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Abstract

The acoustic field generated by helicopter main rotors
experiencing blade-vortex interaction (BVI) is exam-
ined. The prediction tool starts from an aerodynamic
solver based on a boundary integral formulation for the
velocity potential, that is suited for configurations where
wake/blade impingement occurs. It is fully 3D, can be
applied to blades with arbitrary shape and motion and
performs the calculation of both wake shape and blade
pressure field. Then, an aeroacoustic tool based on the
Ffowcs Williams and Hawkings equation is applied to
evaluate the noise generated. The numerical investi-
gation examines the sensitivity of the BVI noise pre-
dicted on the blade deformation included in the analy-
sis. For helicopter rotors in descent flight, where severe
BVI occurs, the effects of blade deformations are exam-
ined both in terms of local acoustic signatures and in
terms of noise radiation characteristics.

List of Symbols

c Speed of sound
C Panel contour
G Green function
M Mach number vector
n Unit normal on a surface
p Pressure
p′ Acoustic pressure disturbance
P Compressive stress tensor
r Source-observer distance vector
S Contour surface
t Observer time
T Lighthill tensor
v Velocity field

x Observer position
y Source position
θ Time delay
ρ Air density
τ Source time
ϕ Velocity potential
χ Normal velocity on the blade

Subscript
0 Undisturbed medium
B Body
I Incident field
L Loading
n Component along surface normal direction
r Component along source-observer direction
S Scattered field
T Thickness
W Wake

Superscript
F Far wake
N Near wake
TE Trailing edge

1. Introduction

In the last years, the study of the close interaction as
well as the collision of a helicopter rotor blade with the
wake vortices released by the other blades of the ro-
tor has been one of the biggest challenges facing the
rotorcraft researchers. This phenomenon is known as
blade-vortex interaction (BVI) and tipically occurs dur-
ing descent flight and maneuvers at moderate advance
ratio of a helicopter. It produces impulsive changes in
blade surface pressure distribution that are of partic-
ular importance in the blade regions interacting with
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the high-strength trailing tip vortices [1]. Because of
these impulsive loads, BVI is one of the main external
noise sources, and hence has a great impact on the en-
vironmental and public acceptance of helicopters. The
availability of reliable tools for the prediction of BVI
aeroacoustics is essential for new generation helicopter
design, where reduction of noise level is of great interest.

The physics of the BVI is governed by the shape of the
rotor wake and by its distance from the blades. Thus,
for an accurate prediction of this phenomenon, a com-
putational tool should include both a three-dimensional
unsteady-flow aerodynamic solver capable to analyze
the wake shape evolution and an aeroelastic solver eval-
uating blade deformations. Tipically, prediction tools
developed to examine rotorcraft in BVI conditions are
based on the use of different codes for the wake distor-
tion analysis and for the computation of the pressure
distribution on the blade (the latter frequently based
on 2D airfoil aerodynamics). For instance, this is the
case of the study presented in Ref. [2] for aeroacoustics
purposes, where a vortex-lattice free-wake is combined
with a blade element theory for section load prediction,
along with a system of low- and high-resolution grids
to ensure a detailed analysis of BVI. The combined use
of a dual vortex free-wake code with a 2D aerodynam-
ics code is applied in Ref. [3] for the aeroelastic and
aeroacoustic analysis of rotors aimed to vibration and
noise reduction. In Ref. [4] the aerodynamic analysis of
rotors in BVI conditions consists of a three-step proce-
dure. The results of an initial vortex-lattice free-wake
analysis are coupled with a roll-up model that identifies
the higher-intensity vortex structure to be considered
as the interacting vortices in a pressure predictor code
based on a 2D solver. In the works mentioned above
the aerodynamic analysis follows a previous aeroelastic
calculation that predicts the blade deformation.

