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This paper deals with the weight estimation of the wing box of a commercial aircraft by means of a procedure

suitable for very large liners and/or unconventional configurations for which statistical data and empirical formulas

may not be sufficiently reliable. Attention is focused on the need to account for aeroelastic interaction from a very

preliminary stage of the design cycle. The procedure exploits the first of three levels of a multilevel structural

optimization system conceived for the preliminary design of the wing primary structure and a simplified evaluation

of the cross-sectional properties. The comparison betweenweight estimates obtainedwith the present procedure and

predictions supplied by available literature shows a satisfactory agreement.

Nomenclature

As = stiffener area
b = stiffener pitch
c = airfoil chord
D2 = summed squared distance of every stiffener from

neutral axis
E = Young’s modulus
h = airfoil averaged thickness
I1, I2, J = principal moment of inertia and torsional stiffness

coefficient
kc = coefficient related to critical stress of panels,

depending on b=t ratio
N = number of stiffeners
te = equivalent thickness related to the stiffener
ts = skin thickness
tw = web thickness
� = roll effectiveness
�Scr, �Pcr = critical stresses for stiffeners and panels
�s = skin panel shear stress
�w = web panel shear stress
� = Poisson’s modulus
� = enclosed wing-box area

I. Introduction

T HE conceptual design of commercial aircraft, especially in the
case of very large civil transporters, will require effectiveweight

prediction capabilities: the challenge of designing a liner with more
than 600 seats, a takeoff maximum weight exceeding 500 t, and a
wingspan of up to 80 m and more can no longer be supported
by estimations based on empirical or statistical assumptions [1,2].
These considerations also apply to unconventional aircraft, for
example, strut-braced wings, joined wings, and the PrandtlPlane®

configuration, described in [3], that need very sophisticated design
tools [4,5] and for whichmeaningful statistical data are not available.
The aircraft global optimization needs a reliable estimate of the
wing weight and should account for any kind of interaction with the
wing structural design, for example, the center of gravity position.
Thewing weight is strongly dominated by the primary structure (i.e.,
the wing box); it affects the aircraft conceptual design, as well as its
mass distribution, but static, dynamic, and aeroelastic behaviors of
the wing can also pose a significant drawback to flight qualities and
cruise strategies. In [6] it has been demonstrated how the simulta-
neous optimization of thewing planform, airfoil shape, and structural
sizing can significantly improve the aircraft performance: here, the
interaction is envisaged within the framework of a computational
fluid dynamics (CFD) approach and a simplified analytical model
to estimate the minimal material in term of skin weight. Despite the
complexity of the approach, it may not be sufficient. In [7], the need
for a correct introduction of requirements for torsional stiffness and
aeroelastic behavior from conceptual design has been recognized.
Indeed, a more general approach is also needed due to other remarks,
for example, the availability of a number of affordable technologies
(e.g., active control of flutter, active control for gust alleviation, etc.)
suitable for the design of lighter wings should be carefully accounted
for fromvery preliminary design steps to gather themaximumadvan-
tage and weight saving.

Multidisciplinary design optimization seems to be a very prom-
ising approach [8,9], allowing the integration of different design
disciplines such as flight mechanics, performances, aerodynamics,
structures, systems, and costs; but difficulties arise when many
disciplines have to be used simultaneously, exhibiting poor cou-
plings in both object function and constraints sensitivities [10,11].
Concurrent [12] and cooperative [13] engineering represents a
modus operandi that can better support a design to account for
interaction between different partners.Multilevel decomposition of a
design problem [14,15] seems to be a valuable approach that allows
one to explicitly account for interactions between disciplines, avoid-
ing typical problems of an omnicomprehensive approach.

The power of modern computers could induce an extensive
exploitation of advanced computer-basedmethods, but they require a
detailed knowledge of each domain that are not yet fixed in the initial
stages of the design. This is especially true for the structural environ-
ment: the use of tools like finite element models (FEM) for the
structural modelling may not be recommendable during the
conceptual design phase. In particular, the use of detailed three-
dimensional models could bias the results depending on arbitrarily
assumedmodeling choices, structural details, and optimizationmod-
els. Furthermore, using amix of simplified and complex schemes, for
example, a three-dimensional CFD for aerodynamics and semi-
empirical formulas for structures, seems to be inconsistent in terms of
model accuracy.
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According to these considerations, the paper deals with the
problem of a suitable estimate of thewing-boxweight in the presence
of multidisciplinary constraints in the very early steps of aircraft
design by means of an approach mixing well-known and affordable
models with adequate optimization tools. The main scope is a pro-
cedure as fast and accurate as possible to conveniently assist the
designer during the evaluation of different solutions in the very early
steps of design as far as the structural design of the wing box is
concerned, exploiting in the best way the link between analysis and
design modules.

II. Procedure Overview

The work presented here lies in the framework of multilevel,
multidisciplinary optimization. It is mainly based on the following
remark: local design variables, such as the thickness of a panel or the
section shape and the size of a stiffener, only indirectly affect the
global behavior of the aircraft wing through a contribution to the
stiffness of the related cross section. Thus, a multilevel decom-
position has been envisaged to isolate several optimization problems
and related design variables; the mutual relations are accounted for
by means of adequate coupling functions that act as constraints in
separate design loops. The flowchart in Fig. 1 describes the general
layout of the procedure and its collocation inside the aircraft concep-
tual and preliminary design activities flow.

The present work represents the evolution of the procedure
described in [16]; the level decomposition actually envisaged is
based on design loops operating on three levels, each adopting a
specific structural model coupled to an optimization algorithm:

1) The first level aims to grant a satisfactory global behavior of the
wing by optimizing a one-dimensional model, based on beam
approach; any available structural multidisciplinary analysis and
optimization code can be used for this purpose, like MSC/
NASTRAN [17] or Astros [18]; simplified models of the cross-
sectional topology allow one to link physical design parameters to
the cross-sectional properties; in this way, the availability of the
structural mass estimate is obtainedwhile also solving the problemof
a consistent ratio among different cross-sectional stiffnesses without
introducing further constraints.

2) Being available from the first level, the internal forces stressing
the wing elements, a classical thin-walled beam cross-sectional
analysis, coupled to a genetic optimizer, is used in the second level to
fully design the wing box accounting for both sizing of the structural
elements and choosing the topology of the cross-sectional and
structural elements. Constraints are related to the satisfaction of local
(allowable stresses, local and global stability of panels and stiffeners,
etc.) and global requirements (cross-sectional stiffness properties
defined by the first-level design).

3) At last a three-dimensional FEMmodel, generated by means of
data made available by previous levels, is planned to be used. It is not
only devoted to the removal of problems left unsolved (e.g., stress
concentration), cutout analysis, and the generation of data suitable
for fatigue analysis, but it also guarantees a definitive verification of
design requirements, for example, the actual deflection of the wing
and its aeroelastic behavior.

