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FINITE ELEMENT ANALYSIS, OPTIMUM DESIGN AND COST-
EFFECTIVE MANUFACTURING OF ADVANCED COMPOSITE GRID-
STIFFENED STRUCTURES FOR AIRCRAFT FUSELAGE APPLICATIONS

SUMMARY

Structural concepts being used for aerospace vehicles are searching for the most
efficient ways by pushing the limits of their current time. In general, the meaning of
stiffening imply that longitudinal stringers and frames or ribs are placed orthogonal
or by some angle to the stringers. The main purposes of this application for structures
are high stiffness to weight ratio, increase of bending stiffness preventing from local
flutter, vibration and buckling, suitable for structural attachments and non-structural
items.

Advanced Grid Stiffened (AGS) structures possesses wide variety of possibilities to
design and manufacture stiffeners with different spacing, nodal offset, stiffener
angle, number of stiffener, thickness of the skin, etc. AGS structures, which have
complex component geometries, require the use of finite element analysis techniques
for detailed structural analysis. Analytical methods cannot predict the local stress
distributions and local failure types. Failure types of composite AGS structures under
in-plane loads and under the effect of out of plane shear loads are categorized as five
dominant failure modes. These are; instability of total panel, which is referred to as
global buckling, local skin buckling, local buckling or crippling of the stiffeners,
material failure and delamination caused by inter-laminar shear stresses.
Understanding the failure behavior and stress distributions on the composite AGS
panel under inplane loading and the effect of out of plane shear loads is important to
structural design. Thus, all five different failure modes and stresses at critical
locations like nodes of AGS panel are considered in the design and need to be
considered in validation and certification phases.

AGS panel is modeled and analyzed using 2D quadrilateral elements using MSC
Patran/MSC Nastran. Stress distributions along the stiffeners and the skin can be
separately taken from their element centroids and different buckling modes of the
AGS panel can be observed using SOL105. MSC Patran PCL functions are used to
change the stiffener spacing. An optimization cycle is set-up using MSC Nastran
SOL200 solver, which takes into account stiffener crippling and material failure as
design constraints. The inter-laminar shear stresses along the height of the stiffener
and at the skin-stiffener interface section is taken from local 3D model of highly
stressed regions.

The decision is made for the optimized panel under mixed loading, which is shear-bi-
axial compression respectively 175 N/mm and 60 N/mm -150N/mm. According to
optimization results, stiffener height is 21.377 mm, stiffener spacing is 205.8 mm.



The manufacturing of the AGS panel, which is laborious with any technique done in
previous studies, is accomplished successfully by using Vacuum Assisted Resin
Transfer Molding like technique. The integral manufacturing of grids and skin using
resin infusion provides low-cost manufacturing of AGS panels. In this process,
pattern of the grids are printed using 3D printers and silicon rubber, which takes the
shape of printings, which are used to make mold, then fibers are laid into the
grooves. After laying all the fibers, which can reach 50% percent fiber fraction just
by hand process, skin is put on the side where fibers are ending. After resin infusion,
composite AGS panel is cured at elevated temperature in the oven.

XX



GRID TAKVIYELI iLERi KOMPOZIT YAPILARIN UCAK GOVDESI ICIN
SONLU ELEMANLAR ANALIZi, OPTIMUM TASARIMI VE UYGUN
MALIYETLI URETIiMIi

OZET

Ugak ve uzay yapilar icin gelistirilen ve i¢inde bulundugumuz zaman dilimine ile
paralel teknolojik gelismeler ile uygulanabilen {iretim yontemleri her gecen giin daha
da ilerlemektedir. Bu ilerleyisin ve artan arasgtirmalarin dogal bir sonucu olarak
kompozit malzemeler ve bunlardan olusturulan yapilar metal, aliiminyum gibi
malzemelerin yerini almaktadir. Grid Takviyeli Ileri Kompozit yapilar ise bu
malzemelerle gelistirilmis farkli tasarim ve iiretim yontemleri le ortaya ¢ikmustir.
Genel anlamu ile grid takviye, boyuna kirisler halinde ortogonal veya cesitli acilarla
yerlestirilmis yapilara denmektedir. Yapilarda bu tiir bir kompozit yapinin
kullanilmasinin baglica nedenleri yiiksek sertlik-agirlik orani olmasi, egilme rijitligini
artirarak bolgesel fluter, titresim ve burkulmayi Onlemesi, yapisal eklemelere ve
yapisal olmayan 6gelere uygun olmasi.

Grid Takviyeli ileri Kompozit yapilar tasarim ve iiretim agisindan bir¢ok ¢esitlilige
olanak vermektedir. Bu c¢esitlilik kirislerin agikligi, diigiim noktasi1 kacikligi, kiris
acis1, kiris sayisi, ylzey plakasinin kalinligi, vs. ile saglanabilmektedir. Bu tip
karmagik degiskenlere sahip olan bu sistem su an icin analitik olarak tam
cozllememektedir. Bu nedenle sonlu elemanlar analiz yontemleri ile modellenip
detayl1 bir analize ihtiya¢ duyulmaktadir. Bu ihtiyacin da ana nedeni lokal gerilme
dagilimlarinin ve lokal kirilma ve kopmalarin incelenebilmesidir.

Grid Takviyeli Ileri Kompozit yapilar cesitli kirilma tiplerine sahiptir. Bunlar,
diizlem igi yiikler ve diizlem dis1 kayma gerilmelerine baglh olarak bese ayrilabilirler;
tim panelin kararsizligina yol agan burkulma davranisi, lokal yiizey burkulmasi,
lokal kiris burkulmasi, malzeme kopmasi ve tabakalar arasi kayma gerilmesinden
kaynaklanan tabakalar aras1 kayma davranisidir. Yapisal tasarim agisindan kirilma
davranisinin ve gerilme dagilimlarmin Grid Takviyeli Ileri Kompozit malzemeler
icin bilinmesi 6nemli bir parametredir. Bu 6nemin nedeni, kritik noktalardaki bes
farkl1 kirilma mekanizmasi tasarimda oldugu kadar ayni zamanda onaylama ve
sertifikasyon siirecleri i¢inde goz dniinde bulundurulmasi gerekliligidir.

Grid Takviyeli Ileri Kompozit yap1 2 boyutlu sonlu elamanlar yéntemi kullanilarak
dortgen elemanlar kullanilarak modellenmistir. Bu elemanlar MSC Patran/Msc
Nastran adli ticari program igerisinde tanimlanmis olan eleman tipleri kullanilarak
yapilmistir. Yapilan modellemede klasik yontemlerin aksine Kkirislerin oldugu
yerlerde ¢ift eleman kullanilmis ve bu sekilde gerekli olan katilik 2 boyutlu olarak
tanimlanabilmigtir. Bu tasarim tiim boyutlandirmalar tanimlandiktan sonra
yapilabilmektedir, bagka bir deyisle sadece kiris ve ylizey kalinlig1 program i¢inden
girilen degerler ile degistirilebilmektedir. Bunun haricinde yapilmasi gereken boyut
degisimleri MSC. Patran PCL fonksiyonlar1 kullanilarak yapilmistir.
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MSC. Patran PCL fonksiyonun en onemli islevi makro gibi c¢alisabilmesi ve bu
sayede her defasinda belirli degerlere kadar olan kiris aciklig1 degisimleri i¢in sonlu
elemanlar 6rgiisiinii Mathematica’da yazilan kod sayesinde yeniden yaratabilmesidir.

Grid Takviyeli Ileri Kompozit yapi igin 3 boyutlu sonlu elamanlar ydntemi
kullanilarak da modellenmistir. Bu modelleme ile tabakalar aras1 kayma
gerilmesinden kaynaklanan tabakalar arasi kayma davranisi olup olmadigi karbon
fiber destekli plakalarda 50 MPa gerilme degeri ile karsilagtirilip karar verilmektedir.
Bu yontemdeki smir kosullari 2 boyutlu modelde kritik olduguna kara verilen
bolgeler icin esdeger eleman genisliginde yapilan 3 boyutlu modele 2 boyutlu analiz
sonuclarindan gelen oOteleme ve donme hareketinin uygun diigiim noktalarina
uygulanmasi ile tanimlamistir.

Grid Takviyeli Ileri Kompozit yapi igin 2 boyutlu sonlu elamanlar ydntemi
kullanilarak gerilme ve burkulma analizleri yapilmistir. Bu analizler i¢in i¢in Nastran
SOL101 ve SOLI105 kiitiiphaneleri kullanilmistir. Yapilan modelleme teknigiyle
birlikte kirislerin ana yiik tasiyan fiber dogrultusu boyunca gerilme degimleri
gbzlenebilmis ve tasarim hakkinda genel bir gozlem yapilabilmistir. Yiizey
tizerindeki gerilme degimleri ile ona bagli olan kirislerdeki gerilmeler karsilagtirilmis
ve mantikli bir fizik davranisi elde edilmistir. Burkulma analizlerinde ise yap1 farkl
yiikleme kosullarinda incelenip, nihayetinde en kritik olan yilikleme kosulu i¢in 10
farkli burkulma modu incelenmistir. Bu inceleme sonucunda gergeklesen
burkulmalarin sadece lokal yiizey hiicre burkulmalari oldugu gozlemlenmistir.
Nastran’in hesapladigi 6zdeger vektorii 1. mod icin 1 degerine yaklasiktir. Bu da
demek oluyor ki bu yilikleme kosulu 2 igin ilk mod ayni zamanda kirilma
gerilmesinin de olustugu yiik durumuna karsilik gelmektedir.

Grid Takviyeli ileri Kompozit yapi i¢in 2 boyutlu sonlu elamanlar y&ntemi
kullanilarak optimizasyon analizleri de yapilmistir. Bu analiz i¢in Nastran SOL200
kiitiiphanesi kullanilmistir. Tasarim kisitlar1 olarak malzeme kirilmasi, lokal kiris
burkulmasi ve Euler burkulmasi referans olarak alinmistir. Yapilan optimizasyon
calisgmast  Nastran’in  kendi  igerisindeki  algoritmalari  kullanmasi ile
gerceklestirmistir. Burada “hard convergence” denilen bir yakinsama metodu ile
denklemler iterasyonlarla ¢oziilmektedir. Her dongiide elde edilen yakinsaklik
degerleri ile tiim sonlu elemanlar modeli yeniden ¢oziilmekte ve en son iterasyona
kadar bu siire¢ devam etmektedir. Yapilan bu ¢alisma sonucunda, verilen yiikleme
altinda 2 boyutlu gerilme analizi i¢in kullanilan model kullanilmis olup, optimum
boyutlar elde edilmis ve bunlarin yukarida anlatildigi gibi ayrintili analizleri
yapilmistir.

Grid Takviyeli Ileri Kompozit yapi igin iiretim ydntemi de gelistirilmis olup basarili
bir sekilde uygulanmistir. Bu iiretim yontemi daha ¢ok literatiir {izerinden yapilan
calismalar tizerinden yola ¢ikilarak gelistirilmistir. Vakum destekli re¢ine inflizyonu
ile yapilan tiretim silikon kaliplar icerisinde gerceklestirilmistir. Kullanilan silikon
kaliplar belirli noktalarindan delikler agilarak regine ile beslenmistir. Agilan bu
delikler direkt olarak kirislerin yatirildigi bosluklarin oldugu kisimlara acilmistir.
Gosterge basini 55 mbar olarak ayarlanip recinenin kurulan diizenek iginde
ilerlemesi saglanmistir. Yiizeyde ve kirislerin icinde ilerleyen recine kalibin bittigi
noktalarda disar1 ¢itkmamasi igin yari gegirgen bir zar ile Ortiilmiistiir. Bu zar hava
akisini saglamakla beraber re¢ine gibi s1vi bir maddenin gegisine izin vermemekte ve
bu sekilde recine icerde kalmakta ve biitiin fiberler boyunca bir dagilim gosterip en
kolay buldugu yoldan disar1 kagamamaktadir.
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Infiizyon islemi yapildiktan sonra malzeme diizenegi ayn1 vakum altinda
firinlanmakta ve 5 saat sonra ¢ikartilip silikon kaliptan ¢ikarilmaktadir. Bu yontem
ilk olarak tek hiicre yapisi i¢in denenmis olur daha sonra 2*2 hiicre i¢in denenmis ve
elle yatirma islemi nedeniyle daha fazla hiicre sayis1 i¢in otomasyon ydntemlerin
kullanilmasina karar verilmistir. Bu basarili iiretim sonuglarindan sonra yapi1 makro
boyutlarda c¢ekim yapan bir kamera ile incelenmis ve kuru veya fiber ¢ekme
kuvvetinin kaybi ile olugsmus iiretimden gelen hatalar tespit edilmistir. Ayrica
reginenin diiglim noktalarinda fiber hacminin artmasi sonucu nasil dagildigi
gozlemlenmis ve literatiir iizerindeki ¢alismalarla kiyaslanmustir.
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1. INTRODUCTION

1.1 Background

Structural concepts being used for aerospace vehicles are searching for the most
efficient ways by pushing the limits of their current time. Early developments on
composite structure designs imitated the configurations similar to those of metal
counterparts. Composite Grid Stiffened Structures are the one of the replacement for
Honeycomb Sandwich and Aluminum Isogrid constructions but, till the past 10
years, were unused due to difficulties in manufacturing and analysis associated with
their construction (Rehfield and Deo, 1978; Huybrechts et al, n.d; Niu, 1992)..

In general, the meaning of stiffening imply that longitudinal stringers and frames or
ribs are placed orthogonal or by some angle to the stringers. The main purposes of
this application for structures are high stiffness to weight ratio, increase of bending
stiffness preventing from local flutter, vibration and buckling that is suitable for
structural attachments and non-structural items. Using much the same principle to
strengthen the structures, grid stiffened structures have been widely used in
engineering structures since the nineteenth century, such as aircrafts, ship hulls,
autos, offshore oil platforms, bridge decks, armors, etc. Composite grid stiffened
structures, which are characterized by a lattice of rigid and interconnected ribs, can
be used where honeycomb sandwich and aluminum isogrid constructions are needed
(Rehfield and Deo, 1978; Huybrechts et al, n.d, 1995).

