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Design of a lightweight radar mast
Master's Thesis in the Master's programme Solid and Flugthdnics and the
Master's programme Product Development

GUSTAV BERG AND MATHIAS BROLIN
Department of Applied Mechanics

Department of Product and Production Development
Chalmers University of Technology

ABSTRACT

The aim of the present work has been to develop a lightweight forathe Saab
Giraffe AMB radar system. A reduced weight of the masel@whe centre of gravity
for the whole system and improves the mobility of the carrying vehicle.

Concepts has been developed using a systematic product developmenthapfmoac
ensure proper benchmarking with the present mast, the lightweight waes
developed to fulfil the same requirements. This includes for exaloatl conditions
and environment of use. As a result two final concepts were dreatteel truss mast
and a composite mast. Special care has been taken to the mamgactathods,
design principles and mechanics of composite materials.

FE-models of the two mast concepts were developed with the usdSal
Patran/Nastran. The truss mast was mainly modelled with b&amems and the
composite mast with shell elements. Size optimization of the modet performed
in order to minimize the mass and obtain desired natural frequeridies mast. The
design variables for the truss mast were the beam dimereiohfor the composite
mast laminate thickness and fibre directions. Optimization dilthe directions was
performed using three different types of carbon fibres, each with differiémness.

The result showed that no weight reduction was possible with thetaies mast
concept. Optimization resulted in a weight increase of 3%. Witledhgosite mast,
weight reduction of up to 53% is possible, depending of fibre stiffr@s8mization
of the fibre directions enables higher weight reduction comparadjteasi-isotropic
lay-up. Analysis for different combinations of wind loads and graskiygws that no
risk of laminate failure or buckling exists.

Final selection of composite material is a balance of wewgghiction and material
cost. The recommendation is to use high-strength carbon fibreoptithized fibre
directions. This gives a weight reduction of 43%.

Keywords: Lightweight design, product development, conceptual design, composite
materials, finite element modelling, size optimization.



Lattviktskonstruktion av radarmast

Examensarbete inom Tillampad Mekanik samt Produktutveckling
GUSTAV BERG OCH MATHIAS BROLIN

Institutionen for Tillampad Mekanik

Institutionen for Produkt- och Produktionsutveckling

Chalmers Tekniska Hogskola

SAMMANFATTNING

Syftet med arbetet har varit att utveckla en lattviktskonstokfor radarmasten i
Saab radarsystem Giraffe AMB. En minskad vikt av masten sé@ykgdpunkten for
hela systemet och forbattrar mobiliteten for fordonet som systemet aenatopid.

Koncept har utvecklats med hjalp av en systematisk produktutvegklotgss. For

att sakerstalla korrekt jamférelse med den nuvarande masten atleskl
lattviktsmasten for att uppfylla samma krav. Detta omfati@mgelvis lastfall pa

masten samt miljokrav. Tva slutgiltiga koncept skapades, en stalfaskvast och en

kompositmast. Sarskild hansyn har tagits till tillverkning, konstomktbch mekanik

for kompositmaterial.

Tva FE-modeller av mastkoncepten har utvecklats med hjalp av M@ hMR&stran.
Fackverksmasten modellerades med balkelement och kompositmasten med
skalelement. Storleksoptimering av modellerna utférdes foér attmmanai vikten och

for att erhalla onskade egenfrekvenser. Designvariablerna fkveidsmasten var
balkmatten och for kompositmasten laminattjocklekarna samt fibgnddrna.
Optimering utférdes med tre kolfibertyper av olika styvhet.

Resultatet visade att ingen viktminskning ar mojlig med st@f@ksmasten.
Optimeringen resulterade i en viktokning pa 3%. Med kompositmastean ar
viktminskning pa upp till 53% mojlig beroende pa valet av fiber. Optimeaiwng
fiberriktningarna mojliggér hogre viktminskning an for ett kvasi-isotrapplagt

laminat. Analyser med héansyn till olika dimensionerande lastisdir pa lag risk for
brott och buckling.

Det slutliga valet av kompositmaterial &r en balans melldamunskning och
materialkostnad. Rekommendationen ar att anvanda ett hoghallfagiekatied
optimerade fiberriktningar, da detta ar det mest prisvardanatieet. Detta ger en
viktminskning pa 43%.

Nyckelord: Lattviktsdesign, Lattviktskonstruktion, produktutveckling, konceptuell
design, kompositmaterial, finit element modellering, storleksoptimering.
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Notations

The following notations are used in this paper. The notations appliess wrike is
stated.

Roman upper case letters

E Young’s modulus of elasticity [GPa]
= Matrix modulus of elasticity [GPa]
E, Fibre modulus of elasticity [GPa]

E Modulus of elasticity in the fibre direction [GPa]
E, Modulus of elasticity in the transverse direction [GPa]
G Shear modulus [GPa]

Ky Fracture toughness [MPa/m]
T, Glass transition temperature [°C]

X Two bars under a variable denote a matrix

§xy A component in the matri$, at rowx and columry

Roman lower case letters

X One bar under a variable denotes a vector.

Greek lower case letters

9 Shear strain [%]

€ Normal Strain [%0]

€ Strain-to-failure [%]

k Curvature [m™
/ Eigenvalue

n Poisson’s ratio

r Density [kg/m?]
s, Yield strength [MPa]
S, Tensile strength [MPa]
S max Maximum stress [MPa]
t Shear stress [MPa]

Abbreviations
CAD Computer Aided Design

CES Cambridge Engineering Selector
CFRP Carbon fibre Reinforced Polymers
CNC Computer Numerical Control

EMC Electromagnetic Compatibility

FEM Finite Element Method

IGES Initial Graphics Exchange Specification
MS Margin of Safety
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1 Introduction

1.1 Background

Saab AB was founded in 1937, the company’s primary aim was totheeeeed for a
domestic military aircraft industry. The development of aftsraas been important
since then and is still one of the major business areas. Toddy, iSaa global
company with over 13000 employees that serves the market with psodnd
services from the military defence to civil security. Thest important markets are
Europe, South Africa, Australia and the US.

The extensive transformation on the market has led to an orgamisiaat is more
focused on the civil security and with more weight on service sugdlations. This
transition has resulted in a new organisation with operations withenbiusiness
areas: Aeronautics, Dynamics, Electronic Defence Syst&msjrity and Defence
Solutions, and Support and Services (Saab Group 2010).

Saab Giraffe AMB is one of the products developed by Saab @&bectDefence
Systems. The Giraffe was first developed in 1978 and have since thenskesies of
upgrades. The current system is the third generation and is the Gwueffor this
project, see Figure 1. The Giraffe AMB is a ground based migision surveillance
system for simultaneous monitoring of aircrafts, missiles,cbpiers and surface
ships. The system has a 360° sensor domain with a surveillance rab@@kof or
180km depending on the rotation speed of the antenna. The Giraffe ekiseen
versions and the focus for this project has been on the truck-mounted system.

Giraffe AMB (truck-mounted system)
Sea Giraffe AMB (ship-mounted system)
Giraffe S (2D version of new generation)

In total over 400 units been sold to over 20 countries. The advantagesyétia is
simultaneous multi-mission capacity, small target performamed iconditions, high
mobility, high survivability and that it is fully self-contained.

To retain their competitive advantage in those areas, continuous immaoigem
each area is vital. To further improve the mobility it is cruthat the weight of the
system is reduced. However, to receive high performance fronarttemna it is
important that its position over the ground is high. A high position resultswer
disturbances from the surroundings such as ground echoes and givesraliciulie
system. This requires a high mast, which results in increasigghtwof the system and
therefore interferes with the desire of improved mobility. Henic is vital to
investigate new materials and designs that allow a high posititime antenna but
with a reduced weight of the system.

CHALMERS, Applied MechanicsMaster’s Thesis 2010:33 1



4— Antenna unit

Shelter

Support leg

Figure 1 Saab Giraffe AMB radar system mounted tnuek.

1.2 Aim

The future customer will demand higher mobility of the radar sysBy reducing the
weight of the system the mobility of the vehicle carrying sistem increases. This
project aims to find and evaluate designs and materials sufiableducing the
weight of the mast in the Giraffe AMB radar system.

The justification for selecting the mast is that a weiglducdion of it gives
possibilities for weight reduction of other components as well, since strubkerdise
shelter must be designed to carry the weight of the mast. The high position osthe ma
results in that a weight reduction of it gives large contributadriewering the centre

of gravity for the whole vehicle. This further improves the mobikiyce a lower
centre of gravity reduces the risk of an overturn in steep slopesldition to this, a
lower weight reduces the pressure on the ground from tires and sugpegsnwhich
improve the stability in a soft terrain. The reduced weight &svers the fuel
consumption and as a result increases the operating range of the vehicle.

2 CHALMERS, Applied MechanicsMaster’s Thesis 2010:33



1.3 Objective

The broad objective is to ensure that Saab Electronic Defenten®ysetain their
competitive advantage by offering radar systems with superior mobilieyobjective

is therefore to present concepts of the mast that is lighaerthe existing one. With
new materials and a lightweight design, both metals and compdbk#eseight of the
mast is reduced. The goal is to reach a weight reduction of 208tefonetal concept
and 50% for composite concept.

1.4 Scope

The scope of the project is limited to the mast. No redesigrhef cbmponents like
shelter or antenna is considered. To enable a benchmark betweexistiteg mast

and the final concepts, it is desired to keep all the mechanieafaices to the

surrounding parts at the same positions as for the existing solttiefurthermore

limits the possibilities of a new design that differ heavily from theecuriThe project

focuses on the mechanical performance and cost thereforen hasdaremphasised
role. This means that only material cost is estimated. Howmanyfacturing cost is
still considered in the evaluation of concepts.

1.5 Method

The project starts with a study of the present mast anelgtsrements. This results in
a specification of the requirements for the lightweight mast. éhsure the

comparability of the new concepts with the present, they arefiggefor the same

conditions. This involves for instance functionality, loads, environment ofande

service life.

An inventory of designs and materials for lightweight design i®peed to enhance

the process of concept development. Manufacturing techniques for composite
materials are investigated to determine their influence on thgrdeThe process
includes literature studies, interviews and studies of existing apcoming
lightweight products and techniques.

Concept development is then performed with the aim of creating tweepts) one in

metal and one in composite. The concept development process starts with
brainstorming sessions with the aim of generating a wide rahgkeas of how the
problem can be solved. Concepts are developed and each one of these ¢®ncepts
evaluated with engineering selection methods, such as the Pagtiosematrix. The
concepts that fail to meet these needs are excluded. Combinatitives reinaining
concepts are evaluated and those that best fulfil the demandsther fieveloped.
These are then narrowed down to two final concepts, using a Kegssiection
matrix.

Detailed design of each concept is performed and the conceptsABrenGdelled
using Pro/Engineer. The FE-models are created in the FENdrpcessor Patran,
where the models are meshed and boundary conditions and forces dneasder to

CHALMERS, Applied MechanicsMaster’s Thesis 2010:33 3



further improve the design, a FEM optimization tool is used. The @ptimization
method is used with the objective of minimizing the weight for giwetural

frequencies. The FE-models are analyzed with respect tgstrend buckling for the
same load cases as for the current mast to ensure proper bedegmehe results
from the benchmark are used as a base for the recommendatidorefdesign and
material selection of the mast.

4 CHALMERS, Applied MechanicsMaster’s Thesis 2010:33



2 Saab Giraffe AMB radar system

Saab Giraffe AMB is a ground based radar system which igrasto be mounted
on a truck, see Figure 1. The system is therefore mobile whadesnt possible to
place at desired site. The system consists of a shelter whemrteonics and other
components are mounted and from which the system is operated. The u$a@e of
corners on the shelter enables the option of exchanging the triscknidunted on.
Four support legs, one in each corner of the shelter, ensure horizomiahpoken
the ground is slanting. The mast with antenna is mounted on top of tter,sfiging

it a height of 12 meters from the ground in deployed position. Ther @ins the
surroundings and provides information to the unit.

A simple cycle when using the radar is:

Drive the truck to the site.

Enable support legs.

Deploy the radar mast.

Start the radar and scan the area.
Deplete mast.

Disable support legs.

N o o bk wDdRE

Drive the truck to a new site.

It is furthermore possible to dismantle the shelter with ther fadian the truck, hence
free the truck for other missions. The shelter has its own paypglysand does not
require any power from the truck nor mains to operate.

2.1 Radar mast

The mast is made out of steel and is designed as a two-piecens with a lower
and an upper mast. As mentioned in Section 1.4 it is desired to kedipe al
mechanical interfaces on the same positions. The mechanicééetersee Figure 2,
are:
Attachment of the lower mast to the shelter.
Lower hydraulic cylinder attachment points to the shelter and lower mast.
Upper hydraulic cylinder attachment points to upper and lower mast.
Position and design of the knee joint between upper and lower mast.

Mast head attachment to upper mast.

CHALMERS, Applied MechanicsMaster’s Thesis 2010:33 5



Mast head

Knee joint

Cylinder attachments

Shelter attachment

Figure 2 Saab Giraffe AMB radar mast.

The height of the mast of the Giraffe AMB is 7893 mm in fullpldged position,
measured from the roof of the shelter to the mast head. The sn@ssigned to fit
within the boundaries of the shelter in folded position. This includeséight in
folded position, since the shelter with mast should be possible tpaorarss a
standard 20 feet container.

Deployment of the mast is done in three steps by increasinigrigth of the upper
and lower hydraulic cylinders, see Figure 3.

1. Deployment of the upper mast to vertical position.
2. Deployment of the lower mast to operating angle.
3. Further deployment of the upper mast to recover vertical position.

Folding of the mast is done in the opposite way.

6 CHALMERS, Applied MechanicsMaster’s Thesis 2010:33
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Figure 3 Deployment of the mast.

2.2 Specification of requirements - lightweight mast

The first step in the product development process is to establigacdication of
requirements for the concepts that are about to be developed.nihe that the
lightweight mast shall fulfil the same requirements as tlmeent mast. A similar
document was established in the development of the current GikMt radar
system. From this document relevant mast-related requirement®ehba extracted to
ensure that the new mast are specified for the same conditions as thernastent

The specification of requirement has furthermore been developed toetefars
concept evaluation purposes. Requirements have been classified imdb stri
requirements (Req) and desired properties (Dp). Strict requitenage such that
always has to be fulfilled by a solution, while desired propedresallowed to be
more or less fulfilled. The desired properties are classified @eir importance on a
scale 1-5, where 1 means low importance and 5 means high importamge. S
examples of requirements are that the mast should be possible atedpam -46°C

up to 55°C with additional 1120 W#nsolar radiation, have a safety margin against
buckling of 100% and withstand wind loads up to 40 m/s. An example ofiredles
property is to have a low complexity in the mast design. The jpatiBcation of
requirements can be seen in Appendix A.

2.3 Mechanical performance of the current mast

The lightweight mast concepts are compared with the currerttmass/estigate the
potential of the solutions. Of special interest are the weigitt mechanical
performance. A mast with less weight and equal mechanical peniae as for the
current solution is the aim. The current mast is made out of sitklmaterial data
according to Table 1.

CHALMERS, Applied MechanicsMaster’s Thesis 2010:33 7



Table 1 Material properties for the current mast.

Material | Steel EN10025-2:2004, S355J2+N
E 210 GPa
7800 kg/m3
Sy 355 MPa
Sy 510 MPa

The current mast has been designed to give sufficient stifsedbat resonance
together with the antenna can be avoided (Lindahl 2008). The antemoarnsed on
top of the mast and rotates at 57 rpm. The mast will then be sdjecan oscillating
force of 1.9 Hz. If the natural frequency of the mast is closeQ Hz, resonance of
the mast could occur, leading to relatively large oscillatmfns To avoid resonance
the current mast has been designed to have natural frequencies aféhfl Bl Hz in
the x- and z-direction, see Figure 4. The mass of differerg pathe current mast are
given in Table 2.

Figure 4 FE-model of the current mast in raisedipos.

8 CHALMERS, Applied MechanicsMaster’s Thesis 2010:33



Table 2 Masses of different mast parts.

Part Mass [kg]
Antenna unit 560
Cylinders (4 x 69 kg ) 276
Bearings (4 x 10 kg ) 40
Lower mast attachments 43.8
Lower cylinder attachments 10.1
Lower mast 421
Upper mast 275
Total mass 1626

Besides the natural frequency the current mast is dimensiotiedespect to strength
and buckling. Analysis with dimensioning load cases has been perforittedhes
mast in fully raised, partly raised and completely lowered positVind load of 40
m/s and gravity forms static load cases. The dimensioning load fiasthe mast are

given below and illustrated in Figure 5.

Windload +X Windload -X

Figure 5 Wind loads on the mast in fully raisedipos.

Fully raised condition

1. Wind load 40 m/s irrx direction + gravity.
2. Wind load 40 m/s inx direction + gravity.
3. Wind load 40 m/s iz direction + gravity.