The coupling functions between the first and second levels are
defined in terms of the cross-sectional stiffness and internal force
behavior along the wingspan. The inconsistency of some parameters
after this phase, such as the shear center location, is always possible;
thus, iterations between the first and second level should be required,
especially when the first level shows great sensitivity to global
aircraft performance, such as flutter speed, with respect to these
parameters. The 3-D finite element models, produced by the third
optimization level, combine available data so that they are not biased
by either unnecessary nor arbitrary assumptions, with the geometry
of the wing and both topological issues and physical sizing resulting
from the second level.

The “bricks” used to build the present procedure are all well
known to the engineering community; they are simply linked
together bymeans of automatic interfaces with the goal of getting the
most from each of them by the exploitation of modern computing
techniques. This procedure has been developed independently but
agrees with most of the requirements expressed in [19], such as a
flexible interface with the aircraft designer, which may greatly affect
the geometry and automatically generate geometric, structural, and
aerodynamic models based on a minimal set of input data; the
multidisciplinary structure, with the possibility of including relevant
disciplines like aeroelasticity and active controls; the capability of
evaluating alternative structural layouts; and the modularity of the
software. Finally, the possibility of growth of the knowledge on the
job, by learning from intermediate or more refined results to verify
and, possibly, improve previous assumptions due to the multilevel
approach adopted must be mentioned.

Because of the space limitation, the paper will focus on the
first-level procedure only, leaving the detailed description of the
remaining two levels to another paper.

III. First-Level Procedure for Wing-Box
Weight Estimation

In this section the procedure suitable for the initial wing-box
structural weight estimate, that coincides with the first level of the
multilevel design procedure reported in Fig. 1, is presented. To face
the specific problem of a quick weight prediction in conceptual
aircraft design, reliable information is needed without fulfilling the
whole design loop previously envisaged in [16], in which the weight
estimate was available only at the end of the iteration on levels
one and two. Because of these requirements, the first level has been
changed with respect to the original formulation. Indeed, a sche-
matic description of the cross-sectional properties [20,21] has been
adopted, allowing significant advantage: the effective minimum
mass optimization has been introduced, thanks to a suitable distribu-
tion of inertia forces and consistent cross-sectional relative values of
stiffness (e.g., in-plane and out-of-plane bending stiffness, torsional
stiffness).

A suitable layout of the first-level procedure is shown in Fig. 2.
The procedure is basically a MATLAB® suite including tools for
model generation as well specific interfaces to link external codes,
such as the ones used for aerodynamic and structural analysis and
optimization. Two external codes are adopted in the actual config-
uration of the procedure: an in-house-developed CFD code, used for
the steady aerodynamic analyses, and MSC/NASTRAN, used for
both structural analysis, including aeroelasticity, and optimization by
means of the already available SOLUTION200. In this sense, the
first-level procedure can be viewed as an MSC/NASTRAN prepro-
cessor, representing a bridge between the Microsoft Office Excel
sheets, typically used at the aircraft conceptual design phase, and
the finite element models of increasing fidelity, adopted during the
successive design phases. The designer is asked to supply a minimal
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Fig. 1 Multilevel wing design procedure.

476 BINDOLINO ETAL.



set of data to accomplish the following steps: the definition of the
structural model starting from the available geometry data describing
the wing, the selection of the load conditions used for the wing-box
sizing and weight determination. and the definition of the optimiza-
tion model. In the following paragraphs, a brief description of each
step is reported.

The structural model is determined by defining the part of the
actual wing occupied by the wing box. First the external wing
geometry is determined using the relevant data already known at this
stage, such as span, chord distribution, swept angle, and adopted
airfoils. Then, the wing-box geometry is extracted by imposing its
chordwise extension, that is, the position of the front and rear spar,
allowing for the calculation of the internal space available for fuel.
Finally, the stick model of the wing box is generated and the non-
structural masses, coming from statistical-based approaches com-
monly adopted during the conceptual design phase, are introduced
as distributed or nodal masses. This whole phase is managed in a
graphical environment implemented using MATLAB and sketched
in Fig. 3.

Once the structural model has been defined, the load conditions
must be applied. They can be selected on the basis of an analysis
of the flight and center of gravity envelopes and an accounting of
regulations. The aerodynamic loads are evaluated by means of
appropriate CFD codes and automatically applied to the stick model,
whereas the inertia reliefs are computed by applying the acceleration
levels due to the considered maneuvers.

Finally, as a last step, the optimization model has to be defined. It
requires the definition of a usable objective function, as well as the
definition of appropriate design variables and constraint functions.
It must be underlined that, even if in principle the procedure can be
linked to any external structural analysis and optimization code, in
the actual version it is based on the use of an off-the-shelf code like

MSC/NASTRAN, a de facto standard for the aerospace industry.
Then, each choicemade in the definition of the optimization problem
has to be compatible with the capabilities offered by this code. The
structural model is represented by a stick model, meaning a finite
element model obtained using bidimensional elements like beams.
This implies that the design variables are related to the section
properties of the beams, assuming that the material properties and
the wing geometry are kept constant during the optimization loop
(no shape optimization). Nevertheless, by taking advantage of the
DEQATN cards available in MSC/NASTRAN [17], which allows
one to introduce user-defined relations between external design
variables and finite element model properties, it is possible to
conceive of any kind of wing section by defining the appropriate
structural section model. Indeed, the section model represents the
link between the physical wing section properties and the ones
synthesized as beam properties: four section models are now
available in the first-level procedure. Finally, different kinds of
constraint functions can be considered during the optimization,
including ones related to the aeroelastic behavior of the wing. The
objective function is easily represented by the total structural weight.

The next subsections report in detail the most significant elements
of the first-level wing-box design and optimization procedure that is
simply summarized here, whereas no specific details related to the
analysis modules and algorithms are reported. Indeed, by adopting
MSC/NASTRAN as the structural and optimization solver, all kinds
of analysis capabilities are already available and well known to the
aerospace engineering community. For further details, the reader can
refer to the MSC/NASTRAN official documentation [17,22].

IV. Structural Model

The first-level procedure exploits a beam model of the wing
suitable to be analyzed and optimized byMSC/NASTRANSOL200,
taking advantage of all the static, dynamic, and aeoroelastic analysis
capabilities already available in this very comprehensive multi-
disciplinary analysis code. As already introduced, the beammodel is
automatically generated from a reduced set of geometric wing data
(planform wing, airfoils, aerodynamic twist, etc.; information that
can be assumed to be fully available at this stage of the project) with
very few further assumptions about the topology of the wing box,
for example, the front and rear spar position, the location of shear
center of the cross section, and the ribs pitch. In the framework of a
one-dimensional approach, this allows an approximate but complete
description of both the static and dynamic behavior of thewingwhen
cross sections exhibit negligible coupling between internal forces. A
nominal “average material” concept is used to link geometrical data
to cross-sectional stiffness properties with an approach suitable for a
metallic homogeneous design. In the case of composite technology,
exploitation of a more complete beam model would be necessary: a
less trivial evaluation of the equivalent averagedmaterial is needed in
this case to link geometric data to stiffness and mass properties. The
reference line used for the beam model connects the centers of the
wing box at relevant stations: they are evaluated by simply using
geometry data, while the position of the shear center could be

Fig. 2 First-level procedure layout.

