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ARTICLE INFO ABSTRACT

Communicated by George Barakos This work presents a comprehensive numerical environment, obtained by the coupling of a mid-fidelity aero-

dynamic solver based on a vortex particle method with a multibody dynamics tool, for aeroelastic simulations

Keywords: . . . . . : .

Ae{:elasticity suitable for the analysis and design of next-generation rotary-wing aircraft. Indeed, the presence of multiple
Fluid-structure interaction propellers and rotors, together with interactional aerodynamics, have a strong impact on dynamic loads and
Tiltrotor performance indexes on rotorcraft. A mid-fidelity approach provides an ideal trade-off between the accuracy of

VTOL the solution and the speed of execution required in the preliminary design phases of these vehicles.

Mid-fidelity aerodynamics A tiltrotor model representative of the Bell XV-15 with different levels of complexity is proposed as a test bench-

Multibody dynamics mark, whose characteristics can be similar to an eVTOL. The coupled solver shows the capability to determine the
trim conditions in airplane mode and predicts steady and periodic trim loads. Transient analyses are presented
as well, considering a roll maneuver and highlighting the importance of the accurate representation of rotary
wing aerodynamics provided by the vortex particle method for load evaluation and vibrational assessment.

1. Introduction for commercial applications, where cost-effectiveness plays a pivotal

role in decision-making. Another area of concern is due to the noise

In the ever-evolving world of aeronautics, researchers and engineers
constantly strive to develop reliable numerical methods with multi-
ple levels of sophistication, while maintaining an appropriate balance
between accuracy and computational efficiency. The development of
next-generation vehicles, including tiltrotors and electric Vertical Take-
Off and Landing (eVTOL) vehicles [1], poses a challenge for engineers
due to the increasing demands of mission objectives and safety regula-
tions.

The design of rotary-wing aircraft requires to identify the critical
aspects that this type of configuration presents. Indeed, these vehicles
have shown great promise, but they are not without their obstacles.
One of the most significant hurdles these configurations encounter is
the issue of costs. Rotorcraft are complex vehicles, comprising numer-
ous moving parts. As a result, their operation and maintenance costs
can be prohibitively high. This poses a considerable barrier, particularly
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generated by rotating components. For example, when tiltrotor air-
craft transition into helicopter mode during takeoff and landing, they
rely on dual rotors, which inherently generate more noise compared
to traditional helicopters. Moreover, general VTOL configurations with
multiple rotors create a considerable amount of noise due to their high
rotational speed. Noise can be a significant problem, especially in the
urban environment, where acoustic pollution can have adverse effects
on communities [2,3]. Furthermore, we must not overlook the reg-
ulatory challenges tiltrotors and newer VTOL aircraft face. Although
the concept of tiltrotors is not entirely new, establishing comprehen-
sive guidelines from a regulatory standpoint remains a complex task.
The situation becomes even more critical for the emerging eVTOL air-
craft designs. Governments and aviation authorities must work together
to define safety standards, certification processes, and air traffic con-
trol systems that ensure the safe integration of these aircraft into our
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Nomenclature

x kinematics unknowns

p momentum unknowns

A Lagrangian multipliers

M inertia matrix

fi internal forces

fe external forces

Pd(x) kinematics holonomic constraints

/s Jacobian matrix with respect to kinematics unknowns
F actuation force

act

K, actuator stiffness
C, actuator damping
AL actuator length

0 aircraft pitch angle
1) elevator deflection

6, flaperon deflection

T, vertical reaction force

M, pitching moment

) bank angle

é roll rate

W blade azimuth angle

075 blade pitch angle at 75% of rotor radius

b wing span

b, horizontal tailplane span

U, free-stream velocity

Ry 75% of rotor radius

) rotor angular velocity

s blade angle of attack at 75% of rotor radius, right rotor
a;ws blade angle of attack at 75% of rotor radius, left rotor

airspace. Last but not least, is the safety factor. Tiltrotors are relatively
new compared to conventional helicopters, and their safety record is
being scrutinized. In recent years, there have been accidents involving
tiltrotors, such as the unfortunate V-22 crash in June 2022 and the in-
cident involving the AW609 [4]. In general, new-generation rotorcraft
can transform aviation in multiple ways. However, before they can be
extensively utilized for commercial and military purposes, several ob-
stacles and constraints need to be resolved. With additional research
and development, it is probable that these difficulties will be tackled,
ultimately paving the path for the broader utilization of this potential
technology.

One of the major challenges from a preliminary-intermediate design
perspective is the ability to conduct comprehensive aeroelastic simu-
lations that consider the interplay between the aerodynamics and the
structural dynamics of the vehicle. This capability is vital for the ad-
vancement of new aircraft designs [5].

Advanced numerical techniques have been developed to aid in the
examination of various flight conditions commonly encountered by ro-
torcraft. These tools provide a higher level of accuracy and precision
as the level of detail increases. Indeed, a substantial effort was spent in
the past years to develop computational structural dynamics (CSD) tools
that were effectively used for rotorcraft applications (e.g. [6-8]). Struc-
tural dynamics of rotary-wing vehicles were typically investigated using
the multibody approach [9,10], which takes into account the nonlinear
dynamics of the interconnected rigid and flexible bodies representing
the aircraft components. The multibody approach is commonly used to
study aeroelastic phenomena, particularly for whirl-flutter instabilities
that may arise in tiltrotors in high-speed airplane mode flight [11,12].
A significant effort in this research field was spent at Politecnico di
Milano, where starting in the 1990s a free general-purpose multibody
software called MBDyn' was developed [13]. However, most multibody
solvers, like MBDyn, use simplified aerodynamic models based on Blade
Element Momentum Theory (BEMT). These models do not account for
the aerodynamic interactions between rotors and the actual geometry
of lifting surfaces, resulting in an inaccurate representation of the aero-
dynamic loads and a loss of information related to periodic actions. To
overcome this limitation, a more accurate and detailed aerodynamic
model should be used.

The coupling of CSD tools with high-fidelity computational fluid dy-
namics (CFD) solvers was successfully investigated and implemented
in the last two decades for rotorcraft aeroelastic simulations [14-
19] including, for example, the flutter calculations of a vertical tail
model [20] and for the analysis of rotor blade structural loads of a
complete helicopter model tested in a transonic wind tunnel [21]. Nev-

! https://public.gitlab.polimi.it/DAER/mbdyn, visited on August 2023.

ertheless, despite continuous advances in the field of high-performance
computing, the coupled CSD/CFD simulations still require a significant
computational effort, not suitable for the preliminary design stage of
novel VTOL configurations, which requires a great number of simula-
tions to reproduce the different flight conditions that characterize their
mission.

