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Abstract. This work performs a local buckling optimization of composite panels with advanced constraints via
multidisciplinary optimization solution of NASTRAN® (SOL 200) proposing a sizing methodology of local buckling
with a semi-analytical approach, alternatively to the buckling eigenvalue solution at finite element solvers. An external
FORTRAN® subroutine calculates at optimization runs the buckling eigenvalue for each panel. A Python-built
management tool of the structure and the finite element model was extended, to control and create, automatically, the
optimization cards. The optimization was performed considering two types of loading, one simulating a limit up-
bending condition with load factor of 2.5g and another one simulating a limit down-bending condition with load factor
of -1.0g. Results present that this methodology has a significant potential of utilization in the sizing of aeronautical
structures.

Keywords: Structural Optimization, Composite Materials, Buckling Analysis, Structural Analysis, Finite Element
Method.

1. INTRODUCTION

After more than a century, that humankind was able to design, size and build an aircraft, aeronautical industry and,
as a consequence, aeronautical engineering developed many new technologies which put this industry where it is now.
However, even with this huge development, many areas of engineering lack new concepts and new definitions.
Researches, development and new work must continue this quest for knowledge.

Composite materials have many advantages in comparison with metallic materials, like structural weight, stiffness
and orthotropic properties, preventive maintenance. Nevertheless, metallic materials have also advantages against
composite materials in other characteristics, like impact resistance, electric conductivity and repairing. That is why
other authors stand that composite materials and metals can live together, using both at their best way.

The purpose of this work is to perform a local buckling optimization of composite panels. Such an objective can be
achieved by extending a powerful tool for creating optimization cards in an automated way from a FE model manager
in Python and a semi-analytical method of panel buckling calculation in a FORTRAN® external subroutine in the
optimization (MSC NASTRAN® SOL 200) run.

2. FINITE ELEMENT MODEL

Wing box geometry was built in Catia (Dassault Systemes, 2015). The finite element model of wing structure used a
mesh refinement compatible with typical of preliminary design phase. The wing structural layout is shown in Fig. 1.
The modeling strategy was:
e Spars’ webs have different properties from bay to bay;
Each wing panel has its own property;
Bar elements that represent panel stringers or spar caps have their own properties and orientations;
Spars and skins were modeled as laminate plate elements and ribs as metallic plate elements;
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e The wing main box is clamped at the root and simply supported at spar 3 to fuselage attachment;

e The considered FE model layup type in this work is the NASTRAN® smeared laminate (symmetrical and
balanced laminate, where the solver does not take into account the stacking sequence);

e Initial composite layup is shown in Tab. 1.

Figure 1. Wing box structural layout

Table 1. Initial composite layup of FE model

Ply ID | Thickness [mm] | Orientation [°]
1 1.25 0
2 1.25 45
3 1.25 -45
4 1.25 90

The applied loading was defined by limit condition:
e Lift distributed on wing panels (Fig. 2) assumed as aircraft MTOW (32 ton — 16 ton per semi-wing):
o Up-bending load case: load factor of 2.5g;
o Down-bending load case: load factor of -1.0g.
The applied loading is shown in Fig. 2.

Figure 2. Applied loading in FE model
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3. BUCKLING CONSTRAINT
For the buckling analysis, the governing equation is the eigenvalue problem of Eq. (1):
[Ky [ {0 3K ] (0 =10} o)

Where [Kg] is the constitutive stiffness matrix, [Kgo] is the geometrical stiffness matrix, {®} is the global
displacement vector of buckling mode and A is the critical buckling load factor (Castro, 2014).

Equation (1) is the core of the FORTRAN® external subroutine called at NASTRAN® SOL 200. This subroutine
solves recursively this eigenvalue problem to each wing panel by a semi-analytical approach based on the Ritz method,
as formulated and implemented by (Castro, 2014).

