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Towards industrial aero-structural aircraft
optimization via coupled-adjoint derivatives

M. Carini', C. Blondeau?, N. Fabbiane® and M. Méheut
ONERA The French Aerospace Lab, Meudon, F-92140, France

M. Abu-Zurayk >, J. Feldwisch®, C. Ilic " and A. Merle®

German Aerospace Center (DLR), Germany

The paper provides an overview of the maturity achieved on multi-disciplinary aero-
elastic and aero-structural adjoint solvers developed during the European project
MADELEINE. The main focus is on relevant industrial test cases specified by Airbus based
on the XRF-1 research model, representative of a large passenger aircraft. First a cross-
validation of the computed sensitivities among project partners is presented for both rigid
and flexible shape gradients, based on a shared wing shape parametrization prescribed by the
aircraft manufacturer. Then studies are performed by considering an increased number of
parameters representative of industrial design applications. The benefit of taking flexibility
into account is demonstrated by comparing single and multi-point optimization results.
Finally an outlook of ongoing aero-structural optimizations exploiting an integrated multi-
disciplinary feasible strategy is provided.

I. Nomenclature

CD, = pressure drag coefficient

CDs = friction drag coefficient

CDy = far-field drag coefficient

CD,, = wave drag coefficient

CDy, = viscous-pressure drag coefficient
CD; = induced drag coefficient

CL = lift coefficient

Co = pressure coefficient

AoA = Angle of attack

RANS = Reynolds Averaged Navier-Stokes
CFD = Computational Fluid Dynamics
CAD = Computer Aided Design

FEM = Finite Element Method

XRF-1 = eXternal Research Forum
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I1. Introduction

The industrial practice of High-Fidelity (HiFi) aircraft optimization studies still relies on separated disciplines which
also results as a legacy of the internal organization of most companies. However the challenges introduced by new
aircraft configurations able to exploit the synergies among aerodynamic, structure and propulsion, critically question
this design paradigm, with the need for coupled analysis approaches in order to properly identify the associated
multi-disciplinary trade-offs. A typical example is represented by the aerodynamic shape optimization taking into
account aero-structural deformation, which becomes crucial to effectively tackle the design of highly flexible wing.

In the companion paper [10], ‘frozen-flexibility’ approaches are presented to circumvent the computational cost and
complexity of a fully-differentiated aero-elastic process while taking into account structural deformation within the
aerodynamic shape optimization loop. More precisely, the jig to flight shape deformations are first precomputed for
each considered flight condition by performing fully-coupled aeroelastic computations on the baseline geometry.
Then a classical multipoint “rigid” adjoint-based aerodynamic optimization is performed on the jig shape,
augmented by the baseline structural displacements.

These weakly-coupled approaches although computationally attractive, especially for industrial configurations,
neglect the dependency of the structural deformations on aerodynamic shape changes during the optimization
process. Indeed the strongly coupled approach requires a fully-differentiated aeroelastic formulation leading to the
so-called coupled-adjoint capability [1,7]. Such approaches have been successfully demonstrated in several studies
to conduct aeroelastic and aerostructural [2—7] optimizations but often restricted to academic configurations.

Starting from this state-of-the-art, the present paper aims at leveraging current industrial practices by investigating
the benefit of a strongly coupled adjoint approach for aero-structural optimization while addressing the full
complexity of industry-driven test cases.
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Fig. 1 XRF1 wing-body parametrization for aerodynamic and aeroelastic shape sensitivity validation.

I11. Methodology and Validation

Before performing complex optimizations, all partners agreed first to validate the implementation of multi-
disciplinary adjoint formulations on the considered XRF-1 wing-body configuration. In order to ease the validation of
sensitivities among partners, some data and disciplinary bricks have been shared whenever possible. For validation
purpose all partners adopted a common simplified wing shape parametrization consisting of 13 parameters
representative of a typical wing optimization study. Global planform variables like span and sweep as well as local
aerofoil parameters like chord, camber, thickness and twist are considered altogether (see Fig. 1). The number of
parameters is for sure too low for wing optimization, but is used here for demonstration and validation purpose only.