Partly lowered condition

1. Wind load 40 m/s ir-x direction + gravity.

Entirely lowered position

1. Gravity.

CHALMERS, Applied MechanicsMaster’s Thesis 2010:33
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3 Material selection

3.1 Material selection methodology

In order to develop concepts for the design of the mast, a coupldaiflsunaterials
have to be selected. The objective is, as mentioned earlier, g desdightweight
mast utilizing composites and metals. Especially compositesofainterest, since
some of them have high potential of reducing the weight andisee@ in some of
Saabs other products. Still the material selection processés basarried out. This
Is to assure which composites and metals that are suitaltleefolesign and fulfills
the requirements.

The material selection process starts with translation otdésegn requirements to
identify what constraints they impose on the material choicefigeee 6. The next
step is to screen for materials that fulfill the constraamis rank them with the use of
performance indices. Once a certain material type is chostiledestudy of the
material is done to get further information of how this matéy@¢ can be used in the
design. This includes aspects like manufacturing methods and desngiplps
(Ashby 2005).

( All materials

- ~
Translate design requirements

express as function, constraints,
objectives and free variables

Screen using constraints:
eliminate materials that
cannot do the job

Rank using objective:
find the screened materials
that do the job best

>,

Seek supporting information:
research the family history of
top-ranked candidates

[ Final material choice

-

J

Figure 6 The four steps in the material selectioocpss (Ashby 2005).

3.1.1 Material requirements
The first step in the material selection process is to scitee material space for

suitable materials. A full specification of requirements has established for the
lightweight radar mast (Appendix A). The specification of requeets implies

10 CHALMERS, Applied MechanicsMaster’s Thesis 2010:33



constraints on the material. A material must fulfil these cams in order to be a
possible candidate. The constraints used for material screening aredisted b

Strength
The material must have sufficient strength to:

Support the weight of the antenna unit.

Withstand loads from wind of 40 m/s.

Local high stress concentration may be present in the struétungimum value of
y =100 MPa is set as a demand on the material to avoid a bulkyusérdhat may
interfere with other components.

Stiffness

High stiffness is required to receive desired stiffness ofsthecture and to
avoid a voluminous desigk, 40 GPa.

Toughness

Must have sufficient toughness to withstand rough treatment, maraial ic
removal etc. MinimunK;c = 10MPay/m.

Thermal properties

Maximum service temperature: 55°C +1120 Wéular radiation. This gives a
surface temperature of around 110°C.

Minimum service temperature: -46°C.

Environmental properties

Withstand outdoor exposure, such as to rain, snow and halil.
High resistance against UV radiation.

Chemical exposure: Withstand exposure to de-icing liquids, alcohol fiparaf
oil, weapon grease, petroleum, hydraulic- and engine fluid and C-battle agents.

Health consideration

Material should not be hazardous to personnel, property or environment.

Fire resistance

Material should not be inflammable.
Lifetime

No degradation of the material should occur during the desigimédedf 20
years. This includes corrosion and UV-degradation.

CHALMERS, Applied MechanicsMaster’s Thesis 2010:33 11



3.1.2 Material screening

In order to screen for suitable materials, the materiacsen software Cambridge
Engineering Selector is used. The software enables the usdahpnce indices to
compare different materials. Since the mast can be seebemsraloaded in bending
and compression, the relevant performance indices for a light &daterial are
(Ashby 2005):

C,

~|m
S8

)
C,=

Maximizing C; gives high lightweight performance in pure tensile load@nith pure
bending. Figure 7 shows a plot of stiffness versus density, thislledan Ashby
chart. In an Ashby chart a line of constant slope, according totiBquh, can be
plotted. All materials along a certain line are equal in lighgt performance.
Translating the line upwards in the diagram gives materials vatter lightweight
performance.
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Density, p (Mg/m3)
Figure 7 Young's modulus versus density (Ashby)2005

From Figure 7 it is concluded that foams, natural materialshnical ceramics,
composites and metals have potential for high lightweight performance.
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Foams and natural materials have low density, but also low dtremgt stiffness.

Design utilizing those materials would require large dimensimashieve the desired
stiffness and strength. Neither do they meet the requirernangésrvice temperature
and environmental properties. Technical ceramics are stiff amagstout also brittle

and will fracture easily. Among the metallic materials, bemy alloys have high

lightweight performance. Beryllium is however health hazardousvery expensive.
Magnesium alloys have drawbacks in their environmental propeftes; creep at

moderately low temperatures, and their corrosion properties are Tatarium has

extremely high corrosion resistance but its stiffness to dgpsiformance is average,
it is also expensive and difficult to machine. From Ashby’s diagrad according to
Equation 1 it can be concluded that the aluminum alloys and catirenréinforced

epoxy has high lightweight potential. They also fulfill the terapge and chemical
resistance. The remaining materials with the best ligiglvtgperformance according
to Equation 1 are:

Carbon Fiber Reinforced Polymers (CFRP).

Aluminum alloys.

However, for structures submitted to pure tensile and compression kiadb,is
preferable instead of aluminum since their merit indexQ@piis higher. Structures
with a high degree of such loads are truss structures.

The next step is now to perform a detailed study of thetselecaterials. There exist
a variety of different CFRP composites and aluminum alloys.détaled study aims
to find information about the materials. Of interest are the nmécdlaproperties,
design considerations and manufacturing techniques.

3.2 Metallic materials

In this section some general properties for aluminium alaltpresented and a list
with some common applications can be seen in the end. Detailed intorrabbut
steels is excluded since the steel in the current solution in that case wilbdbe use

3.2.1 Aluminium alloys

Aluminium is the second most commonly used metal after steemtxhanical
designs. The usage continuously increase, partly as a result sfrithee for lower
weight on products to increase their performance. The matercalsacterized by
low density 2,7g/cr) good formability and machinability, high thermal conductivity
and relatively high corrosion resistance. Aluminium can be hardertbdstrengths
up to 350 MPa and some special alloys have even higher strength.

Since materials like stainless steel or copper are nobler ahaninium galvanic
corrosion can occur. Contact with those materials should thereforavdided.
However, a reinforced oxide layer improves the resistance aggilvanic corrosion
since it functions as an electric isolator. This enables thgeus# for instance,
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aluminium and carbon fibre together, as long as the oxide layerasepahe
materials. Furthermore, aluminium has a maximum service tetaperaf about
200°C, this limit is however lower for some of the alloys (Johaoneg204). It

should also be mentioned that the production of aluminium consumes high amounts of

energy.

The aluminium materials are generally divided into series depeoditigeir alloying
elements. A brief description of properties and applications dafitfegent aluminium
series can be seen in Table 3.

Table 3 Aluminium series with some selected praggerand applications
(Norell 2009).

Series Properties Example of applications

1000 Low strength, good formability and electrical | Packaging, cooking and

Fe-Si-alloys conductivity plus good corrosion properties. | electrical cables.

2000 Very high strength but poor welding and Airplanes, machine parts,

Mn-alloys corrosion properties. screws and rivets.

3000 Medium strength, good formability and good | Tubes and casseroles, heat

Cu-alloys corrosion properties. exchangers and coolers.

4000 Not used extensively, though sometimes in | Common composition for cagt

Si-alloys forged components and welding wire. alloys.

5000 High strength and good corrosion resistance.| Typical sheet metal used in

Mg-alloys An Mg content >3% is used to resist sea watembuildings and boats.

6000 High strength, excellent corrosion properties,| Extruded profiles, both with

Mg-Si-alloys and good welding properties. or without anodization.

7000 Very high strength alloys, high corrosion Typically in welded structures

Zn-Mg-Cu-alloys | resistance and good welding properties. submitted to high loads.

3.3 Composite materials

The composite material can be defined as a combination of twoo@ materials
with a distinct interface between them (Donaldson 2010). The propefti¢se
composite are a balance of the constituents, which usually consist of reiméotsan
a continuous matrix. The reinforcement can be in form of partitédgd, short fibres
or continuous fibres and woven fabrics (Gay 2003).The matrix is sbéarthe fibre
and its function is to distribute the fibres and transmits the loatdem. The focus
will lie on the continuous fibres since they provide superior stremggthstiffness to
the material.

3.3.1 Fibers
Some fibres that are commonly used in composite materials are (Gay 2003):

Glass.
Aramid (Kevlar).

Carbon.
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Some properties for glass, aramid and carbon fibres can béns€able 4. It can be
concluded that carbon fibres provide the highest stiffness-to-weadiat and is
therefore the material of interest.

Table 4 Properties of reinforcing fibres (Mallick@8).
Fibre @[ m| El |, ; C, C,
Glass
E-glass 10 (round) | 2540d2.4|3450/4.8 | 0.2 | 0,02850,0033}
S-glass 10 (round)| 249®6.9|4300(5.0 | 0.22/0,0349 0,0037
Carbon
T-300 7 (round) | 176@31| 3650 1.4 | 0.2 | 0,13130,0086
T-40 5.1 (round)| 181(®90 | 5650 1.8 0,1602 0,0094
IM-7 5 (round) | 1780301 | 5310 1.81 0,1691] 0,0097
HMS-4 8 (round) | 1800345 | 2480 0.7 0,19170,0103
GY-70 8.4 (bilobaly 1960|483 | 1520 0.38 0,2464|0,0112
Aramid
Kevlar 49 |11.9 (round) 1450| 131 | 3620 2.8 | 0.35 0,0903] 0,0079
Kevlar 149 1470[ 179 | 3450 1.9 0,12180,0091

3.3.1.1 Carbon

The usage of carbon fibre has literally exploded, even though itnstitily concerns
high performance products (Donaldson 2010). Several different gradsswetti
example higher stiffness or strength, where the latter have lovgg, lower density
and higher strain-to-failure. The principal advantages of themal is high strength
to weight ratio, extremely high stiffness to weight ratioghHatigue resistance, low
thermal expansion and high thermal conductivity. The disadvantagkEsvasérain to
failure and low impact resistance (Mallick 2008he low strain to failure and the
lack of plastic deformation properties results in that carbon igsensitive to stress
concentrations. Other fibres like glass or aramid a preferable in sash are

The structure of carbon fibre contains a mix of planes with sttomglent bonds in
the plane but weak van deer Waals bindings between them. This resuts
anisotropic behaviour where the strength and stiffness is considerably Hayigetie
fibre than transverse to it. This means that the materialbeadesigned to have
extensive stiffness and strength in one direction or in sevinal latter do however
result in a lower strength and stiffness to weight ratio. Tmsedibres parallel to the
load mainly will contribute to the strength and stiffness. yetaof carbon fibres in
one direction is called ply or alamina Stacking of multiple plies formslaminate
This is described more extensively in Section 5.1.5.

3.3.2 Matrix

To keep the fibres in place and to transfer the stresses Ibetineedibres a matrix is
utilized. The matrix also functions as a barrier against clesnend moisture and

! Tensile modulus.

CHALMERS, Applied MechanicsMaster’s Thesis 2010:33 15



protects the fibres against mechanical degradation such asoabfiésllick 2008).

Important properties of the matrix are the adhesion to the fibrepetature

properties, processing, dimension stability, flammability, inteiar strength and
stiffness. About 75% of all the composites use thermosets ashesgiaver the use of
thermoplastics are gradually increasing. The low production volumheoimast,
about ten units per year and the use of continuous fibres motivatesape of a
thermoset resin. Some of the commonly used thermosets are epox\stgrobed

vinyl ester. Nevertheless, polyester and vinyl ester has disades like high
volumetric shrinkage and low heat deflection temperatures. This togetherpaities

superior adhesions to carbon fibre motivates the use of it (Mallick 2008).

3.3.2.1 Epoxy

The first large application area for epoxy was the aerespatustry. The relatively
high material and design cost made it troublesome to applyndasth applications.
Epoxy has high strength, wets out exceptionally well, excellent adhesiones, ik

shrinkage, good chemical resistance and large modification posshbiRishwalski

2009). Some mechanical properties of epoxy are given in Table 5.

Table 5 Typical mechanical properties of a castxgpresin at 23°C (Mallick
2008).

Density [kg/r] 1200 — 130(
Yield strength [MPa] 55 -130
Young’'s modulus [GPaR.75 — 4.1
Strain-to-failure [%] 0.2-0.33
Cure shrinkage [%)] 1-5

Epoxy is commonly used as an adhesive in a wide range of agplgabome typical
environmental properties for an epoxy resin are shown in Table Goroperties of
the material highly depend on the amount of cross-links between thaegrothains.
Increased cross-linkage results in higher stiffness, glasssition temperature-,
thermal stability and chemical resistance. In addition, it tesnlreduced strain-to-
failure and fracture toughness. The disadvantages of the materitiearelatively
high cost and long cure time (Mallick 2008).

Table 6 Environmental properties for a carbon fibepoxy (Cambridge
Engineering Selector).

Maximum service temperature [°C] 140 — 220
Minimum service temperature [°C] -123 —-37
Glass transition temperature [°C] 100 — 180
Flammability Slow burning
Water absorption @ 24 hrs [%] 0,036 — 0,09425
Water resistance Excellent
Organic solvent resistance Limited use
Weak acids Acceptable

UV radiation resistance Good
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3.4 Manufacturing of composite details

Composite materials can be manufactured in several ways and each methodesflue
the design and properties of both material and part. Manufacturitigpdsetherefore
have a great influence on the conceptual design. Some generafantanng
fundamentals and selected manufacturing methods are described¢ briethe
following sections.

3.4.1 Manufacturing fundamentals

When a composite is manufactured it is important that the resuresl correctly, this
implies that cross-linkage between the polymer chains take plabes i$
accomplished with elevated temperature and pressure. A typisalcgcle can be
seen in Figure 8. The elevated temperature initiates the icdleneaction and
transforms the uncured resin to partly or fully cured condition depemdainghat is
desired. The time for proper curing to take place is calleduh®cycle and depends
on resin chemistry, catalyst reactivity, cure temperaturdspeesence of inhibitors or
accelerators (Mallick 2008Higher temperature reduces the time for the curing to
take place and lower temperature extends the cure time consydérhbl pressure
ensures that the high viscous resin penetrates the fibres and plies so thatoeaium
voids can be reduced. A high void content lowers the performancéicagtly and
can lead to severe quality issues. Furthermore, the curersomeecontroldy of the
composite.

200 1

Cure 2 h/175°C Temparature

150 + Vacuum

%)
< | 024 . 64 &
o & @
g 1007 | 04ls& 12
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E | Pressure . 067 3 1 @
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Figure 8 A typical two-stage cycle for carbon filgoxy prepreg (Mallick
2008).

3.4.2 Vacuum moulding

The process typically uses pre-impregnated fibres with aboutt%Orasin. During
the vacuum moulding process excessive resin, about 10 wt%, flows omrotlie
through the vacuum pump as a result of the low pressure, see FifjueiSiportant
that the film is sealed against the mould to create vacuum s@rib@er wetting
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occurs. The part is then cured in an oven or in an autoclave with arpressabout
seven bars. This removes voids and as a result enhances propetiepaift (Gay
2003). Curing can also be performed utilizing for instance electramsea x-rays.
The process can be referred to as bag moulding if a bag is used instead of a film.

Seal putty
Atmospheric pressure

~

Soft plastic film

Vacuum pump

Laminate Separator

Figure 9 The vacuum moulding process.

3.4.3 Filament winding

The technique uses a spinning mandrel on which precise lay-down ofumrgifibre
can be spun, see Figure 10. The fibres are pulled from creels, hhaotesin bath
before they pass a wiping device, which removes excess resifibfidgethen pass a
placement head before they are spun on the mandrel.

Resin
wiping device

Resin bath tank
Carriage

Fiber creels

Mandrel

Figure 10 lllustration of the filament winding press (Mallick 2008).

The speed of the mandrel and the fibre placement head are symetrand together
control the material rate and winding angle. Depending on the draytesmallest to
largest, the process is referred to as polar, helical or hoop windilegzero angle is
defined along the mandrels length axis.

18 CHALMERS, Applied MechanicsMaster’s Thesis 2010:33



The filament winding method furthermore enables high materials rated
repeatability due to CNC-programming. This results in lower matwiag cost,
which is even more important when a high number of units are produced.obesgr
also allows for high fibre fraction of the part (Donaldson 2010).

The mandrel can have any shape as long as the curvature esemitant since the
fibres then lose contact with the mandrel, see Figure 11. Howevsrdifficult to
obtain a high pressure on flat surfaces and it is therefore temmeto receive a low
void content. The fibre used can be pre-impregnated or it can pa#is af resin, wet
winding, before it is spun on the mandrel. The latter method allowsvi@r cost and
is used the most. The technique limits the possible design sinosatidrel needs to
be removed after the process is finished. Inflatable, dividable or soinadhdrels
exist and are used when the design demands it. Soluble mandreks cete out of
sand or plaster where a soluble binder is used. Large designsmrésadlyy mandrels
and may require reinforcement, which raises the cost. Thatabfe mandrels are
made out of rubber or other elastomeric polymers and are expandgdnesgased
internal pressurelhe dividable mandrels can be made in a desired material and can
be used as long as the product design allows for disassemble amwhirerhthe
mandrel parts.

Fibre
Fibre
Mandrel Mandrel

Figure 11  The left figure is an example of a cresstion that is suitable for
filament winding. The right figure shows a re-emtraross section
where the fibres lose contact with the mandrehandorners.