Isogrid type of stiffening, which possesses the same advantages, is an alternative
approach to traditional concept. The first isogrid panel, which is the precursor of the
Advanced Grid Stiffened (AGS) structure, is manufactured and patented by the
McDonnell-Douglas Corporation in 1964 under NASA contract. These types of
structures behave as an isotropic within the plane of structure and they are mainly
used for launch vehicle shroud and inter-stages. Early composite isogrid structures
were manufactured for aerospace applications had very low fiber volume fraction

and poor part quality. In the early 1990s, the Air Force Phillips Laboratory



manufactured isogrid structure using tooling made of silicon rubber and achieved

high quality and high strength-weight ratios .

The interest for composite grid stiffened structures was decreasing for many decades
due to complex manufacturing and analysis technique needed for application. In
recent years, the Boeing Company, the US Air Force Research Lab, McDonnell-
Douglas, Alliant Tech Systems, Stanford University, and others have made some
researches and publications with the aid of developing technology on computation
and manufacturing. They are now currently being investigated by several aerospace
structure manufacturers (Rehfield and Deo, 1978; Huybrechts et al, n.d).

Isogrid pattern, which consists of equilateral pattern, has been optimized and
changed its shape for specific loading situations in past few years. With the new
applications, the prefix “iso” is replaced by Advanced Grid Stiffened (AGS)
structure patterns. The source of increasing interest on composite materials for the
grid stiffened panel is the high directionality of composite materials. The high
directionality allows material’s stiffness to be directed along the critical direction and
a substantial increase in the stiffener strength along rib length (Huybrechts and Tsal,
n.d, 1995). The several types of the grid stiffened structure can be seen in Figure 1.1.

Orthogrid

Isogrid

Advanced grid

Figure 1.1: Types of grid-stiffened panels.



Composite grid stiffened structures are manufactured using fiber and matrix

composition. The difference of these structures from the traditional composite panels

is the shell structure supported by a lattice pattern of stiffeners. These stiffeners

follow different directions according to desired stiffness and strength properties.

Nodes are the points where two or more ribs intersecting each other. If more than

two ribs intersect at the same node, an offset needs to be applied for to reduce the

build-up on that node in manufacturing phase. The distance between the new node

and the previous node is referred to as nodal offset (Huybrechts and Tsali, n.d, 1995).

Benefits of composite grid stiffened structure can be listed as given below:

Higher damage tolerance than the honeycomb sandwich and in case of
delamination limiting its spread to another cell,

The absence of material mismatch, which is associated with laminated
structures, provides inherent resistance to impact damage, delamination and
crack propagation (Huybrechts and Tsai, 1995),

Grid structures do not absorb and retain water in service life due to its open
structure unlike honeycomb sandwich structures,

Automated and single cure process result in low-cost manufacturing if it is
compared with skin stringer and sandwich construction. Continuous filament
winding, tape placement and resin transfer molding (RTM) using a woven
preform have been applied to composite grid structures ,

The repetitive pattern aids to minimize manufacturing costs by effective use
of equipment (Slysh, n.d),

Integral panel manufacturing methods aims to reduce part assembly,
handling, and inventory costs by reducing the number of structural parts
(Slysh, n.d),

Higher in-plane stiffness provides structural efficiency to prevent from
excessive deflections (Huybrechts et al, n.d),

Fabrication process for grid structures may not require de-bulking or use of

an autoclave, reducing the costs considerably (Huybrechts and Tsai, 1995).

Drawbacks of composite grid stiffened structures can also be listed as given below:

Complex structural behavior of grid structures, thus unpredicted failure,



e Complex tooling requirements may increase the cost for unique parts and
small number of productions (Huybrechts et al, n.d).

e The irregularities can be faced with a composite grid stiffened structure; soft
and hard points in the grid lattice, damaged grid lattice and repairing process
to this lattice, areas where two or more grid structures are joined together

which causes fiber accumulation (Huybrechts and Tsai, 1995).

1.2 Objectives and Approach to the Thesis

Composite AGS structures, which have complex component geometries, require the
use of finite element analysis techniques for detailed structural analysis. In most
instances, analytical methods cannot predict the local stress distributions and local
failure types. Thus, commercial finite element analysis (FEA) program with different
type of finite element formulations, which satisfy the expected behavior composite
elements, can be used to analyze the effect of the critical loading conditions. In
addition to that, analytical approaches can simultaneously be used to simplify FEM

method to imitate the physical behavior.

The physical behavior of the designed composite AGS structure should take into
account all the possible failure modes that can be faced during service life of the
structure. Therefore, it is necessary to define failure types of composite AGS
structures under in-plane loads and the effect of out of plane shear loads. These
failure behaviours can be categorized as five dominant failure modes (Gallagher,
1971).

The first failure mode is the instability of total panel, referred to as global buckling,
which causes skin and stiffeners deflect out of plane direction. Buckling strength of
the plate is defined by the load at this critical point. Buckling deformations may
result in collapse, if the load at the initiation of the buckling continues increasing

unrestrainedly (Gallagher, 1971).

The second failure mode, local skin buckling may occur if the skin between the
stiffeners deflects more than covering stiffeners. The reason for this mode is the
stiffener resistance to bending, due to high bending stiffness of the stiffeners. This
local instability of the AGS panel is preferable to the global buckling (Kassapoglou,
2013).



The third failure mode is the local buckling or crippling of the stiffeners. This
stability failure causes a local buckling and then collapse of the stiffener. It should be
noted that after the collapse of the stiffener loads can be carried by the other

members of the AGS structure (Kassapoglou, 2013).

The fourth failure mode is material failure, where the strength of the material in the
skin or stiffener is exceeded. This failure mode is depended on the laminate lay-up

and the loading conditions (Kassapoglou, 2013).

The fifth and final failure mode considered is delamination caused by inter-laminar
shear stresses. Delamination may occur separately in skin and stiffeners or at the
surface layer where skin and rib facing with each other. In this mode, the layers of
the material separate from each other and the AGS structure could lose strength and

stiffness properties and may lead to a catastrophic failure (Kassapoglou, 2013).

Understanding the failure behavior and stress distributions on the composite AGS
panel under in-plane loading and the effect of out of plane shear loads is crucially
important to structural design. Thus, all five different failure modes and stresses at
critical locations like nodes of AGS panel have to be considered in the design,
validation and certification phases (Kassapoglou, 2013).

The main objectives of this thesis to:

e Model AGS panel using Finite Element (FE),

e Analyze of stresses on AGS panel in detail using FE,

e Optimize the AGS panel for robust load case according to failure modes for
minimum weight,

e Develop a method for AGS panel manufacturing using resin infusion system,

e Evaluate the manufactured AGS panel quality.

1.3 Scope

AGS structures possesses wide variety of possibilities to design and manufacture
stiffeners with different spacing, nodal offset, stiffener angle, number of stiffener,

thickness of the skin, etc.



This thesis is limited to some key issues, which narrow down structural behavior and
the manufacturing to be understood without difficulty, due to complex property of
AGS structures.

These limitations include:

e AGS panel consists of perpendicular longitudinal (x-axis) and horizontal (y-
axis) stiffeners, and angled stiffeners that cross x-axis with +35 degree and
[+45/—45/0/0/0/90], configuration for the skin lay-up,

e FE design and analysis of the composite AGS panel is conducted using Msc.
Patran/Nastran using 2D and 3D elements for different type of stress
analyses,

e Analytical assumptions are used for the nodes to create a region for transition
of the material properties,

e FE optimization uses Wolfram Mathematica codes for to generate Msc.
Patran PCL functions, which create Msc. Nastran input for the optimization
cycle,

e Manufacturing of the AGS panel use methods of resin infusion process under
vacuum,

e Quality evaluation of the AGS panel use macroscopic methods to check.



2. LITERATURE REVIEW

This chapter summarizes the literature study conducted as a part of the project.
Analytical approaches to grid stiffened panels, finite element approaches to grid
stiffened panels, methods of grid stiffened panel manufacture and optimization of
grid stiffened panels are given briefly from the historical studies. Due to the fact that
the focus of the project is including almost all the steps to develop composite AGS

panel, emphasis is put on all the subjects possible.

2.1 Analytical Approaches to Grid Stiffened Panels

Formerly, behavior of grid structures was understood from practical experience
which searches for several standard grid lattice shapes. Recently, smearing technique
has been developed for prediction of the equivalent stiffness and failure of the grid
structure. Smearing of the stiffness properties of skin and the stiffener gives accurate
results for the overall panel performance. This method can be applied both in-plane
(membrane) and out-of-plane (bending) properties. The significant drawback of the
smearing method is the lack of understanding of the local effects generated by
irregularities in the grid structure pattern (Kassapoglou, 2013; Huybrechts and Tsal,
1995).

Chen and Tsai (1996) is studied on an integrated equivalent stiffness method (ESM)
to model a grid structure with or without laminate skins. This method was especially
applied for isogrid, orthogrid and angle grid patterns. The in-plane bending, torsion
and shear of the ribs adapted to Mindlin’s plate theory, and skin and rib local
buckling ratios using Galerkin’s method are defined for simply supported boundary
condition. The results with this model give accurate values for displacements and
acceptable values for strain and stress. But, like all the smearing models, local
structural response or structural failure cannot be predicted when the contact area of

the applied load is smaller than the size of the unit cell.

A generalized analytical model for to predict the static structural behavior without

smearing the stiffness properties of rib and skin is studied by Li and Cheng (2007),



for various grid-stiffened composite structures. In this paper, analysis model is
generalized for both empty bay, which means the open space between the ribs is not
filled, and filled bay, which means the open space between the ribs are filled with
light-weight material. Based on classical laminate theory; empty bay is assumed to
be an inclusion and filled bay is introduced by stiffness distribution function. The
reason of the filling the bay area with light-weight material is to protect the ribs and
skin from local buckling and crippling, and to reduce the impact effect on the skin. It
is concluded that lower bay density increases the interaction between the filler and
the rib, when critical value reached for the bay density AGS sandwich structure

behaves like pure laminated composite.

Kidane et al. (2003) studied on buckling load for cross and horizontal grid stiffened
composite cylinder. Equivalent stiffness method is used for a grid stiffened
composite cylindrical shell. Equivalent stiffness of the total panel is computed by
superimposition of the stiffeners and the shell of the composite cylinder. Moment
effect and the force analysis of the stiffener performed on the unit cell for to
generalize the smearing stiffness method. Using the energy methods buckling load is
calculated for particular stiffener configuration. It is concluded that the increasing the
stiffener spacing results in a decrease in buckling load but after a critical point it

becomes insignificant and thickness of the skin enhances the buckling resistance.

Smeared stiffener theory that includes skin-stiffener interaction effect is studied by
Jaunky et al. (1996). This interaction effect computation use the stiffness of the
stiffener and the skin at the stiffener region about a shift in the neutral axis at the
stiffener. Therefore, the approximate stiffness added by a stiffener to the skin
stiffness will be due to the plate-stiffener combination being bent about its neutral
surface rather than due to the stiffener being bent about its own centroid or the plate
neutral surface. Axially stiffened, orthogrid, and general grid-stiffened panels are
used to find buckling loads by using the smeared stiffness combined with a Rayleigh-
Ritz method. This method is more accurate than the traditional smeared stiffness
approach because the skin-stiffener interaction is considered.

2.2 Finite Element Approaches to Grid Stiffened Panels

Finite element models are developed for grid stiffened composite structures due to

lack of understanding of AGS buckling and dynamic behavior. Most of the cases



theories include the thick plate theory, so that thin plates can also be covered using
some mathematical approaches. Different type of AGS unit cells can be taken into
account efficiently by using discrete methods and in addition to that parametric
studies are conducted with this flexibility to create failure types and envelopes.

Moorthy (2012) studied on cylinder with and without grid stiffened and the outcomes
of the analyses are checked for the different shell thicknesses. Possible failure
modes, which are elastic buckling and material failure of the medium thick
composite shells under external pressure with inclusion of transverse shear
deformation, are presented. It is concluded that critical buckling pressure is much

higher at ring stiffened cylinder for the same lamina thickness.

FE buckling analysis of stiffened plates and shells using modified approach of shell
and stiffener modeling is studied by Prusty and Satsangi (2001). Shell is modeled
with an eight node iso-parametric quadratic element and stiffener is modeled with a
three node curved stiffener element. Equal displacement concept is used at the
junction of the shell and stiffener. FE formulation on this paper is based on the first
order shear deformation theory for stiffened plates and cylindrical shells. It is
concluded that substantial improvement achieved over the existing approaches of

analysis of stiffened panel.

Ray and Satsangi (1999) studied on FE analysis for first ply failure of composite
stiffened plates using an eight node isoparametric quadratic plate bending element
and three node isoparametric beam element. The main advantage of this type of
application is that there is no limitation for placing the stiffener on any direction

inside the plate element.

Akl and EIl-Sabbagh (2008) research is about FE approach of grid stiffened plates
using 2D 8-node plate element that can be modeled with stiffeners. The main
purpose of this paper is to develop an efficient FE model to capture the dynamics of
stiffened panel which has arbitrarily distributed stiffeners. The proposed FE element
reduced number of elements (110 elements) used to model the same configuration
with ANSY'S conventional plate elements (7432 elements). The presented theoretical
and experimental results in this paper show the accuracy of the proposed element and

its flexibility to model stiffeners arbitrarily.



Huybrechts and Tsai (1995) studied on FE model to construct failure envelopes for
different parameters of grid stiffened panels. Grid-specific finite element model is
developed to reduce the time for analysis. The effect of the nodal offset, which is
distance between the intersecting nodes made intentionally to prevent from build-up
more than 2 grids, is put into the global grid structure stiffness matrix and a skin
finite element, which is triangular elements, derived with offset degrees of freedom.
Failure criteria are also developed to predict failure of grid structure from deflection,
instability of grids (fixed ends) and material failure. It is concluded that major failure
is the rib buckling for grid structures with thin ribs, adding rib directions
occasionally reduce the failure strength of a grid structure, angled ribs are carrying
the most of the shear loads and in many cases, nodal offsets decrease material failure

loads while increasing the buckling failure load.

