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Abstract

The growing need to patrol and survey large maritime and terrestrial areas increased the
need to integrate external sensors on aircraft in order to accomplish those patrols at increasingly

higher altitudes, longer range and not depending upon vehicle type.

The main focus of this work is to elaborate a practical, simple, effective and efficient
methodology for the aircraft modification procedure resulting from the integration of an Elec-
tro-Optical/Infra-Red (EOQ/IR) turret through a support structure. The importance of the devel-
opment of a good methodology relies on the correct management of project variables as time,
available resources and project complexity. The key is to deliver a proper tool for a project de-
sign team that will be used to create a solution that fulfils all technical, non-technical and certi-
fication requirements present in this field of transportation. The created methodology is inde-
pendent of two main inputs: sensor model and aircraft model definition, and therefore it is in-
tended to deliver the results for different projects besides the one that was presented in this work
as a case study. This particular case study presents the development of a structure support for
FLIR STAR SAPHIRE Il turret integration on the front lower fuselage bulkhead (radome) of
the LOCKHEED MARTIN C-130 H. Development of the case study focuses on the study of
local structural analysis through the use of Finite Element Method (FEM).

Development of this Dissertation resulted in a cooperation between Faculty of Science
and Technology - Universidade Nova de Lisboa and the company OGMA - IndUstria
Aeronautica de Portugal

Keywords: EO/IR Sensor; Aeronautics; Structural Analysis; European Aviation Safety
Agency; Finite Element Analysis; LOCKHEED MARTIN C-130 H; FLIR STAR SAPHIRE Il
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Resumo

A crescente necessidade de reconhecimento e vigilancia de grandes areas terrestres e
maritimas implicou o desenvolvimento da integracdo de sensores EO/IR exteriores em aerona-
ves de forma a efetuar o patrulhamento a altitudes cada vez mais altas, de maior alcance e atra-

ves de varios tipos de veiculos.

O grande foco deste trabalho passa pela elaboracdo de uma metodologia de um projeto de
modificacdes de uma aeronave pratica, simples, clara, eficiente e eficaz resultante do estudo da
integracdo de uma torreta de um sensor Electro-Otico/Infravermelho. A correta definicdo de
uma metodologia é de grande importancia de forma a obter uma correta gestéo das varidveis de
projeto como o tempo, alocagdo de recursos e a complexidade do projeto. O objetivo centra-se
em desenvolver uma ferramenta Gtil para uma equipa de projeto de forma a obter uma solucéo
final que cumpre requisitos técnicos, ndo técnicos e requisitos de certificagdo, presente neste
tipo de industria. A metodologia desenvolvida é independente tanto do modelo do sensor a ins-
talar como a aeronave a ser modificada, de forma a poder ser empregue em projetos diferentes
do caso presente neste trabalho. O caso de estudo apresenta (através do uso da metodologia) o
desenvolvimento de uma estrutura de suporte para a torreta do sensor FLIR STAR SAPHIRE
111, Esta estrutura é especificamente desenvolvida para a aeronave LOCKHEED MARTIN C-
130 H. O desenvolvimento do caso de estudo é focado na analise estrutural através da analise de

elementos finitos.

O desenvolvimento desta Dissertagdo resulta da cooperacdo entre a Faculdade de Cién-
cias e Tecnologia - Universidade Nova de Lisboa e a empresa OGMA - Industria Aeronautica
de Portugal, S.A

Palavras-Chave: Sensor EO/IR; Aerondutica; Analise Estrutural; EASA; Andlise de
Elementos Finitos; LOCKHEED MARTIN C-130 H; FLIR STAR SAPHIRE 111
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1 Introduction

1.1 Objectives and structure

In the following development of this Master Thesis, the underlying purpose is to develop
a methodology for the integration of a Electro-Optical (EO) and Infrared (IR) sensor turret in a
military type aircraft. This project is related to the branch of aeronautics and its elaboration re-
sults from a cooperation between the Faculty of Science and Technology - Universidade Nova
de Lisboa and OGMA - IndUstria Aerondutica de Portugal, S.A.

Integration of EO/IR sensor turret on an aircraft presents three major areas of study:
structural impact, aerodynamic impact and system integration impact. This project is focused
on the structural impact of sensor turret integration. Following a brief analysis of what is an
EO/IR sensor, a complete methodology is developed in order to elaborate a Preliminary Design
of a structural solution for integration of sensors of this nature on an aircraft. Nerveless, this
work is conducted simultaneously with aerodynamic impact study by Costa [1], whose results

will be considered further in this work.

Developing a methodology for a project design is often related to the perfect balance be-
tween cost, deadline and scope of work. The calibration and establishment of each aspect di-
rectly influences the two major factors that will define a project, expected quality result and the
resources available with the time and cost invested in this project. Thus, usually a project design

team must define the expected result, trying to achieve it with all of the relative factors.

Cost

Quality

Resources

Deadline Scope of Work

Fig. 1-1 Iron triangle adaptation[2].



Carrying out this work, this thesis is divided in several sequential milestones distributed

along 8 chapters:

e EOI/IR sensors breakdown (Chapter 2)

e Modification design overview (Chapter 3)

e Feasibility analysis of turret installation on a military aircraft (Chapter 4)

e State of the art of theoretic assumptions during the modification project analysis
(Chapter 5)

¢ Modification requirements settlement for the project - case study (Chapter 6)

e Project design process - case study (Chapter 6)

e Structure analysis of the final solution -case study (Chapter 6)

e Turret integration methodology definition (Chapter 7)

e Final remarks and conclusions about the future work to be done (Chapter 8)

Among the presented sensors in Chapter 2 that resulted from a market study survey, the
sensor to be studied and that is considered in this project is the one that is most common among
the installations in these type of aircraft model. The vehicle type to be studied is airborne, thus,
the aircraft model to be considered is LOCKHEED MARTIN C-130 H (general characteristics
on Fig. 1-2). C-130 is itself a compound of numerous variants. The "H" variant was chosen for
this subject due to its popularity and its great abundance in this market. Due to the fact that Por-
tuguese Air Force has 3 C-130H and 3 C130H-30 [3] (extended modification of "H" variant
nicknamed as Super-Hercules) in its fleet 3, is probably also one of decisive factors to engage

the "H" variant.

The structure of an airborne vehicle is complex and so a preliminary analysis of the most
suitable location for the turret integration is needed. The development of chapters as Chapter 4
"Feasibility analysis of turret integration on different aircraft locations" will consist on an analy-
sis of the considered aircraft model, however the developed methodology is valid in any air-
borne vehicle. After the selection process of the optimum location for the turret integration, a
more detailed analysis of the local structure is required, which is conducted during the Chapter
6, Case Study.



Weights and loads

Value

Operating Empty Weight (OEW)

75562 lbs | 34 274 kg

Max. Fuel Weight

45900 Ibs | 20819 kg

Max. Payload ( 2,5 G conditions)

41790 Ibs | 18 955 kg

Max. Normal T-O Weight

155 000 Ibs | 70 305 kg

Max. Overload T-O Weight (MTOW)

175 000 Ibs | 79 380 kg

Max. Normal Landing Weight

130000 Ibs | 58 965 kg

Max. Overload Landing Weight (MLW)

155 000 Ibs | 70 305 kg

Max. Zero Fuel Weight (2,5 G conditions)

117350 lbs | 53 230 kg

Max.Wing Loading

88.83 Ib/sq ft | 433.7 kg/m"2

Max. Power Loading

8.44 Ibs/shp | 5.14 kg/kW

External Dimensions

Value

Wing Span (A)

132.6 ft | 40.41m

Length overwall (B)

97.75ft ] 29.79 m

Height overall (C)

38.8ft | 11.84m

e -

)= 5
M"g A

Tailplane span (D)

52.7 ft | 16.05m

Wheel track

14.25ft | 4.34m

Propeller diameter 13.5ft | 4.11m
Wing area (gross) 1745 sq. Ft | 162,12 m~2
Performance (at MTOW) Value

Max. Operating Speed (above 15 000 ft)

270 KIAS | 140 m/s

Max. Diving Speed (above 15 000 ft)

320KIAS | 16 m/s

Ceiling

33 000 feet | 10000 m

Fig. 1-2 LOCKHEED MARTIN C-130 main characteristics[4]

This chapter will focus only on the preliminary design of FLIR STAR SAPHIRE Il sup-

port structure in the front bulkhead of the considered aircraft model. Concluding the chapter, the
consideration of the EO/IR sensor model can be varied but the technical specification of the air-
craft model makes it somehow difficult to adapt to other vehicle of the same nature. However,
the methodology that is developed is to be adapted and considered for similar aircraft models.
During the project design process, it is intended to create a support structure that connects the

aircraft and the EO/IR sensor turret support plate, as defined in Fig. 1-3

Support
Structure

Fig. 1-3 Framework of the project development focus

EOQ/IR sensor
turret

Support

Aircraft
plate

—>

Being concluded the Case Study, comes the time to define the output of this project in
Chapter 7, Methodology definition. The focus of this methodology is gathered in detailing the
Preliminary design of the project, and defining the needed procedure at each step. Finally,
Chapter 8 will held the main project conclusions and suggestions for further work. Concluding,

the final objectives of this project are:

e To develop an universal feasibility analysis of EO/IR sensor turret installation
location for any aircraft model;

e To develop a support structure for integration of FLIR STAR SAPHIRE |1l on
LOCKHEED MARTIN C-130 H;



e To develop a practical, simple and effective methodology that can deliver a pre-
view of the structural impact analysis and the development of a support structure

for the EO/IR turret in an aircraft.

1.2 Motivation

During the last three decades, the rising demand to fulfil some of the needs of civil and
military entities led to the growing and development of the external sensor technology. Nowa-
days, this external sensor market is wide enough to offer the right solution in accordance with
the mission purpose and the vehicle type (land, airborne or maritime) in which these sensors are
mounted. The process of integrating one of these sensors on an airborne vehicle is a joint ven-

ture between technical certification and design project.

Certification reveals to be a fundamental milestone in airborne transportation in order to
guarantee the compliance of numerous safety and environmental requirements worldwide. In
aviation, safety depends greatly on 3 factors [5]: men (pilots, maintenance mechanics, air traffic
controllers and other personnel that is involved in this industry), the environment (external fac-
tors that can, or cannot, influence the flight conditions), and the machine (understood as the air-
craft in which the flight is performed, its operational status and airworthiness). Operational
status of an aircraft is understood as the quality of its operational behaviour, as airworthiness is
possession of the necessary requirements for flying in safe conditions, within allowable limits

(clear definition found in Italian RAI-ENAC Technical Regulations).

Aircraft operability and airworthiness certification is currently managed by numerous na-
tional and international entities. In Portugal, the agency responsible for aircraft certification is
INAC (Instituto Nacional de Aviacéo Civil). There is also an European entity which, with coop-
eration of national entities, controls the certification procedures. Called EASA (European Avia-
tion Safety Agency) currently defines the certification procedures and requirements about all of
the airborne transportation in European airspace. The worldwide entity which manages and en-
sures the growth of international civil aviation is ICAO (International Civil Aviation Organiza-

tion). In Europe, airworthiness and operability regulation can be summarized by Fig. 1-4.



Regulation Committee (CE) 216/
2008

Basic regulation in civil aircraft
domain;

Regulation Committee (CE) 2042/2003 Besalaion Commtee (CH) 7450012
For the airworthiness and environmental
—certification of aircraft and related products,
parts and appliances, as well as for the
certifiation of design and  production
organisation

__|On the continuing airworthiness of aircraft
and aeronautical products, parts and
appliances. Approval of organisations and
personnel involved in these tasks.

Acceptable Means of Compliance
and Guidance Material

Acceptable Means of Compliance and
Guidance Material Part 21

Parts M, 66, 145, 147 (ED Decision)

(ED Decision)

Certification Specification

Fig. 1-4 EASA - Regulation

In accordance with Regulation Committee (CE) 748/2012, OGMA is a Design Organiza-
tion Approval (DOA) entity. A DOA entity is authorized to perform maintenance and modifi-
cation in Large Aircrafts (Certification Specification 25) and Light Aircrafts (Certification
Specification 23). These maintenance and modification are authorized in avionic installations;

electrical systems, structures and interiors, among others.

Acceptable Means of Compliance and Guidance Material - Part 21 is relative to airwor-
thiness, in which occurs the certification of all design and maintenance projects. Part 21 is the
branch of certification which is the focus of this study, more specifically sub part B,D,E and M

(Type Certification; Changes; Repairs).

The procedure of an aircraft modification approval depends largely from its modification
type: Minor or Major. It is considered that a modification is Minor if: it has a negligible effect
on aircrafts mass or its Centre of Gravity (CG); no modification to the original airframe is re-
quired (not considering possible local reinforcements). Otherwise, the modification is rated as
Major. A DOA entity is normally authorized to design and approve a Minor modification to be
made. In case of a Major modification, however, a DOA entity is required to apply for a Sup-
plemental Type Certificate (STC). In order to understand the nature of an STC document, one

must first understand the meaning of a Type Certificate (TC):



e TC - Issued by the regulator (EASA). An aircraft model which is allowed in
European airspace has a document which states that the aircraft was manufac-
tured according to a design which complies with airworthiness requirements.
This document contains information about the aircraft performance category,
maximum weight limits, engine models, minimum crew, requirements of the Cer-
tification State; maximum passengers and other operating limitations.

e STC - Issued by the regulator (EASA). Document which states the approval of a
Major modification in compliance with airworthiness and what are the changes to
the operating limitations present in the original TC document of an aircraft
model. TC also holds any new certification requirements to be met or reviewed

after this modification.

From a preliminary analysis to other similar or not aircraft modification projects, it is
suggested that the modification is rated Major. It is important to highlight the word "suggestion”
once the definition of the modification type can only be done by an experienced member of the

Design Team.

This work embraces a modification of an aircraft with Maximum Take Off Weight
(MTOW) of about 79 380 kg. Thus, this project will be referred to the certification of Large
Aircrafts (CS-25) which is related to any aircraft which MTOW > 5670 kg. Certification of an
aircraft in this field requires the accomplishment of numerous Certification Requirements (CS)
through study of various static (strength and structural stress) and dynamic (fatigue and damage
tolerance) analysis. In the planning of an aircraft modification design project, one must follow a

structure of well defined procedures adopted by an DOA entity.

) . Preliminary Prototype Project
Project opening design development approval
L|_5t|ng Detailed design Tests Project closing
requirements

Fig. 1-5 Main milestones during the development of a modification design

Preliminary design, which is the core focus of this project, relies in creating a solution for
the turret support structure, its analysis and justification of several CS and non-CS requirements
defined for the modification. This work relies in justification of these requirements by static

analysis, more specifically material yield phenomena, buckling and crippling.



The study of all the described phenomena will be done recurring to an Finite Element
Analysis (FEA) software. FEA is an analysis method approximation to a complex problem, with
a complex geometric domain by dividing this domain into finite number of simpler sub do-
mains, called finite elements. Further, the analysis of each element and their respective interre-
lation is understood based on theoretic assumptions and governing equations depending on the
type of analysis and on FEA software in use. FEA reveals to be suited for far more complex
problems then analytic approximation and not as costly as experimental analysis. In accordance
with the necessary project design procedures of the support structure, all justification and calcu-

lation is approached from a conservative way, in order to guarantee a satisfactory safety factor.

The project design and the characterization of beam section for each support structure
element is done by engineering judgement and engineering background research. Phenomena as
shear stress distribution over a transverse section, eccentric loading, consideration of neutral
loading axis and estimation of geometric properties as moment of inertia considerations are im-

plicit over this thesis and their theoretic explanation is not present.






2 Insight of EO/IR sensors

In this chapter, a robust approach is proposed on electro-optical (EO) and infrared sensors
(IR), their fundamentals and their respective market use. A sensor is defined as an object that
detects signals and information of the surrounding environment. The EO and IR capabilities of a
sensor settle the spectral band, namely the interval of different types of information which the
sensor receives. For the purpose of this particular study, these sensors are part of airborne ob-
servation systems. Depending on the application, several sensor types can be integrated in a tur-
ret that is fixed to the aircraft, which is the case. Target phenomenology often dominates the
choice of spectral band of use by the sensor, but not entirely. The band choice is also influenced

by vagaries of atmospheric transmission and scattering [6].

EO/IR systems are greatly dependent on either target reflection by outer radiation (solar,
moonlight or artificial) or the radiation of the target itself. Namely, a majority of EO/IR systems
do not apply radiation directly at a target (using a standard video-camera with an integrated
flashlight in dark environment can be taken as an example). Therefore, these systems are called

passive [6].

Speaking of EO and IR, one must first understand the basics of each technology. What
mainly distinguishes EO sensors from IR sensors are the different waveband, or spectrum, in
which each one of these receives the information. EO sensors typically receive information in
the 0.4-3.0 um waveband. This interval contains the visible spectrum to our eyes (0.38-0.75
um). That is why, the operation of these sensors may, in some way, be related to the way our
eyes work (which can also be understood as a type of sensors). Like human eyes, EO sensors
track the radiation that is reflected from a target due to outer radiation. On the Fig. 2-1 is shown
an example of the information received by a EO system. The targets (three men) are visible only

due to their reflection of the radiation emitted by the vehicle headlight.
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Fig. 2-1 - Image captured by EO sensor of the L-3 WESCAM MX-15HDI [7]

On the contrary, IR sensors group is defined by equipments which capture the radiation
that is emitted by a certain target. These sensors generally operate on a waveband between 0.7-
14 um. This is understood as a wide interval in which there is a number of different sub-classes
of IR sensors [1]. Fig. 2-12 is an example of an image captured by an IR sensor. The image was
captured by an U.S. Navy Lockheed P-3 Orion during search and rescue mission of an Egyptian
ferry Al Salam Baccaccio in 1998. At the rear of the ferry, the visible white dots are the crew

and passengers to be rescued.[8]

Table 2-1Types of IR sensors

IR sensor class Operation Waveband [um]
Near-Infrared (NIR) 0.7-1.1
Shortwave-Infrared (SWIR) 1.1-3
Midwave-Infrared (MWIR) 3-5
Longwave-Infrared 8-14

Nowadays, most of EO/IR sensors on the market are fit do adapt to either ground, mari-
time or airborne vehicles. Particularizing the case, once integrated on an aircraft these sensors
can provide a wide range of applications. Intelligence, Surveillance and Reconnaissance (ISR);
border-coastal patrol; and ground force protection are the most common missions of these sys-
tems in military purpose activities. A EO/IR sensor is divided into different subparts like Opera-
tor Console and Turret, this last one particularly important for the purpose of this study. The

turret is the external part of the sensor, namely, the part that is located outside the airplane and
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which integration on the aircraft is the output expected in this dissertation. An example of a
EO/IR turret is shown on Fig. 2-3.

Fig. 2-2 Image captured by U.S. Navy LOCKHEED MARTIN P-3 Orion during search & rescue
mission

Fig. 2-3 - Example of an EO/IR sensor turret [9]

Currently, the market supply of EO/IR turret is surprisingly wide with more than 15 man-
ufacturers found, including LOCKHEED MARTIN, L-3 WESCAM, FLIR, and others. From the
research on the available products in the category of EO/IR turrets, a comparison is made be-
tween the models and their main characteristics. At this point, urges the issue of defining what
are truly important characteristics of a EO/IR sensor turret for the purpose of this study.

Consulting various available turret data-sheets on the market, specifications like sensor
capability, resolution and zoom ratio were outward to the importance of this project. Thus, the
important characteristics to be taken into consideration are general dimensions, geometry and
weight of each turret model. Table 2-2 presents the main considered models, their relevant char-
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acteristics and a brief comparison. Verifying the already existing EO/IR sensor integrations for

this aircraft model, one specific model came up as the most utilized, FLIR STAR SAPHIRE IlI.

Table 2-2 Comparion table of different EO/IR models highlighting the chosen for this project.

Turret weight | Diameter | Height Fixed Area

Manufacturer Model .

(kg) (m) (m) Wing (m"2)
AIRBUS Defence & |\ ) o ~ 43 0,45 0,50 |undefined| 0,70
Space[10]
AIRBUS Defence & Goshawk Il =30 0,45 0,35 |undefined 0,49
Space [10]
Israel Aerospace | ) ¢p 3000 ~32 0,50 0,38 yes 0,60

Industries[11]

Raytheon[12] NA/ AAS- 52 = 60 0,46 0,19 yes 0,28
FLIR[13] Star Saphire IlI =44 0,38 0,45 yes 0,54
General =70 (system

V-14 4 71

Dynamics[14] weight) 0,45 0,50 yes O

Northrop Grum- | \ |\ /anQ-28(V) ~210 0,41 * es .
man[15] - ! ¥
Lockheed
Martin[16] INFIRNO = 58,5 0,40 0,54 yes 0,68
L3 WESCAM[17] MX 15 =45 0,39 0,48 yes 0,60
L3 WESCAM [18] MX 20 =90 0,53 0,67 yes 1,12
L3 WESCAM[19] MX 25 =100 0,65 0,78 yes 1,57
RAFAEL[20] Toplite EOS =65 0,59 0,66 yes 1,23

In all of the presented information about FLIR STAR SAPHIRE I11[13], it is important to
highlight that the equipment is qualified for MIL-STD-810 and MIL-STD-461. MIL is a United
States Military Standard for equipment certification. Further contractual, design and qualifica-

tion procedure should be in compliance with certifications presented above.

e MIL-STD-810 - equipment verified to be able to sustain the limit conditions

which it will experience during service life (environmental stress, possible

equipment defects, among others);

e MIL-STD-461 - electromagnetic compatibility (EMC) in either energy reception

or propagation. EMC settles the possibility of various equipments within a small

perimeter whose functionality can occur in parallel without unwanted effects.
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3 Modification Design Procedure

Normally, a DOA entity has a developed Modification Design plan which it follows in
case of a modification project for a civilian aircraft. A Modification Design plan document is
usually a flowchart or a compound of flowcharts with well established guidelines in accordance
with the regulator procedures. The modification project in this particular study is not of a civil-
ian type, but military. In cases of a military type modification, there are no defined procedures
with a regulator to be followed. Normally, a DOA entity has the regulator privileges to proceed
in its will in this type of modification. Taking as an example, in a military and state aircraft
modification project, change approval and change modification can be done entirely by a DOA
entity. It is up to the client to accept or to not accept the modification procedures to be made.
However, a military type modification can be conducted in accordance with a civilian type pro-
cedure which is commonly accepted by a given client. Thus, the DOA entity Modification De-
sign plan based on civilian type modification is particularized for this project. During this chap-
ter, this particularization is explained in three tiers of detail, which can be observed in Fig. 3-1,
where this tiers are divided in columns. The focus of this study will set on Preliminary Design

and its development, but before exploring it, an understanding of the whole process is needed.

