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Anumericalmethodology for the prediction of vibratory loads arising inwing–proprotor systems is presented. It is

applicable to tiltrotor operating conditions ranging from airplane to helicopter-mode flights. The aeroelastic

formulation applied takes into account the aerodynamic interaction effects dominated by the impact between

proprotor wake andwing, alongwith themutual mechanical influence between elastic wing and proprotor blades. A

boundary integral formulation suited for configurations where strong body–vortex interactions occur yields the

aerodynamic loads, and beamlike models are used to describe the structural dynamics. A harmonic balance

approach is applied to determine the aeroelastic solution. In the numerical investigation, first, the aerodynamic

solver is validated by correlation with experimental and numerical results available in the literature, then the

vibratory loads transmitted by the wing–proprotor system to the airframe are predicted, focusing the attention on

the analysis of the different aerodynamic contributions.

Nomenclature

faer = vector of generalized aerodynamic forces
fnlstr = vector of nonlinear structural contributions
G = Green function
Kb, Kw = radius of gyration of blade and wing cross

sections
Lbv , Lbw,Mb

� = blade sectional aerodynamic loads
Lwv , Lww,Mw

� = wing sectional aerodynamic loads
M, C,K = mass, damping, and stiffness matrices
Mx,My,Mz = wing moments from pylon and proprotor
mb

0 , m
w
0 = blade and wing reference masses per unit length

px, py, pz = blade section inertial forces
q = vector of generalized coordinates
qx, qy, qz = blade section inertial moments
SpB, S

p
W = proprotor body and wake surfaces

SwB , S
w
W = wing body and wake surfaces

T = blade tension
t = time
uI = velocity induced by far wake
Vx, Vy, Vz = wing forces from pylon and proprotor
v = body velocity
vb, wb = displacements of blade elastic axis
vw, ww = displacements of wing elastic axis
x = blade and wing spanwise coordinate
x, y = observer and source position
xb, xw = blade and wing section degrees of freedom
�c, �s = gimbal degrees of freedom
�b, �w = blade and wing section pitch angle
# = time delay
�b, �w = blade and wing torsion rigidity
�b

1 , �
b
2 = flap and lead-lag blade bending stiffnesses

�w
1 , �

w
2 = flap and chordwise wing bending stiffnesses

�w = wing mass radius of gyration

�b, �w = blade and wing elastic torsion deflection
’ = velocity potential
� = normal velocity on the body
_ = time derivative
0 = space derivative

I. Introduction

T HIS paper presents a numerical methodology for the aeroelastic
analysis of tiltrotor configurations. In particular, it is aimed at

the prediction of the vibratory loads transmitted to the airframe,
which are due to the hub loads generated by the proprotor, alongwith
the aerodynamic interactions between wing and proprotor.

In the past 30 years, much of the rotorcraft community effort has
been aimed at the design of reliable vertical takeoff and landing
vehicles both for civil and military use. Among the different
solutions, the tiltrotors have shown to be an optimal combination
between helicopter maneuverability and airplane high-flight speed.
In the development of tiltrotor technology, stability and comfort
enhancement is an important issue that requires the availability of
computational tools yielding accurate aeroelastic predictions.
Indeed, the development of reliable tools for design of tiltrotors is
one of the fields where the rotorcraft community has been focusing
much of its research activity. In the pioneering work of Johnson (see,
for instance, [1–3]), the emphasis was on the development of a few
degree-of-freedom structural modeling of tilting proprotors
supported by cantilever wings. Later work, based upon multibody
and finite element approaches applied to tiltrotor configurations has
provided more accurate description of the wing–proprotor structural
dynamics (see, for instance, [4–6]).

It should be noted, however, that most of the tiltrotor aeroelastic
models developed in the past have been based on the application of
the aerodynamic loads given by quasi-steady strip theories, thereby
ignoring or including with rough approximation the aerodynamic
interaction effects occurring between wing and proprotors. This may
lead to an underestimation of the vibratory loads acting on the
airframe and, correspondingly, of the effect they may have on the
fatigue life of the structures and on cabin comfort quality. Indeed,
wing–proprotor aerodynamic interference is a source of vibratory
loads because the proprotor-wake–wing interaction produces
significant pressure perturbations, which excite the wing at the blade
passage frequency and, in addition, contributes to the azimuthal
asymmetry of aerodynamic loads on proprotor blades. Therefore,
coupling the structural model with an accurate tool for the solution of
the aerodynamic field is essential for tiltrotor design, where
prediction and reduction of thevibratory level are of great interest [7].
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To this aim the aerodynamic model applied has to be able to analyze
three-dimensional unsteady flows and to predict the shape of the
wakes and the wing–proprotor interaction effects.