Cho and Kim (1999) article was about FE linear buckling analysis of grid stiffened
composite plates and a hybrid element with drilling degrees of freedom, which is
defined at the in-plane dimension, is proposed to satisfy the compatibility condition
at the interface between skin and stiffeners. This element reduces the effect of the
sensitivity of mesh distortion and matches the degrees of freedom between skins and
stiffeners. The buckling analyses use stress loading and the displacement loading that
is derived from the load distributions of first step. The parametric study shows that
three types of buckling modes exist in isogrid and cross stiffened panel; global mode,
local skin-buckling mode, and stiffener buckling mode, increase in stiffener height
follows the buckling modes transition from global to local skin to stiffener and

maximum load for buckling occurs at the local skin buckling mode.

FE element model of the Minotaur fairing of space vehicle which is linked to
Hypersizer program is researched by Wegner et al. (2002). Hypersizer offers
structural optimization using smeared-stiffener model to analyze the stability
according to rib crippling, skin pocket buckling and global Euler buckling for grid
stiffened structures. Afterwards, the detailed analysis conducted on the fairing with
hardware attachments and the strength of the epoxy bond between the rib and the
skin is analyzed as a secondary failure. It is concluded that the design of this fairing

validated with a great deal of experimental data.

Post buckling behavior and the failure of AGS structures under thermal-mechanical
load using FE method was done by Bai et al. (2007). Their model is based on the first
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order shear theory under the assumption of Von Karman non-linear deformation.
Progressive failure, buckling, large deformation and local failure modes in AGS
structure is taken into account for their study. It is concluded that stiffness
degradation caused by progressive failure of the stiffeners.

Meink (n.d) studied on a comparison of composite grid and composite sandwich
shroud using FE modeling. He used IDEAS to run global buckling and deflection
solution. FE model used in this study can only use smeared stiffener laminate for

material failure and global buckling properties.

Chen and Tsai (1996) study was about FEM technique that can be adapted to the
integrated equivalent stiffness model using Mindlin’s theory. Exact FEM modeling,
that uses the equivalent stiffness model, can obtain a refined stress analysis with high
precision. SDRC I-DEAS code is used to check stresses and local buckling from
FEM analysis.

Buckling of isogrid plates using FE modeling was also investigated by Lavin and
Miravete (2010). FE models are developed using COMSOL Multiphysics to predict
buckling modes.

2.3 Methods of Grid Stiffened Panel Manufacture

Manufacturing of unstiffened shell (with skin only), lattice cylinder (with ribs only)
and grid-stiffened shell (with skin and ribs) by filament winding is explained in
Buragohain and Velmurugan (2011) paper. The unstiffened composite shell is
manufactured by circumferential winding. Manufacture of the grid stiffened structure
followed the groove winding procedure instead of free winding, which does not need
tooling, due to low quality rib results. Tooling is selected as rigid polyurethane foam
machined cylindrically, instead of silicon rubber and plaster, and it is cut by rotary
end-mill cutter for to open circumferential and helical grooves. A resin coat is
applied on the mandrel to improve the surface finish and a thin film of polyvinyl
alcohol is applied as releasing agent. Winding process controlled by the CNC
filament winding machine and fiber tension is maintained for better quality.
Geometrical imperfections and non-uniform skin thickness were observed in very
thin walled shells. Thickness variation from crossover to rib segments distorts the

cylindrical cross-sectional shape along the outer periphery.
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Huybrechts et al. (n.d.) listed the proven manufacturing methods, which show the

actual grid stricture behavior, from the vast number of literature;

e Wet winding (the Brute Force Approach),

e Wet winding around pins by Russian researchers,

e Wet winding in hard tooling with E-Beam cure by Boeing,

e Nodal spreading by Stanford University,

¢ Winding into solid rubber tooling by Philips Lab,

e The hybrid tooling method by Air Force Research Laboratory (AFRL),
e Fiber placement with hybrid tooling by AFRL & Boeing,

e Fiber placement with expansion inserts by Alliant Tech Systems,
e The located expansion tooling method by AFRL & Boeing,

e The SnapSnat method by Composite Optics,

e The RIG method by Stanford University.

It is also stated a couple of automated methods to manufacture AGS structures.

Philips laboratory used solid cured silicon rubber sheets wrapped around metallic
mandrels for cylindrical sections. Rib intersections have the build-up problem that
also affects the continuity of the fiber. High coefficient of thermal expansion (CTE)
of silicon rubber provides expansion at curing temperature of the ribs to prevent the
fiber sparse areas especially near the nodes. Rib quality near these regions is
significantly low without consolidation of the ribs provided by the lateral expansion
by silicon rubber. The drawbacks of expansion block method are the lack of control
over the compaction caused by silicon rubber, warping of tooling due to high CTE,
high thermal/mechanical stresses in the finished part and difficulty in producing

more complex shapes to have proper groove alignment.

Hybrid tooling method tries solving these problems, which is explained in previous
paragraph, with addition of expansion tooling inserts in a thermally stable base tool.
This method provides precise control of lateral rib compaction and it can be applied

to complex shapes without the problems of groove alignment or helix angle of rib.

This study also captures manufacture of payload shroud using hybrid tooling method
with 5-Axis filament winding machine. Three parts are used to build this method are
stainless steel base mandrel, base tooling material and silicon rubber expansion

inserts (Huybrechts and Meink, n.d.).
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Huybrechts et al. (2002) mentioned about the problem of almost all manufacturing
methods of AGS structures that is nodal build-up. This build-up nodal points cause
loss of strength, stiffness and modeling accuracy. Two stable tooling concepts are
explained:

e Hybrid tooling has base tool and silicon rubber expansion tool. The base tool
IS cut to make grooves for rib directions and an expansion block, which is
silicon rubber, is put into these grooves to provide consolidation for the
woven fibers at the high temperature curing phase.

e Expansion block tooling has advantage to apply for different rib geometries.
It has a base tool, which is stiff and stable, and expansion blocks with high
coefficient of thermal expansion (CTE). Lateral compaction for the ribs is

provided by expansion blocks.

Kim (2000) studied on fabrication of thin composite isogrid stiffened panel. Nodal
offset is used for to reduce build-up effect on the manufacturing and the empty space
due to nodal offset is filled with the resin. The advantage of filling with resin is
stronger skin to rib bonding and possible mounting points such as hinges and

electronic equipment.

In fabrication, metal isogrid tool used to cast silicon rubber mold and steel base plate
is covered with borders to constrain the rubber from expanding at high temperatures.
All the fibers laid into grooves between silicon rubber and steel caul plate used at the

top of the skin to obtain good compaction.

Dutta (1998) summarized manufacturing methods of composite grids. The major
considerations about manufacturing of composite grid structures; all ribs has to be
unidirectional, rib cross-section must be well defined and nodes must have

continuous fibers.

Composite grids are initially manufactured based on traditional slotted joint
manufacturing system at Stanford University. The composite grids, which will be
slotted afterwards, are manufactured using pultruded thin unidirectional sections. The
disadvantages of this process include, cost of machining slots, difficulty on
assemblage of ribs having multiple slotted ribs, loss of stiffness and strength due to
machined slots and imperfect fit at slotted joints, and limited grid configuration as

square or rectangular. The upper limit of the fiber volume fraction in the ribs is
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controlled by the node sections, generally 60 percent and 30 percent at the ribs.
Application of node offset method can increase the fiber fraction in the ribs. The
fiber fraction can be increased further by designing nodes wider and it will reduce
the thickness of interlacing layers.

Direct crossover interlaced joints method use the wet winding process and at the
node section fibers are continuous and crossing over each other. Fibers at the joints
were consolidated periodically by hand to maximize compaction and fiber volume.
The silicon rubber mold provided good compaction and consolidation during curing
of the product.

Stanford Pin Enhanced Geometry (PEG) Process is a modified process of direct
crossover interlaced joints, which has resin pool, fiber warping, and wrinkle problem.
In this method central pin node without any lead angle and a pattern with 1.3 degree
lead angle to smoothen the rib-node transition are used. Alternating placement and
laminated lay-up pattern are used but this does not provide reduction on the node
thickness to rib thickness and the single pin in the middle disturbs the fibers and
causes dry zones. A follow-up modification of four pin instead of one pin used to
have better specimen. In later attempts, fibers are forced to conform properly during
cure cycle but resin pool, fiber undulations, wrinkles remained and resin poor regions

in the nodes appeared.

Stanford Tooling-Reinforced Interlaced Grid (TRIG) Process is a process developed
for the flat orthogrid. This method changes conventional concept of tooling by using
it as integral part of the finished structure. Similar mold blocks, which are used for
PEG method, are also used for TRIG. Tooling blocks are placed on the wooden base
plate with guiding lines and vacuum bag film for easy separation. Tooling blocks are
filament-wound composite tube segments with outer cross sectional geometry
becoming the grid channel geometry. Nails are positioned at the ends of each channel
to provide fiber tension and continuity. Wetted fibers are wound into channels
between tooling blocks and then waited until resin is cured. The disadvantage of
TRIG involves direct crossover in the nodes, the open inspection of molded grids is

not possible, and the integrated tooling increases weight.

A demonstration of current technology revealed that composite grids generally suffer
from manufacturing problems of low density interlacing, no fiber tension, and

excessively thick nodes with direct roving crossovers (Dutta, 1998).
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2.4 Optimization of Grid Stiffened Panels

Optimization of grid stiffened panels is mandatory to find the best configuration
inside the design space. Design space includes all kind of failure types and
dimensioning, thus expectation is to search a point which is converging at the
optimum. Thus optimization models are designed and run with intrinsic algorithms

as it is referenced in this section.

Chen and Tsai (1996) is studied on the optimization of the composite grid structures.
Their design space include grids with or without skins, orthotropic grids that consist
0, 90, and +6° directional ribs, rectangular ribs with equal height, symmetric skin
laminate lay-up. Loading conditions are hygrothermal and multiple mechanical. The
failure modes are material failure and the local buckling of skins and ribs. Direct
search method, which is a solution method for the problems that does not require any

information about the gradient of the objective function, is selected.

Optimization of the curvilinear (alignment) stiffeners on different loading conditions
is studied by Mulani et al. (2011). Gradient based and/or global optimizations are
developed to minimize the mass, and constrains are buckling, Von Misses stress, and
crippling or local failure of the stiffener. Design variables are orientation, the shape
of the stiffeners, the spacing between the stiffeners, stiffeners thickness and height,
and thickness of the plate. An optimization framework is created using MD-
PATRAN (Geometry Modeling), MD-NASTRAN (FEM Analysis), VisualDOC
(External Optimizer) and MATLAB (Central Processor) to optimize the stiffened
panels using grid-stiffening concept and the curvilinear stiffeners.

Wodesenbet (2003) used equivalent stiffness of the shell/stiffener to optimize the
grid stiffened composite panels. Parametric study is performed on the different
design variables, which are shell thickness, shell winding angle, longitudinal
modulus and stiffeners orientation angle and their effect on buckling load is
presented. Increase in skin thickness results in higher buckling resistance of stiffened
structure. The effect of stiffener orientation angle and longitudinal modulus increase

also results in higher buckling resistance of the stiffened cylinder structure.

Akl et al. (2008) studied on optimization of iso-grid stiffened plate for the static and
dynamic characteristic of these plates/stiffeners assemblies. Static part of

optimization tries to maximize critical buckling load of the iso-grid plate, while
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dynamic part of optimization tries to maximize multiple natural frequencies of the
stiffened plate. A FE model is developed for Mindlin plates with arbitrary stiffeners
and this model is used as a basis for optimization of critical buckling load and natural
frequencies of stiffened plate. The plate is modeled using an 8-node isoparametric
element, which is formulated using the first-order shear deformation theory and the
stiffeners are modeled using a 3-node element based on the Timoshenko beam
theory. Using this approach, stiffeners located arbitrary along a plate structure can be
easily modeled without the need to change the ground mesh of the plate model. The
analysis to maximize the first six critical buckling loads resulted in optimum stiffener

inclination angle of 35°.

Phillips and Girdal (1990) research was about optimum design of the geodesic
panels (diagonal and cross) and the longitudinally stiffened panels to achieve
minimum weight. The design variables are skin thickness (quasi—isotropic laminate),
stiffener height, and stiffener thickness and increasing number of stiffened cells used
for panel configuration. Uniaxial compression, pure shear and combined
compression-shear loads are applied. PANSYS is used to seek minimum-weight
wing rib designs subject to constraints on both buckling resistance and material
strength. It is concluded that under compression loading diagonal and cross
geodesically stiffened panels are lighter than the longitudinally stiffened panel and
minimum mass achieved at higher number of stiffened cells, under shear loading it
gives almost similar results and cross stiffened panel appears to be most feasible
design and under compression-shear loading.

16



3. THEORETICAL MODEL AND FUNDAMENTAL EQUATIONS

Theoretical model is derived from the classical laminate theory in this chapter.
Intersecting nodes material properties and failure strength is defined in detail.
Extensional, coupling, and bending stiffness matrices for composite parts are
calculated. Additionally, failure mechanisms, i.e. stiffener crippling, Euler buckling,
is studied for to implement the analytical equations into optimization cycle.

3.1 Classical Laminate Theory

A lamina is a thin layer of a composite structure and a laminate is formed by stacking
a number of laminae. Mechanical analysis of a lamina follows the way of
computation for to reach properties of the laminate. A lamina is not an isotropic
homogenous material. The lamina consists of two parts; first is isotropic
homogenous fibers and second is an isotropic homogeneous matrix. The different
stiffness properties of points in the lamina originate from its location, which is in the
fiber, the matrix, or the fiber-matrix interface. The difficulty of mechanical modeling
of the lamina leads to macro-mechanical analysis based on average properties and
consideration of homogeneous laminate. However, mechanical behavior of the

lamina is still different than homogeneous isotropic material (Kaw, 2006).

The unidirectional fiber-reinforced composite is treated as a two-phase material, with
the axis of the reinforcing fibers aligned parallel and packed randomly in the plane
transverse to the fiber axis. The governing constitutive equation of this composite is
the generalized Hooke's law. The material coefficients of this equation are expressed
as functions of the material and geometric parameters of the constituent materials.

The laminated composite is assembled by bonding together unidirectional layers of
identical mechanical properties, with adjacent layers orthogonal to each other (cross-
ply) or oriented symmetrically with respect to an arbitrary reference axis (angle-ply).
The governing constitutive equation is the relation between the in-plane stress and

moment and the in-plane strain and curvature. The material coefficients of this
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equation are expressed as functions of the properties of the unidirectional composite

and lamination parameters (Tsai, n.d.).

