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Joined-Wing Aeroelastic Design with Geometric Nonlinearity
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An integrated process is presented that advances the design of an aeroelastic joined-wing concept by incorpo-
rating physics-based results at the system level. For instance, this process replaces empirical mass estimation with
high-fidelity analytical mass estimations. Elements of nonlinear structures, aerodynamics, and aeroelastic analyses
were incorporated with vehicle configuration design. This process represents a significantly complex application
of aeroelastic structural optimization. Specific fuel consumption for a fixed lift-to-drag ratio was considered in
the process for estimating fuel to size the structure to meet range and loiter requirements. This design process
was implemented on a single configuration for which two crucial nonlinear phenomena contribute to structural
failure: large deformation aerodynamics and geometrically nonlinear structures. A correct model of the nonlinear
aeroelastic physics offers the possibility of a successful design. Unconventional features of a joined-wing concept
are presented with the aid of this unique design model. Hopefully, insight derived from the nonlinear aeroelastic
design might be leveraged to the benefit of future joined-wing designs.

Nomenclature
C = specific fuel consumption
c = wing chord
d = effective wing depth
L/D = lift-to-drag ratio
L/H = fuselage fineness ratio (length/height)
q = dynamic pressure
R; = range of the vehicle over ith mission segment
\%4 = vehicle velocity
Wr = fuselage structural weight
Wi = installed engine weight
Wi = vehicle weight in ith mission segment
W, = vehicle weight at takeoff
Wue = uninstalled engine weight
Xxpqe = aft wing offset along fuselage axis
Zsa = aft wing offset in vertical direction

L

HE joined-wing (Fig. 1) is a radical departure from the world’s

inventory of aircraft. The target application for this study is an
airborne sensor mission. Optimizing structural mass in support of
this mission holds out the possibility that the joined-wing concept
may still offer mass savings where structural stiffness is a design
constraint. If so, geometric nonlinearity and associated aeroelastic
interactions will play a primary role. The results presented here build
on significant prior work.
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Received 1 May 2003; presented as Paper US-5 at the IFASD—
International Forum on Aeroelasticity and Structural Dynamics, Amsterdam,
NL, 4 June 2003; revision received 1 March 2005; accepted for publication
10 December 2004. This material is declared a work of the U.S. Govern-
ment and is not subject to copyright protection in the United States. Copies
of this paper may be made for personal or internal use, on condition that the
copier pay the $10.00 per-copy fee to the Copyright Clearance Center, Inc.,
222 Rosewood Drive, Danvers, MA 01923; include the code 0021-8669/05
$10.00 in correspondence with the CCC.

*Research Engineer, Air Vehicles Directorate; maxwell.blair@ wpafb.
af.mil. Associate Fellow ATAA.

T Associate Professor, Department of Aeronautics and Astronautics;
robert.canfield@afit.edu. Associate Fellow AIAA.

*Structural Composites Research Engineer, Materials and Manufacturing
Directorate; ronald.roberts@ wpafb.af.mil.

832

The joined-wing concept has been studied by a number of de-
signers and specialists since 1986 when Wolkovich! published his
concept. Hajela and Chen published preliminary findings regarding
finite element method (FEM) based mass estimation of a joined-
wing concept.? Livne has provided a valuable survey paper on these
technical developments.® Gallman and Kroo* offered many recom-
mendations, including the use of fully stressed design (FSD) opti-
mization criteria and nonlinear analysis. These authors showed that
the joined-wing configuration in that study was actually heavier
than a conventional commercial transport airplane, thereby deflat-
ing interest in joined-wing technology. However, they did hold out
the possibility that joined-wing designs may be advantageous in the
context of other missions.

Blair and Canfield® initiated nonlinear exploration on a joined-
wing configuration with approximately twice the span of Gallman
and Kroo’s model. The current effort continues with the develop-
ment of a joined-wing design model integrated with automated aero-
dynamic and structures assessments in a single environment. Pre-
liminary results from the current study were first presented in Ref. 6.

Complementing the work presented here is the work of Weisshaar
and Lee,” who provided significant insight into the important role
of flutter in constraining joined-wing design. Their models included
structural optimization of laminated composite material with linear
static aeroelastic and flutter constraints.

A tailored design environment forms the basis for computational
design studies. Wakayama studied an innovative blended wing—
body concept® using a common environment for physics-based
modeling. Samareh and Bhatia® developed a unifying approach for
multidisciplinary design at the vehicle level. Surface geometry was
structured to serve as a unifying medium, with the benefit that this
saves on data storage where a number of disciplines interact.

The high-altitude long-endurance (HALE) mission calls for a
very large wingspan, resulting in greater flexibility than more con-
ventional aircraft wings. This alone invites a reexamination of the
joined-wing concept. The joined-wing concept is revisited as a mass-
competitive alternative with the development of nonlinear analysis
and design tools. Conventional wisdom suggests trading drag reduc-
tion (through decreased airfoil thickness for transonic flight) with
mass reduction (associated with increased wing box depth for struc-
tural efficiency). Maintaining dynamic pressure at higher altitudes
requires increased speed, ultimately leading to transonic effects dur-
ing cruise and loiter. Conventional wisdom should be reexamined
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in light of the joined-wing’s potential for structurally efficient wing
boxes enclosed within thin airfoil sections.

Some have compared the joined-wing and the strut-braced wing
(SBW) concepts. Indeed, one could develop a design study with a
continuous spectrum of shapes ranging from a joined wing to an
SBW. In both cases, the primary wing is reinforced with a second
structure, thus introducing structural members with predominately
compressive loads. Recent studies!® indicate the SBW may be a
superior design over traditional cantilever wing designs for transonic
commercial operations. However, it is the airborne sensor mission
that drives this study of a joined-wing vehicle.

In the final analysis, the optimal design objective will involve a
combination of sensor performance, aerodynamic performance, and
mass. The goal of the current effort is to combine structural sizing for
a moderately high-fidelity FEM to converge on a configuration that
simultaneously satisfies the following: 1) aerodynamic performance
requirements with respect to range and loiter, 2) equilibrium of
integrated aerodynamic and gravity forces in pitch and lift, and
3) structural stress in static aeroelastic equilibrium.

Fig. 1 Joined-wing configuration.

The traditionally held challenge for a joined-wing design has been
to identify and overcome the nonlinear buckling response of the aft
wing. The high-fidelity model presented here has demonstrated that
the front wing can also buckle. In either case, as the joined-wing
structure is resized and buckling becomes critical, it is necessary to
account for stresses arising from large nonlinear deformations. Of
course, this introduces a serious complication into the preliminary
design process.

This paper covers a wide range of perspectives, all of which con-
tribute to the final optimized joined-wing vehicle design. It begins
with a description of the joined-wing vehicle and variable geomet-
ric entities (software objects). The next section provides a top-level
description of the design environment. The following sections ad-
dress the modeling methods integrated for aerodynamic, structural,
and aeroelastic analyses, respectively. An overview of the design
processes employed follows. This precedes the section that focuses
on a description of the baseline model. The final section presents the
optimized results for the trimmed linear and nonlinear aeroelastic
vehicle.

II. Joined-Wing Vehicle

A. Vehicle Geometric Variables

The configuration is driven by a significant number of parameters,
some of which are listed in Table 1, for the baseline. A generic
schematic is provided in Fig. 2 to help interpret these parameters.

Table 1 Configuration parameters with baseline values

Parameter Symbol Value
Inboard span, m Sib 26.00
Outboard span, m Sob 8.00
Fore root chord, m Crf 2.50
Aft root chord, m Cra 2.50
Midchord, m Cm 2.50
Tip chord, m c 2.50
Fore—aft x offset, m Xfa 19.50
Fore—aft z offset, m Zfa 7.00
Inboard sweep, deg Aip 30
Outboard sweep, deg Aop 30
Airfoil LRN-1015
Calculated wing planform area, m> N 143.5
Calculated wing volume, m3 71.7

Zfa

Fig. 2 Planform configuration.
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Fig. 3b Simplified loads on idealized section.

(Note that with these parameters, we have the potential to transform
from a joined-wing configuration to an SBW.)

