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Abstract

This paper deals with methodologies for evaluation of acoustic disturbance emitted by helicopter main
rotors in unsteady maneuvers. The attention is focused on those techniques applied in minimum-
noise, optimal trajectories search tools. Typically, noise optimization processes are based on noise
estimations conceived as sequences of steady-state flight acoustic predictions, properly selected
from dedicated databases. Introducing a multidisciplinary rotor solution procedure including accurate
aerodynamic, aeroelastic and aeroacoustic prediction tools suited for unsteady maneuver analyses,
this work presents an assessment of methods used for acoustic disturbance identification based on
different characterization parameters for correlating unsteady flight conditions with steady-state flight
radiated noise. Only the main rotor component is examined, although tail rotor contribution might be
included, as well. The numerical investigation concerns a lightweight helicopter model in unsteady
flight, and provides comparisons between noise predicted by the considered methods in terms of

sound pressure levels on a hub-centered hemisphere rigidly connected to helicopter.

1 INTRODUCTION

Over the past decades, the prediction of aerodynam-
ically generated noise has captured the attention of
the rotorcraft research community and is nowadays
an issue of primary interest in the design of modern
helicopters. This is motivated by the need of following
stricter noise standards for civil aircraft and by greater
stealth required in military operations.

In the recent past, numerical tools suited to the
determination of minimum-noise, optimal trajecto-
ries have been developed to alleviate the ground
acoustic impact of helicopters (and, more generally,
rotorcraft)[!:2l.  These approaches often combine a
flight simulation model, a near-field noise radiation
model (acoustic source), a far-field noise propagation
model and a geographic information system to let the
optimization process consider orography and popula-
tion density distribution of the interested area (in this
context, as near-field noise it is intended the noise ra-
diated in proximity of the rotorcraft, i.e., at distances
where atmospheric absorption, ground reflection and
wind effects are still negligible while, differently from
the far-field noise dominated by monopole-type radia-
tion, monopole and dipole propagation are compara-
bly relevant).

Usually, identified minimum noise trajectories corre-
spond to unsteady maneuvers including turns, vary-

ing flight-path slope, accelerations and decelerations,
which require acoustic source model update accord-
ingly to change of flight conditions. During the opti-
mization process, it is typically derived from an ap-
propriate database of sound spectrum distributions
over hemispheres surrounding the helicopter (the so-
called noise hemispheres) obtained from rectilinear
steady-state flights noise predictions!’>3!. However,
the noise emitted during complex maneuvers may po-
tentially be strongly affected by unsteady effects in-
ducing inertial and aerodynamic loads variations, as
well as by pitch, roll and yaw motions causing shifts in
noise directivity[4. Therefore, the selection of steady-
state flight acoustic sources representing the approx-
imation of maneuvering helicopter noise is a crucial
issue in low-noise trajectory tools. Usually, this is
accomplished in terms of a set of flight parameters
chosen to characterize the noise source state. The
most common criteria adopted to this scope consider
as noise flight parameters either advance ratio and
flight-path slope angle (Approach A, in the following),
or advance ratio, rotor thrust coefficient, and rotor disk
orientation with respect to relative wind (Approach B,
in the following)[*-23].

The aim of this work is the analysis of the accuracy
of such approaches in estimating the noise emitted
by maneuvering helicopters through correlation with
predictions provided by an acoustic tool suited for the



analysis of unsteady helicopter flights. The attention
is focussed on main rotor component, but tail rotor
contribution might be similarly included, as well. The
evaluation of noise radiated by maneuvering rotor-
craft is not an easy task, addressed by a restricted
number of researchers in the last decades!®*6.7, |t
requires the extension of the commonly-used steady
flight solvers to non-periodic blade motion and load-
ing, larger time scales of analysis, as well as the gen-
eralization of the numerical scheme applied to evalu-
ate signal propagation time delay!".