Fig. 3 From wing geometry to wing-box first-level finite element mesh.
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updated after a second-level run, if needed. Nonstructural masses are
also generated and included in the model according to the following
criteria. Secondary structures and plants weights are predicted by
using semi-empirical approaches or statistical formulas [1,7] that can
be assumed to be still applicable, even in the case of unconventional
aircraft. The fuel distribution is evaluated by accounting for the
available internal volume so that the wing is loaded with the fuel
actually fitting the wing box: the remaining fuel is assumed to be
fitted in the fuselage or in other aircraft parts. Finally, the engine
masses, geometry, and thrust are assumed to be available from
general aircraft design.

A. Section Models and Design Variables

The physical properties of each cross section are estimated on the
basis of an approximate description of the distribution of thematerial
supporting axial and shear stresses, as in [21], in which a hexagonal
cross section has been assumed; a simpler rectangular shape has been
preferred for this work. Four different models, of increasing com-
plexity, have been implemented to achieve amore andmore effective
understanding of the actual material distribution and to evaluate the
effects on the total mass estimation; see Fig. 4. The models assume
that an average thickness value is adequate to describe the geometry
of the box. According to this choice three regions have been
identified as fundamentals for each cross section: the webs (front
and rear), the skin (upper and lower), and the skin stiffener region
(modeled with an equivalent thickness only reacting to axial forces).
Coefficients, relating the section geometry to the beam section
properties by means of the design variables and the mechanical
properties of an equivalent material, are analytically computed
once the geometry of the beam cross sections has been obtained by
intersecting a plane normal to the reference axis with the geometric
model of the outer skin.

1. Model 1

Two design variables for every section have been considered. The
thickness of the webs and skins are condensed in a single value
representing the equivalent torsion box and contributing to bending
properties; the remaining assessment is the equivalent axial thickness
of the stiffeners.

2. Model 2

To better evaluate the true stiffness bending requirements, in-plane
and out-of-plane of the wing, the second model retraces the pre-
ceding one by considering web and skin independent thicknesses for
a total of three variables for every section. The equations to evaluate
the beam cross sectionA, principal inertia moments I1 and I2, and the
torsional stiffness coefficient J of a rectangular cross section,
implemented inMSC/NASTRANasDEQATNcards, are as follows:

A�te; tw; ts; c; h� � 2 � �ts � c� tw � h� te � c� (1)

I1�te; tw; ts; c; h� �
�
tw � h � c2

2
� �ts � te� � c

3 � h � c2
6

�
(2)

I2�te; tw; ts; c; h� �
�
tw � h3
6
� �ts � te� � c � h

2

2

�
(3)

JT�te; tw; ts; c; h;�� � 2 � �
2 � ts � tw

c � tw � h � ts
(4)

where c, h, and � are the chord, the averaged airfoil thickness,
and the enclosed area of thewing box, respectively; furthermore, te is
the equivalent thickness associatedwith the stiffeners, while tw and ts
are the web and skin thicknesses, respectively. The first model is
obtained by using a single variable for tw and ts, that is, tw � ts.

3. Model 3

To introduce the instability constraints of panels and stiffeners, a
third material distribution variable has been introduced. Beyond tw
and ts, another variable, As, is used. It represents the area of a single
stiffener while the number of them/their distance is considered as a
known parameter and settled at the beginning of the optimization,
according to previous experience. The equations adopted to calculate
the beam cross-sectional properties become

A�AS; tw; ts; c; h; N� � 2 � �ts � c� tw � h� AS � N� (5)

I1�AS; tw; ts; c; h;D2� � 2 �
�
tw � h �

c2

4
� c

3 � ts
12
� Sc �D2

�
(6)

I2�AS; tw; ts; c; h� � 2 �
�
tw � h3
12
� c � h

2

4
� ts � N � As �

h2

4

�
(7)

JT�tw; ts; c; h;�� � 2 � c
2 � h2 � tw � ts
c � tw � h � ts

(8)

where N is the stiffener number and D2 is the summed squared
distance of every As from neutral axis.

4. Model 4

To encompass the problems of unconventional wings, possibly
requiring a significant rotation of cross-sectional principal axes to
minimize bending stresses, as described in [20], two additional
design variables can be added to the second model; independent
additional flanges, of front and rear spars, are used. To obtain the
desired effect, flanges are cross coupled: upper front with lower rear
ones and upper rear with lower front ones.

The use of simplified cross-sectional shapes or a more precise one
merely entails different calculations but small changes in stiffness
coefficients. In any case it must be noted that this is only when
starting from scratch; once a design is available from the second
level, these coefficients can be improved to account for the actual
design of each cross section.

The adoption of the equivalent thickness concept resembles the
assumptions made in semi-analytical methods to define “bending
masses” [7]. But in the present approach, the effects due to shear,
torque, and instability can also be faced, even if by means of
approximate models; this allows one to include considerations of
either torsional stiffness or aeroelastic effects that cited approaches
defer to subsequent design steps.

The availability of a reasonable estimate of the actual mass
distribution of the primary structure enables the use of inertia forces
in both static and dynamic analyses. It is evident that many data at
this stage are not yet reliably available; they must then be assumed
by means of a rational approach. Nevertheless, they may not be
satisfactorily estimated; they will be upgraded as better data become
available from the more detailed analyses carried out by the second
design level. Sensitivity analyses can be exploited to verify thisFig. 4 Cross-sectional models and related design parameters.
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problem: tests performed on this subject seem to minimize the
relevance of this aspect.

B. Aerodynamic Models and Structural Model Loading

The aerodynamic models needed for load evaluation and
aeroelastic simulations exploited, respectively, outside and inside the
optimization loop are automatically generated. At present, a specific
approach is used for each goal: a full potential formulation for
load evaluation, implemented into an ah hoc developed aerodynamic
code, and the doublet-lattice method for aeroelastic analysis and
flutter constraint computation during the optimization phase, already
available in MSC/NASTRAN. The full potential approach [23],
solved by means of a boundary element method and extended to
account for compressibility [24], is used to obtain the pressure
distribution on the wing surface. It produces sets of forces applied to
the beam model nodes by means of an interpolation code based on a
proximity concept that are converted in nodal forces and directly
applied to the MSC/NASTRAN mesh. As the aerodynamic code is
an external and independent module, it could easily be substituted
with other equivalent codes; for example, a 3-D Euler solver to
bypass Mach limitations of the adopted approach. Loads are
evaluated by iteratively trimming the aircraft until the needed aero-
dynamic resultant is obtained. An iterative procedure has been used
also to evaluate loads on the deflected shape; it is known that the
aerodynamic pressure evaluated on the undeflected geometry leads
to internal loads higher than the actual one [19]. A soft coupling has
been preferred between aerodynamics and statics; aerodynamic and
structural boundary conditions are alternatively kept unchanged until
the equilibrium at the deflected shape is attained.

The doublet-latticemethod, used here because it is easily available
in MSC/NASTRAN, allows for several aeroelastic analyses. In
particular, the bidimensional aerodynamic model is linked to the
structure by means of 3-D splines to supply adequate boundary con-
ditions for the unsteady aerodynamic analysis.