To address this challenge, mid-fidelity tools are emerging as an
optimal trade-off between computational cost and desired accuracy,
particularly in the early design stages. While computational fluid dy-
namics methods can analyze the unsteady interactions, the resolution of
wake dynamics in conventional CFD tools requires high-order numeri-
cal schemes and mesh resolutions that are computationally expensive,
making them unsuitable for design space exploration. To cite a few ex-
amples, Lu et al. [22] developed an optimization methodology for a
helicopter design based on a viscous Vortex Particle Method (VPM)
model combined with an unsteady panel hybrid method. Alvarez and
Ning developed a VPM-based code [23] for the investigation of multi-
rotor configurations. Tan et al. [24] used a vortex-based approach cou-
pled with a viscous boundary model to study rotor-to-rotor interactional
problems occurring during shipboard operations.

Recently, Politecnico di Milano developed a mid-fidelity computa-
tional tool, called DUST? aimed at representing a fast and reliable asset
for the simulation of the aerodynamics of complex rotorcraft configura-
tions [25].

The present work proposes the combination of the multibody solver
MBDyn with the mid-fidelity aerodynamic tool DUST, aiming at rep-
resenting an ideal trade-off between speed of execution and accuracy
of the solution, devoted to the analysis and the preliminary design
phase of novel rotary-wing aircraft configurations. The coupling of the
two codes relies on the partitioned multi-physics coupling library pre-
CICE [26]. An interesting novelty proposed by this tool is the capability
of modeling the control surfaces, representing an essential aspect for
the simulation of aircraft maneuvers. The coupled code has been pre-
sented and validated in Ref. [27]. The proposed approach allows us to:
1) develop numerical models with several levels of complexity to high-
light the impact of the different components on performance, stability,
and loads; 2) perform comprehensive analyses in the same environ-
ment including trim, maneuver, and flutter/whirl-flutter; 3) determine
steady and periodic loads, useful for vibratory assessment and fatigue
life analysis; 4) evaluate the impact of the elastic components on system
dynamics.

Thanks to a large amount of public data, the XV-15 tiltrotor
equipped with Advanced Technology Blade (ATB) is chosen as the
benchmark model [28-31]. A vehicle like a tiltrotor allows us to show-

2 https://public.gitlab.polimi.it/DAER/dust, visited on August 2023.
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case the capabilities of the methodology as the aircraft combines the
typical challenges of both fixed-wing and rotary-wing at the same time.

The paper proceeds as follows: section 2 briefly presents the multi-
body and the mid-fidelity aerodynamic tools from a theoretical per-
spective. Section 3 describes the aeroservoelastic model of the XV-15,
including validations with experimental data and high-fidelity CFD sim-
ulations. Section 4 describes the procedure to trim the aircraft in a
steady-level flight as well as the roll maneuver. Section 5 summarizes
the results obtained from the coupled simulations, highlighting the im-
pact of mid-fidelity aerodynamics on the evaluation of dynamic loads
and performance indexes of the aircraft. The last section brings the pa-
per to closure by drawing conclusions about the work performed.

2. Numerical environment
2.1. Mid-fidelity aerodynamic solver: DUST

DUST is an open-source code, released under MIT license, that in-
tegrates different aerodynamic models for solid bodies, such as thick
surface panels, thin vortex lattice elements, and lifting line elements.
Moreover, a vortex particle method was implemented for wake mod-
eling that provides a stable description of the free-vorticity flow field,
which is suitable for numerical simulations of configurations character-
ized by strong aerodynamic interactions.

The mathematical formulation relies on a vorticity-velocity mixed
aerodynamic problem, founded on the Helmholtz decomposition of the
velocity field and a Lagrangian description of the vorticity field. The
problem, based on the incompressible flow hypothesis, is formulated by
using Helmholtz’s decomposition of the velocity field that is given by
the irrotational and solenoidal contributions of velocity.

A DUST model only requires surface meshes as the core of the mid-
fidelity aerodynamic code is the vortex particle method (VPM) [32,33]
implemented for the wake modeling that provides a stable Lagrangian
description of the free-vorticity flow field. The Lagrangian grid-free ap-
proach does not require a volume mesh of the surrounding flow. The
vortex particle method effectively captures the interaction of wakes
produced by lifting surfaces and bodies, as is commonly seen in rotary-
wing vehicle applications. To reduce computational costs associated
with vortex particle interactions, a Cartesian Fast Multipole Method
(FMM) [34,35] is employed.

The code computes aerodynamic loads using a different approach
based on the type of element chosen to model the problem. For lifting
line elements, the aerodynamic loads are determined from the tabulated
sectional aerodynamic coefficients, which are used to calculate their
intensity. For vortex lattice elements, the aerodynamic loads are com-
puted using the unsteady version of the Kutta-Joukowsky theorem. For
surface panel elements, the aerodynamic loads are determined through
the unsteady formulation of Bernoulli’s theorem, taking into account
the vorticity of the flow.

2.2. Multibody solver: MBDyn

MBDyn is a free general-purpose multibody solver developed at Po-
litecnico di Milano. The tool automatically writes and solves the equa-
tions of motion of a system of entities possessing degrees of freedom
(nodes) connected through algebraic constraints and subjected to in-
ternal and external loads. Constraint equations are explicitly accounted
for, following a redundant coordinate set approach. Thus, the resulting
system of Differential-Algebraic Equations (DAE) takes the Hessenberg
form:

M(x, )% =p (1a)
p=¢) A+ XD+, x.1) (1b)
0=¢(x) (1c)
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Table 1
XV-15 general characteristics.

Characteristic Symbol XV-15 (ATBs) Units
Gross takeoff weight Wro 13,000 Ib
Maximum engine(s) power P, 2x1,550 hp
Maximum flight speed Viax 280 knots
Wing span b 32.17 ft
Wing area S 181.0 ft
Rotor radius R 12.50 ft
Rotor solidity o 0.103 n.d.
Rotor Lock number y 3.768 n.d.
Rotor rotating speed Q 6017 rpm

2 Reduced to 480.8 rpm in airplane mode.

where x is the vector of the kinematic unknowns, p is the vector of the
momentum unknowns, 4 collects the algebraic Lagrangian multipliers,
M is a configuration- (and possibly time-)dependent inertia matrix, vec-
tors f; and f, contain generalized internal and external forces, ¢(x) is
the vector of the algebraic equations that express kinematic holonomic
constraints, and ¢, is the Jacobian matrix of the constraints with re-
spect to the kinematic unknowns.

Each node instantiates the corresponding balance equations (1b).
Nodes with associated inertia properties also instantiate the related mo-
menta definitions (1a).

