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CHAPTER 4

OPTIMIZATION OF THE ALUMINUM HTP

4.1. Introduction

In this chaptermaterial properties that are used @uminum HTPstructure are
given. Then, @timization procesf the aluminum HTPis explainedin detail.

Optimization result®btaned are presenteding graphs and tables.

4.2. Material Properties

In the aluminum optimization processnaterials which are frequently used in
aerospace indiry are investigatedand alsoT Al ' s production
capabilities are taken into accourior every component, proper materials are
selected. Sparmay have different thicknessda every region and they could be
produced with a CNC machine properyence aluminum7050 T7451 is selected
because this plate type material is a proper material f@NE& machineand a
frequently usd material in TAL In addition, root rib is in a critical position and has
the same materias thesparsFigure 4.1 shows the spars and the root rib which are

made of aluminun7050 T7451 plate material
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%
Figure4.1: Spars and root ritvhich aremade of7050 T7451 aluminum plate
material

Ri bs needs to be hydro pressed as they form
aluminum 2024 T42 sheet plate material is selecésdthis material is most used

material in TAI for hydro pressed part§hey are formed under water condition

becauséydro press couldnly be appliedn that condition, and then heat treatment

process should be applied to strengthen the matErgalre4.2 shows the ribs which

are made of aluminur024 T42 sheet plate

Figure4.2: Ribs which aremade ofaluminum 2024 T42 sheet plate

|
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Skinsare made o&luminum 2024 T3 sheet plate material as they doeetlto be

hydro presed They can be formed with T3 material finjsind becausef that, no

heat treatment is requireBigure 4.3 shows the skins which are made of aluminum

2024 T3sheet plate

Figure4.3: Skins which are made @024 T3 sheet plate aluminum material

All material properties that are used in aluminum optimizatwe tabulatedin

Table4.1.

Table4.1: Material properties and strengthsed inthe aluminumHTP optimization

[22

Al 2024 T42 | Al 7050 T7451| Al 2024 T3
Modulus of Elasticity, E 73773 N/mmd | 73084 N/mm | 73773 N/mm
Poisson Ratiq’ 0.33 0.33 0.33
Tensile Ultimate Strengfliw 427 N/mn? 524 N/mn? 434 N/mn?
Tensile Yield StrengthRy 262 N/mn? 455 N/mn? 324 N/mnd
Compressive Yield Strengthy 290 N/mn# 441 N/mn? 269 N/mn#
Ultimate Shear Strengtsy 255 N/mn? 310 N/mn? 276 N/mnd#
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4.3. FE Model Properties

All surface regionsare modeledoy 2D shell elements and all different flange
regions are modeldoly 1D rodelementsFor skinsthere are no flanges; flanges are
modeled for spars and ribs. figure4.4, yellow lines arelD rod elementsand blue
surfaces are 2D shalements To showthe 1D rods properly, skins are removied
Figure 4.4

Figure4.4: 1D rodelementgyellow lineg and 2D shelelementgblue surfaces

4.4. Formulation of the Optimization Problem for the Aluminum HTP

4.4.1. Design Variables

In the aluminum optimization, skin and web thicknesses, and flange areas are design
variables for everylesignregion. There are 63 thicknessand 31 flange areas as
design variales. Thickness variables are implemented as 2D shell thickness, and
area variables are implemented as 1D rod areas. Flanges that are related to web
surfaces are assumed as one design variabl¢hagthavethe same area. In detall,

there arel6 skin thickesses fothe upper skinas shown in Figure 4.5.
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Figure4.5: Upper skin design variables and variable names

Similarly, for the lower skin there arel6 skin thicknesseslefined as design

variables. Figurd.6 shows the lower skin variables and variable names.

Figure4.6: Lower skin design variables and variable names

Figure 4.7 shows the design variables defined for the rib. In total, thel® aveb
thicknesses and 19 flange arele$ined as design variables.
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Figure4.7: Rib design variables and variable names

Figure 4.8 shows the design variables defined for the dpax#tal, there aré2 web
thicknesses and 12 flange aredefined as design variables

@ et
‘5’5& 4
ot o '
K‘A‘ ‘;ﬁ ‘5‘}5 ‘r,"}‘
s o

Figure4.8: Spar design variables and variable names
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To sum updesign variables are tabulated as shawhable4.2.

Table4.2: Design variable definedor thealuminumHTP optimization

Thickness| Flange Area

Upper Skin 16 -
Lower Skin 16 -
Leading Edge Ribs 6 6
Center Ribs 7 7
Trailing Edge Ribs 6 6
Front Spar 6 6
Rear Spar 6 6
Total 63 31

4.4.1.1. Discrete Design Variables

NASTRAN uses continuous design variables as defbidtvever,this approach is

not approprige for real life. In this workstock sizes of sheet plates and flange areas

are usedfor outputs byconsidering the manufacturability consideratidbfinimum

and maximum possible thickness values are searched for this study. Flange areas are
calculated according to searched thicknesses and edge distances which are calculated
assumingone rivetline connectionln one rivet line connection, all flanges have one

rivet line asshownin Figure 4.9.

Figure4.9: One rivet line connection example
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Optimization esults are nandedto the discretevaluesby usingthe NASTRAN
DDVAL cards andhe design of experimenDOE) method.NASTRAN has round
up and round off methods also. They are simple rounajpegations thatan be done
by the user after continuous optimization results, and no new analysis deguea
one selectghese two.

The DOE method makes use of the concept of orthogonal arrays (OA). After
continuous optinzation, a new discretaet that contains only the discrete variable
valuesjust above and just below the continuous variable can lextedl Thus,
discrete design variable values are reduced"ttbr2a problem with n number of
design variables. A full fractional array needseXperiments for a problem with n
two-level facbrs. Use of OA can dramaticallseduce the required number of
experiments as the number of parameters increfag}s The implementation of
DOE employed in MSQNASTRAN employs an exhaustive search wheis 16 or
less.Above 16,orthogonal earay concept is employed to select candidate artigt
provide a representag sampling of the overall design spacgearly, this is an
approximation, buthe thinking is that this wilprovide adequate coverage of the
possible discrete solutions that it will not be far offnfro t h e optimumutieat

would be obtained from arxleaustive searcf24].

Discrete values that are used are tabulated as simolable4.3.

Table4.3: Discrete design variable values thealuminumHTP optimization

Thick 041 | 051 | 064 | 081 | 001
'(Cmrr‘ne)ses 1.02 | 127 | 142 1.6 2.03
254 | 356 | 406 | 457 | 4.8
500 | 82 | 128 | 162 | 182
Flange Area(mn¥) | — oo =584 | a2 40

It should be noted #t discretevalues are used onfipr skin thicknesses, rib et
thicknesses and rib flange areas as they are manufactured from stock sized sheet

plates.For sparweb thicknesses and flange arestdl continuous design variables
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are usedbecause of machined material selection. Discrete and continuous design

variabks are tabulated in Table 4.4.

Table4.4: Selection of discrete and continuous design variables

Skin Thicknesses

Discrete Design Variables| Rib Web Thicknesses

Rib Flange Areas

Spar Web Thicknesse

Continuous Design Variable

Spar Flange Areas

4.4.1.2. Initial Values of the Design Variables

At the beginning othe optimization process, every design variable needs ifial in
value.In this study, rmimum, middle and maximunmitial values within the lower

and upper limits of the design variableare usedto analyze the effect of iimal
valuesof the design variables on tlgtimum result for every mesh densifyable

4.5 presents the minimum, middle and maximum initial values of the design

variables.

Table4.5: Minimum, middle and maximum input valuekthe design variables

within the lower and upper limits of the design variables

Minimum Value Middle Value Maximum Value

Spar Flange Areas 5 mn? 42.5 mn 80 mn?
Rib Flange Areas 5 mn? 22.5 mni 40 mn?
Spar Web Thicknesse
Rib Web Thicknesses 0.41 mm 2.62 mm 4.83 mm

Skin Thicknesses
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It should be noted that theaximum valueof the spar flange area, which is a
continuous design variablés takenas 80 mri to gve the freedonfor anl-beam
design On the other hand, imimum sparflange area value is kept as 5 Arif
optimizationyields a spar flangarea thatis below 40 mr or closeto 40 mm,
C-beam design could be chosarthedetail design phase

4.4.2. Constraints

For the aluminum optimization, constraintsith regard to structural integrity are
composed of strength and local buckling constraitss work investigates two
different constraint cases ftihe aluminum optimizationonly strength constraints,
and local buckling and strength constraints together.addition to these two
constraints, there is an extra geometric constraint created to teacdfjlobal

optimum.

4.4.2.1. Strength Constraints

In this study, plastic deformation is retowed Hence yield strengh is used for the
material allowableWhenthe optimizationcode reachethe optimum valuedor the
design variablesit guarantees thahe average stress value for every design region
remains betweethetension andhe compression allowable stress batmaterial for

the particular regio. For spars, skins and ribs different stress constraints are given

according tdheloading type.

1 For spar regions, constrains are given as;

0 Axial stressin the spar flanges must be between the tension and
compressionallowables. This axial stress is used alss captured
average stress for lower flanges of spars in locgilane bending
buckling equatioa because lower flanges capture compression

according to nature @he load cas#hat is used in this study.

& K & 4.1)
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o In the sparwebs, von Mises stess, and normal y stress remain
betweenthe tension andhe compression allowabdeand shear stress

is lower than the shear allowable of the material.

& A & (4.2)
& K & (4.3)
& A & (4.3)
Nor mal y stress is required to captur

stresses because wing spars remain paralkbletg-axis as shown in Figure
4.10.

Figure4.10: Normal y stresses on spars

i For the skin regionsyon Mises stress, and normal y stress remain between
thetension andhe compression allowabdeandthe shear stress is lower than

the shear allowable of the material.

& A & (4.4)
& A & (4.5)
& A & (4.6)
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Same aghe spar webs, skins need normal y stress to capture tension and
compression stresses as shown in Figure ZAis. normal y stress usediso
ascaptured average stress for skins in local compression buckling equations
and shear stress is used as captured average stress for skins in local shear
buckling equations.

Figure4.11: Normal y stresses @kins

91 Forrib regions, constrains are given as;
0 Axial stressin the rib flanges must be between the tension and

compression allowables.

& A & (4.7)

o In the rib websyon Mises stress remaitetween the tension and the
compression allowables, and the shear stress is lower than the shear
allowable of the material.

& K & (4.8)

& A & (4.9)

These constraints are definadthe MSCPATRAN environment since PATRAN

allows users to define these constraints in its GUI.
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4.4.2.2. Local Buckling Constraints

In aerospace structures, generally limited local buckling is alldeethe skins for
exceptional load cases. local buckling isnot allowed, structures could become
heavier than desired as these exceptional loads govern the dimensions. This
optimization is done fothe preliminary design phase and the load that is calculated

is not an excepinal load caseyencelocal buckling is not allowedah this study.

Combined local buckling equations are used for every design reggodesign
constraints These constraintaare writtenin NASTRAN input file as additional
statements in a special formgince MSCPATRAN interface has no option for
defining these constraing. For further information, ddition of the l@al buckling
constraints in NASTRANnNput file is explainedn APPENDIX B. For spars, skins

and rbs different local buckling constraints adefined according tothe loading
type.

1 Spar web regions are restricted with combined local shearirapthne

bending buckling equation as showrEquation 4.10.

A
2 2 o L@ S o (410
+ % 5 + %%

1 For skin regions, combined local shear and compression buckling is restricted

with usingEquation 4.11as shown

Z A
- a - a P (4.11)
O O :
+%-A +%-A

1 For rib web regions, local shear buckling is not allowed and constraint
equation is as shown Equation 4.12.

2 5 _A_ (4.12)
+%A

49



In these equations, b is the shartlimension ofthe plates for shear buckling as all
edges carry shear; for compression amglane bending buckling b is the loaded
edge of the plate. Ks the buckling coefficient which depends dhe boundary
conditions andhe sheet aspect ratio a/b. The calculationthef buckling coefficients

Is explainedn Appendix C.
To sum upall theconstraints are as shownTable 4.6

Table4.6: All constraints appliedor thealuminumHTP optimization

Regions Strength Buckl in
FIl an & A &
& A &
Spr
Webg & A & 2 2 p
& A
FI an & A &
& A &
Ri b
We b ¢ 2
& A & P
& A &
Skins & A & 2 2 p
& A &

4.4.2.3. ThicknessConstraints

Because of the nature @radientbasedmethods thatis used by NASTRAN,
optimization can stop at local optimums. As exma before, horizontal tail plane is
fixed at the root of the wing, andhe calculated aerodynamic load has higher

pressures at the root region. From an engineering point of view, thickness and area

50



variables havéo increase from tip to the root of therzontal tail planeTherefore,

to end up with the expected thickness and area variations, geometric constraints are
written in the NASTRAN input file as equationsor further information, tese
equations, which are written to the NASTRAN input file iASITRAN format,are

given and explained iAPPENDIX B. Geometric constraia applied to design
variables arshownin Figure 4.12 antabulated in Table 4.7.

Figure4.12: Thicknessonstraints

Table4.7: Thickness constraints

Geometric Variable Zones Root Variables > Tip Variables
Front Spar Flanges fs6f > fsbf > ... > fsif
Rear Spar Flanges rsef > rsb5f
Middle Rib Flanges r7mf > rémf >
Leading Edge Rib Flanges rel f > r5I1f
Trailing Edge Rib Flanges retf > r5¢tf
Front Spar Webs fséw > fsbw >
Rear Spar Webs rséw > rsbw >
Middle Rib Webs r7mw > r 6mw >
Leading Edg&Rib Webs relw > r5lw >
Trailing Edge Rib Webs retw > r5tw >
Middle Upper Skin usém > usbm >
Leading Edge Upper Skin us 5| > us4l 3
Trailing Edge Upper Skin us5t > us4t 3
Middle Lower Skin | s6m > | ssbhm >
Leading Edge Lower Skin | s 51 > | s4]|
Trailing Edge Lower Skin | s5t > | s4t
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4.4.3. Objective Function of the Optimization

The objective of the aluminum horizontal tail plane optimization problem is to reach
the minimum structural weighHence, the objective function is the total mass of the
horizontal tail. The mass of the horizontal tail astomatically calculated by
MSCNASTRAN and the design objectivenction is defined in the MSC.PATRAN
GUI.

4.5. Optimization Results

In thealuminumhorizontal tailoptimizationproblem,three different mesh densities,

three different design variable inputs, and two different constranetsonsidered
Optimization resuls can be continuous and discretiepending on the design
variable When continuous ekign variable optimization is done, every design
variable is continuous; when discrete design variable optimization is mentioned, skin
and rib design variables are discrete as they are stock sized sheet plates, spar design

variables are still continuous #éhey are machined parts.

4.5.1. Optimization Using Continuous Design Variables

For the strength constraint only, according tbe minimum, middle andthe
maximuminitial valueswithin the upper and lower limit of the design variables
continuousoptimizationiterations are showim Figures 4.3 - 4.15 for the Mesh 1
Mesh 2andthe Mesh 3densites, respectively.
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Figure4.13: Continuous optimization iterations for the Mesh 1 / Three different

initial values fo design variables / Strength constraint only
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Figure4.14: Continuous optinaation iterations for the Mesh/Zhree different
initial values for design variables / Strength constraint only
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Figure4.15: Continuous optinaation iterations for the Mesh/J hree different

For the strength constraint only, the calculatgatimum massesf the horizontal tail

initial values for design variables / Strength constraint only

plane are tabulated Table 4.8 for the continuous design variable case.

Table4.8: Optimization results fothe strength constraint onlysingcontinuous

designvariables
Initial Values Mesh 1 Mesh 2 Mesh 3
MINIMUM 2.63 kg 2.67 kg 2.78 kg
MIDDLE 2.63 kg 2.68 kg 2.78 kg
MAXIMUM 2.62 kg 2.68 kg 2.1 kg
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For the strength constrairend local buckling constraints togethaccording tahe
minimum, middle andhe maximuminitial valueswithin the upper and lower limit
of the design variablesontinuousoptimization iterations are shovim Figures 4.6

- 4.18 for the Mesh 1 Mesh 2andthe Mesh 3densites,respectively.

