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Abstract

A nonlinear aeroelastic numerical tool was used in the present work for the evaluation of loads and vibratory levels of a
tiltrotor aircraft during critical transient manoeuvres. The numerical tool applicable to fixed and rotary-wing aircraft was
obtained by joining the multibody solver MBDyn and the mid-fidelity aerodynamic tool DUST, through the partitioned multi-
physics coupling library preCICE. The aim of this work was to assess the ability of the nonlinear approach implemented
in the coupled MBDyn-DUST tool for the simulation of tiltrotor aerodynamics and dynamics during a roll manoeuvre to be
used for the preliminary design of novel tiltrotor configurations. This activity was performed in the framework of the EU
funded CleanSky 2 FORMOSA project, aimed to the design of a novel wing movable surface system for the NextGen Civil

Tiltrotor aircraft.

1 INTRODUCTION

Tiltrotor design represents a challenging task for engineers,
considering the multipurpose missions that are expected to
be accomplished by this rather complex aircraft. In partic-
ular, tiltrotors must be able to take-off and landing as he-
licopters and perform a conversion manoeuvre of rotors to
flight as an airplane. In order to efficiently control these ve-
hicles, wing movables surfaces and actuation systems are
driven by a complex Flight Control System (FCS) capable
to mix the action control during the different flight conditions
that characterise this aircraft mission [1} [2]. Control sur-
faces and actuators selection require a correct evaluation
of aeroelastic loads during manoeuvres in order to improve
the vehicle response, increase the efficiency and reduce the
weight and complexity of control system.

High—fidelity aerodynamic solvers were typically used to
explore the complex interactions between rotors wake and
wing that are peculiar of the different attitudes reproduced
by these aircraft during their flight mission. Nevertheless,
the computational cost of high-fidelity CFD simulations for
such configurations precludes their applications to a limited
number of vehicle configurations. Consequently, in recent
years the interest about mid-fidelity aerodynamic solvers
based on vortex particle method (VPM) [3] has grown in ro-
torcraft research field. From dynamics point of view, tiltrotor
manoeuvres are typically investigated through a multibody
approach, which takes into account the nonlinear dynamics
of interconnected bodies representing tiltrotor components
during the transients [4]. The multibody approach is also
used to investigate aeroelastic phenomena, especially in

airplane mode flight, where whirl flutter instabilities may oc-
cur [8]. In the present work, a medium fidelity aerodynam-
ics and multibody approaches have been joined to obtain a
useful tool which aims at an effective trade-off to obtain fast
and accurate solutions that can be used for tiltrotor aeroe-
lastic analysis.

DUST [6] and MBDyn [7] were coupled by using the
Python library preCICE [8]. The coupling has been tested
using simple aeroelastic models and subsequently was
used to predict aeroelastic stability margins in tiltrotor air-
craft, and to simulate transient manoeuvres such as rotor-
nacelle conversion and roll manoeuvres in airplane mode
flight. A thorough validation of the capabilities of DUST
to capture interactional effects between rotor and wing in
hover, cruise and conversion mode for tiltrotor configura-
tions was performed in recent works [9, [10]. The present
work shows the validation of the coupled tool on a fixed and
a rotary wing applications. Then, coupled MBDyn-DUST
simulations were performed to show the importance of an
accurate simulation of rotors-wing aerodynamic interaction
on aircraft performances during a roll manoeuvre. In partic-
ular, this effect is of particular importance for tiltrotors that
are characterized by wings with low aspect ratios subjected
to rotors wake influence along a large portion of wing span.

2 COUPLED MBDYN-DUST TOOL

The coupled multibody-aerodynamic tool exploits the two
codes, MBDyn and DUST, for the resolution of the struc-
tural and aerodynamic problem respectively. The commu-
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nication between the two software is performed through
preCICE, which is an open-source software released un-
der the LGPL3 license and available on GitHub (https:
//github.com/precice/precice) [8]. preCICE (Precise
Code Interaction Coupling Environment), is a coupling li-
brary for partitioned multi-physics simulations capable of
simulating a subpart of the complete physics involved in a
simulation. An adapter for MBDyn software has been im-
plemented to allow the communication of all kinematic vari-
ables (i.e. position, orientation, velocity and angular veloc-
ity) and forces and moments acting on the nodes of a MB-
Dyn model exposed through an external structural force.

