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Abstract. In the context of high aspect ratio wings or blades, aeroelasticity is becoming increasingly crucial for
predicting the safety, efficiency, and performance of modern aircraft. This paper describes the development
of MIMAS, a computational framework for simulating complex nonlinear aeroelastic phenomena from
incompressible to highly transonic flows, in steady or unsteady configurations. On the one hand, MIMAS
features advanced mesh deformation and transfer algorithms that have been renewed and optimised to
enable faster computations compared to previous implementations within ONERA legacy codes. On the
other hand, it offers ready-to-use coupling scenarios to support loose to strong fluid-structure interactions.
This environment provides a high-level end-user abstraction layer that allows to couple a wide range of
aerodynamic and non-linear structural simulation codes. In addition, the data structure is sufficiently
generic to handle both structured and unstructured discretizations. In this paper, we first demonstrate the
ability of MIMAS to reproduce existing representative computations such as harmonic forced motion, static
coupling and dynamic coupling, without overhead induced by the modular implementation. Second, we
present new capabilities of MIMAS, in particular the improved algorithms for mesh deformation and data
transfer and its ability to leverage modern HPC architectures.
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1. Introduction

Designing efficient aircraft while minimizing environmental impact requires the ability to sim-
ulate highly complex unsteady physical phenomena. The latest trend, led by industry-leading
companies such as Safran and Airbus, involves the use of high aspect ratio blades or wings often
made of composite materials, for which non-linear aeroelastic phenomena need to be modelled
accurately. Notable examples include the open rotor and stator engine developed by SAFRAN/GE
Aviation in the framework of the RISE project and the X-WING plane developed by Airbus in
the framework of the eXtra Performance Wing project. ONERA is also deeply involved in the
hydrogen-powered aircraft (Gullhyver research project). These innovative architectures, with en-
hanced flexibility, must meet a wide range of structural and aeroelastic design constraints to en-
sure both safety and performances.
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For example, in modern aircraft configurations, several technological components such as
struts, morphing winglets or folding wing tips are planned to be employed to improve perfor-
mance and support highly deformable wings. The interplay between all these components in-
troduces a high level of complexity, which must be untangled. During critical flight phases (e.g.,
take-off and manoeuvres), unsteady aerodynamic forces engage with engine structures, gener-
ating periodic stresses that may shorten the lifespan of blade components. Accurate modelling
of these forces aids in assessing fatigue-related risks and optimizing blade lifespan. Phenom-
ena like whirl flutter are also crucial in designing the new generation of propellers. This form of
aeroelastic instability can induce severe vibration amplitudes on the nacelle, potentially leading
to structural failure if not adequately controlled [1-3].

Various approaches exist to address these challenges. Analytical methods and reduced mod-
els are commonly used due to the computational cost of high-fidelity coupled aeroelastic anal-
yses. Although the rapid methods are efficient to explore parameter space in early-stage de-
signs, they lack the accuracy to capture relevant physical phenomena. For detailed analyses,
high-fidelity simulations are preferred, and there is a growing trend toward integrating multi-
fidelity approaches for aircraft design and optimization [4]. In the era of exascale supercomput-
ers, high-fidelity simulations raise the hope of predicting the entire aircraft or engine dynamics
with all its detailed technological effects and inherent complexity. However, several factors cur-
rently limit these simulations, including code performance, interoperability, and limited physical
modelling. To overcome these limitations, High-Performance Computing (HPC) codes designed
to solve Fluid-Structure Interactions (FSI) using modern and optimized algorithms have become
essential. In this context, ONERA has initiated the development of the SONICS code (property of
ONERA/Safran) for the fluid part [5] with the ambition of running this code on exascale machines
with much better performance than existing codes (elsA, property of ONERA/Safran, [6]). The
ONERA, DLR and Airbus collaboration is also deeply involved in the implementation of CODA [7],
a new Computational Fluid Dynamics (CFD) code. Yet, coupling aerodynamical and structural
problems needs additional key operations. These include transferring fields between both grids,
deforming the fluid mesh during selected physical iterations, and ultimately coupling the solvers
with optimised time-marching strategies. The latter involves in particular the development of
new methodologies for solving non-linear coupled problems such as mixed end-point or mid-
point temporal schemes, harmonic balance methods for periodic flows [8-11], asynchronous
solvers [12], or ultimately the monolithic approach [13].

Historically, high-fidelity aeroelastic simulations at ONERA were performed directly within
the elsA code, through a dedicated module [14]. All aeroelastic components are integrated di-
rectly within the code, following the approach of software like SU2 [15]. While elsA remains a
powerful tool for such simulations, the increasing complexity of modern aerospace configura-
tions is exposing its limitations. The elsA aeroelastic module is inherently restricted to structured
grids and is not suited for analyzing non-linear structural behaviors. For static simulations, the
structure’s representation is via a condensed flexibility matrix while dynamic calculations rely on
modal basis projections, which limits the ability to simulate nonlinear structural dynamics. Tem-
poral mesh deformation is generally linearly interpolated due to the high computational cost of
the existing techniques. Interpolation techniques for field transfers (e.g., forces, displacements)
lack parallelization and are not optimized for large scale simulations. For time-marching, a ba-
sic fixed-point method is employed with a static relaxation parameter and coupling frequency,
which may not be the most efficient way to couple fluid and structure. Finally, coupling effi-
ciently with external Computational Structural Mechanics (CSM) codes such as NASTRAN is also
challenging inside elsA, and adapting the code for that has become increasingly difficult.
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To overcome these limitations and upgrade the aeroelastic coupling capabilities, subsequent
developments have been performed to externalize and improve the different components out-
side from elsA’s kernel. These components comprise mesh deformation techniques, transfer al-
gorithms, mechanical solver and the driver that controls the time-marching iterations. This mod-
ular approach offers greater flexibility in terms of coupling and also makes it possible to work not
only with elsA but also with other CFD codes, while reusing the same components for coupling.
The modularization also provides a new way to tackle emerging challenges, such as simulating
highly flexible structures in conjunction with flight dynamics, and their interaction with control
systems and aeroelastic components, all of which are critical for modern aircraft. While simu-
lations of this nature have already been conducted [16-18], they are often constrained by high
computational costs. To enable more efficient calculations, it is clear that solvers must be exter-
nalized within a modular framework in which algorithms can be easily tested and improved.

Most of the external algorithms and tools have been then regrouped into a unified Python en-
vironment called MIMAS for Modular and Interdisciplinary Methods for Aeroelastic Simulations.
The main goals of this library are to:

(1) take into account more complex physics, particularly structural non-linearities (e.g.
contact, large displacements);

(2) improve the global performance of aeroelastic calculations and fit with the current HPC
criteria;

(3) handle structured and unstructured mesh discretizations (the latter being crucial for
simulating technological components);

(4) ensure the coupling and interchangeability of a large variety of CFD/CSM codes;

(5) extend to more sophisticated coupling (considering flight dynamics, trim, control);

(6) offer high flexibility in the developments of new methodology and the coupling between
new components.

Note that the proposed approach is similar to existing coupling libraries such as preCICE [12]
dedicated to partitioned multi-physics simulations, including, but not restricted to Fluid-
Structure Interaction (FSI), and ParaSiF_CF [19] developed by University of Manchester and ded-
icated to the resolution of massively parallel partitioned FSI problem. The MDO Lab is also
strongly involved in the development of a modular platform integrating aerodynamic (ADflow)
and structural (TACS) solvers, and coupling these codes to perform shape optimization (OpenM-
DAO) [20].

The remainder of this article is structured as follows: in Section 2 a comprehensive overview of
the MIMAS library and its alignment with the outlined objectives is given. In particular, the main
evolution compared to previous elsA implementations is highlighted and the novel numerical
methods employed within the library are detailed, focusing particularly on mesh deformation
techniques and transfer algorithms. In Sections 3 and 4, a thorough validation and testing
of the library across various industrial and academic configurations, encompassing airplanes,
turbomachinery and helicopters, is presented.

2. Capabilities and numerical improvements beyond elsA

In its current version, MIMAS is capable of simulating most of the problems that have historically
been addressed by elsA’s aeroelastic module (AEL). But more importantly, it features new algo-
rithms and optimized, parallelized versions of the existing ones. It operates with both structured
and unstructured meshes (which was not the case with elsA), and has minimal dependence on
external libraries, yet taking benefice from the current expertise and HPC libraries available at
ONERA. MIMAS is today able to solve complex static or dynamic problems on industrial configu-
rations, some including nonlinear structures in transonic flows. To achieve this, MIMAS has been
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interfaced with the new generation of CFD codes developed at ONERA such as SONICS or CODA
and finite element codes like NASTRAN, TACS [21] or Code_Aster [22] enabling the achievement
of high fidelity aeroelastic simulations. It incorporates advanced parallelized algorithms for mesh
deformation and the transfer of displacements and forces, ensuring lower CPU cost at each cou-
pling step. The integration within a PyTree! coupling environment also ensures that the entire
framework can manage the intricate data structures and workflows required by HPC fluid solvers.
This encompasses shared-memory coupling and swift data search capabilities. Finally, the mod-
ular and object-oriented approach allows users to assemble components like building blocks in
a LEGO set, helping them customize physical problems to their specific needs. In the following
sections, we detail each new capability of MIMAS and provide a brief overview of the numerical
methods that are used.