Mass [kg]
=
o
=
m

[teration

Figure4.16: Continuousoptimization iterations for the Mesh 1/ Three different
initial values for design variables / Strengtid local buckling constraints

Mass [kg)
£
o
=
m

[teration

Figure4.17: Continuous optinaation iterations for the Mesh/Z hree different
initial values for design variables / Strength and local buckling constraints
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Figure4.18: Continuous optinaation iterations for the Mesh/3 hree different

initial values for design variablésStrength and local buckling constraints

For the strength constrainand local buckling constraints togethéne calculated
optimum masse®f the horizontal tail plane are tabulated Table 4.9 for the

continuous design variable case.

Table4.9: Optimization results fothe combinedtrength and local buckling

constraing usingcontinuous design variables

Initial Values Mesh 1 Mesh 2 Mesh 3
MINIMUM 5.81kg 6.16kg 6.67kg

MIDDLE 5.94kg 6.25kg 6.98kg
MAXIMUM 6.26kg 6.96kg 7.46kg
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This initial study has showthat the effect of thdocal buckling constrainbn the

total weight of the horizontal tail plane is more than the effect of the strength
constraint.In tail structures like wingsskin budling constraints mainly govern the

skin thicknesses, especially those on the compression side, and the current study has
also confirmed this. Moreover, assh densytincreass, mass values obtained from
optimizatiors increase. Thiglso makes sense, laese finer mesh catches the stress
gradients better and consequentiaftyass values obtained from optimizations
increase The effect of the initial values of the design variables on the optimum mass
is insignificant when strength constraints are used dhlgan be said that for the
strength constraint case only, global optimum has been reached. However, for the
combined strength and local buckling constraint case, as T&b#dhdws, when the

initial values of the design variables are selected near ther dimit of the design
variables, slightly highemassvalues are obtained. Hence, it can be commented that

to be sure about the global optimum additional optimization analyses have to be
conducted using different initial vada. However, the lightest apiization resultfor

each mesh density can be selected as the optimum mass considering that the

differences between the optimization restdtsdifferent initial values are small.

4.5.2. Optimization Using Discrete Design Variables

Discrete design variable giseanore realistic resultas sheet plates have restricted
stock sizes. Howevenmachinedparts do not have stock sizes; they could be
machined acording to CNC machirse capabilities Therefore,in discrete design

variable optimization part, only skin antb rvariables are chosen as discrete design

variables; spar variables are still continuous design variables as shown on Table 4.4.

In this caseonly the combinedtrength and local buckling constraiaire applied in
the optimization For the strength costraintand local buckling constraints together
according tahe minimum, middle andhe maximuminitial valueswithin the upper
and lower limit of the design variablediscreteoptimization iterations are shown
Figures 4.9 - 4.21 for the Mesh 1 Mesh 2andthe Mesh 3densites,respectively.
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Figure4.19: Discreteoptimization iterations for the Mesh 1/ Three different initial

values for design variables / Strength and local buckling constraints
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Figure4.20: Discrete optinzation iterations for the Mesh/Z hree different initial

values for design variables / Strength and local buckling constraints
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Figure4.21: Discrete optimuation iterations for the Mesh/J hree different initial

values for design variables / Strength and local buckling constraints

In thediscrete optimization, a continuous optimization is dortbefirst iteration.In

the rext iteration, as mentioned in Chapter 4.4.1.1, DOE sethetsext smaller and
the larger discrete valuaround the value obtained by the continuous optition

for each discrete design variablehen, aproper OA is selectedhe objective and
constraintfunctions are evaluated for each desigmmbination of the OA by the
approximation methodndthe best discrete design is selectéten afinite element
analysisis carried outandthe discrete desigis checked whetheit is hard or soft
feasible Accading to this check, next continuous optimization iteration starts or
optimization stops. Because of this process, fluctuations are seen in Figures
4.19 — 4.21. For the strength constraireind local buckling constraints togethére
calculatedoptimum masesof the horizontal tail plane are tabulatedTable 4.10 for

the discrete design variable case.
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Table4.10: Optimization results fothe combinedtrength and local buckling

constrains usingdiscrete @sign variables

Initial Values Mesh 1 Mesh 2 Mesh 3
MINIMUM 6.17kg 6.58kg 7.21kg

MIDDLE 6.44kg 6.81kg 7.99kg
MAXIMUM 6.97kg 7.56kg 8.39kg

Comparison of the mass results obtained from optimizagmes in Table 4L0 with

those given in Tabld.9 revealsthat discrete optimization produces higher optimum
masses compared to the continuous optimization. This is an expected result because
while the DOE selectsnext smaller discrete design varialite some variablesit

may also selecthe next larger discrete design variablies some otherlf the DOE

results give lower value than the continuous optimization results, that would be
infeasible. If rouneup methodwere used rather thathe DOE, that would give
overweight resultsTherefore DOE isa very efficient method to get feasible and not

too heavy results.

Again as in the continuous optimization, when the initial values are selected near the
lower limit of thedesign variables, optimum masses thelowest. For theMesh 3

case, there is gpoximately 1 kg diffeence between the mass valubsained using

the lower and upper limits of the design variables as initial values of the design
variables. Based on the results of both continuous and discrete optimization, it is
considered that globalptimum is obtained when the initial values are selected near
the lower limit of the design variables. Moreover, siesh 3captures the stress
gradiens better, optimum mass of the aluminum horizontal tail is approximat2ly 7.

kg.

For the optimizationwhich gives 7.21 kg optimum weight, thickness variation could

be seen in Figures 4.22 and 4.23.
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Thicknass [mim)]
Fatran 2012 64-Bit 17-4pr-12 10:30:64 2 54+000)

Thickness Scalar Flot 2.40+000
2 26+000
2.12+0300
1.98+000|
1.85+000|
1.71+000|
1.57+000)
1.43+000)
1.29+000)
1.15+000)
1.01+000)
8.75-001

7.36-001

5.97-001
4.58-001

Figure4.22: Optimum thckness variation for the Mesh 3 HTP witie upper skin /
Minimum initial values / Dscrete design variabléStrengthand buckling

constraing together

Thickness [mm]
Fatran 2012 64-Bit 17-4pr-19 1002816 2 544000

Thickness Scalar Flot 2 40+000
2 26+000
2.12+000
1.98+000|
1.85+000)
1.71+000)
1.67+000)
1.43+000)
1.29+000)
1.15+000)

1.07+000)

§.75-001
7.36-001

5.97-001

4.58-001

Figure4.23: Optimum thckness variation for the Mesh 3 HTP witholé upper skin
/ Minimum initial values / Discrete design variableStrengthand buckling

constrains together
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In the present studyt ¢he converged optimum, constraints alsochecked whether

they are violated or not. According to Figure 4.22 and 4.23, it is seen that thickness
constraints did not violateonstrain history ofthe optimization that gives 7.21 kg
optimum weight is checked. Maximum value of constraint history ofthis
optimizationis shown in Figure 4.24.
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MMaximum Yalue of Constraint

Figure4.24: Maximum value otheconstraint vsiterationnumberof the

optimizationthatgives 7.21 kgs theoptimummass

These constrain values refer to theitless normalized consaints constructed
internally in NASTRAN. The normalized constraints are especially useful since the
dependence onhé magnitude of the response quantity has been removed.
Furthermore, the hard convergence decision logic checks the relative changes in
properties and design variables if the limit on the maximum constraint value is not
satisfied. The purpose of this cheiskto determine whether the design is changing
for the case of violated constraints. If the design is still varying, optimization can
continue in order to try to overcome tbenstraint violationsHowever, if the design

is not changing, then we are afpaint in the design space that represents a best
compromise solutiommong the violated constraif#)]. In conclusion, NASTRAN

allows slight constraint violations #te converged optimum.
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In Figure 4.24, maximum value of constraint starts with a vegh Inumber then
decreasesharplyand ends up witla value of4.4. NASTRAN has a default 0.005
value forthe maximum constraint violation ahe converged optimumHence, the
violated constrainis investigated by checkintipe NASTRAN resultfile (f06). It is
observed that'®6zone of upper middle skin which has 2.54 mm thickness has a local
buckling @nstraint violation.This panel is shown by the red thickness color at the
root of the HTP in Figure 4.22Afterwards, it is investigated that how much

constaintviolation hasoccurredand if it is acceptable or not.

As pointed out beforeptal buckling equation used the skins isgiven byEquation
4.11.This equation needshear stress, normal y stressd thickness of thakgion
At the optimum solution thickness m the root panel i2.54 mm according to
optimization result. Figue4.25 and 4.26 showhe shear andhe normal y stresses

of 6™ zone of upper middle skin respectively.

Stress [MPa]
2.12+002)

Patran 2012 64-Bit 17-Apr-19 1066 33 *
2.00+002
Fringe: Default, Static Subcase:D 471, Stress Tensor, . Max Shear, At 1 1 88+00%
Deforrn: Default, Static Subcase D 41, Displacerments, Translational, 1 77+002

1.65+002)
1.53+002
1.41+002]
1.29+002]
1.18+002]
1.06+002)
9.40+001
8.22+001
T.04+001
5.AE+001

4 B7+001
3.49+001

default_Fringe :
Max 2 12+002 @Nd &
Min 3. 49+007 @Nd 18

default_Deformation

W e Map 2 24+000 @Md 17

Figure4.25: Shearstressei theelements ofhe upper middle ski6™ region

The average shear stress of this regiocailsulated53.74 MPa according to Figure
4.25.
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Stress [MPa]
2.00+002
Patran 2012 64-Bit 17-Apr-19 10:68:29 *
1 86+002]
Fringe. Default, Static Subcase:D 41, Stress Tensor, , v Component, At 21 1 21+002]

Deform: Default, Static Subcase D 41, Displacements, Translational. 1 57+002)

1.43+002
1.29+002
1.14+002
1.00+002
861+001
719+001

1.51+007

953007
-1.32+4001
default_Frings :
Max 2.00+002 @Nd 6
Min -1 324001 @Nd 2
default_Deformation :
T Tl s Max 2.24+000 @Nd 17

Figure4.26: Normal y stresses theelements ofhe upper middle ski6" region

According to Figuret.26,the average normal y stress of this region is 77.52 MPa.
When these values arsubstitutedto Equation 4.11 combined local buckling
equationgives a value of 2.01lt is to be noted that thepper baind of the local
buckling constraints is.Q1l Therefore it is confirmed that constraintiolation has
occurredin this region If the next discrete thickness design variable value, which is
3.56 mm, is used for that region without changing stress vatlegquation 4.11
givesa value of 0.97Therefore,if 3.56 mm thickness is used, then average shear
and normal y stresses in this region would decrease and combined local buckling
equation would give a lower value than 0.97. It should be notedothiie region of
interest, even though the upper limit of the discrete thickness has not been reached,
since the objective function is not changing, even if there is constraint violation, a
hard convergence with best compromise is readheithe detail desigrphase of the
project 3.56 mm thickness would be a better choice for this regioe for the3.56

mm thickness there would be no constraint violation

It should also be noted that the aerospace industryp achieve further weight
reduction,local skin buckling is allowedor the skin panels which are under pure
compression For the aluminum HTP, ken the NASTRAN result file (f06) is

investigatedlocal buckling oftherelated front and rear spar regions #melribs has
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not occurred Therefore the nner structure is still solid. Consideritigatthis study
is a preliminary design study, locauckling of the root panel at theonverged

optimumcould beacceptable.

4.6. Optimization of the Aluminum HTP Using Line Distributed Load

As mentioned at the end Ghapter 3.3, an extra optimization stuths beemlone in
this sectionto confirm the conclusions that are made bef@kated to the results

obtainedwith differentmesh densities antie captured stresses.

Total lift force measured frorthe CFD mesh issqual to 4978.26 N and front spar
has 1415 mm lengtiherefore,a downward3.5182 N/mmiine distributed loachas
been applied tothe finite element models with differembesh densitiesas the

helicopter HTP creates downward lift forde Figures4.27—4.29 load applications

are shown offinite elenent models with mesh densitisesh 1, 2and 3.

\
"

35182

36182

/

f.E]SE

[

Figure4.27: Line distributed load applicatioon Mesh lthrough the front spar
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Figure4.28: Line distributed load application on Mesttt#ough the front spar
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Figure4.29: Line distributed load application on Meshi8ough the front spar

For this optimization tsidy, minimum initial value®f the design variablesre used
becauseén the previous analyséisis observedhat minimum values give lighter HTP
weight As for the constraints, strengtandlocal buckling constraints is useihce
the use of both constints is more crucial fothe optimum sizing of the HTRn

addition, discrete design variables are used toegeits that are more realistic
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Utilizing the samedesign variabless beforeand the strength and local buckling
constraints minimum weightoptimizations are done. In Figure 4,3@ptimization

iterations are shown for the Mesh 1, Mesh 2 and the Mesh 3.

In Table 4.11thefinal calculatedbptimum massesf the horizontal tail plandor the
Mesh 1, Mesh 2 and the Meslaftabulated.

QOO e T T ST
750 ; ;
5.00 ; N
@ § YN
=, : : — hdesh 3
@ 450 : : —Mesh?2
[] H N
g | O Mesh 1
300
150
1] 1 i 1 1 1 i 1 1 1 1
0 5 § 14 18 23 27 32 36 41 45

[teration
Figure4.30: Discrete optimaation iterations for the minimum initial value design
variabled Three differentmesh densitiesStrength and local buckling constraihts
line distributed load applied

Table4.11: Optimization results fothe combinedtrength and local buckling

constrains usingdiscrete design variablegth line distributed load applied

Initial Values Mesh 1 Mesh 2 Mesh 3
MINIMUM 5.81 kg 6.32 kg 6.68kg

Previouslythe applied loadn the structural mod&¥asthe interpolation ofthe CFD
pressureln this subsection, exactthe sameline distributedload thatis equal tothe
total lift force ofthe CFD pressure is applied to front sparHfP thatis meshed
with Mesh 1, 2 and 8ensitiesFigure 4.25 and Table 4.11 confirtimatasthe mesh
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density increaseghe optimum mass also increaseken exactlythe same load
application isused in the finite element analyses with different mesh densitges
discussed beforeyecausethe finer meshcegpturesthe stress gradients betténe
optimum mass increasesience, with the same line load application, similar
conclusion with regard to the effect of mesh density on the optimum HTP mass has

been obtained.
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CHAPTER 5

OPTIMIZATION OF THE COMPOSITE HTP

5.1. Introduction

In this chapter, material properties that are used for whoteposite HTPstructure
are given. Thenapplication of thefinite elementmethod for composite structures
and thecomposite optimiation processireexplained.At the end ofthe chapter, all

optimization results fothe composite optimizatioaregivenvia tables and figures.

5.2. Material Properties

Main composite material thats used in aerospace industiy the carbon fiber
reinforcedplastic (CFRP) which consgsof carbon fibers in a polymer matrix. CFRP
plies could be unidirectional (UBuchthat fibersarein onedirectionor wovensuch

that fibersarein two directions. UD plies are thinner than woven plies and gives
flexibility t o the optimization problemhence in the present studyp carbon prepreg

material is choseas the base material

HexPly 8552 UD Carbon prepregs are commonly used UD CFRP congposite
aerospace structures and aml knownin TAI, so HexplyAS4/8552/RC3AW134
UD prepreg material is chosdar the present optimization studin all structural
elements in this chapter this prepreg is used. Material poperties of the
HexplyAS4/8552/RC34/AW134 are shown Table5.1. 1 n Tabl e 5. 1,

the fiber direction and “ 2" denotes t he
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Table5.1: Material propertiesf HexplyAS4/8552/RC34/AW134

Composite Material:
HexPlyAS4/8552/RC34/AW134
Elastic Modulus 11, & 130000N/mn
Elastic Modulus 22, &2 8700N/mny
Poissoh Ratio 124 0.36
Shear Modulus 12, 3 2900N/mmy
Tension Stress Limit 11, 2280N/mny
Tension Stress Limit 22,7 35 N/mn
Compression Stress Limit 11X 1360N/mny
Compression Stress Link2, Yc 223 N/mny
Shear Stress Limit, S 107 N/mn?

5.3. FE Model Properties

Material properties are created as 2D orthotropic maténalthe PATRAN
environmentfor the composite optimizatiomproblem In the PATRAN GUI,linear
elastic propertiesuchas elastic modulu®oissont gtio, shear modulus and density
values ae enteredalong with theTSAI-WU stress failure limitssuchas tension,

compression and shestrengtls aredefined

Following the definition of the ply propertiesomposite laminates are created for all
63 design variable regiongscluding 32 regionsin the skins, 19regionsin the ribs
and 12 regions in the spars Initially, every laminated composite region has
symmetric 4 ply stacking sequence with given thickness and orientatsodssign
variables In the optimization process, ply numbers changecéehickness of the

design regions change.