Structural block Aerodynamic block
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Figure 1: Communication managed through the two solvers
adapters

Figure 1] shows the communication and information ex-
change, managed through the two solvers. A detailed de-
scription of the implementation of software coupling can be
found in [11].

2.1 Validation of the aeroelastic tool
2.1.1 Goland Wing

Firstly, the coupling between MBDyn and DUST has been
validated on the Goland wing test case [12]. In partic-
ular, the flutter speed prediction of the code was tested
for a low-aspect ratio wing test case where the impact of
three-dimensional aerodynamics is consistent. The struc-
tural model of the wing was built using four beams with a C°
discretization based on the finite volume concept presented
by [13]. The number of beams was obtained by imposing a
convergence requirement on the first four modes reported
by Goland [12], see Tab.[1]

Goland et al. [12] Hz MBDyn Hz
1°" Bending 7.66 7.66
1*" Torsion 15.24 15.21
24 Bending 38.80 38.54
2" Torsion 55.33 54.79

Table 1: Comparison on the first four natural frequencies
computed for the Goland wing.

A quite good agreement with results obtained in litera-
ture by different aeroelastic solvers was found for the flutter
speed computed by MBDyn-DUST simulations, as can be
observed from Tab.[2] Moreover, Fig. [2] reported the time
history of the vertical displacement of the wing tip computed
by MBDyn-DUST simulations for three flight speeds around
the flutter point, considering the panel mesh case. A visual-
ization of the Goland’s wing flexural—torsional flutter mode
computed at 200 m/s flight speed is shown in Fig.

Author Vi,ms 1 oy rads !
Wang et al. [14] 174.3 -
Wang et al. [14] 163.8 -
SHARP et al. [15] 165.0 69
MBDyn-DUST 168.2 68.11
MBDyn-DUST 174.2 69.49

Table 2: Comparison of flutter speed computed for the
Goland wing.

3 7><10’3 ,
----- 170 [m/s] y
6L|l—174 [m/s] ,
- = =180 [m/s] \

z disp [m]
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Figure 2: Time history of vertical displacement of the wing
tip for panel aerodynamic mesh.

Figure 3: Visualization of Goland’s wing flutter mode at 200
m/s flight speed.
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2.1.2 XV-15 Rotor

The rotary wing test case used for MBDyn-DUST tool val-
idation was the XV-15 rotor equipped with flexible metal
blades. The XV-15 proprotor is a three bladed stiff-in-plane
rotor with a gimballed hub. The multibody model of the con-
trol chain shown in Fig.@and Fig.|§|was built using informa-
tion contained in [16]. The role of each component is the
following:

* Pylon: this node represents the actual connection
between the pylon extremity and the rotor; when the
isolated rotor is analyzed this node is clamped.

* Airframe: this node is the one to which the com-
mands (cyclics and collective) are imposed, in order
to decouple the two cyclic inputs the node is posi-
tioned on a reference system that is rotated by the
angle y;, = atan(%) where x;, and yy, are the lo-
cation of the pitch link attachment to the swashplate.

* Fixed Swashplate: this node is rigidly constrained
in the in—plane translations and the axial rotation to
the airframe. To account for the flexibility of the con-
trol chain it is connected to the airframe by three
equally radially spaced rods.

* Rotating Swashplate: this node is connected to
the fixed swashplate by means of a revolute hinge; it
is positioned on a rotating reference system.

* Collective Head: this node is connected to the air-
frame by means to a deformable spring in the vertical
direction, in order to account for the flexibility for the
collective path; it is positioned on a rotating reference
system.

* Head Rocket Arm: this node is connected to the
collective head through a revolute hinge, and to the
rotating swashplate by means of a rod (cyclic tube).
Then though the pitch link the cyclic and collective
commands are transmitted to the blade.

* Engine: this node is connected to mast by means of
a torsional spring in order to reproduce the drive-train
dynamics.

* Mast: this node transmits the rotation to the hub and
to the rotating swashplate. It is connected to the py-
lon node by means of a revolute hinge.

* Hub: This node is constrained to the mast node by
means of a spherical hinge and a MBDyn gimbal ro-
tation: the combination of these two joints allows the
creation of an ideal constant velocity joint.

