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Abstract

The paper addresses the application of a parametric design process for a flying wing configuration. The multi-disciplinary
configuration (MULDICON) is a generic unmanned combat air vehicle (UCAV) developed for research purposes, a further
development of the DLR-F19 configuration, which was used for research activities in the scope of the DLR project Mephisto
and its predecessors FaUSST and UCAV2010. For the MULDICON, the DLR parametric design process MONA is applied.
Special emphasis is placed on the structural modeling with composite material where each layer is modeled and analyzed.
Various failure criteria are compared to define suitable constraints for the optimization of the load carrying structure. In
contrast to optimize the thickness of composites with global allowable strains, such strategy allows for a detailed analysis
of every layer. The number of constraints due to the set-up of every ply is substantially increased compared to the strain
allowables but the structural optimization is still applicable. The detailed structural and mass models represent the global
stiffness and structural dynamic characteristics of the aircraft. For the loads analysis part of the design process, 9 different
mass configurations with a total of 306 maneuvering load cases as well as 336 1-cos gust load cases are taken into account.
Furthermore, a new simplified landing impact simulation is introduced to consider 12 landing load cases. All load cases
are defined according to regulations like CS-25. Such number of load cases is necessary to cover a sufficient number of
flight conditions. For the selection of the design loads for the structural optimization, the essential loads are analyzed for a
subset of locations. Together with a parametrized optimization model, the structural optimization is conducted. The result
is a weight-optimized structural model for the MULDICON. This entire model allows for the investigation of physics-based
effects already at an early stage of the design process.

Keywords Aeroelastic modeling - Composite - Structural optimization - Maneuvering loads - Gust loads - Landing loads -
Flying wing - UCAV

1 Introduction of the DLR-F19. The DLR-F19 configuration was applied to

a similar design process as the MULDICON (see [2]). Due to

A flying wing is still a promising aircraft configuration espe-
cially regarding its aerodynamic characteristics. The aircraft,
described in this paper, is such a configuration.

The MULDICON is an unmanned combat air vehicle
(UCAV). The configuration is applied to a parametric design
process that includes the parametric set-up of all simulation
models, a comprehensible loads analysis, and finally a struc-
tural optimization using composite material. The MULDI-
CON is the result of further developments and improvements
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various disadvantages of the DLR-F19 configurations, like an
insufficient roll performance and a nonlinear pitch moment
at high angles of attack, a new design was considered [1, 3].
The investigations on control and stability are part of the DLR
project Mephisto. Previous DLR projects dealing with UCAV
configurations were FaUSST and UVAV2010. As the MULDI-
CON is an evolution of the DLR-F19, the modelling process is
similar. The focus of this paper is on the new lamina-by-lamina
optimization and on the new integration of landing loads.

Similar flying wing configurations have been developed,
e.g. the X47-B (NorthropGrumman) [4] and the RQ-170
(LockheedMartin) [5], but data are rarely available. Further-
more, there are also testing configurations for civil aircraft
like X-48C [6].
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Fig. 1 Change from DLR-F19 to MULDICON [1]

The MULDICON is a lambda wing configuration. Its
wingspan is equal to the DLR-F19 wingspan of 15.375 m.
The wing area is still 77.8 m?. Parallel edges are mandatory
for the required stealth characteristics of the MULDICON
[1]. The new design is characterized by moving the trailing
edge in rearward direction (see Fig. 1). This was also done to
increase the effectiveness of the control surfaces [1]. Moreo-
ver, new airfoils are selected to improve flight characteristics
[7]. Such big modification led to the necessity to set-up of
a new structural model for the MULDICON to be used for
the parametric design process.

The design process starts with the set-up of all involved
simulation and optimization models. For the loads analysis,
a structural model representing the stiffness and separate
mass models are prepared. After the loads analysis, the
design loads are selected to be used for the structural opti-
mization task. The design process is repeated until sufficient
convergence, e.g. regarding the mass, is achieved.

In Sect. 2, the parametric modeling process is explained.
In Sect. 3, the selected simulation models are described:
structural model, mass model, aerodynamic model, and
optimization model as well as their coupling strategy. A
special emphasis of this paper is on the structural model
using composite material, where each layer is modeled
and analyzed. Section 4 explains the methods to simulate
maneuver, gust, and landing cases and specifies the selected
load cases. In this part, the estimation of landing loads is a
new step in the sizing process. In Sect. 5, the results of the
structural optimization are shown. A preliminary examina-
tion of the loads analysis results is done in Sect. 6. The
results are summarized in Sect. 7 and an outlook on further
work is given.

2 Parametric modeling, loads, and design
process—MONA

The concept of parametric modeling is chosen, because all
involved simulation models are based on one set of param-
eters. To develop such a parametric aeroelastic model, sev-
eral steps are considered. In general, there are three main
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steps: model generation, loads simulation, and structural
optimization, as shown in Fig. 2. This design process is
called MONA because of the two principal computer pro-
grams used, ModGen and MSC Nastran. MONA is embed-
ded in a conceptual design process for multidisciplinary
design optimization [8]. Some example of usage are the
configurations FERMAT [9], ALLEGRA [10], and DLR-
F19 [2].