4. OPTIMIZATION CRITERIA AND METHODOLOGY

The optimization cards were built by a suite of Python compilations, a structure manager library called
structManager (Castro and Abreu, 2016), where the FE model is organized and seen in a different configuration, with
structural elements and structural assemblies (groups of structural elements).

4.1 Structural Elements and Assemblies

For optimization purposes, the FE model was organized in a cascade structure of major elements according to their
structural function. This criterion is explained below:

e Structural elements: First level of primary structure as panels, stringers, webs and flanges. They form a
group of finite elements that plays the same role in the model. For example, the Panel 1.1 is formed by a
group of co-located plate elements and nodes that has the same properties and play the same structural
function. Figure 3 shows some examples of this organization;

e  Structural assemblies: Second (or higher) level of primary structure that consists of groups of structural
elements that play, together, the same structural function. For example, reinforced panels (panels +
stringers), spars (web + flanges) and ribs (web + flanges — in this work, a simplified rib, as a structural
element, was considered, with no caps). Figure 3 shows some examples of structural assemblies.

Figure 3. Examples of structural elements and assemblies at one wing box bay
4.2 Assumptions

To perform this optimization, some assumptions and initial conditions were set to simplify and/or to promote a
feasible result according to the calculation subroutine. These parameters are listed below:
e NASTRAN® solution of optimization: SOL 200;
e NASTRAN® solution called every optimization: SOL 101 — linear static analysis;
e Laminate type: SMEAR (NASTRAN®). All plies are specified, but stacking sequence is ignored;
e Load idealization (Fig. 4) — transferring loads from the finite element model to the semi-analytical model:
o Longitudinal, transversal and shear membrane stresses from the central element (to avoid
disturbed zones next to interfaces);
e Minimum thickness of each ply angle at laminates: 10% of total laminate thickness. For 90° oriented plies,
this ratio was fixed in 10% (pg=0.1). To other orientations, only the lower boundary of ply thickness is
fixed at 10%;
e  Optimization constraint: local buckling of wing panels;
e Boundary conditions of semi-analytical method of buckling calculation: simply supported at panel ends.
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Figure 4. Loading representation in a generic wing panel
4.3 Design Variables and Parameters

The design variables (DESVARs) of this work were set in a certain way that was possible to change plies
thicknesses of layups:

e Laminate thickness (t) — according to smeared laminate approach:
t= tyttystHeg ()
. e Thickness ratio of 45° angled plies (p45) — as a smeared laminate approach:
sy
Pys™ J'llt . 3)

Figure 5 shows the Python code in the structManager ambient and the optimization card generated — in
NASTRAN® syntax — for SOL 200 run:

Af prype =
dvar self.z, salf.t it self.: ub)

aelt

self add dvas{dvar pils)

Gonerated optimsization card:

Figure 5. Python code for design variables configuration and an example of an optimization card

Since the 90° angled plies thickness ratio was set as 0.1 and the considered laminate is a smeared type (symmetric
and balanced), the thicknesses at 0°, 45°and 90° can be easily calculated by Eq. (4) and Eq. (5):

tg={1- Py e-fgy )™ @)

ton =ty *t (%)

To lock and connect this thickness calculation to panel’s properties (NASTRAN® PCOMP), to promote the
properties updating at each optimization step, the NASTRAN® SOL 200 parameter DVPREL2 — design variable to

property relation — was set to each ply thickness property of wing panels laminates. Each DVPREL2 has its own
DEQATN (design equation definition) entry to calculate the properties parameters. Figure 6 shows this arrangement.

Genecated aptimizabon card:

Figure 6. Python fragment of design variable to property relation configuration and an example of DVPREL2 +
DEQATN optimization cards
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As shown in Fig. 4, the loading came from the membrane stresses at panels. To get this output from a NASTRAN®
run, were defined design sensitivity responses (NASTRAN® SOL 200 DRESP1 parameter) to store the Ny, Nyy and Ny,
values from each run to variables used as input parameters. The DRESP1 parameter gets, from the linear static analysis
— SOL 101 — the membrane stresses from the central element of each wing panel. Figure 7 shows the Python code of
DRESP1 structure to membrane stress storing parameter. These membrane stresses shown in Fig. 4 and Fig. 7 are the
input loads at panel buckling calculation in the external FORTRAN® subroutine.