3.5 Design principles of composites

Usage of a composite material in a part affects the oveesiign, specific design
solutions and there are also some precautions that have to be aahsiieme of
these aspects will be discussed in the following section #iegemust be taken into
consideration in the conceptual design. Special interest in holes atlhas been
taken since they often are the source for failures.

When a part is designed using a composite material one must cotiseder
arrangement and dimensions of plies, so that the fibres directiergpamized for
the load cases. When interfaces of different materials exist, one must béad ihan
they might have different elongation and may as a result insttegses. Temperature
changes may lead to the same result, since the thermaicwrgfiof expansion is
negative for carbon fibre and Kevlar, while it is positive faasgl fibre and metals.
The fatigue resistance for composites is considerably higher ftrasteels and
aluminium and is in the same order equal to 90%, 50% and 35% of thdrsiztiice
strength (Gay 2003).
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Furthermore, composites are sensitive for stress concentratspesiadly carbon
fibre. It is therefore important to have safety factors agjainsertainties from (Gay

2003):
Mechanical properties of fibre and matrix.
Possible imperfections.
The fabrication process.

Aging of the material.

Since stress concentrations are a severe problem it is imptotdrdve smooth

transitions in the design. This is for example important whenasarg or decreasing
the number of plies, see Figure 12.
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plies; e mm >12 mm 16 plies; e = 2.08 mm
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suppressing n°7.8,10

suppressing & n°6,8,11

suppressing

Figure 12  Transition when increasing the numbeplads (Gay 2003).

Holes and joints are other sensitive areas since the fibré® inomposites cannot
experience yield like metals. The otherwise occurring stedgs cannot take place
and will therefore result in high stress concentrations, seead~if1 It is therefore

important with increased dimensions around holes and joints to avoid stress
concentrations.
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Figure 13  Stress distributions around a hole ancheaules of thumb for material
dimensioning and safety factors (Gay 2003).

3.5.1 Mechanical joints

The strength of mechanical joints differs depending on if & @nned or a bolted
joint. The latter has a clamping torque which increases the l@athgerea, similar
to the metal shims, and therefore results in a stronger jointlewer risk of failure.
Another way of reducing the risk of failure near a hole is fame some of the
carbon fibres with a material that has higher strain-toxfajlfor example glass fibre.
Similar behaviour can be achieved by replacing the 0° plies wWih glies around the
hole.

The holes can be achieved by machining or formed during modellithg @fart. The

former is preferred since fibre directions and resin distributiag be hard to control.
Water-jet and laser are other methods of cutting the matandlithey have been
successful in producing holes with high quality. Below are some gesmrahtages
and disadvantages of the usage of mechanical joints together wiffosites listed

(Mallick 2008).

Advantages

Permit disassembly for repair or replacement of product.
No surface preparation.
Easy to inspect.

Disadvantages

Holes interrupt fibres and may reduce strength.
Adds weight.

Potential galvanic corrosion problems between metal and carbon fibres.
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3.5.2 Bonded joints

Joints utilizing adhesives are referred to as bonded joints. €Rexteseveral designs
and the most common one is the single-lap joint, see Figure 14liSdoh/antage of
the joint is the force eccentricity which results in a faroemal to the adhesive joint.
The double-lap joints and the strap joints improve the strength compared to tee sing
lap joint. The stepped lap and scarf joint give high strength ds heetever it is
difficult to machine steps and steep scarf angles.

14 Boron—epoxy to aluminum joints
(0/45/-45/0)

Adhesive: epoxy w

._,
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Figure 14  Bonded joints: a) single-lap joint, b)ulde-lap joint, c) single- and
double-strap joints, d) stepped lap joint and ear§goint (Mallick
2008).

To achieve a strong bond it is important to have the fiberscsogféhe bonded joint
in the same direction as the load (Gay 2003). Otherwise tharkaige risk of matrix
fracture at the joint.

The bonded joints have been successful in composite design and are ofted appl
together with mechanical joints. Some advantages and disadvantadesbainded
joints are listed below (Mallick 2008).

Advantages

Distributes loads over a larger area than mechanical joints.
Do not require holes.

Small weight increment.
Disadvantages

Difficult to disassemble.
Complicated to inspect quality of joint.

Environmental conditions may have impact on performance.
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4 Concept development

4.1 Concept development methodology

The concepts are developed with the aim of minimizing the weigthtfulfilling the
specification of requirements for the mast. The specificatioreqdirements can be

seen in Appendix A. In this work a systematic approach is usdd thé aim of
finding the best solutions from the two chosen material groups, see HiufThe

first step is to analyze the functions of all the subsystentiseofnast. The result is a
function map where the total function is realized by interactiornthefsubsystems.
Using the defined functions new concepts are developed on a sub-sygerhese
concepts are then combined to form total solutions. By this approach lzenom
solutions can be developed. Concepts are then evaluated using engiseleatign
methods. The concept development process used is described in (Johannesson 2004).

Function Concept Concept Concept Detailed
analysis generation combination evaluation design

Figure 15  The product development process.

4.2  Function analysis

The concept development process starts with performing a functionsiana the
current mast and results in a function map, see Figure 17. Hefenitteon of the
total mast is visualized by the interaction of a number of sudrsgsiperforming
different functions. Unwanted functions are also included, representest! larrows.
Figure 16 shows the current mast with the most important subsystems distidguishe
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Mast foot joint
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Figure 16  Giraffe AMB mast with subsystems.

Due to the mechanical interface requirement, some subsystem#raede-used or
designed in a similar way as in the current solution.

The subsystems with the largest potential for weight reduction are the lower and uppe
mast, which currently are heavy steel structures. The closeghddso gives a large
projected area, and hence a large wind load. Redesign of the upper andnast
requires new designs of the interfaces to masthead, knee jointaatdeet. Based on
the analysis of functions and subsystems it was concluded thd@bdhe for the
concept development is the following subsystems:

Lower and upper mast.

Stiffeners.

Hydraulic cylinder attachments.

Knee and mast feet joints.

Mast head.
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Figure 17  Function map for the radar mast. Blackoavs represent desired functions and red arrowsesent unwanted effects.
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4.3 Concept generation

From the function map it could be concluded that for instance upper ard rnoast
takes high wind loads and that the waveguide limits the design. Fradftes the map
gave an increased understanding of the system that supported the concept generation.

To enhance the concept generation process information about lightwegihh,de
materials and design principles was sought in-house and exterallgrief
benchmark study of competitors’ radar systems was also perfo8pedial interest
was given to composite design. To enhance the knowledge about thisvistiisly
were carried out to Swerea Sicomp and FlexProp AB, two compamigsng with
composite design.

The knowledge gained from these experiences was used durngstorming
sessions that were held to create new possible solutions. Some pifothesing
solutions created are shown below, including their estimateditsealed drawbacks.
The remaining concepts can be found in Appendix B.

4.3.1 Mast concepts

This section presents the concepts generated for the lower and upper mast.

4.3.1.1 Truss structure

The mast is designed as a squared truss structure, see F8gdhe main idea with a
truss structure is that mass is moved away from the censreThis implies a higher
stiffness both in bending and torsion, according to Steiner's the{®emdstrom
1998).

A truss structure hence implies a more efficient use of theenml, which gives a
lighter and stiffer structure. A truss design furthermoregavéower wind load on the
structure. The design is suggested to be a truss frame obdamns, and between
them are rods placed in a triangular manner. Suitable matkmniglse truss structure

are steel or aluminium. The rods can be designed as solid or holldwdifferent
profiles. A main design challenge for this concept is the connections between the rods.
The connections can be either welded or bolted and they will be weakispbie
design. Another drawback with this concept is that waveguide andscafilebe
exposed for the environment. Hence, an extra system is required for protection.

Despite a metal truss structure, a composite truss struetmreecdesigned. The rods
are made out of composite while the joint are made out of metakigare 19. This
is to use the composites strength and stiffness and the matalstgaof handling
point loads. The composite rods can be manufactured with filament windiig
gives high fibre fraction in the laminate with high quality lgy-The metal joints can
be manufactured with milling. Advantages and disadvantages of thal e
composite truss structure are given in Table 7.
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Table 7 Advantages and disadvantages for a trusstste.

Advantages | Disadvantages
Metal truss structure
Use of metals result in low material Requires extra systems for shielding of

and manufacturing cost cables and waveguide

Metal truss structure gives a light | May result in many welds, which are

and stiff mast weak points in the design

Possible to re-use mast head and | Many parts increase manufacturing time-
cylinder attachments and costs

Low projected area gives lower wind

load

Composite truss structure
Composite truss structure gives a | Difficult to achieve appropriate
very light and stiff mast tolerances in the joints between the
composite rods

| [

Cc D

Figure 18  A) top view of one of the lower legs,sile view of one of the lower
legs, C) top view of the upper mast and D) crosfiaes view.

Figure 19  Composite truss structure with compasites and metal joints.

4.3.1.2 Material change

The current design of the mast is used, however the steel asedphith a material
that can result in weight reduction, either another metal or a catewpés concluded
in the Section 3.1.2, aluminium can be a suitable material for #s¢. Mhe mast can
then be designed in the same way as the current solution, usingl vadldenium
plates instead. However, it should be mentioned that even though alomisi
preferable for structures subjected to bending loads, its lighttvegrformance in
pure tensile loads is lower than steel.
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Composite materials like CFRP have very high potential for heigduction, since
the material has high lightweight performance. Manufacturingwét or upper mast
section as one part would require hand lay-up or vacuum moulding asattanufg
method. Both manufacturing methods require large moulds which will make
manufacturing very expensive. It would furthermore require thaiiheld either is
possible to split so that the separate pieces can be pulled th& wfast or that the
mould is either inflatable or soluble. If it is discovered thas kind of mould
becomes too complex, then the parts need to be split to be removethéonould.
The advantage of a one-piece design is that the number of joinke caduced and
therefore eliminate weak spots. The advantages and disadvantagesears Table
8.

Table 8 Advantages and disadvantages for a matehiahge concept.

Advantages | Disadvantages

For metals
Reuse of design and components Small weight remtupitential
Low risk

For composites
Very high weight reduction potential| High manufacturing cost with comple
design and expensive tools

Possible to manufacture as one piege
using vacuum moulding

4.3.1.3 Composite mast made from plates

The mast is designed using composite plates. Holes for inspectabres@an then be
made prior to mounting the plates. By using this manufacturing metingoles
composite plates can be used, and no expensive moulds are needed.

The current design of the mast can be kept to large extent,vaovgeme
modifications have to be done when introducing this design. The lokesicis to
design the mast with plates that are joined together with asisesising profiles
made out of metal or composite to increase the bonding areae RRQushows a
principal sketch of the solution. This concept will require moduleswiibtvork as
the interface between the composite mast and the metalgeatSection 4.3.3. The
estimated advantages and disadvantages are given in Table 9.

Table 9 Advantages and disadvantages for the categaate concept.

Advantages Disadvantages

High weight reduction potential Requires modules for the interfaces
Rather simple composite plates can|be

used
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Figure 20  Different cross-sections of a mast legienlom composite plates with
glue profiles in the corner to join the plates.

4.3.1.4 Filament winded composite mast

The design of the mast is modified to make it possible to lm®adnt winding as
manufacturing method. A circular or elliptical cross-sectiosuitable, see Figure 21.
A weight reduction is possible since a composite with high lightweight penfmeria
used. A filament winded mast would require modules in the interfaiteshe mast
head and the joints, similar to the composite plate concept. Theatstiadvantages
and disadvantages for a filament winded mast are given in Table 10.

Table 10 Advantages and disadvantages for a filamermed composite mast.

Advantages Disadvantages
High weight reduction potential Less optimized design from a stiffnesg
perspective

Manufacturing with filament winding| Requires modules for the interfaces
lowers the costs

AN\
00

Figure 21  A) top view of one of the lower legs,sile view of one of the lower
legs and C) two possible cross sections, oval acdlar.

4.3.2 Cylinder attachments

The high local forces around the cylinder attachments are cyrrdadlt with
utilizing an increased sheet metal thickness. For the concdpmgta truss structure
or composite materials, new attachment solutions are neceskagettion presents
the generated concepts for the cylinder attachments.
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4.3.2.1 Cylinder attachments for truss concepts

To reinforce the truss structure around the cylinder attachments different
concepts have been generated, see Figure 22. Concept A hasreasdadcrod
thickness around the cylinder attachment to lower the local dreSsacept B and C
utilizes sheet metal reinforcement between the rods, theatitferbetween them is
the magnitude used. In concept D, the sheet metal locally replaces the traasestruc

Table 11 Advantages and disadvantages for trussdsi attachments.

Advantages | Disadvantages
Concept A and B
Increased strength and stiffness | Increased weight
Concept C and D
Sheet metal lowers the local stresses Increaseghtvand wind load

i ol O
a_ elonl O

c D

Figure 22  Concept A) Increased thickness in thesratound the cylinder
attachment, concept B and C) reinforcement withesimeetal in the
truss structure and Concept D) sheet metal locedlylaces the truss
structure.

4.3.2.2 Cylinder attachments for composite concepts

Since most composites are sensitive for stress concentrationfyraement is
necessary. This can be done by reinforcement of the composlfeutibeing an
increased material thickness. It is furthermore possibldétdaahametal plates to the
composite structure using adhesives. A metal is more resistarthet stress
concentrations and can distribute the stresses to a largeoratha composite and
therefore reduce the risk of failure, see Figure 23. Concept ABandilize an
increased material thickness of the composite, concept A has rené&brcement
while concept B has a more extensive one. In concept C and D rnedted pre
attached to the composite with bonded joints. Concept C only has plates sidds
while concept D has a surrounding metal profile that is skewanetthe mast. The
advantages and disadvantages for the different concepts are given in Table 12.
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Table 12 Advantages and disadvantages for the csmepa@oncepts cylinder

attachments.
Advantages | Disadvantages
Composite reinforcement
Low weight No plastic deformation - sensitive for

stress concentrations
Same properties as the rest of the mast
Metal reinforcement
Handles stress concentrations well Increased weight
Distribute stresses over a larger area. Mater@egrties differ between
attachments and mast structure

A B
Cc D

Figure 23  Concept A) Local material reinforceme@tncept B) more extensive
material reinforcement, Concept C) metal plateghenside, concept D)
metal profile surrounding the mast structure.

4.3.3 Knee- and feet joint

When a composite material is used for the mast, new intelf@tesen the joints and

the mast is needed. With the joints kept in metal, the interfameéule could be
attached to the composite mast using bonded joints. Below are two concept
presented, see Figure 24. The difference between the concepts édthibais the
metal module inserted in the composite mast or vice versa. Colhdgspmxpected to
result in a lower weight than concept B, since the latter surrotir@£omposite
structure, which have fixed dimensions. The bending stiffness of méduier a

fixed thickness, is however somewhat lower as a result of the smaller radius.

Figure 24  Concept A) the metal module is partlyertsd in the composite,
concept B) the composite is partly inserted inrttetal module.
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4.3.4 Mast head

The mast design close to the antenna differs heavily from shefr¢he upper mast.
This since it needs to store and protect the turn table. This suddaregy change
limits the manufacturing methods for the whole upper mast. Thergfenmast head
may have to be made as a separate piece, which then is joined to the upper mast.

The manufacturing of a composite mast head could be made using vaculdmm
The truss structure also demands a closed mast head. Beldwve a@ntepts for the
mast head presented, see Figure 25. Concepts A and B utilizesrtbesnciple as
for the joints, the mast head module is partly inserted in the¢ stragture or vice
versa. In concept C the mast head and the mast structurerme yath the use of a
composite which is winded around the interface between the two gansept D
illustrates the closed mast head module attached on the metalstrusture. The
attachment can be made with welding or bolting.

N
>—

Figure 25  Concept A) mast head partly inserted he mast, concept B) mast
partly inserted in the mast head, concept C) janwith winded
composite, Concept D) closed mast head attached toetal truss
structure.