The MONA process in this work is using three software
tools: the two in-house tools ModGen [11] and Loads Ker-
nel [12] as well as the commercial software MSC Nastran
[13]. ModGen is used to set up the structural, the aero-
dynamic, the mass and the optimization model. The loads
simulation is done using the LoadsKernel. Finally, the
structure is optimized for minimum weight using MSC Nas-
tran SOL200. MONA is an iterative process as the structural
optimization has an influence on the structural mass and
thus on the loads simulation. The coupling is performed
with nodal loads.

For the first step, basic information such as the aircraft’s
planform, aerodynamic profiles, and their positions along
the wing are required input for ModGen. Furthermore, the
positions of ribs and spars have to be defined as load car-
rying structure. In this way, a geometric model is created.
Taking suitable meshing parameters into account, a finite
element (FE) model is derived. For most of the structure,
shell elements are used. Several mass modeling options like
realistic fuel modeling are available. As an extension to the
FE-model, an optimization model is created by defining an
objective function (mass), design variables (thickness of
design fields), and constraints (e.g. failure indices). Apart
from the structural and mass models, ModGen is also gen-
erating a mesh for aerodynamic panel methods based on the

Model Load
definition definition

Model generation . External
ModGen loads

FEA mesh Loads simulation
aerodynamic mesh

LoadsKernel

| Loads
forces and moments

Structural optimization

MSC.Nastran SOL200

Convergence

l yes

Final structural model

Fig.2 Parametic design process MONA with Loads Kernel
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defined planform and taking also into account geometrical
parameters like camber and twist.

In a second step, quasi-static and dynamic loads are cal-
culated. The structure needs to be designed to withstand
the defined loads, which are composed out of balanced
aerodynamic and inertia loads for an elastic structure. The
Loads Kernel is using panel methods for aerodynamic
forces. Different flight cases can be adjusted and simulated.
These cases are divided in three categories: maneuvering
cases, gust encounters, and landing cases. Here, a total of
654 load cases are simulated. In a post-processing step, the
design loads are determined to use only the decisive loads
for the structural sizing. This is done by investigating the
resulting loads for the bending moment, the torsion moment,
and the shear force at 7 defined monitor stations. The cor-
responding nodal loads acting on the structure are finally
extracted.

As the third step, a structural optimization is done with
the resulting design loads. Applying the design loads to
the structure, MSC Nastran SOL200 estimates with a
static analysis the failure criteria as constraints for each
layer of the shell elements and every load case. Further-
more, the sensitivities of the objective function and the
constraints with respect to the design variables are calcu-
lated. MSC Nastran SOL200 optimizes the structure with
a gradient-based optimization algorithm, aiming at a mini-
mum structural weight. This is an iterative process which
may be repeated until convergence is achieved. This final
structural model is then ready for use in further studies and
investigations.

3 Simulation models of the MULDICON

In general, the focus on aeroelastic aspects leads to a
number of requirements for the FE model which differ
from those for a classical FE model for stress analysis.
The structure should be as realistic as necessary because
global elastic characteristics such as wing bending and
twist are of major interest. Local effects, like stress con-
centrations at sharp edges or at holes, are neglected.
This means that all primary structural components, such
as skin, spars, ribs, and stringer, should be modeled. In
addition, a mass model with proper distributed mass
entities (e.g. structure, systems) and the consideration
of various mass configurations (e.g. fuel, payload) are
important to conduct proper dynamic calculations. Also
the aerodynamic panel model is an approximation and
has not the same accuracy as a CFD solution. Hence, the
following four models are insufficient e.g. for detailed
component stress analysis, but adequate for aeroelastic
investigations.

3.1 Structural model

The structure is represented by an FE model. Theories for
FEM are summarized, among others, in MSCNastran’s Get-
ting Started Guide [14]. Preliminary design [8] and the latest
aerodynamic investigation [7] are providing the basic shape
(layout and airfoils). Positions and sizes of system items are
defined as well. Hence, three main spars and eight ribs are
estimated as primary structure, as shown in Fig. 3. Relative
positions of these structural components are dependent on
parametric values such as bay lengths and engine diameter.
The last rib is placed at 75 % of the third wing segment. As
a result, there are 282 structural subsegments. Subsegments
are the resulting surfaces of the intersection of skin, spar,
and rib surfaces.

This primary structure is meshed with standard finite ele-
ments. To be more precise, every subsegment is filled with
rectangular CQUAD4 elements with an equidistant partition.
At triangular subsegments, CTRIA3 elements are used. Sub-
segments beyond the last wing rib are neglected to avoid ele-
ments with high aspect ratio and taper ratio. The impact of
the structure at the tip on global characteristics is assumed to
be negligible due to its small mass. In conclusion, this leads
to 6294 finite elements in a structured mesh shown in Fig. 4.

The control surfaces are structurally modeled as well
and attached to the wing with adaptable hinge stiffness. The
hinge modeling concept is shown in Fig. 5. Introducing a
torsional spring element, stiffness about the rotation axis
can be controlled while all other degrees of freedom are
fixed. This adequate modeling ensures a realistic behavior
and allows physically meaningful investigations on control
surface as well as aeroservoelastic investigation and control-
ler design.