The objective of this paper is to analyze the sensitivity
of the BVI noise predicted by a computational tool on
the blade deformation included in the analysis. Specifi-
cally, considering both undeformed and deformed rotor
blades, the acoustic fields are evaluated through the ap-
plication of the boundary integral formulation for the
aerodynamic analysis of rotors in BVI conditions intro-
duced in Ref. [5], followed by an aeroacoustic solver
based on the Ffowcs Williams and Hawkings equation
[6]. For helicopter rotors in descent flight, where severe
BVI occurs, the effects of blade deformations are ex-
amined both in terms of local acoustic signatures and
in terms of noise radiation characteristics. The aerody-
namic solver applied in this work is outlined in Section 2,
whereas the aeroacoustic formulation is briefly described
in Section 3. The numerical investigation is presented
in Section 4.

This work has been developed within the context of the
European Union Integrated Project Friendcopter that is
aimed to the environmental friendliness and public ac-
ceptance of helicopters, through reduction of noise emis-

sion, gas exhaust and cabin noise levels. In particular,
it is part of the activity concerning the definition of pro-
cedures for noise abatement.

2. The BEM Aerodynamic Solver
for BVI Prediction

The aerodynamic formulation applied in this work has
been introduced in Ref. [5] as a development of the
boundary integral formulation for the velocity potential
presented in Ref. [7].

For unsteady, incompressible, quasi-potential flows (i.e.,
potential everywhere except on the zero-thickness wake
surface) around lifting bodies in arbitrary motion with
respect to the undisturbed air, the formulation given in
Ref. [7] shows that the velocity potential field, ϕ, may
be represented by the following boundary integral form

ϕ(x, t) =
∫
S

B

(
G
∂ϕ

∂n
− ϕ

∂G

∂n

)
dS

−
∫
S

W

∆ϕ
∂G

∂n
dS, (1)

where S
B

and S
W

are body and wake surfaces, respec-
tively, and G = −1/4π|y−x| is the unit-source solution
of the 3D Laplace equation (thus, the potential field is
generated by a distribution of sources and doublets over
the body, with the additional contribution of a doublet
distribution over the wake surface). The impermeabil-
ity boundary condition on S

B
yields ∂ϕ/∂n = v

B
· n,

with v
B

denoting velocity of body points and n denot-
ing outward unit normal. In addition, ∆ϕ is the poten-
tial jump across the wake surface that is given by the
Kutta-Joukowski condition [9], followed by convection
of the trailing edge potential discontinuity, i.e.,

∆ϕ(x
W
, t) = ∆ϕ

T E

(t− θ
W

), (2)

with θ
W

denoting the time taken by the wake material
point, x

W
, to move from the trailing edge to its current

position (see Ref. [7] for details).

Equation (1) is solved numerically by boundary ele-
ments, i.e., by discretizing S

B
and S

W
in quadrilateral

panels, assuming ϕ, ∂ϕ/∂n and ∆ϕ to be piecewise con-
stant, and imposing that the equation be satisfied at the
center of each body element (collocation method). For
the analysis of configurations where BVI occurs, Eq. (1)
must necessarily be solved following a free-wake proce-
dure, i.e., determining the shape of the wake as a part
of the solution. This is achieved by a time-marching in-
tegration scheme in which the vertices of the wake pan-
els are moved accordingly to the velocity field computed
from the potential solution. However, the numerical for-
mulation based on Eq. (1) shows instabilities when the
wake panel vertices come too close to or impinge the
body (i.e., just in BVI conditions). These instabilities
are of numerical nature because of the inaccuracy in
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evaluating the influence wake doublet coefficients when
the wake panels approach body surface control points,
but are induced also by the unrealistic modeling of the
physical phenomenon. Indeed, for a realistic modeling
of a close interaction between wake and body, the in-
clusion of a non-zero thickness wake is essential because
of the fundamental role played by the vorticity spatial
distribution in determining the local fluid flow around
the impact region.