Here, the acoustic solver suited for maneuver-
ing helicopters analyses is derived from application
of the retarded-time Formulation 1A developed by
Farassat!® to integrate Ffowcs Williams and Hawk-
ings’s equationl®!l. Further, observing that in maneu-
vering flights blade-vortex interaction (BVI) phenom-
ena are often the main source of noise (see, for in-
stance, ground approaches typically addressed by
trajectory optimization processes), blade loads used
in Formulation 1A are computed by free-wake aero-
dynamic/aeroelastic main rotor simulation tools capa-
ble of capturing with an appropriate level of a accu-
racy wake vorticity and wake-blade miss distance. In
particular, main rotor loads and aeroelastic response
are evaluated through a modal formulation applied to
a nonlinear beam-like rotor blade model®%:111 cou-
pled with a three-dimensional, boundary element
method (BEM) for the solution of free-wake, potential
flows!'14, Steady aeroelastic solutions are obtained
by using a harmonic-balance approach!*!, whereas
fully unsteady solutions are evaluated through a time-
marching procedure based on a Newmark-g integra-
tion scheme.

Considering a lightweight helicopter model in un-
steady flight, numerical investigations are presented
with the aim of assessing the accuracy of aeroacous-
tic simulations based on Approach A and Approach
B, by comparison with those provided by the fully un-
steady solver.

2 ASSESSMENT OF MANEUVER NOISE PRE-
DICTION METHODS

Acoustic disturbance produced by helicopter flight is
strongly dependent on the trajectory flown. Minimum-
noise, optimal trajectory search processes (typically
applied to approach flight-path identification) identify
solutions consisting in a sequence of unsteady ma-
neuvers, which include turns, variation of speed and
flight-path slope angles (where BVI phenomena may
play a crucial role). In these analyses, noise hemi-
spheres considered as acoustic sources are derived
from databases of steady, straight flight acoustic sim-
ulations. The approach is based on the assumption

of approximating the radiated acoustic disturbance
through a sequence of steady flight predictions corre-
sponding to local operating conditions along the tra-
jectory flown.

Commonly, the flight parameters used to characterize
the steady flight acoustic noise source locally simulat-
ing the unsteady maneuver noise are either advance
ratio, i, and flight-path slope angle, ~, (Approach A),
or u, main rotor thrust coefficient, Cr, and tip-path
plane orientation with respect to relative wind, arpp
(Approach B)!1:2:31,

In order to assess the accuracy of the approximations
introduced by Approaches A and B, for a given un-
steady maneuver, acoustic predictions derived from
their application are compared with those determined
by the fully unsteady solution based on the general
aeroacoustic formulation described in Section 3.

Specifically, considering an unsteady maneuver iden-
tified through a flight dynamics tool!*®!, the method of
analysis consists in the following steps:

i for selected points along the trajectory, steady,
rectilinear flights characterized by the flight pa-
rameters considered in Approach A and Ap-
proach B are trimmed;

a high-fidelity rotor aerodynamic-aeroelastic tool
capable of capturing the complex blade-wake
interaction phenomena affecting radiated noise
(see Appendix A) is applied to determine blade
pressure loads arising during Approach A and
Approach B flights, as well as during the un-
steady meneuver;

iii the acoustic disturbances generated by the un-
steady maneuver and the two steady flights
of Approach A and Approach B are evaluated
through the aeroacoustic solver of Section 3, and

the corresponding results are compared.

The flight dynamics tool applied in steady flight trim-
ming and unsteady maneuver identification utilizes a
low-fidelity main rotor model suited for this kind of
problems!'6l. This fact, combined with the observa-
tion that the prediction of rotor acoustic disturbance
requires accurate evaluation of blade dynamics and
aerodynamics (especially when BVI phenomena oc-
cur) motivates the introduction of high-fidelity, aeroe-
lastic and aerodynamic solvers in the second step of
the method of analysis.