Subsegments are stiffened with reinforcement elements
like stringer for the skins. On the one hand, this stabilizes

[Fuel tanks |

Fig.3 Systems of the MULDICON with primary structure
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Fig.4 Top view on structural model

the primary structure against buckling. On the other hand,
this avoids local eigenmodes which are undesired in the
following modal analysis. For the skin stringers, a hat pro-
file is chosen as a simplification of an omega profile. The
dimension of the hat profile are: H = 55 mm, t = 2.5 mm,
W1 =25mm, and W2 = 5.0 mm. Due to the limited avail-
able space in the third wing segment, the hat profile is
scaled down to H =35mm. For rib and spar stiffeners,
a rectangular profile is chosen. In some areas, the use of
spars is not possible, e.g. in the middle section where an
engine is installed as shown in Fig. 6. In such case, flanges
are selected to allow for a more integrated structural
design. These flanges have the dimensions: H = 150 mm,
W =12.5mm, t]1 =2.5mm, and t2 = 2.5 mm.

3.1.1 Modeling of composite material

For the MULDICON, a composite material is chosen. Carbon
fiber-reinforced plastic (CFRP) is composed of thin fibers in
a polymer matrix. For aeronautical structures, unidirectional
plies are typical. Their long fibers are orientated in one direc-
tion in one thin layer. A laminate consisting of several layers
can be built to fit the material to its loading.

The classical laminate theory (CLT) is used to calculate the
stresses and strains of thin composite material. It is assumed

Hinge point connected by a RBE2
kelement and torsional spring

Fig.5 Assembly of the control surfaces [2]
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that layers are perfectly glued together and the strain char-
acteristic is linear. The CLT and more details about CFRP
are explained in the work of Schiirmann [15] and Jones [16].
Also, the VDI (Association of German Engineers) provides a
guideline for calculating composite laminates using the CLT
[17]. This guideline is used in this work.

An unidirectional ply is described by a stiffness matrix Q.
This relates the strains of a thin plate to the stresses by assum-
ing plane stress:

01 €]
o, | = [0]- €y
T12 Y12
[ E) vy £
(T=vy vy (T=vyevyy) 0 W
with: [Q] = v EL E,
(= vyy) =y evyy)
Gy

Using transformation matrix 7, the stiffness matrix Q' in a
global coordinate system can be calculated for each ply with
the angle a.

[Q']=1[T]"-[Q]-[T]

C2 52 NN

[T] = 52 2 —s-c

—2s-c2s-cc?—s?

with: 2)

The mechanical equilibrium condition is used to calculate
the stiffness matrices A, B, and D of the laminate which
relate the section forces n and moments m to the global
strains € and

() =53] (2) @

Landing Gear Ba

Stiffener

Fig.6 Cross-sectional view of the MULDICON



Design and sizing of an aeroelastic composite model for a flying wing configuration with maneuver,... 681

Table 1 Stacking sequences of the MULDICON segments

Spar Rib Skin
(10/80/10) (10/40/50) (40/40/20)
45 90 0
—45 90 0

45 45 45
—45 0 90

0 —45 —45
45 90 0

45 45 0

90 90 45
—-45 —45 90
—45 90 —45

Table 2 Material properties of each ply

E, 155,000 MPa
E, 8500 MPa
ViiL 0.3
2] 0.016
Gy 3700 MPa

Strength values Safety factor = 2.0 Limit Load
RI‘ 2500 MPa 1250 MPa 833 MPa
R‘” 750 MPa 375 MPa 250 MPa
R 50 MPa 25 MPa 16.67 MPa
R{ 200 MPa 100 MPa 66.67 MPa
Ry 75 MPa 37.5 MPa 25 MPa

where matrix A is the extensional stiffness, B the coupling
stiffness, and D the bending stiffness. For symmetric lami-
nates, the B matrix is equal to zero. These submatrices can
be calculated by the following equations:

Ay =Y 105,06~ 50) @
k=1
Bj =% Q@ = 5 ®)
k=1
D =% D016 =7 ©®)
k=1

With a given loading and the inverse notation of Eq. 3, the
global strains can be calculated. With these global strains,
the local stiffness matrix, and the ply boundary dimensions
the local stresses and strains can be estimated. Using the
CLT, the structural characteristics of composite laminates
can be simulated and it allows for the modeling of every
layer, resulting in local stresses instead of global strains.

In MSC Nastran, this modeling of composite material
by layers can be done with PCOMP and MATS cards.
Every angle and every property of each ply can be mod-
eled. Therefore, the elasticity values E”, E,, Vi and Gl”
are necessary. In the FE model of the MULDICON, there
are three different stacking sequences for skin, spar, and rib
as shown in Table 1. Each ply thickness is #, = 0.125 mm,
resulting in a minimum laminate thickness of t = 2.5 mm.
The used material values in Table 2 are given by the DLR
Institute of Composite Structures and Adaptive Systems.