In order to overcome this problem, the formulation pro-
posed in Ref. [5] uses the vortex-doublet equivalence
for the description of the wake influence. This approach
is inspired by observing that: (i) the instabilities aris-
ing in the numerical formulation during wake/body im-
pingement would be eliminated by replacing wake panel
doublet distributions with equivalent ring thick vortices
(namely, Rankine vortices) and (ii) the use of thick
vortices allows the inclusion of diffusivity and vortex-
stretching effects for a more realistic modeling of the
flow field (see Refs. [8], [10] and [11] for details on this
issue). A thick vortex model induces a velocity field that
is assumed to have a finite-value distribution within its
core. Therefore, the vortex influence can be calculated
without loss of accuracy even when body or wake con-
trol points approach it, and a regular potential field is
mantained.

In order to recast the potential integral equation in such
a fashion that the wake portion experiencing BVI be ex-
pressed in terms of thick vortices, in Ref. [5] it is ob-
served that at a given time, the doublet distributions
over the wake panels that are not in contact with the
trailing edge (far wake, SF

W
) are known from the previ-

ous time steps and are not influenced by the current (un-
known) potential over the body. In addition, the doublet
distributions over the wake panels in contact with the
trailing edge (near wake, SN

W
) are unknown since related

to current potential discontinuity at the trailing-edge of
the blade (through the Kutta-Joukowski condition [9]),
but no BVI occurs in that wake region (see Fig. 1).
Thus, the potential field is decomposed into an incident
field, ϕ

I
, generated by doublets over SF

W
, and a scattered

field, ϕ
S
, generated by sources and doublets over S

B
and

doublets over SN

W
. Note that, the scattered potential is

discontinuous across SN

W
, whereas the incident potential

is discontinuous across SF

W
. Hence, as demonstrated in

Ref. [5], for ϕ = ϕ
I
+ϕ

S
the scattered potential is given

by

ϕ
S
(x, t) =

∫
S

B

[
G (χ− χ

I
)− ϕ

S

∂G

∂n

]
dS

−
∫
SN

W

∆ϕ
T E

S
(t− θ

W
)
∂G

∂n
dS, (3)

where χ = v
B
· n and χ

I
= v

I
· n, with the velocity

induced by the far wake, v
I
, obtained by

v
I
(x, t) = ∇xϕI

(x, t)

= −∇x

∫
SF

W

∆ϕ
T E

S
(t− θ

W
)
∂G

∂n
dS. (4)

The incident potential influences the scattered one by
the induced-velocity term, χ

I
, and, in turn, the scat-

tered potential influences the incident one by its trailing-
edge discontinuity that is convected along the wake and
yields the doublet distribution over the far wake.

Figure 1. Wake decomposition.

Discretizing Eq. (4) by using N panels, SF

Wn
, over the

far wake and recalling the vortex-doublet equivalence,
the incident velocity field is given by

v
I
(x, t)≈−

N∑
n=1

∆ϕ
T E

Sn
(t− θ

W
)
∫
Cn

∇x G× dy (5)

where Cn = ∂SF

Wn
. This equation represents the velocity

field given by the Biot-Savart law applied to the vortices
having the shape of the panel contours and intensity
∆ϕ

T E

Sn
(t − θ

W n) (see Fig. 1). This field is equivalent
and replace the one that would be given by the gradient
of the doublet distributions that would appear in the
discretized form of Eq. (4). Equation (5) is applied both
to evaluate the term χ

I
appearing in the equation for the

scattered potential, and to determine the contribution
of the incident velocity field to the wake distorsion in
the free-wake analysis.

The final step of the formulation presented in Ref. [5] is
to assure a stable and regular solution (even in BVI con-
ditions) by introducing in Eq. (5) a thick vortex model,
for which a finite distribution of the induced velocity
within the vortex core is assumed. The dimension of
the vortex core is obtained by an approximated evalu-
ation of diffusivity and vortex-stretching effects, for a
more realistic modeling of the flow field.
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Once the potential field is known, the Bernoulli theo-
rem yields the pressure distribution that in turn is used
as input to the aeroacoustic solver to predict the BVI-
induced noise. Note that, in this formulation the explicit
evaluation of the incident potential, ϕ

I
, is required only

in the Bernoulli theorem that, in a body-fixed frame of
reference, reads

ϕ̇
S

+ ϕ̇
I
− v

B
· (∇ϕ

S
+ v

I
)

+
|∇ϕ

S
+ v

I
|2

2
+
p

ρ
=
p0

ρ
.