B. Wing Thickness

In Fig. 3a, the effective wing depth d increases with greater verti-
cal offset of the aft wing z,, and chord ¢ and less horizontal offset
of the wing roots x 7,4,

&)

Thus, this leads the structural designer to advocate increased z ¢,
and ¢ and decreased x s, to increase system stiffness. Conventional
design rules associate aerodynamically thick airfoils with struc-
turally stiff wings. For a joined-wing airplane, this association is
not so clear. The optimized joined-wing structural load paths will
be shown to follow the inboard wing leading and trailing edges as
evidenced by structural buildup shown in Fig. 3b. Clearly, unconven-
tional structural load paths invite unconventional design solutions
with a possibility for increased aerodynamic performance. From an
aerodynamic perspective, thinner airfoils, perhaps with less tran-
sonic aerodynamic drag, are enabled. In addition, there is a possi-
bility to leverage nonlinear structural and aeroelastic synergies to
benefit vehicle stability and control.

d = c(Zfa/Xsa)

C. Twist-Actuated Aft Wing

As mentioned, the structural load paths follow the wing leading
and trailing edges. To avoid placing control surface cutouts on the
major load path, aft wing twist actuators were used in lieu of articu-
lated control effectors for pitch trim. The aft wing pivots about a shaft
at the wing root. Vehicle trim is controlled in pitch with a torque ac-
tuator effecting root twist on the aft wing. Actuation may be realized
with pushrods extending up the vertical tail. The twist-actuated wing
replaces the function of a trailing-edge flap in conventional wing de-
signs. The aft wing provides ample control authority with minimal
drag. Torsional stiffness must be low, and bending stiffness must be
high. Torque-compliant structural design that accommodates natu-
ral load paths may help advance this concept. An unswept aft wing
would facilitate this proposed twist-actuated design.

D. Propulsion
Obviously, the choice of propulsion system has a strong influence
on the resulting vehicle design. However, the focus of this paper is on

aeroelastic design of the joined-wing structure. A particular mode
of propulsion was chosen to close the design process in terms of fuel
consumption. A turboprop in a pusher (aft) position was selected
for this study.

III.

A large community of design specialists has developed an ap-
preciation for design environments where systems design requires
geometric models to interact with a number of analysis modules for
a wide range of design variables (mission, geometric, properties,
etc.) and technology-driven components and generating a number
of system performance metrics. A number of commercially avail-
able design environments compete for business. For this study, we
chose to utilize the Adaptive Modeling Language (AML) URL:
http://www.technosoft.com/. AML is characterized by users as a
LISP-like scripted language that drives compiled object code. AML
user objects differ from traditional object code, for example, C++,
in that any object member or method is automatically accessible
from within any other object of the code. The base AML class incor-
porates automated dependency tracking on every member property
(member variable) through object inheritance. This is accomplished
automatically in the source-code interpreter for each property for-
mula. Dependency tracking provides a model that is always up to
date with respect to any change. Demand-driven calculations are
also incorporated into the base AML class. This feature allows one
to invoke many changes before forcing desired consequences. For
instance, the mission state, the wing sweep, the airfoil section, and
so on can be changed before forcing a subsequent dependent mass
calculation. This aspect of AML tremendously facilitated the joined-
wing design process. However, it also requires focused thought to-
ward managing the overall process as the design model becomes
more extensive. For instance, dependency tracking had to be over-
ridden with respect to a number of key parameters to avoid repetitive
extensive calculations or the possibility of an uncontrolled feedback
loop.

The joined-wing design environment presented here benefited
from native AML objects for geometric entities used for visualiza-
tion, volumetric calculations, and model sharing (IGES and Para-
Solids). The recently developed AML meshing object was not used
in this model. Rather, the capability described next was developed.

Design Environment

A. Configuration Design Tool Development

The design model shown in Fig. 1 was decomposed into approxi-
mately 25 primary objects that drive a number of specialized meth-
ods and functions. At the base geometry level, these include curve
object, contour object, and surface object to control native cubic
constructs. At the wing level, the airfoil, wing panel, and wing tip
objects form the basis for an assembled joined-wing object. The
wing-merge object shown in Fig. 4a and reconfigured in Fig. 4b
connects the inboard and outboard portions of the wing geometry.

The structural FEM and aerodynamic panel partitioning are based
on the contour object, which linearly interpolates a paved mesh be-
tween key or template curves. Grid points and structured element
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a)

b)

Fig. 4 Airfoil variability at wing joint with a) shallow taper and b) steep taper.

Fig. 5 Web geometry for joined-wing concept with 30-deg tip sweep.

connectivity are tailored to the joined-wing object according to the
requested number of rows and columns of elements. The resulting
web geometry based on the contour object is shown in Fig 5. Parti-
tioning for structures and aerodynamics models are independently
controlled.

Whereas the wing structure and aerodynamic models are consis-
tent with a preliminary level of design detail, the fuselage is not so
well defined. For instance, the fuselage mass is parametrically based
on textbook formulas and historical regression. Model limitations
are addressed hereafter. The fuselage geometry in Fig. 1 does not
serve any analysis.

B. Joined-Wing Object

The earlier described collection of objects was developed and
combined to create IGES and ParaSolids surface representations
for computational fluid dynamics (CFD) calculations, panel defini-
tions to drive PanAir input, and a structural finite element modeler
to drive input for structural optimization codes ASTROS and NAS-
TRAN. This joined-wing object was based on a very limited airfoil
library and was interactively controlled with numerous properties,
including scaleable (thickness and chord) airfoils at key locations,
twist at key locations, fore—aft wing separation, component sweep
and dihedral, taper, and chord.

The following description gives a sense of the level of detail
incorporated into this model. The shape of the wing tip scales auto-
matically or can be easily crafted to form a variety of shapes such
as a crescent wing. Airfoil blending in the joint (merge) region can
be controlled with a single factor. This geometric model assumes
that the chord bounding the inboard merge region between the fore
and aft wings is constrained to a sharp edge. The bluntness of the

edge is variable and is controllable to the limited extent shown in
Figs. 4a and 4b. Without detailed aerodynamic modeling, intuition
led to the surface shown in Fig. 4b to smooth the wing for less drag.

When the joined-wing vehicle design model was exercised, an
extensive amount of work required to complete just one design con-
figuration. Therefore, only one configuration is presented in this
paper. Ongoing configuration studies will be reported in a future

paper.

IV. Physics-Based Modeling

A. Mass Modeling

The predicted vehicle takeoff mass comprises FEM-based wing
structure, parametric fuselage structure mass, tail structure, para-
metric engine mass, payload, and fuel. The parametric quantities
are a function of the gross takeoff mass (GTOM); thus, the para-
metric calculations were part of a convergence process along with
fuel mass calculations. During the dependency-tracking process, the
fuselage and tail masses were kept constant following the initial con-
verged baseline calculation. The fuel mass varied with the change in
structural mass, and the engine mass was updated with the GTOM.

B. FEM-Based Wing Structure Mass

Wing structural mass comprises skin and substructure FEM el-
ement masses. The substructure was densely populated with ribs
and spars to discover where the optimized structural material would
distribute itself within the substructure. The substructure minimum
gauge was allowed to approach small values during the FSD process
to identify the unnecessary substructure. Assuming stress-critical
design (ignoring buckling, cost, etc.), one expects that the resulting
mass will be representative of production substructure, regardless of
the number of stress-optimized substructural elements. For instance,
a two-spar wing design carries the same bending shear stress as a
four-spar wing with one-half of the spar thickness.

C. Fuselage Structural Mass
Nicolai!! published a parametric formula for fuselage weights of
military and commercial transport aircraft,

Wi = 4.003(¢)"* (W) (L/ H)*"" )

where W is the fuselage weight in pounds, ¢ is the maximum dy-
namic pressure in pounds per square foot, Wy, is gross takeoff weight
in pounds, and L/ H is fuselage fineness.