The most general stress-strain relationship is given as equation (3.1) for three-
dimensional body in a 1-2-3 orthogonal Cartesian coordinate system.
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and in equation (3.2) the inverse of it gives the compliance matrix [S].
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Compliance matrix is the inverse of the stiffness matrix given in equation (3.3).
[s]=[C]* (3.3)

This 6x6 [C] matrix is called the stiffness matrix that has 36 constants. Due to the
symmetry of the stiffness matrix [C], number of constants reduces to 21. Anisotropic
material has 21 independent elastic constants at a point, and stress-strain relationship

is generated with decision of these constants.

The nine engineering constants (elastic moduli, Poisson ratios, and shear moduli) are

calculated from the composite flexibility matrix [S] as equation (3.4).

g o= 2 i =1,2,3
LSy T
8 = —S,E; ij =12,23,31 (3.4)
1

Gi

= ———  ij=12,23,31
S(i+3)(i+3)

Materials with three perpendicular planes of symmetry called orthotropic material

has stiffness matrix as given in equation (3.5).
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Ciu Cpp Cg 0 0 07
Chp Cp Cyhu O 0 0
_|Cis Cp3 G 0 0 O
C1=10" 0 o0 cu 0 o0 (3.5)
0 0 0 0 GCs55 O
[ 0 0 0 0 0 Cegs
Three plane of symmetry gives,
C16 = O, C26 = 0, C36 = O, C46 = O, C56 =0 (353.)
C14 = 0, C24 = O,C34 = 0, C15 = 0, C25 = 0, C35 = 0, C45 =0 (35b)

Three mutually perpendicular planes of material symmetry also provide three

mutually perpendicular planes of elastic symmetry.

A unidirectional lamina can be considered as thin plate, therefore there are no out of
plane loads. This condition is called plane stress, which upper and lower surface of
the plate is free from external loads (c5=0, 13;=0, 153=0). These three stresses vary
little from top to bottom surface, thus it is assumed to be zero within plate. This
assumption reduces the three dimensional case to two dimensional stress-strain

equation. An orthotropic plane stress problem can be written as equation (3.6).

S;u S;p O 01
[ ] |:S]_2 822 0 ] [62 ] (36)
Y12 Seel LT12

where axis-1 shows the parallel direction to the fibers and axis-2 perpendicular
direction to the fibers. Inverting the equation gives stress-strain relationship as shown
in equation (3.7).

Qu Qp O €
[ ] Q12 Qp 0 [82] 3.7)
0 Qg M2
where Qij are the reduced stiffness coefficients, which are related to compliance
coefficient.
S22 S12
Q , Q
H81185-Sh 2 811S5-S
(3.7a)
S 1
Q ) Q =<
2 51182-S% % S
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The above equations give the properties for unidirectional fibers but most of the time
some laminae are placed at an angle for to provide higher stiffness and strength
properties in the transverse direction. Angle lamina can be defined in its own local
coordinate system or material coordinate system (1-2 coordinate system), and then
the properties can be translated into global coordinate system (x-y coordinate

system). The angle between two coordinate systems is denoted by an angle 0.

Stress-strain relationship for angle lamina uses transformed reduced stiffness

matrix [Q], which is applied as equation (3.8).

(7] (:?11 (?12 916 €1
[62] =|Qn Qp Qup [82] (3.8)

12 Qi Qus Qs T2

whereas equation (3.9) to (3.14),

Qyy = Qqy€**Q,,5+2(Q,,+2Qg,)sC (3.9)
Qy, = (Qq1+Q,,-4Qg )57 +Qy, (c*+57) (3.10)
Q,, = Qqy5"+Q,C +2(Q,,+2Qg,)sC (3.11)
Qu6 = (Q417Q15-2Q45)c%(Qpy-Qy,-2Qg)s°C (3.12)
Qug = (Q1-Q15-2Qg4)5%c-(Qpp-Q;,-2Q46)C%s (3.13)
Qgs = (Qq1+Q5,-2Q,,-2Qg4 )s°c?+Qg4(s*+¢*) (3.14)

where s=sin®, c=cos 6. They are functions of the four stiffness elements, Q11, Q12,

Q22, and Qgs, and the angle of the lamina, 6.

Above equations are developed for a single lamina. Real structure consists of more
than one lamina bonded together at different angles for given loading and stiffness
requirements. Classical lamination theory is used to develop for a laminate under in-
plane loads such as shear and axial forces, and bending and twisting. The following

assumptions are used in the classical lamination theory:

e Each lamina is orthotropic.

e Each lamina is homogeneous.
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e A line straight and perpendicular to the middle surface remains straight and

perpendicular to the middle surface during deformation (yXZ:yyZ:O).

e The laminate is thin and is loaded only in its plane (plane
stress) (6,=1y,=1y,=0).

e Displacements are  continuous and  small  throughout the
laminate (|ul, |v], [w|<]h]), where h is the laminate thickness.

e Each lamina is elastic.

¢ No slip occurs between the lamina interfaces.

A laminate made of n plies can be considered with thickness of each ply t,. Then the

thickness of the laminate h is given in equation (3.15).

h=) t (3.15)

Location of the mid-plane is h/2 from the top and the bottom surface of the laminate.

The z-coordinate of each ply k surface is given below,

Ply 1
Top surface b=
0="35 (3.15a)
_h
Bottom surface hy = '§+t1
Ply k:(k=2,3...n-2,n-1)
H k-1
Top surface hyq = -—+z t
2 & (3.15b)
h k-1
Bottom surface hg = -§+ Et
=1
Ply n
o= h
Top surface n-1 E’tn (3.15¢)
Bottom surface h
h,= =

21



Then, global stresses in each lamina can be integrated, and the resultant forces and
the resultant moments per unit length in the x-y plane through the laminate thickness
can be found. The resultant force and moments can be written in terms of mid-plane
strains and curvatures and also the transformed reduced stiffness matrix, [Q], can be
combined into equation. Then, the [A], [B], [D] matrices, which are called the
extensional, coupling, and bending stiffness matrices respectively, can be written as
equation (3.16) to (3.18).

A; = z (@))] e, i=126; j=128 (3.16)
k=1
B = %Z ()], hia®), =126 =126 (3.17)
k=1
Dijzé [(Qij)]k(hk3-hk_13), i=126; j=1,2,6 (3.18)
k=1

The forces applied to a small part of the laminate, can be described by 6 components
in classical shell theory, 3 in-plane forces and 3 moments. Generalized constitutive

equation (3.19) far any laminate have form.

Ny A Ap A By B By x

Ny Az Ap Ay B By Bylley

Nyl _ |Ais Az Ass Bis Bz Bes Ty (3.19)
My Biy Bz By Du D1z Dagl|

My B, By By Dip Dyp Dy Ky

Myl LBis Bz Bes Dis Dz Desl |,

where,

Ny, Ny, = normal force per unit length
N,y = shear force per unit length

(3.19a)
M,, My = bending moments per unit length

M,y = twisting moment per unit length

22



Symmetric laminates have no membrane-stretching coupling behavior that makes [B]
coupling matrix zero. Denoting the inverse of the [A] matrix by [a] and the inverse of

the [D] matrix by equation (3.20) become for symmetric laminate.

[ 82 | [d17  dip  dip 0 0 017 I\IX |
83 app ay ay O 0 0 Ny
0 ajg ay a 0O 0 O]fN
ITo 0 0 dy dp dig| My (3:20)
ol [0 0 0 dp dn dyl|M
[kl LO 0 0 dig dy deel [Myy ]

3.1.1 Material property of intersecting nodes

Stiffener properties of the AGS structure are not constant along its length due to
nodal build-ups. Total number of fibers increases two or more than two times at node
points based on nodal offset decision of the design, thus fiber volume fraction
increases up to 80 percent. Moreover, fibers that are crossing over each other at
nodes have different material axis direction depending on the pattern of the AGS
application. These nodal section characteristics of the AGS panel need to be defined
in one ply, which has to provide continuity along all the stiffeners (Kassapoglou,
2013).

According to the angles of intersecting grids, equivalent symmetric lay-ups are used
to include the different material axes into one by using in-plane properties taken from
Equation. Equations are used to develop effective in-plane properties as equations
(3.21) to (3.25).

E, = — .
= (3.21)
E, = L 3.22
y- hazz ( ' )
Gy = L 3.23
Xy — ha66 ( ' )
a2
Sy = (3.24)
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and orthotropic 3D symmetry relations comply with equations (3.26) and (3.27).

Sy Yy
E, Eq
xS
Es Eq
Sy _ Yy
Es E,

szgyxgzy = 9xygyzgzx

(3.26)

(3.27)

The calculated properties of the transition sections are given in Table 3.1. These

properties are derived from the UD and angle ply symmetric laminates. Efficient

properties are then used for single ply and transitions region concept is set up.

Table 3.1: Material property of intersecting nodes (MPa).

uD Fabric

0° 0-35° 0-55° 0-70° 0-90° 35-90°
Eun 130000 75227 70678 70370 70715 17474
E 2 10700 12112 17474 30687 70715 70678
E 33 10700 11093 11779 12509 13114 11779
\'BP) 0.2900 0.4725 0.3305 0.1700 0.0439 0.0817
V23 0.4800 0.4533 0.4479 0.4453 0.4409 0.2985
Va1 0.0238 0.0332 0.0497 0.0672 0.0817 0.3019
G 4600 11239 8212 5725 4600 8212
G 3680 3821 3977 4081 4140 4279
Ga 4600 4436 4279 4188 4140 3978

The concept of increasing width of the stiffeners is used near the nodal areas of the
AGS panel and this section of the stiffeners is named as transition regions. Transition
region is starting from 10 to 15 mm before the grid nodes due to interruption of
continuity. Then meaning of continuity for this application is the change of the fiber
angle along its path due to crossover mechanism at grid nodes. Another important
reason for using transition region concept is to reduce the fiber fraction by increasing

the area of the grid nodes and near these regions.
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As can be seen from the Table 3.2, transition starts from 22% and then it follows the

increasing order 43%, 64%, and 78%. When transition percentage increases up to

100% of the material properties of intersecting node is reached.

Table 3.2: Material property of transition regions near intersecting nodes (MPa).

Transition Region

Percentage 0°35¢
En E» | Esz | v V 23 vat | G |G |Gy
22% 118332 | 11042 | 10795 | 0.3340 | 0.4762 | 0.0249 | 6022 | 3710 | 4564
43% 106623 | 11368 | 10884 | 0.3751 | 0.4716 | 0.0264 | 7445 | 3740 | 4529
64% 94877 | 11673 |10967 | 0.4136 | 0.4660 | 0.0283 | 8868 | 3770 | 4494
78% 87028 | 11862 (11019 |0.4379|0.4616 | 0.0300 | 9816 | 3790|4471
100% 75227 | 12112 11093 |0.4725 | 0.4533 | 0.0332 | 11239 | 3821 | 4436
Transition Region
Percentage 0°550°
Eu E» | Eas V1o V23 Va1 Gp |G |Gy
22% 117294 | 12197 | 11030 | 0.3026 | 0.4754 | 0.0272 | 5374 | 3743 | 4531
43% 104584 | 13676 | 11296 | 0.3124 | 0.4701 | 0.0314 | 6148 | 3807 | 4462
64% 91872 | 1513311512 |0.3203 | 0.4634 | 0.0367 | 6922 | 3871|4393
78% 83395 | 16085 | 11631 |0.3248 | 0.4581 | 0.0411 | 7438 | 3913|4347
100% 70678 | 17474 |11779|0.3305 | 0.4479 |0.0497 | 8212 | 3977|4279
Transition Region
Percentage 0°70°
Eun E» | Exz | v V 23 vat | G |G |Gy
22% 117278 | 15016 | 11477 | 0.2371 | 0.4746 | 0.0315 | 4841 | 3766 | 4511
43% 104508 | 19321 {11941 | 0.2079 | 0.4685 | 0.0391 | 5082 | 3851 | 4423
64% 91715 | 23607 | 12238 | 0.1894 | 0.4613 | 0.0477 | 5323 | 3937|4335
78% 83180 | 26451 | 12374 | 0.1804 | 0.4557 | 0.0545 | 5483 | 3995|4276
100% 70370 | 30687 | 12509 | 0.1700 | 0.4453 | 0.0672 | 5725 | 4081|4188
Transition Region
Percentage 0°90°
En Ex» | Eas V12 V23 Va1 G |G |Gy
22% 117627 | 23567 | 12254 | 0.1319 | 0.4724 | 0.0389 | 4600 | 3778 | 4501
43% 104905 | 36432 | 12770 | 0.0853 | 0.4646 | 0.0491 | 4600 | 3877 | 4402
64% 92106 | 49293 |13000|0.0630 | 0.4563 | 0.0593 | 4600 | 3975|4304
78% 83555 | 57864 | 13074 | 0.0536 | 0.4504 | 0.0671 | 4600 | 4041|4238
100% 70715 | 70715| 13114 |1 0.0439|0.4409 | 0.0817 | 4600 | 4140|4140

3.2 Material Failure Analysis

The strength of the laminate is related to the strength of each individual lamina.

There are various theories to check failure of a laminate. The failure theories are
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based on stresses in the material or local axes due to orthotropic characteristic of the
composite structures. A unidirectional (UD) lamina has two directions for its own
material axes, thus there are four normal strength parameters existing for tension case
and compression case. The fifth strength parameter, which can be positive or
negative, is the shear strength of UD lamina. The sign of the shear stress has no
effect on the strength of the UD lamina but for angle lamina sign of shear stress
affect the strength properties. The five strength parameters are given for UD lamina

as follow.

(GDun = Ultimate longitudinal tensile strength (direction 1)

(csf)ult = Ultimate longitudinal compressive strength (direction 1)

(03),,, = Ultimate transverse tensile strength (direction 2) (3.282)
(0%),, = Ultimate transverse compressive strength (direction 2)

(t12)uit = Ultimate in-plane shear strength (plane 12)

For an angle lamina, first stresses in the local axes are found and then these
parameters are compared to local stresses to find whether lamina has failed (Kaw,
2006).