3.1.2 Failure criteria

If global stresses are used for structural optimization as con-
straint the structure must be analyzed by a global allowable
stress for all directions. This could lead to an oversized
structure, because e.g. the maximum stress for tension of the
matrix is also used for tension in fiber direction. The design
with first ply failure is also considering the tension of the
matrix but only for the ply which is loaded under that direc-
tion. Hence, an analysis of each ply is more detailed. For a
strength analysis of a composite ply, the strength values Rfl,
Rﬁ, R’l, R, and R 1 are required. These values are used in
MATS cards. With these values, four different failure criteria
can be considered by MSC Nastran: Hill, Tsai-Wu, Hoffman,
and the maximum strain criterion. The first three are second-
order tensor polynomials. They are comparable to the Von
Mises criterion for isotropic material. In plane stress, they
are generating an ellipsoidal fracture body as shown in Fig. 7
for the Hill criterion. The maximum strain criterion relates
the maximal strength with the local strain, while considering
lateral contraction with the Poisson’s ratio.

There are two failure mechanisms of unidirectional plies:
fiber fracture (FF) and interfiber fracture (IFF). All the four
criteria determine a fracture body for IFF, while the fracture
body of the Hill criterion is in between the fiber fracture.
Hence, sizing the structure with the Hill criterion is con-
servative. Furthermore, the combined loading of tension and
compression is considered as most conservative, as shown
Fig. 8. So, the Hill criterion is used for structural optimiza-
tion. This decision also reduces the computational effort,
because the Hill criterion needs just one failure index. The
calculated failure indices are not equal to the load factor.

3.2 Mass model

An aircraft is subject to different mass distributions. Fuel
tank level and payload are varying during flight. Accord-
ing to the regulations like CS25, this has to be considered
for the loads analysis. The structural mass is derived from
the material density and thickness given in the FE model.
Additional masses due to manufacturing need to be added.
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Table 3 MULDICON mass configurations
Key Description Mass (kg) CG (m)
- - Structure only, no systems 1362 6.84
Ml No fuel, no payload 5901 5.81
o 5 M2 Half fuel, no payload 8259 5.76
E s o ) 0 M3 Max. fuel, no payload 10,615 5.76
Hon” N\ R M1l No fuel, max. payload 8401 5.84
0\ -400 %
o nm? 00 MI12 Half fuel, max. payload 10,759 5.79
’ M13 Max. fuel, max. payload 13,115 5.79
) S o M21 No fuel, half payload 7151 5.83
II?]?, 7 Plane stress fracture body for Hill criterion of an unidirectional M22 Half fuel, half payload 9509 577
M23 Max. fuel, half payload 11,865 5.77

! ! HILL
—TsAl
80 —HOFF
—STRN
---STRESS

\

N/mm

%

A 1 I L 1 I 1
-600 -400 -200 0 200 o 400 600 800 1000
oy N/mm

Fig. 8 Plane stress fracture bodies for 7, = 0

Fig.9 Concentrated point masses of the MULDICON, max. fuel,
max. payload

The mass of systems, payload, and fuel are considered as
concentrated point masses shown in Fig. 9. These con-
centrated point masses are located at the system’s center
of gravity. The fuel tanks are discretized over the wing,
bounded by spars and ribs. For each fuel bay, a volume
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element is generated by ModGen to calculate the mass and
inertia moments of the fuel tanks (CHEXA, CPENTA).
This is done for three different filling levels: full, half, and
empty.

All point masses are connected to the structure using
interpolation constraint elements (RBE3). The RBE3 ele-
ment distributes the mass properties defined at a reference
point to a set of defined points of the FEM (all corner points
of the surrounding primary structure). In this way, its inertia
forces are introduced into the structure. As shown in Table 3,
nine different mass configurations are selected. Accordingly,
many flight states can be considered. The mass configura-
tions with half payload are asymmetric cases (only left
payload).

3.3 Aerodynamic model

The vortex lattice method (VLM) [18] is a fast panel method
suitable for aerodynamic loads simulation in the aeroelastic
sizing process. Due to the underlying theory, its validity is
limited to the subsonic regime but transonic effects can be
considered using various correction techniques [19-22] or
an enhancement with CFD calculations for selected param-
eters [23].

The aerodynamic surfaces are discretized with aero-
dynamic panels. As shown in Eq. 7, the VLM relates the
induced downwash w; on each panel to the pressure coef-
ficient Ac, between the lower and the upper surface. The
downwash is an induced normal velocity by every panel at
the 3/4-point of each panel. The aerodynamic influence of
a panel on the others can be calculated by geometrical dis-
tances and angles due to the theory of horseshoe vortices.
These aerodynamic influence coefficients are cast into an
AIC matrix. For unsteady aerodynamics, the Doublet Lattice
Method (DLM) is selected. That method is described in the
work of Albano and Rodden [24], and Blair [25]. It makes
use of the same input and also returns an AIC matrix. The
difference is the formulation in the frequency domain and
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the dependency of the AICs on the reduced frequencies. The
AIC matrix is dependent on the mach number Ma and the
reduced frequency k.