3 AEROACOUSTIC SOLVER FOR ARBITRARY
MANEUVERING FLIGHT

Noise radiated by rotor blades is evaluated through
solution of the well-known Ffowcs Williams and Hawk-
ings equationl®!, which governs the propagation of



acoustic disturbances aerodynamically generated by
moving bodies.

The boundary integral formulation developed by
Farassat known as Formulation 1A®! is a widely-used,
computationally efficient way to determine solutions
of the Ffowcs Williams and Hawkings equation, and
is particularly suited for the problems examined here.
When the velocity of the rotor blades is far from the
transonic/supersonic range, it yields the aeroacoustic
field as a superposition of two terms, both expressed
by integrals evaluated over the actual blade surface,
S, ¥l the loading noise, p’ , related to the distribution
of pressure over blade surfaces
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In the equation above, r denotes the distance be-
tween observer position, x, and source position, y,
whereas t = r/r is the unit vector along the source-
observer direction, with » = |r|. In addition, ¢, and pg
are the speed of sound and the density in the undis-
turbed medium, respectively, p = (p — po) with pyg
representing the undisturbed medium pressure, M =
v, /co With v, denoting the body velocity, M = || M|,
M, = M -r, and v, = v, - n, where n is the out-
ward blade surface unit normal vector. Further, 0,,, n
and M denote time derivatives of v,,, n and M, ob-
served in a frame of reference fixed with the undis-
turbed medium.

The integrals appearing in Egs. (1) and (2) are eval-
uated by a zero-th order boundary element method:
the blade surface is divided into quadrilateral panels,
and the integrand functions multiplying kernel terms
are assumed to be uniformly distributed within each
panel, with values equal to those at the centroids. No-
tation [...], indicates that these quantities are evalu-
ated at the delayed source time, 7 = ¢t — 6, where ¢
is the time taken by the signal started fromy € S, to
arrive in x at time ¢/8/.

In problems dealing with weakly loaded rotors, thick-
ness and loading noise are comparable. However,
when strongly loaded rotors are examined, the thick-
ness noise contribution tends to be negligible and
the acoustic disturbance is dominated by the loading
noise. Rotors in BVI conditions fall within this cate-
gory of acoustic phenomena.

Commonly, applications of aeroacoustic formulations
for helicopter rotor analysis consider steady, recti-
linear, trimmed flights. In these operative condi-
tions both kinematics and aerodynamics are peri-
odic thus yielding, correspondingly, periodic integrand
functions, periodic kernels and, for observers rigidly
connected to a helicopter-fixed frame of reference,
periodic delays as well (it is worth noting that the
same periodicity occurs in coordinated turns).

Differently, during unsteady helicopter maneuvers
kinematic and aerodynamic terms are non-periodic,
thus increasing the complexity of the algorithms to be
applied for implementing Egs. (1) and (2). Time de-
lays, 6, appearing in thickness and loading noise ex-
pressions are obtained as solutions of the following
nonlinear equation

1x(t) = y(t = 0)] = co 0

and thus, the prediction of radiated noise requires the
knowledge of the past time histories of blade pressure
loads and vehicle and blade kinematics, for a time in-
terval length depending on observer location. Indeed,
time histories of center of mass trajectory and veloc-
ity, vehicle attitude and angular velocity are neces-
sary data to evaluate instantaneous values of kernels
and integral coefficients of the discretized versions of
Egs. (1) and (2), as well as the boundary conditions
of the aerodynamic formulation applied to determine
the non-periodic blade loads (see Appendix A).

4 NUMERICAL RESULTS

The numerical investigation on the assessment of
noise prediction methods described in Section 2 con-
cerns the unsteady flight of a lightweight helicopter
model inspired by the BO105. The BO105 is a rel-
atively small, multi-purpose helicopter with an empty
mass of about 1200 kg and a maximum gross mass of
2300 kg. It has has a four-bladed, hingeless main ro-
tor of 4.91 m radius, with blade pre-cone angle of 2.5°
and rotor shaft tilted 3° forward. The two-bladed tee-
tering tail rotor operates in pushing configuration; the
tail surfaces are composed of a horizontal stabilizer
and a vertical empennage, both fixed to the fuselage.
The main geometrical, inertial and elastic character-
istics of the helicopter model used here may be found
in Ref. [17].

