forms of heaviness must
have the same unit of measure.

However, as shown in (Equation 6-14), lift coefficient used in this strategy is not a random
value but is the value that maximises the ratio between lift and drag or makes less drag. Thus,
the expression of the ratio between lift and drag maximised is:
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(Laero) =(CLaero) __ 1 Eeuation 6.15
D max C‘D ZN,CDOK ( quation © )

max

The calculation of the airship endurance or time in flight occurs through the following expres-
sion:

E(hh) Ta= 1
= t =
" w, AW/dt

aw (Equation 6-16)

(Equation 6-12) into (Equation 6-16) making the same step to determine range.

B ij 550 n, _ ij 550 1pLaero AW (Equation 6-17)

~ Jw, BSFCVvD™" ), BSFCVD Wy

Where 550 is the number that converts the power from [hp] to [ft Ib/s].

The equation above shows that an airship has maximum endurance when it flies at minimum
power if propeller efficiency and BSFC are constant, as assumed. In the integral speed and drag,
assume the following expressions:

Laero
V= 1 2/3
EpVol Cl
Laero

Cl

1
LD = EpV2V0l2/3CD = Cp

Replacing (Equation 6-17), after integration, the endurance final equation is:

_ 2681, C13/? 20V012/3 WHO (Equation 6-18)
- BSFC G, Wm !
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6.1.2. #2 Cruise Strategy - Constant Speed

In this case, stakeholders and designers define a cruising speed that will remain constant for the
flight duration. At constant speed, whilst fuel decreases, aero lift follows the same trend; there-
fore, the aero lift coefficient must also decrease.

Up to (Equation 6-13), to calculate range, the steps are the same. The difference is in the vari-
able of speed for this flight strategy. Thus, entering this into (Equation 6-4) for aero lift and
(Equation 6-3) for drag, the equation becomes:

Wf r]p 1

- W

w; BSFC 2 Wy 2 (Equation 6-19)
C[VOl3 CDO + K (W)

With dynamic pressure, BSFC, and propeller efficiency constant, as are the assumptions, the
integral calculation provides an exact solution:

14 W,
R[nm]=M [tan‘1 (ﬂ) —tan™! (i) ] (Equation 6-20)
N N
Where:
326
( M[nm] = 220
BSFC /K Cp,
b (Equation 6-21)
C
— 2/31 42 DO
N[Ib] = q [ftz] Vol2/3[ft?] / 2

In this case, a speed that maximises the ratio between the aero lift coefficient and drag, or min-
imises drag or power required, exists. An equation for the speed for minimum drag is:

2
S AKW}?
min (,DVOIZ/3)ZCD0

(Equation 6-22)

Instead, a velocity equation that allows maximising range is one where the ratio between aero
lift and drag is maximised:

4K WyoWy
Ve = Equation 6-23
Rmax (pV0l2/3)2CD0 (Equation )

Finally, a speed equation that reduces the power required is:
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2
ALl Equation 6-24
PRmin 3(pVolz/3)2CD0 (Equation 6-24)

Regarding the calculation of the flight time or airship endurance, assuming speed, BSFC, and
propeller efficiency constants and explaining the speed in terms of aero lift coefficient, it is
possible to integrate it into (Equation 6-17) to obtain the following equation:

550 w w
E[hh] = il [tan_1 (ﬂ> —tan™?! (i> ] (Equation 6-25)
V BSFC \/CpoK N N

In a real design problem where the constant speed is the flight strategy, range and cruise speed
are generally inputs provided by the stakeholders. Thus, the equation above must be solved
because the unknown is fuel consumption. There are two steps to determine it. The first is to
calculate heaviness at take-off (Equation 6-20):

R[nm] +tan-1 (WH1 [lb]))

Wio[lb] = N tan ( Iy

(Equation 6-26)

Of course, the units of measure can change, but they must be coherent; thus, a dimensional
analysis is fundamental to avoid an erroneous result. The second step is fuel weight determina-
tion. The value of heaviness at landing and fuel weight is treated in detail in section 8.
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6.2. Take-Off and Landing Analysis

The airship can make vertical landings and take-offs, but if part of its weight is not balanced by
the buoyant lift of the gas like aecrodynamic airship case, these flight phases become equal to
the airplane landings and take-offs phases. To generate the lift component, the airship must
have a relative speed with air and incidence non-zeros.

6.2.1. Take-Off Analysis

The take-off phase begins when an airship is stationary on the runway and then accelerates; it
ends, for regulation, when it exceeds an obstacle placed at fifty feet from the ground. Three
steps make up this phase:

50 ft

Ground Roll Distance Climb Out Distance

Rotation Distance

Figure 6-3: Take-off phases

e Ground Roll Distance - This is the necessary distance for the airship to reach the speed
which allows it to rotate to an angle useful to generate the lift needed to take off. A
higher value to equal enough lift to generate involves a lower speed; thus, ground roll
distance decreases. It cannot be too high because the tail might crash into the ground.
Historical data provides the incidence angle value of:

Apor = 12°

The first value to calculate is the lift-off speed which generates the aero lift that is 1.2
times greater than heaviness at take-off:

) Wao
Vro =11 1 Vol (Equation 6-27)
3 TO
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Where lift coefficient at take-off is:
Clro = @yt Cly
An equation to calculate distance is:

fVTo 14 B V%O
o 4 2a(@0.707 Vo)

(Equation 6-28)

Acceleration depends on the speed, and therefore it should be integrated, but a constant
acceleration (Equation 6-28), evaluated for a speed equal to 0.707 times the take-off
speed, approximates the result well. However, Newton’s law says that acceleration is
equal to the ratio between the force and mass on which it acts. Force is the result of three
components—thrust, drag, and landing gear friction—whilst mass constitutes take-off

mass and £as mass.

(Tror — D — FF)(@0.707 Vro)

A(@0.707 Vo) — Mror

WTO TO
Mror = 7 + Mg = 7 + Pgas VOlgas

To calculate drag, the expression is:

_l 2 2 2/3
D = 2'05L(07O7 VTO) (CDO + K ClTo)VOZ

Whilst the expression of the landing gear friction is:

Fp=uWyo — Laero)(@0.707 Vo)

1 2 2/3
Laero = EpSL(O-707VT0) ClroVol

(Equation 6-29)

(Equation 6-30)

(Equation 6-31)

(Equation 6-32)

Where take-off lift coefficient inserted into aero lift is an approximation. Indeed, the
incidence angle at 0.707 times take-off speed is lower than the limit incidence angle.
The last force to analyse is thrust, and the equation to determine it for one engine is:

Tror =T Neng
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r=_Top
T, P

The first term (in red) is the ratio between the thrust of the engine mounted on the airship
and static thrust, produced at a speed of zero. The diagram below allows one to calculate
this ratio.

Ratio Between Thrust and Static Thrust

0.8
P.L=1[hp/ft*2]
[*j 0.6 ——P.L =2[hp/ft’2]
P.L =3[hp/ft"2
o4 (hp/ft2]
——P.L =4[hp/ft"2]
0.2 ——P.L =5[hp/ft"2]

0

0.0 20.0 40.0 60.0 80.0

Speed [m/s]

Figure 6-4: Diagram of speed and ratio between thrust and static thrust

Input parameters are the PL (power loading) and speed. The first indicates the ratio
between engine power and surface of the disc propeller,! whilst the second is the airship
speed to which thrust must be calculated. The diagram in Figure 6-5 is useful to calcu-
late the second term in blue. PL is the input parameter.

! Propeller parameters are treated in detail in section 7.3.
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Ratio Between Static Thrust and Power

T,/P [Ib/hp]

(=T )

0 10 20 30 40 50 60
P.L. [hp/f?]

Figure 6-5: Diagram of PL and ratio between static thrust and power

The last term is maximum power required at sea level (Equation 6-10), referred to in a
single engine as horse power.

Rotation distance is the distance travelled during the airship rotation. FAA considers a
three-second time to carry out this manoeuvre at take-off speed:

SR = tTOtVTO = 3 VTO (Equation 6-34)
Climb-out distance is the horizontal segment necessary for the airship to overcome fifty
feet of altitude, ending the take-off phase. During this phase, the airship flies at the same

speed, which is take-off speed, and at the same slope angle; thus, resulting forces acting
on it must be zero, as shown in Figure 6-6.
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Where:

VT0 = cost

T-D-Who cos(n/2— 0)=0
T-D-Whosin(f) = 0

Figure 6-6: Climb-out distance scheme

_ tan(HSlope)
€T
obstacle

(Tror — D) (@vye)
tan(Osiope) = VT TO

(Equation 6-35)

(Equation 6-36)

Of course, steps to calculate thrust and drag are the same as those seen for ground roll
distance, but this time speed reference is the take-off speed.

Finally, take-off distance is given by the sum of these three contributions:

StO=SG+SR+SC
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6.2.2. Rate of Descent

Figure 6-7: Rate of descent scheme

The prelanding stage, when the airship passes from the cruise altitude to the fifty-feet altitude,
represents the obstacle to avoid during the landing phase. The equation that shows altitude var-
iation in time is:

az V(T cos(a +i)—D
—=V S]n(y) = ( ( ) ) (Equation 6-38)
dt Wy

Actually, (Equation 6-38) is also valid for the ascent phase. To adapt it to the descent phase, it
1s sufficient to consider the thrust about zero and the descent angle as small.

y = 0 - sin(y) = tan(y)
T=0
Wy = Lgero

Thus, the equation becomes:

VD
ROD =Vtan(y) = —

(Equation 6-39)

Laero

However, two different approaches to descents exist. One favours the maximum range, whilst
the other prefers minimum ROD (Rate of Descent). Speed is the parameter that discriminates
between the two cases. Indeed, for maximum range, the airship must be flying with a maximum
ratio between aero lift and drag, and the speed assumes the expression of (Equation 6-23). For
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minimum ROD, the speed has the expression of (Equation 6-24) which is referred to as the
minimum power condition.

6.2.3. Landing Analysis

This phase is opposite to the landing phase and starts when the airship is at an altitude of fifty
feet, ending when its speed on the runway is zero. Also, in this case, landing distance is obtained
by the sum of three segments relative to three sequential subphases. They are shown in fFigure
6-8 and are:

Via

Approach Distance Breaking Distance
Free Roll Distance

Figure 6-8: Landing phase scheme

Approach distance - This is the descent phase in which the airship reduces its altitude
almost to the ground. Two different approaches allow for calculating this segment. The
first is analytical and consists of analysing the variation of kinetic and potential energy.
The second considers the descent angle known, which is equal to a typical approach
angle by about three degrees. During the preliminary project phase, the value obtained
through the second approach is preferable to the other because it is simple to calculate
and more conservative.

The equation of the first approach is:

mror (Vg — VE
Sau1 = FT.OT< = > ~+ gAZ> (Equation 6-40)
B

Where reduction of kinetic energy is due to the speed decrease from initial approach
speed to the touch down speed, whilst the reason for potential energy variation is altitude
reduction, from fifty feet to the ground. Energy reduction is possible with a resultant
breaking force.
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Steps to calculate thrust and drag are the same as those seen for ground roll distance but
are used for landing speed. Speed value in the equation below has the following expres-
sion:

Where the equations of aero lift and its coefficient are:

2

1
{Laero = Wyo — _quel
Cl = ClTO

The equation of the second approach is:

50

Sauz2ft] = m

(Equation 6-41)

Free roll distance—According to regulations, this phase goes on for three seconds, and
changes to the airship’s trim bring the aero lift value equal to zero; brakes are applied,
and thrust is reversed to stop it.

SFp=31; (Equation 6-42)

Breaking distance—This is the last segment necessary to bring the airship speed value
to zero.