Acp =AIC(Ma,k) - w;
Cref/z cw (7)

oo

with: k=

In the present model, 24 panels in flow direction and 52 in
spanwise direction lead to a structured mesh of 1248 panels
shown in Fig. 10. Recommendations for the minimum chord
length of an aerodynamic box are taken into account [26].
This grid is suitable up to a reduced frequency of k = 2.0.

To avoid triangular panels at the pointed wing tip and
because their influence is negligible, the outer quarter of
the wing tip segment has not been modeled. Also, panels
with an high aspect ratio are undesired. The quantity of the
panels in span direction is adjusted to get a maximal aspect
ratio of AR, = 4.

The four control surfaces, located along the trailing edge
of the wing, are discretized with five panels in flow direc-
tion. A rotation of a surface around its hinge line causes an
additional force Piem’cs. Therefore, the induced downwash at
these panels is enlarged.

Aerodynamic effects are modeled by applying an appro-
priate downwash vector w;. The calculation principle of the
aerodynamic forces is given by Eq. 8.

Paem - qooSk]AIC( ]rbm rbm + chsucs
1 ®)
+D e @ity + D 2 Lie @ gty T
with:
9o Dynamic pressure
Sij Aerodynamic integration matrix

TTRRAANY
W]

NN

| LELET INTNIRRNNRRNNRN
| LEEEE INNANTRRIRRRRRNNR

Fig. 10 Top view on aerodynamic model

AIC  AIC-matrix
D, ~Differential matrix of rigid body motion
D,  Differential matrix control surface deflections
Djlk Differential matrix of deformations
D]?k Differential matrix of velocity
@,  Modal matrix of flexible modes
»m  Rigid body motion
U, Control surface deflections
us Flexible structural deformation
it Flexible structural motion

Ty, Spline matrix for aero-structural coupling
@, Modal matrix of flexible structural modes
U, Free stream velocity
Equation 8 contains several sources of aerodynamic
forces. Forces due to rigid body motions are given by D;,,,,,
Uy, and control surface deflections are considered in D
Uy Flex1b111ty is incorporated in the two terms Djk Ty @y

u; and ka Ty @, 1ty for the structural deformation and
motion respectively. Application of the AIC matrix leads
to a local pressure distribution which is integrated and
translated to the structural grid using the matrices S; and

. As the AIC matrix is normalized with the dynamic
pressure d» the resulting loads need to be denormalized
with g, to obtain forces and moments.

The aerodynamic forces due to rigid body motions
are usually the most significant contributor to the overall
forces. In this implementation, forces from the different
sources are calculated independently and superimposed
linearly, as shown in Eq. 9.

aero,rb 2ero,cs aero,fl aero,unstead
— Pderor m +Pdel’0 CS +Pdel’0 €X +P y (9)

aero
Pk k k k k

Unsteady aerodynamics are available in the time simula-
tion using a rational function approximation as suggested
by Roger [27] and are added to Eq. 9. The implementation
is similar to other publications [28—-30]. A difference is the
approximation on panel level using physical coordinates.
This leads to a large number of lag states but the implemen-
tation is straight forward.

Paera(t) =q, - [AOW +A (zr‘e/f> j
Cref .. (10)
+A2(W> W+ Ay - lagy + A, - lag, +
A rational function approximation allows for a decomposi-
tion of the aerodynamic forces into a steady part A, depend-
ing on the downwash w;, a damping part A; depending on
the change of the downwash /;» and a part A, depending on
the acceleration of the downwash W However, matrix A,
is omitted during the approximation, as suggested in [30].
The unsteady parts As, Ay, ..., A5, depend on the lag states
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lag,, lag,, ..., lag,. As the time simulation usually starts from
an initial steady level flight, the lag states are assumed to
be zero at the beginning. The lag-state derivatives lag; are
given by Eq. 11.

lag; = W, - <2—V> Byew, an

ref

The poles f; used during the approximation may be deter-
mined by Eq. 12 [27]. A slightly different proposal is given
in [26].
ko,
p=—= 12)
i
The quality of the approximation has to be checked always,
because too few poles may cause a bad approximation, lead-
ing to nonphysical results. For the MULDICON, the selected
number of poles is n,,,,, = 9 for a highest reduced frequency
kax = 2.0.

oles

3.4 Coupling strategy

The aerodynamic forces and moments are best calculated in
their original frame of reference. The structural grid might
be of much higher or lower granularity and in some cases,
local coordinate systems might be used. This is one typical
example where forces and moments need to be transferred
from one grid to another. In addition, structural deflections
need to be transferred back onto the aerodynamic grid. This
operations can be handled with the help of the transforma-
tion matrix 7,; which relates displacements of an independ-
ent grid u; to displacements of a dependent grid u,,.

4y =Ty -l (13)

In addition, as in Eq. 14, the transposed matrix Tgi trans-
forms forces and moments from a dependent grid P, to an
independent grid P,

P, =Ty P, (14)

The transformation matrix 7, may be defined by various
methods. One commonly used approach for loads calculation
is the rigid body spline. Each grid point of the dependent
grid is mapped to exactly one point on the independent grid.
The distance 7 between these two grid points is assumed as
arigid body that transfers forces and moments. In addition,
forces F create moments M due to their lever arm 7 as stated
in Eq. 15.