D. Engine Mass

Torenbeek'? estimates uninstalled turboprop engine weight Wyg
to fall between 0.35 and 0.55 1b/hp. The joined-wing model assumed
0.45 1b/hp. Constant L /D was assumed as 24. Power is drag times
velocity, and velocity is prescribed for a specified Mach and altitude.
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Raymer!? estimates the installed engine weight Wi with the formula
Wig = 2.575W3? 3)

E. Fuel Mass

Fuelis carried in the wing and fuselage. Available fuel volume was
a constraint, calculated using the tessellated wing surface model.
The simple fuel management system distributes the fuel evenly
throughout the wing for load alleviation. Managing fuel distribu-
tion to minimize trim drag was not part of the process reported here,
but is recommended for future studies. In the design study presented
here, the vehicle model carries 100 kg of fuel in the fuselage, which
is consumed last. The fuel requirement was approximated with the
Breguet range equation for level (constant altitude) flight. The mis-
sion was partitioned into three (constant altitude) mission segments.
The effect of changing altitude is not addressed in any one segment,
nor in the transition from one segment to the next. This simplifi-
cation was justified by the long range and long endurance of the
mission. However, future studies would not suffer computationally
with higher-fidelity mission profiles.

The Breguet formula is given here in its normal form,

R; = (V/C)(L/D) ln(M; —1/M;) C)

where R; is the range for the ith mission segment, V is velocity,
M; _ is the initial mass at the start of a given mission segment,
and M, is the final mass at the end of a given mission segment. For
loiter segments with given time and velocity, the equivalent range
was calculated.

The joined-wing mass convergence process was initiated by as-
suming that the empty (no fuel) mass was known and that the GTOM
was unknown. The range equation was solved for the fuel require-
ment over each mission segment, starting with an assumed empty
mass. Simultaneously, the fuselage and engine were resized accord-
ing to their respective parametric formulas. The process was iterated
until convergence was achieved to within 1 1b. During the design
process, as the wing mass changed, the fuel requirement changed
according to the Breguet range equation.

L /D was assumed constant throughout this study, although the
capability exists to update L /D with the aerodynamic modeling de-
scribed subsequently. For this design process, the focus was on op-
timizing the nonlinear structural model. Future optimization studies
should consider both structural weight and L /D as objective func-
tions. For structural analysis, fuel stored in the wing provided inertia
relief to counter the aerodynamic load. Following the initial mass
sizing, automated dependency tracking assured a consistent mass
model with the correct amount of fuel evenly distributed for any
point in the mission.

F. Aerodynamic Modeling

The joined-wing design process benefits from a single compress-
ible aerodynamic model to provide loads for structural modeling,
drag for an aeroperformance assessment (not employed here), and
stability derivatives to establish trimmed flight conditions. Large
deformations typical of trimmed HALE concepts are expected to
contribute to the physics of the trimmed design. PanAir'* provides
the linear aerodynamic model for large deformations. Drag assess-
ment is based on PanAir sectional lift distribution corrected with
two-dimensional airfoil drag data. The drag assessment capability
was tested but not incorporated into the process that produced de-
sign results. No aerodynamic modeling was applied to the fuselage
or vertical tail, even though this can be done in PanAir.

The element partitioning in the joined-wing environment is vari-
able. Panels on the baseline analysis model are shown in Fig. 5.
PanAir is a linear aerodynamic solver using the technique of bound-
ary elements, otherwise referred to as aerodynamic paneling. Sur-
face geometry is body fitted with a structured array of quadrilateral
panels. The number of panels is a model variable interactively spec-
ified by the user. The baseline model contains 1290 elements for the
half-wing. Convergence testing was informally approached with the
knowledge that the vehicle trim process will always assure the same

Fig. 6 PanAir pressures on wing tip.

total load, thus, partially accommodating a less than optimal con-
vergence. Ultimately, there will be a requirement for higher-order
aerodynamic modeling.!> Meanwhile, PanAir is geometrically con-
sistent with the higher-order methods with its body-fitted mesh.

Computer graphics linked with aerodynamic analysis are critical
to be sure that the pressures make sense. This is especially true where
structural responses are associated with unusual configurations such
as the joined wing. Figure 6 shows the wing tip isolated with PanAir
pressure vectors depicted at element corner points on the upper
surface (and on the lower surface only along the near edge).

Pressures were integrated to determine lift and pitching moment
for trim and stability. These integrated quantities were extracted
from the PanAir output file. In addition, PanAir provides interpo-
lated pressures at the corners of the panels. These data were ex-
tracted from the output and integrated within the joined-wing envi-
ronment to generate stability derivatives for trim and, more impor-
tantly, forces for structural loads. All pressures were applied in the
surface normal direction consistent with inviscid flow.

G. Trim and Stability Considerations

System force (z axis) and pitching moment (y axis) were kept
in equilibrium with partially automated aerodynamic trim for ei-
ther the rigid or flexible cases. The trim condition was approached
iteratively with a simple Taylor series, based on finite difference
approximations to the aerodynamic derivatives. The lift and pitch
aerodynamic derivatives were based on a simple linear twist distri-
bution extended over the length of the aft wing from the root to the
joint for the rigid case. For the flexible case, the aft wing root twist
was imposed in the FEM and the structural solver calculated the
flexible aft wing twist. As a result, there was a stress component
due to aft wing twist actuation. The deformed condition from the
structural analysis included effects of aerodynamic loads plus torque
from an actuator that applies the specified twist angle at the aft wing
root. This trim process was time consuming and its automation is
clearly in order. The process worked with the linear FEM, but ran
into difficulties with the nonlinear FEM.

H. Aerodynamic Loads

There was a nominal 5% difference between the lift calculated
in PanAir based on constant pressure panels and the externally in-
tegrated interpolated pressures. The discrepancy was not explored.
However, this difference should not change the results significantly
because the loads are fixed to achieve a fixed lift. Therefore, only
the distribution of pressure is effected.

I. Drag Buildup

A procedure was developed using tabulated airfoil data generated
with XFOIL.'® XFOIL is a quick response program that couples a
two-dimensional panel method with a boundary-layer formulation.
The two-dimensional drag data were assumed applicable up to 30
deg of sweep. The procedure calculated a sectional lift coefficient
based on PanAir results along each chordwise column of panels.
Values of compressible drag coefficient were then interpolated from
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the tabulated two-dimensional drag data. Wing drag was the sum
of all sectional drag components. This buildup approach approxi-
mately accounts for both induced and viscous drag components. The
induced drag is accounted for indirectly with angle of attack correc-
tions by matching the sectional lift. The viscous drag is accounted
with the boundary-layer theory. Compressibility is implicitly in-
cluded to the extent possible with Mach-dependent terms included in
governing partial differential equations for both PanAir and XFOIL.

Spanwise pressure gradients are not accounted for, and the flow
over the bumpy wing joint is clearly in question. The drag buildup
used the same tabulated lift and drag data based on a common airfoil
shape for the entire wing, including the wing joint. Although this
approach is not reliable for accurate prediction of absolute drag
(including fuselage and propeller drag, etc.), it is useful in comparing
design objective metrics with respect to wing variants.

Although this drag buildup feature is functional and must even-
tually be included in future design studies, it was not used in this
mass convergence. Optimal design convergence is a lengthy process,
even with extensive automation, and we chose to forgo a matched
drag/fuel/mission loop in the process. Instead, fixed L/D was as-
sumed for the purpose of fuel consumption. Nevertheless, a com-
plete assessment must ultimately include accurate drag accounting.

J. Structural Modeling

All of the work to set up the geometry and the applied loads is
preparatory to structural modeling and design. The structural me-
chanics with indeterminate load paths are complicated even at the
most basic, that is, beam structure, level. This is addressed in the
following subsection. As will be shown, joined-wing design is dom-
inated by geometrically nonlinear structural mechanics, and a basic
description is provided in the next subsection. In the final subsec-
tions, the built-up joined-wing FEM model with membrane elements
and the optimized solution procedure are described.

The design procedure is a loosely coupled interface between aero-
dynamic loads calculated by PanAir and structural response to those
loads calculated by ASTROS!” or MSC.NASTRAN.'® The unique
joined-wing configuration employed for a long endurance mission
leads to the potential for significant nonlinear structural effects. In
the following subsections, how this configuration leads to an uncon-
ventional material distribution, what nonlinear structural effects are
important, how the structure is modeled, and how the nonlinear anal-
ysis was used to determine the material distribution are discussed.

