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Abstract. This paper proposes a new aeroelastic solution applicable to fixed and rotary-
wing aircraft by joining the multibody solver MBDyn and the mid-fidelity aerodynamic
tool DUST, through the partitioned multi-physics coupling library preCICE. The coupled
MBDyn-DUST simulation environment is intended for the evaluation of performance,
loads, and vibratory levels of aircraft of unconventional configuration, such as tiltrotors,
during critical transient maneuvers, and to perform aeroelastic stability assessment. The
coupling has been tested and validated using simple aeroelastic models available in the
literature, and subsequently used to simulate a tiltrotor roll maneuver in airplane mode.

1 INTRODUCTION

The design of complex flying machines such as tiltrotor aircraft is a challenge for
engineers and scientists. For this reason, numerical tools able to simulate the whole
machine are needed. Such tools must support the analysis of rather different operating
conditions and the simulation of the various parts of the system with the required level
of detail. Tiltrotor aircraft must be able to take-off and land as helicopters and, once
completed the conversion maneuver, carry on the flight as an airplane. The combination
of a multibody solver with a mid-fidelity aerodynamic tool aims at representing an ideal
trade-off, to obtain fast and at the same time accurate solutions for the preliminary design
of tiltrotor aircraft.

Tiltrotor dynamics are often investigated through a multibody approach, which takes
into account the nonlinear dynamics of the interconnected bodies representing the tiltro-
tor components during the transients [1, 2]. The multibody approach is also used to
investigate aeroelastic phenomena, especially in airplane mode flight where whirl-flutter
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instabilities may occur [3]. In the context of this work, the multibody software selected
is MBDyn (http://www.mbdyn.org/, [4]). To simulate transients, an unsteady aerody-
namic model is needed that can be coupled to the dynamics of the system. MBDyn
supports simple built-in rotorcraft aerodynamics models capable of predicting tiltrotor
aeroelastic stability [5, 6]; however, to simulate tiltrotor maneuvers and estimate aeroe-
lastic loads, aerodynamics based on Blade Element/Momentum Theory (BE/MT) is not
sufficiently accurate. No aerodynamic interference between the rotor and the wing is taken
into account; this can lead to a significant underestimation of the aerodynamic loads and
loss of information related to periodic actions. Coupling with computational fluid dy-
namics (CFD) solvers was implemented to cope with this limitation [7, 8, 9, 10, 11]. The
downside of this approach relies in the computational cost of such detailed description
of the aerodynamics. To overcome this, a good trade-off between efficiency and accu-
racy consists in coupling with a mid-fidelity aerodynamic solver. With this aim, MBDyn
has been combined with the mid-fidelity, fast and reliable aerodynamic solver DUST
(https://www.dust-project.org/, [12, 13, 14]). Previous work highlighted the ability
of DUST to simulate the complex aerodynamics of an entire tiltrotor vehicle, capturing
the interactions between the different parts [15].

The coupling of the two software relies on the partitioned multi-physics coupling library
preCICE [16], a very useful and robust tool for managing the communication between
different solvers.

This paper describes the methodology used for the coupling of the multibody software
MBDyn with the mid-fidelity aerodynamic solver DUST. Then, a first validation of the
coupled numerical tool is provided by analysing the Goland’s wing, a numerical test case
extensively used as a benchmark for flutter predictions. Subsequently, the roll maneuver of
the XV-15 tiltrotor was simulated, showing the effects of the mutual interactions produced
by the different parts.

2 SOFTWARE DESCRIPTION

2.1 MBDyn

In the last 20+ years Politecnico di Milano developed a free general purpose multi-
body software called MBDyn, with the aim of gaining autonomous modeling capabilities
of generic problems related to the dynamics of complex aeroelastic systems, specifically
rotorcraft and tiltrotor systems. The formulation consists in writing Newton-Euler equa-
tions of motion of independent rigid bodies in first order differential form. Thus, the
resulting system of Differential-Algebraic Equations (DAEs) is in the form

M(x, t)ẋ = p (1a)

ṗ = φT/xλ+ f i(ẋ,x, t) + f e(ẋ,x, t) (1b)

φ(x) = 0 (1c)
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where x are the kinematic unknowns, p the momentum unknowns, λ the algebraic La-
grangian multipliers, M is a configuration and time dependent inertia matrix, f i, f e are
arbitrary internal and external forces, φ(x) are the nonlinear algebraic constraint equa-
tions (honolomic constraints) and φT/x is the Jacobian matrix of the holonomic constraints
with respect to the kinematic unknowns. Each node instantiates the writing of balance
equations (1b), while only nodes to which inertia properties are associated instantiate
the writing of momenta definitions (1a). Additional states, associated with scalar fields
(namely, hydraulic pressure, temperature, electric current) and thus the associated differ-
ential balance equations, can be taken into account through a specialized set of nodes.