Multi-disciplinary optimizations are then performed on a larger set of parameters to demonstrate to benefit of the
adjoint approach.

A. Analysis Models

The steady aeroelastic analysis and sensitivity computation processes require of course a structural model to take
flexibility effects into account. As already mention, partners agreed to share the structural model provided by DLR
for the gradient validation task. The strategy for generating the structural and the associated aerodynamic grids relies
on a common parametric CAD model. This CAD model is also differentiated with respect to the shape design
variables, thus providing analytical derivatives leading to a fully consistent adjoint workflow. From this reference
outer-mold shape, the finite element model is automatically generated by the CPACS-MoNa®*° process. A series of
sections is extracted from the common wing geometry and provided to MoNa following DLR’s requirements. These
profile slices are merged with a CPACS file for the DLR-XRF1 configuration. From there, the CPACS-MoNa
process:

reads the outer shape;

creates parametric models for each component;
discretizes the load carrying structure
distributes masses;

creates different mass configurations;
generates an aerodynamic model;

analyzes a large set of load cases and selects the critical ones for the structural optimization of each
component.

A general overview of the MoNa process is shown in Fig. 2. The finite element model typically output by MONA is
presented in Fig. 3. It is worthwhile to mention that the MoNa process not only generates an updated structural
model topology but also performs a full sizing considering all relevant critical load cases.
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Fig. 2: Core MoNa process at DLR which combines the model generator ModGen and MSC.Nastran.
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Fig. 4: Surface mesh of the structured (left) and unstructured (right) grids used for gradient validation.

B. Sensitivity Validation

At first, partners compared rigid and flexible gradients computed with their own in-house tools. More precisely all
aerodynamic RANS computations have been performed by Airbus and DLR with the CFD solver TAU using an
unstructured grid of 5.7M points. At ONERA the elsA solver (ONERA-Airbus-Safran property) [11] has been used
with a comparable grid of 5.3M points. The corresponding surface meshes are illustrated in Fig. 4. The one-equation
Spalart-Allmaras model has been adopted by all partners for turbulence modelling. It is worth mentioning that all
adjoint sensitivities were computed by considering a fully linearized turbulence model. To assess the relevance of
this numerical modelling aspect, gradient computations relying on the frozen turbulent viscosity assumption have
also been carried out by ONERA. In addition, in order to make this comparison relevant, all sensitivities were first
validated internally by central finite differences by all partners.

Representative results of rigid and aeroelastic computations are reported in Fig 5 and Fig. 6, while corresponding
sensitivities for pressure drag coefficient (CDy) are illustrated in Fig. 7 and Fig. 8, respectively. More details on
results computed by Airbus are found in the companion paper [10]. All these results are computed at a representative
flight condition within the cruise range. Fig 5 compares the Airbus datum flight shape with the flight shape
computed by the aeroelastic analysis using the DLR-XRF-1 structural model. It is seen that the wing deflection is
lower indicating a stiffer wingbox. However, the pressure coefficient distributions are very similar showing slightly
lower pressure levels on the upper side of the recomputed flight shape.



Fig. 5 Flight shape computed by the aeroelastic analysis (blue) versus datum flight shape (Airbus). The datum
jig shape isin grey.

\

Fig. 6: Pressure coefficient distribution (top = upper surface, bottom = lower surface): comparison between
results obtained on the datum flight shape (left) and by the aeroelastic analysis (right).

Note that the rigid sensitivities are computed around the Airbus datum flight shape. The agreement is particularly
good, considering variability in meshing strategies, mesh deformation, CFD settings, etc. First it has been observed
that the turbulence model linearization can significantly affect the rigid gradient values. However looking at flexible
counterparts, this seems to be mitigated by the impact of structural flexibility, which is particularly important for
planform design variables.

From this cross-validation exercise partners were sufficiently confident in the maturity and accuracy of their coupled
adjoint solvers which was an important milestone before addressing realistic optimizations.
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Fig. 7: Comparison of CDj sensitivities among ONERA, DLR and AIRBUS on XRF-1 rigid flight shape.
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Fig. 8: Comparison of CD,, sensitivities among ONERA, DLR and AIRBUS on XRF-1 flexible shape.