The unsteady flight considered consists in an ap-



fligth path ——

10 -

Figure 1: Flight trajectory.

proach path starting from a level, steady rectilinear
flight, followed by a straight, decelerating descent, a
steady, banked, level turn, and finally a straight, uni-
form, level flight at very low speed('®! (see Fig. 1).
The trajectory segment examined is the one flown
during the first six seconds of the maneuver, with the
attention focused on points 1 and 2 of Fig. 1. Point
1 is positioned at the transition from level to descent
flight, while in point 2 the helicopter is in decelerated,
rectilinear, descent flight.

It is worth noting that in point 1 the main difference be-
tween Approach A and B consists in Cr values, due
to the significant load factor component arising along
the rotor axis during the maneuver, while in point 2 in-
ertial loads act along the tangent to the trajectory, thus
altering rotor attitude with respect to wind, namely
arpp (these inertial effects are taken into account in
Approach B, but are hidden to Approach A). This is
confirmed by Table 1 which shows trim blade pitch
controls, 0y, 0.,0s and arpp at points 1 and 2, as de-
termined by the application of Approach A and Ap-
proach B (positive arpp means backward rotor disk
tilt with respect to relative wind). The time history of
blade pitch controls concerning the unsteady flight are
shown in Fig. 2.

Table 1: Blade pitch controls and rotor attitude

point/approach 0o 0. 0 arpp
1/A 4.05° 1.47° —-1.00° 6.37°
1/B 2.60° 1.14° —-0.69° 8.00°
2/A 3.80° 1.49° —0.89° 7.91°
2/B 3.00° 1.40° -—-0.89° 13.2°

The aeroelastic response analyses have been per-

collective [deg]

long. cyc. [deg] lat. cyc. [deg]

time [s]

Figure 2: Blade controls in examined trajectory seg-
ment.

formed considering three shape functions for flap,
lead-lag and torsion deformations, whereas the aero-
dynamic BEM solver has been applied considering a
blade surface discretization with 20 upper and lower
chordwise panels, 24 spanwise panels, with time
step of the time-marching solution corresponding to
a blade azimuthal interval of 27/216 rad. Noise radi-
ated by the rotor is presented in terms of overall sound
pressure level (OASPL) and BVI sound pressure level
(BVISPL), on a 50 m radius hemisphere fixed to the
helicopter, with equatorial plane parallel to the cabin
floor. Acoustic time signatures at specific points over
the hemisphere are also examined.

4.1 Noise radiated at point 1

First, noise hemispheres evaluated at point 1 are ex-
amined.

Figures 4.1, 4 and 5 present the OASPL obtained
through Approach A, Approach B and the fully un-
steady aeroacoustic solver, respectively, for the he-
licopter advancing velocity directed towards the neg-
ative x axis of the plotted frame. Note that the OASPL
from the unsteady simulation has been computed by
applying an 1-rev-long Hanning window (centered at
point 1 passage) to control the onset of leakage prob-
lems, along with a correction factor equal to 1.68 ap-
plied to the corresponding signal harmonics to com-
pensate windowing effects on signal power. The
comparison among these three noise hemispheres
demonstrates that steady-state acoustics based on
Approach B better captures unsteady effects, thus
yielding results that are in closer, satisfactory corre-
lation with those from fully unsteady simulations, both
in terms of noise magnitude and directivity. Focusing
on the area with higher noise level, an overestima-
tion up to 5 db is provided by Approach A, whereas
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Figure 3: OASPL, Approach A, point 1.