In the past, several works have analyzed the aerodynamic
interference between propellers and wings, both from theoretical/
numerical and experimental points of view. For instance, [8] presents
the results from a panel method code concerning the investigation of
the effect of the V-22 airframe on the proprotor loads. Also, in [9], the
propeller–wing interaction has been examined numerically using an
inviscid, quasi-steady approximation. Moreover, in [10], wing
aerodynamic loads under propeller influence have been analyzed,
and in [11–13], numerical simulations have been correlated with
experimental wind-tunnel data concerning a wing–propeller system.
Additional review of the research work concerning propeller–wing
aerodynamics is given in [14].

In the present paper, the aerodynamic model applied for the
evaluation of the vibratory loads is based on a boundary integral
formulation for the velocity potential that is able to capture the effects
of the aerodynamic interference between wing and proprotor [15]. In
the past, this approach has been successfully applied to the aero-
dynamic/aeroelastic/aeroacoustic analysis of helicopter configura-
tions with strong blade/wake interactions [16]. This formulation is
fully three-dimensional, canbe applied to complete aircraft/rotorcraft
configurations in arbitrary motion, and allows the calculation of both
wake distortion (free-wake analysis) and pressure field forcing the
structure. The structural dynamics of wing and proprotor blades is
described by beamlike models, with inclusion of thewing–proprotor
mechanical interaction, that is mainly governed by the influence of
wingdeformationonproprotorbladeskinematicsandbytransmission
of proprotor loads to the wing through hub and pylon. This formul-
ationyields a set of coupled, nonlinear, integro-differential equations,
governing bending and torsion of wing and proprotor blades.
Additional equations are included when a gimballed proprotor is
examined. Then, the resulting wing/pylon/proprotor aeroelastic
model is solved through the application of the Galerkin method for
space discretization, followed by a harmonic balance approach for
time integration [17].

Theobjectiveof thenumerical investigationconsistsof twophases:
first, considering a wing–proprotor system in airplane configuration,
the boundary integral equation aerodynamic formulation is validated
by comparison with experimental and numerical data available in the
literature, then the aeroelastic solver is applied to predict thevibratory
loads arising on a wing–proprotor system in airplane-mode and
helicopter-mode conditions, focusing the attention on the analysis of
the importance of the different aerodynamic contributions.

II. Wing–Proprotor Aerodynamic Model

The aerodynamics of wing–proprotor systems is significantly
affected by the interactions occurring between proprotor blades and
wing. The periodic blade passages close to thewing are an important
source of oscillations in wing and blade pressure fields, but in several
flight configurations the unsteady aerodynamic loads over the wing
are dominated by the impact between wing and vortices of proprotor
wake.For instance, thisoccurs inairplane-modeconfigurationswhere
the wake vorticity released by the blades massively impinges on the
wing portion located behind the propeller, thus generating local flow
and pressure perturbations that, in turn, contribute to the vibratory
loads transmitted to the airframe. The analysis of aerodynamic
problems involving thestronginteractionbetweenvorticesandbodies
is a complex task that requires the application of a suited solver. In this
work, the unsteady wing–proprotor aerodynamics are analyzed
through the boundary integral formulation for potential flows
introduced in [15] as a development of the formulation presented in
[18] and further extended to rotors in forward flight in [19].

For the unsteady incompressible flow around a wing–proprotor
system the velocity potential field ’ may be described through the
following boundary integral representation [18,19]:
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where SwB , S
p
B and S

w
W , S

p
W denote wing and proprotor body and wake

surfaces, respectively, and G��1=4�r is the unit-source solution
of the 3-D Laplace equation, with r� ky � xk. The impermeability
boundary condition on SwB and SpB yields @’=@n� v � n, with v
representing the body velocity and n its outward unit normal. In
addition, �’ is the potential jump across the wake surfaces, that is
known from the past history of the potential discontinuity at the
trailing edge of the corresponding body through the Kutta–
Joukowski condition; that is

�’�xW; t� ��’�xTE
W ; t� #�

with t� # denoting the instant when the wake material point cur-
rently in xW emanated from the trailing-edge point xTE

W (see [18,19]
for details). Equation (1) shows that the potentialfield is generated by
a distribution of sources and doublets over the bodies, along with
doublet distributions over the wake surfaces. However, using the
boundary element method for the numerical solution of this equation
causes instabilities to arise when wake panels come too close to or
impinge on the body surfaces [15]. Thus, this formulation cannot be
applied as it is to examine the problem under consideration.