Four different coordin& axes are created ftine skins, spars antheribs todefine
the material orientation while creatirtge 2D shell propertiedn all coordinate axes,
fiber direction isthe x direction,transverselirection is y, and out of plane direction

isz
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For sparslocal axis defined for the material orientation is shown in Figure 5.1.

Figure5.1: Material coordinate axis for spars

For the lowea and upper skin, local axes defined for the material orientation are

shown in Figures 5.2 and 5.3, respectively.

Figure5.2: Material coordinate axis for lower skin
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Figure5.3: Material coordinate axis for upper skin

For the ribs, flight direction istaken as theero direction.For the ribs, local axis

defined for the material orientation is shown in Figure 5.4.

Figure5.4: Material coordinate axis for ribs

With these material orientations and composite laminate stacking sequ2bces
shell material properties adefinedfor all design variable regions.
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5.4. Formulation of the Optimization Problem for the CompositeHTP

5.4.1. Design Variables

In composite optimization, unlike aluminum optimization, design variables are ply
thicknesses and ply orientations every design region. As mentiondxkfore,
symmetrical composite laminates arged in every design regiomhicknessesand

ply orientationsof the upper four plies of laminated composite plates are defined as
design variables, and according to thickness of the plies, ply numbers cbatike
aluminum optimization, no flange is modeled in composite optinatzadis design
variables.In the composite optimization problethere are 63 design regions like in
aluminum optimizationHence there are 252 ply thickness design varialaled 252

ply orientation design varialde

In composite HTP optimization problerthere are 16 skin design reg&oim the
upper skinand 16 design regions in the lower skin named same with aluminum HTP
optimization problenas shown in Figurd.5 and 4.6Figure 55 shows the design
regions defined for the ribghere are no flanges deéd In total there are 19 design
regionsin the ribs

V

@

@@@
—a| @V

Figureb.5: Rib design regions and design region names



Figure 56 shows the design regions defined for the spars. In total, there are 12
design regins in the spardifferent from aluminum optimization there no flanges

defined in the spars also.

L
“ny

7
77
4 4

Figure5.6: Spar design regions and design region names

Table 5.2 summarizes the design regions and aingber of ply thicknesses and the

fiber orientations used as the design variables.

Table5.2: Design variable (ply thickness and orientatiofoy the compositeHTP

optimization
Number of Number of Ply | Number ofPly
Design Regioa | Thicknesgs Orientatiors
Upper Skin 16 64 64
Lower Skin 16 64 64
Leading Edge Ribs 6 24 24
Center Ribs 7 28 28
Trailing Edge Ribs 6 24 24
Front Spar 6 24 24
Rear Spar 6 24 24
Total 63 252 252
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It should be noted that in cqusite optimization, ifstly, only ply thickness
optimizationhas been performed for a predefined ply orientatidren combined

ply thickness and ply orientatiaptimization has been performed

5.4.1.1. Discrete Design Variables

Ply thicknesgs and ply orientaton variables are continuous variables fie
optimization problemwhen discrete design variables are not defirdolwever in
real life, a ply has a constant thickness andhis studyfor the compositematerial
used,curedply thicknesss taken a€.13 mm. Thenthicknesss controlled withthe
number ofplies Fora specifiedply number ply thickness is multiplied byhe ply
number andy doing this;thickness has been defined adiscrete design variable.
Therefore when the optimization results &r investigatedresultingply thicknesss

allow one to calculate the number of plies used.

In addition tothe ply thickness, ply orientations amefined as discrete design
variablesand O ° 9 0 ° ;4 5@hbdanhgleaaredcommonly useds the base ply
orientations Discrete ply thicknesses and ply orientations that are used are tabulated
in Table5.3:

Table5.3: Discrete design varialdausedor the composte HTP optimization

Ply 0.13 mm 0.26 mm 0.39 mm 0.52 mm
Thicknesss (for 1 ply) (for 2 plies) | (for 3 plies) | (for 4 plies)
Ply el o O
Orientatiors 49 0 45 o

5.4.1.2. Initial Values of the Design Variables

In the aluminum optimization, lower initial value gave mMom massoptimization
results; so in the composite HTP optimization, minimum values of the design
variables are used by taking 1 ply of each discrete ply orientation for each design
variable.A symmetric and balancddminate with {45/90/45/0} stackingsequence

is given for every design region as inpaitthe optimization of theompositeHTP.

Figure 57 shows the initial stacking sequence used in all design regions.
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Figure5.7: Initial stacking sequence for all design regions

5.4.2. Constraints

For the composite optimizationfailure and local buckling are taken as constraints.
For composite failure TsalWu failure criterion has beetaken as the failure
criterion. In this thesis study, the effead$ constraints are investigated in two steps
Firstly, onlythe strength constraint is applied, and then strength and local buckling
constraints are applied togethkr.addition to these two constraints, there is an extra

geometric constraint created &ach the global optimum.

5.4.2.1. Strength Constraints

In NASTRAN, there aranore than oneomposite failure theories fdhe stress
failure. These theories use ply allowable stressed filure indices that are
calculatedat the ply level. In this worKTsarWu failure theory is chosen. If failure
indices are greater than 1.0, it means thpty hasfailed. TsaiWu Failure theory

equation25] as a constraint igiven byEquation 5.1
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A A
88 99

where,
A
A
V4

X1
Yr:
Xc:
Yc:

Z

: Axial Stress in 1 direction

: Axial Stress in 2 direction

: Shear Stress

Tension Stress Limin 1 direction
Tension Stress Limin 2 direction
Compression Stress Limit 1 direction
Compression Stress Limit 2 direction

S: Shear Stress Limit

&

The interaction coeftient&

: Interaction Coefficient

Y

(5.1)

Is experimentallydetermined from test specimens

under biaxial loading25]. Narayanaswami anfidelman[26] have suggded that

this parameter could be set to zero andutbes of Hoffman's Theory or the &Wu

theory with &

interaction coefficient is taken as zero.

5.4.2.2. Local Buckling Constraints

1t are prefared alternatives[25]. Hence, in this study the

In the aluminum HTP optimization, local buckling equations are writtem the

NASTRAN input file. For each iteration the optimization coé ensurd the

satisfaction of the local bucklingpnstraints. For composite materials, there are many

ways to derive local buckling equations tine literature; but all of them make

symmetry and balanddaminateassumptions fothe stacking sequencA laminate

is symmetric whenhe sequence of plies below the lamihasaid-plane is a mirror

image of the stacking sequence above the-ptade and is balanced wheall

laminate at angles other than O degree and 90 degree occur in opposing pairs (not

necessaly adjacent) that are symmetrioaith respect tahe centerling27].
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Since gmmetry condition is an optiom PATRAN, symmetry condition &n be
achieved in each iteration of the optimization, but there is no balaaceinate
optionin PATRAN for optmization problemsHence if ply orientations ar¢éaken as
design variables, balartdéaminatecondition cannot be achievew every iteration.
Even if the orientationswere not design variables and onlthe ply thicknesses are
the design variables, agalmalance laminatecondition cannot be achieved because
samenumber of plies with positive and negative ply angtesild not be equal.
Therefore, writing local bucklingdesign equationsin NASTRAN input file as
constraintsvas not possiblén composite opthizationbecause of not being able to
achieve balanced laminate during the optimization process

Neverthelessa buckling equation for a symmetric and balance ptla&t is available
in theliteratureis checked whether it could be used for an unbalaptzé or not by
comparingthe results of the analytical formulatiamth the NASTRAN buckling
analysisresults

Critical buckling load equation iavestigatedor asimply supported composifgate
under axial compressive lodgigure 58 shows the platanderthe compressive load.

Figureb5.8: Plate with under compressive load

In the thesis ofQiao JingYang for the simply supportedomposite platecritical

buckling load equation is given bg8§],

—_
>

I A
= (5.2)

A
3 T

> =

c¢$ 3

>
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where Dj is the bending stiffness coefficient anth and nare positive integers
representing the number of half sine waves in the axial and transverse directions,
respectively.The critical buckling load is the smallesxial loadNx which can be

obtained bysettingn=1 andvaryingm.

Initially, for a symmetric and balance composite plate, critical buckling load is
calculated with usingequation(5.2). Then a PATRAN model is creal for that plate
and the buckling load results armompared tocheck the agreement of thmite
element solution and Equation (5.®)r the symmetic and balancg laminate

condition.

A composite platevith simply supported boundary conditiomghich has [90/0/0/90]
laminate sequencend hasa length of250 mm(a= 250 mm)andwidth of 208 mm
(b=208 mm)is investigated. A MATLAB code is written, ABD matrices are
calculated anduckling loadN versusm values are plotted to find the smallest
buckling load MATLAB code that is written to calculatead is given inAppendix

D.

Figure 59 gives the variation of theritical buckling loadversusthe axial wave

numbem.

£ ] w b
in [ in [ in S in

M, Gritical Buckling Load (M)

0.5

Figure5.9: Critical buckling load varion versus thexial wave numbem

According to Figure ®, Equation 5.2 gives tharitical buckling load as 0.34 N/mm.
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Then thesame simply supportqulate is modeleth PATRAN anda unit-distributed
load is applied d calculate the lowest eigenvalw®rresponding to the critical
buckling load. Figure 80 shows the imply supporteccomposite plate subjected to
unit distributed unit load

Figure5.10: Simply supported composite plate subjected todisttibuted unit load

Then buckling analysis is run and eigenvalue is found as 0.356 Nfigare 511
shows the buckling mode shape for the plate mimeherelativelyfine mesh

Patran 2012 64-Bit 19-Feb-18 213321 1.00+000)
Fringe: Default, A1:Mode 1 : Factor = 0.35629, Eigenvectors, Translational, Magnitude. (NON-LAYERED) 9.35-001
Deform: Default, A1:Mads 1 : Factar = 0.35628, Eigenvectors, Translational. ) 8.67-001
00-000 8.00-001
7.35-001
6.67-001
o 6.00-001
5.33-001
4.67-001
4.00-001
3.33-001
267-001
2.00-001
1.33-001

6.67-002
0
default_Fringe
Mas 1.00+000 @Nd 29
Min 0. @Nd 3
default_Deformation :
Max 1.00+000 @Nd 29

Figure5.11: Buckling analysis result for relativeliine mesh
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At this point, it is assumed th&guation (5.2)s useful and reliable for symmitr
and balanca laminates In addition, it is observed that buckling analysis gives

accurate result when mesh densitgelativelyfine.

To check the effect of unbalanced plies on the buckling lcadaindesign regions

in the wing are modeledn PATRAN with symmetric but unbalanced stacking

sequence for buckling analysis, and eigenvalues are calculated by using NASTRAN.

For the uwbalancedlaminate and with thecorresponding” a ” and “b”
Equation (5.2) is also used to calculate the buckling |dsslcerthelesspefore
checkingthe effect ofunbalanced stacking sequermethe buckling loadalaminate

with symmetric and balaed stacking sequence is checked to investigla¢e
curvature effect of the skinen the buckling loadit should be noted th&quation

(5.2) calculates critical buckling load for flat surfaces and curved surfaces have

different critical buckling loads.

For instance middle lower skin 8 zone isfine mesheds showrin Figure 5.2.

Figure5.12: Fine meshedhiddle lower skin, 8 zone

As shown in Figure 53, unit distributed load is applied to themply supported
curvedmiddle lower skinin the 3" zone design regiowhich is made of balanced
laminate with thg-45/90/90/45/0/Q]stacking sequence

81



Figure5.13: Simply supportegbanel withdistributed unitoad appliedo themiddle

lower skinin the3 zone

After the buckling analysiscritical buckling loadis calculatedas 9.04 N/mmand

Figure 5.8 shows the buckled mode shape for the particular panel.

Patran 2012 64-Bit 18-Feb-18 21:41:18 1.00+000)
Fringe: Default. Al:Mode 1 Factor = 9.0407. Eigerwectors, Translational, Magnitude. (NON-LAYERED) 957001
8.70-001

Deform: Default. A1:Mode 1 : Factor = 9.0407, Eigenvectors. Translational,
8.03-001
7.36-001
6.69-001
6.02-001
5.535-001
4.68-001
4.02-001
3.36-001
2.68-001
2.01-001
1.34-001

6.69-002)
0]

default_Fringe
%Y Max 1.00+000 @Nd 264
Min 0. @Nd 26
- default_Deformation
e Mast 1.00+000 @Nd 254

Figure5.14: Buckling analysis result fahe middle lower skin 8 zonewith the
[-45/90/90/45/0/Q]stacking sequence

Then, for the same paned and b valuesre takepnbut they areused in theflat
surfacebuckling equation given biquation (5.2) andthe variation of the critical

bucklingloadwith them valueis obtained and this variation is given in Figures5.1
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Figure5.15: Variation of thecritical buckling loadwith them valuefor themiddle

lower skin, 3'zone

From Figure 5.5, critical buckling load isdeterminedas 14.92 Nhm which is 65%
higher tharnthe finite elemenanalysis resultHence,Equation (5.2)cannotbe used

for design regions witlburved surfaces assumititatthey are flasurfaces

After checkingthe curvature effect, unbalanced and symmetric stacking sequence is
investigatedor flat surfaces. For instance, front spéirzéne isfine mesheandunit
distributed load is appliedo the unbalanced laminataith the stackig sequence
[-45/90/90/45/45/0/Q],as shown in Figure 561

Figure5.16. Simply supportedlat panel withdistributed unit load appliet the

front sparweb in the4™ zone
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After the buckling analysiscritical buckling loadis calculatedas28.82N/mm, and

Figure 5.% shows the buckled mode shape for the particular panel.

Patran 2012 64-Bit 19-Feb-19 21:4953 1 00+000I
Fringe: Default, A1:Mode 1 : Factor = 28.618, Eigenvectors, Translational, Magnitude, (NON-LATYERED) 2 zj:ss: L
Deformn: Default. AT:Mode 1 Factor = 28.818, Eigenvectors, Translational, 5 000011
7.33-0011
6.87-001
6.00-001

5.33-001
o Q04000 4 67-001'

bt 4.00-001
3.33-0011

287001

2.00-001

1.33-001

6.67-002)

0

default_Fringe

Max 1.00+000 @Nd 216
\ Min 0. @Nd 10
default_Deformation

Max 1.00+000 @Nd 216
Figure5.17: Buckling analysis result fahe front spar % zonewith the

[-45/90P0/45/45/0/0] stacking sequence

Then, for the same panel a and b values are taken, but they are used in the flat
surface buckling equation given by Equation (5&)dthe variation of the critical
bucklingloadwith them valueis obtained and this vatian is given in Figure 38.
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Figure5.18: Variation of thecritical buckling loadwith them valuefor the front spar
web in thed" zone
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From Figure 518, critical buckling load isdeterminedas136.73N/mm which is way

higherthanthe finite elemenanalysis result.

This comparisonapproachis repeated for various design regions, aesults are
tabulatedin Table 5.4. This table shows thdbr curved Aminates andinbalanced
laminates Equation (5.2) cannot be used to approximate the critical buckling load
and curvature of the laminates andthe unbalancedlaminate configuration

significantly affects the critical load level to caugeal buckling.

Table 5.4: Local buckling load comparisasf NASTRAN andEquation (5.2)esults

for various design regions

Critical Buckling Load
Stacking Sequence qu[JNa}:an](s'Z) N'[A‘NS/;%A]‘N
RearSparWeb
3t Zone(flat panel) [-45/90/45/45/0] 94.79 18.15
Upper Skin Middle 3|\ o, 10 /00/45/45/45/q)|  29.25 5.44
Zone(curved panel)
Rib Middle
3th Zone(flat panel) [45/90/45/0/04 55.06 12.6

Based on the analysis resufigeesented so fait is decided that théocal buckling
analysis of the skin panels can be performed by finite element analysis anéinesing
mesh For every design regigoriocal buckling analysihas tobe done, andhe
calculated critical buckling loadN/mm] has tobe given as stress constitawhichis
calculated by dividingeritical bucklingload to thicknes®f that region However,
normally, stress constraing for local buckling should be known before the
optimization, not afterwarddn addition this constraintvariesin each iteration

because during the optimization procksainatesequences and thicknessbsnge.

Therefore a different approacimeeded tobe usedto include the local buckling
constraint into the optimization proce$r this aim, local buckling @nstrants for
evay design region coulde calculated aftean initial optimization has been

performed andthe optimizationcould bestarted agairutilizing the local buckling
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constraint calculated in the previous optimizatiarnen, this processould be

repeated untilite optimization resudtconverge.