Wro
9 "
ps.CpVol?/3

+ Mgyqs

1
SB = In (ﬂbWHl + TTOT + EpSLV012/3 CDVt2> (Equation 6-43)

Where py is the breaking friction coefficient and total thrust reverse is equal to:

TTOTreverse = 60% TTOT(@VTO)
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Finally, landing distance is given by the sum of these three contributions, adding the FAA mar-
gin equal to 60 percent:

_ (Sapa + Sp + Sp)
t FAAmargin

(Equation 6-44)
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Chapter 7

7. Propulsion System

The main elements that characterise the propulsion system are the engine and propeller. The
former generates the power required to counteract airship drag indirectly, whilst the latter trans-
forms the engine power in thrust. Mechanical coupling between these two components plays a
key role in the airship’s performances because, especially for combustion engines, the crank-
shaft rotation is higher than the propeller rotation and guarantees high efficiency. Thus, speed
reduction becomes fundamental. The propulsion system mounted on an airship can be either a
fuel or an electric propulsion system. Depending on the propulsion type, other important ele-
ments exist such as a fuel tank for first category, whilst a solar array can generate power and a
battery or fuel cell can be used as storage for the electric category. Both need an engine control
system to manage the power developed. Preliminary sizing of this system has the purpose of
obtaining the following outputs:

¢ Choice of an engine whose power covers the airship’s required power
e Sizing of solar panel, battery, and fuel cell
e Propeller sizing

Inputs necessary for analysis are:

Table 9: Input Needed for Propulsion System Analysis

INPUT
Pr Power Required by Engine
P Thrust Power

Neng  Number of engines

Zcruis Cruise Altitude

Lat Maximum Airship Latitude
Peng Engine Power

p Air Density at Cruise Altitude
psL Air Density at Sea Level
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7.1.  Fuel Propulsion System

A reciprocating piston engine and turboprop engine are two typical models of engines mounted
on airships, and both exploit the power generated by hydrocarbon combustion, generally gaso-
line or diesel as fuel. The task of the designer is to understand, at this preliminary phase, how
much power every engine has, according to the engine number chosen. Then it must be checked
whether these exist on the market engines with comparable power; otherwise, speed, altitude,
and the engine number must change. Indeed, by increasing the engine’s number, the power that
each one has to develop will be smaller, whilst reducing cruise and maximum speed allows for
decreasing the power required. In regard to altitude, decreasing it implies a lower reduction of
engine power that generally operates at sea level.

The first analysis step is the division of the power required for the engine’s number:

Pg

PR1eng = Neng

(Equation 7-1)

Then the designer seeks an engine with similar power, generally referred to as sea-level altitude,
and for an optimum revolution per minute between 2400 rpm and 2800 rpm. In this case, the
designer must correct the power, taking into account the altitude and therefore air rarefaction
that decreases engine performances.

p
1 -2

Ponglhp] = Pey, [hp] [ 2 — —L5L (Equation 7-2)
eng eng ps, 775

The last step is a comparison between the engine power developed in altitude and power re-
quired. When the first is greater than the second, preliminary sizing of the propulsion system
ends; otherwise, the designer has to change the inputs.

Preng = Pr leng (Equation 7-3)
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7.2.  Electric Propulsion System

In this propulsion system, energy does not come from fuel combustion but is external to the
airship and comes from the sun. This implies an advantage that it is not necessary to carry fuel
on board, thus eliminating the tanks. But solar energy is not directly usable; thus, solar panels
are necessary on board to capture and convert it into electricity, whilst batteries store excess
energy to use when it is not available from the sun.

An advantage is that due to the higher efficiency of the electric engine than a fuel engine to
convert electrical power, the chemical for fuel propulsion is converted into mechanical power
that puts the propeller into rotation.

P

Rer —
Nsee

where nsgk is efficiency that includes the electric motor, propeller coupling, and line losses.

It is a great alternative to a fuel propulsion system when the power at stake is small. Indeed,
available solar power to the square meter is generally low, although it may depend on the con-
ditions. Therefore, more power requires the propulsion system, and surfaces of the solar panels
will be higher to satisfy it. The first step is to get information about solar energy as the inputs
change.

7.2.1. Solar Power

Solar power value per surface units varies depending on the object’s distance from the sun. At
150 million kilometres, equivalent to the distance between the earth and sun, the value of power
in the vacuum is:

w w
PSUJ_ = 1367? = 127]‘?

To obtain this value, sunlight must be perpendicular to the incident surface; otherwise, the
power decreases through the relationship of:
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Surface

Figure 7-1: Light incidence

Ps = Ps , cos(0) (Equation 7-4)

In the next steps, with the assumption of having the incidence angle of the light equal to zero,
sunrays will always be perpendicular to the solar panel surface.

Of course, the airship does not travel in a vacuum, but it is within the atmosphere. Particles that
make it up absorb part of the power; thus, available power decreases with altitude, as is shown
in the graph below.

Solar Power (6 =10)
125
y =-7.71E-09x2 + 8.20E-04x + 9.8 1E+01
=120 e °
& o ® ¢
2 11 o
5
=
£ 110 X 2
5 @ Solar Power Data
3 105
100 | &
95
0 10000 20000 30000 40000 50000 60000 70000
Altitude [ft]

Figure 7-2: Graph of solar power at varying altitudes
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The function that best interpolates solar power data is of the polynomial type, and its equation
is:

Ps [K] = —7.71x107°Z2[ft] + 8.20 « 10~*Z[ft] + 98.1  (Equation 7-5)
z ftZ

The last two elements that affect the solar power value are the time of year and latitude at which
the airship flies. Indeed, at low latitudes, the sun’s rays are more perpendicular to the earth’s
surface than those at higher latitudes. Moreover, earth’s axial tilt makes it so that the sun’s rays
can be more or less perpendicular to the surface piece placed at a certain latitude, depending on
the time of year (Figure 7-3). In addition, the duration of the day and therefore the energy that
the sun can provided depend on it.

December solstice

-

Sun

(not to scak)

Figure 7-3: Axial tilt and solar rays incidence in summer and winter [ 7 '

In fixed latitude, the boundary cases for the northern hemisphere correspond with the maximum
duration of the day in summer and minimum in winter. In these cases, solar power is:

{Longest DL 04 — Jul > P, = Ps, cos(Lateyy — ar) (Equation 7-6)

Shortest DL 04 — Jan - Ps, . = Ps, cos(Latc, + ar)

! File: (cmglee, 2015) - Axial tilt vs tropical and polar circles.svg, https://en.wikipedia.org.
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where the result is the maximum power that the sun provides when it is in the highest point in
the sky and its rays are more perpendicular with the surface. Latcity is the maximum latitude that
guarantees sufficient energy for the airship’s daytime and night-time flight, and ar is the earth’s
axial tilt angle. Exceeding that latitude value, the solar panels’ surface is not sufficient to pro-
vide the onboard energy required. The graphs below show the solar power trend during the day
for the longest and shortest amounts of daylight in two cities.

Solar Power at Moscow (Z & Lat = const)
1000
., ¥ =-12.36%° +310.45x - 1015.6

800
= 600
E
g 400
2 _ y=-16.499%2 + 414.94x - 2394.1
B 200 S—
77} -

0 @ ] . .
00 5.0 10.0 15.0 20.0 25.0
-200 ——
Time (Hours)
Figure 7-4: Solar power trend at latitude of 55.8 degrees
Solar Power at Bombay (Z & Lat = CONST)
1200
. y =-25.269x2 + 642.69x% - 2080.1
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:é - o
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£ 400
£
9 200 .

S Sy =-27.078x% + 689.50% - 3566.3 ~_
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Figure 7-5: Solar power trend at latitude of 18.9 degrees
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These two graphs reveal that although during the summer, the peak solar power is greater for
the city at the lowest latitude, the energy, whose value is equal to the area under the curve,
which the sun radiates during the day is greater for the cities at higher latitudes.
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7.2.2. Sizing of Solar Array and Power Storage

Table 10: Input Needed to Size Solar Array and Power Storage

INPUTS

Ne Cell Efficiency 0.3
Fp Degradation Factor 0.015
Ny Service Years (designer chosen)
s Series Line Efficiency 0.98
Np Parallel Line Efficiency 0.96
nB Battery Efficiency 0.90
nNLI Battery Input Line Efficiency 0.98
nLo Battery Output Line Efficiency 0.98
Nsw Switch Input Output Efficiency 0.90
NFC Fuel Cell Efficiency 0.60
nr Electricity Transmission Efficiency 0.75

The case chosen for preliminary sizing of the electric propulsion system is relative to the period
with the shortest daylight and therefore the lowest amount of solar power available throughout
the year. Solar panels do not convert all solar power into electrical power due to the reflection
of part of the sun’s rays and the panels’ heating. The value of the electrical power converted
depends on the solar cells’ efficiency. Some of last generation reach an efficiency of 30 per cent
but are much more expensive, whilst commercial panels have an efficiency value of 20 per cent.

This means that considering maximum solar cell efficiency, from a thousand watts of solar
power, only three hundred watts become useful for propulsive purposes without considering
any other type of loss. The other seven hundred watts increase universal entropy. This explains
why the electric propulsion system is valid for low speed.

A solar panel is not made up of a single cell, because each one generates 0.5 volts, but a set of
them arranged in a series and in parallel to obtain the voltage and power required from the
propulsion system, and the line that links the various cells is a source of further losses. To finish,
the exposure of the solar panel with the external environment causes the panel’s degradation
and lowers its performance. Thus, efficiency value for sizing considers the end-of-life perfor-
mances:

Nsa = (ncell —Fp Ny)nsnp (Equation 7-7)

Multiply the solar power trend at the latitude chosen for the efficiency value of the equation
above to obtain the trend of the extractable electric power with a specific solar array.

Pr = PSLat Nsa (Equation 7-8)
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Figure 7-6: Scheme of electric power trend

Sizing of the propulsion system requires that part of the available electric power must cover the
power required by the electric engines during the day, whilst the excess of energy ends up in
the energy storage system to cover the required power during the night-time hours. It is an
iterative process, and the first step is the choice of a power value called CPL that must ensure
during the daytime that the airship has the power required; thus, the surface of the solar array
is:

Pr[W]
CPL

Sgq = (Equation 7-9)

The next step is the calculation of excess energy per unit surface to be stored.
W h :
€Ex [W] =A, — A, (Equation 7-10)

where area A is obtained by solving the definite integral of the electric power function, and A»
corresponds to the rectangular area:

R N P N P
{Al - 3 (x2 xl) + 2 (xz xl) + 2 (xZ xl) (Equation 7_11)
AZ = CPL(xZ - xl)

79



MULTIDISCIPLINARY DESIGN OF RIGID AIRSHIP EQUIPPED TO SUPERYACHT IN COLLABORA-
TION WITH PININFARINA

The x1 and x> values are the intersection point on the horizontal axis between parabolic function
and line:

—b +/b% — 4a(c — CPL)

X1/2 = a (Equation 7-12)

Now the expression of excess energy stored is:

Epx[W h] = Ry + Ry = €px Ssa (Equation 7-13)

Finally, the last step involves comparing this value with the value of the energy storage system,
increased by a margin of 5 per cent:

Eg, = 1.05 E; (Equation 7-14)

The amount of energy to be stored to satisfy the engine’s power demand during the night de-
pends on the efficiency of the energy storage system. Two main solutions are:

e Rechargeable batteries—convert chemical energy into electrical energy. Battery effi-
ciency is relatively high. Thermal dissipation linked to the chemical reaction and elec-
tricity transfer from the solar panel, batteries, and engines represent the major losses.
Moreover, another loss is related to the switch system that manages the input and output

electricity.
Nes = NeNLiMLoNswlsw (Equation 7-15)
Thus, battery power is:
PRel .
Pg =— (Equation 7-16)
NBs

whilst its energy value to compare with (Equation 7-14) is:
ES = EB = PB(24 - (xz - xl)) (Equation 7-17)

e Fuel cells—generate electricity from chemical energy by reacting to hydrogen and ox-
ygen, generally a fuel and an oxidizing. The reaction product, during the night, is water
that can be stored in the tank, and during the day excess energy divides it into hydrogen
and oxygen with electrolysis. However, losses of this system are higher than the battery
system, and they are relative to the fuel cell component and the electricity transmission.
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Nrcs = NrcllT (Equation 7-18)

Finally, power and therefore energy value, respectively, are:

PRel
Ppc = (Equation 7-19)
NFrcs
Es = Epc = Ppc(24 — (%3 — x1)) (Equation 7-20)

If compared, both systems have strengths and weaknesses, and the choice of one rather than the
other depends on the requirements and constraints imposed by the stakeholders.

Table 11: Batteries and Fuel Cell Comparison

Rechargeable Batteries Fuel Cell
Easy to install High complexity
Higher system efficiency Lower system efficiency
Discharge cycle limit Unlimited use
Higher weight Lower weight
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7.3.  Initial Propeller Sizing

This element transforms the engine power in thrust. Geometric and performance parameters
such as diameter and efficiency are the objective of the propeller preliminary sizing. Indeed, in
absence of efficiency value, it is equal to 0.7 (typical propeller efficiency value of the aircraft).