TIER1 TIER 2 TIER 3

[ Preliminary Design }

il

gt || |
[C=— C=—1]

Fig. 3-1 - Modification Design Overview of the turret modification project.
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Beginning with the top level tier of detail, usually a modification project is di-
vided into several steps of procedure which are often sequential, as shown on Fig. 3-2.
These steps are referred as domains, each one of them being characteristics of certain
type of procedure. The act of evoking the "domain™ characterization is intended to re-
call the Axiomatic Design theory for a better understanding and segregation of the
Modification Design plan. Axiomatic Design is a systems design methodology that uses
matrix methods to systematically analyse the transformation of customer needs in func-
tional requirements, design parameters, and process variables[21]. Axiomatic Design is
particularly useful for this type of projects because it allows to define simply what is
needed (Costumer Domain), what it needs to do (Functional Domain), how it is suppose
to look (Physical Domain) and how to create it (Process Domain). The left side of Fig.
3-2 shows an example of interaction between different domains in common Axiomatic
Design project. After a brief observation it is clear that the normal process follows a se-
quential order. However, the same is not applied on this particular project, as can be ob-
served on the right side of the same Fig. 3-3. During the Preliminary Design phase,
there is a number of decisions to be made during the process elaboration that recur to
the Functional Domain. Thus, during the Preliminary Design is witnessed a constant in-

teraction between these two domains, Functional and Physical.

Client Request

Client Domain Proposal

Contract

[

¢ P Detailed Design

Ground Tests
-D| Certification Procedure '——
Flight Tests
L 4

Qualification Procedure =
I Certification and I Certification and Qualification

Qualification Domain Verification
Physical Domain Preliminary Design — I

1
A 2

Modification Set-Up

ﬁ Functional Domain M

| Process Domain

Requireme nts Analysis

Certification and Q ic
Domain

I Process Domain | | Modification Approval |

Fig. 3-2 - Modification Design divided in several domains
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The nature of this particular project and this particular field of engineering requires the
consideration of an extra domain, regarding Certification and Qualification process which isn't
referred in Axiomatic Design methodology. The steps that are part of this domain occur in a

parallel time significance with the physical domain.

Functional Physical Process
Domain Domain Domain

\

Process

Client Functional Physical

Client
Domain

Fig. 3-3 - Difference between interaction among different domains in Axiomatic Design and the
project in study

Naturally, a certain domain represents a set of tasks regarding to a specific nature. Fol-

lowing is explained each domain principles:
Client Domain

First contact with the client is established with the purpose to determine the costumer

overall needs (in this particular case, a turret) and to settle the contractual agreement.

Client Request - beginning with initial meetings; defining future negotiation dates (meet-
ing schedule) and fundamental objectives of the modification project. Definition by the client of
the aircraft model to be customized. If the client does not has yet a specific turret model to be

installed, one will be suggested by the design team.

Proposal - negotiation about the first outline of the project to the client, its general steps

and the raw order price (modification project minimum and the maximum budget limits).

Contract - purpose of making the project official. A scope of work is defined to establish

main milestones and the predicted overall project time.
Functional Domain

What does turret has to perform? It's main functionalities, requirements and main cau-

tions to take in account.
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Modification Set-Up - The modification process begins with a project team assignment.

The custom procedures involve the verification of previous projects of this nature made on the
aircraft model. A minute must be elaborated about a detailed reason, description of change, and

the main concerns to be accounted.

Requirements Analysis - estimating the needed requirements for the outcome project.

Those requirements are of various natures as contractual, regulatory, functional, operational and

performance requirements which the modifications interferes with.
Certification and Qualification Domain

The aviation sector contains a strict procedure regarding to modifications, taking in ac-
count various types of procedure in accordance of a present situation followed by the monitor-

ing of the regulator.

Certification procedure - Preparation of the change certification procedure. Activities are

established in order to demonstrate the compliance with the Certification Specification in accor-
dance to aircraft's airworthiness and other safety parameters. Appropriate means of compliance

are set to justify the involved requirements.

Qualification Procedure - This section bounds to classify and certify client requirements

other than relative to airworthiness. Taking as an example a client requirement of a specific

exterior airplane painting or relative.

Certification and Qualification Validation Verification - An assurance of the certification

is made. Follows the action of confirming if the certification status still complies with the estab-

lished certification.

As can be observed, there is a recurrence to the Certification and Qualification Domain
during the procedure of the Process Domain, specifically between the Flight Tests and the

Modification Approval. That once more implies the not so sequential behaviour of this project.
Physical Domain

First steps toward solution development. At this point, most of the decisive steps are

to be made with the interaction of Functional Domain as is seen forward.

Preliminary Design - Preliminary development of the modification. Location feasibility

analysis of turret installation on aircraft. Location installation selection. Generating of various
solutions for support structure. One solution is chosen to be the most viable. Geometry and

physical requirements are tested in order to verify the previously established CS requirements.
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Process Domain

Comes the detailed development, decisive tests and the needed specification for the

modification action.

Detailed Design - Begins the creation of the necessary documentation in order to actually
perform the modification. The following documentation includes models and installation draw-
ings, material, product and process specifications. The necessary procedures and reports are also

developed in this step.

Prototype - Materialising the solution. A procedure is made for the prototype to be sub-

ject for the future tests.
Ground Tests - Performing the required ground tests (if applicable).
Flight Tests - Performing the required flight tests (if applicable).

Modification Approval - Follows the final steps of modification procedure. A final ap-

proval of the client is expected. All the needed operational, maintenance and regulation docu-

mentation are presented to the involved entities in the project.

From the descriptions that were made above about the different domain contained in the
Modification Plan, it may not be clear to acknowledge the complexity and the scope of each
step. The time length of this thesis cannot cover in detail all the domains, and so, it is necessary
to focus on a particular area of the Modification Project. Thus, this study will cover in detail the
Preliminary Design, part of Physical Domain. Nevertheless, to completely understand the Pre-
liminary Domain, it is yet necessary to understand and explore the Functional, Physical, Certi-

fication and Qualification domains.

The Fig. 3-4, is a close-up of Fig. 3-1, highlighting the Functional (yellow), Physical
(green) and Certification and Qualification (blue) domains showing some of compound steps.
This figure contains the second tier of detail of Fig. 3-1 and as shown, some of these steps result
in an output documentation. The whole of outputs from a domain can result in an important
milestone. This milestone sets if the objectives of the process during this domain are achieved,
resulting in the fact that all of the requirements are met to proceed to the next step. Beginning

with the more detailed view of procedure in the following domains:
Functional Domain

Team Assignment - this step settles the decision of the team that will be responsible for

the project. A document must result with the team names.
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Purpose of Change Statement - a creation of an abstract to justify, state the main reasons

and proceeding the modification to be made.

Detailed Requirements Analysis - the action of gathering the different types of require-

ments to be met in this project. At this point, the list of requirements that is the output in this

step are not definitive and the future meeting with the client may establish new requirements.

System Requirements Review - marked as the milestone of the Functional Domain. This

may not be necessary in some projects where the initial requirements are well established on the
Detailed Requirements Analysis. This milestone concerns such topics as qualification and client

requirements.
Certification and Qualification Domain

Change Classification - in a civilian type modification, a checklist (referred by the regu-

lator) is completed in order to verify that the modification is Major. (significant/non-
significant/substantial). As referred before, in case of a military type modification, the change

classification and approval can be done entirely by an DOA entity.

Application for Major Change - In cases of a civil type modification, the checklist filled
in the previous step is presented to the regulator. In case of a military or state type modification,
this step is not necessary. Follows the filling of the EASA form FO.TCHH.0031

Establish Certification Plan - The Change description is defined; Certification Basis, Pro-

gram Schedule and respective responsibilities. Certification Basis is a sub-document which de-
fined the Certification Specification (CS) to be evaluated in this modification (CS-25 in this par-
ticular case), among other types of protection requirements. The complexity of the specific
modification may involve the collaboration of a Type Certificate Holder (which is usually the
regulator). The result of this step is the Certification Plan document, which may be updated

along the process.

Establish Certification Compliance Matrix (CCM) - Once the CS document is defined (in

this case CS-25) comes the time to define specifically the requirements applicable to this modi-
fication and the respective means of compliance. Means of compliance are a set of 8 types of

justification of a requirement. The different MC (Means of Compliance) are the following[22]:

MCO - Compliance Statement: rationalization and allusion based on previous

and/or existing similar modifications on the market.

MC1 - Design Review: justification based on drawing and data provided by the

Type Certificate Holder.
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MC2 - Calculation/Analysis: implication of use of structural, fatigue and other

types of analysis.

MC3 - Safety Assessment: associating methods like Fault Tree Analysis (deductive
procedure used to determine the various combinations of hardware, software and human
failures that could cause undesired consequences [23]) among other failure predicting

methods.

MC5/MC6 - Ground Tests/Flight Test: Functional tests performed on the

ground/air with possible electromagnetic interference tests to be performed.

MCY7 - Inspection by Specialist: only performed by a Compliance Verification En-

gineer in case of a mandatory visual confirmation of the modification quality result.

MC9 - Equipment Qualification: common certification of used equipment on the
given modification by the recognition of one of 3 document types: Technical Standard
Order (TSO), European Technical Standard Order (ETSO) and Parts Manufacturer Ap-
proval (PMA).

Classification

Change Classification I Checklist

|

Team Assignment }——’Liam/m_m\l_
Application for Major

Preliminary Preliminary
l Sl Design Design Summary

Modification
Purpose of Change Statement Process Review

Establish Certification CP&QP
‘ Plan | |

Top level s 3
Detailed Requirements Analysis }-——-'\Wn\l— Establush:;luahhcanon I
lan
Establish Certification
Compliance Matrix I_

‘ » COM&QCM | -
Svs(er"seau-remeﬂ15 Establish Qualification | |
eview Compliance Matrix
Obtain CP & CCM

Approval

INPUT - Detalled Desig Prefiminary Design
Review
A
Detailed Design

Fig. 3-4 Interaction between Functional, Certification and Physical domains

Means of Compliance 4 (Laboratory Tests) and 8 (Simulation) are not considered
in this project as they are not currently used by the DOA entity.
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Physical Domain

Preliminary Design - Specified steps in Fig. 3-5.

Preliminary Design Review - Documentation of the final support structure. At this

point, the developed solution has already fulfilled the requirements stated in CCM and

ready for further test procedure and production development specification.

As referred, Fig. 3-4shows the interaction between Functional, Certification and
Qualification and Physical domains, being this last two interconnected in a parallel set in
order to generate the expected outputs. As an example of this kind of interaction, the
CCM is one of the most important documents for this particular study. It will expose the
most critical requirements to be verified (consulting CS 25 Am. 16) and how can they be
justified (M.O.C). As verified in the following chapters, once the resulting CCM is set-
tled, the requirements that can be justified by MC 2 will be subject to the validation.

Following the analysis of a Modification Project Overview, comes the part that is
the main focus of this study, Preliminary Design as a part of Physical Domain. It can be
assured that one of the main objectives of this work is to design a proper methodology for
this important step. The correct methodology in Preliminary Design can help to capacitate
the working team to choose the right decision along with the lowest amount of time and
cost. This first approach to the methodology of Preliminary Design, presented in Fig.
3-5, presents the main predicted steps and the respective outputs in this phase of the
Modification Project. The further development of a case study will present a more techni-

cally detailed approach to the Preliminary Design.
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Preliminary Design

Stages Outputs

Listing of possible sensor locations subject to further N A/nf;z;?:gn
analysis '\/_\
Recommended
Location analysis and mapping of the viability of each one » Locations

\/\

Multiple Solutions
Display

\/\

Aircraft modification for the chosen location - generating
drafts of different solutions

A 4

Final Solution
Proposal

\/\

A 4

Selection of the most technically viable solution

Preliminary
Solution Baseline

\/\

A 4

Definition of development steps and physical requirements

Preliminary
Drawings &

Preliminary solution development
Models

A 4

Preliminary
Analysis Report

\/\

A 4

Analytic and numerical simulations

Preliminary
Design Summary

\/\

A 4

Development specification

Fig. 3-5 First approach to the methodology of Preliminar Analysis
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4 Feasibility analysis of turret integration
on different aircraft locations

4.1 Aircraft characteristics and locations

With a length of 29.78 m, height of 11,65 m and a wingspread of 40,41 m [24], the four-
engine turboprop C-130H is a part of the C-130 family which is one of most popular cargo and
ground support aircrafts in the military sector to this day, servicing more than 65 operators
worldwide [4]. On the Fig. 4-1, a U.S. Air Force C-130H is shown.

Fig. 4-1 LOCKHEED MARTIN C-130H during landing [4].

At preliminary analysis, the aircraft itself gives the impression of a great availability and
liberty in choosing a location to integrate the system. However, the process itself reveals to be
far more complex. Consulting several maintenance manuals, structural repair manuals and a IPB
of the aircraft, the integration of the sensor turret reveals itself dependent on several criteria,
varying the viability of these in accordance with a given area of the airplane. Thus, the solution
lies in dividing the aircraft's body in 17 areas and analyze each area individually and inde-
pendently. Following, a representation of the respective segmentation can be consulted in [Ap-

pendix A].
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4.2 Selection criteria and respective tiers of significance

In the process of selection of the optimal location on the aircraft to install a sensor turret,
urges the need to create a selection and validation process in order to apply this method in any
airplane model and any sensor turret model, regarding only to their respective characteristics.
During the selection of the necessary and sufficient criteria, it is necessary obtain a result where
all the criteria selected are in fact independent of one another and in case they are not, what is
their magnitude of importance and interrelation. The final criteria which should be considered

for the selection of the optimal location are the following:

1. Sensor’s sight range - It was determined as one of the major criterion for the
system. From an operational point of view, it is mandatory that the sensor oper-
ates within its total range of sight capabilities.

2. Interference with other parts - This criterion includes every kind of interfer-
ence that may occur. It was considered to be high priority since one must analyse:

e Antennas (distance);

e Vibrations induced on other parts;

e Influence in airflow;

¢ Contact with other components;

e Internal geometry (structural interferences);

3. Possible damage to the sensor - Possible damage to the sensor implies a short-
age to the device’s longevity, which creates the need for regular maintenance.
Implies that the modification lose its purpose in a client’s point of view.

4. Pressurized areas of the aircraft - Delimitates the implementation in pressur-
ized areas by the need of an additional external structure in these areas. Prefer-
ence given to the non pressurized areas of the aircraft by the simplicity of integra-
tion.

5. Sensor's Characteristics:

e A - Aerodynamic impact - can be responsible for certain change in the per-
formance characteristics of the aircraft. Although it is not a mandatory factor,
in can rule out some options.

e B - Structural impact - can dictate the magnitude of the structural support
system for the turret. Its characteristics can be troubling in cases where the

size of the implementation becomes critical.
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6. Structure’s integrity - in a first approach to the issue, one must consider the fra-
gility of the aircraft's local structure since it gives an approximate idea of how
difficult the modification is.

7. Modification complexity - criterion that regards to the eventual cost and size of
the whole process of the modification. It is a gathering of the most important is-

sues taken in the consideration for the choice of the location.

Once the essential criteria are defined, it is important to analyse how each of this criteria
will affect the decision, in what way, and if there is an consideration priority of their usage. As
an example, should the criterion 7 be studied before criterion 1? Is criterion 6 deterrent in con-
sidering some locations as viable? The first issue to consider is the magnitude of importance of
each criterion in a relative scale of comparison. Thus, these 8 criteria are divided in 3 groups

with different importance value on the selection process.

The first group and the most important, is a whole of criteria that are critical to the proc-
ess. By these means, this criteria preclude any type of consideration if one of them is violated.
Penurious sight range in a certain location, for example, is a clear indicator that the sensor can-
not be considered on installation in that particular area, otherwise, the purpose of its installation
is corrupted. Thus, the criterion 1 is constituent of the first group of importance. This aircraft’s
model in study, as well as any other existing models, has a complex structure with numerous
external and internal components. Some of these components are of extreme importance. Their
relocation or considering a respective contact or proximity to the turret can be prohibitive, thus
it is important to verify and assure that the installation of the turret in a specific location does
not interfere with the correct functioning of other components vital to the aircraft's operability.
So, the criterion 2 is also to be considered in the first group of importance. The last criterion to
be considered for this group of the higher importance is the possible damage that a turret may
suffer in being located in certain areas of the aircraft. Limiting turret’s life cycle is not a viable
option by placing it in a location that can induce a high probability in collision with rocks or a

vibration that causes severe fatigue to the turret's structure, taking these factors example.

Considering the second group of importance, the criteria constituent of this group are not
of prohibitive nature, but can very well restrain the selection decision. The criteria 4 can induce
an increase in overall modification complexity due to the importance of preserving a pressur-
ized area, but although this criterion delimits in some important way the nature of the modifica-
tion, it is almost a suggestive type criterion. 5A and 5B criteria are relative to sensor's character-
istics. It is plain to verify that if various models of sensors are to be considered, with various

geometry, dimensions and weight for a given location, at some point, some considered models
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become deteriorative to aircraft’s operation stability and performance in either aerodynamic or
structural way due to sensor's specifications. Thus, this criterion must be taken in account with a

due importance.

Looking at the not yet considered criteria, 6 and 7, urges the need to interpret their impor-
tance. An aircraft’s structural integrity is not linear. It can be greater in some areas then in other
due to the local stresses or applied forces. Thus, combining the possibility of a turret installation
with the structural integrity factor results in a decision of how to proceed to the next step and
the needed requirements. Not being decisive or restraining, this criterion hampers some deci-
sions to be made. Last but not least, the criterion 7 can be understood as an aggregation of all
the decisions made in other criterions considered previously. This criterion is without any
doubt, the least important factor to be considered in this selection process. Below, is presented

the summary of the division in 3 respective tiers of importance:
Tier 1 - Criteria that preclude the location’s viability:
1 - Sensor's sight range;
2 - Interference with other parts;
3 - Possible damage to the sensor;
Tier 2 - Criteria that restrain the location’s viability:
4 - Pressurized area of the aircraft;
5A - Sensor's characteristics - aerodynamic impact;
5B - Sensor’s characteristics - structural impact;
Tier 3 - Criteria that hamper the location’s viability:
6 - Structure’s integrity;

7 - Modification's complexity;

4.3 Criteria interdependence

Considering the tiers of criteria importance as defined, urges the need to understand how
independent these criteria are. Does the consideration of criterion 1 affect directly the decision
on criterion 2? And if the answer to this question is positive, is that a good thing? One of the
best ways to track the independence between these criteria is to call on Design Structural Matrix
(DSM). DSM is known as a management tool that enables to visualize and analyse the depend-

encies among the entities of any system and derivative suggestions for the improvement or syn-

26



thesis of a system[25]. In this study, DSM serves the purpose of analysing the independence

between criteria, which is a desirable outcome.

The dependency between a group of criteria is not a positive factor to be accounted. The
purpose of the existence of a certain amount of the criteria in a decision making is to enclosure
all the possible scenario that this decision may affect. Thus, it is important that two different
criteria do not take in account the same scenario, or else, the change of circumstances of a given
scenario affect two or more criteria, which isn’t effective. That is why it is important to guaran-
tee that the location criteria are independent or at least just have one-way dependency. The
DSM for this study is set up as follows. It can be verified that the only criteria that are affected
by other criteria are criterion 6 and 7, which, being the least important, do not affect signifi-
cantly the selection process. The DSM presented below (Table 4-1) also verifies that the seg-

mentation in tiers is well defined.

Table 4-1 DSM of selection criteria for optimum location analysis

DSM 1 2 3 4 5A 5B 6 7
1
2 X
3 X
4 X
5A X X
5B X X
6 X
i

4.4 Location Viability analysis

At this point, all 17 possible turret installation locations are identified, as much as the 8
selection criteria, their tiers of importance and respective interdependence. Thus, surges the
time to proceed for the selection process itself, which has a procedure as follows: each one of 17
locations is analysed in accordance with the criteria defined above. Table 4-2, defines the rating

procedure of a given location with respect to a particular criterion.

Table 4-2 Location viability rating system.
Green: the location meets the criteria
Yellow: the location is adequable to the criteria.
Red: The location does not meet the criteria

The following Table 4-3, is the result of the rating procedure of all of the 17 locations.
The rating itself is made in accordance with the research of all the necessary information made

in the company’s internal documents and the aircraft's fabricant manual and maintenance guides.

27



The detailed analysis that led to each classification result that follows are shown in APPENDIX
B. As can be verified, on bottom of every location analysis column (defined by respective iden-
tifying letters) is the number sums the total of green dots of that particular location rating. The
more green dots a location has, the more suitable it is for the turret integration. In case of classi-
fying a given location as red in accordance of a given criterion, that location is no longer valid

for the modification project and so it is discarded.

Looking particularly at the criterion 2, it is possible to verify that each location is ana-
lysed with respect to existent sub-criteria. The rating that is shown on the line of criterion 2 is
the one accounted for the total rating and so, it reflects the ratings made on sub-criteria. If one
of sub-criteria is rated red, the criterion 2 is consequently rated red and thus, discarded. For a
criterion 2 to be rated green, all of the respective sub-criterion must be rated green as a neces-

sary condition.

As can be verified, the lines represent the considered group of criteria for this modifica-
tion project. These criteria are already divided in the respective tiers. The rating procedure is
made from the top line to the bottom to respect the result of DSM matrix about the need to fol-
low a certain procedure order. It is important to mention that the criteria present in this evalua-
tion procedure do not take in account criteria that might be addressed by the will of the cos-
tumer. Criteria like redundancy (duplication of components in electronic or mechanical equip-
ment so that a given operation can continue following failure of a part) and possibility of a dy-
namic turret support system (articulated arm with retracting mechanism can be taken as an ex-

ample) are to be considered if the costumer requires so.

One of the first conclusions to be made about Table 4-3 is the overall location's rating. As
can be verified, the location A is the most suitable for the turret installation with 6 green dots.
Following, lies location B which has 5 green dots. Locations I, Q score 4 green dots and CDGH
are rated with 3 green dots. The last criterion to be considered is the location M (paratrooper
door) rated with only 1 green dot. The rest of location are discarded because of a red dot rating

in one of the considered criteria.
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Table 4-3 Viability comparison board of various locations on the considered aircraft model.