IV. Optimization results

A. Enriched shape parametrization

A refined wing shape parametrization is here introduced to carry out realistic industrial demonstrations of rigid and
flexible optimization with frozen wing planform using the elsA solver and two different DLR XRF-1 structural
models. In order to enable a finer control of the local airfoil camber and of the twist distribution, the considered
parametrization consists of 12 wing sections, as highlighted in Fig. 9. For each section, 6 camber control points are
employed which are located at the 15%, 30%, 45%, 60%, 80% and 90% of the chord. An example of the local



camber variation that can be prescribed is illustrated in the right upper panel of Fig. 9. The twist distribution is
linearly interpolated between the crank and the tip sections (as illustrated in the right middle panel of Fig. 9) with an
additive smooth correction by means of a third-order spline for the inner and outer wing, separately (as illustrated in
the right lower panel of Fig. 9). The corresponding total number of shape design variables is of 73.
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Fig. 9: Enriched XRF-1 wing-shape parametrization: control section locations (left) and examples of camber
and twist modifications.

B. Structural models

Two different structural models FS1 and FS2 have been generated by using CPACS-MoNa. One major difference to
the XRF-1 reference structure is a switch to aluminium for the load carrying structure instead of composite
materials. Furthermore, titanium is used where the landing gear and the engine are integrated. While for the upper
skin, a Young’s modulus of 71.0 GPa is used, the lower wing, the ribs and spars are made of a stiffer metal with a
Young’s modulus of 73.8 GPa. The elements of the structural models, like the beams and the shell elements are
defined in a preliminary sizing step, where an equivalent wing model is analytically sized using cut-loads. Thus, the
preliminary sizing step provides an initial design. The shell-element thicknesses are optimized by minimizing the
structural mass using MSC.Nastran. The wing’s sub-components are partitioned into 392 design fields, split between
ribs, spars, and skins, where each design value controls within its field the wall-thickness property for all shell
elements (see Fig. 20). Each design value is constrained by lower and upper bound, which are determined by the
preliminary sizing step, considering a minimum wall thickness of at least 2mm. Maximum von Mises stress, and
maximum shear stress of the elements in each design field are constrained by upper and lower bounds. The minor
principle stress of each design field is used in an analytical equation to account for buckling constraints.

The load cases used for the structural optimization are different between the two models (FS1 and FS2). In both
cases, the loads are computed by the aeroelastic analysis SOL144 and SOL146 of MSC.Nastran. For the FS1 model,
pull-up, push-down and roll maneuvres are computed for all mass configurations, which have been suggested by
Airbus. For the FS2 model different load cases consisting of six pull-up-, four push-down-, 18 roll-maneuvers and
five gusts encounters are investigated, from which only three pull-up, four push-down and two roll-maneuvers
appear to be critical and are then used in the structural optimization. The optimum wall thicknesses for the different
subcomponents of the FS2 model are shown in Fig. 10. As the FS1 model investigates a larger set of load cases,



higher critical loads were found for the structural design, which yielded a stiffer design compared to the FS2 model

as highlighted by the comparison of the corresponding flight shapes in Fig. 11.
The final structural mass of the wingbox for the model FS1 is 18,947kg and it is of 18,724kg for the more flexible

model FS2.
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Fig. 10. Wall thickness distribution of the final FS2 model, which is based on a smaller set of load cases.



Fig. 11 Baseline flight shapes resulting from aeroelastic computation around the XRF-1 baseline jig-shape:
the flight shape (blue shaded surface) corresponds to the stiffer FS1 structural model and the flight shape
(gray shaded surface) corresponds to the more flexible FS2 structural model.