V. Optimization Model

The structural model is coupled with an optimization model that,
currently, allows MSC/NASTRAN SOL200 to pursue a minimum
mass design by using the previously introduced section parameters as
design variables. Design variables are linked to beam properties by
means of coefficients evaluated according to the cross-sectional
idealization adopted. Any structural response can be constrained
during the optimization process: typical constraints refer to stresses,
displacements and rotations, flutter speed, etc. According to the
approach philosophy, only global requirements should be used as
optimization constraints during the first level of design. Global
stiffness constraints could be introduced in terms of tip displacement
and rotation, as found in the literature, but a rational approach could
be more useful (e.g., a minimum aileron effectiveness, to account for
the aeroelastic effects of a swept wing, or the flutter clearance in the
whole flight envelope) as described in Sec. V.A.2. Nevertheless, to
limit the need for iteration between the first and second levels, it is
very useful to introduce constraints on stresses as well. In this
way, stresses due to bending are bounded using standard MSC/
NASTRAN constraints (expressed in terms of the maximum axial
stress in four points on the section); shear stresses, due to transversal
loads and torque moment, are introduced by means of approxi-
mate theoretical equations. In the same framework, an approximated
evaluation of the instability of stiffeners and panels could be
introduced by simplified analytical functions, for example, Euler’s
formula. All these so-called special optimization constraints will be
described in Sec. V.A.

The optimization strategy requires some remarks: static con-
straints can usually be profitably activated from the procedure start,
whereas other constraints, in particular one on the flutter speed, can
be conveniently activated later.

The adopted optimization code, that is, MSC/NASTRAN, suffers
from a known restriction related to the single-model optimization:
once the structural model is defined, it would be very useful to
account for different sets and nonstructural masses, for example, to

encompass inertia relief variable with flight configurations, either
fully or partially filled tanks, empty tanks, or different kinds of
constraints. To bypass this limitation in the case of multimodel
optimization, the OPTIMUS code by NOESIS [25] has been used
in place of MSC/NASTRAN to analyze two mass configurations
during the same optimization run. It is slower thanMSC/NASTRAN
because of the use of finite differentiation to provide derivatives, but
it is able to consider different finite element models at the same time.

A. Special Optimization Constraints

To introduce unconventional constraints, a direct writing of
equations depending on design variables, user-provided coefficients,
and analysis results has been exploited. Using this feature the
constraints on the shear stress, the aileron effectiveness response, and
the instability safety margins have been implemented.

1. Approximated Shear Stresses

The approximated equations used to obtain response in terms of
shear stress in wing-box panels are related to the monocoque theory;
assuming shear forces applied to the shear center and the geo-
metry related to the principal axes, we can write the approximated
equations for skin and web panel shear stresses:

�w �
jMtj

2 �� � t�
jT2j

2 � h � t� k �
jT1j

2 � c � t (9)

�s �
jMtj

2 �� � t�
jT1j

2 � h � t� k �
jT2j

2 � c � t (10)

where t is the panel thickness; c, h, and� are the chord, the height,
and the enclosed area of the cross section, respectively; andMt, T1,
and T2 are the internal forces (torque and shear forces along principal
axes). The last term in these equations is related to the shear flow on
panels due to transverse shear loads: a k� 0:5 factor has been used.

2. Aileron Effectiveness

The incremental loads due to the aileron maneuver entails a
change in airfoil attitudes and lifting forces; this load system attains
a steady equilibrium in the case of no divergence. In a back swept
wing, a reduction in lifting forces takes place, due to the wing
bending, so that the aileron effectiveness decreases (washout effect).
The roll effectiveness can be evaluated as follows:

�� 1 � �MRoll

MRollRigid

(11)

where�MRoll represents the reduction in the roll moment due to the
structural flexibility. The effectiveness can be constrained, according
to values for flexible wings at high speed. To compute the two terms
in Eq. (11), incremental unit aileron loads are evaluated according to
[26], so that the nominal rolling moment is directly available.

To estimate the change in rolling moment, the aileron loads are
applied to the structural model in a specific subcase: using the strip
theory, in which thewing is divided into strips associated with nodes
and elements, the change in the aerodynamic attitude �i of ith strip is
directly supplied by the structural solver and only depends on airfoil
rotation. Then the change in the lifting force related to the ith strip is
evaluated as follows:

�Li � q � Si � �CL��i � �i (12)

The total change in rolling moment is then straight computed by

�MRoll �
X
i

�Li � bi (13)

where bi is the distance of strip i with respect to the roll axis. The
adoption of a constraint on roll effectiveness allows one to avoid
arbitrary assumptions as far as constraints on the torsional stiffness

BINDOLINO ETAL. 479



are concerned, for example, the one adopted in [21], which can
exhibit a large as well as negligible influence on results just
depending on numerical values that are not rationally defined.

3. Stiffener and Panel Instability

Simple analytical functions are implemented to evaluate panel and
stiffener instability. The critical stress is compared to the maximum
one in every section and the difference between them is constrained
to be positive during the optimization phase. Euler’s formula is used
for the stiffeners:

�Scr �
�2 � E � Is
l2 � As

(14)

where As and Is are the area and moment of inertia, respectively;E is
Young’s modulus; and l is the rib pitch, kept as fixed during the
optimization. Every stiffener in a wing section has the same area.
Because the inertia of a section depends on the shape beyond the area,
a Z section stiffeners has been supposed to be used; starting from
the most common dimensions available on the market, a trend of the
inertia/area ratio has been defined. This curve is a function of the area
itself, and so the inertia presents a second-order polynomial behavior.
Different shapes have been evaluated too, for example, C-, T-, and
I-shaped stiffeners, but they exhibit small differences in their inertial/
area ratio and so they were no longer considered.

The instability of panels is calculated by

�Pcr �
�2 � E � kc

12 � �1 � �2� �
�
t

b

�
2

(15)

where t is the equivalent panel thickness, E and � are Young’s and
Poisson’smoduli, b is the stiffener pitch and kc is a coefficient related
to the t=b ratio. The trend of this value is derived by [26]. The
instability analyses request the availability of the area and the step of
the stiffeners in every section and can be implemented only using the
third-wing cross-sectional model. The introduction of these limits
allows one to recover all the main physical attitudes of the wing box
and overrules in some cases the optimization algorithm logic that can
originate the minimum mass mathematical solution without any
engineering meaning.

4. Flutter Constraints

The structural optimization including the flutter constraint
represented for a long time a challenge for aircraft designers. The
approach based on the inclusion into the optimization problem of a
specific constraint expressed in terms of flutter speed is, in many
cases, plagued by the presence of mode switching and hump modes.
The consequence is that, during the optimization loop, even for a
small change in the design variables, a jump could appear among
very different flutter speed values or coupled modes, making the
inclusion of flutter constraint into the active constraint set really
difficult and thereby slowing down the convergence speed of the
optimization process. The choice adopted in the procedure presented
here is to express the flutter constraint by means of a rejection curve
applied to the so-called V–g plot, representing the aeroelastic
damping versus the flight speed. The rejection curve is defined by the
user by assigning, for a preselected number of modes, a set of flight
speed values for which a minimum value for the aeroelastic damping
is required (see Fig. 5). In this way, a flutter constraint is transformed
intoMmd constraints expressed as

�gi=gmin
i � � 1 � 0 (16)

whereMmd is the number of points used to define the rejection curve
and gmin is the minimum damping requested for the ith speed value.
Thanks to the possibility offered by SOLUTION 200 of MSC/
NASTRAN [17] to consider as a constraint during the optimization
phase any of the model responses or any combination of them by
using the DRESP1 and DEQATN cards, the flutter constraint as
rejection curve is very easy to be implemented.