The bodies can be connected either by elastic and viscoelastic internal forces, or by
kinematic constraints, which are explicitly added as algebraic equations to form a system
of Differential-Algebraic Equations (DAE). Deformable components can be modeled by
means of a broad set of elements ranging from lumped (rods, linear and angular springs) to
nonlinear Finite Element (FE) beams and shells and Component Mode Synthesis (CMS)
elements [17], all allowing a variety of viscoelastic constitutive laws through a generic,
extensible interface. Simple aerodynamics can be modeled by internal elements that
exploit the Blade Element model by look-up tables of the aerodynamic coefficients.

2.2 DUST

DUST is a open source software that was built with the object-oriented paradigms of
the latest FORTRAN standards. The mathematical formulation of the problem relies on
Helmholtz’s decomposition of the velocity field u = uϕ + uψ, with uϕ and uψ being the
irrotational and solenoidal contributions, respectively, to recast the aerodynamic problem
as a combination of a boundary value problem for the potential part of the velocity and
a mixed panels-vortex particles model of the free vorticity in the flow. The solution is
advanced in time using a time-stepping algorithm that alternates the solution of a three-
dimensional boundary element method for uϕ and the Lagrangian evolution in time of
the rotational part of the velocity uψ. Only the surface mesh of the model is required and
different aerodynamic elements allow for different levels of fidelity in the model, ranging
from lifting line elements to zero-thickness lifting surfaces and surface panels. A piecewise-
uniform distribution of doublets and sources is associated with surface panels, according
to a Morino-like formulation for the velocity potential [18]. Thin lifting bodies can also be
modelled as zero-thickness surfaces of vortex lattice elements, for which a velocity-based
non-penetration condition is assigned.

The wake shed from the trailing edges of lifting bodies is modeled as a panel wake, which
shares the same spatial discretization that is used to model the lifting bodies and the same
formulation as vortex lattice elements in terms of geometry and singularity distribution.
When advected downstream, the panel wake is converted into vortex particles in order
to obtain a more robust wake formulation that is suitable for the representation of the
interactional aerodynamics of both rotorcraft and complex aircraft configurations. The
vortex particles method (VPM) [19, 20] is a Lagrangian grid-free method describing the
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wake evolution through the rotational component of the velocity field uψ by means of the
material vortex particles used to obtain the approximated vorticity field, namely:

ωh(r, t) =

Np∑
p=1

αp(t)ζ (r− rp(t);Rp) , (2)

where rp(t) is the position, αp(t) is the intensity, and Rp is the radius of the p-th vortex
particle, while ζ(r) is the cut-off function while considering the vorticity distribution
that is induced by each particle. By substituting (2) in the equation of the dynamics of
vorticity,

Dω

Dt
= ω · ∇u + ν∇2ω , (3)

the dynamical equations for the intensity αp(t) and position rp(t) of all the material
vortex particles to be integrated in time can be obtained, as follows:

dαp
dt

= αp · ∇u(rp(t), t) + ν∇2αp

drp
dt

= u(rp(t), t) .

(4)

The viscosity diffusion term “∇2αp ” is calculated while using the particle strength ex-
change (PSE) method, which approximates the Laplacian operator acting on the vorticity
field with an integral operator, as reported in [20].

A more detailed description of the whole numerical approach implemented in DUST
can be found in [12].

3 COUPLING DESCRIPTION

The communication between DUST and MBDyn is managed by preCICE(Precise Code
Interaction Coupling Environment), a coupling library for partitioned multi-physics sim-
ulations, originally developed for fluid-structure interaction and conjugate heat transfer
simulations. preCICE offers methods for transient equation coupling, communication
means, and data mapping schemes. It is written in C++ and offers additional bind-
ings for C, Fortran, Matlab, and Python. preCICE is an open-source software under the
LGPL3 license and available on GitHub (https://github.com/precice/). While MB-
Dyn uses its own Application Program Interface (API) for communications with external
software without any further modification to the source C++ code, no API was already
available in DUST. Few modifications to the source code were required. New Fortran
modules collecting all the classes, subroutines and functions required by the adapter for
preCICE library were implemented. The optional coupling with external codes is man-
aged through preprocessor directives. Thus, a new adapter has been implemented for
allowing the communication of all the kinematic variables (position, orientation, velocity
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and angular velocity) and actions (forces and moments) acting on the nodes of a MB-
Dyn model exposed through an external structural force. In Figure 1 it is shown the
communication and information exchange, managed through the two solvers adapters.