Geaerated sptmizatos card

Figure 7. Python code to DRESP1 configuration to retrieve loading data from each SOL 101 called at SOL 200
optimization steps

All other parameters that are set as constants before each optimization are stored in a design table of constant
parameters (NASTRAN® SOL 200 DTABLE) — Figure 8 shows the following structure:
e  Panel width (a);
Panel length (b);
Panel radius (r);
Elastic modulus at longitudinal direction (E3);
Elastic modulus at transversal direction (E2);
Shear modulus (G12);
Poisson's ratio between longitudinal and transversal directions (vi2);
Poisson's ratio between transversal and longitudinal directions (v21).

Gerertied sptimization card

Figure 8. Python code to DTABLE configuration and an example of optimization card
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4.4 Monitored Outputs

During the optimization, some output(s) must be monitored to promote feedback to the optimizer in order to control
and set the design variables for the following run.

With all the parameters set, the monitored output for panel optimization is the buckling eigenvalue from the
FORTRAN® external subroutine (Castro and Abreu, 2016) called by NASTRAN® SOL 200 optimization. This
subroutine uses, as input data, t, a, b, r, E1, E2, Gia, vi2, va1, Nxx, Nyy and Nyy.

With laminate thicknesses set as design variables, material, properties and geometric parameters as model constants
at design table and membrane stresses as sensitivity responses, the semi-analytic method implemented in the external
FORTRAN® subroutine called at NASTRAN® SOL 200 run calculates wing panels buckling eigenvalues. The design
sensitivity response type used in this case is the DRESP3, which defines an external response using user-supplied
routine. Figure 9 shows the Python code of structManager (Castro and Abreu, 2016) section of DRESP3 creation and an
example of an optimization card.

Figure 9. Python to DRESP3 configuration to calculate buckling eigenvalue of wing panels and a fragment of an
optimization card

4.5 Constraints

The constraints applied at this optimization act on the monitored outputs of wing panels buckling eigenvalues at
DRESP3 level:

n= PM/P@;LD = MSy =l

(6)

The application of this constraint is done with the NASTRAN® SOL 200 DCONSTR parameter, which is the design
constraints parameter. Figure 10 shows the Python code and a fragment of an optimization card:

Gensrated cptetiatvo card

Figure 10. Python code to set response constraints at structManager and an example of an optimization card
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4.6 Optimization Data

This section presents the optimization data for all SOL 200 runs. Table 2 shows the detailed amount of optimization
parameters.

Table 2. Number of optimization parameters per run

DESIGN CONSTANT VARMELES TO DESIGN RESPONS ES | DESIGN RESPONSES CONSTRAIRTS
VARIMELES | PARAMETERS = PROPs RELATION (Nx, Ny, Nxy) (FORTRAN BIGY W)

oPTl 234 1053 390 as1 117 117
oPT2 198 891 330 297 99

oP1s 180 810 300 270 90 9
oPTe 148 666 247 222 74 kL |
oPTS | B 126 567 210 189 63 63
OPTG | By 106 477 177 159 53 i3
IV 3 72 324 120 108 6

oPTs 28 126 a7 a2 1B 14
oPTY 1092 4914 1820 1638 546 546

5. BUCKLING OPTIMIZATION

In this work, the optimization solution used is the SOL 200. This one performs many rounds of a selected basic
analysis solution (MSC Software, 2010). To save run time, the buckling calculation philosophy adopted was not to use
the NASTRAN® buckling eigenvalue solution (SOL 105), but to calculate the buckling eigenvalue in an external
FORTRAN® subroutine (Castro, 2016) with the membrane forces of panels’ elements after runs of static analysis
solution (SOL 101). Figure 11 shows a schematic diagram of NASTRAN® SOL 200 optimization structure. Figure 12
shows the flux of work using structManager to NASTRAN® SOL 200.