K. Anticipated Structural Load Path

The load path for a joined-wing starts at the wing tip and naturally
heads in a direction to achieve a state of least strain energy. Any
vertical load will have a component normal to the bending plane
(the bending load) and a component parallel to the bending plane.
All of the loads considered in this study (taxi, maneuver, gust, and
landing impact) are primarily vertical loads of this kind. Consider a
pullup maneuver. Bending and in-plane loads are present along the
fore and aft wing and pass into the vertical tail and the fuselage. The
two paths meet and equilibrate in the fuselage.

Figure 3 shows the plane of minimum bending stiffness by the
dotted line connecting the fore—aft wing root. The greatest bending
stiffness is obtained by placing material as far from this plane as
possible, indicated by the distance d. The dots at the leading and
trailing edges indicate where material should be placed in the wing
box to obtain a structure with maximum leverage to resist bending.
This property of our joined wing suggests that a control surface (or
any nonstructural function) not be placed at the trailing or leading
edge near either the fore or aft wing roots. Furthermore, we note
that the dimension d is driven by the fore—aft wing root vertical and
streamwise offsets. Figure 3 indicates that the distance d is greater
than the airfoil thickness. Thus, the airfoil thickness-to-chord ratio
is not as important to bending stiffness in a joined-wing as it is for a
conventional wing. This may increase the freedom to select thinner
airfoils without a structural penalty, as Wolkovich suggested.!

Wolkovich! and Gallman and Kroo* reported a forward compo-
nent in wing tip displacement. The normal to the minimum wing
root bending plane points forward. The bending load can be decom-

posed into normal and tangential components with respect to this
plane. The tilted normal component induces a forward component
with respect to the vehicle axes. Because the wing bends up and
forward, both the aft and front wings have the potential to buckle
wherever compression is present.

With those thoughts in mind, there are also the torsional loads to
consider, as depicted in Fig. 3b. These torsional loads will contribute
significantly to the twisting deformation observed in the nonlinear
model. Therefore, torsional stiffness is also an important design
parameter.

L. Nonlinear Structures

A HALE uninhabited air vehicle will have very flexible wings
due to high aspect ratio for optimal L/D. Therefore, HALE con-
cepts experience large deflections, large enough that the assump-
tion of geometric linearity is violated. Furthermore, the aft wing,
which does not exist in conventional aircraft, is especially prone to
buckling. Whereas global buckling rarely occurs for conventional
aircraft, nonlinear analysis is necessary for highly flexible joined
wings. Airframe designers do consider so-called local buckling later
during preliminary design. For example, wing skin panels were de-
signed for postbuckling in the design of the C-17 cargo aircraft.

Linear buckling analysis includes only a first-order geometric
nonlinearity that leads to an eigenvalue problem that predicts when
the structure is unstable. The critical eigenvalue is the magnitude of
load for which the deformations may grow unbounded. The higher-
order geometric nonlinearity (due to follower forces and certain
nonlinear strain terms) may either aggravate or prevent unbounded
deformations, but they are ignored in the buckling analysis. The
geometrically nonlinear analysis includes the higher-order terms
that capture how the structure actually deforms beyond the critical
buckling load. In MSC.NASTRAN,!® the nonlinear stiffness ma-
trix, that is, the tangential stiffness matrix, consists of three parts:
the linear stiffness, the geometric (or stress) stiffness, and the stiff-
ness due to large rotation.!” Buckling eigenanalysis incorporates
only the former two. In fully nonlinear analysis, the stiffness due
to large, deformation induced rotation is incorporated through the
latter matrix, plus an updated Lagrangian approach in which the
element coordinate system is updated to the deformed geometry
periodically throughout the solution procedure.

M. Structural FEM

Parametrically developed structural meshes for the upper and
lower skins were identical. A typical top view is shown with the
web geometry in Fig. 5. In addition, the substructure is idealized as
a complete “egg crate” of spar and rib plate elements connecting
each top plate (QUAD4) element with its lower counterpart. The
user may control the number of chordwise and spanwise divisions
of the skin. Plate (QUAD4) elements were added at the wingtip
leading and trailing edges to facilitate the load transfer from the
aerodynamic model to the wing structure. The fuselage and vertical
tail were modeled as rigid elements.

N. Structural Solution and FSD Procedure

The skin, spar, and rib elements of the wing box were sized us-
ing FSD because traditional, empirical, parametric weight equations
are not sufficient for sizing an unconventional joined-wing aircraft.
Each time a set of acrodynamic loads was calculated, they were
treated as static loads for which the standard NASTRAN'? proce-
dure was used to converge on geometrically nonlinear equilibrium.
The resulting stresses due to flexible, trimmed air loads were used to
determine an FSD. Linear material properties were assumed. A fac-
tor of safety of 150% was applied to the stress allowable at 100% of
the design (maneuver, gust, and impact) loads. The NASTRAN op-
timizer provides for FSD when linear static analysis is conducted.!®
This procedure was used for the results based on linear analysis.
Incorporating buckling would require gradient-based optimization
for the wing sizing. This exceeds memory normally available on
a desktop personal computer for the many design variables in this
application. After the FSD was completed, buckling stability was
calculated with NASTRAN.
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Fig. 7 Design procedure with indices in Table 3.

NASTRAN does not have the capability to perform FSD with
a nonlinear structure. Instead, a MATLAB® procedure was devel-
oped to carry out FSD with the stresses computed by NASTRAN’s
nonlinear analysis. The MATLAB program converted the structural
model and loads into a NASTRAN nonlinear analysis file.!” The
MATLAB program performed the FSD algorithm to resize each el-
ement and create a new NASTRAN input file. For both the linear
and nonlinear analysis, the converged FSD was retrimmed using the
new aircraft mass and center of gravity until this outer loop of cycles
converged on the flexible, trimmed loads (Fig. 7). FSD updates were
based on the worst-case stress on each element for all of the impact
and nonlinear aeroelastic trimmed load conditions.

Nonlinear analysis on the optimized linear model does not nec-
essarily converge, depending on the postbuckling behavior of the
wing. Because optimization of the nonlinear model started with the
analysis of a buckling-prone structure, this required some special
consideration that is explained here. Whereas a 1.5 safety factor
applied to the stress failure condition is equivalent to a 1.5 safety
factor applied to the loads for the FSD based on linear analysis, it is
not equivalent for nonlinear analysis because stress and load are no
longer directly proportional. Applying the safety factor to the stress
allowable facilitated the FSD convergence for nonlinear analysis.
In other words, the 150% load requirement was exchanged for a
67% stress allowable. This allowed the stress-constrained optimiza-
tion process to be carried to convergence in the presence of buckling
below 150% (and above 100%) of the design load. FSD did not con-
verge when the stress criterion was applied at 150% of the design
load. This is discussed in the “FSD Wing Sizing Results” section.
Moreover, the additional torsional stresses induced by the flexible
aft wing twist exacerbated this convergence problem. Therefore,
the flexible aft wing twist was neglected during FSD with nonlinear
analysis. This assumption anticipates our development of a twist-
compliant aft wing structure that alleviates excessive stress due to
twist actuation.

O. Aerostructures Interaction

The solution procedure for converging on nonlinear aeroelastic
equilibrium involves a series of corrections starting with rigid loads
and ending with flexible loads on a deformed structure. Large de-
formations require geometrically nonlinear aerodynamic analysis
to be addressed. A specialized interface between the aerodynamic
panel and structural finite element mesh was programmed in AML.
Here, a panel is used to mean the smallest element of partitioning
in the PanAir model. Each panel control point (where the tangen-
tial flow boundary condition is enforced) is defined internally with
respect to the user-specified corner points. The surfaces of the aero-
dynamic and the structures models are coincident. Therefore, each
PanAir corner point falls within a unique structural element on the
wing surface. Displacements of corner points in the PanAir model
were interpolated from structural grid point displacements of the
corresponding structural element. The structural deformation be-
tween surface grid points was simply interpolated assuming a flat
surface.

Fig. 8 Aeropressures superimposed over structural forces near the
wing tip.