B. Weight Estimation Corrections

From the conceptual point of view, the present approach keeps
some relations with semi-empirical formulations: local effects are
neglected by the adopted global model even if their relevance is
known. According to this remark, aweight penalty can be introduced
into the mass equation to account for the increase due to inspection
cutouts; the correction coefficient has been assumed, according to
remarks presented by [27], as kcutout � 5:0% of the lower skinweight.
Another important correction in the mass calculation comes from
the fact that for aluminum alloy commonly used in aeronautics the
maximum allowable compression stress is greater than maximum
tension stress. The material models used are symmetrical and unable
to appreciate this difference, and so some kind of correction, with the
same approach adopted in [7], can be used and applied to structures
mainly working under tension stresses.

VI. First Numerical Example: Boeing 747-100

The numerical example adopted here is represented by the weight
estimation of the B747-100 wing box, depicted in Fig. 6, for which
reference results are available in [1,28]. As the present approach was
conceived for a tight integration with the global aircraft design
process, a deep discussion of the approach features has been pre-
ferred to the presentation of results related to many cases. Some of
the most relevant aircraft data are presented in Table 1, whereas in
Table 2 the nonstructural masses included in the model are reported
as evaluated in [7]. Airfoil geometry, needed to predict aerodynamic
loads and to define the cross-sectional properties, has been gathered
from [29]. Thirty-one beam elements linearly tapered between ends
have been used to model the half-wing; constraints model the
symmetry plane and supports at the fuselage connection. Stiffness
coefficients have been computed accounting for the front and rear
spars located at 17 and 58% of the aerodynamic chord at the root

Fig. 5 Application of the flutter constraint by means of a V–g rejection

curve.

Fig. 6 B747-100 wing.
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station, whereas at the wing tip they are placed at 28 and 68%
according to [30]. The reference axis has been aligned to the
geometric center of the wing box. Masses related to leading- and
trailing-edge aerodynamic elements and ribs, evaluated according to
[7], have been distributed in term of weight per unit of area and
lumped approximately on their center of gravity. Masses corre-
sponding to the fuel have been distributed along themodel up to 85%
of the total wing span, according to the box surface. The elements
related to the propulsion system (engines, nacelles, and pylons) have
been placed according to available data (40 and 70% of the wing
span, respectively).

A. Optimization Model

The main load condition is defined in [31] as a symmetric pull-up
(n� 2:5) at the VD and a 30,000 ft (9250 m) cruise altitude. Two
configurations have been investigated: maximum takeoff weight
(MTOW) with minimum fuel weight (83235 kg) and the maximum
zero fuel weight with no fuel. These two cases represent the takeoff
and landing of a mission with a full payload and give the possibility
of evaluating the inertia relief contribution to the structural mass
estimation. As far as the design speed, the value adopted in [20], that
is, 229 m=s, seemed too low with respect to the actual one
(268:6 m=s); thus, this latter value has been applied. The constraints
summarized in Table 3 have been used. It is important to note that
the structural mass estimated by the present method is strongly
influenced by the axial stress limit adopted: the maximum stress
listed in Table 3 comes straight from [31] and represents a minimum
value able to consider all the aspects left out by the analysis,
for example, fatigue life, instability, and stress concentration. An
investigation of the sensitivity of the optimal design variable trend

due to the modification of this parameter is described in Sec. VII.C.
The aileron effectiveness constraint was defined according to Boeing
documentation [32] that refers to a 52.5% effectiveness at the
maximum speed for the external aileron usage; finally, flutter
clearance, with respect to the diving speed, has been obtained by
rejecting damping greater than 0.01 up to 300 m=s and positive
damping values for 320 m=s for the first eight deformable
Eigenmodes. Only for the third cross-sectional model were local
stability constraints included. An equivalent material was used by
referring to the average values for aluminum alloys adopted in [7]
showing �� 2800 kg=m3, E� 70 GPa, and G� 27 GPa. The
structural volume was used as an objective function to avoid
problems on the convergence check in presence of prevailing and
constant nonstructural masses.

B. Aeroelastic Load Evaluation

The change in the out-of-plane bending due to themodifications in
the behavior of aerodynamic forces along the wingspan due to the
structural deflection is well known. The introduction of aeroelastic
load evaluation in the optimization cycle was performed by an
iterative loop on aerodynamic trim and structural optimization:
forces are derived by the rigid structure configuration and a
preliminary optimization calculus is made; with the first attempt
stiffnesses just found, an aeroelastic coupling is solved and the
new loads, to use in a second-attempt optimization, are estimated.
The procedure stops when the stiffness difference between two
consecutive iterations falls under a user-defined limit. It is interesting
to observe the behavior of structural responses in this loop: in Table 4
the trend of the wing-box mass, tip displacement, and tip change in
attitude are depicted with respect to the load cycle number; it is
possible to appreciate that, if the procedure stopped after the first
iteration, it would be able to capture 99.9% of the final effects.

This approach supports a further remark about the shortening of
the aeroelastic load evaluation procedure previously addressed: the
changes in mass between one optimization iteration and the next one
can easily exhibit the same magnitude of changes in loads, making it
useless to search for very accurate load results at every step.

VII. Optimization Results

Numerous investigations were exploited to understand the differ-
ent aspects concerning the optimization results: at first a comparison
between the section models was made; after that the progressive
introduction of constraints was evaluated using the same structural
box scheme; finally the influence of maximum stress level change
was investigated. The study of the sensitivity to the shear center
position is reported here, whereas the evaluation of the modifications
of the variable behavior due to aeroelastic static load introduction and
different fuel configurations was left to the end.