In conclusion,in the present study, thaescribed approach is ustminclude local
buckling of wing regions in the optimization proceBgstly, an optimization with
only strength constrainhas been performedrhen for every design region, a
PATRAN model is created with a stacking sequenased on theesult of previous
optimization with only unit load and simply supported boundary conditions.
Afterwards, buckling analysis is done atit critical buckling load is callated.
The critical buckling loads divided tothethickness thais calculatedn the previous
optimization, andhe critical buckling stress is calculated. Théms stress is used as
the local bucklingconstraint for that region and next optimizatis started usinthe
stacking sequencwhich is the result of the previous optimization as the initial
sequenceThis process is repeatedtil mass change in every optimization becomes
0.1 kg as convergence criteriglowchart that is used for this pess is given in
Figure 519.

START optimization
with only strength constraints

CALCULATE ecritical buckling
stress for every region with =
previous optimization results

START next optimization with
previous optimization results as
input, strength constraints and No
calculated critical buckling stress
constraints

< " Is mass variation -
. . - 01 kg‘) .'./___.,...

L Yes
| STOP
Figure5.19: Implementation of the composite strength and local buckling constraints

into the optimization process
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Calculated local buckling constraints are given for averagepoession stresses in
skins and ribs. In sparfcal in-plane bendinduckling should be constrained. So
average compression stressre calculated for lower line of spatsecause lower
partsof spar websapture compressioas thenature of pressure digbance that is
used in this studyand calculated constraints given for them.

5.4.2.3. ThicknessConstraints

As explained in the aluminunHTP optimization in Chapter 4.4.2.3, laminate
thicknessesshould be increased from tip to root tfe horizontal tail plane.
Therefore to end upwith expectedaminate thicknessariationsalong the span of

the horizontal tajl thicknessconstraints are created NASTRAN input file as
designequationsFor further informationthese equations are written and explained
in APPENDIX B. By creating equations, ply thickness summations are ordered from
root to tiplike aluminum HTP optimizatioas shown in Figure 4.12.

5.4.3. Objective Function of the Optimization

Objectivefunction is sameas thealuminumHTP optimizationproblem Using tte
described design variables and constraintthe objective of the composite

optimization problem is to reatche minimum weight of the structure.

5.5. Optimization Results

In the compositeHTP optimization,there are three different mesdkensities which

are dentical withthe aluminumHTP optimization as defined in Chapter 2&hd two

different constraintsonly strength constraints, and local buckling and strength
constraints togethern the optimization involving only the strength constraints
convergenceriterionisNASTRAN SOL 200 s odritermmwhgh conve
is explained in Chapter 1.4. In local bucklimgd strength constraints together
optimization convergence critesh is explained in Chapter 5.4.2.th addition to

these, there are two dififent design variable methodkickness only, and thickness

and fiber orientation angle together
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Figure 520 shows the optimization iterations for thtesh 1with the thickness as the
only design variable and using strength constraint only. For thes oasimization

stops in two iterations and the minimum mass is obtained as 5.1 kg for the HTP.

7.00
6.50
6.00
540
5.00
450
4.00
350
3.00
2.h0
2.00
1.50
1.00
B00

Mass (kag)

[teration
Figure5.20: Optimization iterations fathe Mesh 1/ Thicknessas the only design

variable/ Strength consaintonly

Optimum thickness variation for this case is shown in Figite &nd 522. It is seen
that thickness reduces from root to tip of the HB® the virtue of the thickness

constraints implemented

Thickness [mm]
Fatran 2012 64-Bit 19-Feb-19 22:66.06 4.16+000)
Thickness Scalar Flot 3.95+000)
3.74+000)
3.54+000)
3.33+000)
3.12+000)
2.91+000)
2.70+000)
2 50+000)
2.29+000)
2 08+000)
1.87+000)
1.66+000
1.46+000)

1.25+000)
e 1.04+000)

Figure5.21: Optimum hickness variatiofor the Mesh 1IHTP without upper skin

Thicknessas the only desigwariable/ Strength constrainbnly
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Thickness [mm]
Patran 2012 64-Bit 19-Feb-19 22:53:19 4.16+000)
Thickness Scalar Plot 3.95+000)
3.74+000)
3.54+000)
3.33+000)
3.72+000)
2.97+000)
2.70+000)
2.50+000)
2.29+000)
2.08+000)
1.67+000)
1.66+000)
1.46+000)

1.26+000
W e 1.04+000

Figure5.22: Optimum hickness variatiofior the Mesh 1HTP with upper skin/

Thicknessas the only desigwmariable/ Strength constrainbnly

Figure 523 shows the optimization iterations for theesh 2with the thickness as the
only design variable and using strength constraint only. For this case, optimization

stops in two iterations and the minimum mass is obtained as 5.19 kg for the HTP.
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1 RN R REERR ;
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[teration
Figureb5.23: Optimization iterations fothe Mesh 2/ Thicknessas the only design

variable/ Strength constrainbnly
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Optmum thickness variation for this case is shown in Figu?d &nd 525. Again,

thicknesgsreduce from root to tip of the HTP.
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Figure5.24: Optimum hickness variatioor the Mesh 2HTP without upper ski/

Thicknessas the only desigwmariable/ Strength constrainbnly
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Figure5.25: Optimum hickness variatioffor the Mesh 2HTP with upper skir

Thicknessas the only desigwariable/ Strength constrainonly
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Figure 526 shows the optimization iterations for thtesh 3with the thickness as the
only design variable and using strength constraint only. For this case, optimization

stops in two iterations and the minimum mass is obtained as 5.31 kg FbfFhe
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Figure5.26: Optimization iterations fothe Mesh 3/ Thicknessas the only design

variable/ Strength constrainbnly

Optimum thickness variation for this case is shown in Figue& &nd 528. As

plannedn Chapter 5.4.2.3, thickness redsisenoothly span wise.
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Figure5.27: Optimum hickness variatiofor the Mesh 3HTP without upper skin
Thicknessas the only desigwmariable/ Strength constrainonly
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Figure5.28: Optimum hickness variatiofior the Mesh 3HTP with upper skir
Thicknessas the only desigwmariable/ Strength constrainbnly

In the second level of optimization, optimization réswif the thickness optimization
are used as the initial values for the thickness design variabtes thicknessand
fiber orientationangleare used together as design variablesag strength constraint
only in the optimization process.

Figure 529 shows the optimization iterations for thdesh 1with the thickness and

fiber orientation angle as the design variables and using strength constraint only. For
this case, optimization stops in ten iterations and the minimum mass is obtained as
4.9 kg for the HP.
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Figure5.29: Optimization iterations fothe Mesh 1/ Thickness andiber orientation

angle as desigwariables/ Strength constrainbnly

Optimum thickness variation for this case is shown in FiguB® @and 531.
Optimum stacking sequencexbtained as a resulif the optimization is reported in

Appendix E.
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Figure5.30: Optimum thickness variatiofor the Mesh 1IHTP without upper skin

Thickness anfiber orientationangle as desigwariables/ Strength constrainbnly
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Figure5.31: Optimum hickness variatiofior the Mesh 1HTP with upper skir

Thickness anfiber orientationangle as desigwariables/ Strength constrainbnly

Figure 532 shows the optimization iterations for tMesh 2with the thickness and

fiber orientation angle as the design variables and using strength constraint only. For
this case, optimization stops in ten iterations and thenmim mass is obtained as
5.10 kg for the HTP.
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Figure5.32 Optimization iterations fothe Mesh 2/ Thickness andiber orientation

angle as desigwariables/ Strength constrainbnly

Optimum thickness vaation for this case is shown in Figur&%and 534.
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Figure5.33: Optimum hickness variatiofior the Mesh 2HTP without upper skin
Thickness andiber orientationangle as desigwariables/ Strengthconstraintonly
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’F‘igure5.34: Optimum thickness variatioffor the Mesh 2HTP with upper skir
Thickness andiber orientationangle as desigwariables/ Strength constrainbnly

Figure 535 shows the opthization iterations for thélesh 3with the thickness and

fiber orientation angle as the design variables and using strength constraint only. For
this case, optimization stops in ten iterations and the minimum mass is obtained as
5.17 kg for the HTP.
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Figure5.35: Optimization iterations fothe Mesh 3/Thickness andiber orientation

angle as desigwariables/ Strength constrainbnly

Optimum thickness variation for this case is shown in Figu8&dnd 537.

Thickness [mm]
Patran 2012 64-Bit 19-Feb-19 23.21:11 4 16+000)

Thickness Scalar Plot 3.95+000)
3.74+000
3.54+000)
3.33+000)
3.12+000
2.91+000)
2 70+000
2 B0+000)
2.29+000
2.08+000)
1.87+000)
1.66+000
1.48+000

1.26+0a0
1.04+000

Figure5.36: Optimum thickness variatidior the Mesh 3HTP without upper skin

Thickness anfiber orientationangle as desigwariables/ Strength constrainbnly
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Figure5.37: Optimum thickness variatidior the Mesh 3HTP with upper skir

Thickness andiber orientationangle as desigwariables/ Strength constrainbnly

Optimizationresults obtained frortwo different optimizationswhich are wih only
thicknessas design variableandthe thickness plus fiber orientation angledesign
variablesare presented in Table 5.5.

Table5.5: Optimization results fothe strength constraint only with dietedesign

variables
MESH ONLY THICKNESS THICKNESS +FIBER
SIZE OPTIMIZATION ORIENTATION OPTIMIZATION
MESH 1 5.10kg 4.90kg
MESH 2 5.20kg 5.10kg
MESH 3 5.31kg 5.17kg

Table 5.5 shows that as the medbnsity is made finermass obtained by
optimizationsslightly increases since tiMesh 3captures the stress gradients better
and higher average stress occurs in the design zbigeses 538 — 5.40 showthe
averagey-direction normaktress in the skins of the HTP for the three different mesh
dengties. In these plots average stress of the 8 layers in HTPs sk shown.
Average stress plots clearly shdhat, as the mesh becomes finer, average stress
increases.
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Figure5.38: Average stress distnithion for theMesh 1HTP in Ftiteration /

Thickness andiber orientationangle as desigwariables/ Strength constrainbnly
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Figure5.39: Average stress distribution for tMesh 2HTP in Btiteration/

Thickness anfiber orientationangle as desigwariables/ Strength constrainbnly
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Figure5.40: Average stress distribution for tesh 3HTP in Ftiteration /
Thickness andiber orientationangleas desigvariables/ Strength constrainbnly

Moreover, when the fiber orientation angle is added as the additional design variable,
slightly lower optimum mass values are obtained. However, since the difference
between the optimum HTP mass obtainedaasesult of the optimization runs
utilizing the thickness and the thickness plus the fiber orientation angle as the design
variables is very low, one can comment that fiber orientation angle is not very
effective on optimum configuration when strength ¢emst is used as the sole

constraint of the optimization problem.

In addition to thestrength constraintsvhen local buckling constraint édsoaddedto
the definition of the optimization problenmnstead ofoptimizationiterations,mass
versus optimization numbervariation should be traced to see the convergence
behavior For the Mesh 3case, Figure 81 shows the mass versus optimization

number plot when the thicknesses are used as the only design variable.
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Figure5.41: Optimizationresultsfor the Mesh 3/ Thickness as the only design

variable /Strength andocal buckling constraints

As it is explained before, optimization terminatedwhenthe mass converges to a
valueas seen in Figure L. It is seen thatfeer six separate@ptimizatiors, variations

in the mass i9.1 kgat the seventhoptimization,so calculations for local buckling
constraints aréerminated. When the thickness is used as the only design variable,
optimum mass is obtained &6 kg. Optimum thickness variation for this case is

shown in Figure 32 and 543.
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Figure5.42: Optimum thickness variatidior the Mesh 3HTP without upper skin
Thickness as the only design variablirength andocal buckling constraints
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Figure5.43: Optimum thickness variatidior the Mesh 3HTP with upper skir
Thickness as the only design variabltrength andocal buckling constraints

Following the thickness optimization, the second level of optimization is invoked by

adding the fiber orientation angle as the other design variable.

For theMesh 3case, Figure B4 shows the mass versus optimization number plot
when the thicknesses and fitger orientation angles are used as the design variables.
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Figure5.44: Optimizationresultsfor the Mesh 3/ Thickness ad fiber orientation

angle aglesign variables$trength andocal buckling constints
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In this case,optimization is terminatedsince convergence has been achieved.
Optimum mass is obtained &s93 kg that is 0.33 kg lightecompared to the
optimum mass obtained using thickness as the only design var@ptanum
thickness variatiorfor this case is shown in Figuw®.45 and 546. It is seen that
thickness reduces span wises planned through the inclusion of thickness
constraints Optimum sacking sequencesbtained as theesult of theoptimization
arereported in Appendix E.
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Figure 5.45: Optimum thickness variatidior the Mesh 3HTP without upper skin
Thickness and fiber orientation angle as design varial3gsrigth andocal

buckling constraints
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Figure5.46. Optimum thickness variatidior the Mesh 3HTP with upper skir
Thickness and fiber orientation angle as design varial3gsrigth andocal

buckling constraints

Combined optimization history is given in Figurédbwhere theorangeline shows

the mass history when thickness is used as the only design variable and the blue line
shows the mass history when the thickness and the fiber orientation angles are used
together as the design variables.
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Figure5.47: Combined optimization resulfsr the Mesh 3/ Strength andocal

buckling constraints
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It is noted that when local buckling constraint is added to the constraints, fiber
orientation angle design variable becomes mgifective on the optimum mass
compared its effect when only strength constraint is employed in the optimization
process. This is reasonable because fiber orientation angle changes the stiffness of

the HTP panels and in turn the critical buckling stress.
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CHAPTER 6

BENCHMARKING OF ALUMINIUM AND COMPOSITE MATERIALS
AND COMPARISON OF OPTIMIZATION RESULTS

6.1. Introduction

Composites and aluminuhave advantages and disadvantatrethis chapterthese
pros and consare discussed and at the end of the chametimization results

obtained for thesame mesh density and similar constraints are compared.

6.2. Advantages ofComposites and Aluminum

Aluminum and compositenaterials play major roles ithe aerospace industry.
Aluminum is an overwhelming choice in aerospacedustryfor more than 80 years
because of their weknown charactestics and production methods. For primary

structuresgritical fittings and supportshey are still widely used.

Aluminum is a lightweight material when compared to other metals. khnli
composites, aluminum is isotropic, which ensures the same properties in every
direction.Aluminumis technically advanced in terms of forming and alloying. Some
aluminum alloys are further strengthened and hardened by heat treatnhents

addition, theyarerelatively low costmaterialswhen compared to composites.

Aluminum alloys are used as electric conductors because iof gl electrical

conductivity This isa plus when a lightning strike occurs
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Aluminum is not a brittle materiatherefore they are useful for out of plane loads

such as bird impact.

Aluminum parts havenore reliable inspection techniques and low cost repair and

maintenance.

Nowadays,ncreasing composite partratio is a new trendor aircraft structures.
The most important dag propery of carbon composites their high strength to
weight and stiffness to weight ratios. With proper selection and placements of fibers,

composites can be strongstiffer andlighterthan aluminum parts

Composites are excellent in hightgnson-loaded applicationsand they absorb
vibration more than aluminunThis helps decrease fatigteslure and maintenance
cost Therefore they have a long lifand they are durabl€omposites aralsovery

corrosion resistance when compared to aluminurtspa

Composites can be molded into complicated shapes more easily than most other
materials. This givethe designers freedom to create almost any shape or form. In
addition,with compositesone can produceonepiece designs. Fabricating a product

in one pece or decreasg the number ofparts in a componenteduceshe design,

production and maintenantee. Furthermoretheyrequirefewerfasteners

The absence of electric conductivity makes composites electronic transparent which
means that antennasould be kept inside of aircraftThey are usually radar

transparent.

6.3. Disadvantagesof Composites and Aluminum

Aluminum structures could be heavier than composite structures. Some parts cannot
be produced with aluminum material because of their geometriiges tivy could be
produced with composite materiadBecause of thathey require more than one part

apart from compositesind this situation result with more fasteners in structure also.

In highly tension loaded applications, aluminum is weaker t@rposites.This

finding couldalsobe madeavhentension strengthimits of materialsare compared.
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Composite materials are relatively brittle like masiff materials. They have no

yield behavioyand resistance to impact is low.

