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Figure 4: Aeroelastic tailoring process 

 

2.4. Aeroelastic Tailoring: Optimization 

The optimization problem for the aeroelastic tailoring 
task is formulated in MATLAB. In NASTRAN runs, 
the sensitivities of the objective function with respect 
to the structural design parameters, e.g. stiffness 
distribution, layout of laminates, is determined. A 
gradient-based optimization using the TU Delft opti-
mizer ALDO then generates feasible stiffness distri-
butions for the wing structure. The resulting structure 
can then be post-processed for actual design of 
stacking sequences of laminates, or used in a gen-
eral formulation (stiffness, mass distribution) directly 
for further investigations, i.e. design studies, or loads 
and aeroelastic stability analyses. 

The process has been used for wings of several 
aircraft configurations. Applications will be described 
in the following sections. 

2.5. Application Example: ICW Wing 

The aeroelastic tailoring process was built up and 
validated using the academic example ICW wing 
(Intermediate Complexity Wing) for tools and pro-
cess development. The ICW is a reference compo-
site wing, which is examined in several optimisation 
papers [14]. ModGen was used to generate an FE-
model with 32 upper and 32 lower skin shell ele-
ments with PSHELL / MAT2 property definition. De-
sign variables were lamination parameters and lami-
nate thicknesses. The design variable sensitivities 
for specified responses were computed with 
NASTRAN SOL200 and the sensitivities passed to 
optimiser.  

Stacking sequences of the wing box were extracted, 
and A, B, and D (stiffness) matrices of the box plates 
calculated. Finally, the 6x6 Timoshenko stiffness 
matrix for each cross-section was derived. Figure 5 

shows the layup for an optimization with respect to a 
required control layout efficiency. 

 
Figure 5: ICW-Wing Layup Optimisation Sample: Optimi-
zation for Rudder Efficiency 

2.6. Application Example: XRF 1 

A second application was the XRF 1, see Figure 6. 
The model is a widebody configuration, which has 
been distributed by Airbus in the framework of 
SFWA.  

 
Figure 6:  XRF 1, reengineered DLR model  
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2.8. Investigation of the Influence of Aero-
elastic Tailoring on Fatigue Loads 

In a final study, an investigation of influence of aero-
elastic tailoring on fatigue was performed, as coop-
eration between the DLR Institute of Aeroelasticity 
and the Fraunhofer Institute for Structural Durability 
and System Reliability. The investigations were also 
based on the NSR configuration shown above.  

Analysis of fatigue loads is based on turbulence 
spectra for trimmed flight conditions. The assump-
tion is that continuous turbulence occurs as a spa-
tially varying stochastic process. The spectra are 
defined as Power Spectral Density (PSD) functions. 
Well-known examples for turbulence spectra are the 
von Kármán wind turbulence model and the Dryden 
wind turbulence model. An activity in the project was 
an investigation whether a passive wing design, 
tailored for minimum loads, would influence the fa-
tigue behaviour of the resulting wing with respect to 
a standard layout. 

On the wing, so-called “monitoring stations” were 
defined for which the analysis was performed. First, 
a PSD loads analysis using several variants of the 
aeroelastic tailored NSR wing was performed. Sec-
ond, a set of PSD loads for selected monitoring 
points were generated, see for example Figure 15. 

 
Figure 15: Results for stochastic gust analysis: PSD of 
loads on a wing reference point  

Fatigue analyses usually work based on the evalua-
tion of time series. Thus, an equivalent time history 
for the PSD results has been generated for each 
monitoring point, see Figure 16. 

 
Figure 16: Equivalent time series for loads history 

Finally, exceedance curves for load levels were cre-
ated. Here, discretized load levels are plotted over 
the number of crossings of those load levels (i.e. 
exceedance). Those plots will then be the basis for a 
fatigue evaluation of the wing concepts. 

 
Figure 17: Exceedance curve for load levels 

3. WING DESIGN OPTIMIZATION USING FAST 
DESIGN METHODS 

The examples shown so far were applications of the 
shell-model approach of the multi-fifdelity design 
process, following the “lower” branch in Figure 1.  