The load transfer process from the aerodynamic model to the FEM
was a bit more involved. Each aerodynamic panel was subdivided
and the pressure over each panel interpolated based on pressure
values at each panel corner of the PanAir model. The integrated
normal force at the center of each subpanel was divided and dis-
tributed to the four structural grid points of the associated structural
element. The allocation was weighted according to the proximity of
the normal force to each structural grid, thus maintaining equivalent
energy in going from the aerodynamic distribution of pressure to
the equivalent structural load at the FEM grid points.

Model validation is always a concern. For instance, it was impor-
tant to check that the total structural forces equaled the integrated
pressure quantities. With respect to distribution, Fig. 8 shows pres-
sure vectors (in red) at points on a section near the wing tip. Struc-
tural forces at grid points along the same section of the wing structure
are shown in green. This unscaled correlation provides some reas-
surance that pressures from the aeromodel were properly translated
into forces on the structural model.

V. Putting Joined-Wing Design Environment to Work

A. Joined-Wing Design Process

A conceptual design process is a matter of balancing all design
considerations until requirements have been met and the system
is optimized for cost or performance. Cost and performance are
based on either (1) historical regression or (2) manufacturing pro-
cess and physics-based models. No conceptual regression models
exist for joined-wing design. Range and loiter performance can be
addressed if one simultaneously knows all of the masses and aerody-
namic drag for all segments of the mission profile. The vehicle mass
is dominated by fuel and structures. At the detailed structural level,
one asks if the vehicle is sufficiently stiff, that is, aeroelastically
sound, and strong enough to carry all anticipated loads, for exam-
ple, balanced maneuver loads and landing loads. The joined-wing
designer is quickly confronted with detailed design issues. Clearly,
the conceptual and detailed designs are mutually dependent. This
joined-wing design process was set up to begin to address this chal-
lenge. The two primary design drivers for the joined-wing concept
are maximum aerodynamic performance that is, maximum L/D,
and minimum structural mass. Structural mass is the focus in the
work reported here.

B. Convergence Paths

Nonlinear aeroelastic optimization is an iterative process. The
complete overall procedure converges on two objectives: 1) maxi-
mized lift/drag and 2) nonlinear structurally minimized mass. The
two metrics are mutually dependent through 1) aerostructures in-
teractions, 2) fuel mass, 3) static trim, and 4) mass balancing.
Started from a rigid outer surface definition, recursion takes place as
follows.
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1) Determine aerodynamic performance (L/D) recursion as

follows:

a) Integrate pressure into sectional and total lift L components.

b) Obtain sectional drag from tabulated data and sum total
drag D.

¢) Use new L/D and calculate fuel requirement.

d) Generate new aeroelastic trimmed pressure distribution.

e) Repeat the procedure.

2) Determine nonlinear structurally optimized mass as follows:

a) Convert pressures, fuel masses, and landing loads into FEM
force components.

b) Calculate nonlinear structural deformation and stress.

¢) Employ FSD for optimal mass.

d) Update aeromesh with deformed structure.

e) Trim deformed FSD with aerosurfaces.

f) Calculate new pressure distribution.

g) Repeat the procedure.
Each new structural design using FSD influences vehicle mass, forc-
ing all of the foregoing to be reconsidered. Convergence on an ac-
ceptable design requires multiple iterative processes. Even with the
automated processes built into this design model, this overall conver-
gence required more resources than were available for this study.
Hence, the current design focused on nonlinear structurally opti-
mized mass for fixed L/D. Note that the overall system design
depends on optimized mass and lift/drag together.

C. Structurally Focused Design Process

With user-driven input and automated dependency tracking, many
paths were initially available for maneuvering through the design
space in the joined-wing design environment. Table 2 provides all
of the connectivity that is available (but not necessarily explored at
this time) in the joined-wing design environment. Data groups are
indexed and listed in the left column. Data processes are listed in
the right column with input and output data types. A wide variety of
data processes could be extracted from this connectivity. The authors
chose a more specific path. Figure 7 and Table 3 comprise the flow
diagram for this specific path. To add some sense for this paper,
Fig. 7 and Table 3 are somewhat simplified. The basic sequence
is indicated in Fig. 7 with numbered arrows, where the data type
corresponding to each index is given in Table 3. Figure 7 and Table 3
are useful for explaining the process utilized to converge on the
results presented later in this article. Four parallel system analysis
elements are involved in the convergence process that leads to a
design solution. These elements are outlined here. Each element
starts with an “intelligent” assumption that is repeatedly corrected
until convergence is achieved.

1) Mission: The lift/drag (L/D) drive fuel weights and subse-
quently the empty vehicle weight.

2) Loads: The aerodynamic flow is determined by the vehicle
shape which is driven in part by component configuration. Other

major contributors are vehicle attitude (trim condition) and struc-
tural flexibility. Aerodynamic pressures are integrated to form struc-
tural loads. Taxi loads are an important non-aerodynamic structural
driver.

3) Trim: Static force and moment equilibrium is enforced for the
unconstrained symmetric airplane degrees of freedom with input
from an aerodynamic control effector. Pitch stability is an important
consideration.

4) Structures: The minimum weight structure is driven by material
stress allowables and minimum gage, geometrically correct loads,
and non-linear structural mechanics. Structural weight recursively
influences itself in the presence of gravity.

VI. Design Requirements

System requirements that drive this design process are listed as
follows.

1) The required mission (range) includes ingress, loiter, and
egress.

2) The Load requirements for structural design include taxi loads
(crater impact); a simple pullup maneuver at 2.5 g for start and
midpoint of each leg, plus end point of egress; gust at 20,000 ft
[Federal Air Regulation Part 23: 60 ft/s (A« = 4.8 deg), maneuver
50 ft/s (A = 3.5 deg) at cruise]; and landing loads.

A. Required Mission

This study is roughly based on the published Global Hawk mis-
sion profile.?’ The overall design process was simplified by ignor-
ing takeoff, climb, descent, and landing components of the mission,
leaving the mission defined in Table 4. An L /D of 24 was assumed
to be achievable at Mach 0.6 for ingress and egress. The high Mach
number at loiter is required to achieve sufficient dynamic pressure
to sustain flight. The propeller specific fuel consumption Cyyp was
assumed to be 0.55, and propeller efficiency was 0.8.

Table 3 Design procedure indices for Fig. 7

Data index Data type

FEM mesh
Aerodynamic mesh
Default FEM mass
Fuel mass
Total mass
Vehicle attitude
Vehicle attitude
Aerodynamic derivatives
Aerodynamic forces
0 Optimized FEM mass
(update optional)

— 001N A WN =

Table 2 Data connectivity

Data

(data in) Computation (data out)

(1) Mission suite

(2) GTOM-mass

(3) Best aerodynamic L/D data
(4) Best engine data

(5) Position/velocity

(6) Attitude

(7) Aerodynamic pressure distribution
(8) Linear aerodynamic model
(9) Fuel mass

(10) Structural mass model

(11) Structural configuration
(12) Outer surface definition
(13) Structural loads model

(14) Subsystems configuration
(15) Structural FEM model

(16) Subsystems mass model
(17) Aeroelastic modal interface
(18) Antenna geometry

(1,2,3,4) Breguet fuel assessment (9)
(1,2,5) Trim analysis (6)

(12) Aerodynamic panel generation (8)
(6,8) Aerodynamic solver (7)

(9,10,16) Mass roll-up (2)

(12) Configuration layout (11,14)

(7) Drag assessment (3)

(11) Structure FEM generation (10)
(10,13,15,17) Structure optimization (10)
(9,10,7) Critical loads assessment (13)
(14) Generate subsystems mass (16)
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Table 4 Baseline mission and aerodynamic parameters

Mission leg Range Duration Velocity C (SFC) Dynamic pressure Wi/ Wit
Ingress 3000 n mile N/A 0.6 Mach at 1.39¢—4 2600 Pa 1.23
5550 km 50,000 ft, (1/s)
167 m/s
Loiter N/A 24 h 0.6 Mach 1.39¢—4 1270 Pa 1.87
8.64¢4 s 65,000 ft, (1/s)
167 m/s
Egress 3000 n mile N/A 0.6 Mach 1.39¢—4 2600 Pa 1.23
5550 km 50,000 ft, (1/s)
167 m/s