Elements are responsible for the contributions to the balance equa-
tions through visco-elastic, internal forces f;, possibly state-dependent
external force fields f, (e.g., aerodynamic forces), and reaction forces
f. = (IJX A, introduced using the Lagrange multipliers A and the Jaco-
bian matrix of the algebraic constraint equations in Eq. (1c).

The DAE system can be integrated using different A/L stable integra-
tion methods, among which is an original multistep one with tunable
algorithmic dissipation, specifically designed for the class of problems
usually solved with MBDyn [36].

The nodes that describe the kinematics of the structural problem
can be connected either by elastic/viscoelastic internal forces (namely
lumped structural components [37], beams [38,39], shells [40], Com-
ponent Mode Synthesis (CMS) elements [41]) expressed by f;, with a
variety of viscoelastic constitutive laws, or by the kinematic constraints
of Equation (1c).

Simple aerodynamics can be modeled by built-in elements that ex-
ploit the 2D strip theory model by look-up tables of the aerodynamic
coefficients and classical rotor inflow models based on momentum the-
ory.

2.3. Aeroelastic coupling

Communications between the two solvers are managed by pre-
CICE (Precise Code Interaction Coupling Environment) [26], a coupling
library for partitioned multi-physics simulations, originally developed
for fluid-structure interaction and conjugate heat transfer simulations.
The interface between structural and aerodynamic grids is obtained as
a weighted average of the distance between the nodes of the two grids
and is used for motion interpolation and consistent force and moment
reduction. The details about the coupling between DUST and MBDyn,
with the relative validations, are described in [27].

3. Tiltrotor model setup

A detailed tiltrotor model, representative of the Bell XV-15 research
aircraft with Advanced Technology Blades (ATBs) [42], has been built
in DUST-MBDyn using data published by Acree in Ref. [28]. The general
characteristics are summarized in Table 1.

The model, illustrated in Fig. 1, includes the two proprotors, the
wing, the nacelles, and the empennages. The dynamic model setup and
the validation of the different sub-components are presented in the next
sections. Different levels of complexity are considered in the following,
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Table 2
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Proprotor frequencies in a vacuum. Comparison between CAMRAD-JA and MBDyn.

CAMRAD-JA (80% rpm, 6, =40°)

MBDyn (80% rpm, 907S =40°)

Mode Collective ~ Regressive  Progressive  Collective ~ Regressive  Progressive
Gimbal, Hz - 0.24 16.27 - 0.05 16.25
First Lag, Hz 10.19 2.42 18.45 10.53 2.83 19.10
First Flap, Hz 15.94 22.85 38.88 15.35 22.57 38.83
First Torsion, Hz 28.87 20.44 36.47 30.75 18.74 35.72

Ve ~

Fig. 1. XV-15 tiltrotor model in DUST-MBDyn.

to highlight the role of interactional aerodynamics on aeroelastic anal-
yses.

3.1. Proprotor

The XV-15 proprotor model with ATBs is made up of composite
blades. The rotor is stiff-in-plane with a gimballed hub. The main ro-
tor data are taken from the CAMRAD-JA model presented in [28]. The
flexible blades were modeled using the nonlinear beam elements of MB-
Dyn [38], including the control chain.

Two different models are considered for blade aerodynamics. The
low-fidelity model is based on the 2D blade element momentum theory,
available in MBDyn. Rotor aerodynamic forces are calculated using two-
dimensional airfoil characteristics provided by Acree in Ref. [28]. The
induced velocity is included as well through a Glauert model [43]. Em-
pirical corrections to account for nonideal induced power losses and a
linear variation of the induced velocity over the rotor disk due to nonax-
ial flow are defined in Ref. [28]. The mid-fidelity aerodynamic model is
realized in DUST. Each blade is modeled with a lifting line component.
Both low- and mid-fidelity aerodynamic models incorporate viscous and
compressibility effects by means of the aerodynamic airfoil table .c81,
in which lift, drag, and pitching moment coefficients are tabulated ver-
sus the angle of attack, covering the entire +180° range, and several
Mach numbers ranging from O to 1.

Validation of the dynamic behavior of the isolated rotor in a vacuum
is accomplished through the Campbell diagrams. These diagrams track
the rotational frequency of each mode shape against the rotor speed. To
generate the Campbell diagrams, several rotor speeds were considered,
and the corresponding eigenvalues and eigenvectors were calculated
using the eigenanalysis procedure available in MBDyn [44]. The out-
comes are presented in Figs. 2(a) and 2(b), representing the collective
and cyclic modes, respectively, for a collective pitch angle of 40°.

Table 2 provides a comparison between the frequencies obtained
in CAMRAD-JA and MBDyn in airplane mode. The results show good
agreement for both collective and cyclic modes, with only slight differ-
ences between the two models. However, the most notable disparity
between the two models is observed in the first torsion mode. The
difference can be attributed to the fact that the CAMRAD-JA model
uses a conventional helicopter-like control chain with a single con-
trol path, whereas the MBDyn model incorporates the real dual load
path to model the control chain. In the following, the results obtained
from the low-fidelity MBDyn model are compared with the mid-fidelity
DUST-MBDyn model and with the experimental results of OARF [45].

Fig. 3 shows the comparison between the different aerodynamic mod-
els employed together with the experimental results in terms of rotor
thrust coefficient (Cy /o) with reference to the collective pitch angle
(see Fig. 3(a)). The figure of merit (F M) is shown in Fig. 3(b). The lat-
ter is defined as the ratio of the minimum possible power to flight (i.e.
the induced power) to the total power, which also includes the pro-
file power (see Ref. [46], Chapter 3). The performance curves obtained
with the coupled DUST-MBDyn models quite well resume the behavior
of the experimental data in the entire range of collective pitch angles
tested. In particular, the model can correctly capture the rotor stall that
begins to occur for a collective pitch angle greater than 15°. In contrast,
the MBDyn model is not able to correctly capture hover performances:
in particular, the slope of the Cr /o — 6, curve is steeper compared to
the experimental results and the numerical results obtained with DUST-
MBDyn, and no stall is predicted. For a more detailed validation of the
DUST-MBDyn proprotor model, the interested reader is referred to [47].

3.2. Airframe

The airframe model encompasses the main wing, nacelles, horizon-
tal and vertical tailplanes, as well as the control surfaces. The aerody-
namic surface of the fuselage is not modeled in DUST at this stage, to
reduce the computational burden of the coupled analyses, although its
contribution is recovered through the aerodynamic lookup tables pro-
vided by Ferguson in [48].

The multibody model is composed of 14 rigid bodies representing
the different parts of the tiltrotor. Each body includes mass and inertia
properties located at the center of mass of each corresponding compo-
nent. Inertial data are taken from the XV-15 finite element stick model
provided by Acree et al. in Ref. [49].

