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ABSTRACT

An aeroelastic coupling framework is presented, based on a time-resolved 3D surface-based coupling between a mid-
fidelity aerodynamic solver (UPM) and a modal structural solver (HTModal). The aim is to improve the aeroelastic
prediction quality with regard to dynamic phenomena, stability, and flutter in rotorcraft applications by enabling
these phenomena to be accurately predicted in simulations, taking into account interaction effects. In this paper,
the presented coupling framework is validated with different test cases. For this purpose, fixed-wing benchmark test
cases presented in the literature (Goland, Pazy) are used to verify the prediction accuracy with regard to flutter speeds,
as well as hover test data from the whirl tower test bench of the Institute for Rotorcraft and Vertical Flight at the
Technical University of Munich to demonstrate the accuracy of the simulation, specifically in rotorcraft applications.
The simulation results show good agreement with the test results, both in the static deformation analysis and in the
dynamic stability and flutter analysis. Thus, the presented surface-based mid-fidelity coupling approach offers a
promising approach for the analysis of arbitrary structures and shapes in rotorcraft applications.
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Acronyms

AoA Angle of attack

AR Aspect ratio

CFD Computational fluid dynamics

CG Center of gravity

CSD Computational structural dynamics
DIC Digital Image Correlation

DLR German Aerospace Center

DoF Degree of freedom

EA Elastic axis

ERA Eigensystem Realization Algorithm
FE Finite element

MERIT Munich Experimental Rotor Investigation Testbed
OMA Operational Modal Analysis

UPM Unsteady Panel Method

VPM Vortex particle method

VTOL Vertical take-off and landing vehicle

INTRODUCTION

The design of new helicopters and innovative rotorcraft and
VTOL (vertical take-off and landing) concepts pose a major
challenge due to the high complexity of the vehicles, both in
terms of aerodynamic interactions and the resulting interfer-
ence, and in terms of dynamics and stability behaviour. In
particular, novel concepts with an increasing number of pro-
pellers and wing structures with increased structural elastic-
ity place high demands on the prediction tools used. This is
why the development of these numerical aeroelastic tools re-
mains a central component of research and development, de-
spite significant progress in recent years (Refs. 1—4). Due to
the highly complex aeroelastic interaction phenomena, which
often occur only in a very limited range of the flight enve-
lope under special conditions, potential instabilities are often
only discovered in late development phases, which results in
high costs and prolongs development time (Ref. 5). This ap-
plies not only to new VTOL concepts, but also to classic heli-
copter configurations, as examples such as the S-76 (Ref. 6) or
EH-101 (Ref. 7) show. This underscores the need for efficient
and accurate numerical prediction tools in order to model and
analyse the occurring phenomena as efficiently and early as
possible in the development process, thereby enabling poten-
tial instabilities to be detected and adjustments to be made.

When analysing stability behaviour, particularly in highly
elastic and flexible structures, it is of high importance that

both the aerodynamics and the structural behaviour are mod-
elled correctly in order to be able to map the mutual influ-
ence and analyse the overall aeroelastic behaviour. The struc-
tural response to aerodynamic loads has to be modelled cor-
rectly in order to predict the occurring deformations and po-
tentially excited vibrations, which in turn influence the aero-
dynamic flow and load conditions again. Numerous stud-
ies using high-fidelity computational fluid dynamics (CFD)
have shown that these viscous simulation approaches can
accurately reproduce both low-frequency phenomena, rele-
vant for example for investigating phenomena like tail shake,
and high-frequency flow phenomena caused by blade pas-
sage interactions (Refs. 8—10). Couplings of these high-
fidelity CFD methods with computational structural dynam-
ics (CSD) methods have also been successfully implemented
and investigated, enabling the analysis of a wide variety of
aeroelastic phenomena. For example, this approach has been
successfully used to predict the flutter behaviour of a fin
model (Ref. 11), as well as to investigate resonances, aero-
dynamic damping factors and loads in the case of the tail
shake phenomenon (Ref. 12). The major disadvantage of
these methods is the considerable time required to create the
models and perform the simulations themselves, which lim-
its their applicability, particularly in early development stages
and optimisation processes.

In this area in particular, transient panel and vortex parti-
cle methods (VPM) show promising approaches due to their
significantly reduced computing times, while still guaran-
teeing good accuracy and the possibility to model interac-
tions (Refs. 13, 14). Aeroelastic couplings have also already
been successfully implemented with this approach, such as the
coupling of the vortex particle solver DUST with the multi-
body structural solver MBDyn. The structure is represented
by 1D elements in this particular approach, while the aerody-
namics can be modelled using either a vortex lattice or sur-
face panels. This coupling framework has been used to suc-
cessfully analyse benchmark test cases and conduct investi-
gations on tilt rotors, demonstrating the applicability of such
approaches for predicting interactions, vibrations and possible
instabilities in early design phases (Ref. 15).