Table 5 Load cases

Mission Leg Fuel
Load Load type leg fraction  remaining, %
1 2.5-g Pullup Ingress 0.0 100
2 2.5-g Pullup Ingress 0.5 85
3 2.5-g Pullup Loiter 0.0 72
4 2.5-g Pullup Loiter 0.5 38
5 2.5-g Pullup Egress 0.0 14
6 2.5-g Pullup Egress 0.5 7
7 2.5-g Pullup Egress 0.98 0
8 Gust (maneuver) Descent 0.6 0
9 Gust (cruise) Descent 0.6 0
10 Taxi (1.75-g impact) Takeoff 0.0 100
11 Impact (3.0-g landing)  Landing 0.0 0

B. Required Structural Loads

The structural design is required to meet any relevant load re-
quirement at all points in the mission. These are listed in Table 5.
This study was arbitrarily limited to symmetric loads. The 2.5-g
pullup maneuver loads were applied at seven points in the mission.
Vertical gust loading was superimposed over trimmed 1-g flight with
an equivalent angle of attack based on the gust alleviation factor.!3
There are two gust loads indicated as 8 and 9. Load 8 represents
a gust encountered at maneuver speed (airspeed at which full and
abrupt control inputs may be applied, slightly slower than cruise
speed to account for more severe turbulence with vehicle trimmed
for cruise). Load 9 represents a gust encountered in normal trimmed
cruise.

VII. Baseline Design Model

A. Configuration

The key baseline geometric parameters are listed in Table 1 and
shown in Fig. 2. For this study, these parameters remain constant;
however, the design environment facilitates configuration design,
in which case these parameters can be varied. To put the baseline
into perspective, this vehicle’s 68-m wingspan is roughly that of a
Boeing 747. The wingspan on the Global Hawk is 35.4 m.

B. Materials

Composite materials prevail in optimized HALE wing designs
where minimum gauge and stiffness issues prevail. Other consid-
erations, such as multifunctional structures for load-bearing anten-
nas, will eventually become a design factor that dictate the use of
composites. However, composite materials would add unnecessary
complexity to this joined-wing design study where basic isotropic
material design is not yet established. This additional complexity
appears in the form of composite type selections and fiber orienta-
tion. The aluminum design will illustrate the process and provide a
reasonable target wing mass. Thus, the structural material for this
wing design study was (isotropic) aluminum. The allowable von
Mises stress was 179 MPa, based on a 1.5 safety factor applied
to shear and yield stress allowable of 269 MPa for aluminum. A
minimum structural thickness of 0.10 cm (0.040 in.) was imposed.

C. Initial Masses
The initial masses are recorded in Table 6. The payload mass
accounts for electronic gear. The wing structural mass was initially

Table 6 System weights for
initial mission analysis

Component Mass, kg
Payload 3,550
Engine 1,760
Fuel 24,674
Wing structure 6,780
Fuselage structure 2,170
Tail structure 100
Total assumed 39,034

estimated at 6780 kg to initiate the fuel estimate. The fixed fuse-
lage mass of 2170 kg was calculated with Eq. (2). Empty takeoff
mass (ETOM) and GTOM were calculated in a convergent pro-
cedure using the Breguet range equation and parametric nonstruc-
tural component mass models. The initial approximate ETOM was
13,700 kg, and GTOM was 38,300 kg. It can be compared to the
published Global Hawk?® ETOM of 11,600 kg (same mission) and
the published?' Boeing 747 ETOM of approximately 180,000 kg
(same wing span).

Uniform thicknesses were assumed for the initial material distri-
bution, resulting in a wing mass of 6780 kg. Once the FSD structural
sizing process was begun, the sized structural mass was used for fuel
estimation.

The baseline wing has a volume of 71.7 m? to carry a maximum
58,100 kg of JP4 fuel. The range analysis, Eq. (1), calls for 24,674 kg
of fuel, which occupies under one-half of the available volume for
fuel in the wing. Fuel is carried in the wing and fuselage. Fuel was
uniformly distributed in the wing throughout the mission with an
additional 100 kg contained in the fuselage. Alternate strategies for
fuel distribution that minimize trim drag could be investigated, but
were not.

D. Aerodynamic Trim

For the rigid case, the baseline aerodynamic center was at 14.6 m
from the forward wing apex. With the default skin thickness of
0.00254 m, the trimmed (pitch only) center of pressure at full fuel
was 14.5 m with an aft wing twist of 0 deg. In general, the rigid
center of pressure was not significantly affected by the choice of
airfoil. Further studies will be required to optimize aerodynamic
performance. The aerodynamic center remained close to the cen-
ter of pressure (and, therefore, the center of mass) throughout the
design process. Pitch stability was assumed controllable with au-
tomated feedback systems. With parasite drag assumed constant at
Cp =0.01, Table 7 provides a range of aerodynamic states between
ingress and loiter for the rigid baseline. During the optimization
process, a constant L/D of 24 was assumed to avoid additional
complications with the convergence process.

VIII. FSD Wing Sizing Result

The joined wing was sized using the FSD approach to assign
thickness values to the structural elements in the wing boxes. Mass
convergence sequences are presented in Tables 8 and 9 for the linear
and the nonlinear structural analyses and with the load conditions
listed in Table 5. FSD was terminated once the constraint violation
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was less than 0.5%. The outer loop on trimmed, flexible loads was
terminated when the structural mass changed less than 1%.

A. FSD Based on Linear Analysis

Table 8 lists the wing structure and total vehicle mass after each
NASTRAN optimization. Before the first structural sizing iteration,
the payload mass was placed at the location required for static aero-
dynamic stability. After three FSD optimizations, the wing structure
mass redistributed enough to cause the aircraft to lose mass balance.
At this point in the convergence process, the payload was moved
forward in the fuselage to provide a better center of gravity for
the remainder of the convergence process. The gust loads were the
most critical. When they were neglected, the optimized mass was
approximately 2400 kg less than shown in Table 8.

The upper and lower wing skin thickness distributions obtained
by FSD using linear analysis are qualitatively the same as the opti-

Table 7 Rigid trimmed parameters

Parameter Ingress Loiter
Cp 0.981 1.15
Cp 0.0403 0.054
L/D 243 21.3
Aerodynamic center, m  14.5 14.6
Center of pressure, m 13.3 14.2

Table 8 Optimized mass at structural
iterations using linear analysis

Wing Fuel Gross
Iteration  structure, kg mass, kg  mass, kg
0 6780 26,428 41,050
1 6297 25,237 39,198
2 5354 22,900 35,568
3 7634 28,540 44,330
4 7659 28,602 44,426

zurface thickness
LENGTH Scalar Unaveraged Top shell
Min: 1.02E-03 m Max: 2.79E-01 m

mized thickness for FSD using nonlinear analysis. Consistent with
Ref. 1, the structural mass becomes concentrated at the upper lead-
ing edge and lower trailing edge of the fore and aft wing boxes. In the
substructure in the aft wing, the aftmost spar increased in thickness
as well. Both the trailing-edge skins and spar carry spanwise load.
The remaining skin and substructure maintained minimum gauge
thickness. This material distribution results from FSD using linear
analysis for 11 static, flexible load cases without consideration of
buckling constraints.

A buckling analysis was performed a posteriori for all optimized
load cases. One critical buckling case occurred at 108% of the taxi
crater impact load. The most severe buckling for this case occurred
in the forward wing, as expected for a download for which the for-
ward wing is in compression. Thus, the taxi condition is critical for
a joined wing, when the forward wing might not otherwise be con-
sidered buckling critical. All maneuver conditions exhibited critical
buckling at 166% of maneuver load or higher.

Critical buckling for the maneuver gust and cruise speed gust
conditions, primarily aft wing buckling, occurred at 67 and 75%
of the gust load, respectively. The conclusion is that FSD based on
linear analysis is insufficient to obtain a buckling-safe design. The
results indicate the need for FSD that is based on nonlinear analysis.