Maximum Stress Failure Theory is used in FE optimization for material failure.
Failure is predicted in a lamina by comparing the normal and the shear stresses in the
local axes, and corresponding ultimate strengths of the unidirectional lamina. Lamina

is considered to be failed if,
-(G(lz)ult< 01 < (GI)ult » Of

-(§) <2< (cF),, .+ o (3.28b)

-(T12)uit< 12 < (T12)uit

is violated. Here is negative sign is added to indicate compressive stresses. All the
components are compared with corresponding strengths, thus there is no interaction

with others.

Failure strength of CFRP is calculated using maximum stress failure theory for UD
and intersecting nodes given in Table 3.3.

26



3.3 Instability of Stiffeners

Design of the AGS structure takes different buckling conditions into consideration as
distinct cases. Two of them, which are rib crippling and column buckling, are
defined by analytical and semi-empirical formulations. Each mode is assumed to be
independent in a buckling resistant design (Rehfild and Deo, 1978).

Table 3.3: Failure strength of intersecting nodes (MPa).

Type o o/ 65 6, 110
ubD
0° 1400 1700 310 89.5 120
Fabric*
0-35° 283 212 250 92 102
0-55° 308 156 253 101 95
0-70° 348 132 286 111 103
0-90° 350 120 350 120 120
35-90° 253 101 308 156 103

3.3.1 Rib crippling

Crippling is a local behavior and occurs on rib sections which are smaller than full
rib length. When crippling starts on any of the stiffeners, load carrying capacity of
this stiffener reduces until collapse of the crippling area. Local crippling of the ribs

for compressed AGS panel does not result in total collapse of the structure.

A semi-empirical approach is used for crippling strength associated with the b/t ratio

where b is height and t is width. The design equation is given as equation (3.29).

163

—F7570
(b)0.717 c
t

where o is the ultimate compression strength of the stiffener. Although it is

Ocrip =

(3.29)

mentioned that use of this formulation is limited for laminates with at least 25% 0°
plies and 25% 45¢° plies, optimization of AGS panel that is conducted in this study
uses this formulation due to its simplicity and conservative nature (Kassapoglou,
2013).
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3.3.2 Column buckling

Column buckling load of stiffeners can be computed from the Euler buckling
analysis of beams. The difference of column buckling from crippling is that stiffener
buckles at full length and it results in total collapse of stiffener between two nodes.
Although substantial build-up of material at the nodes and effective increase in rib
with near nodes makes boundary conditions equivalent to full clamping, the pinned
end boundary is taken as the buckling case to keep conservative result. The famous

equation of column buckling of pinned end beam is given as equation (3.30).

2E, |
Py = sz (3.30)

where Ey is the longitudinal direction of global axis, I is the moment of inertia and L

is the length.
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4. FINITE ELEMENT ANALYSIS OF FUSELAGE

This chapter elaborates on FE analysis of the composite fuselage with and without
frames. 3 different models are studied for the fuselage section, fuselage without
frames, fuselage with frames modeled as beam elements, fuselage with frames
modeled as quad shell elements.

4.1 Modeling

A fuselage panel is modeled to find the effect of frames on the composite skin stress
distribution. Different types of modelling techniques used for this analysis. Loading
cases is chosen to be pressure applied inside of the composite skin. In general,
fuselage is pressurized for passenger comfort. A monocoque frame, meaning external
skin supports some or most of the loads, is modeled to compare how stresses are
changing on pressurized loading condition. Typical loads acting on the fuselage

frame are:

e Distributed load due to inside pressure,
e Concentrated forces,
e Bending moments from wings,

e Distributed shear load to balance shear forces.

The fuselage has members perpendicular to the skin, that support it and help keep its
shape. These supports are called frames. Circumferential frames maintain the
fuselage shape and redistribute loads into the skin. Frames give the fuselage its cross-
sectional shape and prevent it from buckling, when it is subjected to bending loads.
The structural strength and stiffness of the fuselage must be high enough to withstand
these loads. At the same time, the structural weight must be kept to a minimum.
Fuselage FE model in Figure 4.1 which internal pressure applied is studied,
afterwards it can be added to other results using superposition principle if needed.
Radius of the fuselage is set 2 meter and the spacing between the frames is set to 550

mm.
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H1 =114 mm
H2 =120 mm
W =22 mm H2
t =3.048 mm
ts =1.828 mm

t i v
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Figure 4.1: Fuselage FE model and cross section.

3 different models are studied for the fuselage section:

e Fuselage without frames,
e Fuselage with frames modeled as beam elements,

e Fuselage with frames modeled as quad shell elements.

MSC Nastran provides a property definition specifically for performing composite
analysis. The material properties and orientation are specified by user for each of the
layers and MSC Nastran produces the equivalent PSHELL and MATS8 entries.
Additional stress and strain output is generated for each layer and between the layers.

Circular composite fuselage without frames, which is quasi isotropic, is modeled
with quad shell elements. Quasi-isotropic laminates exhibit isotropic (that is,
independent of direction) in-plane response but are not restricted to isotropic out-of-
plane (bending) response. PCOMP card is used to generate quasi isotropic laminate
sequence for skin (Figure 4.2) in all cases ([0 0 60 60 -60 -60]s), which exhibits an

isotropic in-plane material behavior.

The MATS card in Nastran is used to define a two-dimensional orthotropic stress-
strain relationship for fuselage material. The MATS8 entry can only be used with the

plate and shell elements and it defines the in-plane stress-strain relationship.
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Figure 4.2: Quasi-isotropic laminate sequences for skin.

2D model of the fuselage section is meshed with CQUAD4 elements. This
quadrilateral element type is preferred over the triangular element CTRIA3. When
composite AGS panel, which will be explained in next chapter, is modeled with
combination of CQUAD4 and CTRIAS elements, it has been seen that CTRIA3
elements are excessively stiff. The stress results that are taken from CTRIA3 give
inaccurate results when it is compared to full CQUAD4 model. Thus, it should be
stated that these types of triangular elements should only be used when necessary for
geometric or topological reasons, but it has to be avoided in locations where the
membrane stresses are changing rapidly, for example, near the region of nodes,
where two or more ribs intersecting each other.

4.2 Boundary Conditions and Loading

A pressurized circular fuselage with and without frames is modeled using PATRAN
and both of the models are solved by NASTRAN which uses FE methods. The main
objective is to understand the effect of the frames on stress distribution for a
pressurized composite fuselage which carries a portion of the pressure loading.
Pressure applied inside of the fuselage is 0.1 MPa which is about equal to

atmospheric pressure on Earth at sea level, and since 1982 the IUPAC has
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recommended that the standard for atmospheric pressure should be harmonized to
100,000 Pa =1 bar.

Two boundary conditions (Figure 4.3) are used to model the fuselage:

e The first is symmetric boundary condition (T1, R2, R3), which is used to
model only half of the panel on radial direction,

e The second is the simply supported (T1, T2, T3) boundary which is used to
model z-direction of the cylindrical axis.

To constraint the model flying in any other degrees of freedom, one node which is
far from the interest region is fixed at all degrees of freedom (T1-2-3, R1-2-3).

0,=0
Ux=0 0,=0
Ue=0 Uy=0
y=o |~ U;=0
U,=0
All DOF Fixed

\1, Uy=0

Figure 4.3: Symmetry boundary conditions for fuselage.

Circular composite fuselages with frames are modeled in two different ways. The
first model is built by quad elements for the skin of the fuselage and frames are
modeled with beam element. This model assumes that frames are isotropic but they
have the same in-plane property as the effective in-plane composite frame modulus.
The second way of application uses all quad elements for skin and the frames. This
way of application uses duplicate elements that is connected the same nodes but with
different lay-up sequences for skin and the frames. Quad element offset is applied for

frames to take into account the stiffness property into the shared nodes.
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4.3 Comparison

3 different models for the fuselage section are solved using linear static (SOL101)
analysis option by Nastran. It is important to note that the output forces and moments
generated by the shell elements are forces per unit length. A common error for new
users is to assume that the force shown in the output is the total force acting on the
element but it does not. It is the force per unit length. Total forces and moments are

output by the line and solid elements.

Total displacement plots are given in Figure 4.4.

%4 32+000)

4.03+000)
3.74+000)
3.45+000)
3.17+000
2.88+000)
2 5I+000)
2.30+000)
2.02+000
1.73+000
1.44+000
1.16+000
8.64-001

® 5. 76-001
2.88-00]
0.

Fuselage with frame  Fuselage with frame
(beam element) (quad shell element)

Fuselage without frame

Figure 4.4: Comparison of displacement sum (mm).

Displacement sums are given in Figure 4.4 shows the frame on resultant translation.
Comparison shows that the effect of the frame on the resultant displacement is
mostly local. The maximum displacement away from the boundary changes %5.6.
The difference between the beam and quad shell is that shell element shows the
displacement values as separate element on the Z beam. Beam element is stiffer than

quad shell as %1.5 difference on the displacement values.

Stress plots are taken as from the element centroids. Components of forces,
moments, and element stresses are always output in the element coordinate system.
By default, the element forces, stresses, and strains are generated for the centroid of
the CQUADA4. The most critical stress values are in circumferential direction (Figure
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4.5). Radial and axial directions that are defined in separate coordinate system, thus
element stress outputs transformed properly to cylindrical coordinate system.
Circumferential stress increase near region of the frames, and fuselage with shell
frames has higher stress value than fuselage with beam frames. Frame structure
affects the skin stress distribution locally. Stresses in circumferential direction
decreases around %70, for axial direction it reduces up to %50 for fuselage with shell
frame.

214700
201 574

186.647
175.621

162.594

144 568

136.541

123515
110488
97.462
84.435
71.409
58.382
45356

32.329
18.303

Fuselage with frame Fuselage with frame
(beam element) (quad shell element)

Fuselage without frame

Figure 4.5: Comparison of circumferential shell forces (N/mm).

Comparison of the maximum and minimum shell forces are given in Table 4.1. It is
clear that the effect of the frame on local level is significant. In global structure the
change in the stress distribution will aid to preserve the shape of the fuselage.
Although maximum stresses are close for all the FE models, minimum stresses
decrease for both axial and circumferential direction up to %70, which increases the

safety in case of failure.
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Table 4.1 Comparison of shell forces (N/mm)

Shell Forces (N/mm)

. . Circumferential (Y Axial (Z Shear (YZ
Configuration Max. MirE. ! Max. (I\zlin. Max. ( M)in.
Fuselage skin 200 200 61 61 0 0
Fuselage beam 206 54.6 56 56 0 0
Fuselage shell 207 69.4 56 21.7 0 0
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5. FINITE ELEMENT ANALYSIS OF THE COMPOSITE AGS PANEL

In this chapter, the composite AGS panel is analyzed in detail for different type of
critical loading conditions. The main analysis is done for Load Case 2, which is the
optimum design model given in Chapter 6. Stress analysis plots for all the grids are
given for different angles, thus maximum stresses are shown on FE model. Inter-
laminar stresses are also studied for aforementioned load case. Additionally buckling
modes are shown for 10 modes for the optimum model.

5.1 Modeling

There are several types of plane elements exist in commercial FE Analysis programs.
In our case, the compatible element type and a tool, which composite materials can
be defined, was the selection criteria for FEA program. Most of the conventional
FEA programs store and uses data on the basis of laminate materials. On structural
parts, this type of representation makes model extremely complicated and layers
becomes overlapping. MSC. Patran store the data of the structure in terms of its
constituent layers which makes the model easy to check and understand. Patran as a
pre-processor has a composite tool (Figure A.3) which can be used to create

orthotropic properties for laminae and composite laminate.

The input cards used to model 2D composite AGS panel consist of FE element and
material property definitions. The element library for 2D shell modelling provides
CQUAD4 element in Nastran, which defines an iso-parametric membrane-bending
or plane strain quadrilateral plate element. The properties of the n-ply composite
material laminate are defined with PCOMP card and then translated to MATS, which
defines the material property for an orthotropic material for iso-parametric shell

elements.

Furthermore, the main idea for modeling of the composite AGS panel is using
quadrilateral elements or quadrilateral elements mixed with triangular elements,
where it is impossible to mesh with quadrilateral elements. As it is given in literature

study chapter, researchers tried different types of elements which can cover the
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behavior of composite AGS panel as a skin and stiffener, but the main purpose of

this thesis is to define a model using existing FEA 2D quadrilateral element types

that can simulate the behavior of the surface and stiffeners of the composite AGS

panel.

Correspondingly, the following decision is about how to input the stiffness

parameters into the nodes representing the AGS plate. As it is known, FEA programs

uses elements to make connection between nodes. In our case, this connection could

be possible in three ways using 2D quadrilateral elements;

The first way is to model stiffeners as separate quadrilateral elements that one
edge nodes are connected to the nodes of the surface and to model surface
elements, mesh should follow the stiffener geometry. Disadvantage of this
type of modeling is thickness of the stiffeners is actually not modeled
physically. Thus, global model geometry is altered and accuracy of global
and local buckling analysis is lost.

The second way is to model a geometry which stiffeners are also modeled as
2D projection on x-y plane, by the aid of the layer based modeling, the
stiffener geometry would include the surface and stiffener layers altogether
through the lattice geometry. It gives better accuracy for the buckling modes
of the AGS panel but continuity on skin layers and the stiffener layers are
lost.

The third one, which is found suitable for our model, is to model stiffener and
the surface as separate elements, and the pattern of the mesh should follow
the lattice of the AGS plate. This application uses duplicate elements
approach. The most important advantage of this type of definition of the AGS
panel, an engineer is able to model physical body with exact geometry
without losing any stiffness parameters. Therefore, optimization or especially
the local and global buckling analysis of the same structure can be conducted
without losing the accuracy and the insight of the quadrilateral element

behavior.

5.2 Meshing

There are two types of elements available to model 2D panel. CQUAD4 and

CTRIA3 elements can be used separately or together as described below. All
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CQUAD4 mesh is selected over CQUAD4 and CTRIA3 mixed mesh due to behavior
of CTRIA3 element. The location where CTRIA3 element needed is mostly critical
locations, thus stiffer behavior of the CTRIA3 element will result in higher stresses

than actual value.