Main propeller elements (

Figure 7-7) are blades that generates thrust and the hub to which they are connected. Typically,
a nose cone covers the hub to reduce drag.

Figure 7-7: Propeller diagram

In the figure above, P is the geometric bending angle, a is local incidence, and the difference
between these angles is aerodynamic bending angle ¢. Then o is angular speed. Efficiency
depends on airship speed and propeller diameter, and these parameters are included in the ad-
vanced ratio:

] =— (Equation 7-21)

Without deepening the argument, the figure below shows typical efficiency trends varying with
advanced ratios:
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AR

v

Figure 7-8: Efficiency trend

Two types of propellers are:

e Fixed-pitch propeller—Blades are welded to the hub, and the geometry cannot vary.
They are very simple to build, weigh little, and require little maintenance, but efficiency
is maximum for only the flight condition.

e Variable-pitch propeller—The engine works at constant rpm of about 600 from existing
aircraft data, because blades can vary their geometric bending angle to maintain high
efficiency in every flight condition (Figure 7-8). Disadvantages are high cost and
weight, high construction complexity, and more maintenance than fixed-pitch propel-
lers.

In this project, the choice is for the variable-pitch propeller to ensure high performance during
all flight phases.
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Figure 7-9: Design chart for propeller [ 8 ]!

The first step to calculate diameter and propeller efficiency consists of estimations through

Figure 7-9 power coefficients:

1/5
plstug/ft’
Cs = I[JR [ ]1 tlb/s] Vimax[ft/s] (Equation 7-22)
2 SL_max
wlrps]? sLmaz

!'Source: (Carichner & Nicolai, 2013)Airship Design and Case Studies Vol. 2, chapter 5: Propeller Sizing Figure
5.9b—Design chart for a three-bladed propeller using a Clark-Y airfoil section, 2013:(1, 12).
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Then advanced ratio and propeller efficiency must be estimated through an equation of line of
maximum efficiency (

Figure 7-9) that links them with the power coefficient:

J =0.156 CZ + 0.241 Cs + 0.138 (Equation 7-23)

1, = 0.139 C2 — 0.749 CZ + 1.37 C5 + 0.0115 (Equation 7-24)

Finally, through (Equation 7-21) it is possible to calculate diameter value, useful later to esti-
mate the weight.

VmaX [ft/s]
= “w[rpsy (Equation 7-25)
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Chapter 8

8. Preliminary Weights Estimate

Weight analysis of an aircraft represents a fundamental point in the design process. An approx-
imate estimate of the maximum take-off weight and operative empty weight has been carried
out through the previously executed statistical analysis based on existing airships. However, a
more precise calculation of the weight systems that make up the airship and fuel weight pro-
vides useful data to initiate more detailed analyses such as stability and control, tail sizing,
detailed envelope diagrams, and others. A fundamental output of this preliminary design phase
depends heavily on the weight value obtained during this analysis. It is the gas volume needed
to balance airship weight, and its value has great influence on the aircraft size.

Moreover, a good project aims to reduce the aircraft weight, decreasing the overall cost and
increasing performance.

Preliminary weight estimation consist of calculating the maximum take-off weight in two ways.
The first uses the performance method, whilst the second calculates the airship system’s weight
or operative empty weight. Both maximum take-off weight values obtained by these two meth-
ods depend on the volume gas. Thus, for a single value of gas volume, two weights calculated
below are equal, and analysis ends.
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8.1. #1 - Performance Method

This method estimates the maximum take-off weight using the weight’s expression that com-
poses it as a function of the performance parameters indicated in the table below.

Table 12: Input Needed for Performance Method

INPUT
Vgas Gas Volume
Np Propeller Efficiency
Cpo Zero Lift Drag Coefficient
K Factor of Total Drag Due to Lift
BSFC Break Specific Fuel Consumption
Z Altitude

Ratio between Altitude Air Density

° and Sea Level Air Density
Veruise Cruise Speed
_ Dynamic Pressure at Cruise Speed
At and Altitude
Vmax Maximum Speed
R Range
BR(landing) Buoyancy Ratio at Landing
Wrr Fuel Reserve Weight
We Payload Weight

The starting equation to determine the maximum take-off weight is the following:
MTOW#1 = WZF + WF + WFR (Equation 8—1)
where Wzr is zero fuel weight, Wris fuel weight, and Wer is fuel reserve weight.

8.1.1. Zero Fuel Weight

This corresponds to the airship weight loaded with payload but totally fuel free, or else this is
the airship weight at landing, with fuel terminated and without considering the fuel reserve
weight.

Wzr = Wigna — Wrr (Equation 8-2)

where landing weight Wiang, is balanced totally or partly from the buoyant lift generated by the
gas depending on the BR at landing value. In partial cases, the aero lift generated by the aero-
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dynamic envelope shape balances the remaining weight. The advantage of having a BR at land-
ing of less than one emerges during the taxi phase and anchorage to the ground. Indeed, setting
the aircraft incidence equal to zero, aecrodynamic lift becomes null. Thus, the resultant down-
force keeps the airship and allows it to carry out ground manoeuvres.

Wigna = =———— (Equation 8-3)

A gas generates the buoyant lift when its density is less than the fluid surrounding it.

Blift = gasforceVOZgas = (pair - pgas)g VOlgas (Equation 8-4)

The last weight obtainable from the zero fuel weight is operative empty weight. It includes the
weight of all systems and subsystems that compose it. Therefore, it corresponds to the working
airship which lacks payload and fuel to start.

Wog = Wzp — Wp (Equation 8-5)

8.1.2. Fuel Weight

Fuel weight 1s a value that depends strongly on the choice made by the designer during require-
ments analysis and depends on many performance parameters such as engine fuel consumption,
range or distance covered from airship during travel, cruise speed, airship total drag, propeller
efficiency, altitude, gas volume, and payload weight. Of course, an airship does not have to
finish its fuel at the end of the travel but must have a reserve fuel for any eventuality. A margin
of 6 percent is more than enough for this type of aircraft.

Wrgr = 6% Wg (Equation 8-6)

The program described in chapter 9 has allowed the collection of several items of data, includ-
ing fuel reserve for different configurations. Drawing the chart of fuel reserve weight depends
on range and payload parameters.
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Figure 8-1: Fuel reserve estimation

The chart above shows that fuel reserve weight increases in an exponential way as the range
increases. Its growth rapidity depends on the payload value.

The next step is fuel weight estimation. The way to calculate it involves the use of heaviness
that indicates airship weight, which is not balanced from the buoyant lift but from aero lift.
When the airship does not generate the aerodynamic lift because its incidence corresponds to
the zero lift angle, a portion of weight initially balanced now becomes ballast or heaviness. The
most important heaviness values are relative to the landing and take-off phases, in the two op-
posite flight phases. Subtract these values to obtain the fuel weight since the aerodynamic lift,
which is equal to the heaviness, balances the fuel weight in the hybrid airship during all of flight
time.

Wr = Wyo — Wi (Equation 8-7)

Therefore, heaviness at landing is:

Wh1 = Laero = Wigna — Blift (Equation 8-8)

(Equation 6-26) describes heaviness at take-off. The equation follows the tangent trend; thus,
for arguments values of a few degrees fuel grow slightly, whilst if the argument assumes values
close to ninety degrees, which corresponds to the function asymptote, fuel weight increases
exponentially, as shown in the figure below. Having an angle greater than ninety degrees has
no physical sense because fuel weight cannot be negative.
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Figure 8-2: Tangent function

Moreover, payload and range are some of parameters that make up the tangent argument, and
this explains the fuel reserve trend in Figure 8-1.
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8.2.

#2 - Weight Build-Up Method

The main equation to obtain the maximum take-off weight is:

MTOWy, = Wog + Wp + Wg + Wy (Equation 8-9)

where payload weight is the input of the stakeholders, whilst equations of the fuel weight and
its reserve are shown in the previous paragraph. The difference is in the operative empty weight
expression. This method breaks it down into terms of the main airship’s macro systems by
calculating weights for each of them, as shown in the equation below:

Wogllb] = Wy + Wy + Weong + Wps + Wy + Wy + Wi + Wsery + Wayr + Wiargin

8.2.1.

(Equation 8-10)

Hull Weight

The hull is the largest element of the airship, and in the case of a rigid airship, it consists of the
following elements, starting from the outside: outer skin or external envelope, internal frame-
work, and gas balloons.

Outer skin is the element that isolates the internal environment of the airship from the
outside. It is in tension on the rigid structure to act as an aerodynamic surface. The
choice of material is important since the outer skin has to withstand the aerodynamic
loads that act on it. Fortunately, the material evolution, with introduction of new fibres
and resins, makes this element resistant and light at the same time when compared to
previous materials. The fabric chosen for this project is vectran laminated, which has
triplicated mechanical characteristics and half the weight compared with early Zeppe-
lins that used rubberised cotton.

0z Kg

Wyectran(laminated) = 7-6yd2 = O.ZSBW (Equation 8-11)

To obtain the weight of the fabric applied to the airship, multiply the surface density of
the material with the external surface of the ellipsoid computed by (Equation 3-7):

Wgs = Wiateriai SettFma (Equation 8-12)

where Fuma is the manufacturing and assembly factor that accounts for the doublers and
joints and is equal to 1.2.
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Internal framework consists of a grid of rings and longitudinal elements that maintain
the aerodynamic shape of the hull, contain gas balloons, and withstand concentrated
loads. The choice of the grid material requires two features: high mechanical perfor-
mances and low weight. Generally, aeronautical aluminium alloys are the material used
for the grid, but in this project, it is possible to use carbon composite since the economic
requirement belongs to the secondary requirements category. Carbon composite is more
expensive than aluminium alloys but at the same time has superior mechanical perfor-
mances and low density:

Kg
Pcarb.comp. = 2100%

In the first approximation from comparative analyses with existing airships, the number
of rings is such that three elements enclose one gas balloon, thus:

Np = Ngg +1 (Equation 8-13)

LONGITUDINAIL ELEMENT
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Figure 8-3: Gas balloon enclosed between ring and longitudinal elements

To simplify the calculation to determine the rings’ weight, the diameter of each of them
remains constant and equal to the maximum diameter of the airship. This is a conserva-
tive assumption since in reality the diameter decrease to the extremities to follow the
shape and weight of the rings is lower than the one calculated. Thus, the weight of all
rings is:
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Wg = NrlgSsecPmaterial (Equation 8-14)
where Ir is the circumference length of the ring:
lrp =nd (Equation 8-15)
Finally, S is the cross section for grid elements. Empirical expression derives from
the statistical analysis of some airships made by the Euro Airship Company, which has

kindly offered its confidential data, and for this reason the paper does not show the
passages but only the final equation:

Ssec[m?] = 8.33 x 10™°W,[Kg] + 1.03 x 10~* (Equation 8-16)
Whilst the weight of longitudinal elements is:
Wy, = Nyl SsecPmaterial (Equation 8-17)

where Ny is the number of longitudinal elements that permit a distance between two
adjacent longitudinal elements on the ring, equal to the gas balloon length.

l
N, == (Equation 8-18)
lGB

Lt indicates length of a single longitudinal element. Its shape is approximate to the
semi-perimeter of the maximum ellipse obtained from an ellipsoid.

_ Pellipse - 2m (%) + (%) (Equation 8-19)
h=—p % 2

The total weight of the internal framework is:
M/IF = (WR + WL)FMAFA (Equation 8-20)

where Fa is the attached factor that accounts for a linked structure between framework
and gas balloons and is equal to 2.6.

e QGas balloons are the elements that contain the buoyant gas, generally helium. Since it is
expensive, these balloons must be resistant, and fluid must not leak out. Good material
for this task is the same as the external skin (vectran). The best form to guarantee the
maximum gas tightness is the sphere, but it is not the form used because of the space
required. Thus, the choice falls to the cylindrical solution because of the absence of
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empty space between two gas balloons, and consequently less space is required. Thus,
the weight of gas balloons is:

Wep = NpScaWmateriatFmaFa (Equation 8-21)

The number of gas balloon from historical data (Figure 8-4) depends on fineness ratio.
This value may not be too small; otherwise, each gas balloon would have a high volume
of buoyant gas with an increase of leaking:

Number of Gas Balloons
20
¥ =0.6093% + 11.055 °
18
' -
;o 16 — . ..............
© ® °
Z 14 ®
© o
7 12 ®
10
8
2 3 4 5 6 7 8 9 10
FR

Figure 8-4: Number of gas balloons chart

Ngg = int(0.61 FR + 11.05) — 4 (Equation 8-22)

The number is rounded to the next integer and then is subtracted by four to consider the
material’s evolution compared to those used to contain the gas related to the old airship
present in the statistics.