The boundary integral approach proposed in [15] overcomes this
limitation. It introduces the decomposition of the potential field into
an incident field ’I and a scattered field ’S. The scattered potential is
generated by sources and doublets over the body surfaces and by
doublets over portions of the wakes that are very close to the trailing
edges from which they emanated (near wakes Sw;NW and Sp;NW ). The
incident potential is generated by the doublets over the comple-
mentary wake regions that compose the far wakes Sw;FW and Sp;FW (see
Fig. 1 for a rotor blade wake). These are the wake portions that may
come in contact with other body surfaces. The scattered potential is
discontinuous across Sw;NW and Sp;NW , whereas the incident potential is
discontinuous across Sw;FW and Sp;FW . Hence, as demonstrated in [15],
for ’� ’I � ’S the scattered potential is obtained by
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where �� v � n and �I � uI � n, with the velocity induced by the far
wake, uI , given by

u I�x; t��r’I�x; t���r
Z
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@G
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dS�y� (3)

The incident potential affects the scattered potential through the
induced-velocity term �I, and, in turn, the scattered potential affects
the incident potential by its trailing-edge discontinuity that is
convected along the wake and yields the intensity of the doublet
distribution over the far wake.

Obtaining the discrete form of Eq. (3) by using N panels over the
far wakes and recalling the vortex-doublet equivalence, the incident
velocity field may be evaluated through the following expression:

Fig. 1 Sketch of near-wake and far-wake regions.
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u I�x; t� � �
XN
n�1

�’S�yTEWn
; t� #n�

Z
Cn

rxG � dy (4)

where Cn denotes the contour line of the nth far-wake panel, yTEWn
is

the trailing-edge position where the wake material point currently in
yWn

emanated at time t� #n, and rx denotes gradient operator with
respect to the variable x. This equation represents the velocity field
given by the Biot–Savart law applied to the vortices having the shape
of the far-wake panel contours and intensity �’S�yTEWn

; t � #n�.
Equation (4) is applied to evaluate both the term �I in Eq. (2) and,
once extended to the whole wake, to evaluate the velocity field in the
free-wake distortion analysis, if required.

Thefinal step of the formulation consists of introducing in Eq. (4) a
finite-thickness vortexmodel that ensures a regular distribution of the
induced velocity within the vortex core and thus a stable and regular
solution even in body–vortex impact conditions [15] (it is worth
recalling that only the far wake may experience such events). The
description of the wake influence through the use of finite-core
vortices is a way to also include diffusivity and vortex-stretching
effects that otherwise would not be taken into account in a potential-
flow aerodynamic formulation (see [20,21] for details on this issue).

Equation (2) is solved numerically by boundary elements (i.e., by
dividing SwB [ S

p
B and Sw;NW [ Sp;NW into quadrilateral panels),

assuming ’S, �, �I , and�’S to be piecewise constant [zeroth-order
boundary elementmethod (BEM)] and imposing that the equation be
satisfied at the center of eachbody element (collocationmethod) [15].

Once the potential field is known, the Bernoulli theorem yields the
pressure distribution and hence blade loads may be evaluated
through integration [15].

III. Wing–Proprotor Aeroelastic Model

The aeroelastic formulation is obtained by combining the aerody-
namic loads given by the solver outlined above with the equations
governing the dynamics of the wing–proprotor system. Beamlike
models are applied to describe the structural dynamics of both wing
and proprotor blades.

Blade equations are based on the nonlinear bending-torsion
formulation presented in [22], that is valid for straight, slender,
homogeneous, isotropic, nonuniform, twisted blades, undergoing
moderate displacements. For x denoting a spanwise coordinate along
the undeformed blade, the components of the displacement of the
elastic axis in the plane of cross section, lead lag vb�x; t�, and flap
wb�x; t�, (with vb lying in the plane of rotation), along with the
torsion of the cross section, �b�x; t�, about the deformed elastic axis,
are governed by the following three dimensionless integro-partial
differential equations [22]:

