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Abstract:

The potential benefits of composite wing structure can be more largely developed through
detailed analyses on the inherent features of fluid-structure coupling in conceptual stage. A
multidisciplinary design optimization (MDO) method on composite wing structure of strut-
braced wing (SBW) commercial aircraft is proposed. The object of optimization is to
minimum structure weight and aeroelastic indices including wing tip displacement,
aerodynamic twist, aileron effectiveness, laminate strain, composite failure as well as
buckling are taken into consideration as design constrains. The effects of configuration
parameters, composite laminate thickness and section size of main beams are taken into
comprehensive consideration in this method based on genetic algorithm. Aerodynamic
analysis of whole aircraft in cruise state is based on solving Eular equations and drag
prediction can be obtained by a viscous correction method, which is confirmed suitable for
genetic optimization. The results demonstrate that aeroelasticity as well as composite
structure significantly effects aerodynamic performance and should be taken into
consideration in conceptual stage.

1 INTRODUCTION

Aircraft with cantilever wing have been greatly improved in the flight performance and
efficiency, compared to the early models. However, limited to its structural form that forces
all the flight load to transfer to wing root through shear and bending moment, the weight of
wing structure grows drastically as the wing span increases. Furthermore, the reduction of
wave drag during transonic flight increases wing sweep, which reduces aerodynamic
efficiency as well as increases structural weight. Thus, it is quite promising to study the new
configuration of the transonic vehicle for further improvement on performance and efficiency.

The strut-braced wing aircraft or also called truss-braced wing (TBW) aircraft have attached
truss in the middle of the wing structure, which overcomes such disadvantages of cantilever
aircraft [1-4]. Larger span and less structure weight could be gained benefiting from its
unique configuration, in which less flight load would be beard by main wing structure. [5]
Simultaneously, a thinner airfoil could be achieved for the same reason, therefore reduces
shock wave interference during transonic flight, which makes a reduction of wing sweep
available, at the same time parasitic drag decreases due to an increase of natural laminar flow
[6]. For these reasons, SBW aircraft require less thrust comparing to cantilever aircraft for the
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same flight profile, therefore less fuel consumption as well as less pollution emissions could
be achieved. It is worth mentioning that SBW aircraft would produce less noise, which is
significant for urban airports.

Committing to those advantages, SBW aircraft have been studied since 1950s by several
research institutes like NASA and Boeing [7-8]. Despite all the great progress they have made
during several decades, the elastic deformation of structure was insufficiently studied. Due to
reduction of stiffness, wing structure performed a much greater displacement as well as
torsion in the same flight condition, and inertial force as well as aerodynamic force affects
more deeply on structure. Unfortunately, the character of strut makes this fluid-structure
coupling system much more complicated, and then leads the displacement as well as torsion
which would affect aerodynamic load distribution in turn, to be much more difficult to
approach without taking the elasticity of structure into consideration. Thus, aeroelasticity in
SBW aircraft is significant due to such tight coupling of structure and aerodynamics.

Furthermore, the early studies mostly focused on aerodynamic and the structure part was
inevitably taken into less consideration: on the one hand, the wing weight was calculated by
empirical estimation therefore there is potential in better accuracy; on the other hand, the
composite structure with high specific strength as well as high specific stiffness was not
applied to main bearing structure, which could offer a greater weight reduction. Hence a more
accurate and practical optimization result could be obtained after applying composite
materials to main bearing structure. However, applying of composite laminate greatly
increases the complexity of design and makes it impossible to design every section of
laminate manually. Besides, the laminate of cantilever wing provides very limited reference
for SBW due to the huge configuration change. Based on these challenges, optimization
became a suitable and necessary way to deal with the massive and close-contacted design
variables. Moreover, the constraints required by several different disciplines highlights the
incompetence of traditional optimize methodology, which optimizes parameters individually
and lack of ability to consider variety of conditions at same time, hence making it not
qualified for multi-condition requirement. Therefore, the multidisciplinary design
optimization (MDO) methodology which is a convincing tool to get the most valuable design
considering the synergism of all those parameters, would make this kind of design achievable.
MDO could show a better view of design space and make designers more deeply informed of
overall situations [2-5]. Apparently, the result approached by MDO would provide a better
guidance for conceptual design especially in structural stiffness distribution and relative
parameters. In addition, considering the serious drain on computing, proposing a time-saving
methodology would be significant for practical engineering.