2.1. A modern and modular architecture

MIMAS is based on a modular architecture for which the fluid (CFD) and structural (CSM) codes
are both external and exchange data through a coupling tree. The coupling tree is a Python struc-
ture enforcing the CFD General Notation System (CGNS) and sharing the data in memory with
both the CFD and CSM codes, whenever possible. These data comprise the fluid and structural
geometries (mesh, normals, surfaces, volumes, etc.), and the physical fields of interest (local
forces, torques, displacements, structural modes...). Memory-sharing capabilities allow data to
be stored efficiently without duplication, enabling quick access for both HPC codes and the cou-
plinglibrary. Dedicated methods have been developed to write data into the tree or access rapidly
the fields from the tree in the numpy format (or dictionary format) without additional memory
cost. Another advantage of this structure is that it supports parallel processing, enhancing the
efficiency of coupled simulations. The transfer and deformation modules of MIMAS, as well as
the dedicated module for geometrical calculations, operate independently from the coupling tree
but retrieve data through it. Note that to exchange data with software such as NASTRAN, which
may be installed on a remote machine, we use the Python module Pyro, which enables remote
data communication. For NASTRAN in particular, the coupling is performed in-memory via the
OpenFSI module, provided as part of the MSC Software suite. Hopefully, the resulting complex
infrastructure is hidden from the user, who interacts only with the high-level coupling tree inter-
face.

Aeroelastic calculations are then built around a central Python driver that executes an iteration
loop between external CFD and CSM solvers (depicted as orange boxes in Figure 1). A common
interface has been developed for each fluid and structural code, which enables to compute a
single iteration or time step, restart the resolution process at a desired iteration, extract relevant
data for aeroelastic coupling and update geometry/meshes from the Python framework. We
emphasize that with MIMAS, users have the freedom to create their own drivers by constructing
dedicated objects (models, coupling trees, mesh deformers, interpolators and solvers). They can
manipulate these objects at each step of the aeroelastic loop to customize their calculations.
Obviously, this freedom of action would not be possible inside compiled codes like elsA.

2.2. Dealing with unstructured meshes

Unstructured grids are increasingly prevalent both in industry and in academia due to their
flexibility and ability to accurately represent complex geometries with a reasonable number of
cells. Nevertheless, structured grids remain used for specific simulations, so there is today a

1A tree-like structure in Python with data stored in the leafs (similar to CGNS format).
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Figure 1. Modular architecture of MIMAS.

need for a coupling environment to handle both structured and unstructured meshes. To address
these needs, we designed MIMAS from the very beginning to effectively handle both kind of grid
representations.

Unstructured meshes in coupled problems can be challenging due to the multitude of formats
available for representing mesh connectivity. We can for instance cite the polyhedral “NGon” for-
mat, used by several CFD codes (elsA, SONICS) or the more classical “elements” format used by
CODA and finite-element codes like NASTRAN. To deal with this multitude of formats, a dedi-
cated mesh module has been implemented inside MIMAS to convert unstructured meshes into a
common mesh object format. Geometrical quantities can therefore be computed regardless the
initial mesh format. We implemented inside MIMAS an entire library in this unstructured frame-
work able to compute geometrical quantities (such as volume, cells areas, face and cells centered
quantities) and cell quality criteria (such as shear, aspect ratio, skewness...). Deformation, in-
terpolation and transfer modules are further based on this internal library. At the moment, the
library is able to deal with linear elements (TRI3, QUAD4, TETRA4, PYRA5, WEDGE6, HEXAS).
In order to be fully generic an interface has been developed with the VIK (Visualization Toolkit)
library which provides a wider range of geometric mesh calculation capabilities and many filter-
ing options, including surface extraction. One of the key strengths of VIK is its ability to handle
higher order elements. However, for the applications described in this paper, our internal library
is largely sufficient. Unitary tests have been performed to check that deformation and transfer
algorithms behave similarly in the structured or unstructured configurations (though, not shown
in this paper).

2.3. Improved mesh deformation algorithms

A key step in aeroelastic calculations involves deforming the fluid mesh to match specified
boundary displacements. Research efforts worldwide have been focused on optimizing these
methods to reduce CPU cost while preserving the quality of the underlying mesh. Various
strategies have been developed: for instance, [23] introduced a fast, accurate method based on
Inverse Distance Weighting (IDW) that performs well for large displacements on complex 3D
meshes; [24] further enhanced this method by integrating edge-swapping techniques, making
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it suitable for very large deformations. To maintain mesh orthogonality, some researchers,
such as [25], proposed methods that incorporate both translational and rotational components
of the deformation, while combining kd-trees traversal and dodecahedron structures to reach
high performance. In parallel, alternative strategies have been developed using Radial Basis
Functions (RBFs) for mesh deformation. Coulier et al. [26] applied innovative methods such as
Fast Multipole Method (FMM) to factorize and solve the RBF interpolation kernel. For structural
analogy methods, recent works have been focused into solving linear elasticity equations using
modern iterative solvers with better preconditioning. These solvers particularly aim to preserve
boundary layer cells by locally increasing stiffness, as described in [27]. Additionally, conditions
imposed on boundaries other than the aeroelastic interface often necessitate adjustments to the
algorithms governing these methods.

In MIMAS, several mesh deformation techniques have been re-developed or improved com-
pared to existing formulations in elsA. These techniques are:

o the Inverse Distance Weigthing (IDW) [28,29] which has been significantly sped up,
extended to unstructured grids and made compatible with turbomachinery boundary
conditions;

¢ a hybrid IDW and transfinite interpolation (TFI) [30-32] for structured grids which takes
advantage of IDW acceleration;

« elastic analogy [27,33,34] which has been hybridized with IDW for parallelization.

The primary focus in MIMAS has been to accelerate the IDW deformation method, in particular
because this method is well-suited for unstructured meshes and is used in conjunction with
almost all other techniques. The cost of IDW increases rapidly with the fluid mesh size since
it requires to compute n x m operations where m is the number of target points in the fluid mesh
and 7 is the number of source points (located at the fluid-structure interface). The deformation
vector D is determined by calculating the inverse distance-weighted average of the source points
as follows:
Y wiD;
n 0
Zizl wi

where D; is the value of the displacements at the known source location i and w; is the weight
assigned to the known source location i usually defined as w; = % Here, d; is the distance
between the current point location and the known source point i, aisa positive integer power
parameter that controls the influence of the distance to the source and s; is the local cell sur-
face. The larger the value of a, the greater the influence of nearby points on the estimated value.
To reduce significantly the cost of the brute force algorithm, two implementations were consid-
ered, both preserving the rotational component of the solid displacements. The first is based on
a multi-layered clustering of source points, with directional damping to enforce boundary con-
ditions. This method, illustrated in Figure 2, shows typical reduction factor between 5 and 10
compared to the brute force approach, for standard aircraft simulations. The idea is to regroup
source points into clusters, and summing the contribution of the cluster barycentres only (in-
stead of all points belonging to the interface). To make this method optimal, the cluster size is
increased gradually with the distance to the source. Different layers £ in the 3D mesh are de-
fined, depending on their distance to the source, and each of them sees a different set of clusters.
For instance, layer %, close to the source sees all source points, £; sees only half of the original
set... The distance criterion that make switch from one layer to another is computed using the
above formula:

D= €8]

1
@y = | 2 DIk @)
26[
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where a is the IDW exponent, o is the average variance of coordinates and displacements
inside the clusters associated with layer £ and ¢; is a tolerance defined by the user on the
error introduced by the IDW clustering approximation. Note that this is obtained by doing a
Taylor expansion of the IDW formula assuming that the distances within the cluster are small
compared to the distance to the source (see Appendix A). For target points close to the surface, a
complementary strategy introduced earlier by Shepard is adopted. The latter selects only a patch
in the surface with size proportional to the distance to the source [28].

Agglomerative Hierarchical Clustering

Figure 2. Illustration of the clustering of the source points for IDW cost reduction (adapted
from N. Arya 2023, Al, Machine Learning and Deep Learning).

The second implementation of the IDW method in MIMAS is based on quaternion algebra [35]
and Fast Multipole like algorithm (FMM) with recursive octree traversal. This algorithm, called
Quantum, has proven to be efficient and has been tested on multiple configurations including
icing simulations on airplane. For external flows in unconfined domains, it is generally faster
than the clustering method, since the octree traversal combined with the FMM naturally elimi-
nates interactions between distant points, in a continuous manner. Note however that for tur-
bomachinery cases, involving confined domains, this method is not necessarily the fastest be-
cause boundary conditions necessitate several iterations. Moreover, the Quantum method is not
highly scalable and is particularly hard to linearise due to the algorithm recursion and the fact
that rotations are treated incrementally.

Results of these two IDW implementations are presented in Figure 3 with their MPI scalabil-
ity using multi-cores architecture. Tests have been achieved on a turbomachinery fan, represen-
tative of the new generation of Ultra High Bypass Ratio (UHBR) engine. We superimpose the
scalability curves of the hybrid TFI/IDW and elastic analogy methods (which have not been ac-
celerated yet in MIMAS). Maximum number of cores used is 256 on the ONERA's development
cluster but tests have also been carried out on ONERA's production cluster with up to 512 cores.
The original brute force IDW method from elsA aeroelastic module lies above all externalized MI-
MAS methods. The first IDW algorithm with layered clustering (cyan line) scales quite well and
is almost 8 times faster than the IDW from elsA (dashed blue line). The second IDW algorithm
Quantum with FMM (red line) shows also consequent CPU time reduction (especially for exter-
nal flows simulations, not shown here) but its scalability seems to be affected for a number of
cores larger than 100.