4.4  Concept combination

The solutions generated on subsystem level are combined to formdiotadns. This
was done using a morphologic matrix, see Table 13. The aim wasd¢oate several
concepts from each material group, composites and metallic atstevhich fulfils
the specification of requirement for the lightweight mast. Indbecept generation
process, solutions have been generated to seven different subsystedrawBy
polygons in the morphologic matrix combining different subsystems s$otations
were created, hence a large number of total solutions are possible to create

When creating total solutions with the morphologic matrix, the was to create
reasonable solutions that fulfil the specification of requirememtthé product. Total
solutions that were found to be non-realizable or contain non-compatiblgstarbs

were excluded already in the total solution generation phash.tkt method seven
different mast concepts were created.
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Table 13

Total concept solutions resulting from boration of subsystems.

cables

gives protection

limited protection

gives protection

protection

protection

Concept 1 — Concept 2 — Concept 3 — Concept 4 — Concept 5 — Concept 6 — Concept 7 —
Sub-system Material Truss structure | Material change | Filament winded | Filament winded | Composite plates | Hybrid truss structure
change metal composite circular oval
Material change Material change | Circular compositg Oval composite : Composite and metal
Lower mast Truss structure . Composite plates .
Metal composite tube tube hybrid truss
Material change Material change | Circular compositg Oval composite : Composite and metal
Upper mast Truss structure . Composite plates .
Metal composite tube tube hybrid truss
Cylinder Increased rod Local composite | Surrounding metal Metal plates on the Metal plates on the .
Re-Use . : , . : Increased rod thickness
attachment thickness reinforcement | profile sides sides
. Truss welded to . Metallic module — | Metallic module — | Metallic module — | Metallic with hole for
Knee joint Re-Use - Composite - - - .
joint outside mast leg |outside mastleg |outside mastleg |composite rods
. Truss welded to . Metallic module — | Metallic module — | Metallic module — | Metallic with hole for
Mast feet joint Re-Use - Composite . ; ; .
joint outside mast leg |outside mastleg |outside mastleg |composite rods
Mast head Metallic Metallic Composite Metallic with mast| Metallic with mast Composite Metalllc_W|th holes for
module module composite rods
Waveguide and | Inside mast — | Inside mast — Inside mast — Inside mast — giveslnside mast — givesinside mast — giveslnside mast — limited

protection

protection
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4.5 Concept evaluation

The solutions created were evaluated in order to find the concepefiommaterial
group that best fulfils the specification of requirements. This uatan was
performed using engineering selection methods (Johannesson 2004). Tlkeefirst
was to perform aoncept screeningvhere the concepts are ranked using Pugh’s
relative matrix. When the concepts were evaluated with velatiethods, @oncept
scoringwas performed. Here the highest ranked concepts from the concagtisg
were evaluated with weighted criterions using a Kesselriagyixa Based on this
result two final concepts were selected.

45.1 Evaluation criterions

Evaluation of concepts with Pugh- and Kesselring matrices aferped with
selected criterions from the specifications of requiremerdsus$-should be on the
desired properties but also strict requirements can be included. vEthgateon
criterions are shown in Table! below. A description of each criterion can be found
in Appendix A.

Table 14 Evaluation criterions used for concepesting- and scoring.

Requirement/Desired property | Req/Dp | Importance
1.3 High weight reduction Dp 5

1.4 Low projected area Dp 4

1.5 Low complexity Dp 3

4.2 High natural frequency Dp 3

4.4 Large strength margin Dp 4

5.2 High toughness Dp 3

6.3 Low cost Dp 3

4.5.2 Concept screening

The screening of concepts is based on Pugh’s relative matrix. ddie method
compares the solutions and ranks them relative each other. A pefeselution is
chosen, and the solutions are then compared with the referencactoroé the
criterions specified in Section 4.5.1. After the evaluation is contpldéte highest
ranked solution is chosen as a reference, in this way the gualpeocess is iterated.
Note that the Pugh matrix takes no consideration to the relatiperiance of
criterions. It can also be difficult to estimate the perfamoe of a solution on concept
level (Johannesson 2004). The Pugh matrix can be found in Appendix Cthdter
concept screening there are six concepts remaining for furttadwagion. Five of
these concepts utilize composite material and one uses metalierial. Since the
steel truss structure is the only metallic concept remaiaimg,the aim is to find one
concept from each material group, the steel truss structureecalmolsen as the final
metallic concept.
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4.5.3 Concept scoring

In this final concept scoring the solutions were evaluated quantijativeing a

Kesselring matrix with weighted criterions. This methodology waed to evaluate
and select one of the five remaining composite concepts. Thearrgersed were the
same as in the concept screening. In the Kesselring matrix eadptwoas evaluated
based on the performance of each selected criterion, where thelsgavas used.
The value was then multiplied with the importance of each criteAdrthe values

were then summarized, which gave an overall estimation of thermenice of a
concept. Based on this value the concepts were ranked, see Table 15.
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Table 15

Kesselring matrix for evaluation of cortsep

Concept 3 — Material | Concept 4 — Filament | Concept 5 — Filament | Concept 6 — Conqept -
Ideal . . . ) : Hybrid truss
change composite winded circular winded oval Composite plates
structure
Criterion w \' t t t t t \" t
1.3 High weight reduction 5 5 25 20 10 15 0 2 4 20
1.4 Low projected area 4 5 20 8 12 12 8 0 2
1.5 Low complexity 3 5 15 9 9 3 12 3
4.2 High natural 3 5 15 12 9 12 15 12
frequency
4.4 Large strength margin 4 5 20 16 16 16 6 1 4 16
5.2 High toughness 3 5 15 6 6 6 6 6
6.3 Low costs 3 5 15 6 12 6 12 9
Total 5 125 77 74 70 89 86
T/Tmax 1 0,616 0,592 0,56 0,712 0,688
Rank 3 4 5 1 2
w = Criterion weight, scale 1-5
v = Criterion fulfilment, scale 1-5
t =wv
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4.5.4 Concept selection

After the concept screening, there are only one metallic conesyatining, which is
selected for further development. This is a metallic trusststre with subsystems
configuration according to Figus.

O

DR N/
NN [

Figure 26  The subsystems for the metallic trusscsire concept.

In the Kesselring matrix the concept with the highest scoterisept six, which is a
solution using composite plates. This concept was therefore chosefurtioer
development. The subsystem solutions for the concept can be seen irRFigure

o

Figure 27  The subsystem for the composite mast fmaheplates.

4.6 Detailed design

In the concept development process two solutions have been chosen, dive andta
one composite. These solutions were further developed. The aim withtéiedle
design is to create solutions that are possible to analyze afylacording to the

specifications of requirements.

In the design process the 3D CAD system Pro/Engineer waslus&s important to

assure geometric compatibility with other systems like shettest feet, turn table
and hydraulic cylinders. To ensure compatibility the CAD-modi@isthe concepts
were based on a CAD-skeleton model from the current mast. Thetaskehodel

contains datum entities which can be used as references inotled development.
Some subsystems from the current mast are also used and mudifiedhe new

design.

CHALMERS, Applied MechanicsMaster’s Thesis 2010:33 37



4.6.1 Truss mast

In this section the detailed design of the truss mast is tedcrlThe design of the
truss mast is shown in Figure 28 below. Subsystems like mastifiele locking
devices were not modeled. The influence on stiffness of the mastdeeomitted in
an initial analysis of the structural performance of the mast.

Figure 28  CAD-model of the truss mast.

4.6.1.1 Truss structure design

The lower and upper masts were designed as truss strucithiefewy square frame
beams with rods welded in-between in a triangular manner, gaeeR29. The upper
and lower mast sections can be seen as beams loaded in bending aressiom|oy
the wind load and weight of the antenna unit, respectively. By usings structure
mass is moved away from the centre axis, thus giving a stifferigteué&tn analogy is
an I-beam, where the truss frame can be seen as the flangeeamnass rods as the
web. The truss structure was made fully parametric so thandions of the truss
frame and the rods easily can be changed. In this way the sresoih the
optimization with FE-tools can be used to update the model with diinansions.
Twice the amount of rods was used on the sides compared to the upperangart
of each mast section, see Figure 29.
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Design of the joints between the beams and the rods in thestrusture have to be
considered. The welded joints give local flexibilities, which redubesstiffness of

the mast. However for an initial analysis of the structurebpmance detailed design
of the joints was omitted.

Frame

/ Rods

Figure 29  Design of truss structure in the mast.

4.6.1.2 Lower mast

The lower mast consists of two mast legs each consistingcaisa-section of four
truss frame beams with rods in-between, see Figure 30. Thdraomsis attached by
welds to the mast feet joints, cylinder attachments and knee ljoitdtal eight truss
frame beams are needed for one mast leg. In order to havetifigbss the cross-
section of the mast leg is kept as wide as possible. Stiffemerplaced between the
two mast legs to increase the masts torsional stiffness.

Cylinder attachments

K —
nee join \ \ St:ffeners

e sz a s NZ a4 XY, /IN/JN-{i i i

wrw-f--\m/qw

S S NN N N 7 | NN
N NP YNNI IEL;!_MEEJ

Figure 30  Lower mast with stiffeners.
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4.6.1.3 Upper mast

The upper mast has a similar design as the lower mast, rwsth frame beams and
rods. The cross-section is made as wide as possible, see Figuretdfal four truss
frame beams are needed for the upper mast. A cross-beaned laeldw the upper
cylinder attachment in order to stiffen the structure.

Upper cylinder
attachment

L | — L —

Cross beam

Figure 31  Upper mast.

4.6.1.4 Cylinder attachments

The hydraulic cylinder attachments consist of steel pins, whieldesigned in the
same way as the current solution. The truss frame beams ldexlvi@ the steel pins.
Near the steel pins an increased truss rod thickness is usdgigaee 32. This is in
order to handle the forces from the hydraulic cylinders and to stiffen the mast.

=T Y

Figure 32  Hydraulic cylinder attachments.
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4.6.1.5 Mast head

The mast head is designed using a closed metallic interfaeesdlution is based on
the current mast head, with a small modification to make it pessibjoin with the
truss frame. For the joint a steel plate is used, which idedeto the truss frame
beams and to the mast head, see Figure 33.

L S

Steel plate ‘

Figure 33  Steel mast head.

4.6.2 Composite mast

The detailed design of the mast made from composite platessdsilsil in this
section. This concept is from now on denatieel composite masind can be seen in
Figure 34. The mast is build up by composite plates that are jtmgether with glue
profiles. Since the feet- and knee joints are made in metafiaceéemodules to them
from upper and lower mast are necessary. The mast head’s categlgr makes it
necessary to manufacture as one coherent piece, using vacuum bdqmgnolie
carbon fibre reinforced epoxy laminates can be manufactured wattyimg thickness
and fibre direction. This, since the number and direction of the pliesndidee up the
laminate can be varied depending on what is desired. The desigasutlinollow
cross-section in lower and upper mast with as few plates adlgossiminimize the
number of joints.
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Mast head-'/*
4+——— Upper mast
Knee joint
Cylinder v ./
attachments
4——Lower mast

Stiffener

Foot joint \

A

Figure 34  Composite mast detailed design.

4.6.2.1 Lower legs

The plates are joined together with glue profiles, see €i@% The use of glue
profiles increase the bonding area between the plates and theesfoces the shear
stresses in the adhesive. The large bonding area also resgiiroved strength of the
joint. In the Figure 35 it can be seen that metal plates have beemeal with
adhesives at the cylinder attachment. The bonded joints distribuieathé& a larger
area and therefore reduce the stress concentrations.

Glue profile

Glue profiles Plate

N

Figure 35 Glue profile in each corner of the miast.
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The reduction of plates was accomplished with a design thaohéiswous surfaces
on the sides of the mast, see Figure 36.

. Continuous plates
Breakpoints between plates

1
i

|l|;r

Figure 36 The current mast to the left and the cositp mast to the right.

However, the design resulted in a slimmer width at the cyliadi@chments, see
Figure 36. Hence, an increased distance from the hydraulideylattachment point
to the surface of the mast. A cone was therefore designed tasadtee stiffness at
the attachments, see Figure 37.

Figure 37  The left picture shows the cylinder attaent stiffeners from the front
of the leg and the right picture shows them froetihack.

4.6.2.2 Upper mast

The number of plates has been reduced in the same way aslmw¢henast. One of
the design changes that made this possible can be seen inFdgee plate is used
on the bottom side. A plate joint on the top side is unavoidable asila oéshe
cylinder attachment position. Similar to the lower mast is tihptate attached with
adhesives at the cylinder attachment to distribute the load to a larger area.
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Figure 38  The left picture shows the current solutand the right picture shows

the composite mast. Note that only one plate id osethe bottom side
of the composite mast.

4.6.2.3 Mast head

The lack of knowledge of how the turntable affects the mast heéghdaadered a
redesign of it. Factors that influence the design is space for mguitturntable and
space for proper cooling of the electrical components. The curesignd was
therefore principally translated to fit a composite. The parbged design also
demands that either the mast head is done as two separateqri¢itat the mould is
possible to split so that it can be pulled out from the mast head, see Figure 39.

Figure 39  The composite mast head.
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4.6.2.4 Interfaces to feet- and knee joints

The feet and knee joints are made out of aluminium as a resh# oélative complex
design and because attachment of bearings to the joint is ngcessafigure 40.
The specific choice of aluminium was determined after an FE-analysis.

e

Figure 40  The left picture shows the knee jointgshenlower leg and upper mast.
The right picture shows the foot joint.

4.6.2.5 Stiffener

In order to have a robust stiffener, a carbon fibre with quasp@icttay-up is used.
The centre of the stiffener has smoothened design to lower stnessntrations that
otherwise could lead to failure, see Figure 41.

Figure 41  Stiffener on the composite mast.
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4.6.2.6 Selected composite material

In order to find a suitable composite material for this concept,ntheket was
analyzed for a material that fulfils the requirements. Tihal iinaterial selection is the
SE 84LV epoxy prepreg system fra&P Gurit High Moduluslt is versatile, high-
strength prepreg system. Furthermore, is has excellent tadkvandscosity, which
makes it ideal for use with heavy fibres. SE 84LV hdg al30°C, which is sufficient
to satisfy the upper service temperature. The lower limit viicge temperature was
not listed but is in general not an issue, see Table 6 in Section 3Th2.natrix is
commonly used for vacuum bag moulding and therefore suits this desighighhe
toughness property of the prepreg system improves the impaujtktrd he material
UV-resistance is acceptable and can be further improved witlsthef carbon black.
However, since the mast will be painted the matrix will not Bgpee any direct UV-
radiation. Material data also indicates that the epoxy has theedleshemical
resistance. The SE 84 LV epoxy prepreg system can be used Vigttiertiftypes of
carbon fibres. A compilation of the mechanical properties aneégmdth different
reinforcing fibres are given in Table 16.

Table 16 Material properties for SE 84LV epoxy pegp system with high
strength (HS300), intermediate modulus (IM300) dmgh modulus
carbon fibres (HM300).

Material data HS300 | IM300 | HM300
Volume fraction fibre [%] 60 60 60

Longitudinal elastic modulus [MPg] 139 60A.74 300| 223 10(
Transverse elastic modulus [MPa] 7700 7200 6800
Interlaminar shear modulus [MPa] 4500 4600 460(

In-plane shear modulus [MPa] 4500 4600 460(
Poisson’s ratio 0.337 0.337 0.337
Density [kg/m] 1560 1560 1560
Price [kr/kgf 341 739 1044

% The cost was originally given in £/kg, converteithwhe current valid for the date 2010-06-04
(11.56 kr/£).
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5 FE-models and analysis

The two mast concepts were analyzed using FE-methods. The dev&déyhed
models were imported to the FE-preprocessor Patran and usecss fobthe FE-
models. A drawback with this work methodology is that modifications havee
carried out in both the FE-models and CAD-models.

The analysis and optimization on the FE-models were performed hatirE-code
Nastran. Using optimization it is possible to minimize thesvaa®l obtain the desired
natural frequencies. However, after the optimization it is afuoi analyze the mast
with respect to strength and buckling for the loads that the imasibjected to, see
Section 2.3.

This chapter starts by giving an introduction to the composite meshased in the
analysis. The finite element method, natural frequencies and buekéngjso briefly
described. Then the FE-model development, optimization, strength andniguckli
analysis are described.

5.1 Composite mechanics

5.1.1 Anisotropy

Composite materials are anisotropic, which means that the pespeary in different
directions of the material. This is in opposite to most metaiiterials, which are
considered isotropic and have the same elastic properties in raditiois. A
composite which have all the fibres oriented in one direction lisdcalunidirectional
composite. For a unidirectional composite, having the fibres in oneidiraotplies
that the material is essentially isotropic in a plane perpeladi¢o the fibre. The
mechanical properties are very different in the fibre directmmpared to the other
two directions. The elastic properties are symmetric withe@sto the (1-2-3) axes,
see Figure 42. Such a material is called orthotropic, and {Be3} axes in Figure 42
are called the principal axes (Matthews 2000). For an orthotroperialahere exist
nine independent elastic constants.

Figure 42  Principal material axes.

CHALMERS, Applied MechanicsMaster’s Thesis 2010:33 47



5.1.2 Stress-strain relation for unidirectional composites

Unidirectional composites are a special class of orthotropic mateiatse the elastic
properties are equal in the 2-3 direction, the number of elastic ntsstauces from
nine to five (Mallick 2008). However, only four of these constantsratependent.
Such a material is called transversely isotropic. Considené#terial shown in Figure
42, if stresses are applied in the direction of the principal &xestrains in terms of
the stresses are (Matthews 2000):

€,=S5,,

e.=le & g (2)
§12:[51 S, le]T

And the compliance matri$ is defined as:

1w
Ell E22
g= -t 1 (3)
N E:Ll E22
G

Where:

Ei; is the elastic modulus in the longitudinal direction.
E,, is the elastic modulus in the transverse direction.
G12 is the shear modulus in the 1-2 axes.

12 IS the major Poisson’s ratio.

21 IS the minor Poisson’s ratio.

It is also possible to write the stresses as functions dfttams, Equation 2 becomes
(Matthews 2000):

S, = 2§12

Q=s"

(4)

WhereQ is the ply stiffness matrix.