The mid-fidelity coupling framework presented in this paper
is based on the tight surface-based coupling between a panel
freewake aerodynamics solver and a modal structural solver
presented in an earlier publication by the authors (Ref. 16).
By using a surface-based coupling approach with panel mod-
elling and a modal structural model, it is possible to model and
analyse arbitrary shapes and structures without the need for
complex transformations and mappings. The previous publi-
cation presented an initial implementation, which has already
been successfully applied in a feasibility study on a complete
helicopter simulation. This initial implementation is further
developed and improved in this paper and validated using var-
ious test cases. For this purpose, different static and dynamic
investigations are carried out. The first test case is the widely
used Goland wing flutter test case. The second test case ex-
amined is the Pazy wing, which experiences large elastic de-
formations due to its low stiffness. For the last test case, hover



test data from the institute’s whirl tower rotor test bench,
MERIT (Munich Experimental Rotor Investigation Testbed),
is used to demonstrate the applicability of the framework in
rotating systems.

SIMULATION FRAMEWORK

Freewake Solver

The developed coupling framework and the simulations per-
formed in this work primarily use the Unsteady Panel Method
(UPM), developed by the German Aerospace Centre (DLR)
— Institute of Aerodynamics and Flow Technology (Refs. 17,

). UPM is an unsteady three-dimensional panel-free wake
code with a velocity-based indirect potential formulation.
There are two different types of components (lifting and non-
lifting components) that can be used to model the investigated
configuration in UPM. For modelling lifting bodies, such as
rotor blades or wings, sources and sinks are distributed on
the surface of the body to represent the thickness effect, with
an additional distribution of vortex elements on the camber
surface, which models the lift (see Figure 1). Kutta panels
are placed on the trailing edge of lifting bodies in tangen-
tial extension of the camber surface in order to model the
shedded wake, consisting of vortex filaments, over the entire
span. Non-lifting components are modelled exclusively with a
source/sink distribution on the surface, which means that only
the displacement effect on the flow is modelled, but not the
generated lift and drag (Refs. 17, 19).

Body Surface Panel
(Source/Sink Distribution)

Mean Surface Panel
(Vortex Distribution)

Trailing Vortex

Figure 1: Schematic illustration of the modelling of lifting
components in UPM (Ref. 13)

The wake of lifting components consists of quadrilateral vor-
tex rings by default. The strength of the vortex rings, which
are generated in each time step, corresponds to the strength
of the Kutta panels and remains constant for each vortex
ring over the simulation time. An explicit time step method
is used for calculating the transient behaviour of the wake,
which ensures that the wake is transported and deformed in
accordance with the prevailing local flow conditions. In ad-
dition to the vortex panels, a vortex particle method is im-
plemented, which offers the possibility of converting the vor-
tex filaments into vortex particles in order to analyse partic-
ularly demanding interaction phenomena with large numbers
of components (Refs. 20,21).

For a direct comparison of different methods, the coupling
presented in section Coupling Framework is also implemented
using the VPM code DUST. DUST was developed at the Po-
litecnico di Milano and has already been successfully coupled
with the multi-body code MBDyn (Ref. 15). For a detailed de-
scription of the implementation of DUST, please refer to the
work of Tugnoli et al. (Ref. 22). In this paper presented here,
DUST is also coupled with the modal solver HTModal to en-
able a direct comparison of different modelling and coupling
approaches.

Structural Solver

A computational structural dynamics (CSD) solver based on
a modal approach is used for accurate modelling of the struc-
ture. This makes it possible to analyse the structural dynamics
of arbitrarily complex shapes and structures in a computation-
ally efficient manner by using the eigenmodes and eigenfre-
quencies of the structure. For very large models, the formula-
tion in modal space gives the opportunity for the modal reduc-
tion approach to keep the computational effort low. The modal
representation of the overall structure can be determined by
modal analysis. The principle behind this is explained below.

The dynamic behaviour of a system with multiple DoFs N
can be expressed by the following general equation of mo-
tion (Ref. 23):

Mx(t) +Dx(r) + Kx(t) = F(r) (1)

M Mass-matrix (N x N)

D  Damping-matrix (N x N)
K  Stiffness-matrix (N x N)
x  Displacement vector

F  Load vector

If the displacements are assumed to be small, the structural
behaviour can be assumed to be linear, which in turn allows
the matrices to be linearised. Since determining the physical
damping properties is not trivial and the exact values are there-
fore often unknown, an undamped structure is assumed for the
transformation into modal space, and the damping is reintro-
duced later in the modal space. By neglecting the damping
and using a harmonic approach, the following equation can
be established for free vibration (Ref. 23):

(K—’M)®=0 )

with:
o Natural eigenfrequency
® Eigenvector

Here, each eigenvalue @, (frequency) and eigenvector ®,
(mode shape) defines a natural mode representing one of the
N degrees of freedom of the structure. The solutions of equa-
tion 2 are orthogonal and thus unique and cannot be converted
into each other by linear superposition. If the eigenmodes are
additionally normalised by mass, the modal mass M,,, modal



stiffness Kj,, and modal load F;, for each mode »n can be ob-
tained as follows:

M, =®'M®, =1 3)
K, = ®/K®, = o, (4)
F,=®'F S

The damping value D,, of the corresponding eigenmode is de-
fined in modal space according to equation 6. The modal
damping value {, is determined empirically and is usu-
ally in the range between 1 and 10% for aerospace struc-
tures (Ref. 24).