Definition of location Comparison board
Possible locations B 0 e[ rFe s [k L[mM][N]o [Pa
Tier1
1 Sensor’s sight range ® 0 6 06 0 06 6 06 0 0 ¢ O o o
2 Interference with other parts [ ® & O
2.1 Antennas (Distance) o o o e o ® 0 0 ¢ e o o
2.2 Vibrations induced on other parts ® ® o o
2.3 Influence in air flow ® 06 06 06 0 0 0 6 0 0 06 06 0 0 0 o
2.4 Contact with other components ® o o 0 o e 0 o o e o o o
2.5 Internal geometry (structural interferences) e 6 o o
3 Possible damage to the sensor [ N ) [ 3N ) ® & 0 O []
Tier2
4 Pressurized areas of the aircraft ® 0 ® © o & O [}
5A Sensor's Characteristics - Aerodynamic impact o & O
5B Sensor's Characteristics - Structural impact ® © 6 ¢ & O @ ® O ® 66 0 O
Tier 3
6 Structure's integrity ® 6 6 &6 & 0 ¢ ¢ O [ BN | ® &6 6 O
7 Modification's complexity ® ® O ® ®
6 5 3 3 3 3 4 1 2 4

4.5 Location viability conclusions

The consideration of the main candidate locations for the turret installation rise some fi-

nal observations and concerns that are referred following:

Recommended locations

A - Considered the most favourable location regarding the possibility of turret damage.
This location provides good visibility and the non-pressurized location is a plus. Relocation of
glideslope no.1 and no.2 is required. Special attention must be given to aerodynamic impact

given the proximity to the search radar.

B - The proximity to the nose landing gear system is the major cause of concern. The in-
tegration of the turret in this location requires the creation of an external geometry to involve
the support structure. This location limits the turret maximum size to be installed. There are

possible damage possibilities and good overall visibility

Alternative locations

C - Increased damage probability due to nose landing gear. This location is in a pressur-

ized area, which requires the creation of an external structure.

D/G - Possible influence on AC system and APU system intake. Creation of an external

geometry is required.
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I - Closeness to the ground must be taken in account. This location is a compound of a

great number of sensors. Minimum proximity to the turret must be considered.

P - Favourable location if redundancy criterion is to be considered (installation of two
turret systems in each side of the aircraft is an example). Implies the creation of a considerable

external structure which can interfere with the flow on horizontal stabilizer.

Q - Modification of a fuel tank is required. Reduction in fuel storage and consequently
aircraft's operation range are factors to be considered. Also a favourable location in considera-

tion of redundancy criterion.

Once it is settled that the location to be studied under this work is A, it is important to ac-
knowledge what are the antennas that need to be relocated and a suggestive solution for the
needed modification. Glidescope no.1 and no.2 are auxiliary landing antennas that assist the
pilot on the landing procedure. If a relocation of these antennas is to be made, their most com-
mon new location becomes the location C, just in front of front landing gear. It is of extreme
importance to verify that the antenna maintain their central position (BL 0) in order to perform
properly.

Identification of a given location on an aircraft is usually done by aircraft station coordi-
nate system. This system is settled by 3 coordinates which are Fuselage Station (FS), Water
Line (WL) and Buttock Line (BL). The turret integration will be applied on location A, which is
settled in Fuselage Station 93. The following coordinates of this location will be explored in

more details in next chapters.

turret integration

2]
0o
o O O
FSo FS93 FS245 FS517 FS737 FS935 FS1222

Fig. 4-2 Turret integration coordinates identification
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5 State of the art: Airframe and Structural
Modification.

5.1 Historical background and basic principles

In order to fully understand and follow the structural analysis procedures of the modifica-
tion project in course, it is necessary to have a perception of the origin of this field of study.
Historically speaking, alike the beginning of most of scientific disciplines, the origin of struc-
tural analysis happened with the gathering of various elements of knowledge, evolving from the
structure discipline formation in the first half of XIX century, in France. Louis Henri Navier
(1785-1836) made the first and greatest steps toward the creation of this field of study. Follow-
ing him were other great minds like Karl Culman (1821-1881), James Clerk Maxwell (1831-
1879) and Otto Mohr (1835 - 1918), among others [26]

Structural analysis can be understood as an attempt to describe the reality of the behav-
iour of a system from a structural perspective, it's boundaries and physical functionality. In its
most basic definition, a structural analysis of a given system is no more than the examination of
different components or elements that are a part of that particular system. Therefore urges the
need to study the interdependence and relative importance of each element, loads applied on
each of them and the resultant behaviour. Structural analysis can differ in its purpose, of course,
with the characteristics of each system , element geometry and the desired output parameters.
When performing the structural analysis one is often looking for the limits. Geometry limits to
support a specific load, or the limit load to maintain the displacement below the possible danger
conditions. In a practical point of view, structural analysis can be viewed as an analysis which
inputs are: structural loads, geometry, boundary conditions and material properties. The ex-

pected outputs are: support reactions, local element stress and the resulting displacements.

Generally, in order to elaborate a structural analysis, one must choose between a set of
possible solution approximations that attempt to explain the reality of the system behaviour.
These approximations can be either experimental, analytical or numerical analysis. An experi-
mental approach often seems to be the most logical way to perform an analysis, but not the best.

The major reason of performing an experimentally derived analysis of a structure is the accu-
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racy of its results. The use of accelerometers and extensometers provide precise data that are
often considered as the absolute results of a given experiment. Analytical method has a variety
of approaches including mechanics of materials and elastic theory, however it is limited to rela-
tively simple case studies. On the other hand, numerical approach is the answer for far more
complex case studies where the option of experimental analysis is just too expensive. Numerical
analysis involves the consideration of models which a certain FEA software is working with.
Taking as an example, ANSYS Mechanical APDL considers the Timochenko Beam Model for

1D elements.

In a direct comparison between experimental and numerical approximations, the [27] re-
fers that FEM (Finite Element Method of numerical approximation) provides the basis for a di-
rect analysis of complex engineering structures, however, it is generally accepted that EMA
(Experimental Modal Analysis) provides more realistic description of the dynamic behaviour of
the given structure. The following Fig. 5-1summarizes the comparison of the 3 alternatives in

approximation of structural analysis.
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Fig. 5-1 - Comparison board of the analysis methods involving project complexity.

Considering the complexity of the following case study, analytical approach is by far a
constraining option once the time required for the method and the result error approach are con-
siderable. Of course, experimental approach to every case study is the option that will provide
the most trustful results, however the costs involving this method make it unfeasible. Hence,
comes the numerical method of approach, specifically Finite Element Method., which is one of

approximations in the numerical analysis.
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5.2 Finite Element Method

In order to deliver a proper major modification methodology (being the real purpose of
the present work), one must perform a case study in order to come across all the possible out-
comes. A case study is no more than the procedure of a particular problem which is relevant to
the study. As for this project, the analysis of all the loads applied on the LOCKHEED MARTIN
HERCULES C-130 front fuselage section, particularly the front bulkhead, is the case study to be

followed. Fig. 5-2 shows the front bulkhead of the aircraft, as a result of radome removal.

Fig. 5-2 - LOCKHEED MARTIN C-130 with the radome removed.

FEM can be simply described as an approximation to a complex problem, with a com-
plex geometric domain, by dividing this domain into a finite number of simpler sub domains,
called finite elements. The action of dividing a complex domain into smaller simpler domains is
called the discretization of the domain. The process of dividing a domain into a number of finite
domains and the solving of governing equations will always be matched by a numerical mesh
discretization error, which is decreased with the action of increasing sub domains [28]. It is as-
sumed that no user error or geometry simplification error is made during the procedure of case

study.

After the mesh discretization, each one of the sub domains, or elements, is taken into ac-
count as an independent geometric region. Algebraic equations are developed using governing
and boundary condition equations in order to describe the behaviour of the collection of these
elements called finite element mesh. Physically speaking, this algebraic equations tend to de-
scribe the variables that are responsible for the respective behaviour of these connection nodes.
Shared nodes result in the process of assembly of the different element properties into a global

system of equations, which have the form as stated in 5.1.
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F = Global applied load
K = Stiffness matrix F=KxXu (5.1)

u = Primary variable

As stated, the basic understanding of a FEM analysis method is the evaluation of problem
variable as stress, displacement or temperature gradient in each finite element normally de-
scribed by the material properties. These material properties can be thickness; coefficient of
thermal expansion, density, elasticity modulus, Poisson's ratio; shear modulus, among others.
From a practical point of view, one must consider the following milestones in the process of

FEA analysis:

1. Defining the problem geometry (possibility of symmetry or anti-symmetry ge-
ometries).

2. Defining element type (1D, 2D or 3D);

3. Defining the material properties;

4. Meshing the geometry and evaluation of element behaviour. A mesh refinement
can be required;

5. Defining boundary conditions and applied forces;

6. Post-Processor;

1 - The preliminary analysis of the geometry of a given object defined as the problem is
crucial for the following steps in FEA. By analysing the geometry, one must consider possible
simplifications in modelling the geometry on a FEA software. This choice can be dependent on
the expected precision of the results but also depends on the user expertise to predict what sim-

plifications will not corrupt the solution precision at all.

2 - Mostly, the easiest identification of a given element type is trough its shape. There are
3 major types of elements, 1D, 2D and 3D. 1D elements are the simplest with geometry defined
by a straight or curved mid-axis line limited by 2 nodes. This 1D model is frequently used in
cases of long symmetrical structure with uniform cross section. The properties of the cross sec-
tion is defined through element properties. Approximation of 1D element to 3D geometry is
therefore made through the modelling of a line plus a plane (which is the cross section defined

by geometric properties)

2D elements are also called shell elements. Their geometry is defined by the middle axis

planes and this type of elements can vary from 3 node triangular to 8 node quadrangular. 2D
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models are used to defined most of 3D geometric problems, being the thickness the only geome-

try properties added during element properties meshing. 3D elements are usually summoned to

define complex geometries that cannot be defined by 2D elements, or shells. 3D models are

elaborated defining all of the geometry dimensions. Mun, Rivai and Bapokutty defined very

well the visual difference of element types through the study [29] which resulted in the follow-

ing comparison in Fig. 5-3.

()

Fig. 5-3 1D model (a); 2D model (b); 3D model (c) of a | section type beam [29]

Table 5-1 shows a summarized comparison between 1D, 2D, and 3D element models.

Table 5-1 Comparison table between 1D,2D and 3D element models

When to use

Advantages

Disadvantages

1D

Long, slender and constant cross
section.

No cross sectional modelling is re-
quired. These are defined by input
element properties (torsional constant;
moment of inertia among others); Very
low number of elements required.

Not as precise at intersection be-
tween 2 elements as 2D or 3D
models. Unable of modelling

plates or complex 3D geometries.

2D

Flat members where thickness is
approximately 1/15 the next larger
dimension. Commonly used to
define 3D geometry into 2D finite
element model through mid-
surfacing.

Representation of 3D structure with
thickness definition during the mesh-
ing. Simpler modulation and fewer
elements then 3D.

Has no multiple elements
through the thickness comparing
with 3D modelling. Unable for
complex 3D geometries.

3D

Complex 3D geometries unable to
be simplified. Solid elements
which must contain all of the geo-
metric definitions of the element
itself.

Only material information is to be ap-
plied to element properties. Precise
data result.

Problematic in mixing different
element types. Great computa-
tional power required.

Determined geometries and the regarding the possibility of simplification the modelling

procedure, it is possible to analyse a problem mixing 1D and 2D elements. In fact, that is the
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case for this particular study, the analysis of the bulkhead which is a 3D geometry compound of

long cross sectional beams and a thin plate.

3 - Material properties of the defined elements are a crucial part in order to get the wanted
results. This step is where the most common failure occurs: the input of material properties with
different units from those that the software is set. In order to elaborate structural analysis, it is
necessary to present properties of the material such as Poisson's Ratio, Density and Elasticity

Modulus, just as was referred above.

4 - The process of geometry meshing is probably one of most time expensive steps in the
FEA process. Once this study will involve the interaction between 1D and 2D elements, the
consideration of different aspects of each type of elements is required. For a 2D element mesh-
ing, one must consider a mesh with elements presenting an acceptable shape in order to obtain
valid results. One of the main options in creating a mesh with 2D elements is selecting the ele-
ment geometry (triangular or quadrangular) and element size. The software in use, ANSYS Me-
chanical APDL, presents an additional major option which allows to define whether the mesh
should be created as Free of Mapped. Free meshing operation, as stated in [30], has no meshing
requirements for the model geometry nor the type of elements to mesh. In other words, almost
any geometry can be meshed using a combination of different geometries of elements (triangu-
lar or quadrangular). Mapped meshing option requires selected model geometries in order to be
able to mesh. Thus, the selection of quadrangular elements, for example, requires a quadrilateral

area to mesh.

Considering 1D meshing, the element type to be used is BEAM 188, in which the main
concern is the keypoint of orientation. This keypoint is the third node (considering the already
defined 2 beginning and end nodes) that must be defined in order to set the orientation of the
element local coordinate system. This orientation point is relevant if the moment of inertia of a
given beam changes with its orientation. With 2D elements, a similar concern is taken into ac-
count when the local coordinate system is considered. 2D element type to be used in SHELL
181.

Nowadays in Structural Analysis, the computational capability of computers allow to
avoid the generation of excessively distorted elements in meshing by the generation of smaller
elements. Generation of considerably smaller elements not only can answer the problem of the
deformed elements but also the error decrease in the considered results. The facts presented in
this paragraph has motivated the existence of the following Chapter 6.4.5. The purpose of this

chapter is to verify if the detailed meshing procedure, paying attention to the defined criteria
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(like element geometry), is a worthy time spending procedure instead of a more quick Free
meshing procedure.

Table 5-2 BEAM 188 and SHELL 181 capabilities[30]

Element s .
Type Capabilities Analysis Theory
Suitable for analysing slender to moderately
stubby/thick beam structure. Shear deformation
BEAM 188 effects are included. Lienar (2-node) beam ele- Timoshenko

ment in 3D with orientation point K. Six degrees
of freedom at each node: translations and rota-
tions in X,y and z directions.

Suitable for analyzing thin to moderately thick
shell structures. The element has four nodes with
six degrees of freedom at each node: translations
SHELL 181 in the x,y and z directions, and rotations about the
X,Y, and z-axes. Suited for linear, large rotation,
and/or large strain nonlinear applications

Reissner-Mindlin

5 - The definition of all forces applied and the definition of boundary conditions are the
steps that follow one method, the conservative one. The conservative method is particularly fo-
cused in the simplifying the case study in order to predict the worst case scenario. That idea fol-
lows with the idealization that if a system can resist the worst case scenario, it is possible to
validate the obtained design.

6 - Final result analysis and concluding remarks. Comparison with the desired objectives
is required.

5.3 Airframe breakdown

In aviation, a structure is often described as an assembly of thin, load bearing skins,
frames and stiffeners. Most of the aircraft structure is composed by materials like aluminium
alloys, which are lightweight and have high strength capabilities. These two properties of alu-
minium (as will be seen in the next sub chapter) are fundamental for an industry that seeks in-
creasingly low weight structures with increasingly high strength capabilities. The properties of
each type of structure are defined in accordance with their particular function. There are a num-
ber of different types of structures, or sub assemblies, composing an aircraft. These main sub
assemblies are displayed as follows [31]:

Fuselage - represents the main body of an aircraft. Generally assembled from two or
more sections and includes the pilot and the cargo compartment.
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Wings - airfoils fixed to each side of the fuselage (top, middle or lower portion of the fu-
selage) and can vary in design. Responsible for the lifting forces and support the engines (power

plant)

Empennage - attached to the fuselage. Commonly understood as the tail section. Con-
tains operational parts that are responsible for the aircraft control. These parts are vertical stabi-

lizer, rudder, horizontal stabilizer and elevators.

Power Plant - main responsible for the thrust delivered on the aircraft through the con-

version of chemical into kinetic energy.
Landing Gear - usually retractable system essential in the landing/take off operations.

On Fig. 5-4 are shown the location of various sub assemblies on the Lockheed Martin
Hercules C-130H.

Empennage 1’-—\\1
/' Wing

|

h 4L

e i : ey . 'I| ] F& ¥ —_— _—
T Y g Y 5 ¥

g | U
.J-"‘_-!-; Landing Gear

Fuselage Power Plant

Fig. 5-4 llustration of different sub assemblies in an aircraft.

The location for the turret integration is a part of the fuselage section (front lower fuse-
lage to be exact). As described in [32], the main fuselage purpose is to transmit and resist the
applied loads (bending, compressive and torsion). This action includes the protection of the pay-
load/passengers from the environmental conditions encountered during the flight. The fuselage
assembly must present a aerodynamic shape, resulting in a thin shell structure. The construction
of the fuselage structure is itself a major topic of evolution, mainly described with 3 major de-

signs used over the history, Truss, Monocoque and Semi-Monocoque.

Semi-Monocoque, being the fuselage design type used in modern aviation, is an rein-
forced version of a traditional egg shaped structure (Monocoque) but being reinforced with lon-
gitudinal stiffening members and transverse frames. This reinforcement is justified with the fact
of fuselage withstanding loads such as wing reaction, tailplane reactions, inner pressure, under-

carriage reactions and possible large inertia forces due to payload [32].
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5.4 Aircraft structure materials

As already mentioned, the aluminium alloys are the overwhelming choice for most of sub
assemblies of an aircraft. Being the priority choice for structural components of an aircraft since
about 1930[33], major aluminium alloys are divided in various groups from which the most
used for airframe structures construction are Group 2000 (copper as the major alloying element)
and Group 7000 (zinc as the major alloying element). Group 2000 aluminium alloys are referred
for cases where fatigue and damage tolerant design are critical. However, this group of alumin-
ium alloys provide only medium strength. On the other hand, Group 7000 are characterized by

their high strength capacity, but are not applicable for cases where fatigue is a critical factor.

Between the common groups used in aircraft design, the main aluminium alloys consid-
ered are 2024, 7075 and 7475. The decision of which material to use is one of the main mile-
stones to be developed in the next chapters. For a modification project (like this particular case)
is also important to consider that the material to be used must be already in use on that particu-
lar aircraft. Independently from the project, the major concerns into choosing the material are
the fatigue, accidental damage, fracture toughness, creep, rupture, crack propagation rate and
corrosion. The standard material procedure used in the industry is referred in [34] and by two

major steps:

e Material Application - referring a minute consisting of principal loads to be ap-
plied; environment for the component, design properties among others.

¢ Rating Categories - rating system (0-3) of various alloys in following topics and
selecting the highest ranking one:

e Static strength properties;

o Durability and damage tolerance properties;

e Producibility;

e Serviceability;

The final consideration of these steps is a subjective procedure and highly depends on the

previous experience of the design team

5.5 Aircraft loads

The word "load" can, in fact, be referred as one of the most important terms in aircraft
structure design and modification. When characterizing the basic principle of loads, there are
two types to be considered, quasi-static and dynamic loads. Quasi-static loads refer to those ap-

plied over such a great time length that parameters like time and inertia are non relevant. On the
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other hand, dynamic loads can change over time as much as their centre of load. Applying the

load concept in aviation, takes the need to consider different types of loads.

When talking about quasi-static loads, the different types are defined in the Table 5-3.
These loads are test loads that an aircraft is subjected to when a new aircraft models is designed
or a modification is made and so urges the need to verify safety levels and modify the aircraft

service bulletin.

Quasi-static loads can be divided into three sections. Flight loads usually comprises loads
imposed on the structure during the flight, by manoeuvres and gusts. In addition, an aircraft de-
signed or modified for a particular role, encounters a specific set of loads during their opera-
tions. On the other hand, ground loads refer to all loads imposed on the aircraft during its
movements or transportation on the ground, such as taxiing and landing loads imposed on the
structure, towing, among others. Local and internal loads are understood as loads that occur
either during flight or ground operations. These forces are intrinsic and always present during

an aircraft life cycle.

Table 5-3 Types of quasi-static loads applied on an aircraft

Flight Loads Ground Handling Local and Internal Loads
Symmetric manoeuvres Take off Aerodynamic Pressures
Asymmetric manoeuvres Landing Aircraft Inertia Loads

Taxiing (asymmetric brak-

Deep and flat spin ing, turning, etc)

System pressures

Gust Loads Towing Bay pressures

Hydrostatic pressures
Intake duct pressures

Engine Thrust

When referring to dynamic loads, one must not forget to highlight the importance of the
fatigue loads. These loads are cyclic loads applied on an aircraft during its operation. When per-
forming a fatigue analysis, one must accurately foresee the stress concentration factor in order
to determine a valid safe life. Important structural elements of every system subjected to cyclic
loads must be replaced once a certain number of cycles is reached, that number of cycles is safe

life . The fatigue analysis on its own is a complex matter which won't be approached in this
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study. Like in the previous table, these set of dynamic loads are a group of test loads made after

a new design or major modification.

Table 5-4 Types of dynamic loads applied on an aircraft

Other Dynamic Phenomena Fatigue Loads
Buffeting Acoustic Fatigue

Dynamic Gust Cyclic Fatigue
Modal analysis Corrosion Fatigue
Acoustic Vibration Thermal Fatigue

Limit cycle oscilation
Shimmy (Undercarriage)

Engine hammershock

The loads that are presented in bold are the test loads that are studied within FEM analy-
sis further in this work. As seen above, one can segregate loads from different points of view.
Flight loads and Ground loads; Static Loads and Dynamic loads. Now, it is important to segre-
gate loads into 2 other types in order to understand the reason behind the decision taken on the
loads to study. When taking in account all possible loads that are applied on an aircraft, one also
can see two distinctive types: external loads and internal loads. This study will be focused in
specific internal loads resultant from turret integration. External loads like Aerodynamic Pres-
sures (referred in Table 5-3) are no less important. However these set of loads is studied by a
parallel project of the turret integration [1] whose output is taken into account and is further un-
derstood as Aerodynamic Pressure Forces (APF).

As already mentioned, this field of engineering requires a great amount of Certification
Requirements in order to maintain the regulated safety levels. Thus, the loads that were referred
just now are usually used to justify a particular set of Certification Specification (CS) Require-
ments. This CS Requirements are documents created by the regulator (EASA) and can vary
with the aircraft type and include a requirement list for all the possible modification. As already
referred, the aircraft under study, LOCKHEED MARTIN C-130 H, is settled in the category of
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large aeroplanes. Thus, the Certification Specification for this particular model will be CS-
25[35].

The nature of the modification under study requires a special attention to certain chapters

of CS-25, specifically subpart C ( Structure) and subpart D (Design and Construction).

5.6 Structural Analysis

5.6.1 Static analysis

In order to study the outcome of applied loads on an aircraft, one must acknowledge the
action of discovering these loads, through structural analysis. Structural analysis is no more than
the study of effects of a load action or application. Just as the types of loads, there are Static

Analysis and Dynamic Analysis, each one to analyse the respective process type.

Static analysis is the study of load effects when all the external loads applied are in static
equilibrium. There are two main arteries in this type of analysis, linear and non linear static
analysis. The main separation is due to material behaviour consideration. Static Linear Analysis
refers to a set of assumptions like the constant magnitude of applied loads; material property in
which the relation between applied stress and material strain is linear, respecting Hooke's Law;
Material stiffness is not changed during the loading; non variation of initial boundary layers.
Assuming that the material does not have linear behaviour (in its mechanical properties or ge-
ometry) nor the permanent load magnitude or boundaries, this nonlinearity can be caused by
material behaviour, large displacements, and contact conditions. The Fig. 5-5 shows the visual

difference in relation between force and deformation of each analysis type.