Note that compact RBFs can also be used within MIMAS to deform a mesh and are solved us-
ing the MUMPs (MUltifrontal Massively Parallel Sparse direct Solver) library (see Section 2.4) but
the choice of the appropriate kernel is not necessarily obvious and additional work is required
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to clarify this point. Work is also in progress to make the elastic analogy compatible with un-
structured meshes and to modernize the linear elastic solver (move3d), previously implemented
in elsA for structured meshes exclusively. Finally, we stress that mesh deformation differs from
adaptive re-meshing (such as AMR) since it preserves the connectivity and topology of the un-
derlying mesh structure, as well as the number of cells in the mesh. When possible, mesh defor-
mation is preferred to adaptive re-meshing because it avoids heavy connectivity computations.
However, in the future, strategies combining both methodologies could be considered.

Y

\{K IDW elsA (« brute force »)

10%

= am

Ospincereety

10!

Time consumed

QUANTUM (quaternion)

A

MOVE3D/IDW ;

—— Quantum

—— TFI/IDW
IDW

—— MOVE3D/IDW

ideale

10° 10! 10
Number of MPI ranks

Depiacenaee_ 00! DONS 00G1E

Figure 3. Left: Comparison of the azimuthal displacement field obtained through different
mesh deformation methods available in MIMAS. Here they are applied on a single sector
mesh of an UHBR turbomachinery fan. Right: Scalability of these methods on ONERA’s
development cluster for the turbomachinery case (4 million points). The cyan curve
accounts for the layered clustering method with 8 layers and a 20 % tolerance on the error
made on the IDW formula. The dashed line is the reference calculation using brute force
algorithm in elsA.

2.4. Parallel transfer algorithms

Field transfer methods play a crucial role in the achievement of aeroelastic coupling. They allow
to exchange physical information such as forces and displacement between the aerodynamic and
structural grids. The main issue is that the fluid grid’s numerical interface rarely matches with the
structural elements boundary (see Figure 4). In some cases, the structural model may use sim-
plified elements, like beams, which fail to fully represent the boundary shell, complicating ac-
curate physical computations at the interface. So far, a wide range of algorithms have been pro-
posed in the literature [36-42] and giving an exhaustive review on all these algorithms constitutes
a full paper in itself. In most cases, transferring loads necessitates condensing the CFD force field
onto a reduced set of points (compared to the original CFD grid) while the transfer of displace-
ments often entails the opposite approach. Consequently, the algorithms ruling these transfers
may vary considerably. The primary objective of these algorithms is to maintain high computa-
tional speed for large sets of interpolant surfaces while conserving physical quantities relevant to
aero-structural interactions.



Antoine Riols-Fonclare et al. 1323

Transfer of

Qp (t) forces

CFD mesh CSM mesh

Qs(t)

r(t)

Transfer of
displacements

Displacements

transferred from the

CSM grid to the CFD
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Figure 4. Left: lllustration of data transfer between the fluid and the structural grids. Right:
Application of RBFs smoothing algorithm with TPS kernel on an Ultra High Bypass Ratio
(UHBR) fan blade.

In MIMAS, we developed and upgraded several transfer algorithms (some of them originally
present in elsA’s aeroelastic module), with an emphasis on parallelizing them for efficient use in
HPC environments. This parallelization was crucial to ensure these algorithms are scalable and
capable of handling large datasets.

For the transfer of displacements (CSM grid to CFD grid), a first class of algorithms is the
Radial Basis Functions (RBFs) smoothing. This interpolation method is rather convenient since
it does not require the knowledge of the mesh connectivities, nor the structural discretization.
Given a set of structural data (x;, u;) where x; are the input points and u; are the corresponding
displacement values, the interpolated function u(x) at a given point x in the space is expressed as:

N
u(x) =) wi¢(llx—x;l) +P(x), 3)
i=1

where: N is the number of radial functions which is chosen to be equal to the number of
known structural source points; ¢ represents the chosen radial basis function, which can be
“thin plate spline” (TPS), gaussian, multiquadric, etc.; ||x — x;|| is the distance between the
chosen point x and the known data point x;, and w; are the weights associated with each data
point. Determining the weights involves solving a linear system of equations of size N, typically
represented as a dense matrix equation. The weights w; are adjusted to cancel the error between
the interpolated values and the actual data. The decomposition in radial basis functions is often
modified to also include polynomial term

P(x):ﬁ0+,61x+ﬁ2y+ﬁgz+--- 4)

to ensure conditionally positive definite radial functions (e.g. TPS), together with matching
constraints on the expansion coefficients [41,43,44]. To sum up, the interpolation problem is
equivalent to solve for the system:

® P
PT o

w

ﬁT

u
0
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with ®;; = ¢(llx; — x;ll), w = (wy, wa, ..., wn), B= (Bo, B1, B2, B3) and

1x 12

1 X2 Y2 22
P=1 . . .| (6)
1 XN YN ZN

The major drawback of this method is its cost when the structural model becomes large (> 10*
points). If used in the context of mesh deformation, this is even worse since the size of the matrix
can exceed easily 10° by 10° points. In the literature, several techniques address this issue while
maintaining a smooth global displacement field [40]. In the legacy elsA aeroelastic module, a pre-
processing step involved a manual selection of a reduced set of structural points for transferring
the displacements. The selection was performed in order to improve the numerical stability of
the transfer method (e.g. avoid the excessive point density that could yield ill-conditioning inter-
polation matrices when the RBF are used) and to conserve the geometric properties of the struc-
tural deformations (e.g., displacement gradients, curvature zones). MIMAS offers an automatic
technique to sub-sample the structural model using agglomerative clustering methods, similar to
those employed for mesh deformation (see Section 2.3). These methods naturally tend to select
points near sharp gradients and they give satisfactory results for turbomachinery blades. How-
ever, they have limitations, as they rely solely on spatial proximity or field distribution and do not
consider the mechanical properties of the points. A dedicated parallel LU solver for dense ma-
trix, using the Message Passing Interface (MPI) protocol, has been developed to solve the linear
problem (5). Another solution provided by MIMAS is to use compact support functions, which
can result in a sparse RBF matrix. One advantage of this method is that it effectively suppresses
the influence of distant points, which is particularly beneficial when dealing with a wing and a
horizontal tailplane for example. This localized influence helps in some cases in preserving the
physical behaviour of the problem. To provide with an efficient computation of the sparse sys-
tem, we linked MIMAS with the MUMPs library [45], which is considered today as one of the most
efficient direct solver for sparse linear system.

A second class of algorithms is based on beam kinematics. In that case, source data are known
along a beam line and the goal is to reconstruct the displacement around it. Given a point P in
space, the algorithm first computes its orthogonal projection onto the beam line and reconstructs
the displacements locally using hermite spline elements associated with the beam. The novelty in
MIMAS lies in the ability to account for significant deformations, automatic detection of corners
and broken lines, and the removal of degeneracy in orthogonal projection. Additionally, it lifts the
restriction associated with Euler-Bernoulli hypothesis (where it is assumed that sections remain
orthogonal to the beam curve), while still maintaining orthogonality in projections. Examples of
deformation fields using this technique are illustrated on Figure 5. The red lines account for the
beams from which the deformations are known, while the surface meshes around are the target
grids where displacements are re-constructed.

Finally, for load transfer, two classes of algorithms have been implemented: the first is based
on a nearest neighbour search and conserves the resultant of forces and moment. The structural
points for transfer are chosen on the key load-bearing elements, such as beams, wing box, and
other primary support components of the structure, so that forces are correctly absorbed by the
whole structural model. The main benefit of this method is that it is quite straightforward and
cheap in terms of computational time. However when important change in the geometry occurs
or when pressure loads encounters huge gradient (typically near the leading or trailing edge of an
airfoil, or near the shocks), this approach can lead to a wrong local distribution of forces on the
structure. In addition, it does not conserve energy, and methods using virtual work technique
can be preferred in that case. The second method, based on virtual work conservation, uses
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Figure 5. Illustration of kinematics beam transfers. (a) An application of the transfer
around a flat beam line with combined torsional and bending motion. (b) The deformation
around a curved beam line with critical degenerated surface for orthogonal projection.
(c) The intersection of the critical surface with the xy plane (thick black line).