* Yoke: This component represent the flexbeam that
connects the hub and the blade. The blade-to—yoke
connection is performed by means of a dual load path
connection in which the inner bearing is modelled as
an inline joint, whereas the outer bearing is modelled
as a spherical joint.

Figure 4: Layout of the XV-15 rotor control chain.

Each blade was modelled using 10 MBDyn three node
finite volume beam elements [17] and each flexoeam by 4
three node beam elements. All rotor data are taken from
the original CAMRAD Il model presented in [18]. Table [3]
reports the main rotor data, while Tab. E| shows the blade
airfoil distribution along the span, taken from [19].

Rotor data
Blade 3
Solidity 0.0891
Radius 3.81 m
Precone 3 25 deg
Chord 0.3556 m
Twist 45 deg

Nominal speed 589 RPM

Table 3: XV-15 Rotor main data.

Airfoil data
Profile start end
Naca 64-935 0.09 0.13
Naca 64-528 0.13 0.34
Naca 64-118 0.34 0.655
Naca 64-(1.5)12 0.655 0.9

Naca 64-208 0.9 1

Table 4: XV-15 Blade airfoil distribution.
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In the MBDyn alone model, aerodynamics is modelled
through MBDyn aerobeams which implement a strip theory
aerodynamic description with an appropriate tip loss model
correction. On the other hand, for the coupled simula-
tions, aerodynamics of each blade is modelled by DUST lift-
ing line elements, naturally encompass both compressibility
and viscous effects [9]. This aerodynamic model provides
accurate result on high aspect ratio bodies as blades, while
being computationally very efficient, as shown in [6]. While
MBDyn model applies a non-smooth transition between ad-
jacent airfoils sections, DUST interpolates the aerodynamic
properties of the airfoils sections used to build the blade
model. The dynamic behaviour of the rotor multibody model
is shown by the fanplot computed at 0° collective shown in
Fig. where MBDyn results are compared against CAM-

120 ‘ ‘ ; AP Hp
----- RCAS - - -CAMRAD — MBDyn)]
9/rev
100 - 8
~ 80 g
% 6/rev
2 60t .
g
: L
B 40p=z======-= = ===
3/rev
2F
20 1, I R
R 1/rev
0 L 1 1 1 1
0 20 40 60 80 100 120

Rotor Speed [%)]

(a) XV-15 rotor fanplot in vacuum 0°— Collective Modes: com-
parison between MBDyn, CAMRAD Il and RCAS models [20].

3 ROLL MANOEUVRE SIMULATIONS

In the present work a full-span aeroelastic model repre-
sentative of the Bell XV-15 research aircraft equipped with
metal blades [18] and thick wing case was considered for
the roll manoeuvre simulations.

3.1 Aerodynamic model

The aerodynamic model exploits different formulations of
aerodynamic elements such as lifting lines and surface pan-
els. While lifting line aerodynamic elements are used for the
rotor blades, the other components such as wing, tail, na-
celles and fuselage are modelled by surface panels. The
aerodynamic mesh of the full XV-15 tiltrotor is shown in

Fig.[7

RAD Il and RCAS results provided by [20]. The major dif-
ferences between the three models are located on the third
flap mode (3D) where the frequency of MBDyn are the soft-
est between the three models. Nevertheless, a quite good
agreement is obtained for almost all the frequencies.

Figure [Bb| shows the thrust coefficient Cr versus torque
coefficient Cp curves computed for the XV-15 rotor in hover
with MBDyn alone and the coupled MBDyn-DUST simu-
lation compared to experimental data reported in [19].
The quite higher agreement of the MBDyn-DUST simulation
curve with experimental polar with respect to the MBDyn
alone curve, particularly at high thrust coefficients, indicates
the suitability of the coupled tool for an accurate simulation
of rotor performance.
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0.012 | |- — MBDyn ,
——DUST-MBDyn L7

0.01 |
o 0.008}
~
[«
© 0.006

0.004

0.002
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0 0.02 004 006 008 01 0.2
Cr/o

(b) XV-15 rotor torque coefficient over solidity Cp /o vs thrust
coefficient over solidity Cr/c: comparison between experi-
mental and numerical data.

