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Abstract: Aircraft loads analysis is an inherently multidisciplinary process since aerodynamic
forces, structural deformations and their correlations need to be accounted for. When increasing
the fidelity of underlying mono-disciplinary models, such as using computational fluid dynam-
ics for aerodynamic forces, the coupled fluid-structure analysis becomes an increasingly costly
process and ultimately limits the applicability within design and optimization. Reduced order
models offer an approach to significantly decrease the computational cost needed while retain-
ing the fidelity of the underlying model. This work proposes a reduced order aerodynamic
model which can be coupled with varying structural models rather than developing a reduced
order aeroelastic model for a fixed aerodynamic and structural model. This enables generating
the model without an actual structural model being present and therefore allows the analysis
of different structural models of interest without recomputing the aerodynamic model. First,
sampling data is computed using computational fluid dynamics based on a few synthetic mode
shapes. Second, a proper orthogonal decomposition-based reduced order model is derived for
surface deformations and forces. Finally, a least-squares fit for surface deformations given from
the current structural model of interest is performed to find proper orthogonal decomposition
coefficients while the overall vertical force is constrained to ensure that trimming conditions
are met. Results are presented for the LANN wing at transonic flow conditions and a long-
range wing-body configuration. While for the former different synthetic modes are applied and
the generality of the method is demonstrated by significantly altering the stiffness of the struc-
tural model, for the latter case a structural optimization is performed within each coupling step
to highlight the adaptivity of the proposed method. Troughout accurate results are predicted
showing only minor deviations for resulting surface force, elastic dispacements and optimized
surface thicknesses.

1 INTRODUCTION

A significant number of load cases needs to be accounted during aircraft design and optimiza-
tion and hence, hundreds if not thousands of coupled fluid-structure analysis are necessary.
Whereas industry currently relies on low-fidelity, well-established tools such as panel methods
and condensed structural models due to low computational cost as their workhorse, increasing
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computational resources enable the direct coupling of computational fluid dynamics (CFD) and
computational structural dynamics (CSM) solvers at least for a few selected simulations [1].
Especially in the context of multidisciplinary optimization, computational cost of such coupled
simulations remains unfeasable when it comes to computing all load cases and usually leads to
either lower-fidelity disciplinary tools for loads handling, a downselection of the included load
cases and/or other simplifying assumptions such as a fixed structural model [2-7]. Even though
such optimizations successfully enhance the design with respect to key values such as fuel con-
sumption and overall aircraft performance, results remain uncertain due to the simplified loads
handling.

A promising approach to reduced computational cost of coupled fluid- structure simulations is
reduced order modelling (ROM) [8]. Thus a larger number of higher-fidelity load cases dur-
ing the loads process might become feasible. The arguably most common model reduction
technique is proper orthogonal decomposition (POD) which was first used in fluid dynam-
ics to model coherent structures in turbulent flow fields [9]. Combined with the method of
snapshots, POD is a powerful tool to obtain small-sized empirical subspaces at limited com-
putational cost [[10]. These subspaces can then be exploited to rapidly predict solutions at
previously untried conditions using various different techniques such as interpolation and re-
gression methods [11-14], projection-based approaches [[15H17/]] and least-square minimization
techniques [18,/19]. Hence, applications within the aerospace community are widespread, rang-
ing from simple airfoils and wings up to aircraft configurations for steady as well as unsteady
flow conditions.

Typically steady aeroelastic ROMs have been computed by analyzing a fixed structural and
aerodynamic model while varying aerodynamic parameters such as Mach number or altitude [?2,
14]]. Whereas this has shown promising results for searching the loads envelope it lacks the
capability of accounting for changes in the underlying structural model. However, structural
changes are an inherent part of a multidisciplinary optimization either by adjusting thicknesses,
redistributing fuel and payload masses or even altering the structural topology. Moreover, at
early stages of the design, structural properties might be uncertain. For unsteady aeroelastic
phenomena such as flutter or limit cycle oscillations structural deformations are routinely de-
scribed by a linear combination of structural eigenmodes [20]. Rather than directly using these
eigenmodes the concept of synthetic or artificial modes has been suggested to adjust to vary-
ing structural models [21]]. High-fidelity samples are computed for these synthetic modes and
the unsteady aeroelastic response is obtained by first matching the actual eigenmodes of the
structural model of interest to the synthetic modes and than performing a linear combination of
aerodynamic forces. Results have been presented for generalized aerodynamic forces and flutter
investigations offering a promising level of accuracy [21-23]]. So far, the concept of synthetic
modes has not been utilized to rapidly predict high-fidelity-based, steady aeroelastic loads for
varying structural models while incorporating trimming constraints.