Here, the incident potential is obtained from integration
of the incident velocity field by using the expression in
Eq. (5) with thick-vortex modeling.

3. The Aeroacoustic Solver

The Ffowcs Williams and Hawkings (FWH) equation
[6] has been proven to be the most efficient aeroacoustic
prediction tool in aeronautics applications for subsonic
and supersonic configurations. Here, it is applied to the
analysis of helicopter rotors in BVI conditions.

Assuming that the fluid is compressible and undergoes
transformations with negligible changes of entropy, for
f(x, t) = 0 denoting a surface moving in the fluid and
the bar some generalized differential operators, the FWH
equation reads

c0
222ρ̃ =

∂

∂t
[ρ0 v

B
·∇f δ (f)]

− ∇ · [P ∇f δ (f)]
+ ∇ ·

{
∇ · [T H(f)]

}
, ∀x ∈ <3 (6)

where ρ̃ = ρ − ρ0 is the density perturbation field and

22 =
1
c02

∂
2

∂t2
−∇2

denotes the generalized D’Alambert

operator. In addition, P = (p − p0) I = p̃ I and T =
ρv⊗ v + (p̃− c0

2ρ̃)I denote the compressive stress ten-
sor and the Lighthill tensor, respectively, v is the fluid
velocity, whereas H and δ are the Heaviside and Dirac
delta functions. The solution of the FWH equation can
be achieved through a boundary integral representa-
tion. Observing that in the present analysis the non-
linear terms are negligible, and following Refs. [12] and
[13], the integral solution for the acoustic pressure dis-
turbance, p′ = c20ρ̃, is given as a combination of a linear
thickness noise term, p′

T
and a linear loading noise term,

p′
L
. Specifically, one obtains

p′ = p′
T

+ p′
L

(7)

with

4πp′
T
(x, t) =

∫
S

[
ρ0 ˙v

B n

r|1−Mr|2

]
τ∗
dS

+
∫
S

ρ0vB n

(
r Ṁ · r̂ + c0Mr − c0M

2
)

r2|1−Mr|3


τ∗

dS (8)

and

4πp′
L
(x, t) =

1
c0

∫
S

[( ˙̃pr̂ · n + p̃ ṅ · r̂
)

r|1−Mr|2

]
τ∗

dS

+
∫
S

[
p̃r̂ · n−Mn

r2|1−Mr|2

]
τ∗
dS (9)

+
1
c0

∫
S

 p̃r̂·n
(
rṀ·r̂ + c0Mr − c0M

2
)

r2|1−Mr|3


τ∗

dS

where the symbol ˙( ) denotes time derivation, r denotes
the distance between x and y, r = |r|, and r̂ = r/r.
In Eqs. (8) and (9), the integration domain S denotes
the surface of the source, which in the present analysis
corresponds to the rotor blade surface, S

B
. In addi-

tion, M = v
B
/c0 is the local Mach vector, M = |M|,

Mr = M · r̂, and Mn = M · n. This particular integral
representation of the FWH linear terms is known as the
Farassat Formulation 1A [12], and yields the acoustic
field once the blade pressure disturbance distribution,
p̃, is known from an aerodynamic analysis. Here, the
blade pressure to be used in Eq. 9 is obtained from the
formulation given in Section 2. The notation [...]τ∗ in-
dicates that the kernel quantities must be evaluated at
the emission time, τ∗. For given observer time, t, and
location, x, it represents the instant when the contri-
bution to the noise signature was released from y. The
determination of τ∗ is the core of the numerical algo-
rithm and is achieved through an iterative procedure,
as root of the following equation

τ = t− r

c0
= t− |x− y(η, τ)|

c0
= Φ(τ)

where η is the position vector of source point in a frame
of reference fixed with the body. Starting from the ini-
tial time, τ = t, and the corresponding positive value,
f(τ) = r/c0, the research for the root of the func-
tion f(τ) = [τ − Φ(τ)] proceeds backwards, with a pre-
scribed time step ∆τ , up to the first sign inversion; then,
the emission time, τ∗, is captured by convergence of the
iterative bisection method.