TU Delft focussed on the passive wing optimization 
on a beam level. The work was carried out in close 
and fruitful collaboration with DLR Göttingen. The 
passive loads alleviation was envisioned to be 
attained by making use of the directional properties 
of anisotropic composites. The intricate problem of 
composite wing skin and spar optimization, which 
inherently is associated with a large number of 
design variables and constraints, was handled by 
setting up a multi-fidelity design loop, making up the 
“upper” branch in Figure 1.  

TU Delft developed a low-fidelity aeroelastic 
optimization routine which can quickly design a 
spanwise and chordwise stacking sequence 
distribution, see [3]. This low-fidelity design can then 
serve as initial guess for the DLR medium-fidelity 
optimization. 

The TU Delft low-fidelity aeroelastic optimization 
strategy consists of the monolithic coupling between 
a continuous-time unsteady vortex lattice 
aerodynamic code and a geometrically nonlinear 
Timoshenko beam code. The structural dynamics 
are linearised around the static nonlinearly deflected 
shape. The composite laminates can be varied in 
chordwise and spanwise direction over the wing in 
various design zones. The discrete composite 
stacking sequence discretization is parameterized in 
a continuous fashion using lamination parameters. 
This way, gradient-based optimization is realizable, 
which is an essential ingredient when dealing with 
an optimization problem of multiple hundreds or 
thousands of design variables. Using this approach, 
the wing can be sized for a variety of manoeuvre 
load cases including constraints such as buckling, 
strength, divergence, aileron efficiency and flutter. 
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computation time is divided by 5, while in the non-
linear case the methodology is as fast as the stand-
ard linear case. 

 

 

 
Figure 21: Comparison of linear (blue) and non-linear (red)  
loads process 

4.2. Concentrated non-linear structural element 

Engine isolator non-linear stiffness and rupture: In 
this case, the loss of the propeller blade is modelled 
by applying a rotating load at the propeller hub. The 
non-linear behaviour of the engine isolators has 
been modelled (stiffness and damping), up to rup-
ture. 

 
Figure 22: Concentrated non-linearity between wing and 
engine 

 

 

Figure 23: Characteristics of non-linearity 

Isolator deformation and engine and wing tip 
accelerations have been calculated and compared with 
the linear case, verifying the deformation reduction 
caused by the isolator stiffening. This also increases 
the acceleration suffered by the engine. When the 
excitation is high enough to reach rupture, loads are no 
longer introduced in the structure and the wing tip 
comes to rest, as expected, see Figure 24. 

 

 
Figure 24: Time simulation of wing loads with and without 
rupture 

4.3. Aerodynamic non-linear behaviour: Lift 
coefficient limitation 

The aim of this study is to implement and test 
aerodynamic forces sensors. This capability opens 
the door for the introduction of angle of attack 
depending forces (such as 1p loads) and more 
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complex modelizations such as dynamic stall. In the 
example, the lift coefficient is limited to 0.2 during a 
gust response. 

 

 

Figure 25: Effect of aerodynamic non-linearity 

4.4. Low frequency aircraft response 

This study explores the possibility of introducing, in 
the continuous turbulence response calculation 
process, forces that the methodology does not 
include but are important from the rigid body motion 
of the aircraft standpoint.  

 

 
Figure 26: Geometric effect not represented by classical DLM 

The added forces depend on: Gravity, yaw speed, 
sideslip angle, induced angle of attack, thrust 
dependency with speed, and induced drag. 

These forces are of no effect in discrete gust 
calculations as they do not affect the elastic modes 
response. They have a small but not negligible 
impact in incremental continuous turbulence loads, 
because the excitation energy is concentrated at low 
frequency, in particular around the rigid body modes 
of the aircraft. The work studies the effect of each of 
these forces on rigid body aircraft response to 
rudder command (lateral displacement, roll and yaw 
angle) and on continuous turbulence loads (VTP 
root bending moment). An increment of 3% in VTP 
root bending moment is obtained. 

 

 
Figure 27: Effect of low frequency aircraft response 

Concerning aeroelasticity, the effects of several 
forces neglected in standard flutter analyses has 
been studied. In this case the new forces are 
introduced through modifications of the generalizes 
aerodynamic matrix. The variation of the flutter 
speed may be important in special configurations, 
such as T shaped tails at high HTP upwards loading. 

 
Figure 28: Effect of low frequency aircraft response on 
flutter results 