M=7XF (15)

In reverse, translations and rotations are directly transferred
and rotations create additional translations. The mapping of
the points may be defined manually or automatically, e.g.
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with a nearest neighbor search. As this concept is quite fast
and versatile, it is selected for the aero-structural coupling
in this work and depicted in Fig. 11. The small black lines
between the blue and red dots visualize the mapping. By this,
aerodynamic forces can be attached to the structural model
and deformation of the structure change the aerodynamics.

3.5 Equation of motion

The motion of the aircraft is divided into a rigid and a flex-
ible part. For the rigid body motion, the mass model of the
complete aircraft is represented by one lumped mass with
corresponding inertia matrices M, and I, positioned at
the center of gravity. All external forces and moments PZ"
are gathered at the same point. Equations 16 and 17 give
the translational and rotational accelerations V, and £2, of
the aircraft due to these forces and moments. Additional
coupling terms derived by Waszak, Schmidt, and Buttrill
[31-33] may be added at this point.

Vb — Mb_l . szt, forces (1 6)

“Qb =Ib_1 . szt, moments (17)

In addition to the rigid motion of the aircraft, linear struc-
tural dynamics are incorporated by Eq. 18. Here, generalized
external force P;X’ interact with linear elastic deflections U,
velocities it and accelerations ii;. The matrices My, Dy, and
Kﬁc refer to the generalized mass, damping, and stiffness
matrices. However, damping is assumed to be zero.

.. . _ t
Myiiy + Dypity + Kyuyp = Py (18)

3.6 Optimazation model

The objective of the structural optimization is to minimize
the structural weight while keeping the responses such as

DLM mesh
FE mesh

Fig. 11 Aero-structure coupling of the MULDICON
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failure indicies inside their boundaries. The task is treated
as a mathematical optimization problem and is formally
defined in Eq. 19. Therein, fis the objective function with
vector x containing the design variables and g is the con-
straint vector.

Min{f(x)|g(x) < 1 A Xjgyer < X < Xypper ) (19)

The ply thicknesses of upper and lower skin, spars, and
ribs are defined as optimization variables. Here, the mini-
mal thickness is set to 2.5 mm. The elements are grouped
in the 282 subsegments and linked in order to define one
variable per subsegment. Therefore, the element with the
maximal ply failure index governs the whole subsegment.
For the design responses, the failure index of Hill is uti-
lized. The optimization is done by a continuous increase of
the laminate thickness because of a straight increase of the
layer thickness. The stacking sequence and layer orientation
given in Table 1 remains unchanged. The structural model
is designed in such a way that left and right side have the
same properties, whereby the corresponding design fields
are changed simultaneously, too. This is to ensure symme-
try, a necessity if unsymmetrical load cases are considered.
Summing up, the optimization problem has 282 design vari-
ables. The 6294 design responses multiplied by 654 load
cases lead to ca. 4.1 Mio constraints.

4 Loads simulation

For the structural optimization, maneuver, gust, and landing
loads are considered. The basic equations for each type of
simulation are explained in the following paragraphs.

4.1 Quasi-steady maneuver loads

Regarding maneuver loads, the MULDICON is designed
for loads resulting from various pitching and rolling condi-
tions. Due to insufficient control about the vertical axis, yaw
maneuvers are not considered here. The loads are calculated
by a determination of different flight states whose aerody-
namics are assumed as quasi-steady. Therefore, the aerody-
namics (Sect. 3.3) and the equations of motion (Sect. 3.5)
are cast in a first-order system, as shown in Egs. 20 and 21.
For every maneuver, a set of trim condition is defined to get
a solvable system of equation. This trim equation is then
solved with a generic non-linear solver using the HYBRD
algorithm [34].

(itg) =1 (uo) (20)

ity Uy,
up up
ity Uy
i | =1 iy 21
MCS MCS
ulg ulg
u[g ulg

According to the certification specifications CS 25.331 [35],
pitching maneuvers are selected in the range of —1.0 g to
2.5 g. Beside the pitching maneuvers, an 1.0 g horizontal
level flight is simulated. Additional rolling conditions were
provided by Airbus D&S as part of a cooperation between
DLR and Airbus D&S in the frame of the DLR project
Mephisto. Such rolling conditions indicate an enlarged
maneuver load envelope (v-n diagram) for a typical UCAV
configuration. They take into account the range of —1.8 g
to 4.5 g. All maneuver load cases are combined with all
mass configurations, see Table 3, for design cruise speeds
V., respectively, M, and design dive speeds V,, respec-
tively, M, and at five Flight Levels (FL). The design cruise
speed is Mach 0.8 at sea level and increases to Mach 0.9 at
FL 75, while the design dive speed is Mach 0.9 at sea level
and increases to Mach 0.97 at FL 55. Further flight levels
are FL 200, FL 300, and FL 450 at Mach 0.9 for design
cruise speed and Mach 0.97 for design dive speed. In total,
306 maneuvering load cases are considered.