2 METHODOLOGY
2.1 Aeroelastic Response Analysis

The aeroelastic response analysis in this method includes static aeroelasticity analysis and
flutter analysis.

2.1.1 Equation for Static Aeroelastic Analysis

The basic equation for static aeroelastic analysis is [9]
Kaaua + Maaua _qQaaua = qanux + Pa (1)
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where K_, is the matrix of structure stiffness (where subscript a means analysis-freedom),
M., is the matrix of structural mass, Q,, is the matrix of aerodynamic influence
coefficient(AIC), T is the dynamic pressure of incoming flow, u, is the vector if structural
deformation, u, is the vector of additional freedom for aerodynamic trim parameters

including angle of attack, sideward acceleration and pitch attitude ratio, which is used to
define overall rigid motion of aircraft and deflection of aerodynamic control surfaces, and P,

is the vector of applied loads. In this equation, the item qQ,_ u, refers to the increment

aaa
aerodynamic force caused by elastic deformation of structure, which exerts significant
influence in this very-high aspect ratio model.

2.1.2 Equation for Flutter Analysis

The equation of p-k flutter analysis method used in this method is [10]:

VY oV 1 o(qr, P j
{(bij+pr+K va (Q +kQ u=0 (2)
Where M is the matrix of generalized structural degree of freedom, B is the matrix of
generalized damping, K is the matrix of generalized structral stiffness, Q is the matrix of
generalized unsteady aerodynamic force, V is the speed of incoming slow, b is the length of
reference chord, p is teh eigenvalure, k is the density of air, u is the reduced frequence, u is
the vector of generalized structral degree of freedom. The superscripts R and | represent the
real part and the imaginary part, respectively.

2.2 Geometric Parameterization

Geometric parameterization is necessary to make configuration optimization achievable.

Table 1: Symbol and Description for Design Variables of Geometric Parameterization

Number Symbol Description

1 l Semispan
X Wing weep
Craoe  Wing root chord

Wing tip cord
K, Span wise position of wing-strut intersection
K, Span wise position of engine
i Dihedral angle

~N o ok N
™
=,
i~

Design variables of configuration are shown in Table 1 and intuitively shown in Figure 1 as a
supplement. The parameters that have significant effects on flight performance and structure
weight have been taken into consideration including semispan, wing sweep, wing root chord,
wing tip chord. Span wise position of wing-strut intersection is also closely related to load
distribution therefore should be studied as well. The sectional shape of airfoil remains
unchanged in the process of geometric parameter changing and deformation interpolation.
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Figure 1: Design Variables for Configuration Optimization
2.3 Failure Analysis

The rationality of structural stiffness and strength in conceptual stage plays an important
guiding role in the following-up study, which makes failure analysis an important constraint
that must be taken into consideration. The failure criteria for composite structure used in this
method is Tsai-Wu failure criteria, which presents a theoretic strength assessment method for
anisotropic materials. The equation of this method can be descripted as:

F,0! +2F,0,0, + F,0: + F,0, + Fo, + Fo, =1 (3)
Five of those parameters in Eq.(3) could be measured in tensile or compressive experiments

along the principal material directions as follows:
1 1 F 1 1 1 1 1

= - F=—-—-F.=——F =— F_ =—
XX, Yo o xR oy, s

where X, and X_ are the allowable tensile and compressive stresses along the principal x

direction of the material respectively, Y, and Y, are the allowable tensile and compressive

stresses along the principal y direction of the material respectively, and S is the allowable
shear stress in the principal material coordinate system.