QAGPL [dB]

Figure 4: OASPL, Approach B, point 1.

a maximum discrepancy of about 1 db is observed in
predictions by Approach B.

Next, the investigation is focused on the spectral con-
tent associated to blade-vortex interactions (BVIs) oc-
curring at point 1 of the flown trajectory. These phe-
nomena give rise to annoying acoustic effects that
are of particular interest in the identification of op-
timal low-noise approach trajectories. Figures 6, 7
and 8 present BVISPL (that is derived from OASPL
definition by neglecting noise harmonics below the 6-
th blade-passage-frequency one) determined through
the three prediction methods applied.

In this case, Approach A and Approach B provide re-
sults of similar quality. This is expected in that the
differences between Approach A and B are related to
inertial effects which, at point 1, are mostly reflected
in axial load that, in turn, induces low-frequency ef-

QASPL [dB]

Figure 5: OASPL, unsteady simulation, point 1.

BVISPL [dB]

Figure 6: BVISPL, Approach A, point 1.

BVISPL [dB]

Figure 7: BVISPL, Approach B, point 1.
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Figure 8: BVISPL, unsteady simulation, point 1.
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Figure 9: Thickness and loading noise at selected
hemisphere microphone.

fects on disk loading. Both steady-state noise predic-
tions show not negligible discrepancies with respect
to those from the fully unsteady solver.

Finally, for an in-depth analysis of unsteady maneu-
ver effects on radiated noise, the time signature at a
specific microphone on the hemisphere is examined.
For the selected microphone (having azimuth of 220°
on equatorial plane and elevation of —29°), Fig. 9
presents thickness noise and loading noise predicted
by the three approaches for a 3-second time interval
centered at point 1. While thickness noise simulations
are practically identical, loading noise is appreciably
affected by unsteady maneuver effects, with predic-
tions from Approach B closer to the fully unsteady so-
lution.

QASPL [dB]

Figure 10: OASPL, Approach A, point 2.

4.2 Noise radiated at point 2

At this point of the trajectory the helicopter is in recti-
linear, decelerated, descent flight. Inertial loads tan-
gent to the trajectory, in combination with path slope
and pitch attitude rate of change, cause remarkable
variation of hub force along the vehicle longitudinal
axis, of in-plane hub moments, and hence of rotor
arpp, as shown in Table 1 (conversely, Cr is barely
affected by inertial loads).

Figures 10, 11 and 12 present, respectively, the
OASPL obtained at point 2 through Approach A, Ap-
proach B and the fully unsteady aeroacoustic solver.
In this case, noise OASPL hemispheres predicted by
Approach A and Approach B are of similar quality
in terms of predicted noise magnitude and directivity,
both showing appreciable discrepancies with respect
to the fully unsteady results. The equivalent quality of
steady-state OASPL predictions is expected because
of the negligible influence of inertial loads on Cr, and
hence on low-frequency noise.

Instead, the effect of inertial loads is highlighted by
BVISPL analysis, which is remarkably affected by ro-
tor attitude with respect to relative wind. Figures
13, 14 and 15, which present BVISPL determined
through the three prediction methods applied, demon-
strate that Approach B, taking into account the arpp
generated by the unsteady maneuver, yields more ac-
curate prediction for BVI noise peak than Approach A,
and the two are in satisfactory agreement with those
from the fully unsteady solver.

In particular, for most of the hemisphere area, Ap-
proach A overestimates BVI noise, although the cor-
responding arpp is lower than those considered in
Approach B (see Table 1) during the unsteady ma-
neuver. This is due to the very high value of arpp in
the latter two cases that, combined with the disk load-
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Figure 11: OASPL, Approach B, point 2.

OASPL [dB]

Figure 12: OASPL, unsteady simulation, point 2.

OASPL [dB]

Figure 13: BVISPL, Approach A, point 2.

OASPL [dB]

Figure 14: BVISPL, Approach B, point 2.