4.2 Dynamic, unsteady gust loads

A dynamic gust analysis is performed according to the cer-
tification specifications CS 25.341 for large aircraft [35].
The aircraft is exposed to a series of 336 vertical 1-cosine
shaped gusts with lengths H of 9, 15, 30, 45, 65, 85, and 107
m. The vertical velocity U is given in Eq. 22 and is defined
in dependence of the distance s penetrated into the gust and
the design gust velocity U .

U= Uas [1 - cos(ﬂ)] for 0<s<2H (22)
2 H

This leads to an additional downwash w; ., due to the gust

velocity on each aerodynamic panel. The resulting aerody-

namic forces P{“""**" are added to Eq. 9. Typically, gust

loads are of very short and sudden nature. Especially for the

shorter gusts, unsteady aerodynamics are absolutely neces-

sary for an adequate simulation for the resulting loads.

4.3 Dynamiclanding loads

The landing gear of an aircraft has to fulfill several purposes.
An overview is given in [36]. In this work, the emphasis
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lies on the absorption of vertical kinetic energy occurring
during the landing impact. The task is to analyze the effect
on the aircraft structure and to include the resulting loads in
the sizing process.

State of the art aircraft landing simulations are normally
carried out using multi-body simulation techniques, e.g. as
described in [37, 38] and include a detailed model of the land-
ing gear and tires. However, the aircraft is often assumed as a
rigid body, neglecting the dynamic response of the aircraft’s
flexible structure. There are several possibilities to address
this shortcoming. One approach is to incorporate the aircraft’s
structural properties in the multi-body simulation environ-
ment. This can be achieved by a modal representation of the
aircraft as Lemmens [39] demonstrates for a business jet. Cas-
trichini et al. [40] even includes unsteady aerodynamics for
the calculation of both gust and ground loads. An alternative
to the modal representation is the discretisation of the elastic
structure by means of rigid bodies which are connected by
rotational springs to account for wing bending and rotational
stiffness [41]. A different approach by Jaques and Garrigues
[42] uses a dynamic, transient finite elements analysis. Special
nonlinear elements, joints, and hinges are added to the FE code
to describe the behavior of the landing gear.

The approach in this work includes the landing gear directly
within the transient, dynamic simulation. Therefore, a generic
landing gear model is added to the simulation code. For a
sizing procedure in a pre-design phase, some simplifications
may be made while maintaining the key elements, which are
explained in the following.

A typical landing gear of a larger aircraft is shown in
Fig. 12. One key feature is a hydropneumatic air and oil shock
absorber. The gas spring force F/ is given in Eq. 23. The force
is calculated based on a pre-stress force F, a stroke length
s, a maximal stroke s,,, and a polytropic coefficient n with
1 € n < k. The damping force F; is given in Eq. 24 with the
stroke velocity § and damping coefficient d.

-
Ff=FO<1—Si> (23)

m

F, = sign(5)-d -’ (24)

For the tires, a linear behavior is assumed, forces act in
z-direction and only when the tire makes contact with
ground. Its deflection d_ is determined by subtracting its
rolling radius r, from its nominal radius r,,,,. This leads to
Eq. 25 with a tire stiffness ¢ and damping coefficient d. In
addition, the tire may have a mass m,,,,, causing a force F,

ire*

Ftire=c'dz+d'i‘ (25)

Facc = Myjpe * 7 (26)
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Attachment Point

Fig. 12 Key feature of a typical nose landing gear, photograph from
[43]

In a next step, the landing gear model is incorporated into
the time simulation of the Loads Kernel software. The posi-
tions, velocities, and accelerations of the landing gear attach-
ment point, indicated in Fig. 12, are extracted at every time
step and feed into the landing gear module. The landing gear
reaction forces are then applied as external forces P on the
aircraft. As the landing gear model is evaluated on-the-fly,
the interaction between aircraft and landing gear is captured.

In this way, the landing gear forces are counteracted by
the aircraft’s inertia, leading to a balanced set of loads.

According to CS 25.473, two different sink rates are
chosen. Cases with one, two, and three wheels landing are
considered for two mass configurations, leading to 12 land-
ing cases.

5 Results of the structural optimization

The iterative sizing loop of Loads Kernel and MSC Nas-
tran SOL200, as laid out in Sect. 2, starts with an initial
loads simulation. Out of the 654 load cases only the dimen-
sioning load cases are determined to size the components.
In the initial simulation loop, for example 121 design load
cases are identified and used for the structural optimization
with MSC Nastran SOL200. In every iteration, all 654 load
cases are considered but just the necessary design load cases
are used for optimization depending on the load selection
process.

The pure structural mass is used as the convergence cri-
terion. It converges rather quickly, as shown in Fig. 13, so
only three iterations are necessary. This is due to the stiff
configuration which deforms barely, in comparison to con-
figurations with a slender wing. Furthermore, the cross
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Fig. 13 Convergence of the structural mass

Fig. 14 Thickness distribution, top view

sectional areas are quite huge because of the chosen thick
airfoils (ca. 15 %). As a result, the configuration deforms
rarely. Finally, the pure structural weight is 1383.1 kg.