Radial Basis Functions (RBFs) for interpolating forces and displacements. A base of continuous

functions ®’, i = 1,...,Np, is chosen so that an “admissible” displacement field Su can be
decomposed into:

— Nb -
Sulx,y,2) =) wi®(x,y2). 7
i=1

The conservation of virtual work between fluid and structure associated to each individual basis
function leads to:

. N - — M - I -
(faeror @) = Y faero[j1- @' [j1 = Y fslk]-®'[k] = (f5, ®") (8)
j=1 k=1
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where j and k are the indices of the fluid and structural nodes respectively, N and M are the
number of aerodynamic and structural nodes. Since the aerodynamic nodal forces faem and
the basis functions are known, the first term can be easily evaluated. In the right-hand side,
only the terms f;[k] are unknown. The basis functions ®',i = 1,..., N, is constructed from a
sum of Radial Basis Functions (RBFs) and enforce unitary displacement at control point and zero
elsewhere. These functions are supplemented with a polynomial, with constant that ensures the
conservation of global loads and a linear term to preserve global moments. Efforts are preserved
locally through the local support of the RBF functions. The linear system for the unknown fsk
is solved using the same methods described previously for displacement transfer. Note that this
method can be significantly costly since we need to solve undetermined weights for each basis
function @', i = 1,..., Nj. It gives generally smoother results than the nearest neighbour (outside
discontinuities such as shocks), but can lead to artificial loads concentration when structural
elements intersect.

2.5. Multiple FSI interfaces

Systems like rotorcraft blades, wings with control surfaces, or compressor stages in turboma-
chinery involve different structural parts that may be numerically treated separately for several
reasons (physical behaviour, performance...). Multiple FSI interfaces allow each structural com-
ponent to be treated independently in terms of transfer algorithms, while interactions between
components are captured exclusively through the fluid dynamics. However, a key challenge of
this approach is that transferring individual displacements from each component to its corre-
sponding aerodynamic surface create discontinuities between adjacent surfaces. A well-known
example is the interaction between the fuselage and the wings of an aircraft. Suppose that the
wing and fuselage are solved using the same structural model, but both components are decou-
pled during the transfer process. The interpolation methods applied to each component do not
process identical data, resulting in discrepancies at the junction between the two. To solve this is-
sue, we implemented in MIMAS an algorithm allowing to match the different components. Con-
sider two non-overlapping sets of points S; and S, for each structural component and their cor-
responding aerodynamical surfaces A; and A,. First two transfers are achieved on A; U Ay, the
first using the S; structural data, the second the S, data, giving respectively a displacement field
u; and uy. Using efficient kd-trees, we compute for each aero-dynamical point its distance d;
from the intersection between the set A; and A,. This is estimated by computing the distance
to the nearest neighbour belonging to the opposite surface. Note that better strategies involving
convex hull border or surface fitting with implicit function evaluation may provide more accu-
rate distance to the intersection. When the distance of the aerodynamical points from the in-
tersection is known, we use blending functions (such as sigmoids or polynomials) to match the
displacements between the two surfaces. For example, if we use a cubic blending between A,
and Ay, the transferred displacement is:

w(x,y,2) = wi (x,,2) + (1 - w)z(x, , 2) ©)
with
di\3  3(dr\2 ;
Y (TI) _5(71) +0.5, ifd;<é, (10)
0. if d; >o.

Here 0 represents the depth into the neighbourhood region and is set to the distance of the
furthest point identified during the k-nearest neighbour search.
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Figure 6. Illustration of the blending method for multiple FSI interfaces when independent
transfer algorithms are used for each structural component. On the left is shown the
deformation imposed on a 5-bladed propeller with bending of the spinner and bending-
torsion of the blades. The cube points on the blade represent the structural nodes used
for the transfer on the propeller blades while aligned spheres are the structural nodes for
the spinner axis. Right top: Displacement field and fluid mesh after the transfer without
blending. Right bottom: Same after blending.

An illustration of the method is provided in Figure 6, where it is applied to a 5-bladed
propeller. The structural displacements are modelled using a global analytical mode (though
not necessarily physically realistic) that combines the bending of the spinner with the bending-
torsion motion of the blades. While the structural components are computed consistently, the
displacement transfer between the blade (S;) and the spinner (S») is handled separately. For the
blade, we employ a Radial Basis Function (RBF) approach based on a set of 3D points on the blade
surface, represented by cube points in Figure 6. For the spinner, only points along the X-axis are
considered, with no point taken from the spinner’s surface. A beam kinematics transfer method
is used to model the displacements on the fluid surface, which is shown in color in the left panel
of Figure 6. Once the two independent transfers are combined, we observe that the displacement
field is discontinuous between the spinner and the blade, as expected. This discontinuity results
in a non-matching intersection, as illustrated in the top right panel of Figure 6. After applying
the blending algorithm using kd-tree search, we demonstrate that the displacements become
smooth in the intersection regions, with the two meshes coinciding, as shown in the bottom right
panel.

Note that there are cases where we would like to decouple FSI interfaces that are not directly
connected, such as a wing and a horizontal tailplane. In such cases, we can blend each surface
with the shared connecting surface (i.e. the fuselage) or use compact radial basis function (RBF)
interpolation. The latter naturally decorrelates the two surfaces once a certain distance condition
is satisfied.
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2.6. Coupling strategies and time-marching

The standard approach in coupling fluid/structure is a sequential execution of fluid and structure
solvers. This approach, although known to be quite robust, generally leads to slower convergence
and load imbalances in a parallel setting. With the modular and external approach of MIMAS,
new ways of coupling fluid and structure can be explored, unlike elsA, which operates within a
more rigid and static architecture. First, for static problems, we are not anymore limited by the
fixed-point approach with constant relaxation parameter and constant coupling period. We can
indeed call the structural code at chosen fluid iterations to optimize convergence. A criterion can
be established, such as setting a threshold for the relative change in the fluid residual compared
to the previous coupling iteration. The relaxation parameter can also be prescribed by users at
any time. Other strategies, like Aitken under-relaxation [46] have been used and tested within our
new framework (see Section 4.1). This algorithm adapts the relaxation factor at every iteration
based on current and previous state of the structure. If we define the residuals of the structural
displacements at previous iteration k — 1 and current iteration k,

g1 =Ugp_1—Ugp and  rp=up-—up_;

and Ar the residual difference:
Ar=r—Tp_1.
Then the relaxation factor at current step wy is calculated as
Ii—1-Ar
A2

where the dot product here represents the sum of the individual product on each structural
degree of freedom. To calibrate the initial relaxation parameter wg, we use a similar approach
inspired by the preCICE library [12]. For dynamical problems, it is almost similar, except
that the fixed point approach is applied at each physical time-step. Exchanges between the
fluid forces and the structural displacements are performed during sub-iterations (dual loop)
of the time integration method (see Figure 7). In elsA, the strategy was slightly different since
the aeroelastic solver iterates multiple times on the same time step to converge the fluid and
structure. We emphasize though that for dynamical problems, better strategies involving mid-
point time schemes, asynchronous coupling schemes or parallel quasi-Newton least-squares
solvers [12], mixing both fluid and structure states, are possible. Research on these coupling
time-scheme is active at ONERA and could replace progressively the current implementations.

Another scope of research is the externalization of non-linear iterative fluid or structural
solvers themselves. Over the past decade, significant efforts have been made to externalize the
Jacobian and its matrix-vector products from both CFD and CSM solvers. This is particularly
useful if one wants to solve the implicit phase externally. In particular, this offers the capability of
pre-conditioning the system with coupling terms and use more advanced or dedicated Newton—
Krylov solvers for FSI problems. Ultimately, the monolithic approach could be investigated, for
which the whole fluid/structure system is solved externally. Note that other strategies such as
the Time Spectral Method (TSM) for periodic systems are also investigated but remain out of the
scope of the MIMAS library for now. More details about their current implementation at ONERA
is presented in [11].

Wi = —Wk-1

2.7. Non-linear structural coupling

As we mentioned earlier in the introduction, high-aspect-ratio wings and large-diameter fans or
propellers exhibit increasingly nonlinear behavior due to large displacements. Another cause
of nonlinearity is the friction between structural components (e.g. for blade-disk assemblies)
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Figure 7. Illustration of the coupling scheme for dynamical problem in MIMAS. The struc-
tural displacements and the fluid mesh are updated regularly during the dual loop of the
“Gear” or “DTS” (Dual Time Stepping) temporal scheme.

which can influence significantly the aeroelastic response of aeronautical structures. A nonlinear
modelling of the structure is therefore required for the resolution of the coupled aeroelastic
problem. When structural nonlinearities due to large displacements U are considered, the
dynamic equation of motion contains an additional term fy,;(U):

MU +CU+KU + fy(U) = F,(U, 1)

where M and C are the mass and viscous damping matrices and F,(U, t) the aerodynamic forces
acting on the structure. In the static case, the equation reduces to

Kug + fr(us) = Fq s(W)

where u; is the displacement resulting from a steady aerodynamic force. The treatment of the
nonlinear term requires an iterative Newton process. In the dynamic case, the Newton algorithm
is combined with the time integration scheme, generally handled with Newmark or more gener-
ally HHT methods for structural problems. Dealing with such nonlinear structural models within
the CFD solver kernel is not necessarily the most appropriate, as different methods and solvers
than those used for the fluid are required. The modular and partitioned approach is then well
suited to rely on an external structural solver. In MIMAS, an interface has been implemented
with the finite element code NASTRAN and preliminary developments have been carried out to
couple MIMAS with Code_ASTER of EDE Upcoming developments are also intended to couple
with the next generation ONERA code A-set. For NASTRAN we use the SOL400 nonlinear solution
enabling large displacements, and the coupling is performed either by files or through the C++
OpenFSl interface. This interface offers a way to stop and restart NASTRAN at each coupling iter-
ation, and communicate buffers address directly between NASTRAN and the Python driver. Such
a coupling with OpenFSI has already been performed in the past at ONERA, using elsA’s legacy
aeroelastic module, enabling a partial externalization [47]. Note that user Python interface of
MIMAS allows to prescribe several NASTRAN parameters to calibrate the non-linear resolution.
The structural non-linearities could be modelled within a projection based by a Reduced
Order Model (ROM). This can be useful for dynamic aeroelastic computations to avoid the
coupling with the full finite element model at each physical iteration. In projection based
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reduced order models, the displacements of the structure are computed by using a representative
projection basis that captures the non-linear structural response, so that U = Vg with V = [®, D],
where @ represents the linear eigenmodes and D represents additional modes (e.g., modal
derivatives or dual modes). The nonlinear dynamic equations of motion are then projected onto
this reduced basis, resulting in a simplified set of scalar nonlinear equations:

G +Ba+ (v +1n(u)q+gnw) = fagW).
With the classical approach, the nonlinear internal forces need to be assessed by means of
a FE solver, reducing the time efficiency of the reduced order model. Thus, an autonomous
reduced order model could be obtained by considering that the internal non-linear forces are
approximated by a third-order polynomial function of the generalised displacements. The k-th
coefficient of the nonlinear force vector is thus:
&nl = L0 4id;+ Y. 0, qidjdm-
1,] L,j,m

The polynomial coeflicients are identified from a set of precomputed nonlinear static solutions
using the Implicit Condensation method with Expansion (ICE) [48]. This provides an explicit
expression of the reduced-order model in terms of the generalized coordinates g, which can
be efficiently coupled with the fluid solver. The nonlinear reduced order model detailed above
has been coupled to the fluid solver elsA on the simplified test case of a flexible beam placed
in the wake of a cylinder generating an unsteady forcing [49]. It has also been used to evaluate
the dynamic response of a UHBR fan blade subject to an external forcing induced by an inlet
distortion [50]. These studies were conducted at ONERA outside the MIMAS framework, but
more recently, reduced-order model of the ERATO helicopter blades have been coupled with
fluid models within the MIMAS framework (see Section 4.3). For that, an entire interface has
been written between MIMAS and an external tool designed to build ROMs from finite element
solver Code_ASTER (EDF).

2.8. Coupling with advanced HPC fluid codes (CODA, SoNICS)

MIMAS handles a generic interface to HPC CFD solvers which is based on class abstraction. The
class provides methods to achieve basic operations, including advancing one or several fluid it-
erations, extract forces and update geometry. On the ONERA/SAFRAN side, the SONICS code is a
next-generation software designed to enhance performance and usability in turbomachinery ap-
plications. It features a new architecture that incorporates operator graph structure for tailored
calculations, cache-blocking, automatic linearized and adjoint through the Tapenade library [51],
efficient code generation for optimized hardware usage (including GPUs), and advanced capa-
bilities for handling complex physics. SONICS handles multiple fluid species and dynamic mesh
adaptation. We recently carried out developments within the SONICS code to implement the Ar-
bitrary Lagrangian Eulerian method for enabling grid velocities for aeroelastic studies. We also
wrote the triggers classes to achieve basic operations mentioned earlier such as updating the grid
and extracting forces. In particular, updating the grid in SoONICS has required to modify the pri-
mary execution graph to propagate the new metrics everywhere in the code and to each oper-
ators. In terms of data, it utilizes the standard CGNS format, featuring polyhedral connectivity
representations (NGon). First simulations have recently been conducted with harmonic forced
motions on the M6 wing configuration to validate the implementation of the ALE formulation for
deforming grids.

On the ONERA/DLR/Airbus side, CODA is an advanced computational code which includes a
large variety of spatial schemes (finite volumes & discontinuous Galerkin). It focuses on optimiz-
ing aircraft design through efficient numerical methods, operators linearization, and integrates



Antoine Riols-Fonclare et al. 1331

various physical components, including fluid-structure interactions. It relies on the FlowSimu-
lator DataManager (FSDM) which provides an HPC library for CFD-based simulation workflows,
models, data manipulation and multiprocessing. As the core library includes Python interfaces,
data is easily accessible through MIMAS. However, since the data format is very different from the
standard CGNS format, an important work has been performed to convert efficiently the mesh
and the aeroelastic data (forces, displacements, etc.) into our own representation. Section 4.1
shows first aeroelastic calculation using CODA and MIMAS jointly, with comparison with elsA
using the same mesh.

2.9. Coupling with Vortex Particle Method (VPM)

Finally, MIMAS is able to couple with medium fidelity method such as the Vortex Particle Method
(VPM) [52]. The originality of such coupling is that the fluid model is generally mesh-free.
In VPM, the flow is represented as discrete particles that carry vorticity. Each vortex particle
has properties such as position, circulation strength, and sometimes additional attributes like
velocity or density. The method operates in a Lagrangian framework and is particularly efficient
to simulate complex wake dynamics. The governing equation is the transport equation of the
vorticity, which includes a stretching term and a viscous diffusion term. The viscous diffusion
term is used to model the influence of both the molecular viscosity and the turbulence associated
to small eddies. In MIMAS, we implement an interface with ONERA’s code Vulcains [53]. One of
the existing formulations, consists in a lifting-line/VPM coupling where the lifting components
(e.g. blades, wings...) are modelled with the Blade Element Theory (at the quarter chord position).
At each time step, new particles are generated based on this lifting-line model. The local velocity
induced by the particles is then projected onto the normal plane of each lifting-line section, from
which the angle of attack, Mach number, and Reynolds number are derived. Using 2D airfoil
tables and Kutta—Joukowski theorem, it is then possible to calculate the circulation for each blade
section. New particles are generated to account for this circulation and an inner iterative loop is
performed at each time step to ensure convergence between the newly generated particles and
the blade circulation (as the new particles also contribute to the velocity induced along the lifting
line). For aeroelastic coupling, there are two different scenarios:

(i) the structural model is a beam model which coincides with the lifting line; in that case
transferring structural forces and displacement between the fluid and the structure is
trivial;

(ii) the structural model is based on 3D or 2D finite elements; then the full pressure and force
field are reconstructed on the surface using the 2D airfoil tables.

The transfer of the displacements can be done using RBFs on an auxiliary grid (though not
optimal and physically questionable) or directly by condensing the structural displacements
into a local rigid motion (translation/rotation) for each sections of the lifting line model. An
example of simulation coupling VPM and nonlinear Finite Element Model (FEM) is presented
in Section 4.3. Note that the VPM can be also coupled with Eulerian grid model or URANS
simulations but this is out of the scope of the present article.

3. Validation cases: classical aeroelastic calculations
Before presenting applied cases that showcase new capabilities, we first demonstrate that MIMAS

can accurately replicate standard aeroelastic calculations which have been historically computed
using elsA’s aeroelastic module [14].
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3.1. Static coupling

To validate the modular approach, we first test the case of a static coupling on the Common
Research Model (CRM) plane configuration. To compare MIMAS with elsA’s aeroelastic module, a
basic fixed-point method, including constant relaxation of the structural displacements, is used.
In MIMAS, fluid iterations are solved externally by elsA while the structural problem is solved
directly at the Python level using a condensed structural stiffness matrix with smaller dimension
compared to the initial NASTRAN model. The model comprises mass loads for the engine and the
fuel, while gravity force is added externally by MIMAS using the area/thickness of shell elements.
The fluid domain is discretized with a coarse structured grid of about 1 million cells. The CFD
resolution is inviscid (Euler model) and uses a Roe scheme with the Van Albada flux limiter.
Fifteen fixed point iterations between the fluid and the structural solvers are performed to reach
the equilibrium. The coupling is handled with the TFI/IDW hybrid method for deforming the
structured mesh, and the nearest neighbour and RBFs respectively for force and displacement
transfers. The points for the transfers are represented in the right panel of Figure 8. A Thin Plate
Spline (TPS) kernel is used for RBFs, which consists in rzlog(r) functions, and the interpolants
are computed with our dedicated MPI LU solver. Note that for transferring loads to the structure,
we exclude forces acting on the fuselage and tail.

Comparison between the computations with MIMAS and elsA’s aeroelastic module are shown
in Figure 8 for a Mach 0.85 and an angle of attack of 1.32° at altitude 36000 feet. The pressure
distribution for this operating point obtained by MIMAS is also shown in the left panel. The
agreement between both computations is excellent in terms of vertical displacement, although
the mesh deformation (TFI/IDW method) and transfer methods are not exactly implemented in
the same way. We check also that the forces transferred to the structural grid are very similar.
Note that with MIMAS, this calculation has been improved to take into account the full finite
element model, using the nonlinear NASTRAN solver (SOL 400). For the selected flight condition
considered here, no significant differences are however observed with respect to the statically
condensed linear model.
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Figure 8. Illustration of the CRM static coupling. Left: Pressure field on the plane with
condensed structural points (force and displacements nodes). These points are coloured
with the vertical displacement. Right: Comparison of the vertical displacement along the
span between elsAs legacy aeroelastic module and MIMAS at first and second coupling
iterations.
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3.2. Harmonic forced motion

Validation of the modular approach has been performed in the unsteady case for forced har-
monic motion simulations. The test case is a state-of-the-art fan blade representative of a mod-
ern Ultra High Bypass Ratio (UHBR) engine, presented in Figure 9. In these simulations, a nat-
ural mode of the structure is excited at given frequency(ies) with a relatively small amplitude to
characterize the aerodynamic response and ultimately the generalized aerodynamic forces. The
linear unsteady aerodynamic response is computed using CFD codes (such as elsA) and can be
re-injected into a structural linear solver to assess the aeroelastic stability (useful for flutter pre-
diction). Mesh deformation is generally computed once, during a preprocessing step stage, and
the corresponding mesh deformation associated to the modal shapes is interpolated in time us-
ing a sinusoidal law. In the modular approach, the coordinates of the deformed mesh, as well as
the grid velocity are calculated outside the CFD code.