The interaction term F,, in Eq.(3) must be evaluated experimentally and constrained by

stability criterion F,,F,, — F > 0. However, an experimental study [12] shows that there is no

discernible difference across the full range of values of the interaction term from -1 to 1.
Narayanaswami and Adelman [13] suggested that the use of Tsai-Wu failure criteria with
F, =0 is a preferred alternative to experimentally determining F,,. When applied to assess

the strength of composite structure, the failure indices of laminates are obtained by the left
side of Eq.(3). If the absolute value of this index is larger than 1.0, the corresponding laminate
ply is considered to be failure. Hence the design constrain of failure indices is generally set to
be [-1.0, 1.0].
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2.4 Aeroelastic Optimization

In this paper, the optimization study taken into consideration of aeroelasticity and
aerodynamic can be descripted as following mathematic problem, which is [10]:
minimize

FV)=F(V,V, V) (4)
subject to

(€ iower < 95(V) <€) upper i=L...n (5)

(V) iower < Vi < (V) ypper i=1...,n, (6)

where F(v) is the objective function of design variables, which is the structural weight in this
research. Eqg. (5) is used to define optimization constrains, where g;(v) are the responses to

aeroelastic analyses, (C;)ue @nd (C;),,p. are the lower and upper bounds of design
constrains respectively. Eq. (6) defines the feasible domain of design variables.

The penalty function is a common method for calculation of constraint fitness and can be
expressed as [13]:

exp(|g| T HOEISWS
Rj (V) =110 (Cj )IowerS gj (V) < (Cj)upper (7)
|gj (V) - (Cj )upper
Xp( |(Cj)upper +1.0 ) (Cj)upper < gj (V)

where R, (v) is the fitness of the jth constraint. In this method, the fitness is 1.0 if g;(v)

stratifies the given constraint, otherwise the fitness is lower than 1.0. The expression of this
penalty function decides that the more each response value deviates from the constraint bound,
the lower the corresponding fitness will be obtained.

2.5 CFD Solving Method

The MGAERO (Multi-Grid AEROdynamics) software is applied for CFD analysis in this
method. The use of Cartesian grid cells, which may be sheared or rotated, effectively
eliminates the labor-intensive task of grid generation [14]. The most significant advantage is
that there is no relation required between the surface paneling and the local grid cell structure
[16], which means all the grids can generated automatically through geometric parameters
calculated by genetic algorithm. Therefore, the MGAERO code is suitable for a genetic
algorithm based optimization.

The MGAERO code solves the Euler equations in three dimensions using standard central
differencing techniques [15]. The integral form of Euler equations for general control volume
Vol can be expressed as following:

1T, Fav-+ [, E-nds =0 ®)

where F =[p,pu,pv,pw,pe]T , p is the density of flow, u, v and w are the velocity
components in Cartesian coordinate system, e is the internal energy of unit volume, n is the



IFASD-2017-210

outward normal vector, and E is the flux vector. Besides the induced drag, the shock drag can
be calculated as well [16]. The application of a modified 4-stage Runge-Kutta time marching
scheme accelerates convergence to a steady state.

A viscous correction method based on Euler equations is applied to analysis the viscous drag.
The viscous correction is available via an integral boundary calculation along surface
streamlines [17]. The application of inviscid-viscous iteration method improves the accuracy
of aerodynamic analysis, and the low compute cost is satisfied for conceptual design.

3 OPTIMIZATION DESCRIPTION
3.1 Structural and aerodynamic models

The structural model of SBW aircraft in conceptual stage is shown in Figure 2. The structural
stiffness is simulated by rod elements and quadrilateral elements, which are applied beam
properties and composite properties, respectively. The offset value to symmetrical surface of
composite laminates is simulated by a ply with very small stiffness. Therefore, the bending
and torsional stiffness of real composite wing structure can be approximated with few
deviations. The weight of fuel and other non-structural mass are simulated by lumped mass
distributed along beam elements. The way that strut and wing structure intersected is
simulated by an MPC element [18], which is setup to keep the displacement components of
wing structure and strut consistent at the intersection position rather than twist components.
Therefore, only support or pulling force is provided for wing structure by strut and the
bending moment of wing structure is not passed to strut. The aerodynamic model
corresponding to structure model of SBW aircraft is shown in Figure 3.