D, =2w, Cn (6)

From the individual modal values, the corresponding matrices
from equation 1 can be transformed into modal space accord-
ing to equations 4-5, and together with the modal displace-
ments &, equation 1 can be formulated in modal space:

Mmod& ([) + Dmod& (t) + Kmodg (t) = Fruoa (Z) (7

E(1) +208E(1) + 0 E(t) =Fuoa(t)  (8)

with:
M, ,.s Modal mass-matrix (N x N)
D,.,.a  Modal damping-matrix (N x N)
K,,« Modal stiffness-matrix (N x N)
F,,.« Modal excitation

Modal displacement vector
o Frequency vector
¢ Damping vector

The modal solver used in this work is the structural solver
HTModal, developed at the Institute for Rotorcraft and Verti-
cal Flight, and was implemented specifically for time-resolved
implicit aeroelastic coupling applications. An in-house devel-
opment was chosen in order to have the option of easily sup-
plementing the solver and integrating all necessary functional-
ities. HTModal can be used to solve both linear static and dy-
namic analysis problems. The dynamic calculations are based
on the general equation of motion in modal space (see equa-
tion 8), using second-order time integration. Different time in-
tegration methods are implemented (e.g. Newmark- method
or Generalised-o¢ method) with varying numerical damping.
By limiting the frequency range relevant to the respective ap-
plication, the computational effort can be reduced through
modal reduction. Structural damping is applied depending
on the respective eigenfrequency @, according to equation 6,
whereby the individual modal damping coefficients { can be
defined in different ways (e.g. uniform damping for all eigen-
modes or a damping matrix specifying the modal damping for
each mode).

The input files for HTModal are primarily based on the result
files from NASTRAN’s linear eigenvalue analysis (SOL103).
The mass matrix, eigenvalues, and eigenvectors are required
as necessary inputs from NASTRAN. In addition, the mesh
of the structural model must be specified. Optionally, the

structural and viscous damping matrices can be specified, if
available, in order to calculate the corresponding modal damp-
ing coefficients. All specified matrices are transformed from
physical to modal space using the eigenvectors and then used
by the solver for the numerical calculation. The force vector
can either be given manually as an input or, as in this cou-
pling, passed from the aerodynamic solver via the coupling
interface. After the structural calculation, the results (trans-
latory and rotational displacements, velocities, and accelera-
tions) are transformed back into physical space and stored in
corresponding output files, and, if necessary, fed back to the
coupling interface.

Coupling Framework

The coupling environment developed and improved in this
work is a tight UPM-HTModal coupling framework util-
ising preCICE, an open-source coupling library for parti-
tioned multi-physics simulations (Ref. 25). Figure 2 shows a
schematic representation of the implemented aeroelastic cou-
pling. The primary focus was on the application of UPM and
HTModal in the framework, but due to the high modularity of
the coupling library preCICE, the individual components of
the coupling can be replaced relatively easily by other solvers.
Therefore, in order to have a direct comparison between dif-
ferent methods, a DUST-HTModal coupling was also imple-
mented. However, since the frameworks themselves are very
similar, only the UPM-HTModal coupling will be discussed
in the following, as this also forms the primary framework.

Mapping
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Figure 2: Schematic representation of the coupling framework

Tight coupling in the context of this work here refers to a time-
resolved data exchange between UPM and HTModal. The
surface data, i.e. the surface loads and the displacements and
velocities of the surface nodes, are mapped directly in 3D be-
tween the respective meshes. This offers the possibility of
using any aerodynamic shapes and structures directly in the
coupling environment without transforming the data first. In



addition, a wide variety of modelling approaches can be used
for the structure, such as simple beam modelling or more com-
plex 3D FE-models.

The preCICE coupling library is used to simplify the cou-
pling process and ensure maximum modularity and adaptabil-
ity. It offers various options in terms of coupling schemes
and mapping algorithms. For the aeroelastic coupling imple-
mented here, a serial implicit coupling scheme is used with
optional and individual sub-cycling of the individual solvers.
Figure 3 graphically illustrates the used coupling scheme. Be-
fore entering the coupling routine, there is the option of per-
forming a stand-alone aerodynamic calculation over several
time steps, the solution of which is then used to initialise the
structural solver. This offers the possibility of fully develop-
ing the flow field and wake without the computationally in-
tensive aeroelastic iteration loops. Alternatively, a so-called
”fade-in” phase can be defined at the beginning of the cou-
pling, in which the calculated aerodynamic loads are gradu-
ally increased to the nominal value. This can help to reduce
the calculation time, especially for highly elastic structures,
by significantly reducing overshoots at the beginning of the
simulation caused by the sudden application of loads.
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Figure 3: Serial implicit aeroelastic coupling scheme between
CSD solver HTModal and CFD solver UPM with individual
sub-cycling