A Nenlinear )
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Fig. 5-5 Representation of Linear and Nonlinear Analysis relation [36].
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During the static non linear analysis of ductile materials utilizing the ANSYS Mechanical
APDL, the Maximum Distortion Energy (also known as VVon Mises - Hencky) theory of failure
is considered. According to this theory, a given structural material can resist the applied strength
as long as the maximum value of distortion energy per volume in that material verifies to be
inferior than the distortion energy per unit volume required to cause the yield of that same mate-
rial[37].

Knowing that generally, a solid material can be loaded with three directions of normal
stress and three directions of Shear stress, one must consider a quick, effective way in order to
compare meaningfully the stress conditions to the data-base. A FEM software combines all of
these 6 stress components in a single number output called Von Mises Equivalent Stress
(VMES). This is obtained by:

Oymes = VMES 1

UVMESZ = E [(011 — (722)2 + (022 — 033)2 + (011 — 033)2
gy1 = Normal stress (5 2)
+ (023 + 031 + 012)?] '

0,3 = Shear stress

As stated in [38], The VMES equation computes the net energy stored by an element dis-
tortion, delivering that value as an equivalent stress. Unlike the 6 components of stress that
compound VMES, this last one has no direction, only magnitude. Thus, this final value is com-
pared with the material yield criterion, obtaining the desired yes/no comparison milestone pro-

cedure.

5.6.2 Buckling and Crippling

There are two major distinction in beam failure, material failure and structural instability
(buckling and crippling). Structural instability is the cause of phenomenon as buckling and crip-
pling. Buckling may arise in conditions of compressive stress on a beam and occurs during
eccentrically loading conditions. Buckling tend to occur in conditions when the length dimen-
sion is considerably bigger than its other dimensions. This type of failure is also very dependant

of the material stiffness.

Buckling is an important milestone of verification during airframe practical design and
sizing and usually is taken into account in result of the comparison between numerical results
and the analytically defined Critical Load. Critical Buckling Load is currently accepted by Euler

formula [34] and defines the limit from which a column is stable (the system will return to its

43




equilibrium position after the load removal) and unstable (deformation during the load is per-

manent or increasing). Euler formula gives acceptable results in predicting failures by lateral

translation for the load of a simple pin-ended column.

P = Critical Buckling Load;
¢ = End fixity coefficient

E = Modulus of Elasticity

I = Moment of inertia

L = Effective length

ct?El
cr = 12

(5.3)

For a given beam, a boundary conditions (Fig. 5-6) must be defined in order to establish

the critical buckling load. At this point, definition of boundary conditions, beam geometric at-

tributes result in definition maximum buckling load. After the numerical test procedure, the

comparison defines if critical buckling conditions is achieved.

Crippling phenomena can be understood as local buckling. Not being dependant on the

beam length, this failure mode usually occurs in beam webs when subjected to compressive

loading .

Currently, there is no analytical method for the prediction of crippling stress. Thus, an

empirical method is used in this type of analysis with the recurrence of compression yield stress

as crippling strength. These empirical method have been proven to deliver satisfactory

results[39]. On the Fig. 5-8, curves can be observed which relate b/t and Fcc for Channel sec-

tion beams to be used in the final structure.

Buckling Loads
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Fig. 5-6 Column end-fixity conditions [40]
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Fig. 5-7 Example of Buckling (left) and Crippling (right) phenomena of I-section beam

== = = One edge free
No edge free
70—
60 oy N b One edge free
50 N N 1 ;
NS \ t
40 < N ~ s \ '—‘:@ 1 4 - 5
4 - L L ial ! S 7/ /17 14/;
o= ~ j;\\ N T b
'ﬁ NO¥ \J@ \
< 20 e N
o NG N
b 2JoT
SER
@ %
10
G —2024-T30r T4
@ — 7075-TH
@ -7178-To
5 10 20 30 40 50 60 80 100 150
b/t

Fig. 5-8 Crippling Stress (Fcc) of aluminium extrusion alloys [39]

5.7 Weight and balance

Aircraft are designed for operation conditions within a certain flight envelope. Flight en-
velope establishes the maximum weight relations for different types of operations, respecting
the limits of overweight take-off, manoeuvring conditions in accordance with load factors estab-
lished for given aircraft model . The purpose of this chapter is to present a preventive weight
and balance control of the aircraft model of this modification project. The correct prevision is
desired in order to optimize load distribution and minimize moment values. Weight and balance
main purpose resides in completing any information to a determined aircraft service bulletin or
an operational procedure before a flight. Before take-off, pilots are made aware of these limits
through the flight manual and service bulletin, establishing maximum load conditions for that

particular operation.
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Normally, during a modification or a significant load change (addition or removal of an
item from the aircraft), a total weight change is estimated:

Aweight = Xweight,qgeq - EwWeight removed (5.4)

The post-modification aircraft weight is given by:

BEWpost modification = BEWinittiat + 4 weight (5.5)

Basic Empty Weight (BEW) is composed of airframe structure weight, propulsion
weight and the weight of airframe equipment and standard items [32]. Same is applied with
change of moment (Basic Empty Moment) resultant of added or removed items with respective
arm to the referential origin of the aircraft (FS 0). Change of overall aircraft weight means the

position of Centre of Gravity (CG). CG position is given by:

moment

weight (56)

CGparym =

The location of CG in relation to the Leading Edge of mean Aerodynamic Chord arm
(LEMAC) as a percentage of the Mean Aerodynamic Chord (MAC) is given by equation 5.7.
Knowing that the distance between the leading and trailing edge of a wing is known as chord, it
is variable along the wing with respect to its shape change. MAC, is therefore an average length
of the chord, considering the length variability of the wing. LEMAC is normally understood as
the distance between the aircraft nose (FS 0) and the beginning of the wing, point from which

MAC is measure,

cG — LEMAC
CGymac = ( DATU]\N:IAC ) X 100 (5.7)

After verifying the CG change due to aircraft modification or a normal payload estimate,
one needs to certify if the weight limits are not exceeded, thus, comes a procedure (as described
in Fig. 5-9). Maximum Zero Fuel Wight (MZFW) and Maximum Take-off Weight (MTOW)
are major limits for aircraft weight. MZFW is equal to Operational Empty Weight + maximum
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payload. Estimation of ZFW (which is compared to MZFW) is important in cases where fuel
tanks are located in the wing (as the aircraft model considered in this study) which creates a
positive load factor on the structure. MTOW, which is frequently fixed by structural require-

ments in take-off and aircraft cruise weight. MTOW is normally achieved by adding maximum
fuel weight to MZFW[41].

Operational weight
(crew; crew baggage; navigation kit; .
lavatory fluids)

é| OEW = BEW + operational weight|

Payoad
(passengers; baggage; cargo) H ZFW = OEW + payload |‘7

Decrease payload

Fuel weight

Fuel can be
decreased?

Fig. 5-9 Weight and balance verification procedure
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6 Case Study: FLIR STAR SAPHIRE 11l
integration on LOCKHEED MARTIN C-
130H front bulkhead

6.1 Purpose of change

The EO/IR sensor integration will consist in the modification of the aircraft location A,
also known as front lower fuselage bulkhead. The bulkhead itself is a front, flat area of the air-
craft followed only by the radome shell. An observation of the Fig. 5-2 is recommended in order

to establish the main area of attention.

Modification consists on attachment of external support structure for the EO/IR sensor
turret and turret plate support. Also, reinforcement of the original bulkhead structure is per-
formed in order to minimize structural deformation during service limit conditions. Although
most of reinforcement done aims to minimize turret movement in order to not to jeopardize its

operability.

The procedure of Case Study marks the establishment of Certification&Qualification
domain outputs (CCM and QCM) and the entrance of the Modification Project into the Physical
domain. Reaching the part of the project where one already know what is needed for the prob-
lem solution and what it is supposed to do, comes the time to get to know how it is suppose to
look, i.e., develop the solution itself through the Preliminary Design development. Thus, the
elaboration of this domain is followed by establishment of the settled Certifica-

tion&Qualification requirements. The framework of this step can be observed in Fig. 3-2.
6.2 Requirements

6.2.1 Certification Reguirements

At this stage of Modification Design, one already knows the modification type (Major)
and the Aircraft category (Large aircraft) as highlighted in Chapter 1. Certifica-

tion&Qualification procedure is marked by an analysis of the CS-25 documentation in order to
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define the requirements to be verified not only by structural analysis but for the whole modifica-
tion process. Table 6-1 represents the CCM suggested for this project. It can be verified that the
procedure of Certification&Qualification domain is not exposed in this work due to the fact that
the modification of this military type aircraft follows a procedure similar to civilian aircraft
modification projects. This type of Major modifications are approved only by the TC holder
through a STC, thus, outputs like CCM are merely suggestive and have to be approved by the

regulator entity. The lines that are filled as grey are the requirements that this study proposes to

achieve.
Table 6-1 Suggestion of the Certification Compliance Matrix
Origin Origin
Document Document Reference Tittle System | ATA M.O0.C
nr. Ver.
CS-25 16 25,25 Weight Limits FLIR 46 MC2: Calculaton/Analysis
Centre or grav- . .
Cs-25 16 25,27 Ce?:\r/el i"r;it;a" FLIR | 46 | MC2: Calculaton/Analysis
CS-25 16 25.301 Loads FLI 46 MC2: Calculaton/Analysis
CS-25 16 25.303 Factor of Safety | FLIR 46 MCO: Compliance Statement
3 Strength and : .
CS-25 16 25.305 deformation FLIR 46 MC2: Calculaton/Analysis
Proof of struc- MCO0: Compliance Statement
L L et ture (a) B . MC2: Calculaton/Analysis
CS-25 16 25.321 Flight Loads FLIR 46 MC2: Calculaton/Analysis
CS-25 16 25471 | GroundLoads: | o o | yg MC2: Calculaton/Analysis
General
—9—15"‘.” =1 FLIR 46 MCO0: Compliance Statement
CS-25 16 25.561 Landing Condi-
tions: General FLIR 46 MC2: Calculaton/Analysis
Damage-
cs-25 16 25571 | loleranceand g o 4g | Mc2: Calculaton/Analysis
fatigue evalua-
tion of structure
Cs-25 16 25,581 L'grlte'(‘:'t’i‘gnpm' FLIR | 46 MC1: Design Review
CS-25 16 25.603 Materials FLIR 46 MCO: Compliance Statement
CS-25 16 25609 | Crowectionof g el 4 MCL: Design Review
Structure
CS-25 16 25.625 Fitting factors FLIR 46 MCO: Compliance Statement
cs-25 16 s | i 't‘:;‘f Stalic | £ R | 46 | MC2: Calculaton/Analysis
o MC6:Flight Tests
Function and MC5: Ground Tests on A/C
CS-25 16 25.1301 Installation FLIR 4 uce: Equipment Qualification
MC1: Design Review
CS-25 16 25. 1529 Mﬂ‘;ﬁﬂg’l‘ce FLIR | 46 | MCO: Compliance Statement
General - Mark-
CS-25 16 25.1541 ings and Plac- FLIR 46 MCO: Compliance Statement
ards
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25.301 - Definition of Limit Loads condition to be applied on the aircraft.

25.305 - Verification of the structure withstand utilizing 25.301 and 25.561 with respect

to used materials and geometry specification

25.307 - Assure that the 25.305 can be verified through MC2 if the experience has shown

it is possible. If not, experimental tests must be done to verify so.
25.561 - Definition of Ultimate Load condition to be applied on the aircraft.

25.681 - Compliance with the limit load requirements defined must be shown.

6.2.2 Qualification and other Requirements

There are no Qualification requirements to be considered for this project. Besides the
Certification&Qualification requirements specified above, there are some other technical con-

straints that must be taken into attention:

e The support structure to be developed must permit not only the installation of the
selected turret model for the project (FLIR STAR SAPHIRE I1l) but also other
EO/IR sensors of the same type.

e The turret should not be subjected to vibrations inferior to 20Hz.
6.3 Failure Criteria

6.3.1 Material vield strength

The main purpose of static analysis is to evaluate the stress that a determined structure is
subjected to, and thus, to ensure that the structure can safely withstand those stresses (required
by CS-25). Static failure is defined by yield or rupture using the margin of safety (MS). A spe-
cial factor can be applied to the margin of safety calculation according to airworthiness re-
quirements or conservative purposes. This factor is often defined as 1,5 for conservative pur-

poses in this industry. Thus, MS is given by:

Allowable Stress

MS (5.1)

= -1
Special Factor X Applied Stress

It is concluded that the structure can safely withstand the applied loads if MS > 0. The
Criteria used for the Stress evaluation in this FEA analysis is Von Mises Stress Criteria which

will be taken into account as Applied Stress. Allowable stress will be Tensile Yield Strength
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(even for Ultimate Conditions) as VMES Criteria only works in elastic domain. For the consid-

eration of this Conservative Effect, Special Factor will be 1.

6.3.2 Buckling

This type of failure analysis will consist on direct comparison between analytical and

numerical methods. From analytical analysis, as stated, one will consider the Euler equation 5.3.

Buckling may be caused by eccentric application of the axial load (compressive tensile
strength), initial curvature of the member, transverse loading, or any combination of these con-
ditions. This possible combination of different condition is defined as Buckling Tensile Strength
for the effects of this study. Note the conservative approximation of considering the VMES as

Buckling Tensile Stress. This is valid, knowing that the following condition is always verified:

Von Mises Equivalent Stress > Buckling Tensile Stress

Comparison between VMES and Maximum Buckling Stress will be done through a
Margin of Safety, as presented below. Positive MS means that the analysed beam section do not

violate any buckling consideration.

Maximum Buckling Stress
— — 6.2
MS VMES 1 ©2)

6.3.3 Crippling

Similarly to Buckling consideration, the conservative approximation is made:
Von Mises Equivalent Stress > Crippling Tensile Stress

MS consideration for Crippling will be considered as:

Maximum Crippling Stress
VS — ximu ippling _q 6.3)
VMES
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6.4 Modelling

6.4.1 Material Properties

Modelling the bulkhead assembly and all its components requires the knowledge of de-
tails and technical information which are decisive as the beam sections (next sub-chapter) and
material properties. Consulting the Structural Repair Manual of the aircraft model, it was con-
cluded that the components of the bulkhead are made of 3 main aluminium alloy types. The fol-
lowing materials and the respective properties are presented in the Table 6-2.Modulus of Elas-
ticity, Poisson's Ratio and Material Density are the important material properties for the pre-
dicted FEA analysis, therefore, only these material properties will be considered. During this
FEA analysis, material type will be defined as Isotropic. The use of aluminium alloys that are

considered for this project is justified when they are already present in the original bulkhead.

Table 6-2 Selected Material Properties

Material 2014-T6 2024-T4 7075-T6
Modulus of Elasticity [GPa] 73.1 73.1 71.7
Poisson's Ratio 0.33 0.33 0.33
Material Density [kg/m”3] 2800 2780 2810
Tensile Yield Strength [MPa] 414 324 503
Ultimate Tensile Strength [Mpa] 483 469 572

6.4.2 Bulkhead beam Sections

For the consideration of the diverse types of beams present in the bulkhead system, one
must define their respective material and section properties for the 1D element properties defini-
tion. Modelling of each section was required with some special attention to details (ex: inner
radius) in order to lower the error in section properties as Area and Moment of Inertia. In total,
the original bulkhead without any modification had 8 different beam sections. Those are repre-
sented in Table 6-3.
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Table 6-3 Beam and Beam Section identification of the bulkhead

PARTT NO._ (!Z)ocument of BEAM ID ( Modification Material 1D

origin) Project) x length [m]

L08-V X 1,05 2014-T6

LS1032 L07-V X 1,05 2014-T6

L13-V X 0,315 2014-T6

L11-V X 0,315 2024-T4

L 51463 L12-V X 0,315 2024-T4

LS2242 L06-H X 0,315 2024-T4

LS2469 L02-C x 1,98 2024-T6

L14-V x 0,725 7075-T6

L.53254-3 L15-V x 0,725 7075-T6

L03-H x 1,80 2024-T4

L05-H x 0,385 2024-T4

LS3224 L11-H x 0,385 2024-T4

L09-H x 0,385 2024-T4

L10-H x 0,385 2024-T4

LS3492 L17-H x 0,120 2024-T4

LS3724 L16-H x 1,20 2014-T6

LS5070 L-04H x 1,89 7075-T6

LS5154 L01-C x 3,62 7075-T6

L11-v 13-V L12-v

Fig. 6-1 - Bulkhead parts breakdown
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Table 6-4 Beam and Beam Section identification of the Weather Radar support

BEAM SECTION ID (Document of origin) BEAIV}elg)(X'\fe%ch]C?rt#])n Pro- Maltgrlal
NO01-O X 0,58 2024-T4

N02-O X 0,58 2024-T4

NO03-0 X 0,455 2024-T4

NO04-0 X 0,455 2024-T4

NO7-H X 0,64 2024-T4

NO08-H X 0,64 2024-T4

N09-H X 0,64 2024-T4

L 2766 N10-H Z 0,64 2024-T4
N11-H X 0,695 2024-T4

N12-H X 0,385 2024-T4

N13-H X 0,385 2024-T4

N14-H X 0,695 2024-T4

N15-H X 0,745 2024-T4

N16-H X 0,940 2024-T4

N17-V X 0,465 2024-T4

N18-V X 0,465 2024-T4

LS5141 NO05-V X 0,465 2024-T4
NO06-V X 0,465 2024-T4

N17-V " NO1-0 NO02-0

Fig. 6-2 - Weather antenna parts breakdown
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6.4.3 Web

The geometric item that unites all the beams of the bulkhead is a metal panel, understood

as a web. The geometry of the web is limited by beams L-04H and L-01C. Its main properties

are defined by

Table 6-5 Properties of web panel.

BEAM ID

Thickness [m] Material ID

WEB

0,0006 7075-T6

6.4.4 Geometric simplifications

Older versions of LOCKHEED MARTIN C-130 H radomes were compound of two circu-

lar sections which were destined for anti-icing tubes. However, the observed radomes during the

project conception had those sections covered with sheet plate (Fig. 6-3 right). Thus, the geo-

metric simplification for the bulkhead modelling omits these sections.

Front lower fuselage bulkhead is composed of both pressurized and non-pressurized ar-

eas. The analysis done in this study will not involve pressurized areas. The consideration of

those involve the study of pressurization cycles (fatigue analysis) which is beyond the purposes

of this analysis. The web zone characterized with red colour on the Fig. 6-3 (left) below, repre-

sents the pressurized area, therefore it will not be considered.

/

nonbressu zed are;

pressurized area

de-icing and anti-icing tubing existent in older C-130H

Fig. 6-3 - CAD modelling of the C-130H front fuselage bulkhead (Left); de-icing and anti-icing

tubing (Right)

6.4.5 Modelling and Meshing Validation

Between the consideration of numerous details that define an accurate modelling, de-

scribed in the previous chapter, one must consider what is the sufficient element number in or-
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der to present results that can be defined as realistic. Thus, came the necessity of a Meshing
Validation analysis. This analysis will consist on an simulation of Ultimate Conditions Load
Case 2 (see Table 6-2) without the consideration of Aerodynamic Pressure Forces (APF), on
various generated models with different element length. The analysis will be done upon the
original bulkhead geometry, without further modifications to be made. Thus, will be considered
the Bulkhead and Weather Radar structure geometry. Regarding the consideration of the
Weather Radar, one of most common models present in LOCKHEED MARTIN C-130H is pre-

sented in Table 6-6, being its weight important for inertial force consideration.

Table 6-6 Weather Radar Characterization

Weather Radar Model Weight [kg]

Honeywell PRIMUS 800 RTA 9,8

On the Fig. 6-4, can be seen the simplification that was done by modelling the solution
from the reality (left side of the Fig. 6-4) into FEA Pre-Processor software (right side of the Fig.
6-4). On the left side of the Fig., the orange area represents the pressurized section which, as
previously stated, will not be considered for the purpose of this work. As can be seen on the Fig.
6-5, the weather radar is fixed through a plate on the structure in 4 locations. For conservative
purposes, points 1 and 2 (which are ends of N03-O and NO04-O, respectively) are not con-
strained in any way. On the left side of the Fig. 6-4, it can be seen that these beams were fixed
to a pressurized area. This consideration is valid once the stress on the non pressurized area be-

comes higher.

pressurized area

Fig. 6-4 Modelling simplification into FEA software
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The purpose of this analysis is to determine the point from which the approximation error
is negligible compared to the necessity of increasing the computational power (number of ele-
ments). The action of the analysis was settled by comparing the tension calculated on the same
location of the geometric model (1D and 2D element), and registering the respective variation.
The results for 1D elements are presented in Table 6-7, following the consideration of discreti-
zation error. Due to the absence of experimental results, in order to consider these as absolute

results the solution with most elements will be considered as reference value.

Table 6-7 Relation between Element size and relative error in 1D element

Element | Element Tensile Relative
size [m] | number [MPa] | Error [%]
0,05 614 4,4667 12,32137
0,025 1164 4,8242 5,303863
0,01 2841 5,0161 1,536982
0,0075 3763 5,05318 | 0,809124
0,006 4648 5,0699 0,48092
0,005 5604 5,0878 0,129554
0,004 7003 5,0916 0,054962
0,003 9308 5,0944 ~
14
R12 —
S 10
5]
§ 8
£ECER
x
o 4 N
g NG
< 2 L =R
0 T ————- —
0 2000 4000 6000 8000 10000
Number of elements

Fig. 6-5 Solution approximation error in order to element number in 1D elements type

As can be verified, the increase of global element number is followed by the increase of
tensile stress in the selected 1D element. The reason behind this event is the verification of the
Element Stress value. At this point, it is important to consider two distinctive ways in analysing
a determined stress in Post-Process: Nodal Solution and Element Solution. Element Solution
was considered for this analysis which represents the average stress value of an element. This

value is really an average of given stress values coming from the nodes that belong to the ele-
ment.
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Fig. 6-6 Representation of the selected 1D element for Meshing Validation

In the figure, numbers 1 and 2 represent the nodes of the element. Letters "a "and "b" rep-
resent the elements, being "a" the selected element for this analysis. Node 1 is the local maxi-
mum stress value (joint between NO1-O and N08-H). Increasing the number of elements (de-
crease of element size), causes the motion of node 2 closer to node 1, which increases the aver-
age stress value of the element "a". This effect attenuates once the element size (node 1 and 2

distance) is so small that the individual node stress values are similar.