The equation of cylindrical surface, Sgg, corresponds to the sum of two bases, cylinder
and lateral surface:

dep\’ .
Sep = 21 (%) + mdgplep (Equation 8-23)

dgs is the diameter of a gas balloon; that is smaller than the maximum envelope diameter
of 15 per cent. Thus, all balloons find the housing even at the ends of the ellipsoid,
where the section is smaller.
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deg =d(1—0.15) (Equation 8-24)

Now the calculation of the gas balloon length derives from knowing the maximum vol-
ume of each one:

Vol d
Volgp = % =2r (%) le (Equation 8-25)
GB
Thus:
Volgas /
Ngp
lep =—7—""% (Equation 8-26)
2m (dzﬂ)

Finally, the total hull weight is the sum of (Equation 8-12), (Equation 8-20) and (Equation
8-21):

Wy = Wgs + Wis + Wep (Equation 8-27)

8.2.2. Tail Weight

Tail empennage has a horizontal and a vertical element. Both consist of a fixed part and mobile
part managed by an actuator. The constructive method is typical of aeronautical structure; that
is the use of semi shell structures in light aeronautical materials.

Wr = Wp + Wy + W, (Equation 8-28)
Where the fixed parts have the following expression:
We[lb] = (Stai — Sm)[ft?] FapFwsr [%] (Equation 8-29)
Where Srailis the total tail surface plan:

Stail = Sur + Syr (Equation 8-30)
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Whilst in first approximation, the mobile control surface is about 20 per cent of the total tail
surface plan:

Sv = 0.2 Srair (Equation 8-31)

where Faris the factor that considers the possible presence of external structural cables linking
the fixed part of the empennages to the envelope and is equal to 1.26. Fpsq indicates the aero-
nautical material weight of the tail’s external surface depending on dynamic pressure value:

( b
Qmax fz_)FWST_FAct_008f2
b lb )
] 1](? < qmax f 2 - FWST FACt = 008(2 - qmax) (Equatlon 8-32)
b b
\ Qmax = f 2 - FWST FAct 0. 80f_2
The weight of the mobile tail part is:
Wy = SuFwsr (Equation 8-33)
Finally, the actuator weight has the following expression:
Wa = SuFactFmst (Equation 8-34)

Where Fac is the actuator factor that accounts for the dimension of this system depending on
dynamic pressure, as shown in (Equation 8-32). The installation factor, equal to 1.15, considers
connections and housing.

8.2.3. Gondola Weight

This is the element in which payload, crew, and systems are accommodated. Depending on the
payload weight, three categories of gondola exist to have a preliminary estimate weight of this
element.

e Light gondola—It is small, generally unmanned, and can carry a maximum payload of
one thousand pounds. The empirical equation to estimate gondola weight is:

Weona = 0.15 Wp (Equation 8-35)
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e Medium gondola - It can transport a payload value between one thousand and four thou-
sand pounds and has three compartments: the control cabin for crew, payload, and sys-
tems cabin. The equation to determine gondola weight provides a minimum knowledge
of its geometry.

0.857 .
Weonallb] = 353 ((lg [ft]> (M) [ft] (Vmax [knt]> 0.338) (Engl_t;(;I;

10 10 10

lg, dg, and hg parameters indicate, respectively, length, width, and height.
e Heavy gondola -This is the useful category for this project because it considers payload
with weight greater than four thousand pounds. The empirical equation is:

Weona = 1.875 Sgona + Werew + WSyst (Equation 8-37)

where Scond indicates the gondola surface, including the walkable surface and four sides,
imagining it as a rectangular parallelepiped (Figure 11-7. Thus, the total surface is:

SGond [ftz] = lgdg + Zlghg + nghg (Equation 8-38)

To calculate weight of crew and systems compartments, (Equation 8-37). From statisti-
cal data, their surface is about 30 per cent of the walkable gondola surface. This expres-
sion is also valid for the length because the assumption of the rectangular parallelepiped
as the shape of the gondola means that dimensions of width and height are constants;
thus, dimensions to calculate the weight of crew and systems are:

lc+5- = 30% lg
deys = dg (Equation 8-39)
heys = hg

8.2.4. Propulsion System Weight

A propulsion system represents a substantial fraction of the airship’s operative empty weight,
independent of whether the system to generate power is electric or uses fuel combustion.

e Fuel propulsion systems consist of the blade and engine unit, the support structure that
links the engine with the gondola or envelope, fuel tanks, engine control unit, and the
electric starter system. The equation below shows all weight components:

Wps = VVeng + Wiy + Wpr + Wge + Vl/prop + Wgss (Equation 8-40)
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Through the collection of the power and weight values of various types of existing en-
gines, a trend line is possible to generate from which the weight can be calculated by
entering in the chart the power required from one engine. The trend line equation is:

Wieng [lb] = 4.848 Prieng [hP]O'7956 (Equation 8-41)
Thus, the total weight of the engines is:
Weng = NengWieng (Equation 8-42)

The alternative is to find and engine on the market with the required power from the
project and extract the weight from the technical datasheet.
Weight of the support structure and its installation has the following equation:

Wstr = FstrWeng (Equation 8-43)

where the installation factor Fy varies depending on the type of engine and the connec-
tion point:

Fy, = 0.57 - Combustion engine mounted on the gondola
Fs¢r = 0.64 —» Combustion engine mounted on the hull (Equation 8-44)
Fs = 1.2 = Electric engine mounted on the hull

The fuel tank system has three main weight contributes: tanks, fuel pumps, and fuel line.
Having the tanks close to the engines reduces the length and consequently the weight of
the fuel lines and of the fuel pumps. Generally, tanks are inside the gondola; thus, the
best solution is to have engines mounted on the gondola. However, the empirical equa-
tion to estimate the weight of the fuel tanks is:

Wer[lb] = 2.49(Volg[gallons]) > Ng# N5z (Equation 8-45)!

Ner is the number of fuel tanks.
The equation to estimate the weight of the engine control unit is:

! Fuel volume is obtained from fuel weight and density of typical aeronautical fuel in tTable 19.
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l t N 0.724
M) (Equation 8-46)

Wgcllb] = 60.27
scllb] ( s
where Igc is the distance between the control room and the most distant engine, to be
conservative.

Propeller weight has the following equation:

DP [hp] 0.782
Wyropllh] = 31.92 Ny N335 (%) (Equation 8-47)

The number of propellers is equal to the number of engines, whilst the number of blades
is assumed to equal three. D is the propeller diameter.
The last one is the electric starter system, whose equation to estimate the weight is:

(Equation 8-48)

0.459
Neng Wleng [lb]

Wess|lb] = 50.38
Ess|lb] < 1000
e Electric propulsion system - The total weight of the electric propulsion system is made
up of the weight of the propeller and electric engine group, the support structure, and
engine control unit. Tanks and electric starter systems, typical of the fuel propulsion
system, are missed here, but the solar panel and energy storage system appear as new

weights.

WPS = VVeng + Wstr + WEC + WSA + WES (Equation 8-49)
The table below, of the specific energy, allows one to determine the weight of engines,

solar array, and storage system. Values indicate the ratio between the power or energy
of the components and their weights. The element is performing if this value is high.

Table 13: Specific Energy

Specific Energy
Electric Motor 0.2 KW/lb
Fuel Cell 0.89 KW h/lb
Battery 0.336 KW h/l1b
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Thus, engine weight is:

Py lkW]

eng = m (Equation 8-50)!

Whilst the weight of the solar array and energy storage system, battery, or fuel cell is:

lb
WSA [lb] = WSA f?:l SSA (Equation 8-51)
( Eg
| W, = X
4 patery = SEpqe (Equation 8-52)
W _ Egy a
L ES fuelcell — SEfuelcell

where wsa is the installed surface weight of the solar array and is equal to 0.1, consid-
ering new solar array technologies. Ssa is solar array surface (Equation 7-9), and Egx is
the excess energy (Equation 7-13).

The weight of the support structure is:

Wstr = FstrWeng (Equation 8-53)
where Fg is the factor of the third case in (Equation 8-44).

The engine control unit has the same expression (Equation 8-46) seen in the case of the
fuel propulsion system.

! Sixty per cent value indicates that an engine at 60 per cent of its maximum power can guarantee the airship the

power required. Therefore, an engine will never be under stress and will have a longer operational life.
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8.2.5. Avionics and Electric System Weight

Two ways exist to calculate the weight of the avionic and electronic equipment. The first plan
requires searching on the market for the useful equipment for the airship and collecting the
weight from each manually. The alternative, in case of a preliminary design, involves the use
of a statistical equation based on existing rigid airships.

Wy, = 3% Wog (Equation 8-54)

An electric system requires the management and distribution of electric currents for utilities
and instruments onboard.

Wey = Kgg (W)t (Equation 8-55)

where Kg; is the factor account of range and payload value:

{KEl = 12.57 - Low range and payload
Ky = 33.75 - High range and payload

8.2.6. Landing Gear Weight

Classic landing gear and air cushion landing gear are two possible solutions. Generally, airships
mount a single landing gear, and a structure keeps it locked for ground operation, but a tricycle
landing gear configuration allows the hybrid airship to land as if it is a plane. The equations
below permit obtaining the landing gear weight for single or tricycle configurations:

0.84
2 WHo[lb]> (Equation 8-56)

Wie = K <—1000

where:

{ K;; = 24.2 - single landing gear

K, = 31.2 - tricylce landing gear (Equation 8-57)
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8.2.7. Crew and Passenger Services Weight

This term includes all services necessary to accommodate passengers onboard the airship. Since
the main requirement provides the realisation of a luxury aircraft, weight of this category will
be high. Main services are:

e Seats

e Lavatories
e Food

e Water

e Beds

Thus, the total weight for crew and passenger accommodation is:
Wserv = Wseats + Wiaw + Wrooa + Wiater + Wheas (Equation 8-58)
Statistical equations to estimate the seats’ weight is:
Wseats[lb] = FLuszeatNguest + KseatNerew (Equation 8-59)

where Nguest indicates the number of guests and Neew the number of crew people. Frux is the
luxury factor specific to the class of luxury airship, and its value is two, whilst Kgea is the
ergonomic factor:

Frux =2

Kgeqr = 55 = flight deck seats
Kieqr = 32 = reclining passenger seats
Kseqr = 17 for troop seats

Of course, for guests, the ergonomics factor must be maximum, whilst it may be lower for the
crew seats.
The equation to determine the lavatories’ weight is:

1.33 .
Wlav [lb] = FLuxKlav (Nguest + Ncrew) (Equation 8-60)

where:

{Klav = 5.6 = long range
K4y = 2.3 = short range

For food and water, the statistical equation is the same:

Wrooa [Ib] = Wyater = 5-06(FLuxNguest + Ncrew)Ndays (Equation 8-61)
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Finally, the equation to calculate the weight of the beds is:

Wheas[lb] = 28 (FLuxNguest + Nerew) (Equation 8-62)

8.2.8. Unusable Fuel and Empty Weight Margin

This category includes weights related to fluids that remain on the airship (for example, the fuel
in the transmission lines from tanks to engines, oils, and refrigerant fluids). Moreover, a con-
servative margin is applied on the operative empty weight due to the uncertainties and approx-
imations of the results.

Thus, the equations are:

Wyr = 0.01 Wg (Equation 8-63)

Wmargin = 6% Wyg (Equation 8-64)
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Chapter 9

9. Excel Program: RAsDEx 1.1

9.1. Introduction

A multidisciplinary project like this needs a large amount of data and information. During the
preliminary design phase, the input data change frequently, and a manual updating of all pa-
rameters connected to them would require a huge use of resources such as time and energy.
Thus, the best option is to make a program in which a user can insert inputs to start analysis,
and it automatically reveals the presence of errors in the input by reporting them and otherwise
provides the output.