The airframe includes all control surfaces, namely two flaps, two
flaperons, an elevator, and two rudders. All movables, except for the
flaperons, are modeled as rigid bodies with associated polar inertia,
attached to the fixed part through a statically determined constraint
modeled as a combination of a spherical joint and an inline joint. The
deflection of each control surface is achieved by directly imposing the
rotation of the hinge axis in MBDyn. The deformation of the aerody-
namic mesh follows the rotation of the structural nodes associated with
that axis, as presented in Ref. [50].

A more detailed model has been implemented for the flaperons,
including the actuation system together with the corresponding servo-
valve dynamics [51], with the possibility of introducing the elasticity of
the movable surface itself. In this way, it is possible to monitor the loads
on the actuators during the maneuver, simulate the control deflection
with more realistic dynamics, and evaluate the impact of the flexibil-
ity of the surface on the load distribution. In the absence of detailed
data concerning the actuation mechanism, a generic design procedure
is followed. The constraints to be met are the position of the hinge axis,
placed at 75% of the chord, and the max deflection of 47°. A value
of —25° is assumed as the maximum upward deflection. The actuation
mechanism is characterized by three points: the hinge point and the
two actuator heads (see Fig. 4(a)). The left actuator head is connected
to the fixed wing. The right actuator head, on the other hand, lies on
the flaperon and slides along a circular trajectory, represented by the
red dashed line in Fig. 4(a). The radius has been designed to ensure the
accommodation of the system within the wing section. The actuator is
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Fig. 2. Proprotor Campbell diagrams in a vacuum - 6, =40°.
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Fig. 4. Flaperon actuation system. (For interpretation of the colors in the figure(s), the reader is referred to the web version of this article.)

perpendicular to the radius when the flaperon deflection is null. Consid-
ering the space constraints, an actuator length of 200 mm and a radius
of 70 mm have been chosen. The relative displacement of the actuator
and the corresponding flaperon deflection is shown in Fig. 4(b).

The actuator elongation, see Fig. 5(a), has a fairly linear trend with
respect to the flaperon deflection. Nonlinear effects are only evident at
high-deflection angles. The travel arm shows instead a nonlinear trend,
depicted in Fig. 5(b).

The actuator dynamic compliance is described by Eq. (2). The pilot’s
input is filtered by a second-order low-pass Butterworth filter with a

cut-off frequency of 7 Hz, representing the servo-valve dynamics of the
actuator. The actuator force F, is reconstructed using a visco-elastic
constitutive law, namely

@

where AL, is the filtered actuator length variation and K, and C,
are the corresponding actuator stiffness and damping characteristics.
Those are inspired by data taken from similar aircraft, mounting 3 ac-
tuators on each control surface. An equivalent linear stiffness K, of
2.8x 10’ Nm~! has been taken into account, to provide a robust con-

Fpoy=—K,AL; —C,ALy,
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Fig. 5. Flaperon actuation system kinematics.

flexible beam

Fig. 6. Flaperon actuation mechanism scheme, right-wing.

Table 3

Estimated XV-15 flaperon structural properties.
EA EJ, EJ, GJ
N Nm? Nm? Nm?
839-107  1.63-10° 1.51-10°  2.62-10*

nection with the fixed wing and to avoid aeroelastic instabilities due to
the control surface. The actuator damping C, has been added to elimi-
nate high-frequency oscillations on the time responses.

The XV-15 flaperon, shown in Fig. 6, is modeled in MBDyn as a flex-
ible beam3 element, as done for the rotor blades. 3 flexible beams are
anchored to the main wing component through four spherical hinges
that allow the rotation of the control surface about the hinge axis. The
flaperon structural properties, summarized in Table 3, have been es-
timated starting from the wing structural data provided by [28], and
considering a simple semi-monocoque idealization of the flaperon cross-
section (see Ref. [52], Chapter 20). Technical details can be found in
Ref. [53].

3.3. Airframe aerodynamic validation

To assess the capability of DUST to capture the complex three-
dimensional aerodynamics due to the presence of the nacelle in the
wing tip region, the isolated wing-pylon sub-system is here considered.

The aerodynamic coefficients of the wing-pylon system as a function
of the angle of attack are known from [48]. To carry out a full aerody-

namic validation, a high-fidelity CFD model has been built in order to
provide more comparative results. The numerical model includes the
flaperons as well. The selected CFD solver is SU2 [54], an open-source
software freely available and licensed under the GNU Lesser General
Public License.

The grid used in this work, see Fig. 7(a), is a mixed-element grid
composed of 19M total elements. The mesh is composed of tetrahedra,
prisms, and pyramids around a surface that has been discretized using
triangles and quads. For the simulation, the right semi-model was mod-
eled by imposing the symmetry boundary condition on the longitudinal
plane. The far-field boundary is located approximately more than 25
body span lengths away from the aircraft, with the first cell thick-
ness in the boundary layer region to allow for y* = 1. The level of the
volume grid refinement is managed through two sub-zones, encapsu-
lating wing and nacelle respectively. A Jameson-Schmidt-Turkel (JST)-
centered spatial discretization is used to calculate convective fluxes in
the RANS computation. Turbulent variables for the SST models are con-
vected using a first-order scalar upwind method, and the viscous fluxes
are calculated using the corrected average-gradient method. Implicit,
local time stepping is used to converge the problem to the steady-state
solution, and the linear system is solved using the iterative BCGSTAB
method with a maximum error tolerance of ©@(10~%).

The DUST numerical model of the wing-pylon system is modeled
as surface panels (SP). Fig. 7(b) illustrates the half-right part of the
DUST aerodynamic mesh. To model the flaperon, the DUST hinge com-
ponent [27] is exploited, obtaining a deflected wing region and main-
taining the continuity of the mesh. Regarding the mesh discretization in
the chord section, a double refinement is employed both in the leading
edge and in the hinge axis location.

The wing-pylon aerodynamic system is tested by comparing high-
fidelity SU2 results with the DUST mid-fidelity results. Considering the
cruise speed condition at Mach=0.4, the aerodynamic coefficients be-
tween —6° and + 8° degrees of angle of attack (AoA°) are computed, for
three different flaperon deflections (6,), namely 6, = 0°, 10°, and 20°.

Figs. 8(a) and 8(b) show the aerodynamic loads in terms of lift
and drag coefficients. In the linear region, the lift coefficient obtained
with DUST shows a good agreement with SU2 and with experimental
data provided by Ferguson [48]. The nonlinear effects on the lift curve
related to stall are not captured by DUST, as can be expected consider-
ing the inviscid flow assumptions of the numerical method. The good
agreement in the drag coefficient between the SU2 simulations and the
experimental data available for 6, equal to 0° confirms the goodness
of the high-fidelity model built to make comparisons with DUST. Since
the parasite drag is not modeled by the mid-fidelity solver, there is an
offset between the DUST and SU2 drag coefficient curves. On the other
hand, since the induced drag generated by the wing tip vortices is al-
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(a) CFD grid detail.
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(b) DUST surface half mesh.