The coupling time step at time f, starts with the calculation
of the structural response according to the current load state.
To improve convergence and stability, the coupling time step
At is subdivided into smaller time steps Azcsp. After calcu-
lating the equation of motion for the time step (¢, — #, + Af),
the updated displacements and velocities are transferred to the
aerodynamics solver, whereupon the time step (f, — t,, + Ar)
is calculated with the current deformation state. Here, too, a
smaller time step Atcrp can be selected to improve numerical
stability. After calculating the updated aerodynamic loads for

the time step (¢, — t, + At), these are fed back to the struc-
tural solver. Since an implicit method is used, convergence in
the current time step is then checked using a specified cri-
terion. If this is not satisfied, the time step (f, — t, + Ar)
is recalculated with the updated deformation and load state.
If the convergence criterion is satisfied, the next time step
(t, + At — t, + 2Ar) is calculated, starting with the structural
calculation. The size of the time step Ar should be selected
so that all relevant frequencies can be resolved. For the sub-
time steps, the investigations have shown that a default value
of le — 7s for Afcsp and a default value of 1/50f for Atcrp
deliver good results, where f corresponds to the maximum
frequency to be resolved.

For data mapping a simple nearest-neighbour approach is used
in order to keep the mesh requirements and the computing
time as low as possible. Figure 4 shows the mapping of the
displacements from the HTModal mesh to the UPM mesh
based on the example of the simple rectangular Pazy wing.
To ensure correct mapping, additional model conversion rou-
tines were implemented to improve and simplify the mapping
between different meshes, thereby preventing mapping errors,
especially in cases where the meshes use different coordinate
Or unit systems.

(a) Displacements on HTModal mesh

(b) Displacements on UPM mesh

Figure 4: Mapping of the wing displacements from HTModal
mesh to UPM mesh

Two different meshes are used on the UPM side of the cou-
pling. The first mesh consists of the collocation points of the
individual panels and is used to transfer the aerodynamic loads
to the structural mesh. The second mesh consists of the cor-
ner points of the panels and is used to apply the displacements
and velocities transferred by the structural solver. This divi-
sion into two different meshes also makes it possible to define
different components in them. For example, in many cases,
it makes sense to use the entire structure with all components
included for the corner point mesh, while only selected com-
ponents are included in the collocation point mesh. This al-
lows parts that are not relevant for the aeroelastic analysis to
be excluded. This can be used, for example, for the exclusion



of non-lifting bodies from the collocation point mesh. Since
in panel methods, the load calculations for non-lifting bodies
are often less reliable than for lifting bodies, it can make sense
to exclude them for load transfer. However, for the application
of the deformation state, it still makes sense to apply it to the
non-lifting bodies as well. This specific exclusion/inclusion
of individual components is greatly simplified by having dif-
ferent meshes.

For the evaluation of the deformation data, the coordinate sys-
tem definition with x in the span/radial direction, y from the
trailing edge to the leading edge, and z in the thrust direction
is always assumed in the following.

GOLAND WING
Setup and Models

As the first test case for validating the UPM-HTModal cou-
pling framework, the wing flutter case by Goland (Ref. 20)
is analysed, which is widely used in the literature as a test
and validation case for aeroelastic codes. The Goland wing
is a cantilevered wing with a rectangular planform and an
aspect ratio (AR) of approximately 3.33, which means that
three-dimensional aerodynamic effects have an influence on
the aeroelastic behaviour. Figure 5 shows the fundamental
layout of the wing with the position of the elastic axis (EA),
the position of the centre of gravity axis (CG), and the free
stream velocity U.., as well as the clamping. The wing prop-
erties and the basic flow condition are listed in Table 1 and are
taken from (Ref. 26).

EA
——————————————————————————————————— G
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Figure 5: Goland cantilevered wing model layout

For modelling the structure, a combination of beam and shell
elements was chosen, which are connected to each other via
rigid body elements in the chord direction (see Fig. 6). The
beam elements form the load-bearing structure, while the shell
elements represent only the outer aerodynamic shape. Based
on the values given in the literature, the stiffness and mass
properties of the model were optimised in order to achieve
the eigenfrequencies specified in the literature. The optimised
structural parameters correspond well with the structural liter-
ature values, except for the inertia per unit span, which had to
be reduced to 7.4kgm in order to obtain a good match of the
eigenfrequencies.

The comparison of the simulated eigenfrequencies with the
literature values is listed in Table 2. The respective eigen-
modes (1st and 2nd torsion and flap) are shown in Figure 7.