4. Numerical results

The aim of the numerical applications is to investigate
the effect of the blade deformation on the aeroacoustic
analysis of the four-bladed EC/ONERA 7A and 7AD
main rotors in BVI conditions. The configurations ex-
amined are those considered at the DNW wind tunnel
within the European Project HELISHAPE [14]. These
two rotors, both having aspect ratio equal to 15, only
differ by the shape of their tips. Specifically, rotor 7A
has a rectangular tip whereas rotor 7AD has a parabolic
tip with taper, anhedral and sweep angles. Both ro-
tors are examined in 6◦-descent forward flight condition,
with rotational speed Ω = 101rad/s and advance ratio
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µ = 0.166. The configurations analyzed are those re-
lated to the HELISHAPE Datapoint 70 for rotor 7A,
and to the HELISHAPE Datapoint 108 for rotor 7AD.

In the following numerical investigation two models have
been considered to describe the kinematics of the blade.
The first one assumes that the blade is a rigid body
subject to the cyclic pitch motion, whereas the second
one includes also the elastic deformation that has been
measured in the wind tunnel tests. The numerical anal-
ysis has been performed by assuming the azimuthal step
∆ψ = 1.33◦, and including a two-spiral long wake.

First, results concerning the blade pressure are presented.
Figures 2 and 3 depict, respectively for rotors 7A and
7AD, the pressure time history on the profile upper and
lower sides at the radial station r = .92R and chord-
wise position x = 0.02c. These figures show a quite
good agreement between the numerical results and the
experimental data both in terms of detection of the re-
gions where BVI occurs and in terms of the order of
magnitude of the pressure oscillations induced by BVI.
The solution obtained by the deformed blade is closer to
the experimental data than that obtained by the rigid
blade. This is especially true in the azimuthal regions in
which BVI induces pressure oscillations. For the 7A and
7AD rotors these results demonstrate that the aerody-
namic field in BVI conditions is appreciably dependent
on the blade kinematics model included in the numeri-
cal computations. This fact is associated to the different
relative positions between wake vortices and blade that
occur in rigid-blade and deformed-blade analyses.

Then, the aeroacoustic fields obtained from the two blade
models are presented. These have been obtained through
the application of the formulation outlined in Section
3, using the blade pressure given by the aerodynamic
formulation of Section 2. Figures 4-9 present the com-
parison between the measured acoustic pressure and the
numerical acoustic time signature for both rigid and de-
formed blade model. Figures 4-6 concern rotor 7A, Figs.
7-9 concern rotor 7AD and these two groups of figures
are related to the same observer positions. The ob-
servers are located 2.286m below the rotor disk. In the
experimental tests, the first one (Obs A) corresponds to
the upstream microphone 3 that is 2m distant from the
rotor hub (advancing rotor side), the second one (Obs
B) corresponds to the upstream microphone 3 located
3m far from the rotor hub (advancing rotor side), while
the third one (Obs C) corresponds to the upstream mi-
crophone 9 located 3.5m far from the rotor hub (retreat-
ing rotor side). These figures show that the numerical
results from the deformed-blade rotor are in good agree-
ment with the experimental data, but the agreement be-
tween the experimental data and the numerical results
from the rigid-blade rotor is quite poorer. Indeed, they
demonstrate that using rigid blades, although the impul-
siveness of the signal is captured, BVI peaks are under-
estimated, whereas the application of deformed blades
yields results where the impulsiveness of the signal as

well as the intensity of the peaks due to BVI are in
good agreement with the wind tunnel measurements.