C. Comparison of rigid and flexible optimization

A first optimization demo is presented here by considering the minimisation of the far-field drag coefficient of the
aircraft [8] at the same flight conditions considered for the validation task with CL=0.5. The angle of attack (AcA)
is introduced as an additional variable in the optimization process, for a total of 74 variables. Both rigid and flexible
approaches are considered for such purpose. More precisely for the rigid case the parametrization is defined directly
on the baseline flight shape while for the flexible case, the parametrization is associated with the baseline jig shape.
However it is worth to note that the flight and the jig baseline shapes are fully consistent, since the first one has been
obtained as part of the solution of the aeroelastic computation on the second one at the considered target lift. For
both the two considered structural models, i.e. FS1 and FS2, rigid and flexible optimization convergence histories
are summarised in Fig. 12 by showing the percentage gain on the cost function and the prescribed lift constraint. The
resulting gain on the drag coefficient increases from ~3.5-3.7% for the FS1 test case to ~4.7-5.0% for the FS2 test
case, which features a more flexible wing structure. A more detailed analysis of the optimum gains is presented in
Table 1 by inspecting the related far-field drag breakdown. For the pure aerodynamic optimized shapes, corrected
performance obtained by re-computing a posteriori the structural deflection, have also been reported. For both test
cases the gain associated with the pure aerodynamic optimization is slightly higher compared to the value achieved
by aeroelastic optimization. However when the aeroelastic correction is introduced on the rigid results, the two
performances get very close, which is furthermore confirmed by inspecting the different drag components, except
for the wave drag of the FS1 case. As expected, the wave-drag component is the most affected one by the
optimization process. Pressure coefficient distributions are compared in



Fig. 13 for the suction side only: remarkable differences among rigid and flexible
test case on the outboard wing. Corresponding spanwise load and drag distributions
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Fig. 14. Deviation from the elliptic distribution results higher in the FS2 case with an increase of the aerodynamic
load in the inboard region and a decrease in the outboard one. At the same time only negligible differences are
observed among rigid and flexible results for both test cases. Similar considerations hold for the viscous-pressure
drag distribution, while differences are more pronounced for wave drag, more precisely on the outboard region for
the FS1 case and on the inboard region for the FS2 case. For both case, the variations with respect to the baseline
distribution clearly shows that drag reduction is not limited to a particular span interval but occurs along the whole
wing span. In particular, the achieved wave-drag reduction is larger for the FS2 compared to the FS1 one.

10



Delta CDff %

. “ 0.5
"1 'W/FN’H’WH\ ]”T‘ 1 1mﬂ*\mu/ﬂr v “ |Hr
H iy H”Wu"nh} A ‘V‘}M (’ ”HHJ* I h I
35 ‘H”Nu ik | uk f! | ! (R
BT y " ]
| !|‘ liy ol IH |‘J “‘ lJ I Il‘ 1 i)
30 " \l‘lllu il \‘ . | |I il ”‘ I | b
SN \II o " | —0.495
2500w Ch oy )
A "' oy )
20 ‘:} [ \‘ l\ [ )
Il ' o 1 40
BEA Loy —-0495
i b 1
I
1 |
o Ly 1
5 b Delta CD % - Rigid Optim |
| |— — — cL-Rigid Optim
- Delta CD % - Flex Optim—| 0.485
0 “ — — — CL-Flex Optim g
| |
5 i
i II | | [ | | | | ]
e 20 40 60 80 100 120 140 160 L
iteration

40

3

U'|

11
Wn hy
ol
Gl
Eil
- i:“'
L0
Hh
b
G
hl

30

20

Delta CDff %

biif

| Hil

A g "n””r“*“m
Hil MMP\/

‘fﬂl

e b

I w

Vlll‘llllllillllll

20

40

IF 17 (rn IL'\I“'\’y ~f—~ T
JI"‘M\} ‘h/ VNH oY y 1
“‘I y! .l W b
Ayl I o |

\‘l | | {
\‘l[ I ‘ | IJ ]
o | | .
by ' I 1
| ) 1
I ) 1
I ‘\ N
| —
» B
| J
Delt \CD%-HIgid Optim

— — — CL - Rigid Optim
Delta CD % - Flex Optim |
— — — CL- Flex Optim B
T I ST R |
. 60 80 100 120
iteration

0.5

0.495

0499

0.485

0.48

Fig. 12 Rigid and flexible wing shape optimization for FS1 (left) and FS2 (right) test cases: evolution of the
far-field drag cost-function and of the lift constraint.