The jig shape, which is not deformed, is generated geometrically. Then the cruise shape used
for aerodynamic analysis, which represents the deformed wings in cruise condition, is
interpolated based on the displacement of structural grids calculated by aeroelastic analysis.
The difference between jig shape and cruise is shown in Figure 4.

/

’ &
b

Figure 2: Structure model of SBW aircraft
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Figure 3: Aerodynamic model for aeroelastic analysis of SBW aircraft

Cruise Shape

Jig Shape

-

Figure 4: Jig shape and cruise shape of aerodynamic model

The analysis of normal modes is applied on structure therefore the rationality of structure is
verified. The first eight normal modes of wing-strut structure are shown in Figure 5 and the
frequency of each model is shown in Table 2. Due to the influence of strut, the vertical
bending stiffness of wing-strut increases, therefore the frequency of first vertical bending
mode increases and very close to the frequency of first horizontal bending mode.

(c) Second vertical bending mode S (d) Second horizontal bending mode
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(e) Third vertical bending mode o (f) First torsion mode

el = “"/"i‘- ki
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(g) Forth vertical bending mode ’ (h) Third horizontal bending mode
Figure 5: First eight normal modes of wing-strut structure
Table 2: Frequency of first eight normal modes
Mode Description Frequency, Hz
1 First vertical bending 1.5721
2 First horizontal bending 1.7846
3 Second vertical bending 5.2441
4 Second horizontal bending 7.9433
5 Third vertical bending 10.092
6 First torsion 14.731
7 Forth vertical bending 15.788
8 Third horizontal bending 16.393

3.2 Optimization Strategy

The cruise subcase is Ma=0.6 at the altitude of 8.0km, and the total weight of the full-model
aircraft is 98,000 kg (216053 Ib.). The position of strut-wing intersecting position effects the
form of structure deformation, which makes it different from other configuration design
variables, thus should be taken into consideration individually. In order to study the influence
of strut-wing intersecting position, four typical position is chosen and a genetic algorithm is
applied on the other design variables with the combination of each strut-wing intersecting
position.

Structure design part focusing on central wing box contains thickness of skin on central box
and sectional size of beam, which together effect the stiffness and deformation significantly.
The symmetric balanced laminate is applied for composite skin and aeronautical aluminum
alloy is applied for beams. The thickness ratio of 0°, 45°, -45°and 90° laminate is 5:2:2:1.
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Upper skin is divided into 8 independent sections along span wise in total. Thickness of skin
is set to continuously increase from tip to root considering the little mutation of bending
moment on wing-strut intersection position compared to the whole flight load, as well as the
technological requirements of composite laminate. Likewise, the lower skin is treated using
the same strategy. The front and rear beams are divided into 8 sections only along span, and
the sectional size changes in the same fashion as the skin. The middle beam is applied from
root of the wing and ends to 75% length of simespan, for the load is relatively smaller in the
outer part of the wing. Strut sectional area is also a structure design variable that affects the
stiffness. All of 31 structure design variables are set up in design space.

(a) Regional division of beam and strut (b) Regional division of composite
Figure 6: Regional division of wing-strut structure

Design constraints are set up to ensure the optimization results meet the multidisciplinary
requirements of given flight mission. Static deformation and wingtip torsion angle mainly
considered in the subcase of 2.5g load, while other aeroelastic indices such as aileron
efficiency and flutter speed are checked. Composite strain constraint and failure constraint are
the essential constraints of composite skin. Buckling of strut have been taken into
consideration in negative load case. All constraints are shown in Table 3.