	��b
2 ��b

21sin
2�b�v00b
00 �

�
�b

21

2
w00b sin�2�b�

�00

� 	�b
21��bw00b cos�2�b� � �bv00b sin�2�b��
00 � 	eAT cos��b��b�
00

� �Tv0b�0 �Lbv�xb;xw��py�xb;xw� � q0z�xb;xw� (5)

	��b
1 ��b

21sin
2�b�w00b
00 �

�
�b

21

2
v00b sin�2�b�

�00

� 	�b
21��bv00b cos�2�b�� �bw00b sin�2�b��
00 � 	eAT sin��b��b�
00

� �Tw0b�0 �Lbw�xb;xw��pz�xb;xw�� q0y�xb;xw� (6)

�b
21	�w002b � v002b � sin �b cos �b � v00bw00b cos�2�b�
 � ��b�0b�0

� 	K2
bT��b � �b�0
0 � eAT�w00 cos �b � v00 sin �b�

�Mb
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where the tension T is given by

T �
Z

1

x

px�xb;xw� d�x (8)

and 0 denotes differentiation with respect to the dimensionless
spanwise coordinate. In the equations above, dimensionless lengths
are related to the blade radius R whereas dimensionless time
coincides with blade azimuth position. The bending equations (5)
and (6) have been obtained by dividing by the factor mb

0�
2R,

whereas the torsion equation (7) is the result of division by the factor
mb

0�
2R2, with mb

0 denoting the reference blade mass per unit length
and � denoting the angular velocity of the blade; in addition,
�b

21 ��b
2 ��b

1 , and eA denotes the distance between tensile axis
and elastic axis [22,23]. The blade loading terms given by section
inertial forcespx,py, andpz; section inertial moments qx, qy, and qz;
and section aerodynamic loads Lbv , Lbw, andMb

� are functions of the
blade section degrees of freedom xb � fvb; wb; �bg but also are
affected by the elastic deformation of the wing, described here in
terms of bending displacements vw and ww and torsion �w (xw�
fvw;ww; �wg). These coupling terms represent thewing influence on
proprotor dynamics and are obtained by including in the blade
kinematics the effects of the motion of the wing section linked to the
pylon. Note that in Eqs. (5–7) blade precone angle, hinge offset,
torque offset, and mass offset, if present, would appear in the
description of the distributed inertial loads.

The equations governing wing dynamics are similar to those
presented for the proprotor blades. In this case, however, because of
the smaller elastic displacements experienced by wings with respect
to rotor blades, only first-order terms are retained in the formulation.
Additional forcing terms appear because of the loads transmitted by
the proprotor hub and from pylon inertial effects. Specifically, for x
denoting a spanwise coordinate, the equations governing the
displacements of the wing elastic axis, vw�x; t� and ww�x; t�, and
torsion of the wing cross section, �w�x; t�, read
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where vw is aligned with the tiltrotor longitudinal axis,�w
21 ��w

2 �
�w

1 and �mw �mw=m
w
0 is the ratio between mass distribution and

reference mass distribution, whereas e denotes the dimensionless
mass offset. In these equations, the wing semispan Lw has been used
as the reference length and _ denotes the dimensionless time
derivative.Asmentioned above, in addition to the aerodynamic loads
Lwv ,Lww, andMw

� , wing dynamics is also forced by shear forcesVx,Vy,
and Vz and moments Mx, My, and Mz, transmitted by the pylon/
proprotor system at the wing section xp, where the pylon is located
[�p � ��x � xp�, with � denoting the Dirac delta function]. The
proprotor loads are obtained as integration of aerodynamic and
inertial forces acting over the blades.

Equations (5–7) and (9–11) demonstrate that blade dynamics
equations and wing dynamics equations are strongly coupled and
have to be solved simultaneously to determine the dynamics of the
wing/pylon/proprotor system. If the proprotor is linked to the pylon
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through a gimbal, then the gimbal degrees of freedom �c�t� and
�s�t� have to be included in the description of the blade kinematics,
and the following gimbal equations added to the set of dynamics
equations [2]:

�� c � Cg _�c � 2 _�s � Kg�c ��Mg
y (12)

�� s � Cg _�s � 2 _�c � Kg�s �Mg
x (13)

For Ib denoting the blade moment of inertia and N the number of
blades, stiffness and damping coefficients in the equations above are
such that gimbal hub spring and damper in the nonrotating frame
are given by NIb�

2Kg=2 and NIb�Cg=2, respectively, andM
g
x and

Mg
y are the dimensionless moments forcing gimbal motion. These

moments are given by contributions from proprotor aerodynamic
loads (depending on wing, gimbal, and blade Lagrangian variables)
and from proprotor inertial loads due to wing and blade deformation
(in this model the wing deformation drives the shaft motion).