5.2.1 Quad elements

The Composite AGS panel is modeled with CQUAD4 given in Figure 5.1. This two
dimensional elements, which are called plate or shell elements, represents areas
where one of the dimension is small compared to the other two. This elements
calculate the membrane stiffness of the two dimensional elements using two different
theories. First one is plane stress, which the normal stress o,, and the shear stresses,
ox; and oy, directed perpendicular to the x-y plane are assumed to be zero. The loads
are assumed to be applied uniformly over the thickness of the plate. Second one is
the plane strain, which the strain normal to the x-y plane, &,, and the shear strain vy,
and vyy,, are assumed to be zero. This assumption is valid for the dimension of the
structure in one direction is very large in comparison with the other two directions of

the structure.

This element has four nodes and five degrees of freedom (DOF) per node. The DOF
include three translational and two rotational degrees of freedom. The rotational
DOF not included at each node is along the axis normal to the plane defined by the

element sides which intersect at each other.

CQUAD4 Meshed Full Panel CQUAD4 Meshed One Cell

Figure 5.1: The Composite AGS panel is modeled with CQUADA.
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5.2.2 Quad and tria elements

The Composite AGS panel is modeled with CQUAD4 and CTRIA3 given in Figure
5.2. CQUAD4, CTRIA3 are the general-purpose plate elements capable of carrying
in-plane force, bending forces, and transverse shear force. This family of elements is
the most commonly used 2-D elements in the MSC Nastran element library.

The elements are elastically connected to only five of the six degrees of freedom at
each of its grid points. The element does not provide direct elastic stiffness to the
sixth degrees of freedom, i.e., the rotation about the normal to the surface of the
element. Therefore, if a grid point is attached to the CQUAD4 elements only and all
of the elements are in the same plane, then the rotational degrees of freedom about
the surface normal have zero stiffness. This zero stiffness results in a singular
stiffness matrix and the job fails. In addition to that due to behavior of the triangle

element it is not recommended to use near the interest region or critical points.

CQUAD4 and CTRIA3(green) Meshed Full Panel CQUADA4 and CTRIA3(green) Meshed One Cell

Figure 5.2: The Composite AGS panel is modeled with CQUAD4 and CTRIAS.

5.3 Boundary Conditions and Loading

5.3.1 Load case 1

Compression load is applied for Load Case 1. All edges are constrained in T3
direction and in addition to that opposite side of the force applied edge is constrained
in T1 direction and one node on the corner fixed all DOF. Force is applied on x axis
as 276 N/mm as given in Figure 5.3. This type of constraint mechanism simulates
compression testing of panel. After the application of the force, displacement value is
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taken from the solution on the applied force direction, which is used instead of the

force along x direction.

Uz=0
All DOF
S \ i
| Fx=276
Ux = 0 . : i N/mm
Uz=0 | = |

Shmmmaes S
Ml EEEgsasERES G \
i I e L :-

Figure 5.3: The Composite AGS panel LC1 BC and loading.

5.3.2 Load case 2

Biaxial loading and shear loads are applied for Load Case 2. All edges are
constrained in T3 direction. Additionally bottom edge of the AGS panel is
constrained in T2 direction and one node on the corner fixed all DOF. Compression
force on x axis is applied as 150 N/mm and compression force on y is applied as 60
N/mm. Shear force is applied on all the edges which is about 175 N/mm. This type of

constraint mechanism (Figure 5.4) simulates bi-axial loading test of panel.

5.3.3 Load case 3

Biaxial loading, shear loads and the pressure is applied for Load Case 3. The
boundary conditions for LC3 are the same as the LC2 given in Figure 5.4. In addition
to that 0.08 MPa pressure loading applied inside of the panel that grids are laying on

the surface.
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Figure 5.4: The Composite AGS panel LC2 BC and loading.

5.3.4 Local 3D case

Inter-laminar shear stresses are checked using 3D model, and critical locations of the
2D FE model are taken. When a laminate is thick or when the load path and state of
stress in the structure is three dimensional, solid elements are more appropriate.
CHEXA element, which defines the connections of the six-sided solid element with
eight grid points, is used to model local area. A laminate composite shell or solid can
be analyzed by using the PCOMPLS entry referencing a CHEXA element, but only
in SOL 400.

There are couple of tricks need to be decided and controlled by user. Solid elements
contain stiffness only in the translation degrees of freedom at each grid point.
Typically vi3 is provided in data sheets but Nastran input field is for vis. Ply
thicknesses entered should be sum of a total laminate thickness which equals to the

element thickness. Nastran does not check this for user.

Displacement and rotations are taken from the solution of the 2D FE LC2 solution.
T1, T2, T3, R1, R2 and R3 values are applied on the boundary nodes of the grid and

skin CHEXA elements as can be seen with red color in Figure 5.5.
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Uz Oz

Figure 5.5: The Composite AGS panel Local 3D BC and 2D nodal displacement

application regions.

5.4 Solutions

5.4.1 Linear static

MSC Nastran uses linear solver which is named SOL101. The static analysis using
Nastran allow analyst to analyze and design linear structures subjected to time
invariant loading. The simulation of the necessary structural properties is performed
using equations by MSC Nastran. The behavior of the structure is placed inside these
matrix equations. The rows and columns of the matrices contain the model
definitions (elements, properties, loads, etc.) and displacement sets are assigned to
each degree of freedom (DOF) by Nastran.

The static equilibrium of the finite element model can be shown in matrix form in
equation (5.1).

[Kgg){ug}={Po} (5.1)
Where {uy} represents the global displacement set, which is the top level set, [Kyq] is
the global stiffness matrix and {P,} is the vector of explicit loads or implicit loads

applied to the grid points. The stiffness matrix [Kgg] is formed by generating and

assembling the stiffness matrices for all of the elements.
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For linear analysis, MSC Nastran plate elements assume classical engineering

assumptions of thin plate behavior,

e The deflection of the mid-surface is small compared with the thickness

e The mid-surface remains unstrained (neutral) during bending. (This applies to
lateral loads, not in-plane loads.)

e The normal to the mid-surface remains normal to the mid-surface during

bending

5.4.2 Buckling

MSC Nastran uses linear solver which is named SOL105. Global and local instability
modes of composite AGS panel are analyzed using Nastran solver. The buckling
solution of the plate is assumed to be in linear range so that yielding of the structure

and change of force direction are not included in the solution.

Linear buckling analysis using finite elements defines two stiffness properties which
are differential stiffness and linear stiffness. The difference between two of them is
differential stiffness that is constructed from higher-order terms of the strain-
displacement relationships. The question comes into mind when instability behavior
of the structure occurs, how can the compressive and tensile axial loading affect the
linear stiffness matrix? Thus, differential stiffness matrix represents the linear
approximation of softening (reducing) the linear stiffness matrix in the case of
compressive axial load, and stiffening (increasing) the linear stiffness matrix in the
case of a tensile axial load. The element stiffness matrices are denoted as below in
equation (5.2).

[ka]i = linear stiffness matrix

(5.2)

[kq]; = differential stiffness matrix

The differential stiffness is a function of the geometry, element type, and applied

load. The global linear stiffness matrix can be represented as equation (5.3).

[Ka]:i Ky, (5.3)
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As linear stiffness matrix, the global differential stiffness matrix can be represented

as equation (5.4).

[Kgl= > Ky (54)

The overall system stiffness matrix is represented as equation (5.5).
[KI=[Kal+[Kq] (5.5)

Total potential of the system must have stationary value to achieve static equilibrium,

a can be given in formulation (5.6).

oy
a[—ui]=[Ka]{U}+[Kd]{U}={0} (5.6)

where u; is the displacement of the i"" degree of freedom.

Finite element model has finite number of degrees of freedom, although structures
have infinite number of degrees of freedom in the real world. The number of
buckling approximation of the structural behavior is proportional with the number of

degrees of freedom of our model. It is formulated as in equation (5.7).
Per,=Ai P (5.7)
Thus it gives the equation 5.8,
|[Kal+Ai[Kq]|=[0] (5.8)

The above form of problems is called as eigenvalue problem. Once A; values are
obtained, the buckling load can be calculated using equation (5.7). In addition to that
A; values are the scale factors by which the applied load P,is multiplied to generate

the critical buckling loads Pg..

In general, only the first two or three buckling loads are of any practical interest. The
structure will fail prior to reaching any of the higher buckling loads other than first
buckling load. MSC Nastran can perform buckling analysis on any or all of the
loading conditions but it should be noted that it is valid for small deflections and
elastic range. If it is an axial loading condition, applied load can be multiplied by the

eigenvalue to obtain the buckling load.
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5.5 Analyses Results

5.5.1 Displacement of the composite AGS plate

Resultant displacement plots are plotted to make a sanity check. Results coming from
different type of loadings should give logical and physically correct displacements.
Three load cases are shown on Figure 5.6.

Load Case 1

1410000 140

o Load Case 2

0141

= — Y “ 1.64+00

. . 1.48+00
1.31+00
1.15+00
9.84-001
‘ 820-001 Load Case 3
6.56-001
4.52-001
3.28-001
1.64-001
0/

Figure 5.6: Displacement sums of the composite AGS plate for different load cases.
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5.5.2 Stress distribution along stiffeners

Stress distribution along stiffeners is checked for the optimum model (Load Case 2).
LC1 and LC3 stress distributions are given in Figure A.1 and Figure A.2 . FE model
stresses has to be taken along the ribs which are 35°, -35°, 0° and 90°. It is necessary
to note that elements that have maximum stresses near boundaries are disregarded,
thus maximum on the spectrum is because of boundary effects. 35° direction stresses
is given in Figure 5.7. Compression stress 226 MPa is shown as maximum stress on
the rib.

-14.341

\’\;‘I.
/]

rd N

<X

X

-162.7:

-205.1

AH_— P<

Figure 5.7: Maximum ply stresses (MPa) along 35° direction (Load Case 2).

-226.34

-35° direction stresses are given in Figure 5.8. Maximum stress is tensile, 211 MPa,
along -35° rib direction. Main load carrying components are UD fibers, thus plots of
the stresses are selected according to UD fibers along the ribs. Stress values are
checked also for tensile maximum but not plotted, because peak stresses are

compressive.
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Figure 5.8: Maximum ply stresses (MPa) along -35° direction (Load Case 2).

0° direction stresses are given in Figure 5.9. This direction gives the stresses for
horizontal ribs. 156 MPa tensile stress is found as maximum stress on fiber direction.
As it is stated in the previous plot compressive maximum is also checked but

maximum is compressive stress.

15.

-2.731

-21.

-57.61

-75.91

2
—

-112.

-130.

-144.

-167.

Figure 5.9: Maximum ply stresses (MPa) along 0° direction (Load Case 2).

90° direction stresses are given in Figure 5.10. Maximum stress is shown as tensile,
which is 141 MPa. The stress is near the nodal location which is intersecting with

35° direction rib.
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Figure 5.10 Maximum ply stresses (MPa) along 90° direction (Load Case 2).
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5.5.3 Stress distribution on the skin

Stress distribution along skin is checked for the optimum model (Load Case 2). Skin
stresses are higher at the boundary locations due to perturbation of the constraints
and loading. Therefore, middle cell of the plate seen in Figure 5.11 is consistent but
around the edges disturbance show itself by the stress contours. For the entire load
cases skin is just giving its shape and protecting the ribs from environmental effects,

thus skin material does not fail before the grids.

Figure 5.11: Maximum ply stresses (MPa) along 0°, 90° and 45° direction
(Load Case 2).
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Figure 5.11 (continued): Maximum ply stresses (MPa) along 0°, 90° and 45°
direction (Load Case 2).

5.5.4 Inter-laminar stresses on 3D model

o33 inter-laminar normal stress (peel stress) and o31, 632 inter-laminar shear stresses
are important in the study of delamination. Maximum stress value before failure for
carbon fiber material is taken as 60 MPa from the previous experiences. Therefore
Figure 5.12 and 5.13 show the inter-laminar stresses lower than 60 MPa. Maximum
stress for the optimum model is near 21 MPa. 35° fiber direction stress is plotted for
to compare the same location with 2D model. Maximum stress along the fiber

direction deviates around %8, which is acceptable for the 2D-3D model validation.
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Figure 5.12: Ply stresses (MPa) 35° direction (Load Case 2) and interlaminar normal

stress.
208+001 1.71+001
1.86+001 1.54+001
1.65+001 1.36+001
1.43+001 1.19+001
1.22+00 1.01+001
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Inter-laminar shear stress (o3;) Inter-laminar shear stress (632)

Figure 5.13: Inter-laminar shear stresses (MPA) (Load Case 2).

5.5.5 Buckling modes of AGS panel

Linear buckling eigenvalue analysis is completed for the optimum model (Load Case
2). Once eigenvalues are obtained, the buckling load can be decided. In addition to
that eigenvalues are the scale factors by which the applied load is multiplied to
generate the critical buckling loads.

Ten buckling modes are solved by Nastran. Figure 5.14 shows the buckling modes.
Global buckling behavior is not observed for optimum model. Thus, pocket (local)

buckling occurs for all the buckling inside the grid cells.

51



Mode 1 - Eigenvalue : 1.0137 Mode 2 - Eigenvalue : 1.0968

Mode 3 - Eigenvalue : 1.114 Mode 4 - Eigenvalue : 1.1165

Mode 5 - Eigenvalue : 1.1212 Mode 6 - Eigenvalue : 1.1238

Mode 7 - Eigenvalue : 1.1261 Mode 8 - Eigenvalue : 1.1669

Figure 5.14: Buckling modes and eigenvalues for Load Case 2.
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Mode 9 - Eigenvalue : 1.2371 Mode 10 - Eigenvalue : 1.2502

Figure 5.14 (continued): Buckling modes and eigenvalues for Load Case 2.
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6. FINITE ELEMENT OPTIMISATION OF AGS PANEL

This chapter elaborates on the FE optimizations performed as part of the thesis
project. As given in Chapter 5, Load Case 2 with the aforementioned boundary
condition is used to create design model for panel optimization. Several
optimizations were carried out for different configurations of the composite AGS
panel.

6.1 Msc Nastran Optimization — How it works?

The composite AGS structure is improved through a design process by using MSC
Nastran. Design optimization process searches for optimal or “the best” structural
parameters and the searching operation uses some mathematical approaches to yield

improved design.