Table 3: Design constraints for optimization

Number Description Constraint
1 Static deformation constraint Tip displacement<12% of semi span, 2.5¢ load
2 Wingtip torsion angle constraint <4.5°, 2.5g load
3 Aileron efficiency constraint > 65%
4 Flutter speed constraint >300m/s
5 Composite strain constraint —3500 ¢ < Strain < 3500 ue
Tsai-Wu failure criterion,
6 Composite failure constraint
—1l<factor <1—1 = factor < 1
7 Strut strength constraint o < 400Mpa
8 Strut buckling constraint Margin of Safety > 0

3.3 Optimization Flowchart

The genetic optimization parameters including population size, number of generations, coding
mode, convergence criterion and probabilities of crossover and mutation are defined before
starting of optimization [19]. The initial generation is generated randomly, while the
subsequent generations are generated based on the fitness assessment of previous ones and
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appropriate variation of design variables. Convergence judgment is applied through overall
analysis of each generation, and the optimization will terminate if convergence criteria is met.

Original configuration
and structure variables

Start )

Model building

}

Aeroelastic
analysis

}

CFD analysis

l
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evaluation
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Figure 7: Optimization flowchart for MDO design considering aeroelasticity and aerodynamic performance

4 RESULT

4.1 Static aeroelastic analysis

The result of aerodynamic analysis in cruise condition is shown in Figure 8.
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Figure 8: Surface C,, and Mach number distribution in cruise condition
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The static aeroelastic analysis of a baseline model is applied to verify the rationality of
aerodynamic and structure model, and the results are shown in Figure 9. The deformation
shows that the strut significantly reduces the inner-part displacement of the wing structure.

T ]

() Structure deformation in 2.5g load condition (b) Structure deformation in -1.0g load condition
Figure 9: Structure deformation of aeroelastic analysis

4.2 Optimization results

For all the four positions that the strut-wing intersecting position is set to be, the individuals
with highest fitness of given design constraints are re-analyzed and the rationality is
confirmed. The structure weight, wing tip displacement, wing tip rotation, aileron efficiency
and drag of individuals with highest fitness in each condition are shown as following. The
other constraints like flutter speed, Tsai-Wu failure criteria, strain constraint and buckling
constraint are met respectively.
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9940 [—=— structure weight (kg)| 1.240 —4— Wing tip rotation (degree) |- 4.10
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Figure 10: Design responses in four conditions
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With the position changes along the spanwise direction, structure deformation including
displacement and rotation changes, which is clearly shown in Figure (b), therefore
significantly effects the aileron efficiency and drag, which is shown in Figure(c) and Figure (d)
respectively. The design of SBW aircraft is not a single index like drag or weight, but the
integration of all the indices above, and different weights of each index is applied with the
change of task profile and requirement. A compromise of these indices should be made in an
actual design process referring to the detailed analysis in conceptual stage.

5 CONCLUTIONS

An MDO method on composite wing structure of SBW commercial aircraft is proposed. The
aeroelastic deformation and other indices of SBW aircraft with different design parameters
are analyzed. The drag of each individual is analyzed based on the aerodynamic model of
cruise configuration. In this genetic algorithm based method, the effects of configuration
parameters, composite laminate thickness and section size of main beams are taken into
comprehensive consideration. The optimization is divided into four parallel programs with the
different position where strut and wing intersected. A contradistinction of weight, drag, wing
tip displacement as well as rotation and aileron efficiency of four individuals is presented.
Each of the four individuals is the one with the highest fitness of different wing-strut
intersecting position. The results demonstrate that the form of aeroelastic deformation of the
composite structure effects the aerodynamic performance and other indices, and is
significantly affected by the position of wing-strut intersection. In order to get a higher
accuracy and avoid repeated iterations, the aeroelasticity and the feature of composite
structure should be taken into consideration in conceptual stage. This MDO method can
search for optimized values of both configuration and structure property design within
acceptable calculate consumption, thus could provide meaningful guiding of configuration
and structure design in conceptual stage.
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