The overall quality of the numerical predictions can be
assessed from Figs. 10-11. These concern the noise con-
tour levels (expressed in dB) related to the arrays of
microphones positioned on the horizontal plane located
2.286m below the rotor disk (these figures indicate also
the positions on this plane of the three observers con-
sidered in Figs. 4-9). Results from experimental data
and numerical analysis for rotor 7A are given in Fig. 10,
whereas Fig. 11 is related to rotor 7AD. The observa-
tion of these figures confirms the good accuracy of the
predictions given by the deformed-blade model both in
terms of noise directivity and intensity of noise peaks.
On the other hand, it is also confirmed that the predic-
tions based on the rigid-blade model underestimate the
intensity of the noise peaks produced by the BVI. They
show also that the low-quality of the rigid-blade predic-
tions concern the whole plane examined, with the poor-
est quality observed in the 7AD rotor analysis. Any-
way, the rigid-blade analysis seems to correlate fairly
well with the noise directivity pattern obtained from
measurements.

Concluding remarks

An aeroacoustic prediction tool for helicopter rotors ex-
periencing BVI has been presented. The aerodynamic
solver is based upon a fully three-dimensional direct
panel method that is suited for the analysis of heli-
copter rotors in BVI conditions, and which is applica-
ble to arbitrarily shaped thick blade rotors in arbitrary
flight mode. The numerical solver applied to evaluate
the acoustic field is based on the Ffowcs Williams and
Hawkings equation.

The results of the numerical investigation presented have
been pointed to examine the sensitivity of the BVI noise
predicted on the blade kinematic model included in the
analysis. The analysis has been performed considering
the EC/ONERA 7A and 7AD main rotors under rigid-
blade and deformed-blade assumptions. The blade de-
flections measured in the wind tunnel tests have been
used for the deformed-blade analysis.

The investigation shows that the numerical results in-
cluding the blade deformation predict the BVI noise
with a good level of accuracy both in terms of peak
intensity and directivity. On the other hand, the nu-
merical predictions using rigid blades, although captur-
ing the noise peaks due to BVI, underestimate signifi-
cantly their intensity. This occurs over the entire rea-
gion considered and is especially true for the 7AD rotor.
However, noise level contur plots have shown that the
directivity of the acoustic signal is fairly well predicted
by the rigid blade analysis.
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(a) Upper side

(b) Lower side

Figure 2. 7A rotor: time history of blade pressure

at r = .92R, x = 0.02c
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(a) Upper side (b) Lower side

Figure 3. 7AD rotor: time history of blade pressure at r = .92R, x = 0.02c

(a) Experiment (b) Calculation: deformed blade (c) Calculation: rigid blade

Figure 4. 7A rotor: acoustic signature at Obs A

(a) Experiment (b) Calculation: deformed blade (c) Calculation: rigid blade

Figure 5. 7A rotor: acoustic signature at Obs B
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(a) Experiment (b) Calculation: deformed blade (c) Calculation: rigid blade

Figure 6. 7A rotor: acoustic signature at Obs C

(a) Experiment (b) Calculation: deformed blade (c) Calculation: rigid blade

Figure 7. 7AD rotor: acoustic signature at Obs A

(a) Experiment (b) Calculation: deformed blade (c) Calculation: rigid blade

Figure 8. 7AD rotor: acoustic signature at Obs B

(a) Experiment (b) Calculation: deformed blade (c) Calculation: rigid blade

Figure 9. 7AD rotor: acoustic signature at Obs C
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(a) Experiment

(b) Calculation: deformed blade

(c) Calculation: rigid blade

Figure 10. 7A rotor: noise contour levels

(a) Experiment

(b) Calculation: deformed blade

(c) Calculation: rigid blade

Figure 11. 7AD rotor: noise contour levels
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