The software chosen as the basis for the implementation of the program is Excel because of its
wide use in computers and companies to increase the ability to consult, modify, and share data.
The name chosen for the program is the acronym RAsDEXx, or Rigid Airship Preliminary Design
based on Excel Program. The current program version can provide outputs with a respectable
accuracy for the following airship configurations:

e Rigid airship
— Fuel propulsion system
* Hybrid lift category (BR < 1)
— Electric propulsion system;
* Only buoyant lift category (BR =1)
= Fuel cell
= Batteries

The program structure follows the Excel logic; thus, it is divided into eight worksheets each of
which carries out its function. First is the INPUT-OUTPUT sheet, which provide the graphic
interface to insert inputs and to see outputs, as shown in

Figure 9-1. This sheet is the only one that interest the user. In the last paragraph of this chapter,
the input and output are discussed.
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RAsDEx 1.1

: DESIGN OF

INPUT

v

Airship typology Aerodynamic Airship

PRESS ME

Speed up the operation

REQUIREMENTS

press this button when you choose
Standard Airship

press this button to insert an indicative preliminary volume to speed up the resolution.Click every time you set large
different input, that could be make divergence the resolution, than press solver preliminary design button

N B you put the in|

orange ci

RANGE 2800 Km
6298 K o this value d " tee the soluti WARNING: VALUES LIKE PAYLOAD, RANGE AND CRUISE, MUST SOLVER PRELIMINA
m vercome this value does not guarantee the solution convergency BE INCREASED OR DECREASED, GRADUALLY, OTHERWISE
Payload 50000 kg SOLVER WILL DO NOT WORK
Cruise Altitude 3000 m
ENDURANCE AND SPEED ITERATION
SET "1" FOR CRUISE AND MAXIMUM SPEED AS INPUT 1 CORRECT INPUT MTOW#1-MTOW#2
SET "2" FOR TIME OF FLIGHT AS INPUT
Cruise Speed[m/s] Maximum speed[m/s]
36.1 50
Time Cruise[days] Time Maximum Speed[days] Cruise Speed[Km/h] Max Speed [Km/h]
0.90 0.65 129.96 180
|Number of Gas balloons-Input 11
Number of gas balloons raccomanded 10
| Material Density of Framework Magnesium alloy 1.8 Kg/m"3
Type of Buoyant gas Helium
ASSUMPTION
NON LAMINAR FLOW
RIGID ELLIPSOIDAL BODY 1BODY OF REVOLUTION 2500
Body FR 5.12
Propeller Effici 0.7 2000
BR(Landing) 0.98 BR(take-off) 0.86
N° Crew 8 cople
N° Guess 4 = < 1500
length 26 E
Gondola Dimension width 8.8 H
height 4 Q 1000
Landing Gear Choice Trycicle Landing Gear
v 500
I_tail 47% Length of Airship
AR(assumption) M 1 a[m] P
t/c ) 0.15 14.5 0
Number of Tail[3 or 4] 3 CORRECT INPUT 5 10 15
TAIL CONFIGURATION
Angle of tail 17.95 degrees
Area for each tail 157 mAh2
5000.0
4500.0
PROPULSION SYSTEM (ELECTRIC OR FUEL) 10000
% OF FUEL PROPULSION SYSTEM. 1" THERE WARNING-SPEED COULD BE TOO HIGH 3500.0
1S ONLY FUEL PROPULSION. 0" THERE IS ONLY a
ELECTRIC PROPULSION _ 20000
g 2500.0
FUEL PROPULSION 'RECIPROCATING PISTON ENGINES' “ 20000
Power Max Required from Airship 7523 KW #1-Lycoming 0 360-A
N° of Engine 4 Power | 185 HP [ 18 [ «w 15000
P_one Engine Required 1881 Kw BSFC | 0.47 | 1247 [ uscal/h 1000.0
Engine Choice Lycoming 10 720 A #2-Lycoming 10 720 A 5000
P_OneEngine at cruise altitude Power [ 400 HP [ 298 ] KW
Chose another Engine with more Power, or reduce cruise speed BSFC | 0.46 | 30.5 | US Gal/h 00

Figure 9-1: Input Output Worksheet
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SUPER LUXURY AIRSHIP

OUTPUT
putsin
plls | ASSET
alpha_limit 10 Degrees
alpha_maximum Heaviness(At TakeOff) 7.08 Degrees ThisValue is OK

ARY DESIGN
TAKE OFF AND LANDING DISTANCE

Alpha_Take-Off 10 degrees
Rate Of D " Take-off Speed 28.78 m/s
ate escen TAKE-OFF DISTANCE
0 Kg 24 ROTATION CLMB OUT
2644 GROUND ROLL DISTANCE(at Take off)[m] . DISTANCE[m] . DISTANCE[m]
_ i 24 86 29
g LE+
2 LE+4
g s TOT_TAKE OFF DISTANCE 339 m
s
g 6643
YE+3 LANDING DISTANCE
2 FREE ROLL BREAKING
0.6+0 APPROACH DISTANCE[m]
-200 -100 0.0 100 200 30.0 + DISTANCE[m] + DISTANCE[m]
Speed[m/s] 291 68 76
V_ROD_min[m/s] ROD[m/s] TOT_LANDING 725 m

POWERREQUIRED External Enveloope

External Vol 146232 m"3
Volr2/3 2776 mh2
Surface 18468 mr2
Surface_plan 5784 mh2
Length 194 m
Diametre 38 m

Aerodynamics Data

C_DO_body 0.01342

C_DO_tail 0.00134

C_DO_cabin+gondola 0.00171

C_DO_Engine 0.00312

C_DO_cables 0.00202

C_DO_landing gear 0.00034

20 25 30 35 40 |c_DO_interference 0.00083
SPEED [m/s] C_DO(total) 0.02277

Rangev_Speed Constant WEIGHT (considering speed and altitude at cruise flight)

W_Fuel 13963 Kg
W_Fuel_Reserve 655 Kg
WH_O(Heaviness at Take off) 16046 Kg
WH_1(Heaviness at Landing) 2083 Kg
yant Lift 102072 Kg
Zero Fuel Weight 103500 Kg
Operative Empty Weight 53500 Kg
Landing Weight 104155 Kg
= SYSTEMS WEIGTH
Fabric and gasballoons Weight 18514 Kg
Gas balloon Lenght 16.29 m
Gas Balloon Diameter 32.24m
Gas balloon volume 13294 m"3
10 20 30 40 50 60
V [m/s] 6437 Kg : :
. . Ring 21 N
. Main frame grid >
Tot framework weight Longit. 7 N°
grid intra_main Ring. 3 0 N°
frame Longit. 7 N°
Rigid Tail Weight 3190 Kg
Gondola Weight 8528 Kg
Propulsion System Weight 9696 Kg
AVIONICS & ELECTRONIC WEIGHT 1605 Kg
ELECTRIC WEIGHT 987 Kg
LANDING GEAR WEIGHT 507 Kg
Crew and Passenger Accomodation Weight 680 Kg
UNUSABLE FLUID & EMPTY WEIGHT MARGIN 3356 Kg
Propeller
Efficiency Coefficient 0.729
Propeller Diameter 7.74 m
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The second worksheet is First Design, which includes all calculations of the following data:

e aerodynamics

e performances

e geometrics

e propulsive system
e propeller system

The next worksheet is Weight Definition, which includes and implements all equations ana-
lysed in chapter 8.

This and the previous worksheet represent the heart of the program for a preliminary analysis
because they provide raw data for airship sizing. The following worksheets are:

e Tail Preliminary Design - provides the value of the horizontal and vertical tail surface

e Viscosity - allows for calculating the viscosity value of a fluid depending on its temper-
ature

e Develop Sheet - includes a series of data and tables useful to optimise some parameters
and try to achieve the solution convergence for any input value entered by the user.
Moreover, provides hints and warnings for some performance values.

e Fuel Reserve - useful to the program to estimate, with only the input data, how much
reserve fuel is necessary

e Picture - collects images, graphs, formulas, and data useful to understand the meaning
of inputs and outputs

These worksheets improve the result quality, automate the program, and make the value ob-
tained more understandable.
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9.2. Solver and Macro

This program utilises the solver and macro instruments to perform, automate, and optimise the
analysis. Solver is Excel’s add-in, useful to find the minimum, maximum, or optimum value
(red box in Figure 9-2), to target value (green box), and to find modifying parameters (blue
box) related to it.

A B C D E F G H [ J K
1 |
2 4605271 ftr3
Vol_input{gas|
3 — put(gas) 130405 m~3
4 5065798 ft 3
5 nlieyt] 143450 mA3
] v Solver Parameters X
i
]
5 Set Objective: ==
10
= 5 [10; O Max O Min @ Value OF: 0 ' Number of as Balloons
12 z i
= i By Changing Variable Cells: ia ¥ =0/6093x + 11,08
13 = 5 bt
& 5cs3 = 15 . *
L 1%
15 Subject to the Constraints: : 'f -
1 3 2 R g
17 # 4dd s 8
18 BR FR
19 5 2
20 Fuf Delete ?
21 I : "
2
i Reset All
23 =
e Load/Save
B £ Make Unconstrained Non-}
% | Make Uncor on-Neg
27 - Sglect a Solving GRG Nonlinear N Options
b Method:
28 = i
29 % e Wi 0.8223380325 radians
30 s] it S 47.12 degrees
3 = Select the GRG Nonlinear engine for Solver Problems that are smooth nonlinear, Select the LP
%] Simplex engine for linear Solver Problems, and select the Evolutionary engine for Solver
32 @ problems that are non-smooth.
Bn| =
4
35 | Help Clgse ITERATION
3 | MTOW#1-MTOW#H2 T oiKg
7| Marker 1
8 {
e
40
41
» INPUT-OUTPUT First Design Weight Definition Tail Preliminary Design | Viscosil ... ‘
M i sl

Figure 9-2: Excel Solver

In this specific case, the target cell contains the differences between the MTOW calculated with
the two methods described in chapter 8, whilst the variable cell contains volume, as shown in
the figure above. Solver works until the objective cell reaches the target value equal to zero.

The other element is macro, which indicates a set of functions performed under appropriate
conditions like user interaction with a button. First, it automates the solver launch by pressing
the button “solver preliminary design” in the “Input-Output” worksheet; otherwise, to activate
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solver, the user would have to perform the following steps: open “Weight Definition” work-
sheet, select the objective cell, expand data in toolbar, open solver in analyse section, and press
‘solve’, ‘OK’, and then ‘close’. The code is in Figure 11-8.

Secondly, macro prevents the divergence of the analysis. Indeed, solver starts with a random
value set as an input of the variable cell. Then solver iteratively changes it to obtain the value
objective from the target cell. If the initial value of the variable cell is too different from the
output result, solver analysis may not converge. Thus, if the user has input values different from
those previously present or starts the analysis for the first time, the norm is to press the button
“speed up the operation” in the “Input-Output” worksheet to start this macro. In that function
of the input, it inserts a value of helium volume coherent enough to start analysis. In this way,
the solution converges quickly. The “Develop Sheet” worksheet provides the approximate
value of the helium volume through a collection of data output from the program itself, simu-
lating various airship configurations, cruise speeds, and altitudes and changing one parameter
at a time to create various charts in the following step.

The first chart below predicts the approximate helium volume depending on payload and alti-
tude for an airship with a fuel propulsion system. Thus, the configuration of the electric propul-
sion system may have some problems.

Gas Volume Trend Line

400000 —
y = 1.05E+05e! 1045

9.14E+04e! (2E-04x [
7.57TE+04e! 12E-04x i
300000 |y =5.55E+04el VB0

¥ = 3.37E+04e! 2504

350000 |

}.'

= 250000 0
= e e ®Payload =50 tons
2200000 T @ Payload = 30 tons
5 e a1 Payload =20 tons
= 150000 e
®. . @ :_’ ¢ ®Payload =10 tons
B et
100000 o o . Qe Payload = 5 tons
@
50000 ]
0
0 2000 4000 6000 8000 10000 12000
Altitude[m]

Figure 9-3: Trend line of helium volume depending on payload and altitude

110



Excel Program: RAsDEx 1.1

The program evaluates, between two payload curves, which one the input payload falls into.
Through (Equation 9-1) it estimates the distance, as a percentage, from the payload curve that
acts as the maximum limit:

4 _ Wp = Wpminaimit .
relative = 17 W (Equation 9-1)
Pmax.limit — YYP min.limit

The equation to calculate gas volume is:

VOlgas =Volg miniimit + dretative (Volg max.iimic — V0l min.timit) (Equation 9-2)

e Wy = payload weight input

o Wp minlimit 18 the curve whose payload weight is less than the input payload weight but
is also higher than the payload weight of the other curves.

e  Wp maxlimit 1S the curve whose payload weight is higher than the input payload weight
but is also lower than the payload weight of the other curves.