Figure 9. Ultra High Bypass Ratio (UHBR) fan blade test case and real/imaginary mode
shapes of interest (deformation artificially amplified for visualization).

For the UHBR fan, a modal basis for the structure is first pre-computed using SAMCEE Data
of the modal shape (displacements) are transferred from the SAMCEF grid to the CFD grid by
MIMAS using Radial Basis Functions during the pre-computation phase. We then select one
particular mode (here the first bending mode 1F-0D with zero dephasing between the blades)
and apply small oscillations to this mode with a given frequency, modal amplitude of 0.3 mm
and initial phase of n/2. Note that with the new mesh deformation algorithms implemented
in MIMAS based on IDW method, amplitude up to 4 mm in azimuth of the fan-blade can be
reached, which is almost two times the tip gap size (between the shroud and the blade). The
slipping condition on the shroud is handled with a directional damping implemented specifically
for IDW.

For MIMAS, we use again elsA as an external solver for the CFD calculation. Only one
sector is simulated in order to save computational time and periodic conditions are used in
azimuth. The mesh is composed of approximately 3.2 million points, divided into 48 blocks.
Note that modal shapes with dephasing between the blade can also be simulated in the modular
aeroelastic environment, using only one sector. For that, a complex representation of the mode
is used, in addition to the so-called phase-lagged condition in elsA. MIMAS mesh deformation
module is able to deal with such complex deformation. Figure 10 (left) shows the aerodynamic
forces projected onto the structural mode of vibration (GAF), first computed with the aeroelastic
module of elsA (blue) and second computed with MIMAS (orange). Clearly, both solutions
match perfectly, which validates our modular approach. Note that the same preprocessed
deformed mesh for the modal shape has been used in both calculations using the elastic analogy
method (move3d). With the modular implementation, other mesh deformation methods are
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available and have been compared in this context. The phase portrait (Lissajous) of the GAF
is compared on the right panel of Figure 10 for the last cycle of vibration: a relatively good
agreement is obtained when using TFI, IDW or the quaternion approach (Quantum), although
it is interesting to notice slight variation of the Lissajous sizes when the deformation algorithm
changes. Variations up to 15% can be measured on the aerodynamic damping of the mode
according to the deformation method.
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Figure 10. Comparison of elsA’s aeroelastic module and MIMAS modular solution for
forced motion using the same deformed mesh (left) or alternative external mesh deforma-
tion algorithms (right). On the left panel are shown the generalized aerodynamic forces as a
function of time. On the right, are shown the Lissajous curves (phase portrait) of the aeroe-
lastic response.
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Figure 11. Comparison of forced motion aeroelastic computation with structured or un-
structured (destructured) mesh.

Another key advantage of MIMAS compared to elsA’s aeroelastic module is the ability to con-
duct aeroelastic simulations on unstructured grids. In this example, the structured grid was “de-
structured” for comparison purposes, using the same hexahedral mesh but treated as unstruc-
tured. The results match relatively well (see Figure 11) between the two grid representations.
Here, the IDW mesh deformation method was applied since the structural analogy approach has
not yet been implemented in the modular framework for unstructured meshes.
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3.3. Dynamic coupling with linear structure

Finally, we demonstrate that MIMAS can reproduce fully coupled dynamical calculations under
the assumption of a linear structure, a capability that was previously achievable with elsA aeroe-
lastic module. In this type of simulation, the linear dynamic behavior of the structure is repre-
sented by a limited set of eigenmodes ® = [¢1,...,¢,]. The displacement is thus approximated as
a linear combination of these modes U = ®q and the dynamic equation of motion is simplified
through projection into r equations:

ug+pq +Yq— fag(W)=0.

Here, g are the unknown generalized coordinates, y, B, and y represent the generalized mass,
damping, and stiffness matrices, respectively, while f,; = @7 f, denotes the vector of generalized
aerodynamic forces. This set of equations is solved externally in MIMAS using a Newmark
algorithm for the generalized coordinates ¢, from which the physical displacements can be
derived. As mentioned in Section 2.6, the coupling procedure involves mechanical steps and
mesh deformation in the implicit dual cfd loop.
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Figure 12. AGARD [54] dynamic coupled simulation — Pressure distribution and deforma-
tion of the wing at ¢ = 3T (top) and the six first modes shapes used for projecting the dy-
namics (bottom).
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Figure 13. AGARD dynamic coupled simulation — Comparison of the dynamic response
of the first two structural modes between MIMAS calculations (dashed lines) and elsA AEL
module (plain lines). On the left panel are plotted the generalized coordinates as a function
of physical time iterations. On the right panel is shown the phase portrait of the dynamical
motion (generalized force vs. generalized coordinates).

For validation, we run a coupled simulation of the AGARD 445.6 wing configuration using
either MIMAS or the elsA aeroelastic module. We adjusted the structural model to exhibit an
unstable behavior. The flow is inviscid and transonic (Ma = 0.96, AoA = 1°), while the dynamic of
the structure is modelled using the first six eigenmodes. The shapes of the modes are illustrated
in the bottom panel of Figure 12. The simulation is started from a steady equilibrium state where
a perturbation is introduced and run on more than 1000 time steps. On the top of the figure,
we show the resulting wing pressure distribution at ¢t = 3T (where T is the pseudo-period of the
dynamics) and the wing geometry at initial time and ¢ = 3T. Figure 13 shows a comparison of
the generalized coordinates between MIMAS (dashed lines) and elsA’s legacy reference solution
(plain lines). The agreement between the original reference solution and the modular one is
very good, although the coupling process is slightly different and the techniques for transferring
fields, deforming the mesh are also different. Note that the signal is increasing with time due to
the negative damping induced by the aerodynamic loads on the structure.
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3.4. Overheads and difference with elsA Ael module

To demonstrate that our modular implementation does not add any overhead compared to the
original implementation, we show in Table 1 the user time spent on a single node (24 cores)
of ONERA’s development cluster for elsA aeroelastic module (AEL) and MIMAS. Clearly for all
cases, the overhead is not significantly enhanced and remains under the noise of the cluster node
performance. We also show differences in terms of displacement and GAFs between the reference
AEL module and MIMAS. For the static case, we observe 0.012 % of error in terms of maximum
vertical displacement on the plane wing, while for the turbomachinery case, the difference in
generalized aerodynamic force is below 1e-3 %. For the dynamic case, errors are larger due to the
fact that the numerical temporal coupling scheme is different (see Section 2.6).

Table 1. User times and differences in quantities of interest compared to elsA aeroelastic
module implementation.

User time in | User timein | Difference

elsA AEL (s) MIMAS (s) in %
Static coupling (CRM) 2.156+05 1.726e+05s | 0.012 (z-disp)
Harmonic forced (UHBR) 3.593e4+05s | 3.634e+05s le-3 (GAF)
Dynamic coupling (AGARD) 1.35e+04 1.424e+04 s le-1 (GAF)

4. Advanced aeroelastic applications with MIMAS
4.1. The DLR-F25 plane case: CODA/NASTRAN coupling with HPC mesh deformation

A first demonstration overcoming the conventional capabilities of elsA has been achieved with
MIMAS on the DLR-F25 plane. This plane model is widely used as a benchmark in multi-
disciplinary optimization and aeroelastic simulations. The goal of the calculation is to evaluate
the static deformed shape of the plane during flight condition. The different improvements
compared to previous standard calculation are the use of:

* an unstructured grid with tetrahedron, hexahedron and pyramids (see Section 2.2);

¢ afast IDW method using clustering and layering (see Section 2.3);

* a compact RBF transfer method for displacements using the MUMPs library for solving
the RBF system (see Section 2.4);

¢ a cleverer time-relaxation scheme using Aitken method to speed up convergence (see
Section 2.6);

e a HPC CFD code of last generation (CODA) for the fluid step computation (see Sec-
tion 2.8);

* a non-linear structural solver (here NASTRAN) directly exchanging data with the CFD
code through the coupling tree of MIMAS (see Section 2.7).

Simulations at various angles of attack (from —1° to 2°) were conducted using both CODA
and elsA within the MIMAS modular environment. An identical unstructured mesh of 10 million
cells was used for both codes, and a similar numerical setup have been selected in order to be
consistent for the comparison. The Roe solver is used in both codes, although in CODA, we
employed the spline quintic flux limiter with a linear reconstruction, whereas for elsA we adopted
a minmod limiter due to stability issue. For the structural solver, both linear and non-linear
NASTRAN models have been considered, although the aim of this paragraph is not to show the
differences between them (a complementary study would be more appropriate for that).
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Figure 14. Mesh deformation of the DLR-F25 plane using IDW and clustering method (for
angle of attack of 2°). Colours show the vertical displacement in the volume generated
by the IDW algorithm on a 10-million-cells unstructured mesh composed of tetrahedrons,
wedges, pyramids and hexahedrons.