5.1.3 Off-axis loading on unidirectional composites

A composite laminate consists of plies of unidirectional fibtasked on top of each
other. The fibre direction usually changes from layer to layer.some layers the
fibres are not aligned with the applied stress. These layersuljected tmff-axis
loading (Matthews 2000). A unidirectional lamina subjected to off-axis loadkng
shown in Figure 43.
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Figure 43  Off-axis loading of a unidirectional lamai (Matthews 2000).

The stresses in the fibre direction are then:

S, =1s,

I : (5)
S = [51 S, [12]

Where the transformation matrix is:
m> n® 2mn

T= n* m -2mn

-mn mn (m -n )
m=codg) ()

The strains in the x-y directions (see Figure 43) in termshefstresses can be
obtained by modifying Equation 2 (Matthews 2000). The equation becomes:

e, =Ss (7)

xy — 22 xy

Where§ is the transformed compliance matrix. Of special interest is:

Ss = (231 - 232 - %3)m3n + (23_2 - 2522 + %3)””“3
§23 = (ZSAl - 2%2 - %3)n3m+ (232 - 2822 + %3)m3n

It is seen that an applied normal stress, besidescgension and a lateral contraction,
also gives a shear strain. This phenomenon is krasvextension-shear coupling and
is not observed in isotropic materials. When tleet are aligned with the applied

stresses (= 0° or 90°) S, and S, =0 and thus there will be no extension-shear
coupling (Matthews 2000). Figure 44 shows a consparbetween the deformation of

an isotropic and an anisotropic plate.

(8)
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Anisotropic material E

Isotropic material

Figure 44  Deformation of an isotropic and an anisgic plate (Gay 2003).

5.1.4 Unidirectional ply characteristics

A ply with a mixture of unidirectional fibres andatnix is considered. Assuming
perfect bonding between fibre and matrix, the retethip between the strains are:

=€ 9)

Where ;, m, . are the strains in the fibres, matrix and composiespectively
(Mallick 2008). The modulus of elasticity along tteection of the fibre is given by
Equation 10, which is called tmele of mixture

E =E\V, +EV, (10)
V; andVp, being the volume fraction of fibre and matrix iretcomposite. Subscript

denotes the fibre direction (0°). However, in pisethe stiffness depends essentially
on the stiffness of the fibre, sindg, <<E, (Gay 2003).
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5.1.5 Mechanical behaviour of laminated structures

5.1.5.1 Laminates

A laminate is designed by stacking a number ofspbe top of each other. Some
common types of laminates are describes below {84s2008).

Unidirectional laminate Fibre orientation is the same in all laminates.

Cross-ply laminateFibre orientation alternates as 0°/90°/0°/90°.

Angle-ply laminate Fibre orientation alternates between the layess a
/-1 I- ,where (0°or 90°).

Symmetric laminateThe ply orientation is symmetric with respect the
midplane of the laminate, so thakz) = (-z). A four ply laminate stacked in
the sequence 0°/90°/90°/0° is usually denoted (U}{9where the subscrifst
means that the stacking is symmetric.

Antisymmetric laminatesThe ply orientation is antisymmetric with respeat
the midplane of the laminate. Hence for each pigrmed at an angle above
the midplane, there is a ply orientedbelow the midplane (z) = - (-z)).

Unsymmetric laminatesThere is no symmetry or antisymmetry for these
laminates.

Figure 45 shows the principal stacking of the plfes some of the laminates
mentioned above.

Figure 45  From left to right: Unidirectional-, anglply- and cross ply laminate
(Mallick 2008).

5.1.5.2 Lamination theory

Lamination theory is used to calculate the streagseésstrains in each lamina of a thin
laminated structure. A sketch of a laminate is shawrigure 46. The total thickness
is h and the number of laminasNs
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Figure 46 Geometry of a laminate.

A laminate may be subjected to both in-plane aadswerse loading. The total strain
is dependent of the in-plane strain, which is camsthrough the thickness, and the
bending strains, which varies linearly with thetaice from the mid-plane. An
expression for the total strain in a lamina is:

eXX = e:(X + Z/(XX

e, =6,*zk, (11)

gxy = g;y + kay
Where:

e, = Midplane normal strain in thedirection.

e, = Midplane normal strain in thedirection.

g,, = Midplane shear strain.

k,, = Bending curvature in thedirection.
k,, = Bending curvature in thedirection.
K,y
z

= Twisting curvature.
= Distance from midplane of the laminate.

Or in matrix form:
e=e +zk (12)

The stress in lamingacan be calculated by using its stiffness matrogoading to
Equation 13:
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XX eXX
Sy = 2 i Eyy
t Gy

J

(13)

Outer forces and moments acting on a laminate eaelated to the mid-plane strains
and curvature with Equation 14. Equation 14 is kmoas theplate constitutive
equationand the associated analysisCdassical Laminate Theor@atthews 2000).

I (14)

A, B, andD are all 3x3 matrices, denoted as (Mallick 2008):

A = Extensional stiffness matrix.
B = Coupling stiffness matrix.
D = Bending stiffness matrix.

The elements of the stiffness matrices are funstiminthe elastic properties of each
lamina and its location with respect to the midplari the laminate. Th& matrix
represent extension-bending coupling.Bf is a nonzero matrix, an applied normal
force will create extension and shear deformatias, well as bending-twisting
curvatures. Similarly an applied moment will crebnding and twisting curvatures
as well as extension-shear deformation (Mallick 00Such extension-bending
coupling is unique for laminated structures. Some termthe A matrix represent

normal stress-shear strain coupling, as descrilzelieein Section 5.1.3. Thdd

matrix also contains some terms that representibgndoment-twisting curvature
coupling.

Couplings like this can sometimes be an undesirptiperty of the laminate. If the
laminate is stacked properly, some of the couplicga be eliminated. For a
symmetriclaminate, B =0 and there is no extension-bending coupling. A fete

that for any lamina with location, has an identical laminate atiecation, will give

no normal stress-shear strain coupling. This isedah balancedlaminate. The
location of the laminas is arbitrary. If the lamsnare located at the same distance
from the midplane, the bending moment-twisting atuve coupling will be
eliminated.

5.1.5.3 Failure of laminates

A property that is different for composites comphwith metallic materials is that
composite materials do not deform plastically, ¢f@re there is no such property as
yield strength for a composite material. Usuallg ftbre failure strain is lower than
the matrix failure strain. Failure of a ply in angposite laminate occurs when the
stress/strain in the ply exceeds some critical ezalthere exist a variety of theories
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used to predict failure of composite materials.te€ion for failure prediction is
mainly of three types (Vinson 2002):

Stress dominated criterions.

Strain dominated criterions.

Interactive criterionsHill-Tsai, Hoffman theory

In this work, the maximum strain theory has beeadusvhich also is employed at
Saab. According to the maximum strain theory, failof the ply occurs when the
strains along the material principal axis exceeeirthimiting values, according to
Equation 15:

_Su Sy _
€, = Ly eu,t
E11 1
S S
€, = 2 - n, L= €t
Ezz E22
(15)
_S1u _
G, = G_ =01
2
S Sy _
€33 =113 E 3, E €33,
33 33

The maximum strain theory is used to determineurfailof laminates. The strains in
each ply are determined according to Equation I2Eguation 14. If the strains do
not coincide with the principal material directiadhey should be transformed using
the transformation matrix (Equation 6). When theists in each ply have been
determined, the maximum strain criterion is usegbredict failure of that ply. First
ply failure is an analysis often made for laminas&dictures.
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5.2 The finite element method

This section intends to give a basic overview o flnite element method. The
theoretical foundation of the methods is first fiyielescribed. The finite elements
used in the models are explained, as well as ththads application to composite
materials.

5.2.1 Theory

The finite element method is a numerical methodduk® finding approximate
solutions to partial differential equations. Comrsidn arbitrary 3D solid with volume
V and surfaces (local normal '), subjected to surface forceg per unit area and
volume body forcep, per unit volume, see Figure 47.

@ %’ n, pg
. I

Figure 47  Arbitrary 3D solid subjected to surfagedavolume forces.

z

The differential equation of equilibrium for thedyocan be written as:

~

N's +p =0 (16)
Where:

N™ = 3x6 differential operator matrix.

S = Stress vector.

P, = Body forces per unit volume.

The body is furthermore subjected to surface forBSesper unit volume. The surface
forces must fulfil the equilibrium boundary conditt

ps,x = sxxnx +sxyny +sxznz

pS’y = syxnx +syyny +syznz (17)

ps,z =50, +5 zyny +tS5 2,
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Equation 16 can be multiplied by an arbitrary vecte [vx v, vZJ, integrated over

the volumeV with use of the Green-Gauss theorem (Ottosen 19B@s gives
Equation 16 irweak form

[v)s= v pds+ v hiv (18)

\% S \Y

This way of rewriting Equation 16 is analogougheprinciple of virtual work

5.2.1.1 Finite elements approximation

The next step is to divide the area of interest fintite elements which is used to
approximate the displaced shape. This procedurecaed meshing The

displacements_J:[u v w] are approximated as a linear combination of thgaho
displacements:

u=Na (19)

Where N is the global shape function matrix. Different gaaunctions are used

depending on element type. According to Galerkmé&thod, the arbitrary vector is
chosen as (Ottosen 1992):

v=Nc (20)

Where also the vectoc is arbitrary. Some definitions are now to introeute
constitutive matrixD , the kinematic relationshig=Ru and the matrixB = ﬁﬁ-
Furthermore boundary conditions are introducechédolution. Boundary condition
can benatural boundary condition- prescribed surface forceg)s, or essential
boundary conditions- prescribed displacement vector The integration around the
boundary S is divided into S, with known surface forces an&; with known
displacements. Equation 18 now takes the form:

B'DBdV a= N'p_dS+ N'pdS+ NV (21)

—sh =
Y S, S, v
For one element, thelement stiffness matrik® and element load vectdr® is
defined as:
K*= B DBV
Ve
ie: ﬁe’T_pShdS+ QEYTESdS'F ﬁe,TmV
She ' Spe v

(22)
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Hence giving the FE-equation for one elemekf,a® = f°. Finally the element

stiffness matrices and load vectors are assemloled global structural stiffness
matrix K and aglobal load vectorf :

k= K (23)
f=f

This gives the global FE-equation system:
Ka=f (24)

The essential boundary conditions enter the equaifetem in the nodal displacement
vector a. Solving Equation 24 gives the nodal displacensart the reaction forces

where the displacements are prescribed. The equsystem is usually solved using
iterative methods.

5.2.1.2 Finite element types

There exist several types of finite elements. lis thork, beam and shell elements
have been used. The kinematic assumption for eagnge beams is calleg&uler-
Bernoulli theory which is that plane sections normal to the beam @main plane
and normal to the beam axis during deformation.ndiatically, the beam bending
differential equation is written:

d? d?w
—— EI
dx? dx?

=q(x) (25)

Beam elements are derived from Equation 25. Thenbelements used have six
degrees of freedom in each node, it is shown iurEigl8. A cubic displacement
shape function is assumed for the deflection. Tdeemtial boundary conditions are
the deflectionw and the curvaturdw/dx Natural boundary conditions are the shear
forces V and momentsM. The beam element then fulfils the requirement of
completeness and compatibility (Ottosen 1992). Anbbeelement is accurate since a
cubic shape function is a high-order approximation.

The shell elements used in the models are 2D iaapetric four-node quadrilateral
elements. The shell element has five degrees efiima in each node, as seen in
Figure 48. A kinematic assumption that includesdiegm and membrane behaviour
has been used. The effect of transverse sheasasiratluded, usingMindlin plate
theory(Schaeffer 1984). The shape functions used fouafiode shell element are:

u(x,h)=a, +a,x+ah+axh (26)

The xA -term in Equation 26 is called a parasitic termtdg€¢n 1992). Convergence

rate will not be higher than for the linear elemesihce the polynomial only is
complete up to the first grade. However the pacattm will increase the accuracy
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of the assumption. Arsoparametricelement means that the same function is used to
describe both the unknown function and the geometryhe element. The shape
functions are described in terms @f,/7) -coordinates. Using isoparametric mappings
the geometry of the element in tle y) -domain are described by the parent element

in the (x,/) -domain (Ottosen 1992).

Figure 48 = MSC Nastran beam and shell elements gathesponding degrees of
freedom (Schaeffer 1984).

5.2.2 Finite element modelling of composites

Composite materials are commonly modelled usingl slements. A shell is a
structural member that carries only membrane ssgsaccording to classical
structural mechanics. However, most shell elemeastd by commercial FE-codes
can carry both in-plane and transverse forces.

The shell is modelled using its mid-surface plahé&aminated composite material is a
layered material built up from stacked plies. Thiekness is usually small compared
to other dimensions of the material, this allows floee use of plate theory. It is
assumed that the normal strains vary linearly thinothe thickness of the plate. As
seen in Equation 12, the total strain can be wrriiteterms of the mid-plane straifi
and the curvature. Since the material properties vary from layetatger, the stress
variation through the thickness of the plate is enoomplicated than the strains.
Hence, simple material stiffness models cannot $edufor laminated materials.
Instead lamination theory is used, as describe8edation 5.1.5.2. The stresses are
integrated through the thickness of the plate. @herage value of the stress then
gives the in-plane loadsl and the linear variation gives the momehts Using the

elasticity properties of each ply, rotated to tpprapriate fibre direction, the laminate
stiffness properties can be calculated accordiriggieation 13 and Equation 14.
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For shell elements that include transverse sheainst the shear deformations and
yzmust be added to the classical laminate theory:

Q=Ag (27)

Where A is the (2x2) laminate transverse material propemgtrix andQ is the
vector of transverse shear forc€s(andQy,) (Matthews 2000).

5.3 Dynamic motion of mechanical systems

The time-dependent motion of a dynamics systenesernibed by an equation system
that describes the balance of forces acting osyetem:

Mx(t) + Cx(t) + Kx(t) = P(t) (28)
Where:

M = System mass matrix.

C = System damping matrix.

K = System stiffness matrix.

X(t) = Time-dependent displacement vector.
P(t) = Time-dependent force vector.

If it is assumed that the system is undamped atfibwi forces € =0 and P(t) = 0),
then a solution is assumed to exist on the form:

x=ax" (29)

Where a is a vector of time-independent displacement aomdis. Substituting
Equation 29 into Equation 28 allows the equatioheaavritten as:

K-/MJa=0

(= =)‘ - (30)
/ =w’

Equation 30 has a nontrivial solution only if:
defK - /M)=0 (31)

The expansion of Equation 31 gives a polynomialresgion in where the highest
order of is of the same order as the matridds and K. The values of which

satisfies this characteristic equation are called eigenvalues and the natural
frequencies of the system ave Each one of the rootssatisfies Equation 31 so that:

(K-/M)a =0 (32)
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The eigenvectora, associated to the eigenvalugeare the so called mode-shape
corresponding to the natural frequeney(Ewins 1984).

5.4 Buckling

The developed concepts are also analyzed regatdengisk of buckling. In linear
mechanics of deformable bodies, displacementsrapogional to loads. Buckling is
an elastic instability phenomenon where a dispribquaate increase in displacements
results from a small increase in load. If a loadpplied to an elastic structure, there is
load level where two conditions of displacementpu{lrium) exist infinitesimally
close. This is called kifurcation point Linear buckling analysis gives an eigenvalue
problem where the eigenvalues are the bifurcatpoamsts or the critical buckling load
for the structure. Mathematically, the bucklingexigalue problem is formed as:

|£' /ﬁdjz(=9 (33)
Where:

K = Linear stiffness matrix.
K, = Differential stiffness matrix.
x = Displacement vector.

The buckling eigenvalues; =P, /P corresponds to a displacement vector or
buckling modex; . It is common to define a margin of safel§]) against buckling:

MS=/,-1 (34)

/ois here the lowest buckling eigenvalue > 0.
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5.5 Truss mast FE-model

The truss mast FE-model is developed using beachshell elements. The aim with
this model is to optimize the main dimensions @f tituss structure, in order to obtain
the desired natural frequencies and minimize thesmalt is an iterative process,
where results from calculations and optimizatioa ased as foundation for design
changes. The final truss mast FE-model is showngare 49 below.

Figure 49 Final FE-model of the truss mast.

5.5.1 Modelling of the truss mast

Based on the imported CAD-geometry, the truss stracis modelled using beam

elements. The truss rods connect to the framecomanon node, placed on the centre
axis of the truss frame, see Figure 50. This resulruss rods that are modelled
slightly longer than the physical mast, since tletded joint between the truss frame
beams and the rods is located on the surface. Heowe stiffness is lost. The

approximation with this way of modelling can be mated by the fact that the

welded joints results in loss of stiffness.
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The hydraulic cylinders are modelled using bearmelds. Constraints are placed at
the mast feet joints and at the hydraulic cylindedsich models the attachment of the

mast to the shelter. To model the mass of the hggrpoint masses are placed at the
mast feet- and knee joint.

Rodelement|| cap

7 \ geometry "/
7 o/

Frame element

Figure 50  Modelling of truss frame and truss rodgng beam elements.