Fig. 7. Aerodynamic mesh for the XV-15 wing-pylon system.
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Fig. 8. Wing-pylon system aerodynamic performances comparison between SU2 and DUST.

most well represented, all the curves show good trends with reference
to the AoA°® and 6,,.

In terms of global performance indexes, it is interesting to analyze
the roll moment generated about the longitudinal axis of the aircraft,
due to a flaperon deflection. Fig. 8(c) depicts the moment coefficient
about the longitudinal axis considering the right semi-model as a func-
tion of the angle of attack for three different flaperon deflections. These
results confirm a good correlation between SU2 and DUST encouraging
the use of the mid-fidelity aerodynamic model to simulate roll maneu-
vers.

A more detailed view of the load distribution on the wing-nacelle
system is given by the comparison of the pressure coefficient shown
in Fig. 9, evaluated at AoA’=0° and 6,=0°. Indeed, DUST results are
consistent with those obtained by the CFD model. This is valid as long as
the angle of attack is small and there are no separation zones. Moreover,
the comparison highlights a good correlation in the wingtip area, where
the nacelle is installed, which is essential for the correct design of the
wing control surfaces, located in the same region.

Finally, Fig. 10 shows the pressure coefficient extracted at the six
spanwise stations illustrated in Fig. 9. The pressure coefficient along the
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Fig. 9. Pressure coefficient comparison between SU2 and DUST.

wing sections (from Fig. 10(a) to Fig. 10(e)) confirms the DUST capa-
bility to well capture the effect of the nacelle on the wing aerodynamic
loads. Moreover, Fig. 10(f) shows good consistency even on the bluff
body of the nacelle. Of course, this does not mean that DUST captures
the entire aerodynamic load that is also characterized by the presence
of large flow separation behind the nacelle, with a significant drag com-
ponent due to the viscous effects, not modeled by the mid-fidelity tool.

4. Proposed analyses

The analyses presented in this section include static and dynamic
load predictions. An extended validation of the static loads when con-
sidering trim conditions in airplane mode is provided in the following,
with a reference model based on wind tunnel tests and flight test data.
Unfortunately, no comparative data are available in the literature for
the validation of dynamic loads during the transient maneuvers. How-
ever, the accuracy and capability of the DUST aerodynamic solver
to capture unsteady aerodynamic phenomena have been extensively
tested and validated for several wing-rotor configurations, as reported
in Ref. [53].

4.1. Trim

The purpose of this analysis is to demonstrate the additional in-
formation that can be assessed with the proposed approach in a trim
problem. In particular, the novelties are not related to the static trim re-
sults but to those concerning the evaluation of periodic unsteady loads,
relevant for vibratory levels, ride qualities, and fatigue assessments.
Thanks to DUST’s aerodynamics, these loads include the contribution
related to the interactional aerodynamics and do not require the user to
choose any corrective factor.

For a symmetric flight condition in airplane mode, the trim problem
consists of computing the elevator deflection §, the aircraft pitch angle
0, and the collective pitch angle 6, such that the tiltrotor reaches the
equilibrium point in steady level flight. Flight speed and altitude are
imposed. However, since the parasite drag is not captured in DUST, the
equilibrium condition in the longitudinal direction is not considered at
this stage. The collective pitch angle 6, is then computed to maintain
a constant rotor speed w%® by imposing a desired torque value, pro-

vided in Ref. [55], decoupling the rotor and the airframe block. The
block scheme of the tiltrotor trim procedure is represented in Fig. 11,
where the superscript ©'¥ indicates the quantities evaluated during the
simulation.

For the airframe part, the problem reduces to finding the elevator
deflection and pitch angle that guarantee the global equilibrium in the
vertical direction and about the pitch axis. The simulation is initialized
by setting an initial guess for the elevator and the pitch angle. A total
joint is initially defined at the aircraft’s center of mass to constrain the
rigid-body motion. Then, a Proportional-Integral (PI) regulator is intro-
duced in the simulation with the aim of bringing to zero the vertical
reaction force T,%" and the pitching moment Mydes of the total joint,
by computing é§ and 6. Only after the computation of the trim point, the
total joint is removed.

Since the objective of the controller is to bring the reaction forces to
zero, minimizing the error ¢, the most significant contributions are due
to the integral part, to eliminate steady-state error. The proportional-
integral gains are designed following the procedure presented by Mat-
taboni et al. in Ref. [11], minimizing the transients to reach the trim
condition without exciting the aircraft’s structural dynamics.

For trim analysis, two aerodynamic models are considered for pro-
protors. In particular, the Blade Element Momentum Theory imple-
mented in MBDyn is used for the first model, while lifting lines imple-
mented in DUST are used for the second model, as discussed in Sec. 3.1.
The airframe aerodynamics are modeled with surface panels in DUST,
following the results obtained in Sec. 3.2. For the sake of brevity, the
first model will be referred to us Model A while the second Model B. The
purpose of this dual modeling approach is to emphasize the importance
of having an aerodynamic model that allows the interactions between
the different parts to be included, even at a preliminary design stage,
especially when dealing with a complex aircraft such as a tiltrotor or,
more generally, with a multi-rotor configuration.

4.2. Roll maneuver

After the computation of the trim point, the aileron maneuver
is considered to investigate the aircraft’s response to roll dynamics.
The maneuver consists of deflecting the flaperons of +10° starting
from a trimmed condition in steady level flight at the cruise speed
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Fig. 10. Pressure coefficient distribution at the six span stations considered, AcA°=0° and §,=0".
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Fig. 11. Tiltrotor trim scheme.

(U, =260knots) with the aircraft free to rotate about its longitudi-
nal axis. The maneuver is accomplished when a bank angle of 30° is
reached.

From the viewpoint of the simulation procedure, once the trim con-
dition has been identified, a new simulation is started by imposing the
trim values as initial conditions. Once the transient aerodynamic effects
caused by the initial start-up are exhausted (a time of 0.5 s correspond-
ing to 4 rotor revolutions is considered in the present work), the aircraft
is allowed to roll about its longitudinal axis and the aileron command
is imposed. To control the deflection of each flaperon, the elongation
of the actuators is imposed through the kinematic relationship obtained
in Fig. 5, which is subsequently filtered to reproduce the dynamic re-
sponse of the system.
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Fig. 12. Airframe trim variables with reference to the flight speed.

Table 4
Model configurations used for the roll maneuver.