Herein, the concept of synthetic modes is adapted for static aeroelastic analysis using CFD-
based simulations. Synthetic modes are realized by defining a few artificially defined surface
deformations to rapidly predict forces for different surface deformations. First, a few samples
are computed to construct a POD-based ROM which accounts for changes in surface defor-
mations and target vertical force. Secondly, POD coefficients are determined by performing
a least-squares fit on the target surface deformations while the overall vertical force is con-
strained to ensure that trimming conditions are met. Thirdly, this procedure is coupled with a
CSM solver and iteratively converged to a fluid-structure solution which can then be compared
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Figure 1: Schematic representation of a loosely coupled fluid-structure simulations framework

to full-order CFD-CSM analysis for different quantities of interest such as force distributions,
surface deformations and structural thicknesses. Results are presented for the LANN wing at
transonic flow conditions comparing different synthetic mode shapes and showcasing the gen-
erality of the method by significantly altering the structural stiffness. Moreover, an aircraft,
idealized by a wing-body configuration, is investigated by performing a structural optimization
within each fluid-structure coupling step.

2 THEORETICAL FORMULATION

The loosely coupled fluid-structure system is visualized in Fig. [T| showing a separate aerody-
namics and structure block. Within each iteration the aerodynamic solver predicts distributed
forces on the surface which are then used by the structural solver to compute resulting surface
displacements. Based on the new surface shape (baseline plus displacements) the aerodynamic
solver predicts updated forces. This iterative scheme is performed until convergence is reached
which is typically measured by the relative change in forces and displacements being below a
pre-defined threshold. In addition, the aerodynamic forces can be computed under some trim-
ming constraints such as summed vertical force or lift coefficient being equivalent to a pre-set
value or pitching moment being zero. During the displacement computation a structural op-
timization can be performed which adjusts thicknesses to minimize weight while respecting
constraints such as maximum stresses. In the following, the focus is on the left-hand-side aero-
dynamics block which is either provided by a CFD solver or, as suggested here, substituted
by a ROM. The requirements for such a model can directly be derived from Fig. [I] and are the
accurate prediction of distributed surface forces while accounting for surface displacements and
trimming constraints. Hence, if trained accordingly, the same aerodynamic model can be used
to rapidly analyze various different structural models.

2.1 Full-Order Aerodynamic Modeling

The governing aerodynamic equations are conveniently written in compact semi-discretized
residual form as

d

Py Q'R(w,Ac,Cr) =0 (1)
where the residual vector R € R” represents the discretization of the inviscid and viscous flux
integrals. The full-order flow solution is denoted by w = [Wl, e ,wnp] € RY and is spatially

discretized over the computational grid of n, nodes with associated dual-grid cell volumes 2.
The total number of /V flow states is composed of the number of conservative variables per grid
point times the number of grid points. For each grid node the vector of unknowns w; contains
the conservative variables w; = [p, pv, pE",r"] € R™, being p the density, v the velocity
vector, I the total energy, and r” the set of transported variables associated to the chosen
turbulence model such as the turbulent eddy viscosity v;. Deformations of the computational
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grid, given from the structural solver, are denoted by Ac and the target lift coefficient used for
the force trimming is described by Cp . A steady, converged solution is obtained once the
time-dependent term drops out of Eq. (]), or, equivalently, if the residual term vanishes

Q'R(w,Ac,Cri) =0 (2)

For a coupled fluid-structure analysis only surface displacements Acg and corresponding sur-
face forces f, are relevant and thus only these are accounted for by the proposed ROM. Forces,
including pressure and viscous terms, are computed in a post-processing step once a steady so-
lution w for given surface displacements Ac; is found. Note that, the subscript s will be omitted
in the following to enhance readability.

2.2 Reduced-Order Aerodynamic Modeling

First, a modal basis needs to be computed which provides a link between surface displacements
and surface forces. Within this work POD is applied due to its optimality in representing data
with respect to a pre-defined inner product. Also other model reduction techniques such as
dynamic mode decomposition or ISOMAP might be suitable. Next, an introduction to POD
is given while the interested reader is referred to well established literature for more in-depth,
theoretical discussions as well as applications in the field of fluid dynamics [24].

Utilizing the method of snapshots [10], & solutions to Eq. (2)) are computed while altering the
surface displacements and adjusted the target lift coefficient C'y, . Surface displacements Ac
and resulting forces f are stored as columns in the so-called snapshot matrix

. Acy Acy Acy, o Shc
T e

for all samples. The unified displacement and force POD basis @ is then obtained as a linear
combination of snapshots

d =SV “4)
where the columns of V = [vy, v, ..., v,] are computed by solving the eigenvalue problem of
dimension k

STSv; = p;v; for j=1,... k. (5)

A singular value decomposition could aclso be applied to the snapshot matrix S, directly yield-
ing the same modal basis ®. Just as the initial snapshot matrix .S, the modal basis ¢ can be
divided into displacement and force entries

o (I)Ac
)

Moreover, the basis can be truncated by retaining only the m modes with the highest corre-
sponding eigenvalues ;.