Table 1: Properties of the Goland wing and flow condi-
tion (Ref. 26)

Wing properties

Half span 6096 mm
Chord (c) 1828.8 mm
Position EA 0.33xc
Position CG 0.43xc
Inertia per unit span 8.64 kg m
Mass per unit span 3571 kg m™!
Flap bending stiffness 9.77 % 10° N m?
Torsional stiffness 0.99 % 10° N m?
Flow condition

Air density (p) 1.02 kg m™3
Ao0A perturbation 0.05 deg

Figure 6: Representation of the structural Goland model

For the modelling of the aerodynamics, the NACA0012 pro-
file was discretised with surface panels, with 30 panels in the
spanwise direction and 40 panels in the chordwise direction,
with a half-cosine refined distribution at the leading edge.

Table 2: Comparison of the eigenfrequencies for the fitted
Goland FE-model to the literature values (Ref. 26)

Literature [Hz] FE-Model [Hz]

1. Mode 7.66 7.66
2. Mode 15.24 15.24
3. Mode 38.80 38.80
4. Mode 55.33 55.33

In order to obtain a direct comparison of different meth-
ods based on the structural model used here, three addi-
tional aeroelastic analyses were carried out in addition to
the UPM-HTModal coupling. Firstly, a DUST-HTModal
coupling was implemented based on the principle of
the UPM-HTModal coupling, and secondly, the existing
DUST-MBDyn coupling from the Politecnico di Milano was
used. Additionally, a flutter analysis (SOL145) was per-
formed with NASTRAN.

For the time-resolved transient approaches (i.e.
UPM-HTModal, DUST-HTModal, and DUST-MBDyn),
a time step of 0.001s is used in each case. To investigate
flutter instability, an initial angle of attack of 0.05° is applied
as a perturbation in the transient methods, as in (Ref. 15)
and (Ref. ). For flutter analysis in NASTRAN, the
p-k method is used.



(a) 1. Flap (7.66 Hz) (b) 1. Torsion (15.24 Hz)

(c) 2. Torsion (38.80 Hz)

(d) 2. Flap (55.33 Hz)

Figure 7: First two flapping and torsional eigenmodes of the
structural Goland wing model

Flutter Analysis

To determine the flutter speeds using the transient methods,
a speed sweep was performed, and the corresponding time
histories of the wing tip displacements were analysed with
regard to damping in order to characterise stable or unstable
behaviour. The flutter frequencies were also determined from
the time histories. Figure 8 shows the z-displacements at the
wing tip calculated with the UPM-HTModal coupling. The
green line corresponds to a damped stable state below the flut-
ter speed, while the red line shows unstable behaviour with
bending-torsion instability and corresponds to a flow state
above the flutter speed. The blue line shows the behaviour
near the flutter speed with a free oscillation of constant am-
plitude. Figure 9 shows the deformation state that occurs in
the case of bending-torsion flutter instability with the corre-
sponding distributions of the pressure coefficient. These re-
sults demonstrate that the UPM-HTModal coupling is capable
of correctly modelling fixed-wing flutter.

Table 3 compares the flutter speeds and frequencies deter-
mined using different methods and models. All aeroelastic
couplings investigated in this work deliver similar results and
also correspond well with comparable models from the liter-
ature, such as (Ref. 27). This shows that the UPM-HTModal
coupling implemented here can predict fixed-wing flutter well
and also correctly represents the three-dimensional aerody-
namic effects that occur on wings with a low aspect ratio.

Table 3: Comparison of flutter speeds and frequencies for the
Goland wing

Model Vilms™'1  f; [Hz]
Analytical (Ref. 26) 137.2 11.25
SHARP,Beam+UVLM (Ref. 27) 165.0 10.98
DUST-MBDyn 162.3 10.95
DUST-HTModal 157.6 10.90
UPM-HTModal 155.1 11.70
NASTRAN SOL145 163.5 10.83
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Figure 8: Comparison of the z-displacement at the tip of the
Goland wing, simulated with the UPM-HTModal aeroelastic
coupling framework at three different free stream velocities
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Figure 9: Deformed state of the Goland wing associated with
the bending-torsion instability combined with the correspond-
ing pressure coefficient distribution

PAZY WING

Setup and Models

The second test case investigated is the Pazy wing, which
was specially designed at Technicon-IIT as an aeroelastic
benchmark model for highly elastic structures with large de-
formations and which was thoroughly tested in a wind tun-
nel (Refs. 28,29). Flexible structures with comparatively large
deformations are particularly relevant for new VTOL config-
urations and pose special challenges for aeroelastic prediction
tools. In addition to the detailed test results, several simu-
lation tools have already been tested and validated with the
Pazy wing (Ref. 30). A simple design was chosen for the
wing with a rectangular planform, without sweep and taper,
and with a NACAOO18 profile. The wing was clamped on
one side for the wind tunnel tests and analysed at different
flow velocities and angles of attack, with deformations of up
to 50% of the span. In addition to static aeroelastic defor-
mation tests, flutter tests were also carried out under various
conditions. Figure 10 shows both the CAD model and the ac-
tual wing used for the test campaigns. The wing consists of a
central aluminium plate and a 3D-printed chassis, which con-



sists of evenly spaced ribs (NACAOO18 shape), a leading and
trailing edge stiffener bar, and a tip rod. For the outer aerody-
namic shape, the wing was covered with Oralight polyester
film. The primary load-bearing structure is the aluminium
7075 spar with a contribution of 85% to the total stiffness of
the wing (Ref. 28). Table 4 summarises the basic properties
of the Pazy wing and the test setup (Ref. 29).