Table 9 Optimized mass at structural
iterations using nonlinear analysis

Wing Fuel Gross

Iteration  structure, kg  mass, kg  mass, kg
0 7,659 28,602 44,426
1 10,399 35,346 54,900
2 11,290 37,533 58,297
3 12,075 39,288 61,092
4 13,181 42,164 65,491
5 12,495 40,485 62,883
6 12,627 40,809 63,385

m
2.79E-01
2.65E-01

Fig. 9 Skin thickness a) top and b) bottom for FSD by nonlinear analysis.
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Joined-Wing Simulation

SUB ID=5,MODE=2->BUCKLING STRESS

TITLE = JOINED WING STATIC ANALYSIS
STRESS Von Miszes Unaveraged Top shell
Min: 1.68E+03 Pa Max: 4.12E+08 Pa

SUB ID=%,MODE=2->BUCKLING MODE SHAPE
TITLE = JOINED WING STATIC ANALYSIS
Buckling Load Factor: 1.34E+00

4.12E+08
3.92E+08
3.71E+08
3.50E+08
3.30E+08
3.09E+08
2.89E+0D8
-0 8
.4+08
2.27E+08
2.06E+08
1.86E+08
1.65E+08
1.44E+08
1.24E+08
1.03E+08
8.25E+07
6.18E+07
4. 12E+07

2.06E+07

1.63E+03

Fig. 10 Buckling mode for gust load for FSD by nonlinear analysis.

Linear Results
DISPLACEMENT XYZ Magnitude
Min: O.00E+00 m Max: 4.77E+00 m

a)

The buckling mode shape for a gust load applied to FSD linear model
is qualitatively the same as for the FSD nonlinear model.

To investigate further the effect of nonlinear structural modeling,
the results obtained via FSD based on linear analysis were analyzed
next using fully nonlinear analysis. A comparison of the deflec-
tions and stress contours in Figs. 11a and 11b demonstrates that the
nonlinear response of the aft wing is critical for a viable structural
design. The load case is the same for both Figs. 11a and 11b, a
gust in a maneuver at 20,000-ft altitude during descent (load case

Non-Linear Results Fa

DISPLACEMENT XYZ Magnitude
Min: 0.00E+00 m Max: 2.73E+0l m 1.36E409

1.43E+03

1.29E+09

1.21E+09

1.14E+09

1.07E+09

1.00E+09

9.28E+08

8.57E+08

7.86E+03

7.14E+08

6.43E+08

5.71E+08

5.00E+08

4.29E+08

3.57E+08

2 .86E+08

2.14E+08

6.73E+03

2

b)
Fig. 11 Maneuver speed gust analyses of FSD based on linear analysis: a) linear and b) nonlinear.

8 in Table 5). The pressure distribution comes from a combined
trimmed 1.0-G condition with an additional 4.3-deg gust-induced
angle of attack, which constitutes the 100% design gust load fac-
tor. However, the load distribution was not the same for the linear
and nonlinear analyses because the aeroelastic trim for each case
was associated with different deflections. Figure 12 shows the wing
tip deflections corresponding to the deformed wing in Fig. 11. The
slanted straight line is the linear analysis up to 100% of the maneu-
ver gust load. The wing tip deflection calculated by linear analysis



BLAIR, CANFIELD, AND ROBERTS

843

30 T T T T T T T T
—t+— Non-Linear
—+— Linear
—— Buckling Eigenvalue
250 e
o
ettt
At
ﬁ*ﬁ/
E 20+ A }
< pf
.0
B 1
: /
© 15+ ; b
a
]
(= s
o
=
<10+ =
ra
5t g - .
,/"z#“
C 1 1 1 1 1 1 1 1
0 0.5 1 1.5 2 25 3 3.5 4 45
Load Factor (g)
Fig. 12 Wing tip deflection (meters) in nonlinear analysis in Gust.
8 T T T
|
—+— Non-Linear |
—+— Linear |
7 | —+- Buckling Eigenvalue ! B
|
i
|
6 | -
|
|
—_ |
£ |
~ 5r | —
o |
K] + I
k5 / |
Q / |
T 4r ! -
[a] I
2 !
== |
cEn 3 / I }
= :
|
2+ | -
|
¥ i
/ i
1+ : B
|
i
0 | 1 | | | |
0 1 2 3 4 5 6

Load Factor (G)

Fig. 13 Wing tip deflection (meters) in nonlinear analysis in 2.5-G maneuver.

at 100% of maneuver gust load was 4.77 m (Fig. 11a). The vertical
line is the buckling limit, which occurred at 67% of the maneuver
gust load. The curved response is the wing tip displacement for non-
linear analysis up to 150% of the design gust load, for which the
nonlinear analysis produces a tip deflection of 23.7 m (Fig. 11b).
Figure 13 shows the incremental load vs the wing tip deflection
for the 2.5-G maneuver load case (load case 1 in Table 5) using
linear, buckling, and nonlinear analysis on the FSD based on the
linear model. The curved response is the wing tip displacement for
nonlinear analysis up to 150% of the design load, that is, a 1.5 factor
of safety. The dashed lines represent linear analysis and subsequent
buckling. The tip deflection more than doubled in going from lin-
ear to nonlinear analysis at 150% of the 2.5-G load. The wing tip
deflection calculated by linear analysis at 150% of design load was

2.1 m. The buckling load was 211% of the 2.5-G load. Obviously,
the strains generated by the geometrically nonlinear analysis at this
condition would exceed the valid range for the assumption of a lin-
ear material. More to the point, the associated stresses far exceed the
allowable stress limit. Thus, the nonlinear analysis has proceeded
well beyond the failure limit. Both Figs. 12 and 13 indicate that the
FSD based on linear analysis is inadequate. For both load cases, it
fails, according to buckling analysis and nonlinear analysis.

B. FSD Based on Nonlinear Analysis

The FSD procedure based on stresses from the geometrically
nonlinear analysis, described earlier, produced the trimmed and con-
verged optimized masses listed in Table 9. The mass is significantly
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heavier than for FSD based on linear analysis given in Table 8, due
to the additional material needed to alleviate the violated stresses
that had been found in the nonlinear analysis. Figure 9 shows the
material distribution on the optimized nonlinear model. The FSD
by linear analysis was qualitatively similar, but the nonlinear anal-
ysis produced much thicker skins along the leading and trailing
edges near the root. This final aluminum design calls for minimum-
gauge skins except near the points furthest from the bending plane
shown in Fig. 3a. The skin near the aft wing root trailing-edge
skin was unreasonably thick, nearly 11 in. thick. The spar thick-
ness remains reasonable: The aft spar of the forward wing reaches
1 in. thick. This effect occurred because no sensitivity informa-
tion is available to the FSD algorithm to redistribute material to
nearby elements when maximum gauge constraints are violated.
Clearly, material in these members will need to be redistributed for
manufacturing.

The aft wing material was appreciably thicker than on the forward
wing (Fig. 9) for several reasons. One is that aft wing buckling was
more critical than forward wing buckling for the most severe gust
load. Hence, more material was needed to stiffen the aft wing. Also,
the aft wing generated lift loads comparable to the forward wing for
the optimized configuration. Finally, the component of load that lies
in the bending plane acts to place the forward wing in tension and the
aft wing in compression. This compounds the compressive load in
the aft wing leading edge due to the larger bending load that is normal
to the bending plane (Fig. 3b). Conversely, it alleviates somewhat
the aft wing trailing-edge tensile load and the forward wing leading-
edge compressive load. Thus, the thickest skin elements in Fig. 9
occur in the top surface of the aft wing leading edge.

The deformation of the optimized nonlinear wing is shown in
Fig. 14. The load that generates this deformation is listed as load 8
in Table 7, the maneuver gust case. This deformation due to load is
qualitatively comparable with the FSD linear model deformation in
Fig. 11a. The von Mises stress contours indicate a good distribution
of stress, consistent with the premise of a FSD.