Once the modal basis has been computed it can be utilized to predict forces for surface displace-
ments which are not part of the sampling data set Acy,, since surface displacements and forces
can be described as a linear combination of POD modes

(Af‘i*> _ da* )
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with a* denoting the corresponding POD coefficients. Various methods are possible to deter-
mine the unknown coefficients such as interpolation or residual minimization techniques. Here,
coefficients a* are obtained by solving the constrained minimization problem

*

a*:= argmin ||[Pr.a — AcmrHQ2
agR™ (8)
s. t. eTq)fza, = eTmeT
with e? = (1,1,...,1)T denoting the unit vector. Multiplication of the equality constraint with
this vector on both sides transfers it to a scalar value matching such that the predicted overall
vertical force is equivalent to the target vertical force. Because the distributed target vertical

force f,,,, is the quantity the ROM is supposed to predict and therefore impossible to guess
upfront, the minimization problem is reformulated to
a* = argmin [|[®Paca — Acyl,’
aERﬁL (9)

S. t. eTq)fza =F, tar

by defining a target vertical force F, 4, = e f ».tar- 1NOte the similarity to a target lift coefficient
simulation which is commonly done when solving Eq. (2). In contrast to an interpolation-
based approach no additional continuous function needs to be constructed which would limit
the solution subspace further and thus introduce additional errors.

2.3 Synthetic Mode Formulation

Two different basis functions for computing synthetic modes are pursued herein which are
Chebyshev polynomials and trigonometric functions. Both are used to compute a pre-defined
number of synthetic modes equivalent to bending and torsion dominated modes around an elas-
tic axis which is needed as an input. First, the coordinate system is rotated such that the elastic
axis becomes the y-axis. Secondly, the rotated wingspan is scaled to a maximum length of one.
Thirdly, synthetic deformations are computed for one of the aforementioned basis functions
and finally the system is transferred back to its original state. Herein, only results for half-body
configurations are shown but the approach can easily extended towards full configurations.

Synthetic deformations Az,, based on a shifted Chebyshev polynomial are given by
Azn (§) = Zmaxd(9)(=Co (=g + 1) + 1) (10)

where zy., ¥ and 6(y) denote the maximum deformation amplitude, the rotated and scaled y-
coordinate and a quadratic blending function, respectively. The shifted Chebyshev polynomial
C7(y) is defined using the recursive function

Coa(9) = 29C(9) — ;1 (9) (11)

The shifting and multiplication with minus one moves the maximum excitation to the wingtip
and positive upwards. The constant term of the Chebyshev polynomial is omitted since it is
equivalent to the undeformed surface. A quadratic blending function 6(g) is applied to ensure
no deformations and gradients thereof are present at the wing-root. Other blending functions
such as linear and exponential expressions have been tested but not found beneficial in this
context. Resulting bending and torsion modes for the wing case are shown in Fig. [2] together
with the undeformed surface in blue. The estimated elastic axis is indicated as a red line and
corresponds to the one-quarter chord line.
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Figure 2: Generic surface deformations based on Chebyshev-polynomials and trigonometric functions for the wing
case. The undeformed surface is given in blue and elastic axis in red.

Synthetic deformations Az,, based on trigonometric functions are computed as

Az, (Y) = 2006 (9) T, (Y) (12)
with the underlying trigonmetric functions 7¢(y) defined as
T*(§) = sin (ﬂ> . (13)
n

Corresponding bending and torsion modes for the wing case are also shown in Fig. 2] In con-
trast to the Chebyshev-based modes, gradients of the local surface deformation are significantly
smaller towards the wing-tip.

2.4 Practical Implementation Details

The Flowsimulator framework is used to efficiently couple CFD- and ROM-based aerody-
namics with a CSM solver. High-fidelity CFD simulations are performed using the DLR-TAU
code [26] solving the RANS equations in conjunction with the Spalart—Allmaras turbulence
model whereas ROM techniques are implemented in the DLR-SMARTY (Surrogate Mod-
eling for Aero Data Toolbox in Python) toolbox [12l[18]. Structural analyses such as computing
deformations and/or optimizing thicknesses are performed using the commercial software MSC
Nastran™ . Essential parameters of the fluid-structure coupling are summarized in Tab.
Moving least-squares splines are applied to transfer forces and displacements forth and back
between the different solvers. Whereas this ensures a consistent work transfer, local forces get
slightly smeared based on the number of basis points.