(a) CAD model

(b) Pazy wing

Figure 10: CAD model and real-life representation of the Pazy
wing from (Ref. 28)

Table 4: Properties of the Pazy wing and flow condi-
tion (Ref. 28)

Wing properties
Half span 550 mm
Chord (c) 100 mm
Tip rod length 300 mm
Tip rod diameter 10 mm
Airfoil NACAO0018
Main structure Aluminium plate
(550 x 60 x 2.25 mm)
Chassis structure 3D printed Nylon
Covering/Skin Oralight
Overall mass 361 g
(with instrumentation)
Flow condition
Air density (p) 1.225 kg m™3

For modelling the structure, a combination of beam and shell
elements was chosen (see Fig. 11). The aluminium spar,
the ribs of the chassis, and the outer skin are modelled us-
ing shell elements, while the chassis stiffeners at the leading
and trailing edge and the tip rod are modelled using beam
elements. The eigenfrequencies determined from the modal
analysis of the FE-model are compared with the experimen-

tal values from the literature in Table 5 and show very good
agreement in the undeformed state. The respective first four
eigenmodes are shown in Figure 12. For the modelling of the
aerodynamics, the wing was discretised with surface panels,
using 30 panels in the spanwise direction and 40 panels in the
chordwise direction with a half-cosine refined distribution at
the leading edge.

Figure 11: Representation of the structural Pazy wing model

Table 5: Comparison of the eigenfrequencies for the Pazy
wing FE-model to the literature values (Ref. 28)

Literature [Hz] FE-Model [Hz]

1. Flap Bending 4.26 4.26
2. Flap Bending 28.5 28.51
1. Torsion 42.0 42.01
3. Flap Bending 81.5 81.52

(a) 1. Flap (4.26 Hz) (b) 2. Flap (28.51 Hz)

(c) 1. Torsion (42.01 Hz)

(d) 3. Flap (81.52 Hz)

Figure 12: First four eigenmodes of the structural Pazy wing
model

A time step of 0.001s is used for the aeroelastic coupling, with
a sub-cycling time step of Se-4s for the aerodynamic solver
UPM. In accordance with the damping values determined in
the experiments (Ref. 28), a damping value of 0.2% was spec-
ified for the modal structural model.



Static Analysis

Prior to the dynamic flutter analysis, a static aeroelastic cou-
pling was performed, in which the wing tip displacement in
the z-direction was analysed for different free stream veloci-
ties and angles of attack and compared with the wind tunnel
data. Two different velocities (30m/s and 40m/s) were inves-
tigated in the relevant AoA range. Figure 13 compares the
curves for the different speeds and AoA. For both free stream
velocities, the simulation results show very good agreement
with the wind tunnel data, although it can be seen that, as ex-
pected, with increasing total deformation and the associated
non-linearity, this is not adequately covered by the structural
model.
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Figure 13: Comparison of the z-displacement at the tip of the
Pazy wing between UPM-HTModal coupling simulation re-
sults and wind tunnel test data (Ref. 28) for two different free
stream velocities (30m/s and 40m/s)

Flutter Analysis

To determine the flutter speeds using the UPM-HTModal cou-
pling, a speed sweep was performed, and the corresponding
time histories of the wing tip displacements were analysed
with regard to damping in order to identify stable or unsta-
ble behaviour. An angle of attack of 3° was selected as the
base configuration for the validation. The large deformations
caused by the angle of attack and the flow velocities result in
a significant change of the eigenfrequencies of the structure
(see (Ref. 28)), which influences the aeroelastic behaviour
around and above the flutter speed. However, since the spe-
cific area of application of the presented coupling framework
is optimisation and design studies, in which the undeformed
structure is usually used for modal analysis, it was decided
here to investigate whether the flutter speed and stability be-
haviour can also be correctly predicted with the base modal
model. Table 6 lists the flutter speed determined using the
aeroelastic UPM-HTModal coupling in comparison to the ex-
perimentally determined flutter speed at a base AoA of 3°.

The simulated result agrees very well with the experimen-
tally determined flutter speed, which shows that the coupling
framework can also correctly represent the stability behaviour
of highly elastic components.