An important concept of optimization is design sensitivity analysis, which gives the
connection between the change of structural responses and changes in design
parameters. These design variables or parameters can be anything depending upon
analysis objective which is thickness, width of stiffeners and dimension of one cell
lattice pattern for our case. These parameters affect the material failure behavior and
buckling conditions, thus the rate of change is called design sensitivity coefficients.
This sensitivity approach is the main information to perform optimization by MSC
Nastran. Therefore, the current state of the optimized design is understood by using
FE Model results and sensitivity gives an idea which way to look for an improved
design. This algorithm is very useful especially for two or more design variables
included in the optimization due to increasing number of possible solutions

(analyses).
There are idealized statements to construct a design model:

e Design objective is the statement of what an improved means.
e Design constraint constitutes certain bounds, which the response of the

system does not exceed.
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e Design variable (side constraints) describes how the design might be changed
and the meaning of a suitable variation.

e Design space is the definition of mathematical region over which design
variables, objective, and constraints. Design space contains the local minima,
which is the acceptable solution but can be more than one. As it is
improvement of the design model, a unique solution is the goal of

optimization.

The important thing for FEM based optimization, analysis results that are used in
each cycle of the optimization is directly connected to the constructed FE Model.
Thus, any mistake on meshed finite element model may lead to inaccurate and

misleading results.

FEM optimization user has to know some limitations. MSC Nastran uses a numerical
optimizer which is trying to find maximum or minimum depending on the objective,
which has to be defined explicitly. Design model definition will result in a bound on
responses and design variables, and this limits and objectives are directly used in the
optimization cycle.

Numerical optimization algorithms that rely on gradient information are called
“gradient based”. The basic optimization problem statement can be given as the

mathematical expression,
X needs to be found as minimum or maximum (Equation (6.1)).
F(X) objective (6.1)
which is subject to inequalities given in equation (6.2).
gj(X) <0 j=1,...,ny inequality constraints

he(X) =0 k=1,...,n, equality constraints
(6.2)

xt<x;<x¥ i=1,...,n side constraints
X = {Xq,Xp,...,X,} design variable

The objective function, which is the function of the set of design variables, needs to
be minimized. Side constraints limit the region of search and the inequality
constraints is satisfied if its value is negative by convention. Equality constraints give
the exact optimal design.
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The optimization algorithms in MSC Nastran belong to the family of methods
referred to as “gradient-based”. This method helps to start numerical search for an

optimum point, which is somewhere in the design space.

The beginning of the numerical search process is to find a direction. The process of
searching continues while small steps in each of the design variable directions are
taken. The mathematical concept is called first-forward finite difference
approximation of a derivative. It is given as for single independent variable in
equation (6.3),

di() _ f(crax) - (x)

6.3
dx AX (63)

where Ax represents the small step taken in the direction x. The resultant vector of

the partial derivatives, or gradient, o the function can be written as equation (6.4),

( OF (F(X+Axy) - F(X)

lox, | | X,

VFX) =4 = j (6.4)
LGF | F(OX+Ax,) - F(X)
X AXy

which defines single components of the dimensional vector with partial derivatives.

The gradient vector goes in the direction of increasing objective function. Thus, the
opposite direction of that gradient has to minimize objective function. The search of
the minimum in this direction can be found with several different algorithms. The
steepest descent, one dimensional search or Kuhn-Tucker conditions are useful

algorithms for to conduct a numerical search in MSC Nastran optimization.

6.2 MSC. Patran PCL Functions

The PATRAN Command Language (PCL), which is a programming language, is
used to create functions to be called directly from Patran, to create forms and
widgets, to call functions from all areas of Patran including all applications, graphics,
the user interface, and the database. The entire Patran user interface is driven by
PCL.

The user interface system is integrated with PCL via callbacks. Thus, if a menu item

selection or button click occurs, a PCL function is called to process the operation. All
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the processing is also recorded in the session file. These commands may be entered
interactively through the command line, or processed in session as stated above. The
purpose of the session file, which PCL codes are written for the current session, is to
allow Patran session to be recreated when the session file called.

The composite AGS panel has design variables that can be changed inside the loop
of FEM Analysis and that cannot be changed due to need of appropriate re-meshing.
There is couple of dimensions, i.e. stiffener spacing, rib width, is changed between
optimization cycles using PCL functions. The main limitation to modify geometric
dimensions following with re-meshing is altered by modified session files.

PCL functions are defined in files which can be created and modified with system
level text editors. The first statement in a PCL function must start with the word
FUNCTION. The last statement in a PCL function must be an END FUNCTION
statement. “'INPUT file” command, which is with two exclamation marks “!!" at

the beginning of the line, executes the compiled file.

6.3 Design Model

A design model is an idealized statement of changes which might be made to the
structure to improve its performance or response. In order to accomplish this, the

word of improved design has to be defined.

Skin laminate layup for the composite laminate is modeled with [45/-45/0/0/0/90]s.
This sequence is taken from the historic studies on the AGS laminates and it is found
to be most suitable for our case. It is also known that the thickness of the skin is the
driving factor for weight objective. Therefore, knowing that 11 ply skin designs are
possible the skin layup was limited to 11 plies. The skin ply angles were limited to
0°/45°/-45°/90°.

The stiffener angle, width and height of the ribs are derived based on the historic
preliminary sensitivity studies of the objective function. Rib layup is UD along
0°/+35°/-35°/90°. 0° is called as longitudinal ribs, +35°/-35° is called as helical ribs,
and 90° is called as circumferential ribs. Minimum dimensions for longitudinal ribs
are started from 3.8 mm and for helical and circumferential ribs are started from 3

mm. Grid spacing is also started from 184 mm and rib ply thickness is selected as 1
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mm. Rib height is 28 mm at the beginning of the optimization. These parameters are

given in Figure 6.1.

184mm

3.8mm

_> s _7<

Rib height = 28mm
Figure 6.1: Rib design parameters at the beginning of the design cycle.

Skin lay-up sequence is given in Figure 6.2.

Figure 6.2: Skin lay-up for design model of composite AGS panel.

In analysis, we are usually guaranteed a unique solution, while more than one
solution may be possible in design optimization. Therefore the mathematical region
consisting design variables, objective, and constraints are defined in the design space

by convention.
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Rib height is selected as the design variable in each design cycle. As optimum cycle
rounds, dimensional change affects the plate offset value that has to be defined in
CQAUD element type. Therefore plate offset is also defined as design variable for all

the cycles and it is updated continuously.

Design limits (constraints) are selected as first ply failure, rib crippling and Euler
buckling. Design model corresponding to a redesign of the composite AGS panel is
basically for weight minimization. It gives allowable structural variations subject to

limits on structural responses (stress).

A further manufacturing constraint comes from the pre-preg tow manufacturers. If
one has to use the off-the-shelf available materials then the available tow-preg widths
are 1/8", 1/4", 1/2", 1", etc. The lowest widely available width is one eighth of an
inch. The data was also included into the optimization limiting the achievable grid
widths. Using a set width of tow-preg it becomes necessary to use ribs of equal

widths as well.

6.4 Optimization Results

Since structural optimization is an iterative process, numerical criteria must be
established to determine when the overall process has converged. A convergence
check is made immediately following the structural analysis. In reality, two methods
are used to test for convergence with respect to overall design cycles by Nastran.
These methods are denoted as soft convergence and hard convergence. Soft
convergence is based on the results of the approximate optimization, while hard

convergence is based on finite element analysis results.

Hard convergence check is used for the composite AGS panel optimization. Hard
convergence compares the results of this most recent finite element analysis with
those from the previous design cycle. Since this test compares the exact results
(within the limits of the finite element analysis) from two consecutive analyses, the
conclusions are said to be based on hard evidence. Since this test is conclusive, this is

the default test for determining whether or not to terminate the design-cycle process.

Converged results are read from the *.f06 file which consists all the result data about
optimization. Patran PCL function is used to create design models. Rib width and rib

spacing are constant during optimization cycle of each design model as can be seen
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from Figure 6.3. Optm_3 with 205.89 mm rib spacing design model is selected as the

optimum model as shown Table 6.1 and detailed FEM analysis are conducted for it.

Weight of the panel, buckling modes under Load Case 2 and first ply failure mode
were the main constraints and selection mechanism is driven for this design
constraints. Optm_3 with 205.89 mm rib has lower weight when it is compared to
other models and also buckling mode shows pocket buckling at the same time with
first ply failure. Rib crippling and Euler buckling as design constraints are not

expected for the current design model.
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Table 6.1 Optimization Fesults for various design models (Length units are in s and Weight unit is kg.)

Skin Lay-up 1 > [45/-45/0/0/0/90],

Design Spacing | Rib Width Rib Ply Thickness Rib Height ‘Weight of Panel | Buckling Mode
Model EI;:: C. rib width | L. rib width | Start End Start End Start End 1°** mode
Optm_1 184 3 3 38 1 0.8751 28 245039 | 18940 | 17282 14
Optm_2 184 34 3 38 1 0.7869 28 220332 | 19576 | 16610 14
1647 38 3 38 1 0.8144 28 228048 | 23445 | 20.149 1.9348
Optm_3 184 38 3 3B 1 0.7510 28 210286 | 20210 | 16.586 14
20589 38 3 38 1 0.7634 28 213774 | 19470 | 16208 1.0137
Optm_4 184 42 3 38 1 0.7290 28 20412 | 20843 | 16727 14
Optm_5 184 46 3 38 1 0.6958 28 194 821 | 21473 | 16.662 14
Optm_6 184 3 3 38 1 0.6661 28 186,519 | 22.102 | 16612 14
Optm_7 184 54 3 38 1 0.6357 28 178.004 | 22729 | 16510 1.4045*
Skin Lay-up 2 = [45/-45/0/0/90],
Design | Spacing Rib Width Rib Ply Thickness | Rib Height | Weight of Panel B;ﬂdﬂ':g
Model H. rib width | C. rib width | L. rib width | Start End Start End Start End | 1* mode
Optm 3 m 184 3 3 38 1 0.76881 28 215267 | 1969678 | 16331 1.0489
Optm 7 m 184 34 3 38 1 0.66301 28 185643 | 2221570 | 16462 1.0830
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7. FABRICATION OF ADVANCED GRID STIFFENED (AGS) COMPOSITE
STRUCTURE

The AGS composite plates are manufactured using carbon fiber and epoxy resin
system. The main purpose of this chapter is to find a manufacturing methodology
using resin infusion system. Although manufacturing of simple composite panels
using resin infusion technique is hard to check and control the variables affecting the
structure quality, it is cost-effective and allows integral manufacturing with one-go

processes.

The most important thing about the fiber reinforcement is to understand one-
dimensional strengthening process. This process depends on the fiber material
orientation in the appropriate amount of matrix material. In addition to that, shape of
the structural component must be achieved and bonding between the matrix and the
fiber has to be developed. There are several methods of forming process but these
methods should not damage the fibers and has to ensure homogeneous distribution of

the fibers in the matrix.

7.1 Material System

The fiber material is selected as carbon fiber material. Carbon fibers are widely used
for airframes and engines and other aerospace applications. Torayca T700S carbon
fiber is selected manufacturing of skin and ribs due to highest strength, standard
modulus fiber available with excellent processing characteristics for filament
winding. Rib fibers are UD carbon tow, which consist of an untwisted bundle of
strands that in turn consist of a collection of more than one continuous carbon
filament (12k filament). It is very important that the strands in the tow are maintained
under even tension because uneven tension markedly affects later processing.
Uneven tension in processes filament winding can result in strands sagging and
becoming entangled. Importantly, fiber tension in the finished component will vary

significantly, reducing the reinforcing efficiency.
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There are large range of resins can be used for resin infusion process. The resin
system that is used EPIKOTE™ is supplied as two component, which is hardener
(EPH 04908) and epoxy (EPR 04908). The selection of the resin system is important
for manufacturing, because of its viscosity for the molding and the required
fiber/volume fraction. The decision of resin viscosity can be different for low
fiber/volume plates (around %40) and higher fiber/volume fractions. Aerospace
structures mostly uses higher fiber/volume fraction, thus viscosity of 500 centipose is

more suitable for application.

The injection pressure for the resin system is also important fact. Higher pressures
can cause reinforcement distortion, incomplete fiber wetting and voids within the
tow bundle, lower pressure can also cause voids between tows. The usual process to
observe the resin flow is to use computer models, but if sufficient experience is
provided behind the resin material assumptions may meet the expected results. The
basic idea is to find the highest pressure that can be used without causing significant

imperfection.

7.2 Tooling System

7.2.1 Aluminum block tooling

Tooling for the manufacturing of composite AGS panel is designed to meet
requirements needed for vacuum infusion process and resin transfer molding (RTM)
process. Closed mold is designed to provide pattern of AGS panel. The geometry of
the structural part is determined by the mold but uncontrolled expansion of the mold
material is not expected at the high temperatures. Thus aluminum male and female
molds are manufactured with precise geometrical dimensions as can be seen in

Figure 7.1.

Female mold is designed to lay fiber bundles inside the grooves and female mold is
designed to consolidate laid fibers at the phase of filament winding, thus the

percentage of the fiber volume can reach up to %55.

Fiber, resin system and aluminum has different coefficient of thermal expansion,
which affects volume expansion at elevated temperatures. The pattern of the panel
shown in Figure 7.1 has to be preserved by taking into account effect of temperature

on tooling material.
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Figure 7.1: Female and male Aluminum molds.

7.2.2 Expansion block tooling

Expansion block tooling includes silicone rubber mold. This mold is produced from
the shape of the aluminum male mold for one cell and 3D printed hard plastic for 2*2
cells (Figure 7.2). Silicone rubber material is selected as Silastic® M RTV and
Silastic® S Silicone Mold-making Rubber, which is a two-part base and curing

agent.

SIS T ey

o

Figure 7.2 Silicon rubber molds - One cell and 2*2 cells.

The curing agent is thoroughly shaken before use. 100 parts of Silastic® S Silicone
Mold-making Rubber base and 10 parts of curing agent are weighed out in a clean
container. Accurate weighing is essential, as inaccuracies can cause a significant
decrease in the performance of the cured rubber (the base to curing agent ratio must
be between 100:9.5 and 100:10.5). Compound is mixed until the curing agent is
completely dispersed in the base and a uniform color is obtained. Entrapped air is
removed in a vacuum chamber, allowing the mixture to completely expand and then
collapse. After three additional minutes of vacuum, the mix should is inspected and

is used if free from air bubbles. A volume increase of two to three times occurs on
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vacuum de-airing of the mixture, so a suitably large container is chosen. Afterwards,
this mix is poured into pattern geometry. This high-strength, tear resistant product

cures at room temperature around 14 hours.