Compositematerial properés are very dependeon theproduction quality whereas
not so much for the aluminunf theyareproduced with false production methods or
wrong conditionsthey cannot work as desired and that could be catastrofec.
fabrication process is usuallyblar intensive and complex, which further increase

thecost.

Composites need extra plies for vari@itsiations They need isolation to prevethie
adjacent aluminum paftom galvanic corrosionBronze meslis required to conduct
static current or lightmg currentSince composites are often construdigdtacking
differentnumber oflayers into a laminate structure, delamioaimay occuibetween

thelayers.

Composites’ damage inspection is very ha
are mostly intrnal and hence require complicated inspection techniques for

detection.

Composites have higher material costs, and very expensive repair and maintenance

costs.

6.4. Comparison of Optimization Resultsfor the Aluminum and Composite
HTP

In composite optimizatio, Mesh 3had to be usetbr local buckling constraints and
only discrete variables are uséécause of the nature of composité&serefore,
analysis results of thielesh 3finite element model with strength and local buckling
constraints and discrete desigariables are comparddr the aluminum and the
composite HTP

In thealuminumHTP optimization, there are three different startingssegor three
different initial values of the design variabledence, initial masses a@52 kg,
16.06 kg and 29.59gkfor the minimum, middle, and maximurnitial values of the

design variablg, respectively. Optimum weighsolutiors determinedusing the
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minimum, middle and maximunmitial values of thedesign variable inputs areZi
kg, 799 kg and 839 kg as respectely. Their arithmetic mean is 86 kg, butthe
optimum massis 721 kg thatis obtained using theninimum initial values of the
design variablg so this value is compared withe optimum mass obtained for the
compositeHTP optimization.

In the compositeHTP optimization, optimummassis determined using thply
thickness andiber orientationangledesign variables togethatilizing both strength
and local buckling constraint§tarting massfor the composite HTRptimization

was 6.7 kg and optimizatiaesult was 23 kg.

Figure 6.1 compares the optimization history for the aluminum and composite HTP
optimization. For the aluminum optimizatioffom continuous and discrete design
iterations,only the discrete iteration values aresed to produce the qil given in

Figure 6.1.
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Figure6.1: Comparison of optimization results for aluminum and composite HTP

In conclusion, optimized composite HTP structure is1.28 kg lighter than the
optimizedaluminumHTP structure withchosemmaterial properties, design variables
and constraintsThis mass reduction amounts 1@.7%% weight reductionwhich is

significant in aerospace structures.
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CHAPTER 7

CONCLUSION

7.1. General Conclusion

In the aerospace industrgtructual design processesuallytake quite along time.
Because of thiseason startinga design by using near optimutimensionsin the
analysis procests timesavingmannerto reach an optimum structurds shownin
the presenstudy if optimizationis incorporated early in the design phaset only
weight saving can be achieved but alsodhmensiondetermined could be used as
the initial valuesto be used in the detailed design phdtsshould be noted thdhe
application of present optimization g should only beconsideredin the
preliminary design phaseot in the detailed design phase.

In the aluminumHTP optimization, it is observed th#tte strength constrairitself is

not solelyenough to size the horizontal tail pla@epending orthe mesh densities,

mass values obtained from optimizati@sults are in between 2-62.8 kg forthe
continuous design variableaseand thesedfigures could be accepted aery low

figures However, #&er adding thelocal buckling constraints tdhe strength
constraints, andby utilizing discrete design variableas would be the case in a real
application,it is seen thaoptimum HTP mass is 7.21 kg for the MeshfiBite
element model These results clearly show thatal buckling constraints more
influential on the sizing of the HTP structure, as expected. Moreover, with the use of
discrete design variables, standard stock sizes of aluminum material can be chosen,

and this causes increase in the final optimum weight since the resolution is coarse.
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The preent study also showed that optimum mass is affected by the meskaize.
example, when design variables start fithilminimum values, 6.17 kg, 6.58 kg and
7.21 kg optimunmmassresultsareachieved for Msh 1, 2 and 3 respectively. These
results show thatoptimum weight result obtained from optimizationsicreags
without convergence. This could be acceptable considering that this study was done
only for the preliminary design phasa#s pointed out befordn addition, vihen the

mesh density increases, ssegradients are captured better and this situation causes
slight increas in the optimum masslues Hence, in the benchmarking study, Mesh

3 results are compared for the aluminum and the composite HTP.

For the optimization of botlthe aluminum andthe composite HTP, optimization
results obtained bwtilizing the strength andhe local buckling constraints are used
in the benchmarking study tieHTPs.

In the aluminum optimization, three different initial values are used for the design
variables. Initialvalues are selected close to the lower and upper limits of the design
variables and also from the middle of lower and upper limits. Results showed that
consequently final mass values obtained from optimizations turn out to be close to
each otherand whenthe initial values are selected from the lower limits of the
design variables, the lowest HTP masses are obtained.

In the composite optimization, because of the naturéheflaminates, only discrete
design variables are usa@doreover, since the aluminuHTP optimization study has
revealed that minimum HTP mass is obtained when the initial values of the design
variables are selected as the lower limits of the design variables, in the composite
HTP optimization lower limit of the ply thicknesses are uasdhe initial values of

the design variables. It is notdgiat by addingfiber orientationangle to the design
variableson top of the thickness design variables, optimum HTP mass can be
reduced even furthefFor instancejn the Mesh 3 densityHTP with strength and

local buckling constraints togethewhile using only theply thickness variable
results in an optimum mass 6£26 kg, by adding the fibeorientationangle as the
design variablepptimum HTP mass reduces %®3 kg. The reduction in the mas
value is approximately 5.3% when fiber orientation angles are added to the design

variable list.
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It should be noted that in the present study, fiber orientation angles are selected from
t he di scr et andd0.ufehe fiber forientadidh agle were made to

vary continuously, higher reduction in the optimum HTP mass could have been
obtained. This study has shown that fiber orientation angle is an additional design
variable which is at the disposal of the designer, and it can be exploitedher
improve the design, something which is not possible for structures made of isotropic

materials.

It is a known fact that aluminum and composite materials are frequently used in
aerospace structures, and each has advantages and disadvantagegeigspken
compared with each othelHowever when it comes to optimizing structures, it is
clear that composites have more to offer. In this study, with similar design
constraints and aerodynamic loads, optimum composite HTP is obtained as

approximately 18%ighter than the optimum aluminum HTP.

7.2. Recommendation for Future Work

For the aluminum optimization, spar flanges are modeled as 1D rod. As an
improvement for further studies, spar flanges can be modeled as beams, hence design
variables could be extendebh addition, in this study for design variables having
flanges, flange areas are kept as same. As a future study, flange areas could be

different for every flange of a web.

For the composite optimization, calculation method of local buckling constisaat u
in this work is quite time consuming. If this method to be used, a code that would
modify the NASTRAN input fileand run NASTRAN automatically could be written
for iterations. In this way, different inputs could be entered and compared for the

composie optimization.

Furthermore, the local buckling constraint method used in composite optimization is
not proper for combined local buckling. This method is used only for local
compression and iplane bending buckling as local buckling constraints. For
combined local buckling constraint, a different method needs to be developed. For

the present study, unit load for compression is given and the critical compression
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local buckling stress is calculated for every design region. For example, to combine
shear lading with compression, percentages of unit shear and compression loads
could be applied for a chosen design region. For various percentages of unit shear
and compression loading, new critical buckling stresses could be calculated. When
all critical bucklng stress calculation is completed for various percentages of unit
shear and compression loads, a 3D surface of critical combined buckling stresses
with respect to various percentages of unit shear and compression loading could be
plotted. Then accordingtthe ratios of captured shear and compression stress, this
3D surface could be used as a constraint. As before, this method is needed to be done
for every design region because every design region would have different critical
buckling stresses. To thixtent, writing a code for this method would be better as

well.

For both optimizations, more design constraints could be added such as dynamic
constraints like flutter or frequency. Besides, different materials could give lighter
optimization results, hencelifferent materials, different aluminum alloys and

composite materials could be used to see their effect on the optimum HTP structure.

In this thesis, optimizations are performed only for one load case and it should be
kept in mind that different load sas could have an effect of sizing different parts of
the structure. Therefore, to obtain a preferably better optimization more load cases

can be added to the study for the future work.
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APPENDICES

APPENDIX A

NACA 4415 G vs. ALPHA, AND Cp vs.CL GRAPHS
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APPENDIX B

DESCRIPTION OF NASTRAN INPUT FILES USED FOR OPTIMIZATION
PROBLEMS

I n this section, descriptions ar e t ake
Ref er e n c B0]. @dditiaha 'BDF codeqthat could not be written using
MSC.PATRAN) are written and explained. Descriptions are written in italic and

explandions are written in bold and italic. Repetitive lines are removed.

For the aluminum optimization problem, every card and additional BDF codes are
explained. For the composite optimization problem, only new cards and additional

BDF codes are explained &woid repetition.

ALUMINIUM OPTIMIZATION PROBLEM NASTRAN INPUT FILE

$ Direct Text Input for Executive Control
$ Design Sensitivity and Optimization Analysis

-SOL gecifies solution sequence to be executed. In this case SOL 200 executes

ADesign Opodimolzati on sequence.
SOL 200

-TIME <ts the maximum CPU and 1/O time. TIME 600 designates a runtime of 10

hours.
TIME 600

-CEND designates the end of the Executive Control Selection, it is an optional
statement.
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CEND
$ Direct Text Input for Global Case Control Data

-TITLE defines a character string to appear on the first heading line of each page of

MSC Nastran output.

TITLE = MSC.Nastran job created on-89r-16 at 18:22:41
-ECHO ontrols echo (i.e., printout) of the Bulk Data.
ECHO = NONE

-MAXLINES ststhe maximum number of output lines.
MAXLINES = 999999999

-DESOBJ slects the DRESP1 or DRESP2 entry to be used as the design objective.

MIN specifies that the objective is to be minimized.
DESOBJ(MIN) = 1

-ANALY SIS pecifies the type of analysis beingfoeemed for the current subcase.
STATICS is used for Linear Static Analysis.

ANALYSIS = STATICS

-SUBCASE dlimits and identifies a subcase.
SUBCASE 1

$ Subcase name : Default

-SUBTITLE @fines a subtitle that will appear on the second heading line df eac

page of printer output.
SUBTITLE=Default

-SPC elects a single point constraint set to be applied.
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SPC=2
*LOAD <lects an external static load set.
LOAD =2

-DISPLACEMENT equests the form and type of displacement or pressure vector
output. SOR'1 means thatwput will be presented as a tabular ligjiof grid points
for each loadfrequency, eigenvalue, or time, depending on the solution sequence.

REAL, requests real rectangular fornatcomplex output.
DISPLACEMENT(SORT1,REAL)=ALL

-GPFORCErequests grid point force balance at selected grid points. ALL means
that grid point force balance for all grid points will be output.

GPFORCE=ALL

-SPCFORCESequests the form and type of single point force of constraint vector
output. SORT1, REAL ard_L are explained above.

SPCFORCES(SORT1,REAL)=ALL

-STRESSeaquests the form and type of element stress output. VONMISES requests
von Mises stresses. BILIRequests CQUAD4, CQUADRNd CTRIAR element
stresses at center and grid points using bilinear extiaon. SORT1, REAL and

ALL are explained above.

STRESS(SORT1,REAL,VONMISES,BILIN)=ALL

-DESSUB slects the design constraints to be used in a design optimization task for

the current subcase.
DESSUB = 22
$ Direct Text Input for this Subcase

-Designates ta beginning of a Bulk Data Section.

121



BEGIN BULK
$ Direct Text Input for Bulk Data

-PARAM specifies values for parameters. PGS dutputs the appropriate files for

the MSC.RTRANprogram.PRTMAXIM controls the printout of the maximums of
applied loads, sigle-point forces of constraintnultipoint forces of constraint, and
displacementdNASPRT specifies how often data recovery is performed and printed
in SOL 200. Data recovery operations are performed at the first design cycle; at

every design cycle that asmultiple of NASPRT; and the last design cycle.
PARAM POST -1

PARAM PRTMAXIM YES

PARAM NASPRT 1

$ Elements and Element Properties for region : usll

-For every2D design region a PSHELL is created, usll means that first bay of upper
skin leadng edgeausll is a user defined label for PSHELL 1.

-Defines the membrane, bending, transverse shear, and coupling properties of thin
shell element8.4Immis initial thickness for this PSHELL.

PSHELL 1 1 041 1 1
$ Pset: "us1" will be imported as: "pshell.1"

-CQUAD4 card efines an isoparametric membrabhending or plane strain
quadrilateral plate elementThese CQUAD4 elementsise PSHELL 1 as the

element property and also include the connectivity information
CQUAD4 486 1 706 750 756 712 90.

CQUAD4 487 1 750 751 757 756 90.
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$ Elements and Element Properties for region : fs1f

-For every1D design region a ROD is created,fs1lf means that first bay dfont

spar flanges. fsif is a user defined label for PROD 64.

-PROD dfines the properties of a rod element (CROD en&yhn? is the initial
area for this PROD.

PROD 64 3 5.
$ Pset: "fs1f" will be imported as: "prod.64"

-CROD defines a tensiesompressiortorsion elementCROD cards reference the
property identification cards (PROD) and also include the conneityi

information.
CROD 877 64 85 84

CROD 878 64 84 83

D

$ Referenced Material Records

$ Material Record : Al_2024 T3 Clad_Sheet

$ Description of Material : Date: 23Jan-16 Time: 14:10:04
-MAT1 carddefines the material properties for linear isotropic materials.
MAT1* 1 73773.9 .33

* 2.7679%

$ Material Record : Al_2024 T42_Clad_Sheet

$ Description of Material : Date: 23Jan-16 Time: 14:10:04

MAT1* 2 73773.9 .33
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* 2.76799%

$ Material Record : Al_7050_T7451_Plate

$ Description of Material : Date: 23Jan-16 Time: 14:10:04
MAT1* 3 73084.4 .33
* 2.82335%6

$ Nodes of the Entire Model

-GRID cefines the location of a geometric grid point

GRID 1 12691.5-85. 2464.54
GRID 2 1274385. 2462.06
5

$ Loads for Load Case : Default

-Defines a singlgoint constraint set as a union of singleint constraint sets
defined on SPC or SPC1 entries.

SPCADD 2 1

-LOAD selects an external static load set.

LOAD 2 1. 1. 1 15 3

$ Displacement Constraints othe Load Set : Fix_nodes
-SPC1 @fines a set of singigoint constraints.

SPC1 1 123456 1 5 32 44

$ Pressue Loads ofthe Load Set : pressureonstructure

-PLOADA4 cfines a pressure load onack of aCTRIA3,CQUAD4elemerd.
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PLOAD4 3 45 -.00147

PLOAD4 3 46 -.0013313

$ ...DESIGN VARIABLE DEFINITION

-DESVAR defines a design variable for design optimizattagives their id, label,
initial value, lower bound, upper bound, etc. and ddval card id which provides a set
of allowable discrete values.

$ fs1f_Area
DESVAR 1 fslf Areb. 5. 80. 5
$ fs2f Area

DESVAR 2  fs2f_Are5. 5. 80. 5

$rilf_Area
DESVAR 7 rilf _Areb. 5. 40. 5 7
$rimf_Area

DESVAR 8 rlmf Are5. 5. 40. 5 8

$ Is1l_Thickness
DESVAR 38 Isll Thi0.41 .41 4.83 .538
$ Islm_Thickness

DESVAR 39 Islm_Thi0.41 .41 4.83 .39
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-As an exampleDESVAR 39 has aised defined a b e | A | reghtt next Tohti o ,
0.41 impliesits initial value as0.41 mm.Then, it has a lower bound such as 0.41
mm and has an upper bound such as 4.83 mm. 0.5 is its fractional change allowed
and 39 is its ddval card id-or every variable that needs ddval card, their ids are
added by hand.

$STANDARD AREAS

-DDVAL card ctfines real, discrete design variable values for discrete variable

optimization.These ddval cards are added by hand

ddval 7 4.88 8.2 128 16.2 182 204 254
284 32 40.6

ddval 8 488 8.2 128 16.28.2 20.4 254

284 32 40.6

$STANDARD THICKNESSES

ddval 38 41 51 64 81 91 1.02 1.27
142 16 203 254 356 4.06 4.57 4.826

ddval 39 41 51 64 81 91 1.02 1.27

142 1.6 2.03 254 356 4.06 4.57 4.826

$ ..DEFINITION OF THE RELATION BETWEEN THE DESIGN
VARIABLE SAND ANALYSIS MODEL PARAMETER S
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-DVPREL1 efines the relation between an analysis model property and design

variables.