The DLR-TAU code is widely used in the European aerospace sector and validations of the code
are available in the literature [26},29,[30]]. Since the proposed ROM provides results which are at
best identical to the underlying coupled CFD-CSM simulations, results in this report are com-
pared with their full-order model (FOM) counterparts rather than experimental data. However,
an initial comparison to steady experimental results for the LANN wing are provided. Inviscid

6
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Table 1: Numerical settings for coupled fluid-structure analysis which are equivalent for CFD- and ROM-based

aerodynamics
wing case wing-body case
Maximum coupling iterations 10 50
Force convergence criterion 0.0001 0.002
Displacement convergence criterion  0.0001 0.005
Displacement relaxation factor 0.9 0.75
Moving least-squares basis points 200 500

fluxes are discretized applying a central scheme with the scalar artificial dissipation of Jameson,
Schmidt and Turkel [31]]. Exact gradients used for viscous and source terms are computed using
the Green—Gauss approach. Solutions are obtained utilizing the backward Euler method with
lower-upper Symmetric—Gauss—Seidel iterations [32] and local time-stepping. Convergence is
accelerated by applying a 4v and 3v multigrid scheme for the wing and wing-body case, re-
spectively. Parameters applied for solving the steady RANS equations can be found in Tab. 2]
Note that, the maximum number of CFD iterations is given per CFD call and doubled for the
wing-body case to ensure sufficient convergence. The density residual convergence criterion
with 1e7¢ is rather lenient since for the CFD-CSM simulations herein investigated this has been
found sufficient.

Table 2: Numerical settings for full-order analysis

wing case wing-body case

CFL-number 2.0 2.0
Density residual convergence criterion le™ le™S
Maximum CFD iterations per CFD-call 2500 5000
Force convergence criterion 0.0001 0.0001

The POD modal basis computation uses a fully parallelized eigenvalue decomposition approach
rather than an also available singular value decomposition. The surface deformation fit under
force constraint minimization problem is solved using a sequential least square programming
algorithm (SLSQP), parameters of which are given in Tab. 3| The vertical force constraint is
considered as an equality constraint but could be converted into an inequality constraint by also
defining an error region.

Table 3: Numerical settings for reduced-order analysis

wing case wing-body case
SLSQP convergence criterion le le™
Maximum SLSQP iterations 100 100

3 RESULTS

This section presents results for a wing and a wing-body configuration to demonstrate the versa-
tility of the proposed, shape-adaptive ROM. First, two different synthetic-mode basis-functions
are compared and applied to predict forces and deformations on a wing while significantly al-
tering the material stiffness. Secondly, for the wing-body case a structural optimization is per-
formed within each fluid-structure coupling step which adjusts thicknesses to minimize weight
while respecting a stress constraint. For both cases, results are compared with FOM solutions
for aerodynamic as well as structural quantities of interest.
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Figure 3: Structural model, surface pressure distribution on the upper skin and ¢, at a = 0.425 in comparison to
experimental data

Table 4: Flow conditions for the LANN-wing case

Parameter Mach number Reynolds number Reference length
Value 0.82 7.3 x 10° 0.3608 m

3.1 LANN-Wing Case

The first investigated test case is the LANN wing which was introduced from the AGARD group
to analyze unsteady pitching phenomena [33]]. Since no structural model is publicly available
and the wing generally considered as infinitesimally stiff, an artificial model has been created by
using solid elements with a constant stiffness. The resulting structural discretisation is displayed
in Fig. B(a)] The applied computational aerodynamics mesh consists of 1.2 million points of
which 22,500 are on the surface and is shown in Fig.[3(b)] The investigated Mach number and
Reynolds number are equivalent to the experimental case CT5 and given in Tab. ] whereas the
angle of attack is iteratively adjusted to match a target lift coefficient constraint. For validation
purposes, the surface pressure distribution for a fixed angle of attack of 0.6 (equivalent to the
CTS5 case) is shown in Fig. [3(b)| for the entire surface and in Fig. for a selected slices at
1n = 0.425 in comparison to experimental measurements with good agreement and some minor
deviations around the suction peak.

The initial step for the ROM construction is the computation of synthetic modes which are either
based on trigonometric functions or Chebyshev polynomials with details given in Section [2.3]
As a prerequisite an approximate elastic axis and the maximum wing-tip deflection as well as the
maximum torsion angle needs to be defined. Even though these quantities might not be exactly
known, a reasonable guess can be made at early stages of the design. For the LANN wing
the approximated elastic axis is shown in Fig. [2]and correlates to the one-quarter chord length,
the maximum wing-tip deflection is set to 15% of the wingspan and the torsion angle to 15°
downwards. Two bending and two torsion modes are applied in the following (compare Fig. [2)).
More modes and hence higher degrees in the Chebyshev and trigonometric basis function have
been tested but not found beneficial due to higher local gradients which are unphysical and/or
negatively impact the sample generation. Note that, the bending, since it is computed around
the elastic axis, also contains a torsion component.

8
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(a) Sample 1 (b) Sample 5 (c) Sample 10

Figure 4: Distributed vertical force f, on deformed surface for three randomly selected samples using trigonomet-
ric modes. The undeformed surface is displayed as a reference in light grey.