Table 6: Comparison of flutter speeds for the Pazy wing

Method Vi [ms™']
Wind tunnel tests (Ref. 29) 49
UPM-HTModal 49.1

The investigations performed in this work have shown that the
determined flutter speed of such highly elastic components de-
pends heavily on the structural damping applied to the model,
as also mentioned in (Ref. 31). This means that, especially for
design studies for which the damping is usually not known,
different damping coefficients have to always be investigated,
and the sensitivity regarding the stability behaviour has to be
carefully assessed and always considered. The wind tunnel
tests carried out by Technicon additionally showed that the
instability occurring between the second bending and first tor-
sion mode represents a "hump mode”. This means that the
unstable mode becomes stable again at higher speeds. This
behaviour could not be replicated by the coupling framework
used, which is probably due to the use of the undeformed
modal model. However, since the typical deformations in ro-
torcraft are usually below 20% of the span (this is the defor-
mation occurring in the flutter range of the Pazy wing), it can
be said that the approach used for UPM-HTModal is legiti-
mate for rotorcraft applications and reliably predicts the pos-
sible instabilities that may occur in the relevant range, even
for highly elastic components.

AREA BLADE
Setup and Models

For the final test case, a rotor is used to demonstrate the appli-
cability of the coupling framework in rotating systems. The
setup of the MERIT whirl tower test rig (see Fig. 14), which
was developed by Heuschneider (Ref. 32) at the Institute for
Rotorcraft and Vertical Flight, was chosen as a reference case.
The test rig offers the possibility to investigate different blade
geometries in a speed range of up to 3000rpm, with the op-
tion of performing measurements in both the non-rotating and
rotating system through the use of an appropriate telemetry
system. In addition, 3D deformation data of the investigated
blades can be recorded using an optical measurement system
and subsequent digital image correlation (DIC). For this pur-
pose, reflective patches are affixed to the blades section by
section across the radius, and their transient movement is then
tracked using the ARAMIS photogrammetry system from Carl
Zeiss GOM Metrology GmbH. However, previous tests have
shown that the patches with a thickness of 0.3 mm have an in-
fluence on the aerodynamic performance of the blades, lead-
ing to a reduction in rotor thrust (Ref. 33).

The blade set used was the AREA blades developed at the in-
stitute, which were originally designed for the high-altitude



Figure 14: Whirl Tower test setup MERIT (Munich Experi-
mental Rotor Investigation Testbed)

drone AREA of the same name, which was also developed at
the Institute for Rotorcraft and Vertical Flight (Ref. 34). Fig-
ure 15 shows the general dimensions of the blade mounted
on the whirl tower test rig. The blades are typically designed
rotor blades with a C-spar design and a carbon fibre prepreg
structure. A linear twist of -10° is applied across the entire
radius with a pretwist at the hub of 7.5° to ensure that the
same angle of attack applies at the 75% span position in the
undeformed state as at the blade attachment. A NACA23012
profile with trailing edge tab was used for the airfoil shape.
Due to the given radius of the blades and the limitation of the
diameter of the housing, the flow and, in particular, the tip vor-
tices are influenced by the housing. This influence increases
with increasing pitch angle and leads to possible deviations
in thrust and blade deformation. The effects and influencing
factors are part of current research and investigations at the
institute.
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Figure 15: Geometrical planform data of the AREA blade

As with the Goland model, a combination of beam and shell
elements was chosen for modelling the structure (see Fig. 16),
in which the load-bearing structure is formed by the beam
elements. These beam elements are connected to the shell
elements, which exclusively represent the outer shape, via
rigid body elements in the chord direction. For the transi-
tion between blade attachment and aerodynamic sections, a
finer beam distribution was used than in the aerodynamic sec-
tion part, to represent the stiffness characteristic and changes
in that area adequately. The base data set regarding stiffness
and mass distribution was determined using the blade design
tool SONATA in combination with ANBA (Ref. 35) and then
finally optimised and adjusted on the basis of experimental
data (Ref. 34).
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(a) 2-bladed rotor

(b) single blade

Figure 16: Representation of the structural AREA rotor and
blade model

The eigenfrequencies determined in the stationary refer-
ence system from the modal analysis of the FE-model are
listed in Table 7 and are compared with experimental data
and CAMRAD II (CIl) results. The experimentally deter-
mined frequencies were determined using a Laser-Doppler-
Vibrometer (Ref. 34). The respective first six eigenmodes are
shown in Figure 17. When comparing the determined eigen-
frequencies between the FE-model and the experiment, a very
good agreement can be seen.