DVPREL1 64 PROD 64 A

DVPREL1 65 PROD 65 A

-For example, DVPRELL1 64 relates PROD 64 with DESVAR 1 with coefficient of
1. This coefficient defines the relation between a connectivity property and design

variablesAi A0 i s property name of the property
DVPREL1 1 PSHELL 1 T

79 1.
DVPREL1 2 PSHELL 2 T

80 1.

()

- DVPREL1 with an id number 1lrelates PSHELL 1 with DESVAR 79 with
coef fi ci eiqipropetyfname of thé graperty entry

$ ..STRUCTURAL RESPONSE IDENTIFICATION

-DRESP1 dfines a set of structural responses that is used in the design either as
constraints or as an objectiv8tructural responses such as weight, displacements
at grid points, element stresses etc. are available from directly MSC NASTRAN

analysis.

DRESP1 1 min_w WEIGHT
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-For exampl e, DRESP1 1 has wuser defined

response availabldirectly from MSC NASTRAN
$ DCONADD22

-DCONADD defines the dsign constraints for a subcase as a union of DCONSTR
entries. Here, these set of constraints are associated witle objective, and
constraints need equations. Equations are explained below. An important
reminder: additional constraints that are writtenybhand should be added to

DCONADD card to be associated with the objective function.
DCONADD 22 1 2 3 4 5 6 7
8 9 10 11 12 13 14 15
16 17 18 19 20 21 22 23

24 25 26 27 28 29 30 31

$ fs1f axial
DRESP1 2 STR2 STRESS PROD 2 64
$ fs2f _axial

DRESP1 3 STR3 STRESS PROD 2 65

()

-Above,DRESP1with an id number 3 has a label STR3. Its structural response is
STRESS andPROD is element property name. 2 is region identifier for constraint
screening and 65 is response attributes. So, DRESP1 card (ID=2) takes axial
stresses of PROD 64.

$ fslw_shear

DRESP1 28 STR28 STRESS PSHELL 24 37
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DRESP1 29 STR29 STRESS PSHELL 41 37

DRESP1 30 STR30 STRESS PSHELL 58 37
DRESP1 31 STR31 STRESS PSHELL 75 37
DRESP1 32 STR32 STRESS PSHELL 32 37

DRESP1 33 STR33 STRESS PSHELL 49 37
DRESP1 34 STR34 STRESS PSHELL 66 37
DRESP1 35 STR35 STRESS PSHELL 83 37

-Above, DRESP1 withid numbes 28 to 35 has labels STR28 toSTR3,
respectively. Their structural response TRESS and BHELL is their element
property name.37 is their response attributes. Therefore, DRESP1 cardith ID
numbers 28 to 35 take shear stresses of each CQUAD4 elements of PSHELL 37

-DRESP2 dfines equation responses that are used in the design, either as

constraints as design variabler as an objective.
DRESP2 36 AVG36 1
DRESP1 28 29 30 31 32 33 34
35

-Here DRESP2defines equation responses that are used as stress constramts
explained in Chapter 4.4.2.1In this example DRESP2 card (ID=36) relates
DRESP1 cards from 28 35to theDEQATN card(ID=1).

-DEQATN afines one or more equatiottsuse intheanalysis.

DEQATN 1 AVGSTR (STR28, STR29, STR30, STR31, STR32, STR33
, STR34 , STR35) = AVG ( STR28 , STR29, STR30, STR31, STR32
, STR33, STR34, STR35)
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-In the above exampleDEQATN 1 card takesthe average stresslefined ly
DRSEP1 cards fotthe front spar web 1DRESP2 36 card is related to the proper

constraint definition in constraints part.

-Until here, BDF file is writtenthrough the Patran GUI Some relations cannot be
definedin MSC.PATRANGUI such as thicknessr area reduction from root to tip
and local buckling equations. It is mentioneth Chapter 4.4.2.3that design

variable relations should be controlled teach theglobal optimum.
$...0Order of Front Spar Flange Areas (defined by the user)

$ ac defineghe areacontrol (defined by the user)

$ bf:bigger flange area, sf:smaller flange areédefined by the user)
$ fs6f > fsbf

-All flange area relations are written by hand; in here, front spar flange area

region 6 should be bigger than front spar flange argmaregion 5.

-In this example, DRESPZ2ard defines equation responses that are usedlasign
variables It is seen that DRESP2 cariD=2000) relatesDESVAR 95 and 5with
DEQATN card(ID=500). Here, 95 and 5 are ID numbers of design variables.

DRESP2 2000ac 500
DESVAR 95 5
DEQATN 500  ac(bf,sf)=béf

-DEQATN 500 card is an equation which defines the relation between DESVAR
95 which is bf and DESVAR 5 which is sf. They are written as bf (bigger flange
area) and sf (smaller flange rea) by user, but that would be accurate when
constraint definitions are given. DRESP2 2000 card is related to the proper

constraint definition and explained in constraints part later.
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$...front spar webs order(defined by the user)

$ tc definesthe thickn ess control(defined by the user)

$ bw:bigger web thickness, sw:smaller web thicknegslefined by the user)
$ fsbw > fsbw

-All web thicknesgelations are written by hand; here, front spaveb thicknessn

region 6 should be bigger thatie front sparwebthicknessin region 5.
DRESP2 2026 tc 526

DESVAR 37 36
DEQATN 526 tc(bw,sw)=bww

-In this example DRESP2 card(ID=2026) relatesdesign variables DESVAR 37
and 36in a design equation cardEQATN (ID=526). In this example DEYAR

37 is the design variable of thigont sparweb thicknessn region 6and DESVAR

36 is the design variable of thieont sparweb thickness iregion 5. DEQATN 526

card is a design equation which defines the relation between the DESVAR 37
which refers b bw and DESVAR 36 which refers to sw. They are written as bw
(bigger web thickness) and sw (smaller web thcikness) by user, but that would be
accurate when constraint definitions are given. DRESP2 2026 card is related to the

proper constraint definition m constraints part.
$ ...LOCAL BUCKLING EQUATIONS
$FS1IW

-All local buckling equationsare written by hand In this example front spar web
region 1 is examined. As explained in Chapter 4.4.2.2 combined local buckling
equations are used. According to loadimmd webs; firstly, their shear, bending and
compression buckling equations are written and then they are related with
interaction equations.As a reminder the combined buckling equation under

compression and shear streks spar webss defined as
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$shear loading
DRESP2 3000 BS 1000
DESVAR 32
DRESP2 36
DEQATN 1000 BS(vrb,str)=str/(5.232*73084.43*(vrb/87.233)*+2)

-In this example DRESP2 card(ID=3000)relatesDESVAR 32 and DRESP2 3
design equation cardEQATN (ID=1000). DESVAR 32 is the design variable
which refers to thefront spar web thicknessn region 1 and DRESP2 36 is the
average shear stress of thent sparweb inregion 1. DEQATN 1000 card is an
equation which defines the local shear buckling relation. It takes DESVAR 32 and
DRESP2 36 as inputs. Ovrbd stands for
for the average stress (DRESP2 36). BS(vrb,str) equation is the first part of the
Equation B.1, and K is the shearbuckling coefficient with a value 06.232 the
modulus of elasticity E value i§3084.43and 87.233 is the b dimension of front
spar web plate in region 1 for shear buckling equation.

$bending loading
DRESP2 5000 BB 1800
DESVAR 32
DRESP2 594
DEQATN 1800 BB(vrb,str)=str/(21.8*73084.43*(vrb/250.00)**2)

-In this example,DRESP2 card(ID= 5000) relatesDESVAR 32 and DRESP2 594
in design equation cardEQATN (ID= 1800). DESVAR 32 is the design variable
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which refers tothe front spar web thicknessn region 1 and DRESP2 594 is the
average bending stress of thient sparweb inregion 1. DEQATN 1800cardis an
equation which defines the local bending buckling relation. It takes DESVAR 32
and DRESP2 594 taasndsnpfuars .t hdev rvbadr isabl e
stands for the average stress (DRESP2 594).(BB,str) equation isthe second
part of the Equation B.1, and Kis thebendingbuckling coefficient with a value of
21.8 the modulus of elasticity E value is 780.43 and250.00is the b dimension of

front spar web plate in region for bending buckling equation
$combined local buckling equation
DRESP?2 6000 CB 7000
DRESP2 3000 5000
DEQATN 7000 CB(BS,BB)=BS*BS+BB*BB

-Above, DRESP2 cardwhose id is 6000elates DRESP2 3000 and 5000 (just
described)with DEQATN card whose id is 7000DEQATN 7000 card is an
equation which defines the combined local buckling relation. It takes DRESP2
3000 and 5000 as inputs. 60BS6 stands
0 B Bténds for buckling bending (DRESP2 5000).

$ ...CONSTRAINTS

-DCONSTR defines design constraints.
DCONSTR 1 2 -441. 455.
DCONSTR 2 3 -441. 455.

-Here, these constraints are strength constraints. They are defined in the
MSC.PATRAN GUI and written to the BDF file by MSC.PATRAN. The first
DCONSTR 1 card relates the DRESP1 with an id 2 and the constraint equation
has a lower limit of-441 and an upper limit of 455.
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DCONSTR 139 2000 .1HO
DCONSTR 140 2001 .1

-These constraints are the flange area and thickness order constraints. They are
included in the Nastran input file by the user and these relate written equations
with the design objective via the DCONADD card. These constraints have a lower
limit of .1e-10 and no upper limit which guarantees that design equation 500 is

always positive. 2000 stands for the DRESP2 2000 card explained before.

5
DCONSTR 217 6000 1.01
DCONSTR 218 6001 1.01

- Constraints 217 and 218 are local buckling constraints. They are included in the
Nastran input file by the user and these relate written equations with the design
objective via the DCONADD card. Thesertstraints have an upper limit of 1.01
which is upper limit of the local buckling equations. 6000 stands for the DRESP2
6000 card explained before.

$ ...OPTIMIZATION CONTROL
-DOPTPRM overrides default values of parameters used in design optimization.
-DESMAX is maximum number of design cycles to be performed.

-FSDMAX specifies the number of Fully Stressed Design Cycles that are to be
performed. (Default = 0)

- P1 and P2 are some of the design cycle print controls, P1 controls the frequency of
the outputand P2 provides a first levecontrol of which design quantities are

printed. P1 = 0 id the default value and it gives the output for initial and optimal
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desigis and P1= n gives the output for everthrdesign cycle. P2 can take different
values depend@mon which output is needed, P2 = 0 gives no output, P2 = 1 gives
the output of the objective function and design variables and P2 = 2 outputs the
designed propertied?2 = 15 prints outall available design datathis value gives

also violated constraint$ there are any

-METHOD is optimization method; 0 is automatic selection for a better performance
based on number of design variables, number of constraints, number of
active/violated constraints and computer memory. If it is 1, it is for Modified Metho
of Feasible Directions for MSCAD$he Modified Method of Feasible Directions
(MMFD) is a direct numeric optimization technique used to solve constrained
optimization problemsln this work, 1 is selectedlf it is 2, it is for Sequential
Linear Programnng for MSCADS. fl it is 3, it is for Sequential Quadratic
Programming for MSCADS. If it is 4, it is for SUMT method for MSCADS.

-OPTCOD specifies which optimization code
i's written, MSCADS i s |IPORTasdised. 1 f Al POPTO i

-CONV1 is relative criterion to detect convergence. If the relative change in
objective between two optimization cycles is less than CONV1, then optimization is

terminated.

-CONV2 is absolute criterion to detect convergence. If the atesalbange in
objective between two optimization cycles is less than CONV2, then optimization is

terminated.

-CONVDV is relative convergence criterion on design variables. (Real > 0.0;

Default = 0.001 for nostopology; Default = 0.0001 for topology optimiin)
-CONVPR is relative convergence criterion on properties.

-DELP is fractional change allowed in each property during any optimization design

cycle. This provides constraints on property moves.
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-DELX is fractional change allowed in each design vaeatiliring any optimization
cycle. (Real > 0.0; Default = .5 for sizing/shape/topometry optimization; Default =

0.2 for topology and topography optimization)
-DPMIN is minimum move limit imposed.

-DXMIN is minimum design variable move limit. (Real > 0.0;dbéf = 0.05 for
sizing/shape/topometry optimization; Default = 1-BEor topology and topography

optimization)

-CT is constraint tolerance.

-GMAX is maximum constraint violation allowed at the converged optimum.
-CTMIN: Constraint is considered violatefdcurrent value is greater than CTMIN.

-DISCOD is Discrete Processing Method. If it is 0, then No Discrete Optimization
method is used. If it is 1, then Design of Experiments method is used. If it is 2, then
Conservative Discrete Design method is useid.i$f3, then Round up to the nearest
design variable method is used. If it is 4, then Round off to the nearest design

variable method is used.

-DISBEG Design cycle ID for discrete variable processing initiation. Discrete

variable processing analysis isrcgd out for every design cycle after DISBEG.

DOPTPRM DESMAX 5000 FSDMAX 0 P1 1 P25 1
METHOD 1 OPTCOD MSCADS CONV1 .001 CONV220.
CONVDV .001 CONVPR .01 DELP .2 DELX .5
DPMIN .01 DXMIN .05 CT -.03 GMAX .005
CTMIN .003 DISCOD 1 DISBEG 1

$ Referenced Coordinate Frames
-ENDDATA designates the end of the Bulk Data Section.

ENDDATA 4bdb540c
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COMPOSITE OPTIMIZATION SAMPLE NASTRAN | NPUT FILE

SOL 200

TIME 600

CEND

$ Direct Text Input for Global Case Control Data

TITLE = MSC.Nastran job created on-8pr-17 at 15:32:39

ECHO = SORT,PUNCH (NEWBULK)

MAXLINES = 999999999

DESOBJ(MIN) = 1

ANALYSIS = STATICS

SUBCASE 1

$ Subcase name : Defatil
SUBTITLE=Default
SPC=2
LOAD =2
DISPLACEMENT(SORT1,REAL)=ALL
SPCFORCES(SORT1,REAL)=ALL
STRESS(SORT1,REAL,VONMISES,BILIN)=ALL
DESSUB = 22

BEGIN BULK

137



$ Direct Text Input for Bulk Data

PARAM POST -1

PARAM PRTMAXIM YES

$ Elemerts and Element Properties for region : fs1_shell

$ Composite Property Record created from material record : fs1
$ Composite Material Description :

-PCOMP defines the properties of arply composite material laminaté. T S Al 01i s

for the TsalWu failure theoy . ASYMO: Only ©plies on one
centerline are specified. The plies are numbered starting with 1 for the bottom layer.

If an odd number of plies are desired, the center ply thickness (T1) should be half the

actual thickness.

PCOMP 1 79. TSAI SYM
1 26 -45. YES 1 26  90. YES
1 26 45, YES 1 .26 0. YES

$ Pset: "fs1_shell" will be imported as: "pcomp.1"

CQUAD4 721 1 85 111 1123 84 1

CQUAD4 722 1 111 112 153 1123 1

e

$ Referenced Material Records

$ Material Record : HexPlyAS4 8552 RC34_AW134

$ Description of Material : Date: 1:Mar -17 Time: 13:36:05
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-MAT8 defines the material property for an orthotropic material for isoparametric

shell elements.

MAT8 1  130000. 8700. .36 2900. 2900. 2900.-4.58
2280. 1360. 35. 223. 107.

$ Nodes of Group : ALL_ FEM

GRID 1 1269185. 2464.54

GRID 2 1274385. 2462.06

Dx

$ Loads for Load Case : Default

SPCADD 2 1

LOAD 2 1. 15 1

$ Displacement Constraints of Load Set : Fix_nodes
SPC1 1 123456 1 5 32 44

$ Pressure Loads of Load Set : pressureonstructure
PLOAD4 1 45 -.00147

PLOAD4 1 46 -.0013313

PLOAD4 1 47 -.0011

()

$ ...DESIGN VARIABLE DEFINITION
$fs1 T1

DESVAR 1FS1_T1:1.13 .13 .52 1
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$fsl T2
DESVAR 2FS1 T2:2.13 .13 .52 2
$fs1 T3
DESVAR 3FS1 T3:3.13 .13 .52 3
$fs1 T4

DESVAR 4FS1_T4:4 .13 .13 .52 4

$fs1_O1
DESVAR 253FS1 _0O1:2 0.45. 90. 1.868 253
$fs1 02
DESVAR 254FS1_02:290-45. 90. 1.868 254
$fs1_0O3
DESVAR 255FS1 03:290-45. 90. 1.868 255
$fs1 O4

DESVAR 256FS1_04:2 045. 90. 1.8689 256

-As seen above, for front spaweb region lthere are 8 design variablegln every
web region there are 8 plies and 8 design variables because of the symnfetuy.)

of them are discrete ply thickness, and fourof them are discrete orientations.