Next, two separate ROMs are build to compare the different synthetic bases. For each ROM
ten snapshots are computed using a Sobol sequence which defines the parameter combination
at all sampling points. Since physical bounds are incorporated during the mode generation,
the design of experiment is done within the bounds of -0.25 and 1 for all modes. In addition
to the synthetic modes, the target lift coefficient is varied between 0.28 and 0.32 by the Sobol
sequence enabling the ROM to adjust to changes in mass by increasing or decreasing the tar-
get vertical force. Resulting vertical surface deformations Ac, and distributed vertical forces
f. for three randomly selected samples using a trigonometric function-based modal basis are
displayed in Fig.[d] Obtained surface forces reflect common aeroelasticity knowledge of higher
loading inboard while increasing wing-tip-deflection and torsion cause a decrease in forces out-
board. Compared to the baseline surface pressure distribution in Fig. [3(b)| the lambda-shock
structure inboard has nearly disappeared once the wing bends upwards. Even though the im-
posed surface deformations differ from structurally driven displacements, the samples aim at
covering the design space rather than point-matching expected deformations. Whereas this is
clearly beneficial for deformations Ac because of their linear nature (this assumes that the un-
derlying structural model is linear), the implications on the aerodynamic forces f is harder to
quantify due to their highly nonlinear behaviour especially in the transonic flow regime. The
relative information content for modal truncation which is applied during the ROM construction
is set to r, = 0.999999 resulting in 9 retained modes for both ROMs.

The predictive capabilities of both models are compared for three structural cases whereas for all
of them a converged coupled fluid-structure solution is iteratively achieved (NASTRAN solu-
tion 101). First, the E-modulus of the wing material is set to £ = 7.0 x 10'° which corresponds
to aluminum. Differences to the FOM for surface deformations in z-direction and distributed
vertical forces are displayed in Figs. [5(a)]and [5(b)| for the trigonometric- and Chebyshev-based
ROM, respectively. Displacements are accurately predicted with small errors of below 0.2% of
the chord length at around 30% span independent of the applied modal basis. Errors in vertical
force are centered around the lambda-shock formation and are between -5% and 5% of the total
force range. When reducing the E-modulus to £ = 3.5 x 10'° the wing becomes more flexible
and thus the maximum-wing tip deflection increases to roughly 5% of the wingspan. Whereas
the trigonometric function-based ROM shows a similar accuracy for displacements and forces
as for the previous, stiffer case the average displacement error for the Chebyshev-based ROM
nearly doubles and some minor deviations at the wing-tip occur (compare Figs. and 5(d)).
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Ac. rom—Acz ROM fzrom—fz rROM Ac. rom—Ac: ROM f2rom—/f: rROM
Cref range(fz,rom) Cref range(f. rom)
1.0% : 5.0% 1.0% 5.0%
0.8% 3.0% 0.8% 3.0%
0.6% 10% 0.6% 1.0%
0.4% L0% 0.4% 1L.0%
0.2% 3.0% 0.2% 3.0%
0.0% 5.0% 0.0% 5.0%

L L

(a) Trigonometric modes with £ = 7.0 x 1019 (b) Chebyshev modes with £ = 7.0 x 101°
Ac: rom—Acz,rROM Jz,rom— [z ROM Ac; rom—Acz ROM fz,rom—fz ROM
Cref range(fz,rom) Cref range(f. Fom)
1.0% 5.0% 1.0% 5.0%
0.8% 3.0% 0.8% 3.0%
0.6% 1.0% 0.6% 1.0%
0.4% -1.0% 0.4% -1.0%
0.2% -3.0% 0.2% -3.0%
0.0% -5.0% 0.0% -5.0%

L L

(c) Trigonometric modes with £ = 3.5 x 1010 (d) Chebyshev modes with £ = 3.5 x 101°

Acz,rom—Acz,ROM Jzrom—Jz ROM Ac; rom—Acz ROM fzFpoMm—fz rROM
Crof range(f. rom) Crof range(fz, Fom)

2.0% 5.0% 2.0% 5.0%

1.6% 3.0% 1.6% 3.0%

1.2% 1.0% 1.2% 1.0%

0.8% -1.0% 0.8% -1.0%

0.4% -3.0% 0.4% -3.0%

0.0% -5.0%

L

0.0% -5.0%

L

(e) Trigonometric modes with £ = 1.0 x 10° (f) Chebyshev modes with E = 1.0 x 10'°

Figure 5: Comparison of FOM and ROM results of the LANN-wing case for different E-modulus E' with respect
to surface deformations and vertical forces for M=0.82 and Re=7.3 x 10°
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Table 5: Comparison of computational cost for the LANN-wing case

Model Offline cost Online cost Cost E-modulus study
FOM NA 7.5h 22.5h
ROM Trigonometric 10.0 h 0.2h 0.6 h
ROM Chebyshev 10.5h 0.2h 0.6h

When further decreasing the E-modulus to £ = 1.0 x 10!, differences in surface deformations
become more pronounced with values up to 1.8% of the chord length. For the trigonometric-
based ROM the error for vertical forces in relation to the vertical force range decreases while for
the Chebyshev-based ROM the error range remains nearly unchanged. Thus, the trigonometric
function-based ROM performs slightly better than its Chebyshev counterpart.