Validation of 2D meshing can be verified by a similar process. Refining of the mesh is
done, selecting approximately always the same element. This element is selected from the cen-
tre of the section on Fig. 6-8. As verified on the Fig. 6-8, higher stress values are verified in the
upper side of this section, which is the L03-H element. Considering once more that the evalua-
tion of tensile value was made according to Element Solution, decrease of tensile with the in-

crease of element can be explained observing the Fig. 6-7.

The centre of the section is supposed to be an area with the lowest tensile strength. As can
be observed on the Fig. 6-7, the plate with 0.05 m element length presents an element contain-
ing nodes with very different values, that is because the upper right node is located at the high-
est stress location and the lower left node is located at the lowest stress location. The decrease
of element length and considering an element always at the centre of the plate section, causes an
approximation of nodal stress values at the border of the element. Eventually, the difference
between nodal stress value of an element is so little that the further the element length decrease,
it causes an negligible change of element stress value. For this study, if one would select an
element always at the upper right corner of the studied plate, probably an increase of stress

value would be verified until the point of stagnation.
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Fig. 6-7 Decrease of element tensile value with respect to element increase

Meshing validation can be also verified visually, by inspecting the evolution of medium
tensile contours in 2D elements. As can be seen at Fig. 6-9, the evolution of tensile contours
stabilizes in accordance with element size decrease. From 0.006 m element size, the variation in
contours do not vary significantly what seems to approach to the result of difference error from
there on. However, a small evolution can be observed from 0,004 m to 0,003 m which is due to

change of scale done automatically by FEA software in use.

2D mesh validation result are featured in Table 6-8. Evolution of error decrease is plotted

in Fig. 6-9.

L

L=0.005

Fig. 6-8 Evolution of tensile propagation due to decrease of element size [ m]
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Table 6-8 Relation between element size and relative error in 2D element

Elementsize | Element Tensile Relative Er-
[m] number [MPa] ror [%0]
0,05 915 7,9155 13,57669
0,025 2152 7,4012 6,197179
0,01 11710 7,3195 5,024895
0,0075 20428 7,2261 3,684732
0,006 42709 7,085 1,660138
0,005 59188 7,0102 0,58686
0,004 93546 7,0074 0,546683
0,003 164878 6,9693 ~
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Fig. 6-9 Solution approximation error in order to element number in 2D elements type

One can also acknowledge that along with the element size decrease, the maximum
global tensile value registered is constantly rising. This occurs due to the so called singularities,
also known as hot spot stress points. This points tend to reveal high stress due to reduced ele-

ment area. This occurrence can be explained with A(area parallel to the applied force vector) —

tor) — 0 tending to zero while t (shear stress) = % - o0,

The final solution will have 63329 elements (0D, 1D with 0.01 m element length and 2D
0.005 element length) combined, justifying this decision due to good results/computational ca-
pability relation. BEAM 188 is defined as 3-D finite strain beam, thus, the definition of each
beam cross section is implies the creation of a cross section mesh. It is not known how the ele-
ment size of this cross section mesh affects the results. By default, element size in cross section

areas is 0.0003 m. Fig. 6-11 presents an example of a cross section mesh of beam LS3492.
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Fig. 6-10 Evidence of point of singularity in Mesh Validation Analysis.
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Fig. 6-11 Example of BEAM 188 cross section mesh

6.4.6  Structure Development

The definition of the final assembly structure can be defined as highly iterative process.
Generation of various solutions, which is a part of Preliminary Design Methodology, may be
one of most challenging steps in the overall process. Definition of types of beams to be used

was made in accordance with two main concerns:

o Necessity of interconnection with other elements of the structure;

e  Geometric section characteristics in order to sustain the applied loads.
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Thus, section types as Channel (or C-beam) and L-beam were considered the most
suited to be used in the construction of the final structure. C-beam is considered for structure
elements where geometric characteristics is a critical factor. On the other hand, L-beams were
employed in sections where the interconnection was the decisive factor. Analysis of C-channel
and L-beam section types presented in the Structural Repair Manual, most suitable candidates

for structure definition are presented in Table 6-9 and Table 6-10.

Structure support element identification is observed in Fig. 6-13. It is important to verify

that there will be two distinct tiers of element for structure consideration.

Primary structure - critical load-bearing elements. These elements are projected to
withstand ultimate conditions and are tested with ultimate tensile strength. Their main purpose
is to deform but not break. If these element are severely damaged, the turret cannot operate.
Primary structure elements are all except (E09-H; E10-H; E11-H; E12-H).

Secondary structure - Elements which are vital for structure deformation. These ele-
ments are present in order to reinforce the existent structure, providing a better stress distribu-
tion along the bulkhead in order to lower the final turret deformation. Secondary structure ele-
ments are (E09-H; E10-H; E11-H; E12-H).

Once the structure is developed, it is necessary to prove its integration with the radome
cover and verify that no geometric boundary is violated. From the available data, it was verified

that geometric boundaries are respected (Fig. 6-14)

0.765

0.725

0.515

0.325

Fig. 6-12 General dimensions of the support structure [m]
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EO1-H EO05-Q

Fig. 6-13 Support structure breakdown
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Fig. 6-14 Support Structure radome fitting

Fig. 6-15 Channel-type extruded beam characterization (left) and L-type extruded beam characte-
rization (right).
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Table 6-9 Channel beam available on Structural Repair Manual

"ol | L) | H(m) | TL(m) | T2(m) | R1(m) | R2(m) | R3(m) | R4(m) |MATERIAL
S264 | 00381 | 0,01905 | 0,00157 | 0,00157 | 0,00157 | 0,00114 | 0,00114 | 0,00114 | 2024-T4
S328 | 0,02858 | 0,02223 | 0,00318 | 0,00157 | 0,00157 | 0,00157 | 0,00041 | 0,00041 | 2024-T4
1S2024 | 0,03018 | 0,04369 | 0,00236 | 0,00236 | 0,00152 | 0,00041 | 0,00041 | 0,00041 | 2024-T4
1S2367 | 00381 | 0,02235 | 0,00236 | 0,0033 | 0,00305 | 0,00079 | 0,00079 | 0,00079 | 7075-T6
1S2430-3 | 0,04868 | 0,0381 | 0,00635 | 0,00478 | 0,00157 | 0,00157 | 0,00157 | 0,00157 | 7075-T6
LS2726-3 | 0,05077 | 0,0254 | 0,00216 | 0,00216 | 0,00102 | 0,00114 | 0,00114 | 0,00114 | 7075-T6
153238 | 0,01905 | 0,0127 | 0,00239 | 0,00239 | 0,00119 | 0,00119 | 0,00239 | 0,00119 | 2024-T4
53360 | 00635 | 0,02858 | 0,00318 | 0,00318 | 0,00318 | 0,00041 | 0,00157 | 0,00041 | 2024-T4
1S3360-2 | 0,0635 | 0,02858 | 0,00318 | 0,00318 | 0,00318 | 0,00041 | 0,00157 | 0,00041 | 7075-T6
LS3471-2 | 0,0508 | 0,0254 | 0,00318 | 0,00318 | 0,00318 | 0,00114 | 0,00114 | 0,00114 | 7075-T6
LS4345 | 0,04216 | 0,0254 | 0,00305 | 0,00305 | 0,00318 | 0,00079 | 0,00079 | 0,00079 | 7075-T6
LS4386 | 0,04826 | 0,01524 | 0,00152 | 0,00152 | 0,00152 | 0,00041 | 0,00041 | 0,00041 | 2024-T4
LS4436 | 0,03353 | 0,02858 | 0,00318 | 0,00318 | 0,00152 | 0,00152 | 0,00152 | 0,00152 | 2024-T4
LS5001 | 0,08255 | 0,03175 | 0,00406 | 0,00635 | 0,00239 | 0,00081 | 0,00081 | 0,00081 | 7075-T6
LS5120 | 0,02858 | 0,02223 | 0,00318 | 0,00318 | 0,00318 | 0,00318 | 0,00041 | 0,00041 | 7075-T6
Table 6-10 L-type beam available on Structural Repair Manual
PﬁgT L@m) | Hm) | Ti(m) | T2(m) | Ri(m) | R2(m) | R3(m) | R4(m) | R5(m) | R6(m) | MATERIAL
LS358 | 0,0528 | 0,04445 | 0,003175 | 0,003175 | 0,003175 | 0,003175 | 0,0008128 | 0,0004064 | 0,0004064 | 0,003175 | 2024-T4
1s3200-4| 0,03 | 0,03175 | 0,0047752 | 0,0047752 | 0,0047752 | 0003175 | 0,000254 | 0,000254 | 0,000254 | 0003175 | 7075-T6
'-333206' 0,048 | 003175 | 0,003175 | 0,003175 |0,0047752 | 0,003175 | 0,001143 | 0,001143 | 0001143 | 0,003175 | 7075-T6
"533208' 0,036 | 0,03175 | 0,003175 | 0,003175 |0,0047752 | 0,003175 | 0,000254 | 0,000254 | 0,000254 | 0,003175 | 7075-T6
LS3255 | 0,042 | 0,028575 | 0,0016256 | 0,0016256 | 0,003175 | 0,0004064 | 0,0004064 | 0,0004064 | 0,0004064 | 0,0004064 | 2024-T4
"533257' 0,03 | 0,03175 | 0,0023876 | 0,0023876 | 0,0023876 | 0,0011938 | 0,000254 | 0,000254 | 0,000254 | 0,0011938 | 7075-T6
LS3378 | 0,036 | 0,03175 | 0,0047752 | 0,0047752 | 0,0047752 | 0,003175 | 0,0004064 | 0,0004064 | 0,0004064 | 0,003175 | 2024-T4
LS3389 | 0,048 | 00381 |0,0047752 | 0,0047752 | 0,0047752 | 0,003175 | 0,001143 | 0,001143 | 0,001143 | 0,003175 | 2024-T4
1S3399 | 0,06 | 003175 | 0,003175 | 0,003175 | 0,0047752 | 0,0023876 | 0,001143 | 0,001143 | 0,001143 | 0,0023876 | 2024-T4
LS3919 | 0,09 | 003175 | 0,003175 | 0,003175 | 0,003175 | 0,0008128 | 0,0008128 | 0,0008128 | 0,0008128 | 0,0008128 | 7075-T6
LS4222 | 0042 | 0,04445 | 0,0015748 | 0,0015748 | 0,003175 | 0,0004064 | 0,0004064 | 0,0004064 | 0,0004064 | 0,0004064 | 2024-T4
LS4302 | 011544 | 0,028575 | 0,0019812 | 0,0019812 | 0,003175 | 0,0008128 | 0,0008128 | 0,0008128 | 0,0008128 | 0,0008128 | 2024-T4
LS4439 | 0,051 | 00381 |0,0035306 | 0,003175 | 0,003175 | 0,0007874 | 0,0007874 | 0,0007874 | 0,0007874 | 0,0007874 | 7075-T6
LS4844 | 0042 | 00381 |0,0023876 | 0,0023876 | 0,001524 | 0,0004064 | 0,0004064 | 0,0004064 | 0,0004064 | 0,0004064 | 2024-T4
LS5252 | 00336 | 0,08255 | 0,003175 | 00127 | 0,003048 | 0,0008128 | 0,0008128 | 0,0008128 | 0,0008128 | 0,0008128 | 7075-T6
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6.5 Structural Loads and Boundary Conditions

6.5.1 Structural Loads

The following load cases were considered in the static analysis of loads and stress caused
to aircraft structural modifications inside the aircraft. Each load case is composed by an Inertia
Load and the resultant force of the aerodynamic pressure due to the turret. The appliance of

structural loads will consist with two situations, Limit Conditions and Ultimate Conditions.

6.5.1.1 Limit Conditions

The appliance of Limit Conditions has as main principle in testing structural behaviour
during limit operational conditions. Thus, it is important to guarantee that during these condi-
tions of operation, yield tensile strength is not achieved and any deformation registered (in elas-
tic dominium) is low enough so that the turret can maintain its operability with negligible effect

on the resultant images.

Known as symmetric manoeuvres (see Flight Loads in Table 5-3), these are considered

the limit operational conditions for an aircraft. There are four basic limit conditions [41] :

e Positive high angle of attack (PHAA);
e Positive low angle of attack (PLAA);

¢ Negative high angle of attack (NHAA);
e Negative low angle of attack (NLAA).

The maximum load factor to be verified in these limit conditions is the 3 G [42] load fac-
tor. The force of the aerodynamic pressure caused by these limit conditions was determined
trough the "Limit Flight Speed vs Altitude Chart" which delivers the conditions for the aircraft

model in analysis. At limit conditions, the aircraft experiences the following conditions:

e Altitude - 12500 feet (3810 m);

e Speed - 270 knots (=140 m/s);

e p-1,225 kg/m?® (for conservative reasons, sea level air density is to be used);

e A -0.152 m* (predicted projected area with the inclusion of turret geometry [1];

e Cp-0,6 (Drag coefficient obtained from numerical aerodynamic results [1];

S - 1,5 (factor of safety applied to drag coefficient).

1
F=S-pviCpA (6.4)

66




Resultant Aerodynamic Pressure Force (APF) will be of 1636 N.

Table 6-11 Limit Conditions Load Cases applied

'E:c;ig Description Load[g? Cor | Apr [N]
1 Upward + Aerodynamic Pressure Force 3 1636
2 Forward + Aerodynamic Pressure Force 3 1636
3 Sideward Left + Aerodynamic Pressure Force 3 1636
4 Sideward Right + Aerodynamic Pressure Force 3 1636
5 Downward + Aerodynamic Pressure Force 3 1636
6 Rearward + Aerodynamic Pressure Force 3 1636

6.5.1.2 Ultimate Conditions

Predicted in CS-25 the Ultimate Conditions are understood as the final condition of mate-
rial usage in the worst case scenario, i.e., Emergency Landing Conditions [25.561] (see Table
6-12 ). These will define the Load Factor applied. Once again recurring to "Limit Flight Speed
vs Altitude Chart" to define the APF, the conditions that the aircraft is subjected are the follow-

ing:

e Altitude - 12500 feet (3810 m);

e Speed - 320 knots (=165 m/s);

e p-1,225 kg/m® (for conservative reasons, sea level air density is to be used);

e A -0.152 m? (predicted projected area with the inclusion of turret geometry [1];

e Cp-0,6 (Drag coefficient obtained from numerical aerodynamic results [1];

S - 1,5 (factor of safety applied to drag coefficient) .

Recurring once more to Equation 6.4, the resultant Aerodynamic Pressure Force is 2272
N. Ultimate Load Results will provide the necessary information in order to evaluate the Tensile
Strength, Buckling, and Crippling stress applied. The important output will be the VMES,
which is later compared to Tensile Yield Strength, Maximum Buckling Stress and Maximum

Crippling Stress through Margin of Safety

Considering that the turret system is connected to the support structure by 4 locations,
implies that forces caused by the turret will be transmitted to these locations. It is considered
that the APF direction is horizontal (conservative manner), creating the maximum momentum.

On Fig. 6-16 , W is the turret weight and APF the Aerodynamic Pressure Force.
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Table 6-12 Ultimate Conditions Load Cases applied

I(‘:(:ZS Description Load[giactor APF [N]
1 Upward + Aerodynamic Pressure Force 3 2272
2 Forward + Aerodynamic Pressure Force 9 2272
3 Sideward Left + Aerodynamic Pressure Force 3 2272
4 Sideward Right + Aerodynamic Pressure Force 3 2272
5 Downward + Aerodynamic Pressure Force 6 2272
6 Rearward + Aerodynamic Pressure Force 1,5 2272

W

Fig. 6-16 Representation of force application locations and respective forces (right) and their geo-
metric characteristics (left).

Efforts applied on these 4 fixation location are present in Table 6-13

Table 6-13 Applied forces on fixation points

Fixation point Directionalf\c/JercCteoSr of applied
1 (-Fz | -Mxz | -Myz)
2 (-Fz | -Mxz | -Myz)
3 (-Fz | -Mxz | Myz)
4 (-Fz | -Mxz | Myz)

6.5.2 Boundary Conditions

After the analysis of the front lower fuselage structure, it is clear that the bulkhead has 4
major longitudinal stiffening beams which transmit the main forces along the lower part of the
fuselage. Fig. 6-17 shows precisely the location of these beams both in CAD as in Ansys. The
resulting boundary conditions will apply on these 4 locations, locking all 6 degrees of freedom
(DOF), x,y,z, Mx, My and Mz.
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Fig. 6-17 Main longitunal support beams of lower front fuselage

6.6 Post-Process and Beam section characterization.

6.6.1 VMES, Buckling and Crippling Considerations

Foregoing the load cases and the already stated structure geometry, one must decide the
beam type that suites better the load requirements. The selection procedure of channel beams
will require the buckling and crippling analysis. In the APPENDIX D tables are presented with
main geometric attributes, maximum buckling force (through Euler formula, presented already

above) and maximum buckling tension.

Maximum buckling force obtained is due to consideration of effective length (L) =1
(see Fig. 5-6). Consideration of this factor is due to the connection type that is predicted be-
tween different beams. In this case, connection through rivets or bolts is predicted. The consid-
eration of connection between different structure elements through welding would increase sig-
nificantly the maximum buckling force (decreasing the effective length to "0.699L"). However,
the material to be used are aluminium alloys 2024-T4 and 7075-T6. These type of alloys cannot
be worked with welding and thus, this connection type is not to be considered. If welding would
to be considered, the beam materials to be used should be, for instance, aluminium alloys of
4000 series.

Also during channel beam selection, an empirical approximation to Crippling Stress is
presented through the estimation of the Crippling force is done through the geometric ratio (as

can be observed in Fig. 5-8).

6.6.2 Ultimate load conditions

Tier 1 elements section identification is considered for Ultimate Load conditions
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6.6.2.1 EO01-H/E02-H

Purpose - main support component of the structure and connection with the turret sup-

port plate.
Possible failure cause - Torsion due to shear stress and bending.
Beam Section - Channel (C).
Buckling and Crippling - Possible.

Table 6-14 Chosen PART NO for the E01-H/E02-H composition

PART NO. (Document of Origin) BEAMID ('\J(I;%'f'catlon Pro- MATIEDRIAL Length (m)
LS2430-3 E01-H/EO2-H 7075-T6 0,65

0.552

0.160E+08  0.569E+08 0.979E+08 0.139E+09 180E+09

0.365E+08 0.774E+08 0.118E+09 0.159€E+09 200E+09

[MPa]

Fig. 6-18 Stress distribution of E01-H/E02-H in Load Case 1

6.6.2.2 EO3-H

Purpose - horizontal support component of the structure and critical in order to prevent
translation in "x" direction. Can be used for connection to turret support plate for additional

support.
Possible failure cause - Bending.
Beam Section - Channel (C).
Buckling and Crippling - Possible.

Table 6-15 Chosen PART NO for the E03-H composition

PART NO. (Document of Origin) BEAM ID (I\J{I;S;fmaﬂon Pro- MATIII_:DRIAL Length (m)
LS5120 EO3-H 7075-T6 0,515
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0.118E+08 0.337E+08 0.556E+08  0.775E+08 0.995E+08

842703 0.228E+08 0.447E08  0.666E+08 0.885E+08

[MPa]

Fig. 6-19 Stress distribution of E03-H in Load Case 1

6.6.2.3 EO04-H

Purpose - horizontal support component of the structure and is in order to prevent trans-

lation in "x" direction. Can be used for connection to turret support plate for additional support.
Possible failure cause - Bending
Beam Section - Channel (C).

Buckling and Crippling - Possible.

Table 6-16 Chosen PART NO for the E04-H composition

PART NO. (Document of Origin) BEAM 1D ('\J{I;:(:;ﬂcatlon Pro- MATIEDRIAL Length (m)
LS264 EO04-H 2024-T4 0,515

921819 0.111E+08 0.214E+08  0.295E+08  0.345E+08

0.603E+07 0.162E+08  0.265E+08 0.316E+08 0.386E+08

[MPa]

Fig. 6-20 Stress distribution of EO4-H in Load Case 1
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6.6.2.4 E05-Q/E06-Q

Purpose - Provide additional support to EO1-H/E02-H. Minimize vertical deformation

(iny) in order to deliver proper sensor operability conditions.
Possible failure cause - Axial Stress
Beam Section - Channel (C).

Buckling and Crippling - Possible.

Table 6-17 Chosen PART NO for the E05-Q/E06-Q composition

PART NO. (Document of Origin) BEAM ID (I\J{I&(E[I)lflcatlon Pro- MATIIIE:)RIAL Length (m)
LS2024 E05-Q/E06-Q 2024-T4 0,765

0.178E+08 0.350E+08  0.522E+08 0.694E+08 0.865E+08

0.925E+07 0.264E+08  0.436E+08 0.608E+08 0.779E+08
[MPa]

Fig. 6-21 Stress distribution of E05-Q/E06-Q in Load Case 1

6.6.25 EO07-V/E08-V

Purpose - Reinforcement of the bulkhead. Connection with E01-H/E02-H and EO05-
Q/E06-Q.

Possible failure cause - Shear Stress
Beam Section - L-type.

Buckling and Crippling - Not possible.
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Table 6-18 Chosen PART NO for the E017-V/E08-V composition

BEAM ID (Modification Pro- | MATERIAL

PART NO. (Document of Origin) ject) ID

Length (m)

LS3206 E03-H/E04-H 7075-T6 0,727

0.4

V[

-Z

0.109E+09 0.143E+09 0.177E+09  0.212E+09 _ 0.277+09
.

0.915E+08  0.126£+09 0.160E+03 0.194E+09  0.249E+09

[MPa]

Fig. 6-22 Stress distribution of E07-V/E08-V in Load Case 5

6.6.2.6 WEB

As shown in Fig. 6-23, correct distribution of tensile strength was made in order to mini-
mizes the stress on the sheet plate that covers the bulkhead. With an exception of an hotspot
stress point, a low distribution of stress is observed. It is concluded that no reinforcement is
needed during this modification.

hot spot stress point

83021.7 0.639E+08 0.129E+09 0.192E+09 0.255E+09

0.320E+08 0.958E+08 0.160E+09 0.223E+09 0.287E+09

Fig. 6-23 - Web Stress distribution during Ultimate Conditions.
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6.6.3 Limit load conditions

Fig. 6-24 is a demonstration of the critical locations during the limit conditions load case
5. On the right of the Fig. 6-24 deformation of the structure is shown with exaggerated magni-

tude in order to understand the key deformation locations. At the left of the Fig. 6-24, the same

key location are specified in clearer detail.

Fig. 6-24 Key structural element connections

e 1-L03-H/EQ7-V interconnection (same applies for LO3-H/E08-V)
e 2-EO07-V/E09-H interconnection (same applies for E08-V/E10-H)
e 3-EO07-V/E11-H interconnection (same applies for E08-V/E12-H)
e 4 -L06H/EQ7-V interconnection (same applies for LO6H /E08-V)

These 4, or in fact 8, locations are critical and should be reinforced in order to minimize
the deformation. Thus, E09-H, E10-H, E11-H, E12-H are bulkhead reinforcement beams ap-
plied on points 2, 3 and their equivalent locations on the other side of the system. The purpose
of these beams is to convey tension forces into beams LO7-V/L08-V and L14-V/L15-V. Tier 2

elements beam discretization are considered for Limit Load conditions.