®  VoIG min.limit is the volume linked to the payload weight curve that acts as the lower limit.

® Vol maxlimit 1S the volume linked to the payload weight curve that acts as the upper limit.

e Volgs is the gas volume set as the starting input for solver.

Two other graphs also provide information about the maximum range that a user can set as
input without incurring the divergence of the solution, for the aerodynamic airship’s type . The
starting point is the argument of the tangent in (Equation 6-26). Indeed, if it assumes values
close to ninety degrees, to which the function asymptote corresponds, the solver solution may
not converge. Therefore, the following chart shows the argument value limit for convergence
of the solution depending on the altitude and payload:
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1.52
L

1.51
= e
g 15 : L.
- .9 A )
211,49 . ° Altitude =10 Km
W L 9 @ Altitude =5 Km
E 1.48 ¢ g i Altitude =4 Km
% Rl 9 @ Altitude =3 Km
| )
S 147 ": ® Altitude =2 Km
~ -4 Altitude =1 Km

1.46

1.45

0 10000 20000 30000 40000 50000 60000
Payload [Kg]

Figure 9-4: Limit argument for solution convergence depending on altitude and payload

The limit argument increases as altitude and payload increase. Therefore, to have the conver-
gence of the simulation, the calculation of the limit argument must take place at the minimum
payload (in this case, minimum weight is five tons) depending on the quota, as shown in

Figure 9-5.The lowest altitude dependence is better than payload because its trend is more linear
than the payload trend which curve slope is not the same at different.

Trend Line of Limit Argument [W; =5 tons]
1.49
[y =3E-06x +1.4585 | ..
g 1485 :
148
Z
1475
= )
= . Q.-
& 1.47 e
I 1.465 = )
> 146 |@-®
1455
0 2000 4000 6000 8000 10000 12000
Altitude [m]

Figure 9-5: Limit argument for solution convergence depending on altitude
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Thus:

AT Glim = 3 * 107 Z[m] + 1.4585

w,
Riim = M (Arg,om — tan™ (=2))

where M, N, and Wy are the data before making the simulation.
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9.3. Program Validation

Program validation is important to verify the reliability of the output data obtained by the anal-
ysis. The verification method used involves entering input data from an existing airship, launch-
ing the analysis, and comparing the output data with those of the benchmark airship. The pro-
gram returns reliable data if values fall within the 15 per cent error range. It is a reasonable
boundary margin because design phase is preliminary.

Through the website of the Euro Airship Company, one model has a technical data sheet suffi-
ciently detailed to perform the comparison. It is rigid airship DGPA 50 T. The only difference
that can slightly distort the values is in the generation of the upward thrust. Indeed, if the soft-
ware considers aerodynamic airship - hybrid generation of the upward force (buoyant lift and
aerodynamic lift) - the company’s airships use buoyant gas and thrust vectoring to balance the
airship weight. Overall, the situation changes slightly.

Table 14: Program Validation with “DGPA 50 T”

Program Validation with “DGPA 50 T”

Data Name Program Values Airship Data  Error %

Range R [Km] 2800 2800 /

Payload We [Kg] 50000 50000 /

Cruise Altitude Z [m] 3000 3000 /

Cruse Speed V cruise [M/S] 36.1 36.1 /

Maximum Speed VMax [m/s] 50 50 /

Fineness Ratio FR 5.12 5.127" /

Buoyancy Ratio at Landing BRLand 0.95 none /

Propeller efficiency Np 0.7 n.r. /

Crew Members Ncrew 5 5 /

Passengers NGuest 4 4 /

Gondola Dimensions lgxdgxhg [m] 26x8.9x4 26x8.9x4° /

Landing Gear / Tricycle Tricycle” /

Arm Tag ::;T:;Grawty I [m] 479% 1 (47% 1)’ /

Tail Aspect Ratio AR¢ 1 n.r. /
Maximum profile thickness

ofI;he tail t/c 0.15 n.r. /

Number of fins Nt 3 3 /

! Data marked with the asterisk are deduced through drawings of the airship and indirect measurement.

114



Excel Program: RAsDEx 1.1

Tail Surface Plan (one fin) Sei [m?] 140 130° 7.29%
Number of Engine Neng 4 4 /
Total Engine Power Pr [KW] 8026 8113 1.07%
Airship Length | [m] 194 169 14.8%
Airship Ma)t(::lum Diame- d [m] 38 33 15.1%
Zero Lift Drag Coefficient Cpo 0.227 n.r. /
Fuel Weight Wk[tons] 17.13 20 14.3%
Operative Empty Weight WoE [tons] 56.34 66 14.6%
Maximum Take-off Weight MTOW/tons] 123.48 136 9.2%
Helium Volume Volye [m’] 132384 130000 1.83%

All values are within the 15 per cent limit except for diameters exceeding the limit of 0.1 per-
centage points. These results are accurate enough to validate this program for a preliminary
design in phases 0 through A. Of course, this value is not sufficiently accurate for subsequent
design phases.

9.4. Input, Assumption, and Output

Now that the program works, insert the inputs that come from the requirements table into it and
analyse the output. In this phase, the program at the end of analysis could show warnings about
some data. Thus, stakeholders, team of designers, and engineers discuss to modify some input
data to delete these alerts and have reasonable values to continue the project.

Entering in the program the data in Table 4, the main output value and output with warning are:
Table 15: Initial Requirements Input Data

Initial Requirements Input Data
Maximum Take-off Weight MTOW]/tons] 53.8

Helium Volume Volpe [m?] | 48414
Propeller Efficiency Np 0.5
Airship Incidence at Take-off Omax [ °] 44.5
Buoyancy Ratio at Take-off BRakeoff 0.77

Where propeller efficiency derives from the analysis made by the program and for this combi-
nation of input data, it is less low than propeller efficiency assumed. In addition, airship inci-
dence at take-off and buoyancy ratio at take-off are more different than their limit values.

The table below shows the modified requirements. It is the result of a long iterative process of
modifying input data to obtain reasonable output data. Moreover, some requirements are the
result of the compromise between the aesthetic and engineering teams.
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Table 16: Requirements and Constraints Modified

Requirements Modified
Payload Weight 7.5
Range 3500
Maximum altitude 2000
Maximum Endurance 1.84
Cruise Speed 22
Minimum Endurance 1.56
Maximum Speed 26
Crew 8
Guess 8
Mission Flight Strategy Constant Speed
BR (landing) 0.99
FR 5
Propeller Efficiency 0.7
Length [m]
Gondola Dimensions Width [m]
Height [m]
Rigid Structure®
Body of Revolution®
Airship Configuration Fuel Propulsion*
Luxury Yacht Arrange-
ment”

Tail Configuration

Number of Fins
Fins Configuration

Aspect Ratio

Thus, entering these data in the program, the outputs are:

Airship Dimensions

(Equation 3-5)

(Equation 3-9)
(Equation 3-7)
(Equation 3-8)

(Equation 3-6)

External Envelope Volume Vol [m?]
Reference Surface Vol?*[m?]
External Surface Senl [m?]
Surface plan Splan [M?]
Airship Length 1 [m]
Airship Maximum Diameter d [m]
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Zero Lift Drag Coefficient Data

. Body Cpo body 0.01507
(Equation 4-8) Tail Cbo il 0.00159
(Equation 4-14) Gondola Cpo_gondola 0.00217
(Equation 4-18) Engines Cbo_engine 0.00402
(Equation 4-20) Cables Cpo _cables 0.00187
(Equation 4-19) landing gear Cpo LG 0.00027
(Equation 4-21) Interference Cpo interf. 0.00057
(Equation 4-8) Total Cpo 0.02557
Airship Trim
(Equation 4-27) Airship Incidence at Take-off Olmax [ °] 9.86
Tail Design
(Equation 5-6)  Angle of Fin elements Compare to Horizontal Plan 0[°] 40.24
(Equation 5-5) Tail Surface Plan (one fin) Sel [m?] 47
Performances
(Equation 6-7) Maximum power required to the shaft ~ Pr [KW] 901
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Figure 9-6: Chart of Thrust Power
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Figure 9-7: Trend of Range at Constant Speed
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(Equation 6-27)
/

(Equation 6-28)

(Equation 6-34)
(Equation 6-35)

(Equation 6-37)

(Equation 6-41)
(Equation 6-42)
(Equation 6-43)

(Equation 6-44)

Take-off and landing Analysis

Take-off Speed
Take-off Angle
Ground Roll Dis-
tance
Rotation Distance
Climb Out Distance
Total Take-off dis-
tance
Approach Distance
Free Roll Distance
Breaking Distance
Total Landing Dis-
tance

Vto [m/s]
aro [°]

Sg [m]

Sr [m]
Sc [m]

Sto [m]

Sa [m]
Sk [m]
Sg [m]

Si [m]

23.76
10

425

71
172

668

291
55
62

679

Heaviness[Kg]

-15.0 -10.0

-5.0

Rate Of Descent

6.5+3
5.E+3
4F+3
3E+3
2.E+3
1.E43

O-E+0
0.0 5.0

Speed[m/s]

10.0

15.0

V_ROD_min[m/s]
ROD[m/s]

20.0

Figure 9-8Rate of Descent
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Propeller Design
(Equation 7-25) Propeller Diameter D 5.22
(Equation 7-24) efficiency coefficient ne 0.723
Weight
(Equation 8-7) Fuel Weight Wr [Kg] 4981
(Equation 8-6) Fuel Reserve Weight Wrr [Kg] 487
(Equation 6-26) Heaviness at Take-off Who [Kg] 5359
(Equation 8-8) Heaviness at Landing Wai [Kg] 378
(Equation 8-4) Buoyant Lift Biir [Kg] 37423
(Equation 8-2) Zero Fuel Weight Wzr [Kg] 37314
(Equation 8-3) Landing Weight Wiand [Kg] 29814
(Equation 8-5) Operative Empty Weight Wok [Kg] 37801
Systems Weight

(Equation 8-12) +

. . N
(Equation 8-22) Outer Skin and Gas Balloons Weight Wes + Waa [Kg] 9486
(Equation 8-20) Internal Framework Weight Wik [Kg] 1931

Equation 8-13 Number of Ring Elements Nr 25
(Eq ) g

(Equation 8-18) Number of Longitudinal Elements NL 16
(Equation 8-28) Rigid Tail Weight Wr [Kg] 1523
(Equation 8-35) Gondola Weight We [Kg] 9955
(Equation 8-40) Propulsion System Weight Wes [Kg] 1835
(Equation 8-54) Avionics and Electronics Weight Wav [Kg] 894
(Equation 8-55) Electric System Weight Wi [Kg] 733
(Equation 8-56) Landing Gear Weight Wie [Kg] 202
(Equation 8-58) Crew and Passe&;geeirgﬁ}ccommodatlons Wiers [Ke] 1412

(Equation 8-63) + Unusable Fuel and Empty Weight Mar- n 4
(Equation 8-64) gin Wt + Winargin [Kg] - 1844

Main Outputs
(Equation 8-1) Maximum Take-off Weight
/ Helium Volume

42782
44024

MTOW [Kg]
Vol [m°]
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Chapter 10

10. Aesthetic Design Development

The design team worked without precise values during the first preliminary phase of the project,
taking care only of the aesthetic aspect of the airship. At the same time, the engineering team
collected data and information related to the topic to model it and provide valid data. Thus,
initially, the engineering group and stylistic group worked separately. The problem for the latter
group was to provide a renewed image of the airship, and benchmark model DGPA 50 T pro-
vided data to start drawing. The result is a beautiful style exercise that, however, has many gaps
in structure, aerodynamics, and manoeuvrability. Indeed, the main critical points highlighted
by the technical table are:

Gas balloons—Thirty-four gas balloons to contain the buoyant gas are too many. Indeed, they
add excessive weight without making any advantage.

Unconventional hull shape—Although this makes the airship more appealing, it has some aer-
odynamic and structural disadvantages. Firstly, the hull symmetry does not allow aerodynamic
lift generation. Then the sudden change in the shape’s direction and the presence of sharp edges
generate a remarkable increase of shape and friction drag. Moreover, the realisation of a struc-
tural grid that follows this articulated shape is complicated and has criticalities because the
strain distribution will not be uniform.