Configuration  Rotor Speed [RPM]  Gimbal  Rotor wake  Elastic Flaperons
I 0 lock NO NO
II (Model A) 480 unlock NO NO
III (Model B) 480 unlock YES NO
v 480 unlock YES YES

Several models of increasing complexity have been taken into ac-
count to demonstrate the capabilities of the coupled tool in predicting
tiltrotor performance indexes and aeroelastic loads.

In particular, by exploiting the incremental configurations in terms
of model complexity reported in Table 4, the following aspects are in-
tended to be highlighted:

» Impact of rotor dynamics: comparison between configurations I
and II. Configuration I does not involve rotor rotation and the asso-
ciated rotor dynamics, although rotor mass and inertia properties
are taken into account. Configuration II corresponds to Model A
where the rotor dynamics are considered, together with the basic
aerodynamics based on BEMT.

Impact of rotor aerodynamics interaction: comparison between
configurations II and III. Configuration III, corresponding to Model
B, replaces MBDyn rotor aerodynamics with DUST aerodynamics,
thus introducing the component of interactional aerodynamics in
the model through the rotor wake.

Impact of flaperon elasticity: comparison between configurations
III and IV. Configuration IV includes the flaperon elasticity added
by flexible beams on the movables, as presented in Sec. 3.2. This
last analysis aims to highlight the repartitioning of loads on actua-
tors when considering the flexibility of the control surface.

5. Results and discussion
5.1. Trim

The resulting airframe trim variables with reference to the flight
speed are shown in Fig. 12, compared to similar results obtained in
CAMRAD-JA [55]. The last is considered a suitable reference model
since it is based on the aerodynamic characteristics provided by Fergu-
son in Ref. [56], obtained from wind tunnel tests and flight test data.
The dashed red curve refers to the model with hybrid aerodynamics,
i.e. Model A, while the blue square markers refer to the model with full
DUST aerodynamics, that is Model B. Both models provide similar re-
sults to the CAMRAD-JA reference model. At low speeds, on the other
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hand, it was found a marked deviation from the reference trim curves,
with noticeable differences in the elevator angle up to 3.5°. Upon inves-
tigation, it was found that the drift was caused by the absence of the
fuselage aerodynamics. To verify this hypothesis, an aerobody element
representing the static aerodynamics of the fuselage was introduced in
MBDyn, based on the aerodynamic lookup tables provided in Ref. [56].
In Fig. 12, the results obtained with the updated Model A, which now
includes the aerodynamics of the fuselage, are shown for three charac-
teristic speeds. The contribution of the fuselage allows us to reduce the
difference with the reference trim data, especially at low-speed flight
conditions, where the corresponding pitching moment due to the fuse-
lage is not negligible.

As expected, there are no significant differences between Model A
and Model B on the static trim curves. Indeed, both the pitch attitude
and the elevator angle in trim conditions only depend on the static
load components. These results are not largely affected by the presence
of the rotor wake, responsible for the generation of periodic loads on
the aircraft. On the other hand, the correct evaluation of periodic trim
loads allows us to determine the vibratory level of the aircraft as well
as provides information for fatigue loads.

To highlight the differences between the two models, the aerody-
namic loads on the wing and horizontal tail plane along a complete
rotor revolution are considered in the following, for a steady level flight
condition at 260 knots.

Results in terms of sectional normal forces on the right semi-span
wing and horizontal tail during a proprotor revolution are shown in
Fig. 13. The horizontal axis depicts the non-dimensional spanwise co-
ordinate, namely 2y /b, where b is the total span of the wing. For the
horizontal tailplane, the total span is indicated as b,.

Periodic loads are observed as a function of the rotor azimuth an-
gle, caused by the interaction of the rotor’s wake with the wing and the
empennages. Three distinct regions can be identified where the wake
of each of the three blades passes through. As a result, the loads on
the wing and on the empennages are not constant but rather exhibit
periodic variations with the rotor speed. The first peak for the wing is
observed at y = 80° while the horizontal tailplane, being further back,
perceives it at approximately y = 100°. These results are related to the
evolution of the rotor wake calculated by DUST. Indeed, Fig. 14 shows
the position of the vortical particles and their interaction with the wing
and the empennages for yw = 80° and y = 100°. At y = 80°, the wake
of the third blade impacts the wing and modifies its load distribution,
while the horizontal tail plane remains unaffected. However, as the
wake proceeds downstream (w = 100°), the particles released by the
first blade impact the horizontal tailplane. The particles are partially
canalized between the horizontal tail and the vertical plane, generat-



A. Savino, A. Cocco and V. Muscarello

x10%
360 9
8
270 d
6
B )
3,180 >
= 4 .
= &
3
90 .
1
0 0
0 0.25 0.5 0.75 1
2y/b
(a) Wing.

Aerospace Science and Technology 146 (2024) 108929

360 e
0.3
270
— 0.2 =
R 8
=, 180 Z
= 01 &
90
0
0 -0.1
0 0.25 0.5 0.75 1
2y/bt

(b) Horizontal tail.

Fig. 13. Comparison of the contours of the sectional normal force on the right wing and horizontal tail during a proprotor revolution. Model B, U = 260 knots.
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Fig. 15. Comparison of the sectional normal force, U, = 260 knots; the variation of the load around the mean value is represented by a shaded region.

ing a higher velocity region and therefore a static pressure reduction,
which is responsible for the increase in the sectional load in that area.
Sectional loads along the spanwise for the wing and horizontal tail
are shown in Fig. 15. The variation of the load around the mean value
(solid blue line) for Model B is represented by the shaded blue region.
For the main wing, the difference between the mean value of the two
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models is relatively small, and the greatest variation is obtained at
2y/b=0.5, where the most intense vortices released by the rotor pass
through. The results shown in Fig. 15(b) for the tail section reveal a
difference in the mean values obtained with the two models. Specif-
ically, Model B displays a higher mean load on the entire horizontal
tailplane. Indeed, the wake from the main rotor impacts the horizon-
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tal tail increasing the lift. However, it should be noted that the elevator
deflection between the two models is slightly different, and Model B re-
turns a smaller value of about 0.25° compared to Model A, which also
contributes to the higher averaged load. Regarding the variation of the
periodic load, the entire surface appears to be affected. In particular, the
greatest interaction is observed at the tip of the horizontal tail, where
the vertical tail is also attached, in accordance with Fig. 14(b).

To identify a set of relevant loads, three monitor points — illustrated
in Fig. 16 — are considered in the following, where internal forces and
moments are computed. P; and P, are located at the root of the wing
and horizontal tail plane respectively. P; is located at the blade root,
for the evaluation of the blade loads in a rotating reference frame.