Table 1 B747-100: relevant data

Description Value

Max takeoff weight 322,050 kg
Max zero fuel weight 238,815 kg
Max fuel weight (at MTOW) 83,235 kg
Wing surface 535:46 m2

Wing span 59.64 m
Leading edge sweep 41 deg
Dihedral 7 deg
Wing–fuselage bulkhead 3.125 m
Design diving speed (velocity of dive) 286:6 m=s
Engine thrust (4x) 252 kN
Root section chord 14.55 m
Root section height 13.5%
Root section � 2.0 deg
Root section Cbox=C 0.40
42% wing span chord 8.89 m
42% wing span height 8.0%
42% wing span � 1.0 deg
42% wing span Cbox=C 0.47
Tip chord 4.06 m
Tip height 8.0%
Tip � �4:7 deg
Tip Cbox=C 0.40

Table 2 Nonstructural masses estimates

Description Value for half-wing, kg

Ribs 830
L.E. fixed n.s.m. 1367
T.E. fixed n.s.m. 941
Triple slotted flap system 3392
Slats 810
Aileon and spoliers 435
Pylons (each) 1000
Engine and nacelle weight (each) 5128
Landing gear strengthener 255
Engine ribs strengthener (each) 274
Nonoptimal mass distribution 830

Table 3 B747-100: load conditions

and design constraints

Load condition Constraints

Symmetric pull up, n� 2:5 j�maxj< 233 MPa
j�maxj< 116:6 MPa

Aileron maneuver � > 52:5% (at 250 kt)
Flutter clearance VFlutter > 350 m=s

Table 4 Aeroelastic procedure: parameters stabilization

Cycle Total mass, kg Tip deflection, m Tip rotation, rad

0 76,009 3.519 �7:975e � 2
1 74,274 2.989 �6:367e � 2
2 74,272 2.997 �6:382e � 2
3 74,255 2.988 �6:358e � 2
4 74,253 2.990 �6:364e � 2
5 74,250 2.990 �6:363e � 2
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A. Influence of Different Section Models

The first set of results is devoted to the discussion of the effects
of the boxmodel choice, with fixed design requirements, on both the
estimate of the box-wing mass and the mass and stiffness distribu-
tions along the span. The constraints used are stress, flutter clearance,

and aileron effectiveness. The comparison is exploited for MTOW
configuration. Although the three structural models exhibit the same
structural weight, the scatter is below 1% so that results are not
presented; great differences are shown in the variable distribution
along the wing span. The trend of the design variables, that is, the

Fig. 7 Optimal design variable trend comparison for different section models.

Fig. 8 Optimal design variable trend comparison for different constraints introduction.
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total equivalent thickness of material supporting axial loads and the
thickness of the webs and skins, and the equivalent thickness of
stiffeners are shown in Fig. 7. The solutions found by the three
models are different, especially in the outer sections. The first model
increases the whole box thickness to reach the needed torsional
stiffness but uses more material than necessary for the webs; the
result is an overestimation of the spar structural weight. The second
model moves mass from the stiffeners to the wing panels (the
stiffener equivalent thickness reaches the low limit) and the skin
thickness is set to simultaneously satisfy the bending and torsion
requirements. This strategy obtains a stiffer wing with equal weight
but the result is, in engineering terms,meaningless: the elimination of
the stiffeners originates panels that are too large, and so likely subject
to instability; then the structural weight may be underestimated.
The third section model seems to be the most reliable one: it exploits
all the physical behavior of the wing and it is not affected by the
problems of the earlier models. On the other hand, it requires a
specific optimization strategy not available in MSC/NASTRAN and
takes longer computational time. These troubles limit the effective
use of this methodology in the conceptual design phase.

B. Influence of Optimization Strategy

The second set of results is aimed at the discussion of the effects
of the optimization strategy, that is, of the possible choices available

to the engineer for the constraint set definition. The following cases
are discussed: 1) n� 2:5 pull-up maneuver with stress constraints
(S), 2) case 1 plus aileron effectiveness constraint (S� R), 3) case 1
plus flutter clearance constraint (S� F), 4) case 2 plus flutter
clearance constraint (S� R� F), and 5) case 4 plus instability
constraint, obtained by a third model strategy (S� R� F� I).

The trend of optimal equivalent variables (expressed in
millimeters) versus wing span, with a section model 2 strategy, is
depicted in Fig. 8. The comparison allows one to understand how
requirements on twist determine the distribution of mass and the
stiffness properties along the wingspan: the simplest stress sizing
leads to a thickness distribution regularly decreasing in the outer part
of thewing. This allows one to keep the maximum axial stress on the
bound value (until the technological bound on design variable is
attained). The wing is, however, too weak under torsional loads and
the addition of the stiffness requirement on aileron effectiveness
moves thickness from axial to torsional purposes; note that the total
thickness remains almost unchanged up to 60% of the half-span
whereas an increase of box thickness is needed in the outer part. The
further introduction of flutter requirement again entails the shift of
material from axial to torsional purposes. In this process the out-of-
plane bending stiffness is almost unaffected by the presence of roll
and flutter constraints, whereas the introduction of a roll effective-
ness constraint led to higher torsional stiffness in the inner portion
of the wing. The presence of discontinuities in the inner span of
stiffeners/skin thicknesses is due to a model ambiguity: they are
absolutely equivalent for the optimizer that sometimes mixes up
them; this situation can be easily singled out by noting that the
bending thickness, that is, the sumof the two terms, exhibits a regular
behavior. Especially in case 1, the lack of constraints on torsional
stiffness and the presence ofweak shear stresses lead the optimizer to
find the axial resistancemore advantageous. Thus, stiffeners and skin
thickness were used indifferently to generate the necessary bending
stiffness, with no regard to shear stresses. The introduction of global
requirements, such as aileron effectiveness, brings to light the need
for higher wing-box torsional stiffness. In the cross-sectional model,
this inertia parameter is affected only by the thickness of webs and
skins and the optimization algorithm prefers to move mass from

Table 5 Results comparison

Case no. Mass, kg Mass, kg Difference, % Difference, %

MStruct MOutwing MStruct MOutwing

1 12,725 11,259 �0:72 �0:85
2 12,825 11,364 0.06 �0:07
3 12,749 11,287 �0:53 �0:61
4 12,817 11,356 —— ——

5 12,746 11,320 �0:55 �0:32
4 �5% 13,058 11,583 1.88 �2:00
4 �5% 12,632 11,163 �1:44 �1:70

Fig. 9 Optimal design variables trend comparison for different maximum allowable stresses.
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stiffeners to the torsion box: this choice is underlined by Fig. 8d, in
which it is possible to see the value of the variable dropping to the
technological minimum (0.5 mm). In case 5 this effect is not present
because the instability constraints prevent the optimizer from doing
this: in fact, the reduction in area generates unstable stiffeners and
unfeasible solutions.

The results obtained in the four cases are very similar in term of
mass, as one can appreciate in Table 5, in whichMStruct indicates the
wing-box mass of the whole wing, then including the box in the
fuselage, whileMOutwing is the portion of wing-box mass concerning
the cantilever part. Itmust be noted that the knowledge of thematerial
distribution along the wingspan allows one to estimate relevant
information, for example, the longitudinal c.g. position of the wing
box as well as the contribution to inertia around the roll axis.

C. Influence of Maximum Allowable Stress Values

From the optimizer point of view, the wing seems to be divided
into two parts: the maximum allowable stress is the active constraint
in the first one, approximately spanning from the root to two-thirds of
thewingspan, whereas in the second one the optimal design is driven
by stiffness constraints. This consideration is clearer if the trend of
input variables is investigated against the maximum allowable stress
variation. In Fig. 9a, which represents the equivalent bending

thickness, it is possible to appreciate how an increment of the
maximum allowable stress reduces the part of the wing for which
the design is defined by static load, so increasing the influence of
flutter and roll boundaries; not only the total weight of the wing is
diminished but the whole variables trend is changed.