Equations (5–7) and (9–11) [with inclusion ofEqs. (12) and (13), if
needed] coupled with the aerodynamic solver yield the wing–
proprotor aeroelastic model to be integrated. To this aim, the space
discretization of both wing and proprotor blade equations is
performed through the Galerkin method, starting from elastic
deformations described as a linear combination of suitable linearly
independent shape functions (in this paper, the natural modes of a
cantilever beam have been applied). The resulting aeroelastic system
consists of a setofnonlinearordinarydifferential equationsof the type

M �t� �q�C�t� _q�K�t�q� fnlstr�t;q� � faer�t;q� (14)

whereqdenotes thevector of theLagrangian coordinates ofwing and
blades (with the addition of gimbal degrees of freedom, if present),
and M, C, and K are time-periodic, mass, damping, and stiffness
matrices representing the linear structural terms. Nonlinear structural
contributions are collected in fnlstr�t;q�, and faer�t;q� collects the
generalizedaerodynamic forces (with inclusionofaerodynamic loads
transmitted to the wing by the proprotor).

This work deals with tiltrotors in uniform rectilinear motion,
during which wing and proprotor blades are subject to steady
periodic deformations: the blade passage frequency (N=rev, for an
N-bladed proprotor) is the fundamental frequency of wing response,
whereas the fundamental frequency of proprotor blade response is
the rotor frequency of revolution. Thus, the solution of Eq. (14) and
hence the prediction of the vibratory loads is based on a harmonic
balance approach. This is a methodology suitable for the analysis of
asymptotic solutions of differential equations (as time goes to
infinity) forced by periodic terms, as in the present problem. Indeed,
steady periodic aerodynamic loads are present in any flight condi-
tion: in helicopter mode these arise mainly because of polar flow-
asymmetry on proprotor blades and cyclic controls, whereas in
airplane mode they come from the aerodynamic interaction between
wing and proprotor (in conversion settings both sources of periodic
loads are present). The harmonic balance solution consists of the
following:

1) Express left-hand side and right-hand side of Eq. (14) in terms
of Fourier series.

2) Equate the resulting coefficients.
3) Solve the corresponding algebraic set of equations in terms of

the unknown Fourier coefficients of the Lagrangian coordinates of
the problem. Note that, the harmonic balance solution of Eq. (14)
requires an iterative procedure.

IV. Numerical Results

The numerical investigation starts with the validation of the
unsteady BEM formulation for the prediction of wing–proprotor
aerodynamics. Then results of the analysis of vibratory loads arising
in airplane-mode and helicopter-mode configurations of a tiltrotor in
uniform level-flight conditions will be presented.

A. Validation of BEM Aerodynamic Solver

The configuration considered is the right propeller/nacelle/half-
wing test model that has been investigated experimentally within
the Brite EuRam research project PROPWING and is also presented
in [12,13]. The propeller has four blades with radius R� 0:425 m
and NACA 64A408 airfoil sections (chord length and twist
distributions are given in [12,24]). The half-wing is untwisted and
has RA18-43N1L1 airfoil sections, length Lw � 1:0 m and constant
chord c� 1:02 m [13]. The results presented in the following
concern the airplane-mode configuration, with freestream velocity
V � 17:2 m=s and propeller rotating clockwise (seen from
downstream) with angular velocity �� 1362 RPM (see [13] for
further details). In this condition, periodic pressure distributions
arise on the wing surface because of both the close blade passages
and the impact with the wake vortices released by the lifting
propeller. Thus, the validation of the BEM solver is accomplished
both in terms of wing section mean pressure distributions and in
terms of wing local pressure–time histories. Note that, although the
oscillatory loads are of more interest in this work, mean pressure
distributions are also examined because they are related to trim and
performance analysis applications and contribute to give a more
complete view of the capability of the numerical tool to capture the
aerodynamic solution.