Table 6-19 Limit load case 5 for E09-H/E10-H/E11-H/E12-H

PART Def_orma_tion Def_orme}tion T_u rret positio_n
MATERIAL | point3inZ point 2in Z | displacement in
NO.
[m] [m] Y [m]
LS358 2024-T4 0,002473 0,004773 0,007816
1s3200-4 7075-T6 0,002865 0,004734 0,008206
L.S3206-3 7075-T6 0,002921 0,00491 0,008349
L.S3208-3 7075-T6 0,002965 0,004863 0,008376
LS3255 2024-T4 0,003168 0,005254 0,008783
LS3257-3 7075-T6 0,003074 0,004939 0,008529
LS3378 2024-T4 0,002833 0,004751 0,008177
LS3389 2024-T4 0,002536 0,00472 0,007847
LS3399 2024-T4 0,002889 0,004965 0,00834
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LS3919 7075-T6 0,002826 0,005128 0,008362
LS4222 2024-T4 0,002828 0,00484 0,008234
LS4302 2024-T4 0,00299 0,005526 0,008771
LS4439 7075-T6 0,002686 0,004815 0,008056
LS4844 2024-T4 0,00284 0,004836 0,008236
LS5252 7075-T6 0,00154 0,004441 0,006678

E09-H/E10-H/E11-H/E12-H:
Purpose - Reinforcement of the bulkhead. Minimize turret structure deformation in vy

axis. Distribution of stress through bulkhead structure
Possible failure cause - Shear Stress

Beam Section - L-type.

Buckling and Crippling - Not possible.

PART NO. (Document of Origin) BEAMID ('\J{Ié)c(:)mcat'on Pro- MATIEDRIAL Length (m)
L.54439 E09-H/E10-H/E11-H/E12-H 7075-T6 0,325

Locations 1 and 4 induce the substitution of existing beams in the bulkhead. Location 4
induces the substitution of one of the critical beams in the front lower fuselage station. A modi-
fication of this nature is too complex and not recommended, thus, this step should be considered
only as a last resource. Location 1 defers to the modification of the existent L03-H beam, which

is LS3224. Modification of this element is be made by the following methodology.

Assuming that the major stress applied on this beam is a shear stress, one can compare
the behaviour of each L-beam candidates. This comparison can be made assuming a single
shear stress passing through shear centre, therefore, not causing any additional effect Normal

shear stress flow through an L-beam is represented in Fig. 6-25.

N.A.

-

Shear Force V

-

L Ty

T

Shear flow distribution

Max. Shear Stress«—

Fig. 6-25 Shear flow distribution along L-beam section
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Knowing that the expression for shear stress is the following:

T = shear stress

V, = shear force along y

\<<
<
e

(6.5)

]
I

Q, = First moment of inertia along x

~
=
o~

I, = Moment of inertia along x

t = thickness

Without knowing the value of Vy, one can compare the behaviour of beam candidates
with respect to their geometric properties I, t and Q. This is done assuming that Q is maxi-
mum, therefore, maximum shear stress is estimated (on Neutral Axis). The relation of compari-

son is:

= Comparison ratio =

T Qx
v, Lt (6.6)

T
Y

Table 6-20, represent the geometric comparison ratio of beam candidates. The smaller the
value, the lower will be the shear stress ( 7), and consequently, the lower will be the deforma-

tion, &,. This relation can be shown as:

65 = shearing deformation 5. = L
y (6.7)
G = Modulus of elasticity

Table 6-20 Comparison ratio of I-beam type beam candidates

I (maximum) [m”4] gg)r:itrrnod(rjn(?)lo[rr:% t [m] Q [m"3] Compf'ir;ts\g? ratio

LS358 9,86E-08 0,003175 0,280626 8,96E+08
1s3200-4 2,56E-08 7,29E-03 0,004775 0,20714 1,69E+09
LS3206-3 6,77E-08 1,52E-02 0,003175 0,033814 1,57E+08
LS3208-3 3,05E-08 6,80E-03 0,003175 0,023246 2,40E+08
LS3255 2,44E-08 1,33E-02 0,001626 0,029297 7,38E+08
LS3257-3 1,43E-08 7,63E-03 0,002388 0,020286 5,94E+08
LS3378 4,32E-08 9,76E-03 0,004775 0,025121 1,22E+08
LS3389 1,03E-07 1,39E-02 0,004775 0,0033542 6,82E+06
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LS3399 1,25E-07 2,08E-02 0,003175 0,042945 1,08E+08
LS3919 3,77E-07 3,54E-02 0,003175 0,066134 5,53E+07
LS4222 2,73E-08 1,09E-02 0,001575 0,028075 6,53E+08
LS4302 4,57E-07 4,94E-02 0,001981 0,08626 9,53E+07
LS4439 9,13E-08 1,61E-02 0,003531 0,03584 1,11E+08
LS4844 3,84E-08 1,17E-02 0,002388 0,028638 3,12E+08
LS5252 3,87E-08 3,71E-02 0,0127 0,060628 1,23E+08

Section type LS3919 is the most suitable in order to replace LS3224, due to its satisfying

relation geometric properties/weight. This modification can be also done with section type

LS4302 or LS5252 if a lesser turret deformation is required.

6.6.4

Stress on structural parts are given directly by FEM model and critical values are ob-
tained according to the following table. These results are obtained with the completely defined

solution. As can be seen, the critical structural part verified is E07-V/E08-V during Load Case

5.

Structural Part Strength Result

Table 6-21 Stress, resume of FEM result for each Ultimate Condition Load Case

Load Critical Structural Max. VMES Tensile Yield MS

Case Part [MPa] Strength [MPa]
1 E07-V/E08-V 149,1 503 2,374
2 EQ7-V/EO8-V 173,91 503 1,892
3 E07-V/E08-V 165,9 503 2,032
4 EQ7-V/EO8-V 164,59 503 2,056
5 EO07-V/E08-V 197,54 503 1,546
6 EO07-V/EQ8-V 163,8 503 2,071

47214.1

0.22E+08

0.439E+08 0.878E+08

0.132E+09 0.176E+09

0.669E+08 0.11E+09 0.154E+09 0.198E+09

[MPa]

Fig. 6-26 Final solution critical tensile zone
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6.6.5 Structural Part Deformation Result

Once again, deformation on structural parts are given directly by FEM model and critical

values are obtained according to the following table.

Load Max. Deformation in X Max. Deformation in Y Max. Deformation in Z
Case [m] [m] [m]

1 1,06E-04 -0,002797 0,002396

2 2,20E-05 -0,003491 0,002628

3 -1,10E-04 -0,002798 0,002396

4 1,13E-04 -0,003635 0,002469

5 4,89E-05 -0,00443 0,002599

6 1,56E-05 -0,003771 0,002367

As verified, maximum deformation occurs during the limit conditions Load Case 5. Fig.
6-27 shows the general deformation of the turret platform and critical the deformation which is
in yz orientation. In this referential, Load Case 5 deformation causes a 0,8° angle. These are the
limit operation conditions faced by the turret. It is not possible to determine if this deformation
will affect the turret's performance, thus, it is suggested to be taken in account during the con-
tractual agreement with the EO/IR system manufacturer. Turret geometry observed on the Fig.

below is purely schematic.

Fig. 6-27 Representation of the most critical deformation which is verified in yz
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6.6.6 _Other miscellaneous results

Performing a modal analysis of the turret structure, the natural frequencies were ob-

tained, which are presented in Table 6-22.

Table 6-22 Modal analysis results

Mode Natural Frequency [HZ]
1 21,5932
21,6695
21,7199
21,7984
23,4757
23,4898

OO IwWiIN

6.7 Weight and Balance

6.7.1 Weight impact

For LOCKHEED MARTING C-130 H, Mean Aerodynamic Chord arm (MAC) is defined
as 4,18 m (black rectangle on and Leading Edge Mean Aerodynamic Chord arm (LEMAC) is
defined as 12,38 m.

: 1o

PEN
— 7 —— (meters)

LA A T A AR R R ||
20
0 5 10 " 15 _ 25 29.79

(LEMAC)

Fig. 6-28 Aircraft balance reference system

As stated in Chapter 5, the calculus of the new aircraft CG affected by turret installation

can be described by:

(CGparum —12,38)
CGoypmac = 418

x 100 (6.1)
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Standard Basic Empty Weight (BEWsrp) and Standard Basic Empty Moment are defined
by LOCKHEED MARTIN C-130 Flight Manual[43].

Table 6-23 Aircaft CG modification due to tueer integration

BEWsrp [kg] 31818,2

BEMgtp [kg] 432409,3
CGpatum stp [m] 13,59
CGo, macstp [¥0] 28,947

Following, are presented lists of removed and installed items during the modification and

their respective impact.

6-24 List of removed item from aircraft modification

Type PART NO. Weight [kg] CG[m] Moment [kg.m]
Structural part LS3224 0,75 2,362 1,773
X weight removed 0.75 X moment removed 1.773

Table 6-25 List of installed items in aircraft modification

) Moment
Type PART NO. | Weight [kg] CG[m]
[kg.m]
Support
SS-1_Mount 5,776 1,225 7,078
Structure
FLIR STAR
Electronic
. SAPHIRE 44 1,975 86,887
Equipment "
X weight Xmoment
49,776 87,965
removed removed
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The modification result on additional weight, moment and new predicted CG are dis-

played below:
Table 6-26 Aircraft modification overall impact
Property Value
A weight [kg] 49,026
BEWqodified [Kg] 31867,226
A moment [kg.m] 87,965
BEMpodified [KO] 432497,303
CGmodified [m] 13,572
CGo,DATUM (modified) 0,285

6.7.2 Balance verification

Verifying the diagram on Fig. 5-9, an estimate of OEW, ZFW and TOW is necessary in
order to validate possible flight conditions. Table 6-27 contains the necessary information on
which, maximum payload and maximum fuel weight were considered for conservative reasons.
As can be verified, there is no predicted arm of operational weight because of inexistent infor-
mation. However, it is considered that the impact would be negligible comparing to weight such

as payload and fuel, which are 7 times greater.

Table 6-27 Impact of operational, payload and fuel weight on aircraft

. Moment
Weight [kg] | Arm [m] [kg.m]
Operational weight 2455,8 * *
Max. Payload (2,5 G) 18955 13,132 248917,06
Max. Fuel Weight 20819 13,9 289384,1

Fig. 6-29 shows the CG limitations of this aircraft models, MTOW and MZFW limits and
respective TOW and ZFW. It can be observed that the total weight resultant from this modifica-
tion project is beneath the takeoff and landing limits Maximum Taxi Weight (MTW) could be

identified for this aircraft model, hence, it will not be included in the Flight Envelope.
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AIRCRAFT GROSS WEIGHT — 1,000 POUNDS
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Fig. 6-29 Center of gravity limitations
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7 Methodology definition

The final development chapter is intended to contain the definition of various procedures
and steps to be followed during a similar project as one developed in this Case Study. Thus, this
chapter is a more detailed approximation of Preliminary Analysis, stated in Fig. 3-5. these pro-
cedures are presented as fluxograms in this chapter.

LISTING OF POSSIBLE SENSOR LOCATIONS
SUBJECT TO FURTHER MODIFICATIONS

Aircraft Model identification

v

search for previous (already
existing) turret installation for
this model

Y
Identification of EQ/IR sensor
category to be able for
integration on thismodel
(weight, geometry, operability)

A
Identification of all extemal
aircraft components (n2 of
motors; doors; landing gear,
among others)

A

Separation of aircraft external
geometry in individual parts

.| Aircraft location mapping
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LOCATION ANALYSIS AND MAPPING OF
THE VIABILITY OF EACH ONE

Identification of internal and
external components of
aircraft

Internal Part Breakdown
Aircraft location mapping

Identify Interferences (I) and

Possible Interefences (Pl) due

to turret integration of each
potencional location

Identify the non-vital Pl that
can be resolved (ex: antenna
relocation)

Definition of selection criteria
and tiers of importance

+

Rating procedure

v

Consideration of top 3
locations

4

PRO/CON analysis of top 3
locations

Selection of the most viable . Recommended location
location

A 4
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Internal Part Breakdown;

GENERATING DRAFTS OF
DIFFRENT SOLUTIONS

Chosen location - detailed

Structural Repair Manual,

documentation analysis

v

Define first geometric
boundries

v

Extract main turret geometric

. EO/IR sensor Data Sheet

characteristics

!

Define the magnitude of the
modification and predict
possible structural
modification impact

MINOR modifcation?

Apply for STC

v

v

CS 23: Small Airplanes

CS 22: Large Airplanes

Sub part D

Predict external projected
area of the turret

v

Geometry draft generation
(frist contact via FEM
integrated function or CAD
sketching)

]

Research for material type
used in that section of aircraft

e Structural Repair Manual I
e Material data sheet

and prediction of material to
be used in the structure.

Generated draft can be built with
materials existent in Structural
Repair Manual?

Study each structure element X %
characteristics and possible e Solution candidates draft
beam usage.
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SELECTION OF THE MOST TECHNICALLY
VIABLE SOLUTION

Elaborate Certification Plan

l Define Flight Loads

Solution candidates draft Define Limit Service | |
Loads Define Ground

Handling
L

Define Localand
internal Loads

Define Dynamic
Pehomena Loads

Define Fatigue
Loads

Select maximum of presented loads in
6 directions: Forward, Rearward,
Downward, Upward, Sideward left,
Sideward Right

{ End ’ “
Compare Limit Loads and

Ultimate Loads by direction
CS 23: Small Airplanes
Redefine maximum value as
B,

Define Ultimate Loads

l €S 22: Large Airplanes |

Ultimate Load

Limit load > Ultimate Load?

Searh for
Emergency landing
First simulation of Conditions
various draft geometries
with ultimate conditions
End

At least 1 solution
complies requirements?,

Consider alternative draft
solution generation

More then 1 fullfils
the requirements?

Weight/strength comparison
analysis

Final Geometry Draft

Final geometry definition| —l— e Ultimate Loads

Limit loads
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. Client requirements

DEVELOPMENT STEPS AND
PHYSICAL REQUIREMENTS

Matrix

Creation of Certification Compliance

Certification

C 1ce Matrix

. Internally defined requirements

\_/’\

e Ultimate Loads

Defnition of other physical
requirements

|

e  limit loads

Define possible forces appliance
simplification (conservative manner)

}

Define Failure Criteria to Forces to be
applied to the system

!

Define and List existent and possibly
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DEVELOPMENT
SPECIFICATION

Weight and Balance

AlICS proven?
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techincal note

Technical note;

Elaboration of CS to be
proven by MC5/MC6/MC7

A 4

Elaboration of test plan and
schedule

. Preliminary Design Summary

. Preliminary Design Summary

The developed diagrams describe the proposed methodology for the aircraft modification

procedure and can be viewed as one of the main contribution from this dissertation.
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8 Conclusion

8.1 Concluding remarks

This work is performed in order to be a guidance for future possible projects of EO/IR
sensor turret installation on a military type aircraft. During the systematic approach to the typi-
cal modification project, it was possible to develop a valuable procedure tool that could deliver

a quick, effective and valuable response for a project of this nature.

The analysis of the Case Study is, in fact, the most time taking procedure of the project.
Nerveless, this was a necessary procedure in order to overcome in more detail the possible ob-
stacles to occur. As can be seen from Fig. 6-18 to Fig. 6-22, identification of critical sections
during the critical Load Case appliances is showed. ldentification of critical element areas is
considered important for future analysis of this structure. Considering that most of the critical
area are joints of various elements, no additional element drilling is recommended for elec-
tronic equipment installation or electric cable system passage. These areas are the most ex-
pected to suffer from a fatigue stress cycle, and so, during any maintenance or inspection proce-

dure, special focus on these areas is required.

Modification of the bulkhead original structure (substitution of LS3224 by LS3919) has a
direct impact on the turret support structure. As can be seen in Table 6-21, the critical stress is
verified in element EQ7-V/E08-V. However, its worst case scenario (Load Case 5) registers a
considerably lower stress than the one considered during the structure element definition. Thus,
it is concluded that the structure can appear as slightly over dimensioned. Stating the fact that
the modelling of elements left out eventual "holes" for elements connectors (rivets or fasteners),
which present stress concentration factors in critical areas. Thus, this is a cause of incensement
of the maximum stress value. In overall this over dimensioning result can be taken into account

as a positive approximation.

Post-process analysis of other miscellaneous results as support structure natural frequen-

cies, it is suggested that the Dynamic Amplification Factor (DAF) is kept > 1. Knowing that

w, = natural frequency, w¢ = forced frequency and that r(DAF) = % the approximation of
f
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this ratio to 1 could be extremely harmful to the system, considering that there is no damping.

Further investigation and more detailed analysis to this subject should be done in the future.

The approximation of Weight and Balance study verified that in fact, the conducted
modification project is contained in the limits of the given model aircraft flight envelope (Fig.
6-29). As stated, the total support structure weight is 5,8 kg, which is only 11% of total modifi-
cation project weight.

8.2 Main concerns and future considerations

Taking in consideration future works, following topics should be explored: Connection
between various elements - as was specified, the type of union between different element pre-
dicted during the project was in fact through rivets or fasteners. This element joint type should

be explored and projected in order to complete the structure support project.

Fatigue analysis - As verified, during this study a static and modal analysis was made.
However, fatigue analysis should be done in order to verify the amount of possible fatigue cy-
cles. Along with the procedure of fatigue analysis, bulkhead pressurized area (that was not con-
sidered for this project) should be considered. For the structure life estimation, Palmgren-Miner
method of analysis should be employed. This fatigue damage theory states that the fatigue dam-
age incurred at a given stress should be evaluated by the ratio of number of cycles applied at
that stress level divided by the total number of cycles to cause failure at that same level [39].
When the ration reaches 1, the material fails. This study should be based on empirical result

about material behaviour charts.

k = Number of stress
levels considered in the analysis
n; = Number of loading cycles ’ k n.
D= Z(_l) 8.1)
at i*" stress level F=

N; = Number of loading cycles

to failure at it" stress level

Some of the main concerns about the turret installation is the possible damage during
aircraft towing. It is unclear what is the normal procedure during a towing procedure, however a
technical minute should be prepared in order to predict any modification during that particular

procedure.
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During this work, time factor was one of the major concerns to be accounted during the
project definition. Consecutive conservative measures resulted in a structure that withstand the
requirements with a satisfactory MS. For future considerations, the decreasing of this MS can be
studied and thus, a geometry optimization can be conducted, however in a discrete set of ele-

ments.
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APPENDIX B

Criteria Location Decision/Justification
L As it is on the side, it would need sensors in both sides and the K area is blocking the sensors' sight
M Not under the fuselage enough
1 N, O Mounting the turret on the upper side of the fuselage station does not allow any range of sight
p To have an adequate sight range it would need a sensor in both sides and it would have to be in the lowest part of
the area P
Q The only way is to attach a supporting structure to the fuel tank with the sensor facing down
A Antenna 20 must be relocated if an interference is detected
21 E The distance between the sensor to antennas 17,18 e 19 must be checked
F The distance between the sensor to antennas 17,5 e 6 must be checked
N The distance between the sensor to antenna 3 must be checked
A B nose landing gear
C,D,F,G,E,l main landing gear
E | some antennas
) K elevators
L rudder
M door M
P elevators
Q flaps and ailerons
K elevators
2.3 L rudder
Q wing and flaps
B interphone and liquid oxygen drain/vent - must mind these components when designing the fixation
CDE These locations meet the FAP C-130H but there are usual modifications in these locations that one might have to
e consider
2.4 E Interference with the nose landing gear sliding cover
G,H Possible interference with the main landing gear cover
M Door M
A Pl - Landing Gear Hydraulic Pumping (IPB - Hydraulic Systems p.111). Bleed Air Anti-Icing system (IPB - Pneumatic
System p.61). Pitot Static Systems (IPB - Pneumatic System p.231)
Pl - on the right: external interphone(TMC p.17).on the left: booster hydraulic system ground test connection
B acess, Liquid Oxygen Valve/Vent(TMC p.141). Hydraulic Brake Piping (IPB - Hyrdaulic Systems p.75). Metering
Valve (IPB - Hyrdaulic Systems p.91). Electrical Components (IPB - Electrical Systems p. 171). Battery Equipment
(IPB - Electrical Systems p. 181)
Pl - fuselage drainage holes(TMC p.141) Hydraulic Brake Piping (IPB - Hyrdaulic Systems p.75). (a direita) Flight
C Deck Air Conditioning System (IPB - Pneumatic System p. 83). Electrical Components (IPB - Electrical Systems p.
171). Battery Equipment (IPB - Electrical Systems p. 181). AFT Center Equipment (IPB - Eletronic System p.51)
D,E,F Pl - fuselage drainage holes (TMC p.141)
| - (on the right) Refrigeration Unit . Pl - (on the left): Cargo compartment refrigerator acess(TMC p.18). Water
G separation drain(TMC p.141). Air intake Drain(TMC p.141). Hydraulic Vent(TMC p.141). Landing Gear Failing Drai-
25 nage Holes(TMC p.141). Pl - (a direita) APU air intake door (TMC p.331). Hydraulic Brake Piping (IPB - Hyrdaulic
Systems p.97). APU Bleed Air Supply system (IPB - Pneumatic Systems p.161)
H PI - single point refuel drain valve/adapter drain. Fuel Pump seal drain. Hydraulic Brake Piping (IPB - Hyrdaulic
Systems p.97)
| P| - fuselage drainage holes
| - elevator trib tab motor acess, Controls inspection acess, Pressure seals and structural inspection, Rudder and
J elevator controls and electrical acess, Rudder and elevator . controls and electrical acess, AFT empennage drai-
ning holes. PI - Elevator and Rudder Controls (TMC p.287)
K,L | - anti-icing
N,O Pl - IFF (IPB - Electronic System p. 87)
p PI - Auxiliary Hydraulic Piping (IPB - Hydraulic Systems p.171). Caution with AFT Fuselage Electronic (IPB - Electro-
nic System p.109)
Q Pl - Fuel Tank
C,D Susceptible to dust and rocks from the nose landing gear
E,F Dangerously close and behind the nose landing gear
3 G,H,l Close to the ground
J,K High temperatures may affect the sensor and the exhaust gas may affect the sensor's lenses
P In the location that enables a full range of sight, the sensor may be too close and behind the main landing gear
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4 CD,EFRLMN,OP Pressurized area of the aircraft
AB,C.D,EF,GH.I A.k?ig.ger sensor may affect the aircraft's aerodynamics. The location is in the fuselage where the air flow is well
difinied
J May affect the CD
5A K,L Bigger size is critical to the good functioning of the elevators and rudder
M,N,0 The aerodynamics must be checked if considering a bigger sensor
P The only way to reduce the impact is to create an aerodynamic external structure to support the sensor
Q The wing balance affects the flight performance of the aircraft. NEEDS Sensors on BOTH wings
A Relatively simple fixation needing only structural reinforcements
B,C,D,N,O,P Needs small external structure to support the sensor turret
G,H Needs bigger external structure to support the sensor turret
5B J Sensitive aircraft location (Structural and Operationalwise)
K,L Sensitive and small areas, not viable
M It is an attachment to the door, it is limited
Q Structurally, does not affect significantly the wing
A Bulkhead partial removal is required. A hole drilling procedure
B,C,D,E,F,I,N,O,P,Q | Frames
6 GH Near the frames
KL Sensitive aircraft location
M There is the need to guaratee the resistence of the door
J Area required to detailed analysis
A Hole + Fixation (relatively simple)
B,C,D Requires an external structure
E Landing gear sliding door and many antennas (interference)
Fl Hole + Fixation (Mind the distance between antennas!)
G,H Involves a big external structure to support the sensor
7 J Numerous intereferences (operational, strucutral, geometrical) that may not allow the fixation
K,L Sensitive areas and critical operational functions
M Concern about the link between the door and the sensor, as well as the type of fixation. It no longer is as a door.
N,0 To provide a good sight range, there would be necessary a huge arm to the sensor
P Might need sensors on both sides or a big external structure
Q Difficulties in attaching the structure of the sensor to the fuel tank
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EO1-H/EO02-H