Because buckling analysis was not explicitly a part of the FSD
procedure, it was checked a posteriori. Once again, the maneuver
gust load was the critical buckling load case. The buckled response,
that is, the arbitrarily scaled eigenvector, is shown in Fig. 10. The
design was buckling safe at design load, that is, FSD at 67% stress
allowable, but not to the ultimate load, that is, 1.5 factor of safety.
It turned out that critical buckling occurred at only 134% of the

Joined-Wing Simulation

SUB ID=100,FRAC=1.00->3TRESS

STRESS Von Mises Unaveraged Top shell
Min: 2.38E+04 Pa DMax: 1.80E+08 Pa

maneuver gust (Fig. 15). The wing tip deflection for the final FSD
of the nonlinear model shown in Fig. 15 goes unstable shortly after
reaching 100% design load, significantly below the 134% buckling
condition discussed earlier. (The plus marker on the linear analysis
load-deflection line in Fig. 15 indicates aload factor of 2.4 associated
with 100% maneuver gust load.) Hence, the structure should be sized
to handle stresses from geometrically nonlinear analysis up to the
ultimate load to avoid buckling, rather than applying the safety factor
to the stress allowable. Alternatively, an explicit buckling constraint
could be incorporated; however, the nonlinear deflections in Fig. 14
appear more like the linear analysis in Fig. 11a than the buckling
mode in Fig. 10.

A fresh look at the buckling analysis highlighted a negative eigen-
value associated with forward wing buckling and is indicated in
Fig. 15. The negative eigenvalue means buckling occurs when the
load is reversed. Some component of forward wing buckling can
be detected in the nonlinear deflection (Fig. 14), despite the fact
that the forward wing buckling mode has a negative eigenvalue. Its
effect is perhaps evident in Fig. 15, where the nonlinear analysis be-
comes unstable as it approaches the (negative) buckling load factor
associated with forward wing buckling.
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Fig. 15 Load factor vs wing tip deflection of FSD by nonlinear analysis.
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Fig. 16 Postbuckled bending stress in aft wing: a) top view and b) bottom view.
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Figure 16 shows the stresses in the aft wing slightly above the
100% maneuver gust load condition indicated in Fig. 15. The high
bending stresses in the middle of the aft wing correlates with the
curvature in the buckled shape shown in Fig. 10 and indicates that aft
wing fails first by rising stresses due to incipient aft wing buckling.
The optimization of joined-wing structures will benefit from the
integration of FSD with aeroelastically trimmed nonlinear analysis,
all in a single convergent procedure.
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Fig. 17 Bending stress in forward wing: a) top view and b) bottom view.

At the design load, the bending stresses are compressive in the
leading edges and tensile in the trailing edges of the forward wing
(Fig. 17) and aft wing (Fig. 18). The von Mises stresses in the
substructure indicate that the shallow rear spars of the forward and
aft wing were the most highly stressed (Fig. 19).

The vehicle trim states calculated during this nonlinear structural
convergence procedure are listed in Table 10. We see that the vehicle
attitude and pitch trim did not change appreciably during the process.
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The aerodynamic center, initially ahead of the center of gravity
(c.g.), moved aft of the c.g. by the final converged design. Future
work will focus more attention on characterizing and optimizing the
stability and control of the vehicle.

IX. Discussion

This joined-wing configuration exhibited large geometric non-
linearity below the critical buckling eigenvalue. Thus, nonlinear
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Fig. 19 Von Mises stress in substructure: a) forward wing and b) aft wing.

analysis was required to model correctly this joined-wing con-
figuration.

The gust load with zero fuel proved to be the critical load con-
dition. However, due to the enforced aft wing twist, the stress in
the aft wing varies throughout the mission. Thus, it was important
to include a wide sampling of mission load cases in the design
optimization. The taxi crater impact load condition created large
bending stresses in the joined wing. The forward and aft wings
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Table 10 Trim history through nonlinear analysis

1-g Angle of attack A Angle of attack ~ Aft-wing

Iteration end of mission maneuver speed gust twist
1 —3.18 +4.58 —0.86
2 —2.73 +4.66 —1.04
3 —3.03 +4.72 —1.03
4 —3.19 +4.80 —0.26
5 —3.02 +4.75 —0.94
6 —3.04 +4.76 —0.78

were subjected to bending moments opposite of those applied dur-
ing flight conditions. This loading condition was buckling critical
for the optimized linear FSD models and stress critical for the opti-
mized nonlinear FSD model.

FSD and gradient-based optimization for this joined-wing design
were expected to result in nearly the same material distribution. (The
buckling load was not reached when the stress limit was satisfied
in the nonlinear analysis.) However, gradient-based computational
requirements would have been prohibitive in this design process
without drastically reducing the number of structural sizing vari-
ables.

The FSD procedure applied to the geometrically nonlinear struc-
ture addresses both strength and buckling. If buckling was encoun-
tered, the nonlinear analysis would have likely gone unstable, no
equilibrium stresses would be computed, and FSD would have no
results to minimize. Fortunately, the nonlinear analysis did not en-
counter buckling during the convergence process. However, this was
only because we replaced the 150% load requirement with a 67%
stress allowable. Future design studies should satisfy the ultimate
load requirement.

For some trim conditions, the nonlinear (buckling mode) shape
tends to unload (washout) the outboard wing tip. This effect might be
leveraged or passively induced to create an aeroelastically fail-safe
joined-wing design, particularly if the aft wing can be aeroelasti-
cally tailored with composite materials to reduce the flexible load
increment. If a global, postbuckled response is allowed in the design
process, then the washout effect could conceivably create an aero-
dynamically stable situation. If the wing is designed to withstand the
nonlinear stresses, it may be possible to fly in the proximity of the
postbuckled state. This would be a major design challenge, ready
for intense research.

There was an effort employed to include structural twist actua-
tion in the optimization process for the nonlinear structural model.
The design process seemed to go unstable as structural mass was
added to carry the applied twist load, which, in turn, required ex-
cessive aerodynamic twist to realize a trim condition. In reality,
the aft wing will require some compliant mechanism to soften twist
stiffness while maintaining bending stiffness. This and other uncon-
ventional design approaches are being considered from a research
perspective.

The final masses presented here should be kept in a proper context.
These masses are not an absolute prediction. For instance, the com-
ponent masses are taken from published historical regressions based
on conventional aircraft. Only isotropic materials were addressed.
There was no attempt to address the incorporation of composite
materials and the benefits of advanced structural concepts. Conse-
quently, there was no opportunity to employ aeroelastic tailoring
and aeroelastic benefits. Furthermore, the grossly redundant sub-
structure was constrained to minimum gauge thickness. Significant
design and experimental work remains before a definitive judgment
would be possible.

The joined-wing design process employed here was unique in
that aeroelastic trim was integrated with FSD for optimal mass de-
sign on a nonlinear structures model. Next steps should include
drag estimates and fuel management for minimum trim drag. Al-
though significant progress has been made, this joined-wing de-
sign procedure is not yet complete for developing mass estimations
based on nonlinear aeroelastic design models. Drag was monitored
only. It did not enter the range equation because L/D was fixed.
Ultimately, high-order CFD should be employed for drag estima-

tion. Contributing challenges include flow over the wing joint and
high lift conditions required at extreme altitudes. Also, balanced
fuel management will be required to optimize for minimum trim
drag.

X. Conclusions

This study demonstrated the ability to converge a structurally
optimized and aerodynamically trimmed conceptual joined-wing
design. Multiple load cases were required to optimize the model for
all expected flight and ground conditions. Aerodynamic stability
with respect to the aerodynamic center was not enforced during the
resizing process, but was not considered a major hurdle with auto-
mated controls. This preliminary study makes the case for optimiza-
tion of integrated, nonlinear aerodynamic and nonlinear structural
problems. Current results demonstrate the need for the nonlinear
structural analysis in the design of joined-wing concepts.

The current approach proved to be useful for conceptual de-
sign and integrated structural-aerodynamic analysis. The structural
buildup preferred the leading and trailing edges for maximum bend-
ing about the minimum-bending plane (Figs. 3a and 3b). This con-
flicts with the placement of trailing-edge control surfaces along the
aft wing root and supports the proposed aft wing twist actuation for
pitch trim.

Although we are confident in the theoretical integrity of the anal-
ysis tools used in this study, we conducted no experimental valida-
tion of the nonlinear structural mechanisms rendered in joined-wing
configurations. This is highly recommended at this point in time.

A significant amount of engineering programming was completed
in AML’s LISP-like language for the development of this environ-
ment and this study. Still, the design convergence process is currently
very time consuming and needs additional automation to facilitate
the relationship between high-level parameters, for example, geo-
metric configuration variables and system mass and aerodynamic
performance.
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