/\

b s ——, o

R S b ""/
Height: 42 m Length overall: 169 m Diameter: 33 m

Gondola - 26m x 8m x 5m

Figure 10-1: Technical table of the initial design process
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Figure 10-3: Second rendering of initial model [ 10 ]

Of course, in a multidisciplinary project like this, compromise plays a fundamental role since
the engineering design process has too-rigid theoretical bases to respect, aimed at the realisation
of a performance object at the expense of its aesthetics, whilst the opposite case is true for the
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aesthetic design process. The exchange of data and opinions was important to converge into a
single nice and functional design, as shown from the technical figure below.

=== o Length Overall: 135 m
‘ I j ] Diameter: 27 m
| ' Gondola: 26 mx 8 m x 6 m
e Height: 32 m

Figure 10-4: Technical Table [ 11 ]

References [ 12],[ 13 ] and [ 14 ] belongs to the author (Grisales)
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Chapter 11

11. Conclusion and Future Works

Design and implementation of an aeronautical vehicle require a great use of resources and
knowledge because it is a complex system. Numerous disciplines and many people are in-
volved; thus, a perfect management of all these resources is essential. Given the vastness of the
topic, this paper covers the preliminary design phase. Recent tools like WBS, study logic, time-
lines, and others help the study manager to handle and optimise resources. Yet in the context of
preliminary design of an airship, the tools are the same as those used in the early *40s because
during those years, the decline in the airship as a transportation method reduced people’s inter-
est in developing new tools. Currently, computers allow the designer to get results of a prelim-
inary analysis quickly by implementing into a program the formulas useful to model the system.
Thus, the purpose of this thesis is to show all formulas and logical steps implemented in the
Excel program RAsDEx 1.1 to get a preliminary description of airship dimensions and perfor-
mances, aerodynamic data, propulsion system, weight estimation, and gas volume required.
With a maximum error of about 15 per cent on some results, the program becomes a valuable
tool to get first estimates and data on a new model of rigid airship, allowing the aesthetic team
to make a more accurate design than before and to proceed with the next project phases.

Some requirements initially defined have undergone substantial modification, linked to engi-
neering aspects and to reach compromises with the design team on the aesthetic aspect. Range
is one of these; indeed, its value is almost halved, and the cause is related to the airship model
analysed, namely the rigid airship with hybrid lift generation. Indeed, this type shows the same
disadvantages typical of aecrodyne, such as total drag increase of the aircraft due to induced drag
from aerodynamic lift and therefore the range reduction and the need to have a non-zero feed
rate to generate the required aerodynamic lift to balance airship weight. This implies that it is
unable to make a vertical take-off and landing. However, the advantages are significant, such
as better manoeuvrability, weight reduction, and less constructive difficulty. Whilst, in the case
of gas, heavy and complex mechanisms of gas balloons and volume management are present,
they are also present in the model of hybrid lift generation airships but in a less pronounced
way. Moreover, one way to mitigate these disadvantages is reducing the aerodynamic lift con-
tribution by assigning the task of balancing an additional amount of fuel to increase range. Thus,
through these considerations and the data obtained from analyses, it emerges that if the inter-
continental range is the main requirement of the airship, the lift generation through only buoyant
gas is the most opportune configuration to use. For international range, hybrid lift generation is
a great solution.

However, the work does not end now because the program is still at the embryonic stage. Future
research will have new automation and conditions to prevent analysis divergence, an increase
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of structural materials and fuel engine databases, the ability to do the analysis on hybrid and
nonrigid airships, a new and improved graphic interface, and a better comment about all results
to help the user and to try making data values more accurate. Thus, the next step for this project
is the detailed analysis of the airship subsystems.
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Annex

Al. Pinifarina Extra

“In Pininfarina Extra the design culture interacts directly with the industrial research aspect,
in an organisation which features all the stages of the creative process: from the concept to
engineering, from prototyping to cost and feasibility analyses. Styling no longer means just
the external embellishment of a function. It is an aesthetic and functional solution for collec-
tive and individual needs, representing lasting values and performance. We believe that the
design process must focus on the users of the product, their experiences, dreams and limits.

The winning product is the product which best responds to the desires, needs and user experi-

ence which consumers seek.”

A2. Euro Airship

The Euro Airship company designs and manufactures rigid airships. It commissioned Pininfa-
rina to realise a new project based on their airship, taking care to make a functional but also
nice model.

There are three main airship models that the company offers:

e (Corsair 1-8 T - The target of this aircraft is tourism and surveillance of large regions at
low cost compared with typical surveillance aircraft. Moreover, the aircraft guarantees
a mission duration up to two weeks. The technical sheet is:
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CORSAIR 1-8T -

Vertical and vectorial take-off

Amphibious / All terrain / All weather

Adjustable double external envelope

Complete de-icing of the external envelope

Stable thermal conditions for helium
Lateral and 360° manoeuvrability
Crew quarters for long flights

Length 139 m
Diameter 23 m
Height 28m
Internal helium envelope 29,500 m*
Maximum altitude (1T) 7,000 m
Maximum altitude (8T) 2,000 m
Helium expansion envelope 29,000 m*

Figure 11-1: Model (Airship, Corsair 1-8 T) [ 15]

e DGPATT 50 T—The target is the transport of large quantities of goods and passengers
for long routes. Technical data are:

DGPA 50T

50 tonne capacity jumbo airship Vertical and vectorial take-off
Amphibious / All terrain / All weather
Adjustable double external envelope

Complete de-icing of the external envelope
Stable thermal conditions for helium
Lateral and 360° manoeuvrability

Crew quarters for long-distance flights

Tools and first degree spare parts storage
for inflight maintenance

Length overall 169 m
Height 42m
Diameter 33m
Cargo compartment 26x8x4m

Vol. 680 m?

Figure 11-2: Model (Airship, DGPATT 50T) [ 16 ]

e DGPATT 250 TO 400 T—Future models will have capacities extending from 250 to
400 tonnes.
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A3. Project Phases

A spatial project can be divided into several different phases that affect the whole system life
cycle. ESA has defined a standard in which it divides the project into seven phases that, with
appropriate modifications, can be applied to other areas. The phases are as follow:

e Phase 0 is the preliminary analysis phase of the project, where the SHA and NA are the
main activities to be carried out. The output of this phase is the MS.

e Phase A is the feasibility analysis of the project in terms of technologies and production
timing. Various concepts must be developed to be able to make the trade-off.

e Phase B consists of preliminary design of the concept obtained in the previous phase.

e In Phase C, the systems and subsystems are developed in detail, and a draft of the user
manual is produced.

e InPhase D, the qualification, verification, and production of the systems are carried out.

e Phase E is related to the operative life of the system and its maintenance activity.

e Phase F represents the disposal phase of the system.

A4. Stakeholders Classification

SHs can be classified into four different categories:

e Promoters have much interest in and influence on the mission. Indeed, it is very im-
portant to satisfy most of their requirements.

e Latent stakeholder have much influence but low interest in the mission. For this reason,
this category must be considered.

e Defender indicates a category that although it has much interest in the mission, its in-
fluence is poor.

e Apathetic stakeholders have low interest and influence but could evolve into defenders
or latent.

AS. Dimensions of the Gondola: Internal Space Analysis

The data and project confidentiality did not allow the uploading of images, sketches, and data
of fifty-metre-length super yachts; thus, the three bridges with the interior spaces subdivisions
have been schematised through CAD modelling software, as shown in the image below:

e Lower Deck:

Gym and Toy Room

Engine Room

Garage for Tenders and Toys
2xVip Cabin
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— Guest Cabin

— Galley

— Laundry

—  Crew Mess

— 8xCrew Cabin

B Garage for Tenders and Toys
— — 1 o 6 mA2

'F 40 mn.z__. \» 14Ga||¢y f\2 Laundry =
ooy || roneon LIemel 1 33mA2
'L_N_ A Il A 38 mﬂ2? | : P! ' ) B Bx Crew Cabin

“=-H§5 m 2 65 m 2 San [ ) ﬁ 15 m;\z Crew Mess
I Guest Cabin —"
—d [ | 17 mh2

Figure 11-3:Yacht lower deck diagram (fifty meters model)
Area; pyerp. = 263 m?

e Main Deck
— External Part 1
— External Part 2 & Swimming Pool
— Main Saloon
— Dining Area
— Guest Lobby & Storage Artwork
— Main Lobby & Day Head
— Entrance & Tech Space
— 2x Guess Cabin
— Food Storage
— Owners Cabin
— Rescue Boat Room
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6 m"2 2mh2
Guest Lobhy & Storage Artwork Faod Storage
e = L A
[ E“HMIF ! I /_ F —[ ﬁ—J I A Owners Cabin HEIT
1&.« ol part 2 swimming pool Mein Saloon 22 m!\z _/'_Lm . W

1\ | 57 m"2 38 m2 T | 1om2
9 m;\ZL_ —]’7 Dining Area |n.| vabv&l}wHud: 1&!321\2 { 40 m"z ‘__le
S *-,.__L e ::__; == Entrance & Tech Spaci 1] =

6 mAQ Suit Case Storage
3mh2
Figure 11-4: Yacht main deck diagram (fifty-metres model)
Areayginp. = 261 m?
e Upper Deck

— External Part 3

— Tech Space

— Upper Saloon Cinema

—  Wine Cellar

— Bar

— Storage

— Pantry

— Captain’s Cabin

— Electric Panel and Control Room

1.3 m"2
Tech Space e
e m——
Tero ponte :‘mmc i'I:F.T‘__ 4 m":2: 8 mne Partry = I __\.\I\ I___

Upper Saloen Cinema

23mr2

- A |
140 mr2 - o Tome | 7
— L& el _ii'ilt_ S ———— i

Figure 11-5: Yacht upper deck diagram (fifty-metres model)

Areay,perp. = 197.3 m?

Thus, the total area is:

Arearor = Area(LowerD.+MainD. +UpperD.) = 721.3 m?

131



MULTIDISCIPLINARY DESIGN OF RIGID AIRSHIP EQUIPPED TO SUPERYACHT IN COLLABORA-
TION WITH PININFARINA

The image below (Figure 11-6) shows the gondola installed on the reference airship model,
made by the Euro Airship Company.

9 (ﬁ;.-_—i

R

2990

-

.

2009

Figure 11-6: Gondola (Airship, DGPATT 50T)

The parallelepiped is the easiest way to schematise the DGPA 50-T gondola. The walkable
surface of a two-flor gondola with dimensions shown in Figure 11-7 is:

Areagonaoia = Nrior (26 * 8) = 416 m?

Figure 11-7: Gondola schematisation
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A6. Tables of Conversion and Physical Quantities

Table 17: Table of Conversion

CONVERSION
1 ft 0.305 m
im 3.281 ft
1 Km 0.539 nm
1nm 1.855 Km
1Kg 2.205 Ib
11b 0.454 Kg
1m? 35.314 ft3
1ft3 0.028 m?3
1 ft/s 0.305 m/s
1m/s 3.281 ft/s
1Kn 0.514 m/s
1m/s 1.946 Kn
1 KW 1.341 HP
1rpm 60 rps
1HP 550 ft*Ib/s
1 Ib/ft3 16.018 Kg/m?3
1rad/s 0.159 rps
1m? 10.76 ft?
1 ounce 0.028 Kg
1vyarda 0.914 m
Im 0.000539 nm
1ft 0.000164 nm
1rad 57.296 deg
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Table 18: Useful Physical Quantities

USEFUL PHYSICAL QUANTITIES

g 9.81 m/s?
R 287.05 J/Kg*K
Y 1.4
To 288.16 K
1.22 Kg/m?3
Pst 0.00238 slug/ft3
0.1244 Kg s?/m*
He Force 0.0646 lbr/ft3
He density 0.1785 Kg/m3
H, Force 0.0711 Ibf/ft3
H, Density 0.0899 Kg/m?*

Table 19: Fuel Density

Aviation Grade 100LL Fuel
6.01 Ib/US Gal

15 Celsi
. 07 Kg/l Celsius
F
641  Ib/US Gal
40 Celsi
0769  Kg/l 0 Celsius

A7. Atmospheric Data

At varying altitudes, parameters of temperature, pressure, dynamic viscosity, and air density
vary. Some formulas that refer to standard atmosphere allow one to define the profile of tem-
perature, pressure, and air density at a given altitude.

The following formula allows for calculating temperature, expressed in K:

T[K] =T, — 6.5 Z(Km) (Equation 11-1)

To calculate air density:

p[Kg/m3] = pyo (Equation 11-2)

Where o indicates ratio of the air density to altitude and the air density at sea level, the equation
1s:
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4.2561
_ <TO - 6.5 Z(Km)> (Equation 11-3)

= T
The table below shows parameters of temperature air density and o at the altitude variations.