The algorithm logic is practically the same in every case: in the
inner section the most important request to be satisfied is the out-of-
plane sectional inertia, and this demand is assured to scale conve-
niently thevariable values; in the tip zone the inputs have to guarantee
a correct global behavior of the structure, and so they increase
themselves to compensate for the stiffness loss due to the root part
mass reduction.

D. Influence of Shear Center Position

Some further tests have been carried out to verify the sensitivity of
the results with respect to the shear center position: the shear centers
have been moved forward and backward in terms of the percentage
of the box local chord (�5%). A comparison of the reference
optimization results shows that the influence on the weight estima-
tion can at first be considered time negligible, as one can appreciate
from the two last rows presented in Table 5. All the cited cases
produced almost the same prediction: simply a different use of the
same amount of material is envisaged (Fig. 10). This result suggests

Fig. 10 Effects of different shear center positions comparison.

Fig. 11 V–g plots with and without flutter constraint.
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that in a preliminary phase a “reasonable” collocation of the shear
center could be enough to produce reliable mass predictions, even in
the presence of aeroelastic constraints. The most significant change
in stiffness behavior occurred in the case of a 5% afterward offset of
the shear center: in this case a higher torsional stiffness in the outer
portion of thewing has been required and obtained by furthermoving
material from axial to torsion and increasing the panel thickness.
Nonetheless, the total bending thickness is almost unaffected and
the total box weight remains very close to other results. A dual effect
of the preceding one is obtained for a �5% offset: the torsional
requirement is less restrictive and so the material needed near the tip
decreases. Results produced by the procedure are completed by
classical V–g plots obtained from the model optimized without and
with flutter constraints (Fig. 11).

E. Rigid Versus Aeroelastic Optimization

A comparison of the rigid and aeroelastic optimizations has been
exploited too: the aerodynamic loads are not now evaluated on the
undeformed shape but they are calculated by an iterative procedure
accounting for thewing flexibility. The values obtained and the trend
of optimization variables in the latter case is shown in Table 6 and
Fig. 12, respectively. The reduced bending moment and the changed
aerodynamic forces acting on the wing originates a solution lighter
than the previous one, of about 9%, as well as a different behavior of
stiffness distribution. Furthermore, the roll constraint becomes more
important than the rigid case being active in all the outer section: the

torsional stiffness is increased by higher web and skin thicknesses
whereas the stiffener contribution is left at the minimum. Evenwith a
large increment in the CPU time, the flexibility of the structure can be
set aside only in a very preliminary phase of the study due to the great
influence of this contribution on thefinal results, in terms of both total
mass and variables trend.

F. Influence of Different Fuel Distributions

To account for the effects of fuel, the same aircraft configuration,
butwith no fuel in the tanks, has been considered. In this case the total
lift is reduced but also the inertia relief is lower; furthermore, the
dynamic aeroelastic behavior may be affected. Load distributions
present a very similar behavior even if the effect of the concentrated
mass representing fuel is neglected. The values of internal forces,
bending torsion, and shear are lower in the new configuration
flight, and so a lighter weight estimation is obtained (about �13%);
furthermore, the distribution of mass along the span is very different
and, near the tip, the optimal solution is stiffer to satisfy flutter
constraint (Fig. 13). The results shown refer to section model 2 with
all the constraints active. The presence of different optimal stiffness
distributions suggests a multiple flight conditions approach, but the
optimization tool of MSC/NASTRAN is not able to consider more
models at the same time, even if the use of selectable lumped masses
could be at hand. Thus, a commercial software, named OPTIMUS
by NOESIS, has been used. In every case considered here, the same
optimization strategy and parameters have been used. To investigate
the influence of the optimization algorithm on the obtained results,
some analyses with different starting points have been carried out to
check the sensitivity of the approach to initial values: results show
very small discrepancies, even if the convergence results vary slow,
requiring 16, 69, 150, and 105 iterations for optimization cases 1–4,
respectively.

The comparison with reference wing-mass prediction [1,7,28] is
presented in Table 7 for the half-wing, whereas the actual value is
derived from [7].Data have been consistently reduced to the total box
mass (MBOX), which represents the sum of outboard wing box, ribs,
and nonstructural masses. The comparison shows a satisfactory
agreement, despite the fact that some unavailable data have been

Table 6 Aeroelastic results comparison

Case no. Mass, kg Mass, kg Difference, % Difference, %

MStruct MOutwing MStruct MOutwing

1 10,966 9603 �6:36 �7:36
2 11,712 10,367 �0:01 �0:01
3 10,868 9518 �7:20 �8:18
4 11,711 10,366 —— ——

5 11,864 10,514 �1:31 �1:43

Fig. 12 Optimal design variable trends in aeroelastic configuration.
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arbitrarily, but reasonably, assumedwithout further confirmation. As
far as aeroelastic phenomena is concerned, only flutter and roll con-
straints have been used in this work, but other requirements can be
added, for example, bounding stresses and accelerations due to gust
response. Furthermore, the confidence in results could be increased
by checking assumptions with the results coming from the design of
each cross section. At the end of this work, partial and preliminary
investigations have been exploited for the possibility of using
composite materials technology. Slight modifications have been
introduced in the structural beam definitions to introduce the
possibility of working with different materials at the same time: the
different technology used to build stiffeners and panels has been
highlighted, differentiating their mechanical behavior. Using the
lamination theory for a symmetric and balanced plate, an equivalent
isotropic material has been calculated with E� 67:2 GPa, G�
68:7 GPa, �� 0:2, and �� 1900 Kg=m3 to use for webs and skin;
for the stiffeners, a unidirectional laminate has instead been foreseen
with E� 200 GPa, G� 4 GPa, �� 0:2, and the same density.
Maximum axial stresses have been differentiated too: in the panels,
the fiber orientations generate different stress status in the plies and,
to consider the maximum one, an opportune reduction of the
admissible stress has been accounted (adm� 445 MPa); in the
stiffeners, the comparison has been directlymade against the value in
the literature (adm� 600 MPa). Themaximum shear stress has been
fixed to 250 MPa. The first results, coming from a model 2 strategy
with roll and flutter constraints activated, show a reduction in mass

of �29:6% (from 12,817 to 9018.8 Kg) as well as an increment of
the torsional stiffness. Further analyses with a discrete input variable
optimization strategy accounting for the number of plies is scheduled
for an upcoming work.

VIII. Second Numerical Example:
PrandtlPlane Configuration

Once reasonable results have been obtained with a conventional
wing, such as one of B747-100, in comparison with data available
from literature, the first-level procedure is applied to the nonconven-
tional configuration based on the PrandtlPlane concept described in
[33], which is characterized by a wing system composed of a lower
forewing and an upper aftwing, joined at tip by a vertical bulkhead, as
shown in Fig. 14). This configuration is, from the structural point of
view, statically indeterminate; thus, the internal forces depend on
the stiffness distribution too. In [34] it has been demonstrated that
this architecture exhibits minimal induced drag, extending Prandtl

Fig. 13 Optimal design variable trends for different fuel configurations.