As pictured in Figs. 14 and 15, the thickness of the subseg-
ments is mostly the minimal thickness of 2.5 mm. Only at the
leading edge, some subsegments are increased to a maximum
of 7.5 mm. All rib and spar subsegments are not changed by
the optimization process and have the minimum thickness of
2.5 mm. After the optimization, the Hill failure index is less
than one, as exemplarily shown for three design load cases
in Figs. 16, 17 and 18. The failure indices for the most of the
load cases are low, so the optimization does not have to change
much. Only at the leading edge, the design loads lead to small
changes due to the high Ac,, coming from DLM aerodynamics.

In contrast to slender wings, the eigenfrequencies are much
higher, as listed in Table 4. Generally, for heavier mass con-
figurations, the frequencies become smaller. In comparison to
its predecessor, the DLR-F19, the eigenfrequencies are twice
as high which also relates to the more compact planform (like

e 4

sy

o

Fig. 15 Thickness distribution, bottom view

a delta wing). However, the characterization of the mode shape
is difficult, because the modes interact strongly. For a configu-
ration like the MULDICON pure bending and torsion modes,
as known for slender wing configurations, are seldom.

As an example, the heaviest mass configuration is cho-
sen to show typical mode shapes. The 1st eigenmode, an
asymmetric bending mode, is shown in Fig. 19. At the 2nd
eigenmode, the bending mode interacts with a nose pitching
mode. The 3rd eigenmode is an asymmetric twist mode. The
mode shapes differ from each other depending on the mass
configuration.

6 Loads analysis

For an assessment of the loads analysis and to down select
the design loads, the three major internal loads shear force
F,, bending moment M, and torsion moment My are plot-
ted against each other for selected combinations. In Figs. 20
and 21 such two-dimensional load envelopes for the load
station at the first wing-kink are displayed. The landing loads
(pink) at that point are insignificant while the gust loading
(blue) has a greater shear force F, and bending moment M,
whereas the torsion moment M, is greater in the maneu-
ver load cases (green). The landing loads lead to high local
forces which have to be introduced into the aircraft structure.
But in an overall view, as shown in Fig. 18, the landing loads
with a maximum failure index of 0.32 have only marginal
influence for such an configuration. The attachment structure
for mounting the landing gear has to be designed adequately,
while the primary structure is sized by maneuver and gust
loads. Nevertheless, it is necessary to consider landing loads
for overall aircraft design.

The pitch maneuver load cases cause a similar failure index
contribution as a gust encounter. Looking at the example of a
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used successfully to set up an aeroelastic model of the MUL-

DICON. The resulting model is sized with 654 load cases,
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Fig. 16 Failure index of gust load case, FI,,

Fig. 17 Failure Index of a roll maneuver load case, FI,,

Fig. 18 Failure index of landing load case, FI,,,,
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Fig.21 Cutting moments M, and M, at the first wing-kink

including maneuver, gust, and landing loads. As a further
development of the design process MONA, the landing loads
are simulated as a new part in that process with a simplified
generic landing gear model. Also, the gust encounters are
simulated with a dynamic unsteady time simulation, instead
of the Pratt prediction model, in contrast to previous work [2].
The structural model is comparatively detailed for a con-
ceptual design phase and a model condensation typical for
loads analysis is avoided. This is a more physical way of
introducing the loads to a structure, compared to the use of
a so-called load reference axis. Such concept is not useful
for a configuration like a deltawing. By setting up the model,
special emphasis is placed on the modeling of composite
materials by layers. Here, the four different failure criteria
implemented in MSC Nastran are studied and as a result the
Hill criterion is used for the structural optimization, because

of its simplicity and conservatism. Finally, an aeroelastically
sized model is given for further analysis of the MULDICON,
as an example for flying wing configurations. With this aer-
oelastic model, a flutter investigation is performed in [44]
concerning the body freedom flutter phenomenon like in
a previous work regarding the predecessor DLR-F19 [45].
Moreover, the influence of high-fidelity aerodynamics on
the sizing process using a CFD correction is investigated in
[23]. An uncertainty qualification based on this configura-
tion is assessed in [46] and different modelling strategies are
compared in [47].

On the composite modeling side, the optimization process
could be enhanced. A stepwise optimization of the lami-
nates is possible to bring the modeling closer to manufac-
turing. Therefore the command DDVAL of MSC Nastran
for discrete design variable values could be used. Also, the
influence of delamination failure towards the sizing may
be investigated. Therefore, impact load cases have to be
considered.

Because of the small change in the thickness of the mate-
rial, a lower minimum thickness value could be used. Here,
the minimum stacking sequence of 20 layers, which is equiv-
alent to a minimum thickness of 2.5 mm, is a strong con-
straint which is probably to high. A lower minimum value
of 1.6 mm, as chosen in [48], could be a better approach.

Otherwise, a variable stiffness of each subsegment could
be used as a design variable to fit the structure better to its
loading. This procedure is explained in [49], followed by a
stacking sequence design with a generic algorithm, as pre-
sented in [50].
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