APPENDIX D

Table 9-1 Geometric considerations and Buckling Tension of Channel sections for E01-H/E02-H

PART NO. A (m) lyy (mA4) Izz (mA4) B“Ck"('l‘\lg) Force B“;'::‘"fpz;’"
15264 1,15E-04 2,56E-08 4,02E-09 6,86E+03 5,963438E+07
15328 1,51E-04 1,71E-08 6,35E-09 1,08E+04 7,195070E+07

152024 2,67E-04 4,33E-08 5,27E-08 9,01E+04 3,378771E+08
LS2367 2,11E-05 4,81E-08 1,05E-08 1,76E+04 8,347527E+08
152430-3 6,01E-04 1,89E-07 8,10E-08 1,36E+05 2,257430E+08
152726-3 2,10E-04 8,29E-08 1,30E-08 2,18E+04 1,037745E+08
153238 9,47E-05 4,82E-09 1,41E-09 2,41E+03 2,544260E+07
LS3360 3,63E-04 2,15E-07 2,71E-08 4,63E+04 1,276687E+08
L53360-2 3,63E-04 2,15E-07 2,71E-08 4,54E+04 1,252236E+08
LS3471-2 3,02E-04 1,15E-07 1,81E-08 3,03E+04 1,001612E+08
LS4345 2,65E-04 7,13E-08 1,64E-08 2,75E+04 1,039979E+08
LS4386 1,15E-04 3,71E-08 2,22E-09 3,79E+03 3,282586E+07
LS4436 2,68E-04 4,73E-08 2,19E-08 3,73E+04 1,393631E+08
LS5001 6,87E-04 7,02E-07 6,62E-08 1,11E+05 1,613408E+08
LS5120 2,12E-04 2,58E-08 1,01E-08 1,70E+04 8,019692E+07
Table 9-2 Geometric considerations and maximum Crippling stress

PARTNO. | Width (in.)[b] | Thickess (in.) [t] b/t S‘t::;‘;':'(':fi) c”pp';gg)s"ess
LS264 0,0381 0,062 24,19354839 37,5 2585533985
L5328 0,028575 0,062 18,14516129 38 262000777,1
152024 0,030175 0,093 12,77410888 38 262000777,1
LS2367 0,0381 0,13 11,53846154 69,5 479185631,9

1524303 0,04868 0,188 10,19433741 69,5 479185631,9
1S2726-3 0,0507746 0,085 23,51764706 53,5 368869515,2
153238 0,01905 0,094 7,978723404 38 262000777,1
LS3360 0,0635 0,125 20 38 262000777,1
LS3360-2 0,0635 0,125 20 60 413685437,6
LS3471-2 0,0508 0,125 16 69,5 479185631,9
LS4345 0,042164 0,12 13,83333333 69,5 479185631,9
LS4386 0,04826 0,06 31,66666667 30 206842718,8
LS4436 0,033528 0,125 10,56 38 262000777,1
LS5001 0,08255 0,25 13 69,5 479185631,9
LS5120 0,028575 0,125 9 69,5 479185631,9
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Table 9-3 Load Case 1 - E01-H/E02-H

Tensile Yield Strength

PART NO. VMES [MPa] [MPa] Tensile MS Buckling MS Crippling MS
L5264 1020,5 324 -0,682508574 -0,94156357 | -0,746640472
L5328 1031,5 324 -0,685894329 -0,930246536 | -0,746000216
152024 1310 324 -0,752671756 -0,742078512 | -0,799999407
152367 748,65 503 -0,328123956 0,115010648 | -0,359933705

152430-3 203,7 503 1,469317624 0,108213211 | 1,3524086

152726-3 725,03 503 -0,306235604 -0,856868625 | -0,491235514
153238 2671,1 324 -0,878701658 -0,990474862 | -0,901912779
153360 393,55 324 -0,176724686 -0,675597196 | -0,334263049

153360-2 389,58 503 0,291134042 -0,678567607 | 0,061875449

153471-2 522,22 503 -0,036804412 -0,808201168 | -0,082406587
L54345 595,77 503 -0,155714454 -0,825439547 | -0,195686873
154386 2012,3 324 -0,83899021 -0,983687392 | -0,897210794
LS4436 567,96 324 -0,429537291 -0,754625186 | -0,53869854
LS5001 165,63 503 2,036889452 -0,025896283 | 1,893108929
LS5120 881,07 503 -0,429103249 -0,908977806 | -0,456132167

Table 9-4 Load Case 2 - EO1-H/E02-H

PART NO. VMES [Mpa] | Tensile \[(:;':a?tre"gth Tensile MS Buckling MS | Crippling MS
L5264 1578,6 324 -0,794754846 -0,96222325 | -0,836213481
L5328 1297,2 324 -0,750231267 -0,944533844 | -0,79802592
152024 430,41 324 -0,247229386 -0,214987688 | -0,391276278
152367 778,76 503 -0,354101392 0,071899843 | -0,384681247

152430-3 203,29 503 1,474297801 0,110448281 | 1,357152993
152726-3 723,25 503 -0,304528171 -0,856516363 | -0,489983387
153238 2035,5 324 -0,84082535 -0,987500567 | -0,871284315
153360 388,63 324 -0,166302138 -0,671490304 | -0,325834915
L53360-2 388,43 503 0,29495662 -0,677615963 | 0,065019277
1534712 520,77 503 -0,034122549 -0,807667135 | -0,079851697
L54345 594,29 503 -0,153611873 -0,825004827 | -0,193683838
154386 2001,7 324 -0,838137583 -0,983601009 | -0,896666474
LS4436 557,59 324 -0,418927886 -0,750061731 | -0,530119304
155001 164,91 503 2,050148566 -0,021643329 | 1,905740294
LS5120 878,85 503 -0,427661148 -0,908747881 | -0,454758341
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Table 9-5 Load Case 3 - E01-H/E02-H

Tensile Yield Strength

PART NO. VMES [MPa] [MPa] Tensile MS Buckling MS Crippling MS
L5264 1340,9 324 -0,758371243 -0,955526604 | -0,807179209
LS328 1300,7 324 -0,75090336 -0,944683096 | -0,798569403
LS2024 429,67 324 -0,245932925 -0,213635699 | -0,390227902
152367 776,28 503 -0,352037924 0,075324267 | -0,382715474

152430-3 203,51 503 1,471623016 0,109247856 | 1,354604844

152726-3 720,67 503 -0,302038381 -0,856002691 | -0,488157527
153238 2968,1 324 -0,890839257 -0,991427986 | -0,91172778
LS3360 386,83 324 -0,16242277 -0,66996168 | -0,322697885

LS3360-2 386,62 503 0,301019089 -0,67610669 0,07000527

LS3471-2 518,56 503 -0,030006171 -0,806847451 | -0,075930207
154345 592,12 503 -0,150510032 -0,824363505 | -0,190728852
154386 2003,7 324 -0,838299147 -0,983617378 | -0,896769617
LS4436 555,98 324 -0,417245225 -0,749337963 | -0,52875863
LS5001 163,94 503 2,068195681 -0,01585459 | 1,922932975
155120 828,4 503 -0,392805408 -0,903190579 | -0,421552835

Table 9-6 Load Case 4 - E01-H/E02-H

PART NO. VMES [Mpa] | Tensile \[(l";':a?"e"gth Tensile MS Buckling MS | Crippling MS
L5264 1496,5 324 -0,783494821 -0,960150767 | -0,827227933
LS328 1295,8 324 -0,749961414 -0,944473918 | -0,797807704
152024 431,01 324 -0,248277302 -0,216080487 | -0,39212367
152367 780,72 503 -0,355722922 0,069208835 | -0,386226007

152430-3 202,56 503 1,48321485 0,114450193 | 1,365647867

152726-3 725,03 503 -0,306235604 -0,856868625 | -0,491235514
153238 2497,5 324 -0,87027027 -0,989812774 | -0,895094784
LS3360 389,76 324 -0,168719212 -0,672442725 | -0,327789468

LS3360-2 389,58 503 0,291134042 -0,678567607 | 0,061875449

LS3471-2 522,22 503 -0,036804412 -0,808201168 | -0,082406587
LS4345 595,77 503 -0,155714454 -0,825439547 | -0,195686873
154386 2002,8 324 -0,838226483 -0,983610016 | -0,896723228
LS4436 558,76 324 -0,420144606 -0,750585083 | -0,531103198
LS5001 165,63 503 2,036889452 -0,025896283 | 1,893108929
LS5120 825,07 503 -0,390354758 -0,902799854 | -0,41921821
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Table 9-7 Load Case 5 - E01-H/E02-H

Tensile Yield Strength

PART NO. VMES [MPa] [MPa] Tensile MS Buckling MS Crippling MS
LS264 1551,2 324 -0,791129448 -0,961555971 | -0,833320398
LS328 1344,6 324 -0,759036145 -0,946489144 | -0,805145934
LS2024 409,5 324 -0,208791209 -0,174903177 | -0,360193462
LS2367 745,51 503 -0,325294094 0,119706941 | -0,357237821

LS2430-3 195,15 503 1,577504484 0,156766749 1,455473389

LS2726-3 702,6 503 -0,284087674 -0,852299259 | -0,474993574
LS3238 2934,7 324 -0,889596892 -0,991330427 | -0,910723148
LS3360 377,77 324 -0,142335283 -0,662046421 | -0,306454252

LS3360-2 377,58 503 0,332168017 -0,668352054 | 0,095623279

LS3471-2 505,64 503 -0,005221106 -0,80191206 -0,052318583
LS4345 575,21 503 -0,12553676 -0,819200151 | -0,166937932
LS4386 2082 324 -0,844380403 -0,984233496 | -0,900651912
LS4436 536,18 324 -0,395725316 -0,740081541 | -0,511356677
LS5001 160,36 503 2,136692442 0,00611623 1,988186779
LS5120 808,06 503 -0,377521471 -0,90075375 -0,406992511

Table 9-8 Load Case 6 - E01-H/E02-H

PART NO. VMES [Mpa] | Tensile \[(:\:':a?"e“gth Tensile MS BucklingMS | Crippling MS
LS264 1580 324 -0,794936709 -0,962256723 | -0,836358609
LS328 1368,1 324 -0,763175206 -0,947408305 | -0,808492963
LS2024 430,33 324 -0,247089443 -0,214841751 | -0,391163114
LS2367 778,46 503 -0,353852478 0,072312928 | -0,384444118

LS2430-3 208,46 503 1,412932937 0,082908141 1,298693427

LS2726-3 722,78 503 -0,304075929 -0,85642306 -0,48965174
LS3238 2964,9 324 -0,890721441 -0,991418734 | -0,911632508
LS3360 388,24 324 -0,165464661 -0,671160305 | -0,325157693

LS3360-2 388,04 503 0,296258118 -0,677291951 | 0,066089675

LS3471-2 508,84 503 -0,011477085 -0,803157798 | -0,058278375
LS4345 593,89 503 -0,153041809 -0,824886963 | -0,193140764
LS4386 2107 324 -0,846226863 -0,984420569 | -0,901830698
LS4436 557,33 324 -0,41865681 -0,749945133 -0,5299001
LS5001 164,476 503 2,058196941 -0,019061756 | 1,913407621
LS5120 826,86 503 -0,391674528 -0,903010275 | -0,420475495
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EO3-H

Table 9-9 Geometric considerations and Buckling Tension of Channel sections for E03-H

PART NO. A (m) lyy (mA4) I2z (mAa) Buckling Force | Buckling Tension
(N) (Pa)
LS264 1,15E-04 2,56E-08 4,02E-09 1,09E+04 9,499679E+07
LS328 1,51E-04 1,71E-08 6,35E-09 1,73E+04 1,146165E+08
LS2024 2,67E-04 4,33E-08 5,27E-08 1,43E+05 5,382339E+08
LS2367 2,11E-05 4,81E-08 1,05E-08 2,80E+04 1,329750E+09
LS2430-3 6,01E-04 1,89E-07 8,10E-08 2,16E+05 3,596057E+08
LS2726-3 2,10E-04 8,29E-08 1,30E-08 3,47E+04 1,653115E+08
LS3238 9,47E-05 4,82E-09 1,41E-09 3,84E+03 4,052973E+07
LS3360 3,63E-04 2,15E-07 2,71E-08 7,38E+04 2,033746E+08
LS3360-2 3,63E-04 2,15E-07 2,71E-08 7,24E+04 1,994796E+08
LS3471-2 3,02E-04 1,15E-07 1,81E-08 4,83E+04 1,595555E+08
LS4345 2,65E-04 7,13E-08 1,64E-08 4,39E+04 1,656673E+08
LS4386 1,15E-04 3,71E-08 2,22E-09 6,03E+03 5,229117E+07
LS4436 2,68E-04 4,73E-08 2,19E-08 5,94E+04 2,220036E+08
LS5001 6,87E-04 7,02E-07 6,62E-08 1,77E+05 2,570138E+08
LS5120 2,12E-04 2,58E-08 1,01E-08 2,70E+04 1,277527E+08
Table 9-10 Load Case 1- E03-H
PART NO. VMES [MPa] Tensile E’\:tﬂaitrength Tensile MS Buckling MS Crippling MS
LS264 177,93 324 0,820940819 -0,467489168 | 0,453118634
LS328 150,99 324 1,145837473 -0,239751016 0,7352194
152024 52,661 324 5,152560719 9,188661435 | 3,97523361
LS2367 93,61 503 4,373357547 13,19347739 | 4,118957717
LS2430-3 28,388 503 16,7187544 11,66473944 | 15,87986585
LS2726-3 90,377 503 4,565575312 0,828494348 | 3,081453414
153238 212,48 324 0,524849398 -0,809219142 | 0,233060886
LS3360 51,103 324 5,340136587 2,979449497 | 4,126915781
LS3360-2 50,729 503 8,915432987 2,932740555 7,154811599
LS3471-2 66,095 503 6,610257962 1,41639548 6,249952824
LS4345 74,084 503 5,789590195 1,23805792 5,4681393
LS4386 209,76 324 0,544622426 -0,750783359 -0,01390771
LS4436 67,806 324 3,7783382 2,271937962 2,863976302
LS5001 22,596 503 21,26057709 10,40044364 20,20665746
LS5120 97,931 503 4,136269414 0,302396535 3,893094443
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Table 9-11 Load Case 2- E03-H

Tensile Yield Strength

PART NO. VMES [MPa] [MPa] Tensile MS Buckling MS Crippling MS
L5264 179,61 324 0,803908468 -0,472470061 | 0,439526744
L5328 152,47 324 1,125008198 -0,247130622 | 0,718375924
152024 53,268 324 5,082451002 9,072559507 | 3,918539783
152367 94,495 503 4,323032965 13,06054732 | 4,071015735

152430-3 28 653 503 16,55488082 11,54760839 | 15,72375081

152726-3 91,22 503 4,514141636 0,811596511 | 3,043735093
153238 214,03 324 0,513806476 -0,810600772 | 0,22413109
153360 51,402 324 5,303256683 2,95630146 | 4,097093054

LS3360-2 51,096 503 8,844214811 2,904493416 | 7,096239189

1S3471-2 66,66 503 6,545754575 1,395914481 | 6,188503328
154345 74,764 503 5,727836927 1217702142 | 5,40930972
154386 211,51 324 0,531842466 -0,752845337 | -0,02206648
LS4436 68,464 324 3,732414115 2,240491725 | 2,826840049
LS5001 22,692 503 21,16640226 10,35221331 | 20,1169413
155120 98,879 503 4,087025556 0,28990984 | 3,846182019

Table 9-12 Load Case 3 - E03-H

PART NO. VMES [Mpa] | Tensile \[ﬁ";’a?"e"gth Tensile MS Buckling MS | Crippling MS
LS264 179,03 324 0,809752555 -0,470761033 | 0,444190351
L5328 152,44 324 1,125426397 -0,246982458 | 0,718714098
LS2024 53,544 324 5,051098162 9,020639097 | 3,893186485
152367 87,795 503 4,729255652 14,13356591 | 4,458005944
152430-3 29,872 503 15,83851098 11,03557255 | 15,04129726
152726-3 89,134 503 4,643188907 0,853993243 | 3,138370489
153238 215,18 324 0,505716145 -0,81161299 | 0,217588889
153360 50,687 324 5,392171563 3,012109765 | 4,168993571
L$3360-2 53,339 503 8,430248036 2,74030251 | 6,755777903

1534712 66,52 503 6,561635598 1,400956995 | 620363247

154345 71,606 503 6,024551015 1,315508239 | 5,691975978
154386 210,17 324 0,541609174 -0,751269531 | -0,01583138
154436 68,53 324 3,727856413 2,237370866 | 2,823154489
LS5001 24,888 503 19,21054323 9,350547428 | 18,25368177
155120 99 007 503 4,080448857 0,288242195 | 3,839916692
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Table 9-13 Load Case 4- E03-H

Tensile Yield Strength

PART NO. VMES [MPa] [MPa] Tensile MS Buckling MS Crippling MS
LS264 179,5 324 0,805013928 -0,472146784 | 0,440408905
L5328 152,68 324 1,122085407 -0,248166138 | 0,716012426
LS2024 53,497 324 5,056414378 9,029442769 | 3,897485413
LS2367 94,481 503 4,323821721 13,06263078 4,071767148

LS2430-3 28,642 503 16,56162279 11,55242732 15,73017359

LS2726-3 91,016 503 4,526500835 0,815656958 3,052798576
LS3238 215,05 324 0,506626366 -0,811499108 | 0,218324934
LS3360 50,944 324 5,359924623 2,991869654 4,142917265

LS3360-2 50,652 503 8,930506199 2,938719016 7,167208355

LS3471-2 66,517 503 6,561976638 1,401065281 6,203957362
LS4345 74,722 503 5,731618533 1,218948676 5,412912287
LS4386 210,98 324 0,535690587 -0,752224463 | -0,019609827
LS4436 68,614 324 3,722068383 2,233407548 2,818474031
LS5001 22,542 503 21,31390294 10,42775372 20,25745861
LS5120 99,115 503 4,07491298 0,286838471 3,834642908

Table 9-14 Load Case 5- E03-H

PART NO. VMES [Mpa] | Tensile \['I"\:E'a‘;’"e“gth Tensile MS Buckling MS | Crippling MS
LS264 179,42 324 0,805818749 -0,471911424 | 0,441051156
LS328 152,37 324 1,126402835 -0,246636516 | 0,719503689
LS2024 53,254 324 5,084050024 9,075207492 3,919832823
LS2367 94,249 503 4,336926652 13,09724685 4,08425163

LS2430-3 28,146 503 16,87110069 11,77363118 16,02499936

LS2726-3 94,249 503 4,336926652 0,753374929 2,913776435
LS3238 213,15 324 0,520056298 -0,809818828 | 0,229184974
LS3360 91,537 324 2,539552312 1,221635051 1,862239063

LS3360-2 90,898 503 4,533675108 1,194811719 3,551095047

1S3471-2 66,131 503 6,606115135 1,415080057 | 6,246006137
LS4345 74,407 503 5,760116656 1,228342534 5,440061175
LS4386 210,4 324 0,539923954 -0,751541432 | -0,01690723
LS4436 68,294 324 3,744194219 2,248558079 | 2,836365964
LS5001 22,024 503 21,83872139 10,69653216 20,75742971
LS5120 98,73 503 4,094702725 0,291856528 3,853495714
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Table 9-15 Load Case 6- E03-H

Tensile Yield Strength

PART NO. VMES [MPa] [MPa] Tensile MS Buckling MS Crippling MS
LS264 178,23 324 0,817875778 -0,4683855 0,450672718
LS328 151,28 324 1,141723956 -0,241208395 | 0,731893027
LS2024 52,808 324 5,135434025 9,160299572 | 3,961384206
LS2367 93,712 503 4,367508964 13,17802863 | 4,113386032

LS2430-3 28,251 503 16,80467948 11,72615565 15,96172284

LS2726-3 90,441 503 4,561636868 0,827200426 3,078565199
LS3238 212,49 324 0,524777637 -0,80922812 0,233002857
LS3360 50,583 324 5,405314038 3,02035877 4,17962116

LS3360-2 50,578 503 8,945035391 2,944481703 7,179157689

LS3471-2 66,016 503 6,619365002 1,419287132 6,258628694
LS4345 74,097 503 5,788398991 1,237665263 5,467004492
LS4386 209,72 324 0,544917032 -0,750735825 | -0,013719632
LS4436 67,888 324 3,77256658 2,267985881 2,859309114
LS5001 22,359 503 21,49653383 10,52128558 20,4314429
LS5120 98,084 503 4,128257412 0,300364943 3,885461766

EO04-H
Table 9-16 Load Case 1- E04-H

PART NO. VMES [MPa] Tensile \[(Ii\:I:a?trength Tensile MS Buckling MS | Crippling MS
L5264 38,615 324 7,390521818 1,453700694 | 5,695672627
LS328 35323 324 8,172493843 2,249723807 | 6,41728554
152024 22,062 324 13,68588523 23,3198758 | 10,87565847
LS2367 30,508 503 15,48747869 42,55091841 | 14,70688449