Table 7 Comparison of weight estimations

with reference data

Reference Mass, kg Difference , %

B747-100 wing 19,592.2 ——

Torenbeek [7] 19,956.8 �1:86
Roskam [1] 19,580.5 �0:06
Macci [28] 19,260.5 �1:69
Present (rigid) 19,962.0 �1:89
Present (aeroelastic) 18,972.0 �3:17

Fig. 14 PrandtlPlane configuration.
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considerations to a swept wing box. Thewings of the aircraft at hand
are characterized by a high vertical gap obtained by supporting the
aftwingwith a doublefin, allowing for a higher efficiency of thewing
system. The aircraft lies in the class of very large commercial trans-
port: the number of passengers, the gross weight, and the general size
are similar to the Airbus 380 (the main properties are summarized in
Table 8). The aircraft is pushed by four engines, twomounted on each
wing, of the same class as the Airbus 380, with 300 kt maximum
takeoff thrust.

A. Optimization Model

Thewing box has beenmodeled with 37 elements in the forewing,
10 in the bulkhead, 36 in the aftwing; five elements model the fin and
are linked to the wing with a rigid element. Nonstructural masses
have been evaluated by using the same semi-empirical formulas
already used for the preceding example. The resulting 21,000 kg
have been distributed proportionally to chord distribution law. The
obtained model is sketched in Fig. 15. The fuel mass has been
distributed proportionally to the wing-box internal volume,
assuming 85% of nominal volume and accounting for the maximum
fuel quantity, which resulted in this condition being the heaviest one.
Two load conditions have been considered: a cruise condition with
static aeroelastic constraints expressed in terms of maximum tip
deflection and torsion, and a pull-up maneuver under stress limits on
both normal and shear stresses. Also in this case the structural weight
is assumed as an objective function. The loads have been computed
by means of the aerodynamic boundary elements method, whereas
inertia relief has been accounted for by MSC/NASTRAN itself,
thanks to the appropriate gravity load condition. The optimi-
zation constraints are summarized in Table 9. Two different sets of
designvariables have been considered for each case: thefirst one only
accounts for axial and torsion thicknesses, whereas the second one
also accounts for asymmetric sparflanges usingmodel sections 2 and
4, respectively.

B. Optimization Results

Because of the uniqueness of the analyzed configuration, no
available data are at our disposal from literature for the sake of
comparison. Thus, general comments about the present method can
be drawn. Two optimization runs have been performed, using section

models 2 and 4 to define the beam element properties, allowing for
symmetric and asymmetric spar flanges, respectively; the results in
terms of total wing-box mass are summarized in Table 10. The
minimum structural weight configuration has been found without
any particular difficulty in 12 and 14 iterations, respectively. It is
interesting to note the minimal stiffness/thickness zone located
approximately at one-third of thewing span in both the forewing and
aftwing (Fig. 16). This is due to the presence of a change in sign in the
out-of-plane bending moment (the orientation of the local frame
vertical direction lies approximately along the absolute reference
vertical axis): as the in-plane bending moment on the contrary is
always nonnull and due to a variable out-of-plane and in-plane
bending moment ratio, the rotation of the cross-sectional principal
axis is required to keep stresses below the limits. This is depicted in
Figs. 17 and 18, in which these internal forces are plotted along

Table 8 PrandtlPlane: relevant data

Description Value

Max takeoff weight 600,000 kg
Max fuel weight (at MTOW) 220,000 kg
Wing surface 811:0 m2

Wing span 78.0 m
Leading-edge sweep forewing 38 deg
Leading-edge sweep aftwing �23 deg
Fuselage diameter 8 m

Table 9 PrandtlPlane: load conditions

and design constraints

Load condition Constraints

Symmetric pull up, n� 2:5 j�maxj< 233 MPa
j�maxj< 116:6 MPa

Max tip displacement for n� 1 � < 2 m (at 250 kt)
Max tip rotation for n� 1 	 < 2 deg (at 250 kt)

Table 10 PrandtlPlane: optimization results

Flanges Iterations Optimized mass, kg

Symmetric 12 54,025
Asymmetric 14 36,643

Fig. 15 PrandtlPlane first-level structural mesh.

Fig. 16 Effects on design variables due to the flange models:

a) symmetric, and b) asymmetric.
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wingspan in the case of symmetric and asymmetric flanges. This
effect is also dependent on the stiffness distribution due to the
indeterminate structural layout in which the structural mass
distribution greatly affects the internal forces. Nevertheless, the
optimization module catches this requirement. It is evident that the
orientation of the section principal axis is far from being constant
along thewing; thus, its effects cannot be predicted by too-simplified
structural models typically adopted during aircraft conceptual
design, whereas it is very effective on the predicted wing mass.
Indeed, in the approach presented here, the use of section model 4, in
which two different design variables are used to define the asym-
metric configuration of the spar flanges, guarantees a significant
reduction of about 30% in the final optimal structural weight, as
shown in Table 10.

IX. Conclusions

A procedure suitable for the preliminary estimation of inertia
properties of the wing box of an aircraft is presented. The main
features of the procedure are related to the capability of accounting
for torsional and aeroelastic requirements, an easy interface to the
initial sizing level, and the availability of information on the wing-
boxmass and on its distribution, aswell as some other relevant inertia
properties; furthermore, many kinds of constraints, ranging from

stress/displacement constraints for static load conditions to flutter
clearance and gust response, can be enforced. Adequate flexibility is
granted to the designer that can include any number of load con-
ditions, each together with specific constraints. The procedure is
currently interfaced to a boundary element code, based on a potential
approach, for the aerodynamic load evaluation and an interpolation
module for the automatic loading of the structural model. The
weight evaluation is entrusted to a commercial optimization code:
the behavior of mass and stiffness is optimized to satisfy global
requirements by exploiting simplified physical cross-sectional
design variables, linked to them by means of geometric analytical
coefficients.

The features of the presented approach have been extensively
discussed for a large aircraft. The approach has been compared, at
first, to classical semi-empirical methods for the estimation of the
wing-box mass of a conventional liner showing a satisfactory
agreement. Then, it has been successfully applied to the wing weight
estimation of an unconventional aircraft, like the PrandtlPlane,
showing a close wing configuration. Even in this case, the approach
proposed has been able tofind theminimum structural weight config-
uration, also taking into account the unusual stiffness distribution due
to the undeterminate structural layout.

The main advantages of the proposed procedure can be sum-
marized in the following statements. The procedure offers an easy
interface to the initial aircraft sizing level, which supplies the main
geometric parameters of thewing, and represents an efficient tool for
the generation of structural and aerodynamic finite element models.
The adoption of a well-established approach for the minimum
structural weight estimation offers a practical alternative to the
classical weight estimation tools, based on statistical data, in the case
of unconventional aircraft configurations. The separation of the local
variables from the general problem and the identification of the
smallest number of variables able to catch the complete behavior of
the problem at every optimization level avoids the need for calcu-
lating the sensitivity of the objective and constraints versus design
variables that slightly affect them, thereby increasing the compu-
tational efficiency. The adoption of a multidisciplinary approach
to the wing structural optimization problem starting from an aero-
servoelastic standpoint allows one to easily introduce the active
control systems in the first-level cycle to optimally design the control
gains.
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