Computational cost, split in an offline and online part, is given in hours in Tab. [5 for the FOM
and both ROMs. Offline cost include the synthetic mode generation, the snapshots computation
and the POD model forming while the online cost contain one coupled fluid-structure analysis
and hence have a contribution of the structural solver. Since a CFD-CSM analysis is always
online, the FOM-based coupling process does not have offline cost but rather high online cost
with 7.5 h whereas both ROM-based coupling approaches are around 0.2 h which is primarily
the time the structural solver needs. During the model construction roughly 10 h are neces-
sary. Note that, herein, LANN-wing simulations which call for CFD evaluations are performed
on a local 4-core system and the samples have been computed consecutively. However, all
snapshots are unrelated and thus could be computed simultaneously if enough computational
resources are available. In contrast, the CFD-CSM analysis is an iterative process which can
not be easily parallelized. In conclusion, the proposed ROM offers computational benefits once
more than one structural model is of interest at a fixed aerodynamic evaluation point as the
cost for the E-modulus study highlights. When comparing both synthetic mode formulations,
the trigonometric-based model slightly outperforms the Chebyshev-based model due to higher
accuracy combined with reduced offline computational cost. Based on these observations only
the trigonometric-based ROM while be applied for the wing-body configuration.

3.2 Long-Range Wing-Body Case

The second investigated case is the XRF1 wing-body configuration which is representative of a
long-range, passenger aircraft with a semi-wingspan of 29.0 m. The XRF1 research test case is
used by Airbus to engage with external partners on development and demonstration of relevant
capabilities. The fuselage length-to-diameter ratio is about 11, the wing aspect ratio is about
8.5, the taper ratio is about 0.22 and the quarter-chord sweep angle is around 30°. The mean
aerodynamic chord c,; and the reference area are around 7.5 m and 380 m?, respectively. The
computational mesh with nearly 2.2 million points of which 45,000 are on the surface is shown
in Fig. [0]in a three-view illustration. The mesh has been created ensuring a y-plus consistently
below 1.0 for the herein investigated flow conditions. The analyzed flow cases are given in
Tab. [6]and correlate to a 2.5g subsonic load-cases at sea-level and a 2.5g transonic load-case at
an altitude of 6.1 km. Whereas the former defines the lower right corner of the flight envelope,
the latter is given by the kink on the right-hand side of the envelope. The aircraft mass is
consistently set to 245,000 kg which is equivalent to the maximum take-off weight. The mass
is initially distributed such that the maximum number of payload is present and fuel is adjusted
until maximum take-off weight is reached. The corresponding target lift coefficients used for
CFD simulations are C7, 14 .01 ~ 0.74 and C7, 44y, .02 ~ 0.79.

11
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Figure 6: Three-view illustration of wing-body case with surface-mesh detail

Table 6: Load cases for the wing-body case

Load Case ID LC1 LC2
Mach number 0.552 0.784
Altitude 0.0 km 6.1 km
Mass 245,000 kg 245,000 kg
Load-factor 2.5 2.5
Mass-case MTOW MTOW
Payload 100% 100%
Fuel-load 65% 65%

The structural model consists primarily out of quadrilateral plate element (Nastran CQUAD4
elements). The inner structure is displayed in Fig. [7(b)] and contains the wing-box as well as
ribs which connect leading and trailing edge. Shell elements on top and bottom of the wing
box (compare Fig. in blue) are modelled as aluminum and their thicknesses are adjusted
during each fluid-structure coupling with the aim to minimize weight. During the optimization,
von Mises stress values are used as constraints with a minimum of —2.068% and a maximum
of 2.068%. Additional surface elements have been added around the leading and trailing edge
to ensure a consistent force and displacement transfer between both subdisciplines. These ele-
ments have an artificial stiffness to transfer loads in chord direction to the wing box but not in
span direction to avoid additional bending stiffness from leading and trailing edges. During the
structural optimization these load transfer elements are kept unchanged. Secondary loads have
been distributed around the wing-box as point forces to represent distributed fuel masses and
the engine mass including pylon. For the structural optimization process Nastran solution 200
is utilized with a maximum of 50 iterations.

In an offline step two ROMs are constructed using 4 synthetic modes based on trigonometric
functions each. Per model, 10 samples are computed while varying the target lift coefficient
between 0.72 and 0.76 for LC1 and between 0.77 and 0.81 for LC2. The design of experiment
is again done by a Sobol algorithm within the bound of —0.25 and 1.0 for all four modes. The
elastic axis is estimated at one quarter of the chord length, maximum wing-tip deflection are
set to 5 m and a torsion of 15° downwards is used. Since the structural model currently only
describes the wing structure, the synthetic modes are solely applied to this area and the fuselage
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(a) Outer CSM mesh (b) Inner CSM mesh

Figure 7: Outer and inner CSM model with optimization areas highlighted in blue for the wing-body case. Grey
outer shell elements are used for a consistent force and displacement transfer between aerodynamics and
structure.