Figure 7: XV-15 full-scale aerodynamic mesh and free
wake evolution

In order to simulate the aircraft manoeuvre, DUST mod-
els the wing control surfaces by deflecting a proper region
of the aerodynamic mesh. Considering a two-dimensional
representation, see Fig. [8] the control surface can be de-
fined in the local reference frame of the component by
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Figure 6: Flowchart indicating the individual blade pitch control system components and their connections for dual control

path

means of the hinge axis position H, the chordwise direction
&, the dimension of a blending region [—u, u] introduced to
avoid irregular behavior of the mesh along with the rotation
angle 6. Thus, the rotation axis, h, is assumed orthogonal
to the plane of the airfoil. A hinge orthonormal reference
frame is defined with origin H, and axes &', 7 = 2 x . The
position of a point w.r.t. this reference frame reads

r=v€é+ni+hh. (1)

Three regions are defined using the coordinates defined
through this reference frame:

1. v < —u: no influence of the aileron rotation

2. v > u: rigid rotation around the hinge

Ar =sinOh xr+(1—cos®)h x hxr (2)

3. —u < v < u: blending region for avoiding irregular
behavior defined as an arc of a circle connecting the
fixed and deflected part.

Blending Region

Figure 8: Sketch of control surface deflection modelling.

The rotation of each hinge node should be driven by a pre-
scribed law of motion in the case of simple DUST model or it
follows a structural node, in the case of coupled simulation.
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3.2 Multibody model

The dynamic model setup includes:

» the wing, modeled as a rigid rigid body, including
flaps and flaperons;

* the fuselage and the empennages, modeled as rigid
bodies, including the rudders and the elevator control
surfaces;

* the pylon/nacelle system, attached to the wing-tip; its
tilting with respect to the wing can be driven to model
the tiltrotor in airplane mode (APMODE), helicopter
mode (HEMODE) or in any intermediate configura-
tion;

* the rotor with the exact kinematics of the blade pitch-
ing mechanism.

The modelled rotor control chain was already presented
in Sec. while the blades are considered rigid in order
to simplify the model. This simplification is considered legit-
imate since the purpose of this analysis is to study the roll
maneuver characterized by low-frequency modes typical of
flight mechanics. The model is grounded by locking all de-
grees of freedom with the exception of the rotation around
the roll axis.

3.3 Results and discussion

In order to evaluate the aerodynamic effect of tailplanes and
rotor wake interaction on roll performance, coupled simula-
tions were performed on three different aircraft configura-
tions. As indicated in Tab. [5 and illustrated in Fig. [9] firstly
the airframe only was considered, then the model com-
plexity was increased by adding tailplanes and rotors. The
structural model and the relative mass properties are the
same for all the three configurations.

Configuration Airframe  Tail Rotor
Configuration | v X X
Configuration Il v v X
Configuration 1lI v v v

Table 5: Aircraft configurations tested for roll manoeuvre
coupled simulations.

(a) Configuration |

(b) Configuration Il

(c) Configuration Il

Figure 9: Geometry of aircraft configurations tested for roll
manoeuvre coupled simulations

A trimmed flight condition reported by [21] was con-
sidered for the roll manoeuvre coupled simulations. The
flight condition parameters are reported in Tab. [6] In the
roll maneuver simulations the flaperons deflection J, fol-
lows a step function from 0° to +20°. The control surfaces
start moving after 0.5sec from the beginning of the simu-
lation to warrant that the manoeuvre starts when aerody-
namic transients vanished. At the same time, the roll de-
gree of freedom of the entire model is unlocked. The air-
craft rolls around longitudinal axis directed positively with
the starboard (right) wing up. Yawing rotation is around ver-
tical body axis, directed positively with nose to left. Pitching
rotation is around the axis perpendicular to the longitudinal
plane of symmetry, directed positively nose up.
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Flight Conditions

Air density 1.225 kgm=3
Speed 72.022 ms!
Trim parameters

Mode Airplane

Pitch angle 6.944 deg
Rotor speed 517 RPM
Rotor collective 29.5015 deg
Elevator -1.2398 deg

Table 6: Flight condition parameters used for roll manoeu-
vre simulation.