-Asan exampl e, DESVAR 256 has a user defined I
it 0.00 implies its initial value as 0 degree orientation. Then, it has a lower limit

such as-45 degree and has an upper limit such as 90 degree. 18@&®mes
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automatically from PATRAN and it is its fractional change allowed. Finally, 256 is
its ddval card id. For every variable that needs ddval card, their ids are added by
hand.

$ ...STANDART PLY THICKNESSES

DDVAL 1 0.13 0.26 0.39 0.52
DDVAL 2 0.13 0.26 0.39 0.52
DDVAL 3 0.13 0.26 0.39 0.52

DDVAL 4 0.13 0.26 0.390.52

$ ...STANDART AREAS

DDVAL 253 -45 O 45 90
DDVAL 254 -45 O 45 90
DDVAL 255 -45 O 45 90

DDVAL 256 -45 O 45 90

()

-DDVAL cards are added by hand, these cards define discrete values for DESVAR
cards. For every region, they are written by hand. For exale, DDVAL 256 has

four discrete values such ag5, 0, 45 and 90 degrees.

$ ...DEFINITION OF DESIGN VARIABLE TO ANALYSIS MODEL
PARAMETER RELATIONS

DVPREL1 2 PCOMP 1 THETAl

+ 253 1
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DVPREL1 1 PCOMP 1 T1

DVPREL1 4 PCOMP 1 THETAZ2

+ 254 1.

DVPREL1 3 PCOMP 1 T2

DVPREL1 6 PCOMP 1 THETAS

+ 255 1.

DVPREL1 5 PCOMP 1 T3

DVPREL1 8 PCOMP 1 THETA4

+ 256 1.

()

-For example, DVPREL 8 relates PCOMP. with DESVAR 256with coefficient
of 1. This coefficient defines the relation between a connectivity property and
design variablesi THE A4 s property name of the proper:t

$ ..STRUCTURAL RESPONSE IDENTIFICATION
DRESP1 1 min_w WEIGHT
$ DCONADD22

-DCONADD defines the design constraints for a subcase as a union of DCONSTR
entries. Here, these set of constraints are associated with the objective, and

constraints need equations. Equations are explained below. An important
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reminder: additional constraints that are written by hand should be added to

DCONADD card to be associated with the objective function.
DCONADD 22 1 2 3 4 5 6 7
8 100 101 102 103 104 105 106

107 108 109 110 111 112 113 114

é

$ F_Plyl

DRESP1 2 CFI2 CFAILURE PCOMP 5 1 1
2 3 4 5 6 7 8 9
10 11 12 13 14 15 16 17

é

-Above DRESP1 carddefines Tsai-Wu failures indices that are explained in
Chapter 5.4.2.1 and these agenerated inAMSC.PATRAN:Interface

-DRESP1 with an id number 2 has a label CFI2. Its structural response is
CFAILURE and PCOMP is element property name. 5 is region identifier for
constraint screening and 1s Failure Criterion Item Codefor CFAILURE. Next 1

is lamina number (Default=1). Next numbers are element id numbers.
$ ...LOCAL AVERAGE STRESSES FOR BUCKLING

-Here, front spar web region 1 averagaminate stress calculation iexplained as
an exampleThe averagelaminate stress is constrained witthe calculated critical

local buckling stress as explained in Chapter 5.4.2.2.
$fsl 1 str

DRESP1 10 CST10 CSTRESS PCOMP 3 1 1
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$fsl 2 str

DRESP1 11 CST11 CSTRESS PCOMP 3 2 1
$fsl 3 str

DRESP1 12 CST12 CSTRESS PCOMP 3 3 1
$fsl 4 str

DRESP1 13 CST13 CSTRESS PCOMP 3 4 1
$fsl 5 str

DRESP1 14 CST14 CSTREBGSOMP 3 5 1
$fsl 6 str

DRESP1 15 CST15 CSTRESS PCOMP 3 6 1
$fsl 7 str

DRESP1 16 CST16 CSTRESS PCOMP 3 7 1
$fsl 8 str

DRESP1 17 CST17 CSTRESS PCOMP 8 1

-For every ply ofthe front spar web region X8 ply in total) composite laminate

compressivetresses are taken with DRESP1 cards above.

-DRESP1 with an id number 17 has a label CST17. Its structural response is
CSTRESS and PCOMP is eleme property name. 3 is region identifier for
constraint screening and 8 iStress Item Coddéor CSTRESS. Next 1 is lamina

number (Default=1).
DRESP2 4000 AVG 2000

DRESP1 10 11 12 13 14 15 16
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17
DEQATN 2000 AVGSTR (CST10, CST11,CST12,CST13, CST14, CST15
, CST16, CST17 ) = AVG (CST10, CST11, CST12, CST13, CST14
, CST15, CST16, CST17)

-Above, DRESP2defines equation responsesahare used as stresselt is seen
that DRESP2 cardvhose id is 4000elates DRESP1 cards frorhO to 17 with the
DEQATN card whose id is 2000DEQATN 2000 card takes averagdéaminate
stresses of DRSEP1 cards for front spar weblfhen DRESP2 cards related with

constraintsbelow

$...Front Spar WebsOrder (defined by the user)

- It is mentioned in Chapgr 5.4.2.3that design variable relationsvith each other
should be controlled taeach global optimum.Laminate thicknesses should be

increased from tip to root othe horizontaltail plane.

$ tc defines thickness contro{defined by the user)

$ e+f+g+h:bigger web, a+b+c+d:smaller wekdefined by the user)
$ fs2 > fs1(defined by the user)

-All flange area relations are written by hand; in here, front spdaminate
thickness regon 2 should be bigger tharront spar flange laminate thickness. 1

DRESP2 3000 tc 1000

DESVAR 1 2 3 4

DEQATN 1000 tc(a,b,c,d,e,f,g,h)=(e+f+g+Hp+b+c+d)
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- Above, DRESP2 defines equation responses that are used as design variables. It
is e that DRESP2 card whose id i€80 relates DESVARards from 1 to 8 with
DEQATN card whose id is 1@ DESVARcards from 1 to 4 argly thicknessesf

front sparweb region land DESVARcards from 5 to 8 argly thicknesse®f front
sparweb region 2DEQATN 1000 card is an equation which defines the relation
betweenfront spar laminate thickness region 1 and. Zhen DRESP2 cards

related with constraintdelow

$ ...CONSTRAINTS
DCONSTR 1 2 1.
DCONSTR 2 3 1.

-These constraints are strength constraints. They are gireMSC.PATRANGUI
and written to the Nastran input BDF) file by MSC.PATRAN. The first
DCONSTR 1 card relatetheDRESP1 which has an id @hich hasan upper limit
1 which is the limit of failure incex.

DCONSTR 100 3000 .11
DCONSTR 101 3001 .11

-These constraints are laminate thickness order constraints. They are written by
hand and these relat®RESP2equationsadded by the user aboweth the design
objective by adding the DCONSTR id tdCONADD ard. These constraints have

a lower limit of 0.11 which guarantees thagvery laminated web at least one more
ply from root to tip as ply thickness is equal to 0.13 ntf0is theid of DCONSTR
card and 3000 is the id ddRESP2 card that is explained abave

DCONSTR 200 4000 4.939
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DCONSTR 201 4001 4.939
DCONSTR 202 4002 11.1037

-And these constraints are critical local buckling stress constraints. They are
written by handthese relateDRESP2equationsadded by the user aboweith the
design objetive, by adding the DCONSTR id toDCONADD card. These
constraintsare calculated critical buckling stress limitand they areexplained in
Chapter 5.4.2.2200 is the id of DCONSTR card and 4000 is the id DPRESP2

card that is explained above.

$ ...OPTIMIZATION CONTROL

DOPTPRM DESMAX 500 FSDMAX 0O P1 O P25 1
METHOD 1 OPTCOD MSCADS CONV1 .001 CONV220.
CONVDV .001 CONVPR.01 DELP .2 DELX .5
DPMIN .01 DXMIN .® CT -.03 GMAX .005
CTMIN .003 DISCOD 1 DISBEG 0

$ Referenced Coordinate Frames

-CORD2R defines a rectangular coordinate system using the coordinates of three

points.These are used as material coordinate systems.

CORD2R 1 12691.51500. 2464.54 25706-9500. 2464.54
12691.5 11515.3 2464.54

CORD2R 2 12542-9500. 2441.24 12542:94366. 2441.24
25408.9-1500. 2441.24

CORD2R 3 12691-85. 2464.54 1269185. -10464.3
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12691.5 12843.9 2464.54

CORDZ2R 4 12899-85. 2386.53 1289985. 15505.3

12899.6 13033.8 2386.53

ENDDATA 8b074705
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APPENDIX C

BUCKLING COEFFICIENT CALCULATION

Buckling coefficients depend on the platepect ratio and boundary conditions. For
the inplane bending loading Figure C.1 gives thelane buckling coefficients for
different plate aspect ratios and for the simply supported edge conditionsy,For K

is the loaded edge.

dhﬂ = K\H t,i"f)z
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7 R s
A Simply supporied edges
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Figure C.1: Iaplanebending buckling coefficient ikversus plate aspect ratio

In-plane bending buckling coefficient curve is formularized by means of curve fitting
using Microsoft Excel, and used in the buckling constraint equations. Equations C.1
and C.2 give the uplane bending local buckling coefficients in two different

regions.
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Figure C.2 gives the shear bling coefficients for different plate aspect ratios and
different edge conditions. ForsKb is always the shorter dimension of the plate as all

edges carry shear.
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Figure C.2: Shear buckling coefficient flate aspect ratio for different edge
conditions

Shear buckling coefficient curve is formularized by means of curve fitting using
Microsoft Excel, and used in the buckling constraint equations. Equations C.3 and

C.4 give the shear local buckling coefficients in two different regions.
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Figure C.3 gives the compression buckling coefficients for different plate aspect

ratios and different edge conditions. Faf Kis the loaded edge of the plate.
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Figure C.3: Compression buckling coefficientu€rsus plate aspect ratio for

different edge conditions

Compression buckling coefficient curve is formularized by means of curve fitting
using Microsoft Excel, and used the buckling constraint equations. Equations C.5

and C.6 give the compression buckling coefficients in two different regions.

151



&1 © o c¥; C.5
0 PR Wwow p@ W VAT YBYKY ULBILWG

o8 Cwyp PBRTT
&1 O ® ¢&; C.6

L  o®H¢

For the spar web regionsdge 1 and edge 2 dimensions are shown in Figure C.4.
Then, t he s pshear ane iplane begdingucklihg coeficients are
given in Table CL. For K, b is selected as shorter dimamsiand for I; b is the

loaded edge of the plates.

165mm

250mm

B7.233mm

67.098mm

Figure C.4: Front and rear spar edge 1 and edge 2 dimensions

Table C.1: Shear and compression buckling coefficients for the spar web regions

Variable | edge 1| edge 2| a/lbforkKs | Ks | a/bfor Ky Kb
fslw | 250.M0 | 87.233| 2.866 | 5.232| 2.866 | 21.800
fs2w | 250.000| 87.233| 2.866 | 5.232| 2.866 | 21.800
fs3w | 250.000| 87.233| 2.866 | 5.232| 2.866 | 21.800
fsdw | 250.000| 87.233| 2.866 | 5.232| 2.866 | 21.800
fsbw | 250.000| 87.233| 2.866 | 5.232| 2.866 | 21.800
fséw | 165.000| 87.233| 1.891 | 5.928| 1.8 21.800
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rslw | 250.000| 67.098| 3.726 | 5.064| 3.726 | 21.800
rs2w | 250.000| 67.098| 3.726 | 5.064| 3.726 | 21.800
rs3w | 250.000| 67.098| 3.726 | 5.064| 3.726 | 21.800
rs4w | 250.000| 67.098| 3.726 | 5.064| 3.726 | 21.800
rsSw | 250.000| 67.098| 3.726 | 5.064| 3.726 | 21.800
rséw | 165.000] 67098 | 2.459 | 5.420| 2.459 | 21.800

For thelower and upper skimegions,edge 1 and edge 2 dimensions are shown in
Figure C.5 and C.6. Then, the lower and upper s&gions shear and kplane
bendingbuckling coeficients are given in Table.Zand C.3. FoKs, b is selected as

shorter dimension and forcKb is the loaded edge of the plates.

Figure C.5: Lower skin edge 1 and edge 2 dimensions

Table C.2: Shear and compression buckling coefficients for the lower skin regions

variable| edge 1| edge 2| a/bforKs| Ks | a/b fork | K¢
Isl 250.000( 161.780| 1.545 | 6.502 0.647 | 4.745
Isim | 250.000| 208.284| 1.200 | 7.426 0.833 | 3.876
Isit | 250.000| 243.99 1.025 | 8.093 0.976 | 3.662
Is2l 250.000( 161.780| 1.545 | 6.502 0.647 | 4.745
Is2m | 250.000| 208.284| 1.200 | 7.426 0.833 | 3.876
Is2t | 250.000| 243.99 1.025 | 8.093 0.976 | 3.662
Is3l 250.000| 161.780| 1.545 | 6.502 0.647 | 4.745
Is3m | 250.000| 208.284| 1.200 | 7.426 0.833 | 3.876
Is3t | 250.000| 243.99 1.025 | 8.093 0.976 | 3.662
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Is4l 250.000| 161.780| 1.545 | 6.502 0.647 | 4.745
Is4m | 250.000| 208.284| 1.200 | 7.426 0.833 | 3.876
Is4t 250.000| 243.99 1.025 | 8.093 0.976 | 3.662
IS5 250.000| 161.780| 1.545 | 6.502 0.647 | 4.745
IsSm | 250.000| 208.284| 1.200 | 7.426 0.833 | 3.876
Is5t 250.000| 243.99 1.025 | 8.093 0.976 | 3.662
Isébm | 165.000| 208.284| 1.262 | 7.226 1.262 | 3.861

—

FigureC.6: Upper skin edge 1 and edge 2 dimensions

Table C.3: Shear and compression buckling coefficients for the upper skin regions

variable| edge 1| edge?2 | a/bforks| Ks | a/b fork | K¢
usll | 250.000| 150.448| 1.662 | 6.277 0.602 | 5.074
uslm | 250.000| 208.362| 1.200 | 7.428 0.833 | 3.875
uslt | 250.000| 238.130| 1.050 | 7.987 0.953 | 3.675
us2l | 250.000| 150.448| 1.662 | 6.277 0.602 | 5.074
us2m | 250.000| 208.362| 1.200 | 7.428 0.833 | 3.875
us2t | 250.000| 238.130f 1.050 | 7.987 0.953 | 3.675
us3l | 250.000| 150.448| 1.662 | 6.277 0.602 | 5.074
us3m | 250.0M0 | 208.362| 1.200 | 7.428 0.833 | 3.875
us3t | 250.000| 238.130f 1.050 | 7.987 0.953 | 3.675
us4l | 250.000| 150.448| 1.662 | 6.277 0.602 | 5.074
usdm | 250.000| 208.362| 1.200 | 7.428 0.833 | 3.875
us4t | 250.000| 238.130| 1.050 | 7.987 0.953 | 3.675
us5l | 250.000| 150.448| 1.662 | 6.277 0.602 5.074
usbm | 250.000| 208.362| 1.200 | 7.428 0.833 | 3.875
us5t | 250.000| 238.130| 1.050 | 7.987 0.953 | 3.675
usém | 165.000| 208.362| 1.263 | 7.225 1.263 | 3.861
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For therib regions,edge 1 and edge 2 dimensions are shown in Figure C.7. Then, the
rib regions shearcoeficients are given in Table.& For K, b is selected as shorter

dimension.