Figure 2 shows the comparison between measured and calculated
mean pressure coefficient, �cp, along the upper side of the wing
section located at a distance of 0.5 m from the wing root, where
numerical predictions are most critical in that it is very close to the
region of blade tip-vortex passage (it is placed approximately behind
the rotor-disk edge). The mean pressure coefficient along the lower
side of the samewing section is illustrated in Fig. 3. In addition to the
results obtained through the present approach, Figs. 2 and 3 also
depict the numerical predictions presented in [12] that have been
obtained through a potential-flow formulation different from that
presented here. On the upper side of the section the predictions from
the present formulation are in good agreement with the experimental
ones, showing an overall correlation that seems to be slightly better
than that from [12]. On the lower side, similarly to [12], the
predictions from the present approach capture the presence of a
suction peak close to the leading edge, but are affected by some
overestimation; however, after the first 10% portion of the section
chord the present calculations are in excellent agreement with the
experimental data, also predicting correctly the almost-constant
pressure distribution in 0:1 � x=c � 0:5 (with xdenoting here
chordwise coordinate from leading edge).

Next, a wing section located out of the propeller wake and a wing
section located inside the region where the propeller wake is
convected are considered. The first one is 0.3m distant from thewing
root, close to the rotor-disk edge. The corresponding results concer-
ning the mean pressure coefficient over upper and lower sides are
shown in Figs. 4 and 5, respectively. In this case, present predictions
are in very good agreement with the measured data on both regions,
with the lower-side suction peak well captured both in location and
intensity, whereas results from [12] show significant discrepancies

-1

-0.5

 0

 0.5

 1

 1.5

 0  0.2  0.4  0.6  0.8  1

c- p

x/c

experiment
present results

Ref. [12]

Fig. 2 Upper side, �cp at y� 0:5 m.
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with respect to them. Thewing sectionwithin the rotor disk is located
0.7 m from the wing root, very close to the nacelle. The distributions
of the mean pressure coefficient along upper and lower sides of it are
given, respectively, in Figs. 6 and 7. For this section, present results
concerning the upper side correlate well with the experiments,
whereas an overestimation of the leading-edge pressure peak is
observed in the lower side, followed by a satisfactory prediction of
the pressure distribution for x=c > 0:15 (an overestimation of the
leading-edge suction peak similarly appears in [12]). The significant
discrepancy on the lower-side leading edge could be due to the
difficulty in capturing the interaction effects (dominated by
viscosity) between propeller hub, wing and nacelle arising in the
wing–nacelle connection region.

Then, predictions concerning pressure–time histories over the
wing surface are presented and compared with experimental data
produced within the Brite EuRam research project PROPWING (see
also [12,13]). Figure 8 shows the comparison for five transducers
located on the upper side of the wing at the section closest to the tip-
vortex passage region, where the experiments have measured the
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most significant oscillatory behavior of pressure. Pictures at the
bottom of the figure concern the transducer closer to the leading edge
(indicated in [12,13] as transducer number 1), pictures at the top
concern the trailing-edge transducer (indicated in [12,13] as
transducer number 10), and the other pictures concern transducers
located along the chord (specifically, numbers 2, 5, and 9 in [12,13]).
Although a higher frequency content is observed in the predictions
related to the transducer number 5 and a phase shift of about 30� is
present (probably because of the difference between the numerical
and experimental initial acquisition times), numerical results capture
the regions with the highest pressure oscillations (with a satisfactory
prediction of the peak-to-peak values), along with the attenuation of
pressure oscillation amplitude that occursmoving from leading-edge
to trailing-edge positions. Numerical predictions show that along the
lower side of the same wing section the 4=rev pressure oscillations
are negligible, and this is confirmed by the measurements, as
illustrated in Fig. 9 (concerning transducers number 11, 12, 15, 19,
and 20 in [12,13], from top to bottom). The pressure oscillations in
Figs. 8 and 9 are due to the interaction between propeller blade tip
vortices andwing. Indeed, numerical simulation predicts the absence
of oscillations at sections outside of the wing region impinged by
propeller wake, as well as the presence of very small oscillations at
wing sections inside the propeller wake region that are not close to
tip-vortex passage. This is confirmed by the experimental measure-
ments as demonstrated, for instance, in Figs. 10 and 11,which depict,
respectively, pressure–time histories on the upper and lower sides of
the section located 0.7 m from thewing root. However, in addition to
the discrepancies in the mean value of pressure already observed in
Fig. 7, these figures show a slightly overestimated prediction of the
pressure oscillations close to the leading edge at the lower side of the
section examined (also these small discrepancies could be due to
interaction viscous effects between propeller hub, wing and nacelle,
not considered here).