MBDyn MBDyn 
API

preCICE
interface,
adapter

preCICE
adapter

DUST

Figure 1: Communication managed through the two solvers adapters.

The interface between the structural and the aerodynamic grids is obtained as a
weighted average of the distance between the nodes of the two grids, and used for motion
interpolation and the consistent force and moment reduction. Figure 2 shows the nodes
of the structural grid Q with their relative reference systems, the centers and the vertices
of each aerodynamic mesh elements respectively Pe and Pp, where q, e and p are the
corresponding indices.

Qq

Pe

Pp

Figure 2: Structural points and their local reference frames, empty dot. Nodes of the aerodynamic mesh
and panels centres are represented with plain dot and crosses, respectively.

The kinematic variables, φp, of a point p of the aerodynamic surface of a DUST com-
ponent is evaluated as the weighted-average,

φp =
∑
q

wpq φq , (5)

where φq is the same kinematic variable associated with the qth structural node of the
MBDyn model. Weights wpq could be any set of non-negative real numbers, satisfying
the normalization conditions ∑

q

wpq = 1 , ∀p , (6)

since they define the weighted average of the variables associated to the structural nodes
q on the aerodynamic nodes p. These coefficients could be proportional to some negative
power, defined as a user input, of a norm of the vectors (Pp −Qq). As an example, using
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the local coordinates in the reference configuration rpq, the norm of these vectors can be
defined as,

‖(Pp −Qq)‖2 := rTpq W rpq , (7)

where W is a positive (semi-)definite matrix, providing an “anisotropy” degree of freedom
to the user in defining the (semi-)norm. Threshold values and maximum number of
influencing weights are two criteria, defined as user inputs as well, in order to restrict the
average only to the “significant” structural nodes for each aerodynamic point.

Kinematic variables

The position of a point P in the global reference frame g of the aerodynamic surface
is evaluated as,

(Pp −O)g =
∑
Q∈IP

wpq
{

(Qq −O)g + Rr→g
Q (Pp −Qq)

}
. (8)

where Q ∈ Ip indicates the subset of structural points Qq that belongs to the Ip aerody-
namic component points, (Qq − O)g is the distance from the origin of the Qq structural
point, and Rr→g

Q (Pp − Qq) rotates in the global coordinates the distance between the
aerodynamic point and the structural one.

Its angular velocity and velocity respectively read,

ωP =
∑
Q∈IP

wpq ωQ , vP =
∑
Q∈IP

wpq {vQ + ωQ × (P −Q)} (9)

Forces and moments

The aerodynamic forces and moments are evaluated at the evaluation points (Pe) lo-
cated at the center of each panels and then transferred to the structural nodes using the
summation of forces and transport of moments as follows:

fQ =
∑
e∈JQ

weq fe mQ =
∑
e∈JQ

weq {me + (Pe −Qq)× fe} (10)

where e ∈ JQ indicated the subset of evaluation points that belongs to each sub–component
JQ, and the weights weq are calculated using eqns. 7 and 8, by taking the distance between
each structural node and evaluation points.

Implementation

Figure 3 shows the flow of information during coupled simulation between the two
solvers for an implicit serial scheme. First, the object precice of class t precice is
declared for handling a coupled simulation through preCICE. This object is used both for
managing data communication, and for updating coupled components of the aerodynamic
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Iterative loop

Start

preCICE XML

DUST initialisation MBDyn initialisation

Initialize
communication

Starting structural
dynamics computation

Save

t < tend

Send kinematic
variables to
aerodynamic
mesh nodes

Update aerodynamic loads
DUST

Update structure dynamics
MBDyn

Save iteration

preCICE
convergence

Stop

no

yes

no

yes

Figure 3: Flowchart of the implicit communication managed by preCICE between DUST and MBDyn

model. Then, DUST participant to the coupled simulation is created, reading XML
preCICE configuration file.

After some preliminary operations, the mesh used for coupling the codes is defined and
the fields involved in the communication are initialized. Initialization of the Fast Multiple
kernels, the wake and the linear system follows.

Before time loop starts, first communication is established between the coupled codes.
Time loop starts with the update of DUST explicit aerodynamic elements (lifting lines
and actuator disks). A checkpoint of the exchanged fields is stored for being reloaded
during sub-iterations of preCICE implicit coupling. Then, DUST receives the kinematic
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variables of the structural nodes from the external software (MBDyn), and updates the
surfaces of the coupled components and the near-field wake elements.