Before running the aeroelastic calculations, tests have been performed to assess the perfor-
mance and reliability of the new clustering IDW deformation method for unstructured meshes.
Note that the elementary surfaces of the cells have been included in the IDW weights, to improve
mesh quality. Rotation of cells are however not enabled here. Figure 14 shows the vertical de-
formation in the volume generated by the wall surface displacements. We checked that no neg-
ative cells are generated and that the mesh conserves a good quality during its deformation. Ta-
ble 2 summarizes the performance of the method compared to the original brute force algorithm
implemented in elsA aeroelastic module.

Table 2. User time for IDW mesh deformation algorithms on a single node (with 96 cores)
of new generation ONERA’s cluster. The first line corresponds to the time for preparation
and computation during the first call of the algorithm. The second line is for the second
coupling iteration until the end of the calculation.

Brute force IDW | Clustered IDW
(elsA) (MIMAS)
.lst def.ormatlon . 283 s 1325
including preparation
Next deformations 189s 31s

Clearly, using the clustering method for static calculations reduces computation costs to
one-sixth of those required by the brute force algorithm, while achieving correct deformation.
The preparation phase which includes the clustering procedure does not add any significant
overhead. The mesh is deformed in almost 30 s at each coupling iteration. For comparison, fluid
iteration steps in elsA last 225 s in average between each coupling. In CODA the time between
these couplings varies strongly during the convergence history, and depends strongly on the
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strategy used for convergence. The time spent on deforming the mesh remains thus around 10 %
of the total time spent for the fluid resolution during each coupling. With old methods, this would
have exceeded 100 % of the CFD time.

We further investigate elsA and CODA runs at an angle of attack of 2°. Different coupling
strategies have been tested: the first one relies on a fixed coupling period and relaxation pa-
rameter equal to 0.75. Coupling is done after each 50 fluid iterations for CODA and 150 for elsA.
In that case, the CODA run required in total 1300 fluid iterations using the GMRES method to
reduce the density residual below 10~7. For elsA, 5000 iterations with scalar LU relaxation were
needed to reach a residual threshold of 107°. The second strategy relies on an Aitken under-
relaxation scheme. By using this coupling strategy, no real improvement of the convergence has
been achieved. The explanation might be that the convergence of the coupled system is primar-
ily driven by the fluid and less affected by the structure because the wing flexibility remains low.
Note that on contrary the convergence of the CRM plane (cf. Section 3.1) is strongly boosted by
the Aitken under-relaxation scheme, probably because the flexibility is larger and the fluid Euler
model converges intrinsically faster, so that the structure has more time to evolve during each
coupling iteration.
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Figure 15. Comparison of the static simulation between elsA and CODA for the CFD part.
Left top: Span distribution of vertical force on structural nodes. Right top: Distribution of
vertical displacement on structural nodes. Left bottom: Pressure distribution on the plane
with deformed shape. Right bottom: Pressure profile along the wall at the wing’s half-span.
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Figure 15 presents a comparison of the evolution along the span of the vertical displacement
and force acting on the structural nodes when convergence is reached. There is a quite good
agreement between the two runs, although the force amplitude close to the shock appears to be
slightly smaller in CODA. The wing tip deflection is about 1.534 m for elsA and 1.52 m for CODA,
which implies a 1.3 cm difference (< 1% of error). For further details on the simulations, we plot
in the bottom panel of Figure 15 the pressure field on the plane for both runs (left side of the plane
corresponds to CODA, right is elsA) and a comparison of the pressure profile along the wall at the
wing’s half-span. The shock intensity and position are relatively similar but the shock appears a
bit smearer in the CODA run. This is possibly due to the fact that the order of reconstruction of
the flux and the type of limiter employed in CODA differ from those used in elsA.

Figure 16. Flexible gust dynamic simulation of the CRM plane that couples the CFD code
elsA and the CSM code NASTRAN in real-time, with mesh deformation at every time-step.
Each code runs on a different machine, and data are transferred between them remotely
using the Pyro Python module. The frames are respectively taken at 0.36, 0.63, 0.75, 0.92,
1.01 and 1.7 seconds after the launch of the gust. The blues lines represents the unsteady
streamlines of the flow, computed in real-time during the calculation through a dedicated
particle solver, independent of the CFD code.

4.2. Dynamic aeroelastic response of the CRM aircraft subjected to gust loads

Another new possibility with MIMAS is to couple directly the CFD code and the CSM code
dynamically, while performing a mesh deformation at each time-step (or at regular dual steps
of the cfd solver, see Section 2.6) to take into account the current structural displacements.
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This is made possible with the new and faster mesh deformation algorithms, which absorb
higher deformation. We show in this section a dynamical coupling achieved between elsA and
NASTRAN, using the OpenFSI module of NASTRAN fully integrated within MIMAS. As both codes
run on distant separate machines, we use the Python module Pyro to enable efficient in-memory
data communication between solvers. The simulation presented here shows the response to
a vertical negative wind gust characterized by a one-minus-cosine law, with an amplitude of
35m and a wavelength of 50 m. The gust velocity is set to 100 m/s relative to the aircraft. The
gust is imposed to the CFD code by adding to the mesh deformation a positive vertical grid
velocity depending on time and space; this setup provides a rather strong gust that is largely
above the certification test. However, our goal here is not to replicate actual aircraft tests, but
rather to demonstrate MIMAS’s capability to perform such coupling and to verify the robustness
of the deformation algorithms when large displacements are involved. Both fluid and structural
models are detailed in Section 3.1. For the NASTRAN model we restrict the simulation to a
linear structure, but nothing prevents to run a nonlinear model, except the CPU time which
can be significantly larger. Figure 16 shows a series of simulation snapshots, with the rendering
enhanced by a particle tracer illustrating the flow streamlines (in blue). The effect of the gust
is clearly visible on the third, fourth and fifth snapshots. The maximum displacement obtained
on the wing tip is about 4 m (for comparison the static deformation at equilibrium at the wing
reached 2.4 m) and —1.5m at the gust maximum. To validate our direct coupling methodology,
we compared it against a dynamic modal simulation, a coupling scenario which is already well-
established and has been validated for the AGARD wing (see Section 3.3). In this reference
case, the structural dynamics is restricted to a set of 10 modes, primarily representing the wing’s
bending and torsional behavior, computed in a pre-process phase. Note that for this reference
run, the gravity and aerodynamic loads are directly projected onto the modal basis expressed on
the fluid grid, while for the run in Figure 16, the forces and displacements are transferred at each
time step using nearest neighbor algorithm and thin plate spline kernel. Figure 17 compares the
two simulations in terms of lift coefficient and structural displacement at wing tip. The dynamic
response is nearly identical, despite the fact that the underlying numerical algorithms used for
coupling are fundamentally different.

0.44

0.37

0.2

0.14

Lift coefficient

0.0

Maximum strucutral displacement

—0.11 = OpenFSI coupling
\ Modal copuling with 10 modes

0 1 2 3 00 05 10 15 20 25 30 35
Time in s Time in s
Figure 17. Comparison of the lift coefficient and wing-tip displacement between two gust
aero-elastic simulations: one performed using a direct coupling between the CFD and CSM

codes (with mesh deformation and data transfer at every time step), and the other using a
modal coupling approach, similar to that presented in Section 3.3.
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4.3. The ERATO blade case: non-linear reduced order structural models coupled with CFD
and VPM

The final application presented in this paper focuses on the aero-acoustically optimized heli-
copter blade ERATO (Etude d'un Rotor Aéroacoustique Technologiquement Optimisé). The ER-
ATO geometry was designed primarily by ONERA and the DLR in the '90s. Experimental stud-
ies were carried out in 1998 to aerodynamically characterize the blade for different advance ratio
conditions and hover in ONERA’s wind tunnel in Modane. The blade has a double sweep con-
figuration to mitigate the effects of compressibility. Traditionally, blade structures are modelled
by 1D approaches (rigid elements with stiff connections, FE beam formulation, etc.) and differ-
ent studies have proven that for non-disruptive panforms the 1D structural modelling is accu-
rate enough to represent the aeroelastic behaviour [55]. However, for ERATO like complex plan-
form, even if the overall beahviour of the blade is captured, detailed studies highlighted the need
for more advanced structural models [56] to correctly assess its aeroelastic behaviour. Recently,
fully-coupled aeroelastic study with refined Reduced Order Models (ROMs) of the blade based on
FEM in hover flight has been achieved with MIMAS [57].

Material 5

Material 3
Material 3

(@) (b) (©

Figure 18. (a) Structural model of the ERATO blade used in this study. (b) Root mesh
discretization. (c) Tip mesh discretization.

A detailed view of the root and the tip of the ERATO’s structural mesh is presented in Figure 18.
The mesh is formed by linear hexahedral, tetrahedral and pyramid FE elements and contains
32436 nodes. The blade is composed of five different materials (represented by different colors)
and is assumed to be clamped at the root. The blade structure is resolved through a geometrically
nonlinear reduced model (ROMs) based on ICE projection (see Section 2.7). The construction
of the non-linear model is carried out with the finite element software Code_Aster during a
preprocess stage. To solve the fluid around the blade, several methods including URANS and
mid-fidelity methods have been employed, with the aim to compare them. The most expensive
computation is obviously the one performed with the elsA code using an overset technique.
In that case, a Gear time algorithm is used with a Jameson, Schmidt and Turkel JST centred
spatial discretization scheme (including artificial viscosity) and a Wilcox turbulence model for
the hover flight. A less expensive method is the Vortex Particle Method (VPM) which is described
in Section 2.9.