B. Analysis of Vibratory Loads

The analysis of the vibratory loads transmitted by the wing–
proprotor system to the airframe has been performed by considering
thewing–proprotor model examined in [1]. Thewing considered has
length Lw � 5:092 m and chord c� 1:58 m, and the three-bladed
wing proprotor has radius R� 3:82 m (see [1] for further details on
the geometrical and structural properties). The predictions of
vibratory loads presented in the following are given in nondimen-
sional form; specifically, wing–root forces and moments have been
divided, respectively, by the factors mw

0 �
2L2

w and mw
0 �

2L3
w, with

mw
0 � 32:5 kg=m, whereas proprotor hub forces and moments have

been divided, respectively, by the factorsmb
0�

2R2 andmb
0�

2R3, with
mb

0 � 7:64 kg=m.
First, the wing–proprotor has been examined in an airplane-mode

configuration. In this condition, the flight velocity considered is
V � 128:5 m=s, whereas the proprotor angular velocity is ��
458 RPM (corresponding to advance ratio�� 0:7). Thewing angle
of attack is equal to 3� and the proprotor axis is aligned with the
freestream. Cyclic pitch control is not present, and the steady
misalignment between proprotor axis and freestream velocity due to
wing elastic deformation and gimbal deflection is very small; hence,
negligible vibratory loads would be predicted without including
wing–proprotor interaction effects in the aerodynamic simulation
model. Specifically, aerodynamic unsteady loads arise on proprotor
blades because of the flowfield asymmetry due to the presence of the
wing, whereas aerodynamic unsteady loads over the wing arise
because of the impact between proprotor wake and wing surface.
Figure 12 depicts the 3=rev vibratory loads given by the numerical
prediction as those transmitted by thewing to the airframe at the shear
center of the root section. It compares the total loads with those
obtained neglecting the contribution from wing aerodynamics (the
load components are given with respect to a hub frame of reference
having the x axis aligned with the freestream and the y axis directed
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along the span). These results show that the unsteady aerodynamic
loads arising over the wing because of the impact with proprotor
blade vortices slightly affect shear loads and momentMz but have a
significant effect on bending momentMx and torsional momentMy.
Because, as mentioned above, these vibratory loads are generated by
the aerodynamic interaction between wing and proprotor, they
strongly depend on the geometry of thewing–propeller configuration
(particularly, on the relative positions) and it is of interest to examine
how important is the effect of system elastic deformations. The
results of this analysis are given in Figs. 13 and 14, which present,
respectively, the 3=rev vibratory loads predicted at the proprotor hub
taking into account only blade aerodynamics loads and the 3=rev
vibratory loads due to wing aerodynamics predicted at the wing root
(the load components at the hub are given with respect to a frame of
reference with the y axis aligned with the span and the z axis aligned

with the proprotor shaft). These figures compare the results from the
complete aeroelastic analysiswith those fromrigid-bodyassumption.
It is interesting to observe that the proprotor–wing aerodynamic loads
seem to be weakly affected by elastic deformations and thereby their
evaluation could be performed without taking into account coupling
with structural dynamics. It is worth noting that, even in this case, the
analysis of the structural dynamics forced by the aerodynamic action
would be fundamental for the evaluation of the inertial component of
vibratory loads. On the other hand, a crucial role is played by the
aerodynamicmodel applied in the simulation tool. This fact is shown
byFig. 15,which depicts the comparison between thewing–root total
vibratory loads computed by the aeroelastic tool based on the BEM
solver presented in Sec. II and those obtained from the aerodynamic
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Fig. 12 Vibratory loads at the wing root in airplane mode.
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loads evaluated by the quasi-steady approximation of 2-D airfoil
theories [25,26] combined with the velocity field induced by the
complex wake structure (as given by the BEM solution). Indeed, it
demonstrates that different aerodynamic models yield different
vibratory load predictions (especially Fzbending moment Mx and
torsion momentMy in the case examined here) and therefore, in this
kind of analysis, the application of an aerodynamic solver that is
able to capture interaction effect as accurately as possible is
recommended.