OPTIMIZATION PROCESS AT NASTRAN® SOL 200
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Figure 11. Wing composite panels optimization process at NASTRAN® SOL 200
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Figure 12. Optimization process at NASTRAN® SOL 200 using structManager

After all optimization runs, the evolution of laminates’ thicknesses are shown in Fig. 13 and Fig. 14:
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Figure 13. Initial thickness map at upper and lower panels

1048

Jo
089
140

1543

Figure 14. Final thickness map at upper and lower panels
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Table 3 and Fig. 15 show the weight evolution after local buckling optimization at composite panels.

Table 3. Weight reduction after wing box panels buckling optimization

WEIGHT EVOLUTION
RUN DESVARs | REL BY OPT | REL BY INITIAL | ACCUMULATED | WALL TIME
INITIAL - - - - -
OPT1 Bays 01-05 4.26% 4.26% 4.26% 01:09:01
OPT 2 Bays 06-10 -0.33% -0.34% 3.92% 01:04:41
OPT 3 Bays 11-15 -3.24% -3.37% 0.55% 00:05:32
OPT 4 Bays 16-20 -3.65% -3.67% -3.12% 00:04:32
OPT5 Bays 21-25 -4.26% -4.13% -7.25% 00:06:45
OPT 6 Bays 26-30 -3.71% -3.44% -10.69% 00:01:41
OPT 7 Bays 31-35 -3.20% -2.86% -13.55% 00:01:35
OPT 8 Bays 36-37 -1.11% -0.96% -14.51% 00:00:46
OPT 9 All Bays -1.00% -0.85% -15.37% 00:54:56
Weight Evolution at Optimization Runs
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Figure 15. Weight evolution at Optimization Runs
6. CONCLUSION

The proposed semi-analytical criterion of local buckling calculation of composite panels presented a potential of
weight reduction. However, this optimization analysis must be taken as a methodology evaluation, not as a sizing
analysis restricted to the final reduction values. The load cases selection was made in an arbitrary way, with a simply
simulation of limit up-bending and down-bending conditions.

In the same thinking, the results of panels’ thicknesses at lower skin cutouts (at inspection windows) must be
treated specially. Since this methodology takes the central element of the panel to extract the membrane stresses, to
cutout regions this may be incorrect, due to non-consistent boundary condition in these regions and to the intrinsic stress
concentration at windows edges which are not being considered correctly.

An important indirect result of this work is the method sensitivity. At the beginning, before all optimization runs,
all wing panels were set with the same initial plies thicknesses (tsy=1.25mm) and, by consequence, the same laminate
thicknesses (tiam=5.00mm). After all optimization runs, the solver led panels thicknesses to values much smaller than
initial (from middle to tip bays) and to values considerably higher than initials (from root to middle bays). This behavior
shows robustness characteristic, because even with different paths to course among wing box regions, the optimization
was able to find a feasible design.

The structure management tool (structManager) is essential to keep the model manageable and to create
optimization cards for complex models. The amount of necessary design information to perform an optimization run is
impracticable of being generated manually.

The smeared laminate is a good initial approach to pre-optimize a composite structure. A plausible optimization
sequence could be a pre-optimization using smeared laminate and this semi-analytical buckling criterion, because it
presents less computational cost than NASTRAN® eigenvalue solution. With the whole structure pre-sized and
optimized in a first level, a new type of detailed analysis and optimization could be applied to obtain an optimized
structure to different types of analysis.

This is an embryonic suite of composite materials optimization and analysis tools, with several gaps to be filled by
new blocks of methodologies of analysis and optimization criteria.
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