Iterate until convergence

CFD or ROM CSM
F LC1
LC1 orcesL.C
Displacements LC1 Structural
[ ForcesLC2 > Optimization
LC2 _
Displacements LC2

Figure 8: Schematic representation of a loosely coupled fluid-structure simulations framework

is assumed to be rigid. The ROMs are build by retaining 99.9999% of the relative information
content resulting in 9 POD modes each.

A coupled fluid-structure analysis is performed using the ROMs and the aforementioned struc-
tural model. Within each iteration the structural model adjusts the thicknesses of the wing box
shell to minimize weight without violating the von Mises stress constraint. A schematic repre-
sentation of the workflow is given in Fig.[8] In each step, aerodynamic forces for case LC 1 and
LC 2 are computer either using the CFD-solver or the corresponding ROM and then passed to
Nastran to perform a structural analysis which includes an optimization. This iterative process
is repeated until convergence for the relatives changes in forces and displacements is reached.
Results are compared between the FOM- and ROM-based approach for the wing-deformation
behaviour and two zooms around the wing-tip for both load cases in Fig.[9] The displayed result
describes the converged solution of the outlined, iterative coupling process which has minimum
weight while respecting the stress constraint and fulfilling the trimming constraint. The wing-
tip deformation, independent of the aerodynamic modelling, is around 3.85 m and 3.94 m for
LC 1 and 2, respectively. Whereas, no differences around the wing tip are visible for LC 1, the
maximum difference at the wing tip for LC 2 is roughly 0.05 m with the ROM slightly over-
predicting the FOM deformation. Hence, good agreement is observed between both simulation
techniques. Note that, the structural model is evaluated by taking forces from both aerodynamic
cases at the same time into account and thus occurring differences are always a result of all load
cases simultaneously.
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| jig-shape

(a) Load case 1 at M=0.552, H=0.0 km (b) Load case 2 at M=0.784, H=6.1 km

Figure 9: Differences in surface deformation between FOM (grey) and ROM (blue) for the wing-body case
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(a) Load case 1 at M=0.552, H=0.0 km (b) Load case 2 at M=0.784, H=6.1 km

y, y/

Figure 10: Differences in vertical deflection Ac,, and vertical force f, between FOM and ROM for the wing-body
case

Final differences in percentage for vertical surface deformations Ac, and vertical forces f,
after converging the coupled analysis are displayed in Fig. With respect to vertical deforma-
tions, aforementioned global trends are confirmed from the more detailed analysis with barely
no differences for LC 1 and maximum values around the wing-tip for LC 2. Differences in ver-
tical force are primarily around the leading edge inboard for the subsonic case and around the
shock location in the transonic case which has already previously been observed for the LANN
wing. Due to the constrain on the total vertical force, the sum of these differences becomes
zero. Moreover, the influence of these vertical force differences on the final deformed shape is
negligible, even though values are quite large with approximately 6%.

Besides displacements and forces also final skin thicknesses are compared between both ap-
proaches. A comparison of thickness for each surface panel is shown in Fig. [[T(a)] and high-
lights good agreement between the FOM and ROM process with the ROM causing thicknesses
to be slightly higher for panels around the engine-wing-pylon junction at both sides of the wing.
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Figure 11: Skin thickness distribution for FOM and ROM of the wing-body case

Table 7: Comparison of computational cost for the wing-body case

Model Offline cost Online cost (2 LCs) Online cost (4 LCs)
FOM NA ~360 CPUh ~720 CPUh
ROM  ~420 CPUh 0.2 CPUh 0.3 CPUh

Currently only a stress constraint is used for structural optimization and thus thickness are not
representative of an actual aircraft and are expected to increase once an additional buckling
constraint is incorporated. Nevertheless, the defined test case serves as a benchmark for the
proposed ROM methodology and the overall difference in wing mass is below 1% when co-
marping both aerodynamic modeling strategies. When analyzing the thickness distributions on
the upper and lower skin in more detail, displayed in Fig. no significant differences are
visible. Around the engine location, which is part of the structural model as a condensed mass-
point, some minor discrepancies are visible. Since the aerodynamic model currently lacks an
engine, the predicted forces within this area are inaccurate and hence a reliable statement on the
ROM capabilities is postponed until an updated aerodynamic model is available.