—_ N

Figure C.7: Ribs edge 1 and edge 2 dimensions

Table C.4: Shear buckling coefficients for the rib regions

variable| edge 1| edge 2| a/bforkKs | Ks
rllw 150.448| 87.233 1.725 6.170
rimw | 208.362| 87.233| 2.389 5.464
rltw | 238.130| 67.098| 3.549 | 5.084
r2lw 150.448| 87.233| 1.725 6.170
rZmw | 208.362| 87.233| 2.389 5.464
r2tw | 238.130| 67.098| 3.549 | 5.084
r3lw 150.448| 87.233| 1.725 6.170
rBmw | 208.362| 87.233| 2.389 5.464
r3tw 238.130| 67.098| 3.549 5.084
r4lw 150.448| 87.233 1.725 6.170
rAmw | 208.362| 87.233| 2.389 5.464
r4tw 238.130| 67.098| 3.549 5.084
rSlw 150.448| 87.233 1.725 6.170
rsmw | 208.362| 87.233| 2.389 5.464
rbtw | 238.130| 67.098| 3.549 | 5.084
rélw 150.448| 87.233| 1.725 6.170
rémw | 208.362| 87.28 | 2.389 | 5.464
rétw | 238.130| 67.098| 3.549 | 5.084
r‘'mw | 208.362| 87.233| 2.389 5.464
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APPENDIX D

MATLAB CODE FOR CRITICAL BUCLING LOAD CALCULATION

% Laminate definition (plies of equal thickness)

upper = {45 90 90 45 0 0]; % input: ply angles (in degreg®ottom to symmetry
plane

lower = fliplr(upper);

thetadt = [upper,lower];

Nplies = numel(thetadt);

% Aspect Ratio a/b
% a

%| |
%l |
%)|

b
|

a=250; b=208; %upper&lower skn middle (except zone 6)
% a=165; b=208.32; %upper&lower skin middle (zone 6) a<b
% a=250; b=150.448; %upper skin leading edge

% a=250; b=161.78; %lower skin leading edge

% a=250; b=238.13; %upper skin trailing edge

% a=250; b=244; %lower skiraifing edge

% a=250; b=87.233; %front spar (except zone 6)

% a=165; b=87.233; %front spar (zone 6)

% a=250; b=67.097; %rear spar (except zone 6)

% a=165; b=67.097; %rear spar (zone 6)

% a=208.362; b=87.233; %rib middle

% Ply properties

El =130.e3 % Pa
nul?2 =0.36;

E2 =8.7e3 % Pa
G12 =2.9e3 % Pa
G13 =2.9e3 % Pa
G23 =2.9e3 % Pa

h ply =0.13;% Sl units, mm

thetadb = fliplr(thetadt)% ply angles in degrees, from bottom
h = Nplies * h_ply ;

fori = 1:Nplies;
zbar(i) =- (h + h_ply)/2 + i*h_ply;
end

nu2l =nul2 *E2/E1;
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% Q matrix (material coordinates)

Q11 =E1/(* nul2 * nu2l) ;

Q12 =nul2 *E2/ (2 nul2 * nu2l);
Q22 =E2/ (X nul2 *nu2l);

Q66 = G12;

Q4 =G23;

Q55 =G13;

Q=[Ql1Q12
Q12 Q22

[eoNeNoNe)
[oNoNeNe)

% Qbar matrices (laminate coordinates) and contributions to ABD matrices

A = zeros(6,6);
B = zeros(6,6);
D = zeros(6,6);

fori = 1:Nplies;
theta = thetadb(i) * pi / 180p ply i angle in radians, from bottom
m = cos(theta) ;
n = sin(theta) ;
T=[m?2 n20 0 0 2*m*n;
n"2 m20 0 0-2*m*n;

0 O 1 0 0 O
0 0O O m-n O
0 O 0 n m O
-m*n m*n 0 0 0 (M"2n"2)];

Qbar = inv(T) * Q * (inv(T))';

A=A+ Qbar *h_ply;

B = B + Qbar * h_ply * zbar(i);

D =D + Qbar * (h_ply * zbar(i)"2 + h_ply*3/12);
end
%Critical Buckling Load Nx calculation
m=linspace(1,10,100);
NX =

D(1,1)*(m*pila). 2+(2*D(1,2)+4*D(6,6))*(pi/b)."2+D(2,2).*(@*pi./m).A2*(1/b)4:
%0SLO
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N_x = min(Nx)

plot(m,Nx)
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APPENDIX E

Table E.1: Optimum stacking sequeficetheMesh 1/ Thickness and fiber
orientation angle as design variables / Strengtistcamt only

Zones Stacking Sequence Zones Stacking Sequence
fsl [0/90/45/0]s rsil [0/90/45/0]s
fs2 [0/90/45/0]s rs2 [0/90/45/0]s
fs3 [0/90/45/0]s rs3 [0/0/90/90/45/0]s
fs4 [0/0/90/90/45/0/0]s rs4 [0/0/90/90/45/0]s
fs5 [0/0/90/90/45/45/0/0]s rs5 [0/0/90/90/45/45/0]s
fs6 [0/0/0/90/90/45/45/45/0/0]s rsé [0/0/90/90/45/45/45/0/0]s
Is1l [0/90/45/0]s usil [0/90/45/0]s
Isim [0/90/45/0]s uslim [0/90/45/0]s
Is1t [0/90/45/0]s uslt [0/90/45/0]s
Is2l [0/90/45/0]s us2| [0/90/45/0]s
Is2m [0/90/45/0]s us2m [0/90/45/0]s
Is2t [0/90/45/0]s us2t [0/90/45/0]s
s3I [0/90/90/45/0/0]s us3l [0/0/90/90/45/0]s
Is3m [0/90/90/45/0]s us3m [0/90/45/0/0]s
Is3t [0/90/90/90/0/0]s us3t [0/0/90/90/45/0]s
Is4l [0/0/90/90/45/45/0]s us4l [0/0/90/90/45/45/0]s
Is4m [0/0/90/9045/0/0] s us4m [0/0/90/90/45/45/0]s
Is4t [0/90/90/90/45/0/0]s us4t [0/90/90/45/0/0]s
IS5l [0/0/90/90/45/45/0/0/0/0]s us5l [0/0/90/90/45/45/45/45/0/0]s
Is5m [0/0/90/90/45/45/45/0/0]s ussm [0/0/90/90/90/90/45/45/0]s
IsSt | [0/0/90/90/90/90/45/45/0/0/0]s | us5t [0/0/90/90/45/45/45/0/0]s
Isém [0/0/90/90/90/45/45/0/0/0]s usém | [0/0/90/90/45/45/45/45/0/0/0]s
ril [0/90/45/0]s r4m [0/0/90/90/45/0]s
rim [0/90/45/0]s r4t [0/0/90/90/45/45/0/0]s
rit [0/90/45/0]s rsl [0/0/90/90/45/45/0/0]s
r2l [0/90/45/0]s rsm [0/0/90/90/45/45/0/0]s
r2m [0/90/45/0]s r5t [0/0/90/90/45/45/0/0]s
r2t [0/90/45/0]s rél [0/0/0/90/90/90/45/45/45/0/0/0]s
r3l [0/90/45/0/0]s rém [0/0/90/90/45/45/0/0]s
r3m [0/90/90/0/0]s rét [0/0/90/90/45/45/45/45/0/0/0]s
r3t [0/90/90/0/0/0]s r‘/m | [0/0/0/90/90/90/45 /45/45/0/0/0]s
r4l [0/0/90/90/45/45/0]s
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Table E.2: Optimum stacking sequence forktesh 2/ Thickness and fiber

orientation angle as design variables / Strength constraint only

Zones Stacking Sequence Zones Stacking Sequence
fsl [0/90/45/0]s rsl [0/90/45/0]s
fs2 [0/90/45/0]s rs2 [0/90/45/0]s
fs3 [0/90/45/0]s rs3 [0/0/90/90/45/0]s
fs4 [0/0/90/45/45/0/0]s rs4 [0/0/90/90/45/45/0/0]s
fsb [0/0/90/90/45/45/0/0]s rsb [0/0/90/90/45/45/0/0]s
fs6 [0/0/90/90/45/45/45/0/0/0]s rsé [0/0/0/90/90/90/45/45/0 /0/0]s
Is1l [0/90/45/0]s usll [0/90/45/0]s
Isim [0/90/45/0]s usim [0/90/45/0]s
Is1t [0/90/45/0]s uslt [0/90/45/0]s
Is2l [0/90/45/0]s us2| [0/90/45/0/0]s
Is2m [0/90/45/0]s us2m [0/90/45/45/0]s
Is2t [0/90/45/0]s us2t [0/90/45/45/0]s
Is3l [0/90/90/45/0/0]s us3l [0/90/90/45/0]s
Is3m [0/0/90/45/45/0]s us3m [0/90/45/45/0]s
Is3t [0/90/90/45/0]s us3t [0/0/90/45/45/0]s
Is4l [0/0/90/90/45/0/0]s us4l [0/0/90/90/45/45/0]s
Is4m [0/0/90/90/45/0/0]s us4am [0/90/90/45/0/0]s
Is4t [0/90/90/90/45/0/0]s us4t [0/0/90/45/45/0]s
IS5l [0/0/90/90/45/45/0/0/0/0]s us5I| [0/0/90/90/45/45/45/0/0]s
Is5m [0/0/90/45/45/0/0/0]s ussm [0/0/90/90/90/45/45/0]s
Is5t [0/0/90/90/90/45/45/0/0/0]s usSt [0/0/90/90/90/90/45/45/0/0]s
Isém | [0/0/0/90/90/90/45/45/0/0/0]s | us6m [0/0/90/90/45/4 5/0/0/0/0]s
ril [0/90/45/0]s r4m [0/0/90/90/45/45/0]s
rim [0/90/45/0]s rat [0/90/45/45/0/0]s
rit [0/90/45/0]s r5l [0/0/90/90/45/45/0/0]s
r2l [0/90/45/0]s rsm [0/90/90/90/45/0/0/0]s
r2m [0/90/45/0]s r5t [0/0/90/90/45/45/0/0]s
r2t [0/90/45/0]s rél [0/0/0/90/90/45/45/45/0/0/0]s
r3l [0/90/90/45/0/0]s rém [0/0/90/90/45/45/0/0]s
r3m [0/90/90/45/0/0]s rét [0/0/90/90/90/45/45/0/0/0]s
r3t [0/90/90/45/0/0]s r’/m | [0/0/0/90/90/90/45/45/45/0/0/0]s
r4l [-45/-45/90/90/45/0/0]s
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Table E.3: Optimum stackirggquence for thielesh 3/ Thickness and fiber

orientation angle as design variables / Strength constraint only

Zones Stacking Sequence Zones Stacking Sequence
fsl [0/90/45/0]s rsl [0/90/45/0]s
fs2 [0/90/45/0]s rs2 [0/90/90/45]s
fs3 [0/90/90/90/45/45]s rs3 [0/0/90/90/90/0]s
fs4 [0/0/90/90/90/90/0]s rs4 [0/0/90/45/0/0]s
fsb [0/90/90/90/0/0/0]s rsb [0/0/90/45/45/45/0]s
fs6 [0/0/90/90/90/45/45/0/0/0]s rs6 [-45/90/90/90/45/45/45/0/0/0]s
Is1l [0/90/45/0]s usil [0/90/45/0]s
Isim [0/90/45/0]s usim [0/90/45/0]s
Is1t [0/90/45/0]s uslt [0/90/45/0]s
Is2I [0/90/90/0]s us2l [0/0/90/90/0]s
Is2m [0/90/90/0]s us2m [0/90/90/45/0]s
Is2t [0/90/45/0]s us2t [0/90/45/45]s
Is3l [0/90/90/90/45/45]s us3l [0/0/90/90/90/0]s
Is3m [0/0/90/45/0]s us3m [0/90/90/90/0]s
Is3t [0/90/90/45/45]s us3t [0/0/90/45/0/0]s
Is4l [0/90/90/90/90/0/0]s us4l [0/0/90/90/45/0]s
Is4m [0/90/90/90/90/90/0]s us4am [0/0/90/45/0/0/0]s
Is4t [0/90/90/90/90/0/0]s us4t [0/0/90/90/90/90/45]s
IS5l [0/0/0/90/90/45/45/45/0/0]s us5I| [0/0/90/90/90/90/45/45/ 0/0]s
Is5m [0/0/90/90/90/0/0]s ussm [0/90/45/45/0/0/0]s
Is5t [0/0/90/90/45/45/45/45/0/0]s us5t [0/0/90/90/45/45/45/0/0/0]s
Isém | [0/0/90/90/90/45/45/0/0/0/0]s | us6m [-45/-45/90/90/0/0/0/0/0/0]s
ril [0/90/45/0]s rdm [0/90/90/90/90/45/45]s
rim [0/90/45/0]s rat [0/90/90/45/45/0/0]s
rit [0/90/45/0]s rsl [0/0/90/90/90/90/0/0/0]s
r2l [0/90/45/0]s rSm [0/90/90/90/0/0/0]s
r2m [0/90/45/0]s r5t [0/90/90/90/90/90/90/0]s
rat [0/90/45/0]s rél [0/0/0/0/90/90/90/90/0/0]s
r3l [0/90/90/45/0]s rém [0/0/0/0/90/90/0/0/ QO]s
r3m [0/90/90/45/0/0]s rét [0/0/90/90/90/90/90/90/0/0/0]s
r3t [0/90/90/45/0]s r’m [0/45/0/0/0/0/0/0/0/0]s
r4l [0/0/90/90/90/0/0]s
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Table E.4Optimizationstacking sequender the Mesh 3/ Thickness and fiber

orientation angle as design vdiies /Strength andocal buckling constraints

Zones Stacking Sequence Zones Stacking Sequence
fsl [45/0/45/45]s rsl [45/45/45/45]s
fs2 [0/45/45/0/0]s rs2 [45/90/45/45/45]s
fs3 [0/0/90/90/0/0]s rs3 [45/45/90/90/45/45]s
fs4 [0/0/45/45/0/0]s rs4 [0/0/0/0/0/0]s
fsb [45/45/45/45/45/45/45]s rsb [0/0/90/90/0/0/0]s
fs6 [0/0/0/0/0/0/0/0/0/0/0 /0/0]s rs6 [0/0/0/0/0/0/0/0/0/0/0]s
Is1l [0/0/0/0/0/0]s usll [0/45/45/0/0/0]s
Isim [45/45/45/45/0/0/0 ]s uslm [0/90/0/0/0]s
Is1t [45/90/90/45/0/0/0 ]s uslt [0/45/45/0/0]s
Is2l [90/90/90/90/90/90/90]s us2| [0/0/0/0/45/45]s
Is2m [90/90/90/90/90/90/ 45]s us2m [0/0/0/0/45/0]s
Is2t [90/90/90/90/90/90/90/90]s us2t [0/45/45/0/0/0]s
Is3l [0/0/0/0/90/90/0]s us3l [0/0/0/0/0/0]s
Is3m [0/0/0/0/0/0/0/0]s us3m [0/0/90/90/0/0]s
Is3 [0/0/90/90/0/0 /0/90/01]s us3t [0/45/45/45/0/0]s
Is4l [0/0/0/0/0/0/0]s usél [0/0/0/0/0/0/0]s
Is4m [0/0/0/0/0/0/0/0 /0]s us4am [0/0/90/90/0/0]s
Is4t [0/0/0/0/0/0/0/0 /0]s us4t [0/45/45/45/0/0]s
IS5l [0/0/0/0/0/0/0/0]s us5I| [0/0/90/90/0/0/0]s
Is5m [0/0/0/0/0/0/0/0 /0/0]s ussm [0/0/0/0/0/0/0]s
IsSt | [90/90/90/90/90/0/0/0/0/90]s | us5t [0/0/0/0/45//0/0]s
Isém | [0/0/0/45/45/ 0/0/0/0/0/0/0]s | us6m [0/0/0/0/0/0/0/0/0/0 /0]s
ril [0/90/45/0/0]s r4m [0/0/45/45/45/45]s
rim [0/90/90/0/0]s rat [0/0/90/90/90/90/90/90/0]s
rit [0/90/90/90]s rsl [0/0/45/45/45/0]s
r2l [45/45/90/90/45/45]s rsm [0/0/90/90/45/45/0]s
r2m [45/45/90/90//45]s r5t [0/0/90/90/0/0]s
r2t [45/45/90/90/90]s rél [0/0/90/90/0/0/0]s
r3l [90/90/90/90/90/90]s rém [0/0/0/0/0/0/0/0]s
r3m [45/45/45/45/45/45]s rét [0/0/45/45/0/0/0/]s
r3t [45/45/90/90/45/45]s r’m [0/0/45/45/45/45/45/45]s
r4l [90/90/90/90/90/90]s
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