Test Case  Optim ACD; ACDy ACD,, ACD; ACDy
Rigid +1.00% -90.44% -6.66% +0.38% -3.68%
Rigid with
FS1 flexible +0.72% -90.40% -6.02% +0.61% -3.61%
update
Flexible +0.70% -84.81% -6.08% +0.49% -3.47%
Rigid +0.80% -92.45% -7.83% +0.29% -4.95%
Rigid with
FS2 flexible +1.03% -93.29% -7.77% +0.32% -4.88%
update
Flexible +1.04% -93.17% -7.15% +0.57% -4.68%

Table 1. Analysis and comparison of rigid and flexible optimization results in terms of far-field drag
decomposition for the two considered test cases FS1 and FS2. Results obtained by re-computing the aero-
elastic equilibrium around the rigidly optimized flight shapes are denotes as “Rigid with flexible update”.
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Fig. 13. Comparison of optimized pressure side C, distributions: rigid optimized with flexible update (lower
half model) and flexible optimized (upper half model). Results for FS1 (left picture) and FS2 (right picture)
test cases.
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Fig. 14. Comparison of rigid and flexible optimization results: spanload (left panel), wave drag (center panel)
and viscous-pressure drag (right panel) for both FS1 and FS2 test cases. Note that drag distribution,
correspond to variations with respect to the associated baseline: the vertical axis is reversed so that variation
above the zero dashed-dotted line results in a drag reduction with respect the baseline.

D. Multi-point flexible optimization
A multi-point (MP) flexible optimization is here presented based on the extension of the FS2 test case to include two

additional flight points at CL=0.45 and CL=0.55. The considered cost function is given by the sum of the far-field
drag over the three flight conditions. For each flight condition and consistently with the associated lift constraint, the
corresponding value of Ao0A is introduced as a variable in the optimization process in addition to the 73 shape
design variables associated with the wing jig-shape parametrization. The total number of optimization variables is
therefore equal to 76. The optimization convergence history is reported in Fig. 15, showing a gain of ~4.1% on the
cost function. A qualitative comparison of the baseline and optimized jig shapes is given in Fig. 16 (left panel) along
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with the evolution of the non-dimensional twist design variables (right panel). In the considered definition of the
design space, the twist variables share the same symmetric range of variation around their baseline value, which is
made non-dimensional as [0,1]. Therefore, for each twist design variable, the corresponding non-dimensional
baseline value is given by 0.5. As shown in Fig. 16, the optimization leads to increase the twist of all the associated
control sections. More precisely, the variation is found more important on the outboard wing compared to the
inboard wing. The drag-breakdown analysis of the optimization gain for the three considered flight points is
presented in Table 2. In addition, results from the single-point (SP) flexible optimization previously performed at
CL=0.5 are also provided. These additional results have been obtained by performing aeroelastic computation at
CL=0.45 and CL=0.55 of the optimized FS2 jig shape at CL=0.5. As expected, the SP optimized shape is
performing slightly better than the MP one at CL=0.5, by achieving a higher reduction of the wave-drag component.
On the contrary, for the SP case, the performance gain is completely lost when moving to the flight point at lower
CL while slightly drops below the MP one at the highest CL value. This confirms the expected benefit from the MP
optimization in terms of robustness of the performance gain in the neighborhood of the target cruise condition. The
comparison of pressure distributions illustrated in Fig. 17 with the baseline ones (not reported here) shows that the
most important differences are located on the suction side of the wing, consistently with leading reduction of the
wave drag. Finally, the spanwise distribution of the aerodynamic load as well as of the wave and viscous-pressure
drag components are analyzed in Fig. 18 and Fig. 19, respectively. More precisely for the drag components,
variations with respect to corresponding baseline distributions are reported. Similarly to what observed for the SP
optimizations, for each flight point, positive and negative variation of the aerodynamic load compared to the
theoretical elliptic distribution, are found to characterize the inboard and outboard wing regions, respectively.
Deviations are also slightly reduced by increasing the lift coefficient from CL=0.45 to CL=0.55. Consistently with
the values reported in Table 2, the inspection of the spanwise drag distributions in Fig. 19 shows that the wave-drag
is greatly reduced at CL=0.5. At CL=0.55 the wave-drag is essentially reduced everywhere along the span but not as
much as for CL=0.5, while at CL=0.45, although globally reduced, a small pocked of increased wave-drag is
observed around the mid-span position. The behavior of the viscous-pressure drag contribution (superposed in the
same plots) well correlates with the one of the wave-drag, which can be physically interpreted based on the impact
of compressible effects on the boundary-layer growth.