Figure [T0] shows the comparison of the evolution of
the bank angle ¢ during the simulated roll manoeuvre for
the three aircraft configuration tested. In particular, time
evolution of bank angle clearly shows that the introduction
of aerodynamics effects due to tailplanes and rotor wakes
change the slope of the curve and the roll manoeuvre per-
formance. A representation of the effect of rotors wake with
respect to aircraft configuration equipped with tailplanes is
illustrated in Fig. [T2]

50 , , 77125
— — Configuration I ——Configuration III /{/’
—-= Configuration II ------- Aileron deflection //’

40 I £ 20
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0 0
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Figure 10: Comparison on bank angle evolution.
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Figure 11: Comparison of the roll rate evolution.

Figure 12: Representation of XV-15 tiltrotor wake for Con-
figuration Il and Configuration Il [17]

In order to evaluate the roll manoeuvre performance for
the different configurations tested, Tab. [7] reports the per-
centage differences between the time to bank an angle
equal to 45° computed for aircraft Configurations | and I
and the one computed for the complete aircraft equipped
with rotors, i.e. Configuration Ill.

Configuration A%
Configuration | -4.46 %
Configuration I -3.33%

Table 7: Comparison of the differences A% between the
time to bank 45° for aircraft Configurations I and Il and Con-
figuration 111

The coupled simulations results show that the introduc-
tion of rotors decreases the roll performance manoeuvre.
Indeed, as shown from the comparison of roll rate evolu-
tion (¢) presented in Fig. the rotor aerodynamic loads
decrease the roll rate and produces a contrasting effect on
the manoeuvre. This is related to the backward tilting of the
rotor induced by the component of reference velocity asso-
ciated with roll rate in the rotor's plane. Furthermore, the
aircraft rolling motion causes an opposite variation of the
thrust of the two rotors, as reported in Fig.[T3]
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Figure 13: Comparison on thrust of the two rotors with re-
spect to bank angle during the roll manoeuvre.
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Figure 14: Comparison of the yawing moment evolution dur-
ing the roll manoeuvre.

The Fig.[T4]shows the yaw moment measured as a con-
straint reaction to the ground joint. Since the position of
this constraint is fixed during the simulation, the purpose of
these results is not to establish the actual behavior of the
aircraft but to estimate the impact of the different parts on
this magnitude. The analysis shows that tailplanes gener-
ate a proverse contribution compared to the simplest Con-
figuration I. On the other hand, the introduction of the rotors
aerodynamics contribution introduces an adverse yaw mo-
ment. This effect is related to the opposite variation of the
two rotors thrust highlighted in Fig. [T3]

Considering dynamic oscillations of aircraft during the
roll manoeuvre, a quite complex response is observed for
full aircraft configuration with rotors, i.e. Configuration Ill. In
particular, the Fast Fourier Transform of the yawing moment
time history computed for Configuration |1l shown in Fig.[T5]
clearly identify the correspondence of these oscillations with
the multiples of the rotor n/rev.

1/rev 3/rev 6/rev  9/rev  12/rev 15/rev

Figure 15: Fourier transform of yaw moment time history for
Configuration IlI

4 CONCLUSIONS

The present work presented the capability of a novel aeroe-
lastic numerical tool obtained by joining the multibody solver
MBDyn with the mid-fidelity aerodynamic solver DUST to
simulate the roll manoeuvre of a complete tiltrotor. The val-
idation of the coupled tool over a simple wing and a single
rotor in hover shows that the accurate description of aero-
dynamics made by means of VPM modelling of wakes en-
ables to obtain a more accurate representation of rotorcraft
performance. Then, the coupled simulations of the roll ma-
noeuvre for different tiltrotor configurations enabled to ap-
preciate the effects of both tailplanes and rotors wake to
roll maneouvre performance and to aircraft yawing moment
evolution. The coupled tool can be therefore considered in
a mature state to be used for the investigation of the per-
formance of novel rotorcraft configurations during manoeu-
vres. Future developments of the present work will include
the possibility to perform coupled simulations increasing the
complexity of the model, i.e. with the entire tiltrotor model
equipped with flexible deformable wing, tailplanes and ro-
tors. Moreover, further development will include the simula-
tions of the tiltrotor maneuver in free flight by introducing a
control for the management of the trim.
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