Then, such a numerical investigation on the prediction of vibratory
loads has also been performed for the wing–proprotor system in
helicopter configuration. Specifically, the wing proprotor has been
examined at flight velocity V � 30:84 m=s, proprotor angular
velocity�� 600 RPM, and with the shaft having an inclination of

9 deg with respect to the vertical direction (the corresponding
advance ratio is �� 0:13). Figure 16 shows the 3=rev vibratory
loads predicted at the shear center of the wing–root section and
compares the total loads with those obtained neglecting the
contribution from wing aerodynamics. As expected, in this case the
vibratory loads are much greater than those predicted in airplane-
mode flight (mainly because proprotors operate with a large in-plane
flight velocity component, under the action of blade cyclic pitch
control and an axially asymmetric velocity field induced by the
wake), whereas the contribution from the aerodynamic loads acting
over the wing is negligible (no impact between proprotor wake and
wing occurs and wing–proprotor interaction effects are weak).
Figures 17 and 18 show, respectively, the 3=rev vibratory loads
predicted at the proprotor hub from blade aerodynamics and the
3=rev vibratory loads predicted at the wing root from wing
aerodynamics. These figures demonstrate that, contrary to what
observed in airplane mode, in this flight condition, the vibratory
aerodynamic loads arising over the proprotor blades and wing are
heavily affected by their elastic deformation. Finally, the comparison
between the wing–root vibra-
tory loads computed through the BEM solver and those obtained
from the aerodynamic model based on quasi-steady approximation
of airfoil theories combined with the wake-induced velocity field is
presented in Fig. 19. It shows that in the helicopter-mode config-
uration examined the simplified aerodynamic modeling (frequently
used in helicopter applications) yields predictions that, with respect
to the results obtained in airplane mode, in the overall are closer to
those given by the 3-D unsteady aerodynamic solver. Nonetheless,
significant discrepancies appear in the evaluation of side forceFy and
torsion momentMy.

V. Conclusions

A numerical methodology for the aerodynamic/aeroelastic
analysis of wing–proprotor systems has been presented. The aero-
dynamic solver has been validated by correlation with experimental
data available in the literature. The aeroelastic response has been
evaluated in order to examine the vibratory loads transmitted to the
tiltrotor airframe by the wing–proprotor system. The aerodynamic
BEM formulation has been proven to be able to predict with very
good accuracy the mean pressure distribution over the wing surface
impinged by the proprotor wake. Some discrepancy with the
experimental data appears at the lower-side leading-edge regions
behind the rotor disk, close to the nacelle, because of wing–nacelle
interaction effects dominated by viscosity, that are not included in the
approach applied. In terms of pressure–time history, the aerodynamic
solver has shown to be able to identify the regions along the span
where pressure oscillations due to the impact between proprotor-
wake tip vortex and wing surface are stronger, yielding a quite
accurate prediction of the peak-to-peak values. In addition, it
satisfactorily predicts the attenuation of the pressure fluctuation that
occurs in these regions, moving from the leading edge to the trailing
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Fig. 16 Vibratory loads at the wing root in helicopter mode.
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edge of the sections. In the overall, the aerodynamic formulation
presented captures with satisfactory accuracy the complex unsteady
interaction effects arising between wing and proprotors, and thus it
seems to be suitable for applications in the aeroelastic analysis of
tiltrotor configurations. The numerical investigation on the vibratory
loads in airplane-mode configuration, where the wing–proprotor
aerodynamic interference plays a crucial role, has shown that a
significant contribution is given by the proprotor-wake impingement
on thewing surface. Hence, an aerodynamic solver is suitable for this
kind of analysis only if it is able to capture accurately the effects from
body–vortex impacts. A remarkable sensitivity of the predicted
vibratory loads on the aerodynamic model applied has been proven.
In addition, the numerical predictions have also demonstrated that in
airplane-mode flight the aerodynamic interaction effects that
generate the vibratory loads are weakly affected by wing and
proprotor blade elastic deformations. Thereby, a rigid-body analysis
may be used to get a quite accurate, faster estimation of the vibratory
aerodynamic loads. In helicopter-mode configuration, the vibratory
levels are higher than those in airplane mode, and the wing
aerodynamic contribution to wing–root vibratory loads is almost
negligible (wing–proprotor aerodynamic interaction effects are
weak). Wing–proprotor elastic deformations have been proven to
affect heavily the vibratory aerodynamic loads arising over the wing
and proprotor blades, and hence an accurate vibratory aerodynamic
analysis can be obtained only if combined with the structural
dynamics analysis. Finally, in helicopter-mode flight, it has been
shown that an aerodynamic model based on a quasi-steady
approximation of airfoil theories yields predictions that, although
strong wing–proprotor aerodynamic interactions are absent, present
some significant differenceswith respect to those obtained by the 3-D
unsteady aerodynamic solver. However, in the overall, their quality is
such that they might conveniently be used for fast, rough estimation
of the vibratory loads.
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