05 - 06
A -
- coff i
oL ar
CY | | ‘ cL3
ost | *
D"“\ A H e jwf e T ~————0.55
oL ]
215 :—‘| '/‘| ‘ ‘ | ﬂ 1
o C — 4
L.; 2 *fj‘fg\ ‘Jﬁd ~/*~ﬂr e an cae e a— L 3]
- It I‘ L ‘ i
@ 0 I y | | |
Q25F | ‘| | ‘ | .
r I~ m ‘ )
3 r il oss
: aimea -
-3.5 V V ‘HI (_'\ j
F | LI V™ Aq L
-4 j | | \q\/ “\u‘ﬂﬂ/":
£ : | |
45 50 100 04
iteration

Fig. 15. Multi-point flexible wing shape optimization: evolution of the far-field drag cost-function and of the
lift constraints.
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Fig. 16. Qualitative comparison of baseline (gray shaded) and optimized (blue shaded) jig shapes for multi-
point flexible optimization (left panel) and optimization history of non-dimensional twist design variables
(right panel).

Optim CL ACD; ACD, ACD,, ACD; ACDy

MP +0.62% -70.91% -4.05% +0.39% -2.61%
0.45
SP +1.36% -7.96% +1.31% +0.23% +0.55%
MP +0.66% -86.08% -6.58% +0.50% -4.45%
0.50
SP +1.04% -93.17% -7.15% +0.57% -4.68%
MP +0.62% -60.35% -5.39% +0.41% -4.93%
0.55
SP +1.17% -60.78% -5.02% +0.44% -4.80%
Obj. function ACDﬁf‘CL:o.45 + ACDﬁqCL:(M +ACDﬁf‘CL:0.55
MP -4.09%
SP -3.16%

Table 2. Analysis of multi-point (MP) flexible optimization results in terms of far-field drag decomposition
and comparison with the corresponding single-point flexible optimization (SP) results (FS2 test case).
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Fig. 17: C, distribution for the multi-point flexible optimized configuration: pressure side (lower half model)
and suction side (upper half model). Panel from left to right refer to flight point at CL=0.45, CL=0.5 and
CL=0.55, respectively.
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Fig. 18. Comparison of spanload distributions resulting from multi-point flexible optimization. Panel from
left to right refer to flight point at CL=0.45, CL=0.5 and CL=0.55, respectively.
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Fig. 19. Variation of wave and viscous-pressure drag distribution with respect to the baseline as obtained
from multi-point flexible optimization. Panel from left to right refer to flight point at CL=0.45, CL=0.5 and
CL=0.55, respectively. Note that in these plots the vertical axis is reversed so that variation above the zero
dashed line results in a drag reduction with respect to the baseline.
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V. Ongoing Analyses towards aero-structural optimization
A. Cross-derivatives of aerodynamic coefficients

In the previous sections multi-point optimizations have been conducted with the primal objective of assessing the
benefit of engaging aeroelastic analyses and associated sensitivity analyses by comparing nominal performances of
various optimized configurations. The design variables only affected the airfoil shapes and the twist law while the
structural stiffness was considered frozen. This strategy is suitable for an asymmetric aero-structural formulation
where for instance the structural design task is converged at the end of each iteration of the outer aerodynamic shape
optimization process. The structural model is then updated for the next cycle of aerodynamic shape optimization.