BVISPL [dB]

Figure 15: BVISPL, unsteady simulation, point 2.

ing, is such that the wake tends to move quicky far
from the rotor, thus avoiding severe interactions with
blades.

5 CONCLUSIONS

Considering an unsteady maneuver helicopter flight,
noise predictions determined by a fully unsteady
aeroacoustics solution approach tool introduced here,
have been compared with those given by two steady-
state noise simulation methods commonly applied in
optimal-noise trajectory search tools (Approach A and
Approach B, as defined above). Steady-state ap-
proaches are used in that avoid time-consuming, fully
unsteady analyses that are unsuited for applications
within optimization algorithms. The drawback is some
inaccuracy introduced in the evaluation of radiated
noise. The purpose of the presented numerical in-



vestigation has been the assessment of the qual-
ity of correlation between steady-state noise predic-
tions and unsteady solutions. At the trajectory point
where inertial loads mainly affect disk loading, Ap-
proach B yields OASPL predictions that satisfactorily
correlates with unsteady solution, better than those
by Approach A. However, high-frequency, BVI noise
(barely affected by disk loading variations) is simi-
larly captured by the two approaches, both showing a
quite low level of accuracy, when compared with un-
steady predictions. Conversely, at the trajectory point
where inertial loads mainly affect rotor attitude with
respect to relative wind, OASPL predictions (domi-
nated by low-frequency noise) by Approach A and
B are similar and show discrepancies with respect
to fully unsteady simulation. Instead, BVISPL pre-
dicted by Approach B is more accurate than that by
Approach A and is in fair correlation with unsteady
solution. In the overall, the numerical investigation
has demonstrated that: (i) steady-state approaches
matching disk loading and rotor attitude occurring
during an unsteady maneuver provide noise predic-
tions of higher accuracy than those given by steady-
state approaches matching only path slope; (ii) during
an arbitrary maneuver, when inertial loads produce
disk loading variation, low-frequency noise is mainly
affected by unsteady effects, whereas when inertial
loads affect rotor attitude, high-frequency, BVI noise
changes appear; (iii) although some unsteady motion
effects on radiated noise can be satisfactorily simu-
lated by steady-state equivalent predictions, prelimi-
nary analyses presented here seem to demonstrate
that they are not fully adequate to replace unsteady
aeroacoustic solvers for predicting noise emitted by
helicopters in arbitrary unsteady maneuvers.
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A AEROELASTIC AND AERODYNAMIC MAIN
ROTOR MODELLING

The simulation of the acoustic disturbance generated
by rotors is a multidisciplinary task: blade aeroelastic-
ity and aerodynamics accurate modelling are required
to yield the blade surface pressure distribution that, in

turn, is the input to an aeroacoustic tool providing the
radiated noise. When significant blade-wake interac-
tion effects occur, blade-wake miss distance may play
a crucial role, and hence the evaluation of blade defor-
mation and wake shape is essential®*22l. The follow-
ing sections provide a brief outline of the methodolo-
gies applied in this work to determine noise radiated
by helicopter rotors.

A1

Aeroelastic responses are obtained by combining
a blade structural dynamics model with a three-
dimensional, free-wake, aerodynamic formulation
(see next section).

Rotor Aeroelastic Modelling

Blade structural dynamics is described through a
beam-like model. It derives from a nonlinear,
bending-torsion formulation valid for slender, homo-
geneous, isotropic, nonuniform, twisted blades, un-
dergoing moderate displacements ['°!. The radial dis-
placement is eliminated from the set of equations by
solving it in terms of local tension, and thus the re-
sulting structural operator consists of a set of coupled
nonlinear differential equations governing the bending
of the elastic axis and the blade torsion 8],

The evaluation of the aerodynamic loads is obtained
by a boundary element method for the solution of a
boundary integral equation approach, suited for the
analysis of potential flows around helicopter rotors in
arbitrary flight condition 2! (see next section).