Beam elements are furthermore used to model thadeyl attachments, mast feet
joints and the knee joint. The joining with thedsuframe is modelled using rigid

links. They are used to get a correct geometrjefttuss structure and transfer loads
between the different components. The relative omobietween the upper and lower

mast in the knee joint are modelled by a rigid kvikh free rotation around the z-axis,
see Figure 51.

Rigid link with free rotation
around the z-axis

Figure 51 Knee joint modelled with beam elementd anrigid link enabling

rotation.
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5.5.1.1 Mast head

Shell elements are used to model the mast headl i§s are used to connect the
mast head to the truss structure. A point mas$0fkg is added which represent the
weight of the antenna unit. It is placed at thetreeaf gravity of the antenna unit, 400
mm above the mast head. Rigid links transfer tlagl iopom the point mass down to
the mast head, see Figure 52.

‘r‘/__..-F’ol'nt mass (m=560 kg)

—_—

Figure 52  Mast head with a point mass modellingwiegght of the antenna unit.

5.5.2 Initial analysis and modifications

An initial analysis is performed in order to evakidhe stiffness and mass of the
model. The same steel as in the current mast id, weigh properties according to
Table 1. The initial analysis showed the need tdop® some modifications of the
design. It was mainly the torsional stiffness ofe thower mast that needed
improvement. To increase the torsional stiffness stiffeners were modified by
adding an anti-twisting beam below the cross, whichnects the upper and lower
frame beams of each mast leg. A benefit with thieteunster is that it relieves the
lower bearings from bending stresses. A stifferfiegm was also added above the
cross. The modifications of the mast are shownignre 53 below.
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Stiffening beam
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Figure 53  Modifications made on the mast to incesthee stiffness.
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5.6 Composite mast FE-model

The composite mast was modelled with quadrilatehnall elements since they suit the
design of the mast, see Figure 54. Second ordastar the shape functions are used
to give an accurate representation of stressestaaiths. The weight of the antenna
unit was modelled in a similar way as for the trossst. The initial composite mast
FE-model is shown in Figure 54.

AN Antenna weight

Hydraulic cylinders

Figure 54  Composite mast FE-model.

The hydraulic cylinder attachments were modellethemm elements and attached to
the hole edge using rigid elements, see Figurdrbthe feet- and knee joints, rigid
elements were used to create a rotation axis, airtol the truss structure mast. The
rigid elements are pink in the FE-model. The hyticacylinders were modelled as
beam elements and the antenna as a point massgsee 54 and Figure 56.
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Figure 55  The left figure shows the cylinder attmemt beam using a 1D
representation and the left figure with a 3D remestion. The rigid
elements can be seen in both figures.

Figure 56  The left figure shows the foot joint, dentre figure shows the knee
joint and the right figure shows the mast head wh#hantenna weight.

5.6.1.1 Initial analysis and modifications

Initial analyses of the FE-model resulted in th@ine modifications were performed

to increase the stiffness of the mast, see Figdreltscould be seen that the areas
around the cylinder attachments flexed a lot. &tifig bulkheads was therefore
placed close to the cylinder attachments. Theest#f was modified by introducing a

stiffening beam above the cross, which improvesstiftness between the two legs.
An anti-twisting beam was also introduced below ¢hess. This beam was found to
be necessary to relieve the mast feet bearings tvending moments. The final

modification was that the gap between the platesmiecting the cylinder attachments
was sealed. Note that this had to be done with tmneot exceed the maximum

allowed height of the shelter with the mast in &lgosition.
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Figure 57  Modifications performed on the compositest.
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5.7 Optimization

In order to obtain desired natural frequencies tanghinimize the mass of the masts’,
an optimization algorithm was used. MSC Patrangsigped with MSC in-house
optimizer that is used for setting up design stsidissing design variables, constraints
and objectives. MSC Nastran then solves the opéitioz problem, which means
finding the optimum value of the design variablest fulfils the constraints.

This section starts with a brief introduction torustural optimization. The
optimization of the two mast concepts is then dbsdr

5.7.1 Basic structural optimization theory

Structural optimization is a mathematical metho@dusvhen designing structures
subjected to mechanical loads. A basic requirerf@rgtructural optimization is that
the factors concerned needs to be measurable imematical form. The following

function and variables are always present in acttral optimization problem

(Christensen 2009):

Objective function (f)A function used to classify the performance of thesign.
Usually, f is formulated so that a small value is better thdarge (a minimization
problem).

Design variable (x)A function or vector that represents the desigrameter(s) that
can be changed during optimization. For examyplean represent the cross-sectional
area of a bar or the thickness of a sheet.

State variable (y) For a given design variabbe y is a function or vector that
represent the response of the structure. For aamexdl structure, response can be the
stress, displacement or natural frequencies ofsthecture. Constraints op are
common in an optimization problem.

Mathematically, the general optimization problenfoisned:

mAln f(x) (35)
xl X

Were:
Xis a subspace with allowed values for the desagrallex.

The constraints on y are usually writtgfy) 0, whereg can represent for example
the displacement in a certain direction. Designst@mts orx can be formulated in a
simulated way. For a linear optimization problem eguilibrium constraint must also
be fulfilled:

K(¥u=F(x) (36)
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Where:

K(x)is the structures stiffness matrix.
u is the displacement vector.
E(X) is the force vector.

The displacement vecton usually takes the role of the state variapleln the

optimization problem formed abovg,and x are treated as independent variables.
Hence the equilibrium problem is solved simultarsipuwith the optimization
problem. Another approach is that the state prohlemuely definey in a case of a
givenx:

y =u(x) = K(x)"E(x) (37)

This way of formulation the optimization problem dalled anested formulation
which is formulated as:

min f (x,u(x))
g(x u(x))£0

Solving the nested optimization problem is dongégerating and solving a sequence
of explicit subproblems that are approximation afuition 38. If several design
constraints are used, the optimization algorithml wieed information about
g, (g(k,g(g(k)),i =0,...,l, and their derivatives. An optimization algorithemgaid to be
of orderj if the highest order of derivatives used is of esrgl In structural
optimization, first order methods are most comm@hristensen 2009). Different
methods can be used to obtain an explicit appraiamaf the optimization problem.
Common methods arsequential linear programmingr sequential quadratic
programming In this work, a method called tineodified method of feasible direction
(MMFD) has been used.

(38)

5.7.1.1 Size optimization

Optimization methods can furthermore be divided itliree different typessize
optimization shape optimizatiorand topology optimization This is depending on
which feature of the structure thatrepresent. This work has used size optimization
exclusively. Sizing optimization is whenrepresent some structural thickness, like
the area of a truss rod or the thickness of a lateirsheet. Figure 58 shows an
example of a size optimization of a truss structure
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Initial design Optimized design

 F F

Figure 58 A sizing optimization problem where thess-sectional area of the
truss rods is optimized.

5.7.2 Truss mast optimization

Optimization of the truss mast was performed wikie tobjective function of
minimizing the mass of the mast. Constraint wastlsat the first natural frequency
must be at least 2.6 Hz. The dimensions of thedrBeams and truss rods were used
as design variables. In order to perform the omation the mast was divided into
sections having different properties. All elemewithin a section had equal cross-
sectional dimensions, which were changed iteratieklring the optimization. The
different sections of the mast are shown in Figa@@nd described in Table 17.

The truss frame beams were modelled as rectangrdéites and L-profiles, and the
truss rods as solid square profiles. This is shawnFigure 60. The optimal

dimensions of the corresponding cross-sections wal®ilated by the optimization
algorithm. From a bending-stiffness point the matas best used if it is placed at a
large distance from the bending axis. Thereforeogtamization algorithm prefers to

increase the width and height of the frame beasteau of the thickness. Unrealistic
solutions were avoided by enabling constraint aa ¢hoss-section dimensions, for
example that the width cannot exceed 70mm.

Optimizations were performed several times. Bagethe result of each optimization
it was determined which parts of the mast that edet be reinforced and where
stiffness could be reduced. For sections whereofstenized cross-sections of the
truss rods were small, some of the rods were rethéwaeduce the weight of the
mast. Another optimization then gave new dimensairibe cross-sections.

Table 17 Sections of upper and lower mast.

Sections of the lower mast

a - Truss frame beams (lower) e - Truss rods (leeaar hydraulics)
b - Truss frame beams (upper) f - Truss rods (upjoiers)
c - Truss rods (lower sides) g - Truss rods (upper& bottom)

d - Truss rods (lower top & botton})
Sections of the upper mast

h - Truss frame beams (lower) | - Truss rods (gg@er hydraulics)
i - Truss frame beams (upper) m - Truss rods (upjoles)
j - Truss rods (lower sides) n - Truss rods (ugppr& bottom)

k - Truss rods (lower top & bottony)
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Figure 59  Sections of upper and lower mast.

Figure 60 The left and centre figure shows the ale cross-sectional
dimensions of the truss frame beams. The rightrdigghows the
variable cross-sectional dimensions of the trustsro

5.7.3 Composite mast optimization

To minimize the weight of the mast, the best wduddto optimize the thickness and
fibre directions of each element on the mast. Harethis would result in a large FE-
model with thousands of parameters. The mast walglal be difficult to manufacture
with all the varying thicknesses and laminate cdatipins. The meshed surfaces were
therefore divided into sections where the thickreess fibre direction of each section
were optimized. Figure 61 shows the division of st sections.

The optimization was performed with the objectivadtion of minimizing the mass
of the mast. Constraints were set on the natuegluincies, minimum 2.6 Hz and 3.0
Hz for the first and second mode, respectively.dasign variables the thicknesses
and fibre directions in each mast section were .used
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Plate 5B

Plate 1B
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Plate lﬁ“‘““"‘-p \ - -
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Figure 61  The sections are numbered from one terseivom the bottom to the
top. The suffix A indicates top and bottom platesl @he suffix B
indicates side plates.

The optimization was first performed using IM30Ghmn fibre with quasi-isotropic
layup, hence only the thickness in each sectiorevegitimized. A laminate with
guasi-isotropic lay-up has equal amounts of fibrethe four directions 0°/+459/-
45°/90°. This resulted in a stiffness of 68 GPa.

Furthermore, the optimization was also performedgbmize the amount of fibre in
each one of the four directions. This means thanthaterial needs to be modelled as a
laminate in MSC Patran. The stacking sequence veakeied according to Figure 62.
The symmetric stacking sequence used implies iea¢xtension-bending coupling of
the laminate was eliminated (see Section 5.1.5® Eguation 14). Quasi-isotropic
layup were kept on the stiffeners and on plate 2B &B to increase the masts
robustness.
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+450
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90°
90°
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+45°
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Midplane

Figure 62  Stacking sequence in the laminate mdteradel.

In the model, the zero degree direction was chtsée in the length direction of the
lower and upper mast, respectively. Minimum allowsdickness in each fibre
direction was set to one millimetre. The maximumkhess was set to 16 mmeach
fibre direction. Note that the stacking sequencawshin Figure 62 is a theoretical
model of the fibre distribution in a laminate. Inaptice it is common not to stack
more than four plies in one fibre direction on wipeach other. One ply in another
direction breaks the sequence before it can bam@d. This, since it is preferred to
have some strength in the other directions. Filmectlon optimization was
performed with three different fibres, high strémgintermediate modulus and high
modulus carbon fibre. Material data for each filsrgiven in Table 16.

5.8 Strength and buckling analysis

Verification of the composite mast performance inersgth and buckling was
analyzed with different load cases in MSC Patramcés the weight reduction
potential of the truss mast was found to be pawa/yases were only performed for the
composite mast. The material used in the analysssam IM300 carbon fibre, with
the fibre distribution obtained from the optimizati Linear static analysis was
performed with the mast in fully raised, partly sed, and completely lowered
position, see Figuré3. Wind load of 40 m/s and gravity formed statiad cases. The
wind load was applied as pressures on the surfsiadbe mast. This was done in such
a way that the resultant forcesTiable 18were obtained. The resultant loads were the
same as the current mast is designed for. Wind ¢mathe antenna was applied as a
point load. A number of load cases were analysesl Taiblel8.
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Figure 63  FE-models of the composite mast in fudliised-, partly raised and
lowered position.

Table 18 Resulting forces on different mast sestiaind 40m/s.

Part F, [N] | F,[N]

Antenna unit 3400 | 3400
Upper mast 4600| 4200
Lower mast 6200 6200

Mast cylinders 1500 | 1500
Resultant forces 15700 15300

Table 19 Load cases for strength and buckling asesdy

Load case| Mast position| Dimensioning load

1 Raised Gravity and wind in +x directi¢gn
2 Raised Gravity and wind in -x directioh
3 Raised Gravity and wind in +z directign
4 Partly raised Gravity and wind in -x directidn
5 Lowered Gravity

5.8.1 Mast lock analysis

The effect of deploying the mast from lowered positwithout deactivation the
locking system was also analyzed. This scenarioocanr if the hydraulic cylinders
are operated in manual mode and the operator fotgeteactivate the locks. The load
cases under consideration include different comstraonditions and hydraulic
cylinder forces, see Table 20. In order to simutheelocks, constraints are places at
the nodes shown in Figure 64.
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Constrained nodes

nhe

Figure 64  Constraints simulating the front and réacking devices.

Table 20 Load cases for mast lock analysis.
Load Upper cylinder force | Lower cylinder force | Front locking | Rear locking
Case | [kN] [KN] device device
1 -117 - Locked Unlocked
2 - -86 Locked Unlocked
3 -117 - Unlocked Locked
4 — -86 Unlocked Locked
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6 Results

In this section the results from the optimizatidrtiee two masts are presented. The
result from the strength and buckling analysishef tcomposite mast is also presented.

6.1 Truss mast

From the initial optimizations it could be detereghthat the truss rods on the sides,
top, and bottom of the mast have small influencettmn natural frequencies. An
exception is the rods near the cylinder attachmants between the knee joint and
cylinder attachments on the upper mast (regipp Kk, lin Figure 59). Here thicker
rods are preferred in order to handle the foraas fthe hydraulic cylinders. Based on
this result the FE-model was modified, by removiradf of the truss rods from the
regions indicated by the initial optimization.

6.1.1 Natural frequencies

The eigenmodes of the final FE-model is shown guFe 65 below. The first mode
shows bending of upper and lower mast in the xetlva. The second mode shows
bending of the upper mast in the z-direction corabinvith twisting of the lower
mast.

Figure 65  The first natural frequency to the lefidathe second to the right. The
blue parts are the undeformed mast.
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The result of the optimization of the final FE-mbdegiven in Table 21. As seen in
the table the optimal geometry is frame beams Vaithe cross-section, which gives
high bending stiffness. The rods between the kmé® jand the upper cylinder
attachment should also be thidk/ = 21 mm). It is seen that the weight of the upper
and lower mast is 716 kg which corresponds to 108%e current upper and lower
mast. An optimization was also performed with tteerfe beams maximum width and
height constrained to 70mm and the thickness to 6niiis is to force the
optimization algorithm to increase the width of thess rods and to avoid impractical
large dimensions of the truss frame beams.

The results from this constrained optimization also given in Table 21. The truss
rod dimensions were increased compared to the steamed analysis, while the
frame beams approaches their maximum allowed valle mass of this mast
configuration increases to 812 kg (117% of the enirmast). An optimization was
also performed with the frame beam switched to dfif@s. Using L-profiles resulted
in a mast weight of 976 kg (140% of the current thdased on the result from the
optimization it was concluded that no weight redutis possible with the truss mast
concept. The second natural frequency is still lotvan what is desired. The stiffness
of the mast must be raised to obtain the desirequincies, this will most likely
increase the weight of it. The low potential of thess mast concepts was the reason
for not performing strength and buckling analyses.

Table 21 Optimized dimensions of the truss mast.

Unconstrained optimization Constrained frame beams

Optimized dimensions [mm] Optimized dimensions [mm]
Lower Mast W H t W H t
a-lower frame beams 53 78 3 59 67 4
b-upper frame beams 105 92 3 69 69 6
c-lower rods (sides) - - 12 - - 13
d-lower rods (top&bottom) | - - 7 - - 10
e-rods near hydraulics - - 12 - - 16
f-upper rods (sides) - - 11 - - 13
g-upper rods (top&bottom)| - - 8 - - 10
Upper Mast
h-lower frame beams 75 102 6 70 70 6
i-upper frame beams 67 157 3 66 70 6
j-lower rods (sides) - - 21 - - 16
k-lower rods (top&bottom) | - - 8 - - 9
I-rods near hydraulics - - 17 - - 22
m-upper rods (sides) - - 10 - - 12
n-upper rods (top&bottom)| - - 6 - - 8
fy [HZ] 2.6 Truss rod 2.6 Frame beam
f,[Hz] 2.67 W 2.65 WV,
Mass [kg] 716 812 ¢
Mass (% of current mast) 103 W 117 H >«

% Mass of lower and upper mast. The mass of thenaatenit, bearings, and hydraulic cylinders are
excluded.
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6.2 Composite mast

In this section are the results from the optim@atnd analysis of the composite mast
presented.