LS2430-3 21,092 503 22,84790442 16,04563926 21,7188333

LS2726-3 28,595 503 16,59048785 4,779116408 11,8997907
LS3238 46,643 324 5,94637995 -0,130906743 | 4,617151065
LS3360 24,172 324 12,40393844 7,413114664 9,839019408

LS3360-2 23,561 503 20,34883918 7,467552124 16,5580594

LS3471-2 26,396 503 18,05591756 5,050600821 17,15372147
LS4345 27,228 503 17,47363009 5,089477118 16,5990022
LS4386 42,418 324 6,638266774 0,232393859 3,876295884
LS4436 25,779 324 11,5683696 7,606114491 9,163341369
LS5001 21,677 503 22,20431794 10,88376733 21,10571721
LS5120 31,244 503 15,09909103 3,082223628 14,3368849
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Table 9-17 Load Case 2- E04-H

Tensile Yield Strength

PART NO. VMES [MPa] [MPa] Tensile MS Buckling MS Crippling MS
LS264 32,655 324 8,921910887 1,901535823 | 6,917727714
LS328 29,508 324 9,9800732 2,890131287 | 7,878974418
LS2024 16,707 324 18,39306877 31,11498772 | 14,68209596
LS2367 24,939 503 19,16921288 52,27605032 | 18,21430819

LS2430-3 16,043 503 30,35323817 21,41018658 | 28,86882951

152726-3 23,097 503 20,77772005 6,154774806 | 14,97045137
LS3238 40,333 324 7,033124241 0,005060789 | 5,495940722
LS3360 18,939 324 16,10755584 9,737726789 | 12,83392878

LS3360-2 18,012 503 26,92582723 10,0761712 21,96721284

LS3471-2 21,052 503 22,8932168 6,586531412 | 21,76200037
LS4345 21,814 503 22,05858623 6,600819793 | 20,96688511
LS4386 36,338 324 7,916285982 0,438595484 | 4,692187759
LS4436 20,389 324 14,89092158 9,881211706 | 11,85010433
LS5001 16,725 503 29,07473842 14,40235721 27,6508599
LS5120 25,636 503 18,62084569 3,975229952 | 17,69190326

Table 9-18 Load Case 3 - E04-H

PART NO. VMES [MPa] Tensile H\:I:Ia?trength Tensile MS Buckling MS Crippling MS
LS264 28,645 324 10,3108745 2,30772045 8,026126671
LS328 25,339 324 11,78661352 3,530170647 | 9,339823085
LS2024 12,448 324 25,02827763 42,10291612 | 20,04762027
LS2367 20,633 503 23,37842291 63,39448548 | 22,22423457

LS2430-3 11,412 503 43,0764108 30,50426071 | 40,98962775

LS2726-3 18,799 503 25,75674238 7,79056512 18,6217626
LS3238 36,488 324 7,87963166 0,11097119 6,180464184
LS3360 14,429 324 21,45477857 13,09396408 | 17,15793036

LS3360-2 13,856 503 35,30196305 13,39838305 | 28,85605063

LS3471-2 16,597 503 29,30668193 8,622923377 | 27,87182213
LS4345 17,406 503 27,89808112 8,525697056 | 26,52991106
LS4386 32,449 324 8,984899381 0,611010592 | 5,374394243
LS4436 15,973 324 19,28422964 12,88950263 | 15,40272818
LS5001 11,913 503 41,22278183 20,62380797 | 39,22375824
LS5120 21,309 503 22,60504951 4,985498852 | 21,48747627

113




Table 9-19 Load Case 4 - E04-H

Tensile Yield Strength

PART NO. VMES [MPa] [MPa] Tensile MS Buckling MS Crippling MS
LS264 29,755 324 9,888926231 2,184327081 | 7,689410133
LS328 26,481 324 11,23518749 3,334805862 | 8,89391553
LS2024 13,48 324 23,03560831 38,80304895 | 18,43625943
LS2367 21,829 503 22,04274131 59,8663438 20,95179036

LS2430-3 12,827 503 38,21415764 27,028894 36,35757635

LS2726-3 19,964 503 24,19535163 7,277591349 17,47673388
LS3238 37,604 324 7,61610467 0,078000128 5,967364566
LS3360 15,722 324 19,60806513 11,9348561 15,66459593

LS3360-2 15,02 503 32,48868176 12,2825563 26,5423061

LS3471-2 17,867 503 27,15245984 7,938918637 25,81959097

LS4345 18,629 503 26,00091256 7,9003319 24,72256331

LS4386 33,591 324 8,645440743 0,55624074 5,157682677

LS4436 17,154 324 17,88772298 11,9332532 14,27345092

LS5001 13,488 503 36,29240807 18,09878591 34,52681138

LS5120 22,511 503 21,34463151 4,665896452 20,28673235
Table 9-20 Load Case 5 - E04-H

PART NO. VMES [Mpa] | Tensile \[(:\:E'a?"e“gth Tensile MS Buckling MS | Crippling MS
LS264 10,37 324 30,243973 8,136899932 23,93282531
LS328 7,415 324 42,69521241 14,48078139 34,33388768

LS2024 12,094 324 25,79014387 43,36456919 20,66369912
LS2367 9,176 503 53,81691369 143,7963621 51,2216251
LS2430-3 13,407 503 36,51771463 25,81633649 34,74145087
LS2726-3 9,979 503 49,40585229 15,56015971 35,96457713
LS3238 17,851 324 17,15024368 1,270859716 13,67709244
LS3360 12,033 324 25,92595363 15,90034137 20,77352091
LS3360-2 11,254 503 43,69521948 16,72738543 35,75896904
LS3471-2 10,879 503 45,23586727 13,68072978 | 43,04684547
LS4345 10,389 503 47,41659447 14,95959986 45,12432687
LS4386 14,224 324 21,7784027 2,675174543 | 13,54181094
LS4436 10,756 324 29,1227222 19,62635045 | 23,35856983
LS5001 14,146 503 34,55775484 17,21040749 | 32,87428474
LS5120 8,81 503 56,09421112 13,47729796 53,39110464
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Table 9-21 Load Case 6 - E04-H

PART NO. VMES [Mpa] | Tensile ‘[’:\:':a?"e“gth Tensile MS Buckling MS | Crippling MS
L5264 28,624 324 10,31917272 2,31014716 | 8,03274869
L5328 25 31 324 11,80126432 3,535361281 | 9,351670373
152024 12,34 324 25,2560778 42,48015396 | 20,23182959

152367 20,613 503 23,40207636 63,45696496 | 22,24676815
152430-3 11,466 503 42,86882958 30,355889 | 40,7918744
152726-3 18,763 503 25,80807973 7,807431312 | 18,65941029

153238 36,498 324 7,877198751 0,110666798 | 6,178496826

153360 14,431 324 21,45166655 13,09201079 | 17,15541384
L53360-2 13,789 503 35,47835231 13,46834401 | 29,00111956
L53471-2 16,596 503 29,30850807 8623503211 | 27,87356181

154345 17,385 503 27,93298821 8,537203507 | 26,56316548

154386 32,467 324 8,979363662 0,610117433 | 5370860221

154436 15,926 324 19,34409142 12,93049262 | 15,45113507

LS5001 12,029 503 40,81561227 20,41528177 | 38,83586598

155120 21,289 503 22,62722533 4,991121943 | 21,50860218

E05-Q/E06-Q

Table 9-22 Geometric considerations and Buckling Tension of Channel sections for E05-Q/E06-Q

PART NO. A (m) lyy (mA4) lzz (mA4) B”‘:k"("l\lg) Force B”:i'::]"(gp?;"'
LS264 1,156-04 2,56E-08 4,02E-09 4,95E+03 | 4,305271E+07
LS328 1,51E-04 1,71€-08 6,35E-09 7,83E403 | 5,194441E+07

152024 2,67E-04 4,33E-08 5,27E-08 6,50E+04 | 2,439286E+08
152367 2,11E-05 4,81E-08 1,05€-08 1276404 | 6,026452E+08
1S2430-3 6,01E-04 1,89E-07 8,10E-08 0,79E+04 | 1,629740E+08

1527263 2,10E-04 8,29E-08 1,30E-08 1,576404 | 7,491946E+07

153238 9,47E-05 4,82E-09 1,41E-09 1,74E403 | 1,836814E+07
153360 3,63E-04 2,15E-07 2,71E-08 3,3E+04 | 9,216974E+07
LS3360-2 3,63E-04 2,15E-07 2,71E-08 3,28E404 | 9,040452E+07
1S3471-2 3,02E-04 1,15E-07 1,81E-08 2,19E+04 | 7,231082E+07
LS4345 2,65E-04 7,13E-08 1,64E-08 1,99E404 | 7,508070E+07
154386 1,156-04 3,71E-08 2,22E-09 2,73E+03 | 2,369845E+07
LS4436 2,68E-04 4,73E-08 2,19E-08 2,69E+04 | 1,006124E+08
LS5001 6,87E-04 7,02E-07 6,62E-08 8,00E+04 | 1,164791E+08
1S5120 2,12E-04 2,58E-08 1,01E-08 1,236404 | 5,789773E+07
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Table 9-23 Load Case 1 - E05-Q/E06-Q

Tensile Yield Strength

PART NO. VMES [MPa] [MPa] Tensile MS Buckling MS Crippling MS
L5264 23973 324 0,351520461 -0,820512611 | 0,078519161
LS328 213,46 324 0,517848777 -0,756609744 | 0,227399874
LS2024 98,834 324 2,278224093 1,467613739 1,650917469
LS2367 142,73 503 2,524136481 3,222226036 2,357287409

LS2430-3 47,614 503 9,564119797 2,422357144 9,06396505

LS2726-3 135,79 503 2,704249208 -0,449377527 | 1,716470397
LS3238 241,17 324 0,343450678 -0,923836377 | 0,086373832
LS3360 76,156 324 3,254425127 0,208524261 2,440316943

LS3360-2 75,423 503 5,669053207 0,198348324 4,484871161

LS3471-2 100,1 503 4,024975025 -0,27656498 3,78706925
LS4345 115,79 503 3,344071163 -0,350897552 | 3,138402555
LS4386 252,98 324 0,280733655 -0,906446754 | -0,182375212
LS4436 113,57 324 1,852866074 -0,115342029 1,3069541
LS5001 32,798 503 14,33630099 2,549953603 13,61020891
LS5120 151,28 503 2,324960338 -0,615918621 | 2,167541194

Table 9-24 Load Case 2 - E05-Q/E06-Q

PART NO. VMES [MPa] Tensile \[(Ii\:I:a?trength Tensile MS Buckling MS Crippling MS
L5264 232,82 324 0,391633021 -0,8151855 | 0,110529158
LS328 204,41 324 0,585049655 -0,745833942 | 0,281741486
LS2024 95,135 324 2,405686656 1,563558483 1,753989353
LS2367 137,93 503 2,646777351 3,369160604 2,474121887

LS2430-3 45,706 503 10,00511968 2,56522367 9,484085938
LS2726-3 131,96 503 2,81176114 -0,43339629 1,795313089
LS3238 235,75 324 0,374337222 -0,92208534 0,111350062
LS3360 74,228 324 3,364929676 0,239914502 2,529675825
LS3360-2 73,157 503 5,875623659 0,235466539 4,654762191

LS3471-2 96,987 503 4,186262076 -0,253344824 | 3,940720219
LS4345 111,82 503 3,498300841 -0,327852151 3,28533028
LS4386 245,54 324 0,319540604 -0,903612038 | -0,157600722
LS4436 109,26 324 1,965403624 -0,080444757 | 1,397956957
LS5001 32,185 503 14,62839832 2,617566514 13,88847699
LS5120 145,57 503 2,45538229 -0,600852984 | 2,291788362

116




Table 9-25 Load Case 3 - E05-Q/E06-Q

PART NO. VMES [Mpa] | Tensile }':;f;tre"gth Tensile MS Buckling MS | Crippling MS
L5264 233,99 324 0,384674559 10,816109612 | 0,104976275
L5328 205,18 324 0,579101277 -0,746787777 | 0,276931363
152024 94,818 324 2,417072708 1,572129092 | 1,76319662
152367 138,61 503 2,628886805 3,347726153 | 2,457078363

152430-3 45,777 503 9,988050768 2,550694018 | 9,46782515

152726-3 133,08 503 2,779681395 -0,438164821 | 1,771787761
153238 235,1 324 0,378136963 -0,921869923 | 0,114422702
153360 75,087 324 3,314994606 0,225729802 | 2,489296112

L53360-2 74 452 503 5,756030731 0,213977135 | 4,556404631

L53471-2 97,815 503 4,142360579 -0,25966523 | 3,898897223
154345 112,45 503 3,473099155 .0,331617853 | 3,26132176
154386 246,48 324 0,314508277 -0,903979633 | -0,160813377
LS4436 109,4 324 1,961608775 10,081621519 | 1,394888274
LS5001 32,752 503 14,35784074 2,554939492 | 13,63072887
LS5120 145,8 503 2,449931413 -0,60148264 | 2,286595555

Table 9-26 Load Case 4 - E05-Q/E06-Q

PART NO. VMES [MPa] | Tensile \[(I";':a‘;‘"e"gth Tensile MS BucklingMS | Crippling MS
L5264 23441 324 0,382193592 -0,816439095 | 0,102996453
L5328 205,25 324 0,578562728 -0,746874134 | 0,276495869
152024 94,844 324 2,416135971 1,571423983 | 1,762439133
152367 138,46 503 2,632818142 3,352436242 | 2,460823573

152430-3 45,713 503 10,00343447 2,56467773 | 9,482480517

152726-3 132,78 503 2,788221118 -0,436895424 | 1,778050273
153238 237 41 324 0,364727686 10,922630129 | 0,103579365
153360 74792 324 3,332014119 0,230564414 | 2,503058845

153360-2 74,011 503 5,796287038 0221210707 | 4,589512878

L53471-2 97,531 503 4,157334591 10,257509453 | 3,913162296
154345 112, 503 3,483065954 10,330128588 | 3,270816683
154386 248,36 324 0,3045579 10,904706474 | -0,167165732
LS4436 109,21 324 1,966761286 10,080023754 | 1,399054822
LS5001 32,607 503 14,42613549 2,570747945 | 13,69579023
155120 145,71 503 2,452062316 -0,60123649 | 2,28862557
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Table 9-27 Load Case 5 - E05-Q/E06-Q

Tensile Yield Strength

PART NO. VMES [MPa] [MPa] Tensile MS Buckling MS Crippling MS
L5264 223,15 324 0,451938158 -0,807176734 | 0,158652917
L5328 192,55 324 0,682679823 -0,730178738 | 0,360689572
152024 87.201 324 2,715553721 1,796804352 | 2,004561612
152367 130,16 503 2,864474493 3,629980963 | 2,68151223

152430-3 42,075 503 10,95484254 2,872896329 | 10,38884449

152726-3 127,23 503 2,953470094 -0,412331796 | 1,899233791
153238 226,43 324 0,430905799 -0,918878324 | 0,157093924
153360 72,538 324 3,46662439 0268802195 | 2,611910683

153360-2 71,895 503 5,996314069 0,257153149 | 4,75402236

153471-2 92,851 503 4,417281451 -0,220085454 | 4,160802058
154345 105,42 503 3,771390628 -0,287046363 | 3,545490722
154386 236,32 324 0,371022343 -0,899851472 | -0,124734602
LS4436 100,82 324 2,213648086 -0,003465525 | 1,598698444
155001 32,498 503 14,47787556 2,582724422 | 13,74508068
LS5120 134,72 503 2,733669834 -0,568706717 | 2,556900474

Table 9-28 Load Case 6 - E05-Q/E06-Q

PART NO. VMES [Mpa] | Tensile \[(:\:E'a?tre"gth Tensile MS Buckling MS | Crippling MS
LS264 234,43 324 0,382075673 -0,816454755 | 0,102902352
L5328 205,35 324 0,57779401 -0,7469974 | 0,27587425

152024 94,794 324 2,417937844 1,572780305 | 1,763896208
152367 138,64 503 2,628101558 3,346785359 | 2,456330293
152430-3 45,752 503 9,994054905 2,561639121 | 9,473545023
152726-3 133,09 503 2,7793974 -0,438207036 | 1,771579496
153238 236,34 324 0,370906321 -0,922279847 | 0,108575684
153360 7506 324 3,316546763 0226170712 | 2,490551254
153360-2 74,258 503 5,77368095 0,217148666 | 4,570920811
153471-2 97,789 503 4,143727822 -0,259468391 | 3,900199735
154345 112,41 503 3,474690864 -0,331380015 | 3,262838109
154386 247,73 324 0,30787551 -0,904464134 | -0,165047758
LS4436 109,31 324 1,964047205 -0,080865375 | 1,396860096
155001 32,764 503 14,35221585 2,553637476 | 13,62537028
LS5120 21,289 503 22,62722533 1,729288885 | 21,50860218
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Table 9-29 Load Case 1(left) and 2 (right) - E07-V/E08-V

VMES Tensile Yield VMES Tensile Yield
PART NO. | MATERIAL [MPa] Strength TensileMS PART NO. | MATERIAL [MPa] Strength TensileMS
[MPa] [MPa]

LS358 2024-T4 234,67 324 0,380662207 LS358 2024-T4 243,66 324 0,329721743
1s3200-4 7075-T6 319,34 503 0,578255151 1s3200-4 7075-T6 308,22 503 0,635195639
LS3206-3 7075-T6 273,14 503 0,845207586 LS3206-3 7075-T6 276,5 503 0,82278481
LS3208-3 7075-T6 325,98 503 0,546107123 LS3208-3 7075-T6 351,09 503 0,435529351

LS3255 2024-T4 349,4 324 -0,07269605 LS3255 2024-T4 4443 324 0,270762998

LS3257-3 7075-T6 421,58 503 0,195502633 LS3257-3 7075-T6 434,44 503 0,16011417

LS3378 2024-T4 281,73 324 0,15003727 LS3378 2024-T4 284,18 324 0,140122458

LS3389 2024-T4 205,23 324 0,578716562 LS3389 2024-T4 20825 324 0,984441777

LS3399 2024-14 209,16 324 0,549053356 LS3399 2024-T4 212,49 324 0,524777637

LS3919 7075-T6 111,83 503 3,50684074 LS3919 7075-T6 117,85 503 3,276622826

LS4222 2024-T4 448,36 324 0,277366402 LS4222 2024-T4 449,29 324 0,278862205

LS4302 2024-T4 114,58 324 1,827718625 LS4302 2024-T4 120,06 324 1,698650675

LS4439 7075-T6 227,86 503 1,21188449 LS4439 7075-T6 239,38 503 1,105439051

LS4844 2024-T4 296,39 324 0,09315429 LS4844 2024-T4 365,82 324 0,114318517

LS5252 7075-T6 304,45 503 0,103629496 LS5252 7075-T6 308,78 503 0,088153378

Table 9-30 Load Case 3 (left) and 4 (right) - E07-V/E08-V
VMES Tensile Yield ' VMES Tensile Yield _
PART NO. | MATERIAL Strength TensileMS PART NO. | MATERIAL Strength TensileMS
[MPa] [MPa]
[MPa] [MPa]

LS358 2024-T4 238,57 324 0,358091965 LS358 2024-T4 237,45 324 0,364497789
1s3200-4 7075-T6 315,03 503 0,599847634 1s3200-4 7075-T6 314,01 503 0,605044425
LS3206-3 7075-T6 270,95 503 0,860121794 LS3206-3 7075-T6 269,7 503 0,868743048
LS3208-3 7075-T6 345,11 503 0,460403929 LS3208-3 7075-T6 343,9 503 0,465542309

LS3255 2024-T4 436,98 324 0,258547302 LS3255 2024-T4 435,56 324 0,256130039
LS3257-3 7075-T6 413 503 0,220338983 LS3257-3 7075-T6 411,95 503 0,223449448
LS3378 2024-T4 278,97 324 0,161415206 LS3378 2024-T4 277,86 324 0,166054848
LS3389 2024-T4 203,82 324 0,589637916 LS3389 2024-T4 202,8 324 0,597633136
LS3399 2024-T4 207,8 324 0,55919153 LS3399 2024-T4 206,61 324 0,568171918
LS3919 7075-T6 114,76 503 3,391774137 LS3919 7075-T6 114,15 503 3,415243101
1S4222 | 2024-T4 441,9 324 0266802444 LS4222 | 2024-T4 | 440,64 324 0,264705882
LS4302 2024-T4 117,32 324 1,761677463 LS4302 2024-T4 116,27 324 1,786617356
LS4439 7075-T6 234,39 503 1,150262383 LS4439 7075-T6 233,24 503 1,160864346
LS4844 2024-T4 359,27 324 0,098171292 LS4844 2024-T4 358,03 324 0,095047901
LS5252 7075-T6 301,03 503 0,116167824 LS5252 7075-T6 300,34 503 0,118732104
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Table 9-31 Load Case 5 (left) and 6 (right) - E07-V/E08-V

VMES Tensile Yield VMES Tensile Yield
PART NO. | MATERIAL [MPa] Strength TensileMS PART NO. | MATERIAL [MPa] Strength TensileMS
[MPa] [MPa]

LS358 2024-14 233,29 324 0,388829354 LS358 2024-14 237,07 324 0,366684945
Is3200-4 | 7075-T6 293,12 503 0,719432314 [s3200-4 | 7075-T6 313,57 503 0,607296616
LS3206-3 | 7075-T6 264,68 503 0,904186187 LS3206-3 | 7075-T6 269,29 503 0,871588251
LS3208-3 | 7075-T6 349,28 503 0,442968392 LS3208-3 | 7075-T6 343,43 503 0,467547972

LS3255 2024-14 453,93 324 -0,28623356 LS3255 2024-14 434,93 324 0,255052537
LS3257-3 | 7075-T6 492,86 503 0,022602768 LS3257-3 | 7075-T6 411,46 503 0,224906431
LS3378 2024-T4 271,8 324 0,19205298 LS3378 2024-T4 277,45 324 0,167777978
LS3389 2024-14 199,49 324 0,624141561 LS3389 2024-14 202,49 324 0,600079016
LS3399 2024-T4 203,31 324 0,593625498 LS3399 2024-T4 206,33 324 0,570300005
LS3919 7075-T6 111,88 503 3,5048266 LS3919 7075-T6 113,66 503 3,43427767
LS4222 2024-14 457,78 324 0,2922-36445 LS4222 2024-T4 439,93 324 0,2635-19196
LS4302 2024-T4 114,23 324 1,836382737 LS4302 2024-T4 116,15 324 1,789496341
LS4439 7075-T6 229,19 503 1,199048824 LS4439 7075-T6 232,89 503 1,164111812
LS4844 2024-14 349,55 324 0,073(;93978 LS4844 2024-T4 357,46 324 0,093(;04879
LS5252 7075-T6 322,05 503 0,043316255 LS5252 7075-T6 299,34 503 0,122469433
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