The first set of loads depicts the out-of-plane bending moment and
the in-plane shear force measured on P;. Similarly, for P,, the out-
of-plane bending moment is evaluated. Flapping and lagging bending
moments are computed on P;. These loads are transmitted from the
blade to the yoke and are critical for the rotor structural integrity and
aircraft performance.

Figs. 17(a) and 17(b) show respectively the in-plane shear force and
the bending moment evaluated during one rotor revolution at P;. The
oscillations evaluated with Model B are significant compared to the av-
erage values and play a fundamental role in fatigue life and vibratory
level of the tiltrotor. The average load, on the other hand, remains sim-
ilar between the two models.

The out-of-plane bending moment on P, shows instead different
mean components between Model A and Model B, due to the differ-
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Fig. 16. Monitor points considered on the right half model; top view.
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ent spanwise load distribution shown in Fig. 15(b). Additionally, Model
B allows us to capture the periodic loads associated with the evolution
of the wake impacting on the tail. Fig. 18(b) clearly identifies the har-
monic content with reference to rotor multiples of the n/rev, where n is
the number of blades, with non-negligible amplitudes up to the 12/rev.

Similar considerations can be made on the rotor loads. Fig. 19(a)
shows the bending moments measured at the blade root. In the follow-
ing, M, yok. and My . respectively indicate the components of the
lagwise and flapwise bending moments. To analyze the differences be-
tween the two models, the time histories and the corresponding Fast
Fourier Transforms (FFT) are shown in Fig. 19.

Once again, the interactional aerodynamics allow capturing the
higher harmonic loads, thus providing a more complete data set use-
ful for tiltrotor analysis and design. For instance, when considering the
bending moment associated with flapping dynamics (My y..), model B
shows a non-negligible term at 3/rev, whose amplitude is almost one-
third of the first harmonic at 1/rev.

As a matter of fact, neglecting the aerodynamic interaction between
the rotor and the airframe can lead to a loss of information concerning
the periodic trim loads that are the main source of vibration phenomena
and fatigue life assessment on tiltrotors. Therefore, design guidelines
should consider interactional aerodynamics even during the prelimi-
nary design phases, to ensure the rotorcraft’s structural integrity and
comfort for passengers.

5.2. Roll maneuver

5.2.1. Impact of rotor dynamics

The impact of rotor dynamics on roll maneuver is initially inves-
tigated, comparing the results of Configuration I with those obtained
with Configuration II. From the perspective of the airframe, the two
models coincide in both the MBDyn structural part and the DUST aero-
dynamic part. However, they differ in rotor modeling. Configuration
I only includes the concentrated masses of the blades with null rotor
speed and locked gimbal angles. Configuration II corresponds to Model
A presented in Sec. 5.1, where rotors are modeled with flexible blades
and simplified aerodynamics based on BEMT.

During the simulations, the aircraft rolls about the longitudinal axis,
positive starboard (right) wing up. Yaw rotation is about the vertical
axis, positive nose left while pitch rotation is about the axis normal to
the longitudinal plane of symmetry, positive nose up.

Fig. 20(a) shows the evolution of the bank angle ¢ for the two
configurations tested. In particular, the figure clearly shows how the
rotor dynamics modify the slope of the bank angle curve, reducing
roll performance. Specifically, the time-to-bank is decreased by 7%
for configuration II when considering a target bank angle of 30°. This

4
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Fig. 17. Comparison of loads transmitted to the airframe at P, for the two different aerodynamic models, U, = 260 knots.
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Fig. 20. Comparison of computed bank angle evolution (a), and roll rate evolution (b) for configurations I and II.

is also confirmed by the roll rate (¢) depicted in Fig. 20(b). When
the right semi-span wing moves upward, the corresponding right ro-
tor flaps downward due to the lower velocity (and reduced lift) of the
outer blade. Conversely, the left rotor flaps upward (same mechanism
but mirrored). The resulting side forces of the two rotors create a roll
moment opposite to the control moment generated by the flaperons,
reducing the roll rate.
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It must be remarked that the steady level turn also requires con-
trol of the aircraft about the yaw axis. In this work, the aircraft is
unconstrained only about the longitudinal axis to allow the vehicle to
roll. However, it is possible to monitor the yaw moment by measur-
ing the corresponding reaction moment about the aircraft’s vertical axis
(see Fig. 21). The corresponding forces breakdown related to the wing-
pylon, rotors, and tail components are presented as well. Since the yaw
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motion is constrained during the simulation, the purpose of these re-
sults is to estimate the impact of the different vehicle components on
the reaction moment measured about the yaw axis.

The main contribution is related to the adverse yaw moment due to
the rotors. The wing-pylon system also introduces a negative component
on the yaw moment, which, however, unlike rotors, is quite constant
during the maneuver. The tail, on the other hand, turns out to be the
only component that generates a proverse yaw. Note that the curves
corresponding to the contribution of the tail for the two configurations
are overlapped since in both cases there is no rotor wake impacting.
The tail contribution results however negligible when compared to the
other components. These results demonstrate the importance of the ro-
tor dynamics when evaluating the yaw moment during a roll maneuver,
since their relative contribution is the largest.

The dynamic response of the rotors, introduced with configuration
II, enables the activation of cyclic flap components as well, generating
a tilt of the rotor as a consequence of the roll rate. Indeed, the velocity
component associated with the roll motion changes the position of the
rotors with respect to the relative flow, moving the rotors away from
the axial flow condition as the roll rate increases.

conf. T
s cON. T

s 01,

- wing-pylon
.......... rotors

- = =tail

0 10 20 30
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Fig. 21. Comparison of measured yaw moment for configurations I and II.
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Fig. 22 is used to compute the relative velocity components during
the roll maneuver to estimate the blade’s local angle of attack. For the
right rotor, the rolling motion reduces the velocity and therefore the lo-
cal angle of attack at y = 90°. The opposite effect occurs at y = 270°
when the blade is in front of the wing. The imbalance introduces an
asymmetric load on the rotor disc, generating a flapping motion. As re-
gards the left rotor, the opposite holds true. Egs. (3a) and (3b) are used
to compute the angles of attack for the right and left rotors, consider-
ing a radial station located at 75% of the blade. Both equations neglect
the induced velocity generated by the rotors, definitely smaller than the
freestream velocity in airplane mode.
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Fig. 23(a) shows how the right rotor reduces the local AoA during
the roll maneuver, while the AoA on the left rotor increases, leading to
the differential thrust shown in Fig. 23(b) and to the insurgence of the
adverse yaw moment on the aircraft.

As for the curves related to the wing-pylon and the tail, the models
provide identical results since the aerodynamic and structural models
are the same, and even though the rotor is present only in configuration
11, it does not generate a wake, responsible for aerodynamic interactions
with other components.