Coupling blade structural dynamics with aerodynamic
loads yields an aeroelastic integro-partial differential
system of equations. These are spatially integrated
through the Galerkin approach, with the description
of elastic axis deformation and cross-section torsion
as linear combinations of shape functions satisfying
homogeneous boundary conditions. This yields a set
of nonlinear, ordinary differential equations of the type

(8) M(t)d + C(t)q + K(t)q = £ (t, q) + faer(t,q)

where q denotes the vector of the Lagrangian co-
ordinates, M, C, and K are time-periodic, mass,
damping, and stiffness structural matrices represent-
ing the linear structural terms. Non-linear struc-
tural contributions are collected in the forcing vector
£ (t,q), whereas vector f,..(t,q) collects the gener-

str

alized aerodynamic forces.

The harmonic balance approach is applied to deter-
mine the periodic aeroelastic response during steady
flight[13:14.15] " |t is a methodology suitable for the anal-
ysis of the asymptotic solution (as time goes to infin-
ity) of differential equations forced by periodic terms.
Because of the presence of nonlinear contributions
deriving from both structural terms and free-wake
aerodynamics loads, the final system is solved using



an iterative approach, based on the Newton-Raphson
method. On the other hand, non-periodic aeroelastic
responses during unsteady helicopter maneuvers are
evaluated through a time-marching solution algorithm
based on a Newmark- integration scheme.

A.2 Rotor Aerodynamic Solver

Considering incompressible, potential flows such that
v = Vy, the rotor aerodynamics formulation applied
assumes the potential field, ¢, to be given by the su-
perposition of an incident field, ¢,, and a scattered
field, . (L.e., ¢ = ¢, + ¢4). The scattered potential
is determined by sources and doublets distributions
over the surfaces of the blades, S, and by doublets
distributed over the wake portion that is very close to
the trailing edge from which emanated (near wake,
SVIVV). The incident potential field is associated to dou-
blets distributed over the complementary wake region
that compose the far wake S, [12l. The wake surface
partition is such that the far wake is the only wake
portion that may come in contact with blades and gen-
erate BVI effects. The incident potential is discontin-
uous across S;, whereas the scattered potential is

discontinuous across S, and is represented by['?
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where G = —1/4x r is the unit-source solution of the
three-dimensional Laplace equation, with r = ||y —x||,
while Ay, is the potential jump across the wake sur-
face, known from past history of potential discontinuity
at the blade trailing edge through the Kutta-Joukowski
condition%-2%, In addition, v, = v, -n, with v, repre-
senting the blade velocity and n its outward unit nor-
mal, whereas u,, = u, -n, with u, denoting the velocity
induced by the far wake.

Considering the far wake discretized into M pan-
els, assuming the potential jump constant over each
panel, and recalling the equivalence between sur-
face distribution of doublets and vortices, the inci-
dent velocity field is evaluated through the Biot-Savart
law applied to the vortices having the shape of the
panel contours. In order to assure a regular distri-
bution of the induced velocity within the vortex core,
and thus a stable and regular solution even in blade-
vortex impact conditions, a Rankine finite-thickness
vortex model is introduced in the Biot-Savart law('?.
Wake-induced velocity field is applied to evaluate the
term u,, in Eq. (4), as well as the velocity field from
which the wake shape evolution is determined in a
free-wake analysis. Note that, for an accurate predic-
tion of BVI phenomena, the accurate evaluation of the

wake distorted shape is essential in that a crucial role
is played by the relative position between body and
wake.

In this formulation, the incident potential affects the
scattered potential through the induced-velocity, while
the scattered potential affects the incident potential by
its trailing-edge discontinuity that is convected along
the wake and yields the intensity of the vortices of
the far wakel'2l. Once the potential field is known,
the Bernoulli theorem yields the pressure distribu-
tion to be provided to aeroelastic and aeroacoustic
solvers!'4,
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