Silicone rubber is the material of choice for expansion blocks manufacturing. It is
very suitable for molding and therefore high precision at low cost can be achieved
(no machining required). Presently, silicone rubber is available with various molding
viscosities and hardness properties. Ideally the hardness of the rubber is dependent
on the ease of removal from the male mold and the manufacturing process. Soft
rubber is found to be easier to remove from the manufactured panel and from the

male mold.

7.3 Manufacturing Steps for Composite AGS Panel

7.3.1 First trial of composite ags panel manufacturing

Aluminum block tooling is used very first time of manufacturing process. The idea
of using a mold with grooves is to place fiber bundles coming from carbon fiber tow
as shown in Figure 7.3. The logic of placing is the same as filament winding
operation under tension. The tool is covered with four vertical stick, each time only
one fiber bundle is laid into the groove and then it is turned around the appropriate
stick to maintain the tension of the fiber. This operation is repeated till all the

grooves filled with the carbon fiber.

Figure 7.3 Dry/Hand lay-up fiber bundles using carbon fiber rolls.

The process of winding is completed by hand and 85 layers for each grid are laid into
grooves by the aid of small rollers. The next process is to take these fibers out

without disturbing orientation, angle and height of the ribs. The challenging part of
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the work is that fiber layers are consolidated and trial of removal requires
considerable amount of force. Although it is hard to preserve the shape in the mold,

fibers are taken out from the aluminum mold as shown in Figure 7.4.

Figure 7.4 Removal of aluminum mold and silicon block placement.

Afterwards, silicon blocks, which have the exact dimensions of space between the
grids, are put between block patterns. This method has issues when placing silicon
rubbers between grids because side surface of the rubbers are not slippery. Again,
considerable amount of force is needed to place rubbers into correct position and
preserving the assembly stable is not really possible. The idea to use rubbers is to
control dimensioning in curing process of resin fiber system but process could not be
accomplished at the middle phase and new methods are considered as explained in
second trial.

7.3.2 Second trial of composite ags panel manufacturing (1*1 cell)

The second trial of composite AGS panel manufacturing is successfully applied. The
logic of fiber placement is same as aluminum block tooling application. All the fibers
laid into grooves one by one for each rib direction by the aid of dry/hand lay-up.

The main advantage of using silicon rubber molds is that the same mold can be used
at the phase of dry/hand lay-up and curing, thus fiber pattern of ribs is preserved as
shown in Figure 7.5. Extra fibers turned around the sticks providing required tension
are cut at the edges by the aid of scissor.
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Figure 7.5 Dry/Hand lay-up fiber bundles using carbon fiber rolls.

The mold and laid fiber is ready for to apply manufacturing method derived for
composite AGS plate. Skin laminate layup for the composite laminate is cut with
laser controlled cutting machine. An 11 plies are placed for [45/-45/0/0/0/90]s
sequence and they are put on the upper side of mold that ribs fibers can be
seen(Figure 7.5). Thereafter, metal plate, which everything placed on it, is cleaned by
solvents and acetone in a closed room with air conditioning. This operation is
repeated 3 times with minimum 15 minutes intervals. Peel ply is placed onto the
metal plate and mold with skin is turned upside down on the peel ply (Figure 7.6).
Peel ply is folded on the bottom side of the mold to prevent resin coming out and
allow air trapped in resin coming out. Then, semi-permeable membrane, which is
based on a high-tech textile membrane permeable to gas but impermeable to resin, is
used to cover all around with peel ply.

Skin Resin inle Semi-permeable

Peel Ply  Metal Plate
hole membrane

Figure 7.6 Semi-permeable membrane and peel ply placement.

Breather fabric is used to provide continuous air suction under pressure and also to

soak up excess resin coming from the mold. It is placed on the metal mold and it
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covers the periphery of the mold as shown in Figure 7.7. Afterwards, tacky tape is
placed to the edges of the metal plate to seal the edge of the vacuum bag to the mold.
A vacuum hose, which is covered with semi-permeable membrane to stop excess
resin closing the suction system, is used to provide a pressure difference using
vacuum pump. Then, vacuum foil is sealed to the edges where tack tape is placed. As
it can be seen in Figure 7.7, extra tacky tape is used to increase the surface area that
touches the mold. Therefore, the edge surfaces of the mold has to be covered by the
vacuum foil for to get homogeneous pressure distribution all around and for not to
harm vacuum foil. Inlet and exit feed tubes are positioned on the mold and the
around the mold.

Vacuum Foil Tacky tape Vacuum Hose Breather Fabric

Figure 7.7 Vacuum assisted resin infusion system for composite AGS panel.

100 parts of resin and 30 parts of hardener are weighed out in a clean container.
Compound is mixed until the hardener is completely dispersed in the resin and a
uniform color is obtained. Entrapped air is removed in a vacuum chamber, allowing
the mixture to completely expand and then collapse. After three additional minutes of
vacuum, the mix should is inspected and is used if free from air bubbles. A volume
increase of two to three times occurs on vacuum de-airing of the mixture, so a
suitably large container is chosen. Afterwards, resin pot is connected to vacuum
assisted resin infusion system. Vacuum pump is connected to vacuum hose which is

going in the vacuum foil (Figure 7.8).

Vacuum assisted resin infusion system is started by opening the vacuum pump.

Absolute pressure is set to 55 mbar. The vacuum in the vacuum bag or resin trap is
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measured with a vacuum gauge and the reading is relative to the external
atmospheric pressure, in units on the barometric scale. This relative measurement is
called gauge vacuum and is the pressure difference below the atmospheric pressure.
Thus the absolute pressure in the vacuum bag or resin trap is equal to the current
atmospheric pressure minus the vacuum pressure in the same units and the driving
force for the resin to get into the part is the difference in the same units between the

atmospheric pressure and the absolute pressure in the bag.

Resin infusion process for 1*1 cell takes about 1 hour and afterwards 17 hours
passed in room temperature with vacuum. Then, assembly is put into oven 75 °C and

it stays 4 hours in the oven. After curing cycle mold is removed from the cured

CRFP plate as shown in Figure 7.8.

Figure 7.8 Vacuum assisted resin infusion system and cured composite AGS panel.

7.4 2*2 cell Composite AGS Panel Manufacturing

1*1 cell Composite AGS Panel is manufactured successfully at the second trial.
Accordingly, 2*2 cell Composite AGS Panel manufacturing is done by the same
method. The differences are resin hose inlet locations, the mold manufactured for
2*2 cell pattern and frame with long enough bolts to simplify winding process as can
be seen in Figure 7.9. Continuous placing of the reinforcement material is designed
for the specific cases. This process logic is almost similar to the filament winding
applications. The process basically involves the winding of continuous fiber by the
help of the sticks or long enough bolts. The important thing when placing fibers is to
provide enough winding tension, winding angle, desired ply lay-up and fiber/volume

fraction.
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After dry/hand lay-up all the plies to their expected position, the lay-up is prepared
for curing. Vacuum bag is applied over the bottom surface of the rubber mold.
Consolidating pressure applied during infusion by evacuating the space under the
bag. Breather fabric is used to transmit gases under pressure and it allows gases to
flow from all over the part to vacuum fitting. Bleeder fabric is also used to soak up
the excess resin, especially at the end of the stiffeners. Tacky tape, which is made

from butyl rubber, used to seal the edge of the mold with the plastic vacuum bag.

The mold itself can expand when it is heated to higher temperatures. Thus it has to be
taken into account so reinforcement from the edges and corners can be applied to
prevent shape distortion. Metal frames are placed around the silicon rubber mold to

restrain volume expansion at elevated temperature.

The important thing about bagging, homogeneous distribution of the consolidation
pressure has to be applied to the part and at the same time the trapped gases in the
lay-up has to be removed from the system. After injection, the mold is put into oven.

Figure 7.9 Dry/hand lay-up winding process and metal frames placed at the ends of

mold.

Thermoset resin is used for matrix material. These resin system has to be cured at
certain temperature, thus sufficiently high service temperature of the composite can
be ensured. Our composite material is cured in an oven under a vacuum bag (Figure
7.10). The part is heated by convection of heat from the fan-forced air circulation.
Heating is begun immediately; target temperature may not be reached for several
hours due to thick parts. If resin viscosity is too high, air can be entrapped inside the
plate. Fiber waviness is another significant problem occurs when placing fiber onto
the mold. This can result in a significant loss of strength and stiffness. It can be
avoided by maintaining the correct level of filament tension during dry/hand lay-up.
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Figure 7.10 Dry/hand lay-up winding process and cured composite AGS panel.

The most difficult part of the closed mold system is the resin flow, which cannot be
observed. In addition to the viscosity of the resin, permeability of the carbon fibers is
another issue. If too much material used in the cavity of the mold, the permeability of

the fibers will change, dry spots can be observed at the end of the infusion process.

Another important difficulty is to find the suitable locations for resin injection.
Preform that is laid inside the mold needs uniform distribution of the resin through
the thickness. Therefore, gating which refers to the resin distribution system should
be decided for infusion. There are different types of gating mechanisms can be used
that are line gates, point gates, and perimeter gates. All of them have different

advantages. For our case point gates are used to infuse the stiffeners and skin fibers.

The important thing the remember resin follows the perimeter of the part. The
uncontrolled behavior of the resin can result in dry spots due to air entrapment. The
solution of this problem is to choose appropriate gating system, otherwise when resin
reaches the closer edge of trimmed structure, it flows faster than the flow at the
perimeter. Thus resin closes all edges around and leads to trap-off of air.

The advantages of the vacuum assisted resin infusion system used in this chapter,
excellent dimensional control, controllable surface finish, reproducibility, reduced
labor cost, elimination of the use of autoclave. This process can be used for complex
stiffener geometries especially for small dimensions which require precise
dimensional control on the material surface.
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8. CONCLUSIONS AND RECOMMENDATIONS

This chapter contains the conclusions and the recommendations resulting from the

performed work.

8.1 Conclusions

Analysis, optimization and manufacturing of AGS panel, which consists of
perpendicular longitudinal (x-axis) and horizontal (y-axis) stiffeners, and angled
stiffeners that cross x-axis with +35 degree and [+45/—45/0/0/0/90]
configuration for the skin lay-up is accomplished in the thesis. FE design and
analysis of the composite AGS panel is conducted using Msc. Patran/Nastran using
2D and 3D elements for different type of stress analyses. Analytical assumptions are
used for the nodes to create a region for transition of the material properties. FE
optimization design model is created for different configurations by the aid of Patran
PCL functions, which provides macro-like commands. Wolfram Mathematica codes
are used to generate Msc. Patran PLC function inputs, which create Msc. Nastran

input for the optimization cycle.

Analytical models are derived from the classical laminate theory. Material property
and failure strength of intersecting nodes and transition regions are calculated using
symmetric laminate assumption. Equivalent properties, which are originated from the

UD material properties, are then used on FE modeling definitions.

The different failure modes of a stiffened composite plate are also studied in detail
by FE Analysis methods using Nastran as a solver. Stress analyses of the boundary
edges do not give logical and consistent results. These studies show that the efficient
utilization of material highly depends on the buckling failure mode and first ply
failure of the composite AGS plate. Therefore failure in buckling mode is local
(pocket buckling) due to geometric orientation of grids. Additionally first ply failure
and buckling load is set equal to each other as a result of the optimization. Critical

locations for Load Case 2 are found to be mostly on 35 degree grid fibers. Skin
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material thickness has significant effect on the buckling modes of the composite
AGS panel.

Manufacturing of the AGS panel use methods of resin infusion process under
vacuum and quality evaluation of the AGS panel is conducted macroscopic methods
to check. Designed methodology for manufacturing gives reliable material with low
cost production technique. Resin infusion for advanced composite structures is
highly desired due to its low cost and less time spent for manufacturing, although
uncontrollable variables exist in infusion process. Therefore selected method
provides an excellent method when it is compared to studies done so far. Fiber
volume is reached up to 55% and dimensioning of the manufactured part complies
with the design model. Material quality evaluation is done by macro pictures of the
manufactured material by human eye. The quality for the grids is beyond the
expectations, although small dimensions of the grids make things difficult.

8.2 Recommendations

Analysis, optimization and manufacturing of AGS panel needs development as all
the studies on the literature. There are number of revisions and validations on all the
steps of the composite AGS plate project.

First of all, 2D FE analysis elements can be extended to thick composite elements or
3D analysis of the whole composite plate to validate the results coming from this

thesis with the more detailed analysis.

Secondly, optimization cycles used in Nastran codes can be extended to genetic
algorithms, thus a better converged optimum can be obtained from optimization
cycle. Design constraints might give other optimums; therefore a new design model

can be analyzed in detail.

Thirdly, theoretical model creation cycle might be validated by the relevant tests or

historical test data if possible for the material properties derived.

Furthermore, manufacturing of the AGS composite plate needs input for resin inlet
and its location changes for the different numbers of cells. Accordingly, an algorithm
might be developed to locate resin inlets for different type of dimensioning and

geometries.
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In this way, quality control tests to get fiber volume fraction is needed. Deficiencies
that are possible due to manufacturing methods have to be inspected in material

testing and inspection laboratory.

It could also be said that, manufacturing of the composite AGS panel with dry/hand
lay-up is time consuming. Thus, a filament winding method might be designed to

automate winding phase which will allow manufacturing fuselage structure.

Subsequently, material testing and microscopy might be designed for to validate the

analysis results and material quality.
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Figure A.1 : Maximum ply stresses (MPa) for Load Case 1 on ribs: (a)0° direction. (b) 35°
direction. (c) -35° direction. (d) 90° direction.
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Figure A.1 (continued) : Maximum ply stresses (MPa) for Load Case 1 on ribs: (a)0°
direction. (b) 35° direction. (c) -35° direction. (d) 90° direction.
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Figure A.2 : Maximum ply stresses (MPa) for Load Case 3: (a)0° direction. (b) 35°
direction. (c) -35° direction. (d) 90° direction.
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Figure A.2 (continued) : Maximum ply stresses (MPa) for Load Case 3: (a)0° direction.
(b) 35° direction. (c) -35° direction. (d) 90° direction.
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