We summarize below some of the results conducted in this study. Figure 19 shows a snapshot
of the VPM simulation during the coupling process. Approximately 30 new particles are launched
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Figure 19. Snapshot of the wake generated by the VPM ONERAs code around ERATO’s
helicopter blades. The flow is represented by particles shed in the wake during the coupling
process. The code has been run on a single GPU of the ONERA’s development cluster.

(a) (b)

Figure 20. (a) llustration of displacement transferred on the ERATO blade with the RBF
algorithm, resulting from the non-linear reduced structural model. (b) Illustration of forces
transferred on the ERATO blade with the nearest neighbour algorithm, resulting from the
VPM computed forces.

from the chord quarter at relatively regular times, depending on the spatial and time variations
of circulation. As explained in Section 2.9, the velocities of particles simulated in the wake are
feeding back a lifting line model, which in turns change the particles distribution. CFD/ROMs
and VPM/ROMs analyses show similar trends in terms of provided thrust, torsional deformation
(pitch-down), flap displacements, aerodynamic loadings and maximum displacements, which
suggest that mid-fidelity aerodynamic method can be employed to assess the aeroelastic be-
haviour of complex helicopter blades. Figure 20(a) shows that the ERATO blade in hover flight
is significantly impacted by the torsional aeroelastic behaviour leading to a pitch-down effect on
the blade-tip. In particular, simulations seem to indicate that the blade-vortex interaction is re-
duced when the flexibility of the blade is fully taken into account. Figure 20(b) illustrates the dis-
tribution of vertical loads on the structural nodes during the coupling process. Note that non-
linear mechanical effects tend to slightly reduce the final blade deformation, although a more
exhaustive study is required to characterise in details the non-linear physics.
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5. Perspectives & Conclusions

This paper presents MIMAS, a new tool developed at ONERA designed to perform next-
generation of aeroelastic simulations. MIMAS has been developed alongside the new emerg-
ing HPC codes such as CODA and SoNICS, with the aim of externalizing various simulation com-
ponents that were traditionally embedded within elsA’s fluid solver kernel. Among these compo-
nents are the mesh deformation and data transfer algorithms, which have been greatly improved
and parallelized to fit with the current HPC standard. Results were presented to demonstrate the
reliability of this modular implementation across a wide range of test cases with multiple levels
of complexity, including static coupling, forced harmonic motion, and dynamic coupling sim-
ulations. This modular framework also currently offers new capabilities, such as compatibility
with unstructured meshes, which are essential for next-generation codes like CODA and SoNICS.
Additionally, it offers several ways for coupling fluid with non-linear structures, and proposing
new implementation of time-marching algorithm dedicated to FSI problems. The library sup-
ports now full dynamic coupling with linear or nonlinear structural models and codes (such as
NASTRAN), extending its ability to simulate complex unsteady phenomenon with large deforma-
tions.

Future development within this library includes several key research areas aimed at enhancing
its capabilities and performance. Firstly, efforts will focus on the linearization and adjoint formu-
lation of all functions (or operators), allowing for more efficient optimization and sensitivity anal-
ysis. In addition, performance improvements will continue, particularly in the areas of mesh de-
formation and data transfer, which are critical for handling increasingly complex configurations.
For elastic analogy in mesh deformation, an unstructured linear FEM code is under development
and could progressively replace the structured version, with better preconditioners to accelerate
its convergence. Interpolation methods will also continue to be refined, with a focus on blending
techniques that take into account real intersections to improve accuracy. These techniques could
also be upgraded to incorporate projection method based on 3D finite elements. Another impor-
tant direction of research is the improvement of time-coupling schemes, which will allow more
accurate and efficient simulations of dynamic systems. As the library evolves, it will become fully
compatible with new HPC architectures such as those encountered in SONICS and for example
extend its capability to GPU execution. Extensions to other physics are also not excluded. Cur-
rent developments, together with future improvements, will hopefully push the boundaries of
what is possible in high-fidelity aeroelastic simulations.
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Appendix A. Errors generated by clustering in the IDW formula

The purpose of this appendix is to determine the error bound made on the IDW formula when
summing over the inverse distance of clusters barycentre.

Consider a set S of source points M; and a set C consisting of N, clusters of these points (see
Figure 21). We assume that each point M; belongs to a unique cluster. Each cluster is denoted
by Cx, where k is an integer between 1 and N, and its cardinal is denoted ny.
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Cluster C,
With surface s,

Figure 21. IDW clustering approximation.

For any summation over S, we can rearrange the terms as follows:

ZWF%(Z w]')- (1n

ieS k=1\jeCy
We note with a bar and index k the average of a field over a cluster, then we have for any field w;:
Ne
Z w; = Z Ny Wk. 12)
i€S k=1

For a given cluster Cy, we introduce the dimensionless field dispersion €,, with respect to the
cluster barycentre (or average defined above) so that for each point in the cluster we have:

wi=wr(l+ey;). (13)
It comes immediately that:
Y €wj=0 and ) €,;=0. (14)
jECk i€eS

By using the above relations, the product of two fields w; and D; in the summation over the
cluster leads to an additional correction term which depends on the product of the two dispersion
fields:

N, _
Z w;D; = Z nkkak(l + Z ije‘Dj). (15)
i€eS k=1 jeCy

Now dividing (15) by (12) gives:
YieswiD; Zgil nkwkﬁk(l + Zjeck ewjeDj)
Yies Wi YR Ny v
We recognize on the left the exact IDW formula. On the right the approximated IDW formula

computed from cluster barycentre is recovered for zero dispersion (¢,,; = €p; = 0). The relative
error & on the formula is then bounded by:

. (16)

Emax = max
k=1,..,N,

Y €wj€pj|- 17)

jeCk

The next step would then be to give an estimation of the upper bounds for €,, and e p. However, in
practice, this expansion cannot be used straightforwardly since the average of the IDW weight wy



1346 Antoine Riols-Fonclare et al.

cannot be computed for each point P in the volume without high computational cost. We search
therefore for an approximation of the IDW formula that depends only on the distance from P to
the clusters barycentre.
For an arbitrary point in space P, the IDW weight is:
Sj

wj=—g (18)
J

where

d2 —xp+x —2Xp X 19)
is the distance from P to the point M; in the cluster, Xp is the position vector of P with respect
to the cluster barycentre and s; is an additional surface element relative to the source. In the

following we note dp = i%, the distance of P from the barycentre. Assuming that the squared
distance inside the cluster x? is small compared to df,, we apply a Taylor expansion to compute
the inverse distance:

2
1 1 X X; X -al2
—:—(1+—f—2 J P)

d® a® d2 d2
j P P P ) (20)
1 xp aXj 1 X xp)?
=E 1+ax]--—2—5 2+2a(a+2) > .
P dP dP d

Summing this expression over the points in the cluster Cy and assuming that the elementary
surface into the sum is almost uniform gives:

=t ¥ 2L

J€Ck
2 2

1 Sj xp aXj 1 ( "XP)
=— l+axy- = ———+-a(a+2)

ni jékd“( Y4z 24 2 dz @D
_Sk(1+a(zx) LN a(a+2)Z( Xp)z)
= — B ]- —_— = — —_— .

g\ \E ) a2 2 Y o jec\ di

Since the sum of dispersion vectors is zero, we end up with

2
— S 1 X Xp a 1
e =— 142 a(a+2)— Z( ! ) -
da 2 Nk jeCy dj%

Y x?) (22)

2dj ni j e,
Assuming that x; and xp make an angle 4 j, we finally obtain:

Wy = da(1+ek), (23)
with
a 2 2
€k = 2d2 k]ezck[(a+2)cos 67— 1]x;. (24)

Since 0 < |cos?(§ )| < 1, an upper bound for € is

alarD 1 Y x5 (25)

lekl <
2
de nk jECk J

We now use the fact that the clustering procedure ensures that the variance associated with
coordinates and displacements inside each cluster is lower than a certain value 0. In other
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words, if we note x; the position of a point M; in the cluster relative to the barycentre, and D;
the displacement field, we have:

— Z x <0y, (26)
k jeCy
LY ®-ppPsop @27
Mk jecy
Using these constraints gives:
ala+1)og
lekl < ——%— (28)
2dy,

where dyy is the minimal distance from P to the source, which can be easily computed in a pre-
process calculation. Finally, going back to eq. 16, we have

Zk lnkda Di(1+ X jec, €wjen;) (1 +€x)

LiesWiDi _ ! 29)

Yies Wi N, Sk

DR Ja

Py

which leads to the following upper bound for the error
ala+1)og
Emax = € —_— (30)
max = - 1. 'ché wj€Dj+ Zd‘z/v

Neglecting the variance of the displacement inside each cluster or assuming that the average
cross correlation between displacements and IDW weight is negligible, we end up with:
ala+1)omax

gmax(P) = Zdﬁ,

(€20)]
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