6.2.1 Natural frequency

The optimization had the objective of minimizing seafor the given natural
frequencies 2.6 Hz in the first mode and 3.0 Hihm second. The thickness of the
plates were optimized and resulted in a weightctdn of 39.7% for the carbon fibre
with quasi-isotropic laminates. The first and setomode can be seen in Figure 66
and the deformation is similar as for the trusstmBse optimization showed that the
mast needs high stiffness around the cylinder latt@nts. This resulted in thick plates
close to the attachments. In addition to thiss ipieferable to place as much material
as possible in the corners of the cross-sectiaménglue profiles with high thickness.
From the initial analysis the modifications in Figub7 were performed to improve
the stiffness around the cylinder attachments. Téssilted in a weight reduction of
43.7%.

Figure 66  The first natural frequency to the lefidathe second to the right. The
blue meshed parts are the undeformed mast.

The optimization with both fibre directions and laate thicknesses as parameters
resulted in further reduced weight, see Table 2f2elthat the weight reduction values
in the table are valid for the sum of lower and empmast, originally 696 kg.
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Table 22 Results from the optimization.

Fibre Weight reduction [%]
High strength 42,8
Quasi-isotropic (IM-fibre)| 43,7

Intermediate modulus 49,4

High modulus 53,1

The fibre distribution and laminate thicknesses tfoe different plates and profiles
with the intermediate modulus carbon fibre can éensin Table 23. In general there
is a higher fibre fraction in the zero degree diggtin the laminates, especially in the
profiles. This confirms that they contribute wittiffaess to the first two modes, in
comparison with the quasi-isotropic lay-up. Similarthe initial analysis, there is a
high thickness around the cylinder attachments.

Table 23 Thickness and fibre distribution for thieermediate modulus mast.

Thickness on one side of symmetry plane [mm] | Laminate
/ (fibre fraction of total in laminate[%]) thickness [mm]

0° 45° -450 90°
Plate 1A | 2/(57,1) | 05/(14,3)] 0,5/(14,3) 05/(14,3)
Plate 1B | 0,5/(25) | 0,5/(25) | 05/(25) | 05/(25)| 4
Profile 1 | 2,8/(65,1) | 0,5/(11,6)] 0,5/(11,6) 0,5/@)1, | 8,6
Plate 2A | 3/(60) 0,8/(16) | 0,7/(14) | 05/(10)| 10
Plate 2B | 2/(25) 2/(25) 2/(25) 2/(25) 16
Profile 2 | 4,9/(71) | 0,7/(10,1)| 0,7/(10,1) 0,6/(8,7)/ 13,8
Plate 3A | 4/(67,8) | 0,7/(11,9)] 0,7/(11,9) 05/(85) 1.8
Plate 3B | 0,5/(20,8)| 0,7/(29,2) 0,7/(29,2) 0,5/(30,84,8
Profile 3 | 4,3/(69,4) | 0,8/(12,9)] 0,6/(9,7)| 0,6/(8,1) 12,4
Plate 4A | 1,5/(44,1)| 0,7/(20,6) 0,7/(20,6) 0,5/()4,76,8
Plate 4B | 0,8/(21,6)| 1,2/(32,4) 1,2/(32,4) 0,5/()3,57,4
Profile 4 | 3,4/(61,8) | 0,8/(14,5)] 0,8/(14,5) 0,5/9,1 |11
Plate 5A | 1/(37) 0,6/(22,2)] 0,6/(22,2] 0,5/(18,8) 45,
Plate 5B | 2/(25) 2/(25) 2/(25) 2/(25) 16
Profile 5 | 6,2/(71,3) | 1/(115) | 1/(11,5) | 05/(57)| 47
Plate 6A | 1,6/(51,1) | 0,5/(16,3) 0,5/(16,3) 0,5/()6,86,2
Plate 6B | 1/(40) 0,5/(20) | 05/(20) | 0,5/(20)] 5
Profile 6 | 5,3/(77,9) | 05/(7,4) | 05/(7,4)| 05/(7,4)13,6
Plate 7A | 1,4/(48,6)| 05/(17,1)] 05/(17,1) 05/(37,15,8
Plate 7B | 0,8/(34,8)| 0,5/(21,7) 05/(21,7) 0,5/(31,74,6
Profile 7 | 3,9/(72,2) | 0,5/(9,3) | 05/(9,3)| 0,5/(9,3) 10,8

Section
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6.2.2 Strength and buckling analysis

To ensure that the no failure occurs were streagth buckling analysis performed
with the loads given in Section 5.8. The materiabsen for the analysis was the
intermediate modulus carbon fibre. The result ftb analysis can be seen in Figure
67 to Figure 73. The figures only show the critiaedas. The deformation shown for
the buckling modes is exaggerated for an illusteagiurpose. The maximum allowed
strain for the material is 0.4% with a minimum alkd buckling eigenvalue of two,
for the forces and load <cases specified in Table 1&nd
Table 19. These limits are currently used by S@abseen in the result, the lowest
margin of safety for the strain is 3.6 and the IstMeuckling eigenvalue is 2.8. The
risk of failure is therefore very small. The areath the highest strains are around the
cylinder attachments. Other exposed areas arecldgles and the transition from mast
to mast head. The buckling eigenmodes changesfferemt loads. Hence, it can be
concluded that no specific part is more sensitiamtany other.

6.2.2.1 Fully raised position

Table 24 Result for the mast in fully raised positiA MS of 5.0 imply that the
margin to maximum allowed strain is 500%. A bugklgigenvalue of
4.0 imply that the margin to buckling is 400%.

Load case| Max strain| Max stres§ MS| Buckling eigenvae | Comment

wind +x | 0.08% — 5.0 =4.0 See Figure 6}
Wind -x 0.056% — 7.1 =3.8 See Figure 6B
Wind z - 207 1.71] =5.2 See Figure 6p

483004

£E2 8 =

Figure 67  Wind in positive x-direction. The lefjure shows max strain around
the cylinder attachments. The right figure showskbog of the
stiffener.
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Figure 68  Wind in negative x-direction. The lefiuiie shows max strain around
the cylinder attachments. The right figure showskbog of the upper
mast.
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Figure 69  Wind in z-direction. The left figure stsomax stress in the steel foot.
The right figure shows buckling of the lower hydi@aylinders.

6.2.2.2 Partly raised position

Table 25 Result for the mast in partly raised posit

Load case| Max strain| MS| Buckling eigenvalug Comment
Wind +x | 0.055% 7.3] =85 See Figure 7

=

CHALMERS, Applied MechanicsMaster’s Thesis 2010:33 81



Figure 70  Wind in positive x-direction. The lefyure shows max strain at the
mast head. The right figure shows buckling of tiveelr mast.

6.2.2.3 Lowered position

Table 26 Result for the mast in lowered position.

Load case| Max strain| MS| Buckling eigenvalug Comment
Gravity 0.065% 6.2] =28 See Figure 7

—

Figure 71  Gravity load only. The left figure showsx strain at the cylinder
attachment. The right figure shows buckling ofupper mast.

6.2.3 Mast lock analysis

Strength analysis of the mast was performed to eeanhe effect of deploying the
mast with the mast locks enabled. Four differemstdl@ases were considered, see
Table 20. The result from this analysis is giverTable 27. It can be seen that high
stresses are present in the knee joint for load taand 2. The cylinder attachments
and the mast head are areas with high stresstsafbrase 3 and 4.
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Table 27 Result from the mast lock analysis, lcesks are specified in Table 20.

Load case| Max strain| Max stress MS Comment

1 - 175 MPa - See Figure 72
2 - 125 MPa - See Figure 72
3 0.11% - 3.6 | See Figure 73
4 0.059% - 6.8 | See Figure 73

Figure 72 The figures show max stress in the alumirknee joint. The left figure
is load case 1 and the right figure is load case 2.

Figure 73  The left figure shows max strain at tigencer attachments, load case
3. The right figure shows max strain at the masichéoad case 4.
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6.2.4 Cost estimation

Table 28 shows the cost estimation for the compasdst with the different types of
carbon fibre. Only the bulk material price for tlearbon fibre was considered.
Manufacturing costs were not included since it @#icult to estimate and outside
the scope of this project. It can be seen thattis¢ for increased weight reduction is
high. Cost per reduced kilo is calculated as théera cost for the carbon fibre,
minus the material costs for the current mast,dédi by the weight reduction in
kilogram (see Equation 39). The material cost fiar ¢urrent mast is calculated based
on a weight of 573 kg, this excludes joints andnddr attachments. With a steel
price of 22 kr/kg, this gives a material cost of6ldb kr (Tibnor 2010).

There will be some costs for the steel cylindeadtments and the aluminium joints.

However the cost for the aluminium was not found #@mwas thereof excluded in the
cost estimation.

Table 28 Weight and material cost for the comjgosiaist.

Fibre Weight Total weight of | CFRP Material Material | Cost per
reduction | lower & upper | only [kg] | cost [kr/kg] | cost[kr] | reduced
[%0] mast [kg] kilo [kr/kg]
HS300 42.8 398.1 274.9 341 93 752 272
IM300 (QI) | 43.7 391.8 268.6 739 198 416 611
IM300 49.4 352.2 229 739 169 157 455
HM300 53.1 326.4 203.2 1044 212114 540
Cost per reduced kilo [kr/kg] m (39)
696 kg- vy

x = Material cost [kr]
y = Total weight of lower & upper mast [kg]

* QI = Quasi-isotropic lay-up.
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7 Discussion

From the results it can be seen that the optimiteel truss mast gave an increase in
weight of 3% for unrestricted dimensions. The trirasne beam dimensions for this
mast configuration became quite large. Thereforegewsnstraints on maximum
dimensions used. However, this increased the wetghh more and resulted in a
weight of 117% of the original. Attempts with alurum were performed, this did
not give any weight reduction. It can be explaitgdthe lower stiffness to weight
ratio in pure tension and compression, comparetitel.

Nevertheless, it should be noticed that this concempete with a mast of the same
material with a design that already is optimized.rmodel the local flexibilities in the
welded joint are difficult. This means that the FiBdel will be stiffer than the
manufactured mast. Therefore, it may be desirdtht@ some margin of safety. The
low weight reduction potential for the truss mastthe reason for not performing
further analysis regarding strength and buckling.

The advantages of a truss structure will becomesrabwious if the limits on allowed
maximum dimensions of the mast are higher. Keptepthicknesses for the current
mast but with increased width and height may leatuckling issues. In that case a
truss structure will be more suitable. The effdcinoving area to the corners of the
cross-section will also be more apparent. A trusstnwould furthermore require
extra systems to protect the waveguide and to cshisé electromagnetic fields
generated by the cables.

The composite mast gave a weight reduction of 83.8% depending on laminate
structure and specific fibre. This is mainly duetie high stiffness to weight ratio of
the material. Hence, the objective of a 50% wergltuction can be seen as fulfilled.
The strength and buckling analysis showed that Vewy risk of laminate failure
exists. This can be explained by the increasedmbinas that are needed to obtain the
desired natural frequencies. The bending stiffeéss plate is cubically dependent of
the thickness. An increase in thickness therefadically increases the bending
stiffness and as a result lowers the risk of buckliThe usage of carbon fibre is also
promising from a service life perspective, since ffitigue limit is as high as 90% of
the tensile strength compared to about 45% fot.stee

The SE 84LV epoxy prepreg system from Gurit SP Higidulus is chosen for the

composite mast. Several other prepreg systems asoeevaluated. The reason for
choosing this particular system is that data fer shistem with different reinforcing

fibres were available. Such data can otherwise d&d ko find. The risk of impact

damages may be an issue if a composite materizgddd, especially during manual
removal of ice. The SE 84LV prepreg system hasightened matrix which improves
the impact strength and reduces the risk of damfagesice removal.

Carbon fibre is unable to undergo plastic deforamtino stress relief around hole
edges is possible. In the work this has been atedufor by using a maximum
allowed strain of 0.4%, which is lower than theuattstrain-to-failure of the material.
Furthermore, this introduces safety against possil@images in the laminate. The
robustness was additionally improved with increasederial thickness around hole
edges using a quasi-isotropic laminate. The sarseaption was utilized on the
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stiffener. Glass fibre can also be used at themeeplsince they have higher strain-to-
failure. Moreover, glass fibre has electrical isiola properties and can therefore be a
barrier in the carbon fibre/metal interfaces to idvgalvanic corrosion. The oxide
layer on the aluminium also has an isolating effect

For the steel parts, the same material is usedrdld current mast. The peak level of
stress in the aluminium parts occur in the kneegtjaihen the upper mast is raised
with the front locking device enabled, see Figu2e Stresses in the joint reaches 175
MPa, which is quite high. Since some margin of tyaife desired, the knee joint can
either be reinforced around the hole or aluminiurthvhigh yield strength can be
used. In the latter case, the 7020-T6 aluminiursugable. It is used for military
purposes has a yield strength of 335 MPa. Hene@)gga margin of safety of 1.91.
The 7020-T6 alloy is commonly used in welded aians and has a high resistance
against stress corrosion. Furthermore, its highgdat strength conforms to the
demand of a 20 year service life (Aluminium mattedote that the mast lock
simulation is highly simplified. Since no mast Isckeere included in the models, the
hole nodes at the knee joint were constrained adst&his results in a more severe
deformation of the knee joint than what actuallyudooccur.

The FE-model for the composite mast was to somenesimplified. One example of
this are the sections used for dividing the mas, Bigure 61. Since the number of
sections that were optimized is relatively few, thiference in thickness between
some sections is large. This was done to speethaigaiculations and to receive a
graspable amount of variables. Smaller sectionsldveesult in finer thickness

transitions and more accurate fibre fractions ichedirection.

Another example of a simplification in the FE-modekhe glue profiles. In the FE-
model the glue profile and plate is representedry thickness, as seen in Figure 74.
The physical mast will have fixed dimensions on ¢fee profiles while the plate’s
thickness is variable. The plates and the glueillpsoélso share the same mid-surface
in the FE-model. The justification for the designtihe FE-model is that it creates a
coherent mid-surface which is easier to mesh. dukhalso be pointed out that the
CAD-models are not updated with the result fromREecalculations.

Figure 74  The left figure shows the simplified giwefile design used in the FE-
model. The right figure shows the intended gludilgrdesign.
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In the results it can be seen that the highest filaction in one direction in a laminate
is 77.9% The minimum amount of fibre in one direction i§%. This is since the
optimization was performed for the first and secaradural frequency. The high
amount of fibre in one direction can make the nsastsitive for unpredicted load
cases. Therefore it may be desired to narrow tire fraction range in each direction
to about 10-70%. This would assure a minimum andimam amount of fibre in
each direction.

Since the project focus was the mechanical perfoceaf the mast, some aspects
were excluded in the work. The installation of embhnd waveguide has not been
considered in the models. The mast also has to dukfied to some extent to cope
with the EMC requirements. It is likely that shielg of cables and waveguide is
required. An extra system for lightning protectienalso required. Some of the
environmental requirements has however been extlusie example is the resistance
against manual ice removal. It is difficult to Jgrithis requirement without
mechanical testing.

If the restrictions on kept interfaces to jointglaylinders are loosened it might be
possible to introduce a new more effective desigi turther could lower the weight.
The design will still be limited as a result of tvaveguide. Its function is to transfer
waves from the wave generator, located in the shdti the antenna. The waveguide
is a copper tube going through the upper and lonast, merged by a revolved joint
in the knee joint. It is unfortunately not possibdedesign the waveguide in any other
way. This limits some of the otherwise possibleigles of the mast. If the wave
generator was moved to the antenna, new designfdvbeupossible. Including the
wave generator in the antenna will make it heaviéis would require a stiffer and
likely heavier mast, to obtain the desired nattrejuencies.

The lowered weight of the mast will lead to weigbatuction potential of the other

components such as the shelter. Increased utilizafi materials such as carbon fibre
in the Giraffe AMB system may enable new ways ahgportation with for instance

helicopter.
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8 Conclusions

The aim of the present work was to investigate p@esible solutions, one utilizing
metallic material and one utilizing composite mier These concepts were
developed to fulfil the same requirements as timeeatimast.

It is concluded that no weight reduction is possiith the steel truss mast. In fact
the truss mast gave an increase in weight. Othawlthcks with this mast are
manufacturing and maintenance aspects. The maa wdih the truss mast was a
lighter mast with less projected area for the wioald. Based on the result that no
weight reduction is possible, together with theeotdrawbacks, the truss mast is
concluded to be unsuccessful.

The results from the truss mast calculations leathé conclusion that the current
mast design is optimal when metallic materials ased. If all the mechanical
interfaces are kept it is difficult to find a desighat gives better lightweight
performance.

If the mast is designed using composite matertaks,weight reduction potential is

high. Preliminary results indicate that a weightlugtion up to 53% is possible.

Strength and buckling analyses shows a high mafgsafety against laminate failure.
Material data for the chosen composite prepregesyslso indicates that the mast
fulfils the environmental requirements. Due to #eellent fatigue properties and
high margin of safety it can be concluded thatritaest will survive the design lifetime

of 20 years. The high fatigue strength of the chogleminium also corresponds to
this demand. In addition to this, the 7020-T6 ahionn properties also suits the other
requirements set on the material.

The preliminary weight reduction obtained for themposite mast is likely to be
reduced if the mast is modified to fulfil requirem@f EMC, lightning protection and
installation of cables and waveguide. The highéfilnaction in one direction may
have to be reduced to increase the robustness ofaist.