An adverse yaw moment is also generated by the wing-pylon system.
Indeed, the right-wing moves upward providing a downward compo-
nent of velocity that reduces the effective angle of attack and causes the
lift vector to tilt backward. The opposite is true for the left side.

Fig. 22. Velocity components acting on rotors during roll maneuver; front view.
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Fig. 23. Angle of attack (a) and thrust of the two rotors (b) for configuration II.
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Fig. 24. Comparison of computed bank angle evolution (a), and roll rate evolution (b) for configurations II and III.
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Fig. 25. Comparison of measured yaw moment for configurations II and III.

The tail is the only responsible for the generation of a proverse yaw.
However, its contribution to the force breakdown is relatively small
compared to other vehicle components.

5.2.2. Impact of rotor aerodynamic interaction
The next step considers Configuration III, which replaces the MBDyn
rotor aerodynamics of Configuration II with the unsteady lifting lines of
DUST, thus introducing the presence of the free wake of the two rotors
in the model. The model coincides with model B used in Sec. 5.1.
When considering the roll performance, shown in Fig. 24, the aero-
dynamic interaction due to rotor wakes results in a reduction of the
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Fig. 26. Evolution during the maneuver of the measured thrust for the two
proprotors, configuration III.

time to bank 30° of less than 2%. A significant impact is instead ob-
served on the rotor loads and the resulting yaw moment (see Fig. 25).
The rotors now generate a reduced adverse yaw moment compared to
configuration II, although high-frequency oscillations due to the aero-
dynamic interactions between the wing and the rotors are observed.
The time history of the thrust forces during the roll maneuver is shown
in Fig. 26.

The blade pitch and flapping angles of the right rotor over an entire
revolution are depicted in Fig. 27 during the initial maneuver phase and
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Fig. 27. Comparison of right rotor pitch (6,5) and flap (f) angles for configurations II and III, at different maneuver phases, ¢ =0° and ¢ = 15°.
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Fig. 28. Computed linear force on each actuator considering the flexible right
flaperon during the first phase of the maneuver.

at a bank angle of ¢ = 15°. As expected, the flapping angle increases its
amplitude due to the lift asymmetry generated by the blades when in-
creasing the roll rate. The evolution of the pitch angle, on the other
hand, shows multiple harmonics that are more remarkable in Configu-
ration III. In particular, the high-frequency harmonic activated during
the maneuver corresponds to the second torsional mode of the blade
at around 9/rev. Hence, the aerodynamic forces in DUST provide less
damping in the blade pitch motion when compared to BEMT aerody-
namics, reducing rotor stability.

5.2.3. Impact of flaperon elasticity

Finally, the flexibility of the flaperon is taken into account. When
considering a rigid control surface, the loads repartition on the 3 actu-
ators remains the same. This is no longer valid when introducing the
flexibility of the structure that modifies the hinge moment distribution
and, consequently, the actuator forces.

The steady actuation force on the right flaperon during the roll
maneuver is equal to 4900 N for configuration III. Indeed, all the 3 ac-
tuators provide the same force. The corresponding actuator forces when
considering the elastic control surface are shown in Fig. 28. The max-
imum force (= 5900 N) is generated by the centered actuator (act. II),
leading to a 17% increment when compared to the rigid configuration.
In contrast, the outer actuators show a force reduction of about 7% (act.
1D and 13% (act. III).
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Table 5
Computational time for the considered configurations to
compute 1 sec of simulation.

Conf. I Conf. II Conf. III Conf. IV

Time 2h 4min 2h 18 min 7h 56 min 8h 2min

Although the mean force is similar to the value obtained with the
rigid model, the analysis reveals that one actuator is more loaded than
the others, and the corresponding force is higher than the one predicted
by the rigid model. Consequently, the actuator design based on the rigid
flaperon does not turn out to be conservative. From the perspective of
the overall aircraft performance, i.e. bank angle, roll rate, and yaw mo-
ment, the results obtained with configuration IV are essentially identical
to those of configuration III.

Finally, the computational time required to complete 1 sec of simu-
lation for the different configurations analyzed is reported in Table 5,
using a workstation with a Dual Intel® Xeon Gold 6230R @2.10 GHz
processor with 52 physical cores and 2 threads for each core. As ex-
pected, the introduction of rotor aerodynamics in DUST leads to higher
computational times, due to the presence of the free wake of the two
rotors in the model.

6. Conclusions

This work proposes a new methodology for aeroelastic and aerome-
chanic analyses achievable with a comprehensive tool, that integrates
the mid-fidelity aerodynamics of DUST and the multibody dynamics of
MBDyn, for the evaluation of dynamic loads and performance indexes
of new-generation VTOL aircraft.

By focusing on the analysis of a tiltrotor, a vehicle that encompasses
the design challenges typical of both fixed- and rotary-wing aircraft, the
flexibility of the numerical tool has been showcased.

To highlight the importance of including multiple details from the
preliminary design phase, such as aerodynamic interactions, component
flexibility, and system dynamics, different models with varying degrees
of fidelity have been employed and compared. Preliminary results have
been validated thanks to the extensive data available for the XV-15,
demonstrating the capability of the tool to provide reliable outcomes
when compared with high-fidelity tools and experimental tests.

Two analyses are then presented. Initially, the aircraft trim is ob-
tained in steady-level flight. The approach allows us to determine both
steady and periodic trim loads during forward flight conditions. Subse-
quently, starting from a specific trim condition, the roll maneuver of the
aircraft is simulated, and transient loads on critical sections are evalu-
ated and discussed.
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Trim results demonstrate the critical role of modeling aerodynamic
interactions in identifying periodic loads on different structural compo-
nents. Indeed, vibratory loads play a pivotal role in optimizing aircraft
design for safety and comfort. Roll maneuver simulations evidence how
the inclusion of certain details in the preliminary numerical model
such as rotor dynamics, interactional aerodynamics, actuation system
dynamics, and component flexibility, allows for a more accurate esti-
mation of the aircraft’s performance indexes and transient loads. The
information provided benefits the design of the aircraft control surfaces
and the selection of the actuators. However, it must be stressed that
mid-fidelity aerodynamic modeling, based on potential flow theory, has
limitations in cases where the onset of separated regions associated with
stall occurs. Therefore, the mid-fidelity approach can be used only in the
regions of the aircraft flight envelope where the flow is attached.

Future developments of the mid-fidelity coupled tool will include
the capability to generate reduced order models for control systems
design and to perform fast aeroelastic stability analyses [57]. In ad-
dition, the first steps in using DUST for aeroacoustic analyses have been
taken [58]. Indeed, aeroacoustic assessments are becoming a crucial as-
pect required for the design of the next-generation vertical take-off and
landing vehicles in the upcoming contest of advanced air mobility.
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