Computational cost in CPUh are compared between the CFD-based analysis and the ROM-
based approach in Table As for the wing-case, the ROM cost are split in an offline and
online contribution. Whereas the offline cost occurs once and primarily contains the sampling
data generation on a high performance computing system, the online cost describes the coupled
fluid-structure analysis which is performed locally. With just 0.2 CPUh this cost is significantly
below the CFD-CSM based analysis and moreover, primarily dominated from the structural
optimization using Nastran. The ROM part in percentage is roughly 20% and thus is below
3 min in total. Since the FOM-based analysis is always performed online on a high-performance
computing system, no offline cost are given. Comparing the sum of offline and online cost, the
ROM-based approach offers computational benefits once more than one structural model at a
given flight point is of interest. Changes in the structural model might include a redistribution
of secondary masses, altering the topology and/or changing the applied structural materials.

Next, computational benefits of the ROM-based approach are demonstrated by performing an
additional coupled fluid-structure analysis with increased number of load cases as defined in
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Table 8: Extended load cases for the wing-body case

Load Case ID LC1 LCl1.1 LC2 LC2.1
Mach number 0.552 0.552 0.784 0.784
Altitude 0.0 km 0.0 km 6.1 km 6.1 km
Mass 245,000 kg 245,000 kg 245,000 kg 245,000 kg
Load-factor 2.5 2.5 2.5 2.5
Mass-case MTOW MTOW MTOW MTOW
Payload 100% 84% 100% 84%
Fuel-load 65% 91% 65% 91%
0.030 - . ROM LC1 & LC2
i . ROM incl. subcases
0.025 | .
- . . . .-' Skin-Thickness (m) ~ Upper Lower Upper  Lower
E 0.020 |- . L . '1._- B oo
E 0.015 — 9*'1' . _l..u.ui'.. . :::’ / / / 4
£ oo [ " B
0.005 |- _— é _— é
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0'00[)() 20 40 60 80 100 : ‘ - X
ROM LC 1 & LC 2 | ROM incl. subcases
surface panel ID L == L -_—

(a) Thicknesses per panel ID (b) Distributed thicknesses

Figure 12: Skin thickness distribution for FOM and ROM of the wing-body case accounting for additional load
cases

Table 8] Besides the already discussed cases LC 1 and LC 2 the cases LC 1.1 and LC 2.1 are
added. These cases have the same aerodynamic parameters as their parental cases but secondary
masses are distributed differently throughout the aircraft. The payload has been reduced to 84%
whereas the fuel-load has been increased to 91%. The derived and already discussed ROMs for
LC 1 and LC 2 can be used for the corresponding subcases at no additional cost.

A comparison of the final thickness per surface panel ID and the surface thickness distribution
between the two and four load cases analysis is given in Fig.[I2]showing only minor differences
throughout the wing. The results labeled ROM LC 1 & LC 2 are equivalent to the previously
discussed results in Fig. [TT} With the additional load cases, slightly increased thickness values
towards the wing-tip on both sides of the wing are occurring and again the engine-wing junction
area on the lower-wing side is affected. When comparing computational cost, the ROM-based
simulation was performed on a local desktop computer on a single core in just under 20 minutes
whereas the full-order equivalent would have already taken days on a high-performance com-
puting system (compare Table[7), clearly highlighting the computational benefit of the herein
proposed ROM method for changing structural models.
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4 CONCLUSIONS

This paper outlines a method of model order reduction to perform steady fluid-structure anal-
ysis at low computational cost while preserving the accuracy of the underlying computational
fluid dynamics solver. Therefore, the concept of synthetic modes is pursued which is com-
bined with proper orthogonal decomposition as order reduction technique. Surface forces to
an arbitrary surface deformation are predicted by solving a small-sized minimization problem
while constraining the summed vertical force to account for trimming conditions. The proposed
reduced order model can than substitute a computational fluid dynamics analysis during cou-
pled fluid-structure simulations and enables the analysis of varying structural models in a rapid
fashion.

Results are presented for a wing and a wing-body test case at subsonic and transonic flow
conditions. For the wing case two different synthetic mode functions are employed and the
predictive capabilities of the corresponding reduced order models are compared to full-order
simulations for displacements as well as forces. Throughout good agreement has been observed
with the trigonometric function-based modes being slightly more accurate. For the wing-body
case a structural optimization is performed within each iteration which adjusts shell thicknesses
to minimize weight while respecting a von Mises stress constraint. Also for this complex case
with altering structural model during each iteration, good agreement with the reference solution
has been found indicating that the proposed model reduction technique offers a versatile model
for steady fluid-structure analysis.

In a next step the model should be extended towards geometric parameter variations such as as-
pect ratio and wing span to enable its usage within a multidisciplinary optimization framework.
In addition, the inclusion of a horizontal tail plane is currently investigated to perform a force as
well as moment trimming by constrainting both degrees of freedom in the reduced order model.
Moreover, surface force predictions could be enhanced further by utilizing a non-linear model
reduction technique such as kernel principal component analysis or ISOMAP rather than proper
orthogonal decomposition.
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