Then, the linear system is updated and solved calculating the intensity of the surface
panels and vortex lattice elements. The solution of the non-linear lifting line problem
follows calculating the circulation Γ using tabulated sectional lift and its analytical ex-
pression from Kutta-Joukowski theorem. Once the intensity of the surface singularities
has been evaluated, surface pressure distribution and elementary forces and moments
are retrieved using the Kutta-Joukovsky theorem for the vortex lattice and lifting lines
elements, and the unsteady Bernoulli theorem for the 3D–panels.

Aerodynamic forces and moments are reduced to the nodes of the interface between
the aerodynamic and structural meshes and sent to MBDyn. Then a convergence check
on the kinematics variables follows. If convergence is not reached, the checkpoint fields
are reloaded and new sub-iteration begins. If convergence is attained, the time step is
finalized saving the status and updating the wake and the geometry of the uncoupled
components for the next time step.

4 VALIDATION AND APPLICATION

4.1 Goland’s Wing

The present section presents the numerical test case of the Goland’s wing which is often
exploited to test and validate aeroelastic codes. This case is also interesting to highlight
the differences between 2D or 3D aerodynamic models due to the low aspect ratio of the
considered wing (AR ≈ 3, 33). The relevant geometrical and structural properties are
reported in [21].

In Figure 4 are reported the results obtained with the coupled codes in terms of fre-
quency and damping for different free-stream speeds, considering the first beam torsional
mode. Two different aerodynamic meshes were tested, in one case modeling the wing as a
flat plate through vortex lattice (vl) while in the other case modeling it with panels that
maintain its shape and thickness. The results obtained in terms of speed and frequency
of flutter condition are in line with what is present in the literature with 3D aerodynamic
models, as reported in Table 1.

Table 1: Flutter speed of the Goland wing

Author Model Vf , m/s ωf , rad/s
Goland and Luke [22] Analytical 137.2 70.7
Wang et al. [23] ZAERO [24] 174.3 -
Wang et al. [23] Intrinsic beam + UVLM 163.8 -
SHARP et al.[25] Displacement beam + UVLM 165 69
Present Work DUST (vl)-MBDyn 168.2 68.11
Present Work DUST(panel)-MBDyn 171.5 69.49
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Figure 4: Frequency and damping vs velocity for Goland’s wing.

4.2 Roll Maneuver

In order to demonstrate the capability of the coupled tool when applied to complex
aerodynamics configurations, the complete model of the XV–15 tiltrotor has been tested.
The aerodynamic surface mesh is the one investigated in [15] with DUST. For the struc-
tural part a MBDyn rigid body model developed with the properties reported by Acree
et al. in [26] for the thick wing configuration with the proprotor control chain modeled as
helicopter-like configuration.

The simulation was conducted considering the aircraft free to roll for a known operative
cruise using a cruise speed of 160 kn, with an angle of attack of 4.332◦, a rotor speed of
517 RPM and a collective angle of 32.7◦.

In Figure 6 are reported the results obtained for two different configurations. From the
structural point of view the two configurations are coincident while for the aerodynamic
part one solution includes all the surfaces while the other does not consider the aerody-
namics of the rotor blades. The gyroscopic loads associated with the rotor rotation are
present in both cases.

Figure 5: Wake of XV-15 tiltrotor representation for the two simulated configurations.

The difference in the roll maneuver performance due to the aerodynamics of the rotor is
not negligible. In particular, the analysis shows how the rotor aerodynamic loads decrease
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Figure 6: Time history of bank angle φ and roll rate φ̇ for step ailerons deflection δa

the roll rate and produces a contrasting effect on the maneuver. This is related to the
backward tilting of the rotor induced by the component of reference velocity associated
with roll rate in the rotor’s plane. Furthermore, the presence of the rotor wake generates
a complex flow field, showed in figure 5, that interacts with the tail surfaces.

5 CONCLUSIONS

The present work showed possible applications of the developed coupled solver be-
tween DUST and MBDyn, with the use of the preCICE library. The code validation
phase was completed by preliminary application to different types of analysis, including
complex configurations. The maneuvering of a tiltrotor configuration has been consid-
ered, as the work is motivated by the need to analyze innovative configurations for the
Next-Generation Civil Tiltrotor demonstrator within the Clean Sky 2 initiative’s projects
FORMOSA and ATTILA. Future development will be dedicated to studying the recipro-
cal interactions between the different parts of the aircraft, simulating ever more realistic
conditions and by allowing the vehicle to undergo pitch and yaw as well.
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