Table 7: Comparison of the eigenfrequencies for the AREA
FE-model to experiments and CAMRAD II results (Ref. 34)
for the stationary reference system

Tests [Hz] CII[Hz] FE-Model [Hz]
1. Flap 6.88 6.65 6.90
1. Lead-Lag 24.4 28.46 24.90
2. Flap 38.2 35.52 37.99
3. Flap 92.5 92.85 95.77
2. Lead-Lag 140.4 - 140.6
1. Torsion 147.6 — 147.7

For the use in the coupled rotor simulation, an additional
FE modal analysis was performed in the rotating reference
system, i.e. with a preloading corresponding to a load of
Q = 900rpm. The eigenfrequencies determined from this
are listed in Table 8 and also compared with experimental
data and CAMRAD I1I. For the experimental determination
of the eigenfrequencies in the rotating reference system, an
Operational Modal Analysis (OMA) was performed, com-
bined with an Eigen System Realisation Algorithm (ERA)
and based on the 3D blade deformation data from whirl tower
tests (Ref. 36). This method was used to determine the
first three flap eigenfrequencies. When comparing the de-
termined eigenfrequencies, it can be seen that the FE mod-
elling overestimates the first two flap modes, whereas the third
mode is underestimated. The first eigenfrequency determined
with CAMRAD I1I agrees much better with the experimen-
tally determined data, while the remaining frequencies from
CAMRAD II agree very well with the FE data.



(a) 1. Flap (6.90) (b) 1. Lead-Lag (24.90 Hz)

(d) 3. Flap (95.77 Hz)

(e) 2. Lead-Lag (140.6 Hz) (f) 1. Torsion (147.7 Hz)

Figure 17: First six eigenmodes of the structural AREA blade
model in the stationary reference system

For aerodynamic modelling, the blades were discretised using
surface panels, with 15 panels in the radial direction and 30
panels in the chord direction with a half-cosine refined distri-
bution at the leading edge. A step size of 2° azimuth angle
was selected for the aeroelastic coupling, which corresponds
to a time step of ~ 0.0004s.

Table 8: Comparison of the eigenfrequencies for the AREA
FE-model to whril tower tests (Ref. 36) and CAMRAD II re-

sults (Ref. 34) for the rotating reference system (900rpm)
Test [Hz] CII[Hz] FE-Model [Hz]
1. Flap 17 17.45 18.36
1. Lead-Lag — 29.90 30.32
2. Flap 49 53.80 54.04
3. Flap 117 113.4 113.1
Static Analysis

The test case examined is a hover test at a rotational speed
of Q = 900rpm, which corresponds to a blade tip speed of
viip = 162m/s. The aeroelastic behaviour of the AREA blades
was examined at different collective pitch angles in a range
between 2° and 8°. For the comparison between whirl tower
tests and the simulated results of the coupling, the bending
line of the c/4 line (z-displacement of the individual radial
positions) was used over the radius. The results are plotted
in Figure 18. There is good agreement between the coupling
data and the experimental data, with an overall maximum de-
viation at the blade tip of 6% at a collective angle of 8°. With
increasing collective angle, the coupling simulation slightly
overestimates the blade deformation. This is due to the fact
that the simulation has a tendency to overestimate the gener-
ated thrust more and more as the collective angle increases.
The reason for this is probably the increasing influence of in-
teractions with the housing and the influence of the patches.
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Overall, however, both the qualitative course of the bending
line and the absolute displacements are well represented by
the simulation, which demonstrates the applicability of the
UPM-HTModal framework to rotating components.
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Figure 18: Comparison of the z-displacement along the rotor
radius of the AREA rotor between UPM-HTModal coupling
simulation results and MERIT whirl tower data (Ref. 33) for
different collective blade pitch angles

CONCLUSIONS

This study presents a mid-fidelity aeroelastic coupling frame-
work based on a surface-based coupling between the aerody-
namic solver UPM and the modal structural solver HTModal.
The framework is validated using various benchmark and ex-
perimental cases, including the Goland and Pazy wings and
hover tests with AREA rotor blades on the MERIT whirl
tower test rig at the Institute for Rotorcraft and Vertical Flight.

The results show that the coupling approach is capable of reli-
ably predicting static deformations for both wing structures
and rotating components. Furthermore, it can be demon-
strated that dynamic stability characteristics and the occur-
rence of flutter for wing structures can also be predicted cor-
rectly. For the Goland and Pazy wings, the calculated flutter
speeds and frequencies show very good agreement with an-
alytical, numerical, and experimental reference data. In the
rotor application, the simulated blade deformations at differ-
ent collective pitch angles can be reproduced with deviations
of less than 6% from the measurements, confirming the suit-
ability of the framework for rotating systems as well. Due to
the lack of available data, no stability investigations could be
carried out in the rotating system.

The results underscore the potential of the presented frame-
work as an efficient and versatile tool for aeroelastic analyses
in rotorcraft applications. For future developments, further
investigations are to be carried out in the rotating system, for
example with cyclic inputs, in order to validate the framework
beyond stationary hover conditions. In addition, simulations



of more complex setups, such as rotor-wing configurations or
entire helicopter and VTOL simulations, will be carried out in
order to apply and test the method in highly interactive flow
conditions. Furthermore, the aforementioned tool chain with
SONATA, ANBA, and the aeroelastic coupling will be further
optimised and automated in order to obtain a comprehensive
tool for the design of rotor and propeller blades and to improve
the prediction accuracy.

Author contact:
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