To step further toward a strongly coupled aero-structural optimization process, we now consider the computation of
an important cross-derivative term like the sensitivity of any aerodynamic function of interest with respect to
structural design variables. In this section we restrict to the specific case where design parameters control the
physical properties of the finite element model (skin thicknesses, stringer sections, ...). Therefore, the geometry of
the structural grid is not affected by the parametrization. Under these assumptions, the total derivative of an
aerodynamic function of interest J with respect to a sizing parameter p is written as [7]:

d K
Y _ a0k,
dp dap

where A, is the structural adjoint vector, K the stiffness matrix and U the structural displacement vector
corresponding to the steady aeroelastic equilibrium under cruise flight conditions. We consider the set of 392 design
variables that was previously used for the wingbox sizing process (see section 1V.B). The figure below illustrates the
distribution of sizing parameters. Each element’s physical property in a colored design area is linearly linked to one
independent design variable. The structural displacement field for the more flexible FS2 finite element model is
plotted in Fig. 21.

Fig. 20. Definition of the 392 wingbox structural design variables .
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Fig. 21. Nominal cruise flight shape for the more flexible FS2 structural model.

The total derivative dJ/dp is then automatically reconstructed from a standard static optimization solution of the
commercial MSC.Nastran software using a dedicated DMAP (Direct Matrix Abstraction Programming) alter. The
final post-processing step consists in the visualization of the sensitivity map for the aerodynamic coefficient of
interest. For illustration, the sensitivity distribution of the pressure drag coefficient is presented in Fig. 22. From this
plot a number of observations can be formulated. First the areas associated to negative sensitivity values means that
an increase in local stiffness will lead to a decrease of pressure drag coefficient. The larger contribution is located on
the rear part of the upper cover. Also a sign change occurs between the light-green and yellow colored areas
showing that a stiffness increase of the outer wing box will be detrimental for the pressure drag coefficient. With the
addition of this cross-sensitivity contribution the whole sensitivity vector of any aerodynamic function of interest
can now be exploited in the high-fidelity optimization process.
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Fig. 22. Cross-sensitivity maps for the pressure drag coefficient (top: upper skin, bottom: lower skin).

B. A Multi-Disicplinary Feasible implementation

Next step will consider a more realistic parametrization of the wing shape including the additional control of the
wing planform through variations of the chord sections and the span.

Our goal is to perform aero-structural optimizations considering a multi-point strategy for aerodynamic
performance and a selection of 11 critical loads for certification. The same structural design model is considered
(392 design variables) and about 19000 local design constraints (stress and buckling constraints) are defined for
each load case. For such purpose we will pursue a fully integrated multi-disciplinary feasible strategy where a single
optimizer manages all design variables and constraints at once (see Fig. 23). This approach allows taking into
account multi-point aeroelastic optimizations and multiple sizing load cases simultaneously. In order to manage the
huge number of structural design constraints, we will consider a gradient-based response surface reduced-order-
model directly connected to the optimizer, thus avoiding the direct call to the high-fidelity aerodynamic and
structural analysis codes.
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Fig. 23: Reference multidisciplinary feasible aero-structural optimization framework.

VI. Conclusions

This work represents an important European collaboration between research institutes and industry in the aim of
leveraging new capabilities for preliminary aircraft design. Despite the variability in the numerical approaches
used by the different partners a very fair comparison for coupled gradient values has been achieved. More
specifically the added benefit in terms of accuracy of considering flexibility in the computation of aerodynamic
performance sensitivities has been demonstrated. In addition, it is now acknowledged by all partners that the fully
linearized turbulence model should always be considered in gradient computations. An effective demonstration of
these capabilities in terms of multi-point flexible optimization around an industrial-like configuration has been
presented, paving the way to a more systematic study of the impact of the flexibility and the associated modelling
on the final result and return time of the optimization process. Forthcoming investigations within the framework
of the MADELEINE project will focus on this aspect by comparing purely aerodynamic, aeroelastic with rigid
gradients and fully flexible approaches in the multi-point optimization of the considered test case, while virtually
increasing the structural flexibility through the modification of the structural material properties. The aim is to
clearly identify a trade-off between modelling complexity and performance benefits with respect to the degree of
structural flexibility. Finally, an outlook on on-going developments for fully coupled aero-structure optimization
has been also given: preliminary results of cross-sensitivities of the aerodynamic drag with respect to structural
parameters have been presented and the envisaged strategy to efficiently manage the huge number of structural
constraints has been clearly outlined.
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