Table 20: Temperature of Air Density and o at the Altitude Variation

Z(Km) o p T(Z)
0 1 122 288.16
0.1 0.9904347 1.20833 = 287.51
0.2 0.9809397 1.196746  286.86
0.3 0.9715144 1.185248 286.21
0.4 0.9621585 1.173833  285.56
0.5 0.9528717 1.162504 284.91
0.6 0.9436537 1.151257 284.26
0.7 0.934504  1.140095 283.61
0.8 0.9254224 1.129015  282.96
0.9 0.9164084 1.118018 28231
1 0.9074618 1.107103  281.66
1.1 0.8985821 1.09627 = 281.01
1.2 0.8897691 1.085518  280.36
1.3 0.8810223 1.074847 279.71
1.4 0.8723415 1.064257  279.06
1.5 0.8637263 1.053746  278.41
1.6 0.8551763 1.043315 277.76
1.7 0.8466912 1.032963  277.11
1.8 0.8382707 1.02269 = 276.46
1.9 0.8299144 1.012496  275.81
2 0.8216219 1.002379  275.16
2.1 0.813393  0.99234  274.51
2.2 0.8052274 0.982377  273.86
2.3 0.7971245 0.972492 27321
2.4 0.7890842 0.962683  272.56
2.5 0.7811061 0.952949  271.91
2.6 0.7731899 0.943292  271.26
2.7 0.7653351 0.933709  270.61
2.8 0.7575416  0.924201  269.96
2.9 0.7498089 0.914767  269.31
3 0.7421368 0.905407  268.66
3.1 0.7345249  0.89612  268.01
3.2 0.7269728 0.886907  267.36
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3.3 0.7194803 0.877766  266.71
34 0.712047  0.868697  266.06
3.5 0.7046726 0.859701 265.41
3.6 0.6973568 0.850775 264.76
3.7 0.6900992 0.841921 264.11
3.8 0.6828995 0.833137 263.46
3.9 0.6757575 0.824424  262.81

4 0.6686727 0.815781 262.16
4.1 0.6616449 0.807207 261.51
4.2 0.6546738 0.798702  260.86
4.3 0.647759  0.790266 260.21
4.4 0.6409002 0.781898  259.56
4.5 0.6340971 0.773598  258.91
4.6 0.6273493 0.765366  258.26
4.7 0.6206567 0.757201  257.61
4.8 0.6140188 0.749103 256.96
4.9 0.6074354  0.741071  256.31

5 0.6009061 0.733105 255.66
5.1 0.5944306 0.725205 255.01
5.2 0.5880087 0.717371  254.36
5.3 0.5816399 0.709601  253.71
5.4 0.5753241 0.701895  253.06
5.5 0.5690609 0.694254 252.41
5.6 0.56285  0.686677 251.76
5.7 0.556691 @ 0.679163  251.11
5.8 0.5505838 0.671712  250.46
5.9 0.544528  0.664324  249.81

6 0.5385232  0.656998  249.16
6.1 0.5325692  0.649734  248.51
6.2 0.5266658 0.642532  247.86
6.3 0.5208125 0.635391 247.21
6.4 0.5150091 0.628311 246.56
6.5 0.5092553  0.621291 245.91
6.6 0.5035508 0.614332  245.26
6.7 0.4978954 0.607432  244.61
6.8 0.4922887 0.600592  243.96
6.9 0.4867304 0.593811 243.31

7 0.4812202 0.587089 242.66
7.1 0.4757579  0.580425 242.01
7.2 0.4703431 0.573819 241.36
7.3 0.4649756  0.56727 @ 240.71
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7.4 0.4596552  0.560779  240.06
7.5 0.4543814 0.554345 239.41
7.6 0.449154 0.547968  238.76
7.7 0.4439728 0.541647 238.11
7.8 0.4388374 0.535382  237.46
7.9 0.4337475 0.529172  236.81
8 0.428703  0.523018  236.16
8.1 0.4237035 0.516918  235.51
8.2 0.4187487 0.510873 234.86
8.3 0.4138383 0.504883  234.21
8.4 0.4089722 0.498946  233.56
8.5 0.4041499 0.493063 23291
8.6 0.3993712 0.487233  232.26
8.7 0.3946359 0.481456  231.61
8.8 0.3899437 0.475731  230.96
8.9 0.3852942  0.470059  230.31
9 0.3806873 0.464439  229.66
9.1 0.3761227 0.45887 = 229.01
9.2 0.3716 0.453352  228.36
9.3 0.3671191 0.447885 227.71
9.4 0.3626796 0.442469 227.06
9.5 0.3582814 0.437103  226.41
9.6 0.353924 0.431787 225.76
9.7 0.3496073 0.426521 225.11
9.8 0.345331 0.421304 224.46
9.9 0.3410948 0.416136  223.81
10 0.3368985 0.411016  223.16
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A8. Data Tables
Table 21: Historical Rigid Airship Database

HISTORICAL RIGID AIRSHIP DATABASE

Payload Fuel OEW MTOW He Volume
[ton] [ton] [ton] [ton] [m?]

ZODIAC TYPE 2 2 16 20 12800
LZ4 4.5 2.5 12 19 16000

LZ10 7 1.4 13.6 22 17800

HM 0.6 1.4 19.9 21.9 18800

S.L.1 4.5 1.1 19.3 24.9 19000

LZ724 9.2 4 16.9 30.1 25000

S.L.2 8 4 21 33 25000
LZ120 10 2.4 13.2 25.6 29000
CORSAIR 8 4 10 22 29500
LZ38 11.2 4.8 21 37 39000

LZ62 324 6.2 314 70 55000
NAVAL AIR 29.6 6.6 35.1 71.3 61000
LZ112 36.5 12 24.5 73 79000
LZ126 32 16 42 90 117220
DGPA 50T 50 20 66 136 130000
ROYAL AIRSHIP 62 30 90 182 141500
ZRS-4/5 80 60 110 250 209000
LZ129 HINDEMBURG 102 65 130 297 228561
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Table 22: Surface Plan of Tail Element (Y-Configuration): Mathematical Passages

Surface Plan of Tail Element (Y-Configuration) Mathematical Passages
(SVT=A+a1+a2
SHT = b1 + bz

START { A= /b% + a%

a1:a2:a
\ b]_:bzzb

Syr — A
rSVT=A+2a—>a= VTZ

S
SHTZZb_)b:%

A= Shr n (SVT - A>2
L 4 2

SZ. SZ. A% SypA
2 STEP g2 = 2Hr  ovr A Ovr
2 " a YT T

1 STEP {

A2 SyrA 1
3 STEP A =+ === St +SF) =0
4 2 4
1 SyrA 1
4 STEP A? (1——)+ T 2 (S2,+5%) =0
4 2 4
2 2 1 2 2
SSTEP A +§SVTA_§(SHT+SVT) = 0
2 2\ 4
END A1/2 = _§SVT + (§SVT> + § (Sth + SlziT)
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Table 23:Power as a Function of Speed: Mathematical Passages

Power as a Function of Speed: Mathematical Passages

1
( q= E’DVZ
START ig W = Laero =q Cl VOlZ/3
P = q(Cpo + KCI>)Vol?/3V
gw gw
Cl=——+>(Cl=7"——
1 STEP q Vol?/3 %pV2V0l2/3
2 STEP P = CpoqVol?/3V + KCI?qVol?/3V
2
1 w 1
3 STEP P= CDOEpVZVolmV +K| 1 J EpVZVolz/3V
7,0V2V0l2/3
1 2K (gW)?
— _ 2/3y73
END P > CpopVol*°V° + VolZ3y

Table 24: Maximization of Ratio between Aero Lift and Drag: Mathematical Passages

Maximization of Ratio between Aero Lift and Drag: Mathematical Passages

START Laero = CLaeroqIZ/0l2/3
D = CpqVol?/?
1 STEP Laero _ CraeroqVol*® _ cLam2
L CDqV0l2/3 CDO + KCLaero
fO\ _ /9@ — f)g' () _
2 STEP d = > —0
g(x) (g (X))
3 STEP 1(CD0 + KCEGET'O) — iLaeToz(ZKCLaero) -0
(CDO + KCLaero)
C
4 STEP Craero = %
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/@
5 STEP (CLaem) _NK

C B C
& max CDO + K ID(O
END (Laero> __ 1
D max 2—\/ CD()K

Table 25: Constant Speed for Minimum Drag: Mathematical Passages

Constant Speed for Minimum Drag: Mathematical Passages
Wy
Cl=——+
START qVol?/3
D = qCpVol?/?

1 STEP D = q(Cpy + KCI?)Vol?/3
i
— 2/3
2 STEP D—q<CDO+KW>V‘)l /
KW
— 2/3 2/3 H
3 STEP D = qVol / Cpo + qVol / m
1 2/3 KW
7pV2V0l2/3
dD 2 ” 2KW2
EpV?’VolB
dD 1
6 STEP —=0- E(pVozZ/3)2v4cDO —2KWZ =0
END vt = KWy
~ (pVol2/3)?
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Table 26: Sunrise and Sunset of Main City in 2018'

Sunrise and Sunset of main city at 2018

Daylight time hours[4-gen] Daylight time hours[4-Jul]

# City Latitude [°] =~ Sunrise[hh:mm] = Sunset [hh:mm]  Sunrise [hh:mm]  Sunset [hh:mm]
1 Moscow 55.8 8 58 16 11 3 52 21 15
2 London 51.5 8 6 16 6 3 50 20 20
3 Paris 48.9 8 43 17 6 4 52 20 55
4 Rome 41.9 7 38 16 52 4 40 19 49
5 New York 40.7 7 20 16 42 4 30 19 31
6 Tokyo 35.7 6 51 16 40 4 30 19 1
7  Los Angeles 34.1 6 59 16 57 4 47 19 8
8 Cairo 30.1 6 51 5 8 4 58 19 0
9 Miami 25.8 7 8 17 44 5 34 19 16
10 Hong Kong 22.3 7 4 17 53 5 44 19 11
11  Mexico City 19.4 7 12 18 12 6 3 19 19
12 Bombay 18.9 7 13 18 15 6 6 19 20

' (ESRL, s.d.) - Source of this data is NOOA ESRL: https://www.esrl.noaa.gov/gmd/grad/solcalc/sunrise.html
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4 PRELIMINARY DESIGN-AIRSHIP-ANGELO ANTONIO ZAGARIA-TES! LAUREA MAGISTRALE-MACRO 2 Oxlsm - Modulel (Co | = || B |[25]

| [General) ~ | | Solver ~ |

Sub Solver () =

Solver Macro

Sheets ("Weight Definition").Select

Range ("J36™) .Select

SolverOk SetCell:="£J$36", MaxMinVal:=3, ValueOf:=0, ByChange:="$C$3", Engine:= _
1l, EngineDesc:="GRG Nonlinear™

SolwerSolve

Sheets ("INPUT-CUTPUT"} .Select

Range ("H2") .5elect

End Sub

Figure 11-8: Instruction of Solver Macro

A9. Viscosity Estimation

A valid method to determine dynamic viscosity depending on the temperature is through Suth-
erland’s law. The expression is:

3
ST2

— (Equation 11-4)
X+T

U

where S is Sutherland’s constant that contains data of gas analysed and X is Sutherland’s tem-
perature. The table below shows these parameters for some gases.

143



MULTIDISCIPLINARY DESIGN OF RIGID AIRSHIP EQUIPPED TO SUPERYACHT IN COLLABORA-
TION WITH PININFARINA

Table 27: Sutherland’s Constant and Temperature for Some Gases

S X
Aria 1.46E-06 110
CO 1.4E-06 109

CO2 1.55E-06 233
CHA4 9.8E-07 155
Freon-12 1.48E-06 @ 317

H2 6.5E-07 71
He 1.52E-06 98
N2 1.39E-06 102
NH3 1.89E-06 684
02 1.65E-06 = 110

For the air, dynamic viscosity trend described by Sutherland’s law is visible in the graph below,
and is the same trend of each other gas.

Air Viscosity
4.5E-05
4.0E-05
3.5E-05
3.0E-05
2.5E-05
2.0E-05
1.5E-05

Viscosity [Kg/m/s]

1.0E-05
5.0E-06

0.0E+00
0 200 400 600 800 1000 1200

T(K)

Figure 11-9: Air viscosity graph
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