Finally it is concluded that the increased weighuion using high-modulus fibre

has a high price. The weight when using high stteagd high modulus carbon fibre
differs with about 70kg, while the difference instas more than 10 000£. The large
guantities of carbon fibre are likely to give albdiscount from the supplier, but the
cost relation between the different fibres candensas fixed.

This work furthermore shows how the great mecharpeaformance of composite

materials can be used in lightweight design ofaaml{oarrying structure. The choice of
design, manufacturing method and specific lamiaageclosely related. It is seen that
the anisotropic material properties of compositetemi@s make calculation and

material modelling more difficult. However, the soiropy also makes the material
possible to be tailor-made for the specific appicza The experience gained from
this project can be used for designing other Saatysts using composite material.
This in particular applies to optimization and as& of composite structures using
MSC Patran/Nastran.
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8.1 Recommendations

Recommendations for future work are that the coigasast should be divided into
smaller sections to better display where the maltés needed. The number of
sections depends on what can be seen as defehsthl®ut of a manufacturing and
cost perspective.

The FE-model should be further developed so th&shfor cables and waveguide
installation are included. More accurate modelliighe glue profiles should also be
considered. A lower and upper fibre fraction limit each direction is also
recommended to be used in the optimization. Simégthe parts in carbon fibre have
been optimized, the possibility of weight reductmfrfeet- and knee joints should be
examined.

Furthermore, proper shielding of cables and wawkgunust be done to fulfil EMC
requirements. Once a specific material is choseaemnal testing must be carried out
to assure the properties of the material. Testfrtg@impact strength must secure that
mechanical removal of ice is possible without daimgghe material.

The introduction of a lightweight mast in GiraffdV8 enables weight reduction of
other systems. These possibilities are recommetalbd investigated. Extensive use
of composite materials in the Giraffe AMB system ymanable a significant
improvement in the mobility, such as transportatiotin helicopter.

The final recommendation is to select the highngiie carbon fibre. It provides most
value for money. If higher modulus fibres are ugsbd,weight reduction is small, but
the increase in material cost is dramatic. Theefidinould be used together with the
SE 84LV epoxy prepreg system since they togeth#il the demands. Further
investigation can be done to analyze if any otlpexg have superior fulfilment of the
requirements. For the joints, the 7020-T6 aluminismecommended.

In the end it comes to the question of how muchentioe customer is willing to spend
for the weight reduction of the mast.
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Appendix A: Specification of requirements

This document specifies the requirements for thegteof a lightweight mast for the
Giraffe AMB radar system. The construction is basad the current mast,
IPC10104/1. This product is given the number INXNIQ001/1.

For concept evaluation purposes the requirememtdisted as strict requirements
(Req) and desired properties (Dp). The importarfce a@esired property is classified
in a scale 1-5, where 1 is low importance and 5 higportance. The verification
method is also included.

1 Design
1.1 Req: Geometry

The mast should be mounted on the roof of the gir&MB shelter and fit within its
boundaries. Furthermore is the height limited sitheeshelter together with the mast
in folded position should be possible to trans@®ta container. A drawing of the
available space is shown in Figure 75 below. DetaCAD drawings of the Giraffe
AMB shelter and the current mast are available. ilast should be 7893 mm high in
raised condition, measured from the roof of thdteh&o the turn table interface.

Verification: Measurements in CAD-model.

Figure 75  Available space on the Giraffe AMB shelteft figure is view from the
bottom and right view from the side.
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1.2 Dp: Mechanical interfaces

It is desired to keep all the mechanical interfaoédshe new mast on the same
positions as before. The mechanical interfaces are:

Attachment of the lower mast to the shelter.

Lower hydraulic cylinder attachment points to thelter and lower mast.
Upper hydraulic cylinder attachment points to upgeed lower mast.
Position and design of the knee joint between uppdrlower mast.

Mast head attachment to upper mast.
Verification: CAD-model.

Importance: 4

1.3 Dp: High weight reduction

The aim with the lightweight mast is to reduce #eight with 20% using metallic
materials and 50% using composite materials, coeaptar the current mast.

Verification: Measurements in CAD- or FE model.

Importance: 5

1.4 Dp: Low projected area

The mast should have lower projected arga,than the current solution, see Table
29. This is to reduce the wind load on the structur

Table 29 Static wind loadings as resultant foregesg-iand z-direction at 40 m/s.

Part Cq Ap (M%) Fx (N) Ay (M) F. (N)
Antenna unit 1.6 2.2 3400 2.2 3400
Upper mast 2 2.2 4600 2.0 4200
Lower mast 2 3.0 6200 3.0 6200
Mast cylinders 1.2 1.2 1500 1.2 1500
Resultant forces 15700 15300

Verification: Measurements in CAD-model.

Importance: 5
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1.5 Dp: Low complexity

Solutions using a low grade of complexity are dmkit.ow complexity means:
Minimum number of components.
Minimum number of different components.
Minimum number of interfaces.

Use of simple geometries.

2 Functions of the mast

2.1 Req: Locking system

It should be possible to lock the mast againststieter during transportation. The
locking device should withstand an attempt to rémemast without deactivating the
locking system.

Verification: FEM calculations.

2.2 Req: Cabling
Attachment of cables and waveguide to the mastldhmipossible.

Verification: Material data, CAD-model.

3. Environmental aspects

3.1 Req: Surface temperature

The mast should be possible to operate in ambaenpératures from -46°C to 55°C.
In addition 1120 W/rh solar radiation is included. This gives a maximsurface
temperature of 110°C.

Standard: STANAG 2895 categories Al, A2, A3, B1BB2CO, C1 and C2.

Verification: Material data.
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3.2 Req: Outdoor exposure

The mast must withstand exposure to outdoor exposthis includes exposure to
rain, snow, hail, sandstorms etc. No degradatiopeiriormance from environmental
exposure is allowed during the design lifetime @fy2ars.

Verification: Material data.

3.3 Req: Ice Resistance

The mast shall be designed to withstand 13 mmhic&ress. Ice deposits on the mast
must be possible to remove.

Standard: MIL-STD-810F, Method 521.2.

Verification: Material data.

3.4 Dp: Manual ice removal

Manual mechanical removal of ice from the mast aithdamaging the structure is
desired.

Verification: Material data.

Importance: 2

3.5 Req: Lightning strike protection

The mast should have the function of leading awalrect lightning strike on the
mast i.e. it should have a connection to earth.

Verification: Electrical conductivity of the mast.

4 Mechanical properties

4.1 Req: Natural frequency requirements

The lowest natural frequency of the mast in depdogesition should be at least 2.6
Hz and 3.0 Hz in the x- and z-direction, respedyiv€his is to avoid resonance of the
whole system including the shelter.

Verification: FEM calculations.
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4.2 Dp: High natural frequency

Designs with a higher natural frequency than spetiéire desired. A higher natural
frequency gives a margin against resonance.

Verification: FEM calculations.

Importance: 3

4.3 Req: Loads

The mast should support the weight of the antemitathat should be mounted on the
top of the mast. The weight of the antenna uniuisiag turn table is 560 kg.

The mast should also withstand a wind load of 4€. mifferent positions of the mast
must be considered, i.e. raised, partly raisedcantpletely lowered position.

Verification: FEM calculations.

4.4 Dp: Large strength margin
The mast should have a large margin against yiglftinthe specified loads.

Verification: FEM calculations.

4.5 Req: High buckling resistance

The mast should be designed to avoid local buckdiindg have a safety margin of
minimum 100%.

Verification: FEM calculations.

5. Material

5.1 Req: Corrosion resistance

Materials used in the mast shall be corrosiont&sisor given a corrosion-resistant
treatment or coating. No degradation in safetyfgoerance and function due to
corrosion is allowed during the design lifetimetioé mast.

Verification: Material data.
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5.2 Dp: High Toughness

It is desired to have sufficient toughness of thesito withstand rough treatment
during transportation etc. Minimum fracture tougési€,;c = 10MPa/m.

Verification: Material data.

Importance: 3

5.3 Req: Stiffness and strength

The material must have sufficient strength andr&ffs. To low values would give a
very thick structure to get the desired propertidsmimum values:E = 40 GPa
y =100 MPa.

Verification: Material data.

5.4 Req: Fire Resistance
The mast shall not contain substances or compotigattsnay cause fire.

Verification: Material data.

5.5 Dp: Dangerous Substances

The product shall, if possible, not contain compusgesubstances or materials, that
each or in combination can be hazardous to per§omoperty or environment when
the product is operating, maintained, transporteired or under disposal. If
dangerous substances are used they shall be akclare

Verification: Material data.

Importance: 3

CHALMERS, Applied MechanicsMaster’s Thesis 2010:33 97



5.6 Req: Chemical resistance

The exposed sub-systems shall be designed to aiithsthe following chemical
environment without need of repainting and chargfesbber details:

De-icing liquids (De-icing liquid consists of abdg6% glycol, others: water,
inhibitors and antifoaming agent).

Splash of alcohol, paraffin oil, weapon greasergbenm, diesel-, hydraulic-
and engine fluid and C-battle agent (mustard gdsvarious nerve gases).

Verification: Material data.

6. Manufacturing

6.1 Req: Production

The mast should be possible to produce using copiafigr available production
methods. The number of produced masts is aboytdepear.

Verification: Data of available production methods.

6.2 Dp: Manufacturability

It is desired to use production methods that gigh lguality, low variations and are
suitable for low volume production.

Verification: Production method data.

Importance: 2

6.3 Dp: Low cost
Cost of the final concepts should be estimated @mdpared with the current mast.
The goal is to keep the cost within today’s leviedtal cost includes material and
manufacturing cost.

Verification: Cost assessment.

Importance: 3
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7. Other
7.1 Req: EMC compatibility

The radar system including the mast shall fulfiitanber of standards regarding the
Electromagnetic compatibility (EMC) of the system.

Standards: MIL-STD-461E, MIL-STD-464A, IEC/EN 6040x, DEF STAN 59-411,
HPM and TEMPEST, MIL-STD-464A, 5.2.

7.2 Req: Design Lifetime
The system shall have a design lifetime of mininGvyears.

Verification: Material data.

7.3 Dp: Complexity and risk assessment

Introduction of new designs with high complexity yniae difficult to produce and
result in defects and variations. This increasegigk of failure and should therefore
be avoided if possible.

Verification: Complexity assessment.

Importance: 2

7.4 Dp: Extra systems

Designs that require introduction of extra sub-ayst in the mast for fulfilment of
requirement should be avoided, e.g. de-icing eqaignightning conductor.

Verification: Complexity assessment.

Importance: 2

7.5 Req: External Colour

The exterior of the system shall be possible totpIATO Green (RAL 6031 gloss
level F9) as base colour.

Verification: Material data.
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Appendix B: Solutions for mast subsystems

This appendix contains the solutions for differsabsystems that are not included in
the main report.

1.1 Wide truss structure

The current design is replaced with a squared strissture. One frame beam in each
corner and between them are rods placed in a triangattern. The truss cross
section can be either empty or consist of rods tnamgular manner. By keeping a
large cross-sectional area, mass is moved away tinententre axis. This increases
the stiffness of the structure. The advantagesdsablvantages for the concept are
given in Table 30.

Table 30 Advantages and disadvantages for the tide structure.

Advantages Disadvantages |
Use of metals result in low material and Somewhat higher weight than truss structure
manufacturing cost. original.

Reuse of components. Can be difficult to implenweitit the kept

interface requirement.

Higher stiffness and simpler design than truss
structure original.

Figure 76  A) side view of a lower leg, B) top vieira lower leg, C) top view of
the upper mast and D) cross section.
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1.2 Stiffeners

This section describes ideas for how the functibthe lower mast stiffeners can be
solved.

1.2.1 Wire stiffeners

The stiffeners are designed as steel wires thaattaehed to the two lower mast legs.
Figure 77 show the principle of the solution. Thieew are pre-tensioned to a desired
level. When a force is applied from the side, ohthe wires will be stretched and one
will be slacken. The advantages and disadvantagebéd concept are given in Table
31.

Table 31 Advantages and disadvantages for the stiffeners.

Advantages Disadvantages

Small projected area gives low wind-load. Cannketcompression loads over the pre-
tension level.

No risk of buckling.

Figure 77  Wire stiffeners.

1.2.2 Solid stiffeners

Here the stiffeners are made as solid pieces. @iftematerials and designs can be
used, Figure 78 show some possible solutions. mcejat A is the stiffener made as a
composite plate. Sandwich design can be used wittnaycomb core and composite
skin. Concept B consists of a metallic stiffenethwa circular plate in the middle,
connecting the 4 beams. This is a design useccamgoetitor’s radar system, TRM-S.
In concept C there are two metallic beams conndotéite middle. This is the design
used in the current Giraffe AMB radar mast. It istlhermore possible to have a
stiffener made as a one-piece composite strucithie. use of composite material
requires a smoother design compared to the metsdligtion in concept C. The
advantages and disadvantages for the conceptsvareig Table 32.
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Table 32 Advantages and disadvantages for thd stffeners.

Advantages | Disadvantages
Concept A
Strong stiffener. Increased weight and wind load.
Simple geometry, suitable for composites.
Concept B
Circular plate avoids a weak junction point. | Mooanplex design.
Concept C
Re-use of current system. | Risk of buckling.
Concept D
Light and strong since composite material is | More complex to manufacture. Vacuum
used. moulding is required.

Figure 78  Concept A) plate stiffener, concept Barbe with circle, concept C)
cross stiffener and concept D) composite stiffener.

The attachment of the stiffener to the mast legs lwa done in different ways. In
Figure 79 the stiffener is attached to a mast wgbare cross-section and rounded
corners. Attachment of the stiffeners to a rourabsrsection will be more difficult. In
concept A is the stiffener attached to the bottdnthe mast legs. This the way the
stiffeners are attached in the current mast. lfathietmaterials are used, the stiffeners
can be attached by welding, bolting or riveting.n@posite stiffeners are preferable
attached by adhesives. The stiffeners can furthexrne attached on the sides of the
two mast legs, concept B. The stiffeners cannattteched too close to the midpoint
since space must be left for the upper mast toolued in-between the lower mast
legs.

Figure 79  Concept A) Stiffener attached at thedrotof the mast legs, concept B)
Stiffener is attached on the side of the mast legs.
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1.3 Waveguide and cables

For the waveguide and cables, two principal sohgiare available. They can be
drawn inside the mast our outside the mast.

1.3.1 Inside the mast

The current solution is to draw the cables insliermast. For mounting and service,
this solution requires that inspection hatchesiastalled on the mast. The hatches
will be weak spots on the mast, especially it's emadm composite material.

1.3.2 Outside the mast

The cables and waveguide can also be drawn outsedmast. The benefit with this
solution is that it gives easy access for instaltaind service, no service hatches are
necessary. This solution may require that the cadnhel waveguide are drawn inside a
shield like an aluminum profile.

1.4 Locking devices

Solutions for locking the mast to the shelter hbagen developed. The focus has been
on the front locking device, since the design today a major drawback. Locking of
the lower mast to the shelter is currently donddoking the knee joint. If an attempt
is made to deploy the upper mast with the fronk lactivated, the lever arm of the
lock will be very small compared to that of the appydraulic cylinders. Hence, the
lock will fail if this happens.

However these solutions are not implemented idigigweight mast, but can be used
as ideas for further development.

1.4.1 Magnet locks

The mast is locked to the shelter using electroratsgmplaced on the mast and on the
shelter. This solution does not require moving $arhe strength of the magnet can
be customized so that failure of the mast is awbitlan attempt is made to deploy the
mast without disabling the locks. A drawback isttha external power source is

required and that the strength of magnetic fieldreleses rapidly with increased

distance. If for instance ice comes between theneigg the strength of the lock is

considerably lowered.
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1.4.2 Hydraulic locks

The front locking device is redesigned to operatalar to the rear locking device.
The upper part (Figure 80) is placed on the platevb the knee joint, see Figure 81.
With this design, the locking of the lower mastlwib longer be by locking the knee
joint. Locking of the lower mast is done by pushadpydraulic rod into the hole in
the upper part. The lower locking device has tdoeered, but the same mechanism
can be used. By this design the risk of lock failisrreduced.

Figure 80  Lock upper part.

Figure 81  Place for lock.
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Appendix C: Pugh Selection Matrix

Table 33

Pugh selection matrix.

Reference - Concept 4Concept 2| Concept 3| Concept 5| Concept 6| Concept 7

Criterion Req/D(

1.3 High weight reduction | Dp 0 -1 1 1 1 1
1.4 Low projected area Dp 0 1 -1 -1 -1 1
1.5 Low complexity Dp 0 1 0 0 0 -1
4.2 High natural frequency| Dp 0 -1 1 1 1 1
4.4 High strength margin Dp 0 -1 0 1 0 0
4.5 High buckling resistangdReq 0 0 1 1 1 1
5.2 High toughness Dp 0 1 0 -1 0 0
6.3 Low cost Dp 0 1 -1 -1 1 -1
Net value 0 1 1 1 3 2
Rank 4 3 3 3 1 2
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