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Blade­ Vortex Interaction Noise Prediction
Using a Rotor Wake Roll-Up Model

G. Rahier* and Y. Delrieux*
ONERA, Châtillon 92322, France

The theoretical methods used at ONERA for the blade­ vortex interaction (BVI) noise prediction are
described. Predictions are performed in � ve main steps: rotor trim, wake geometry, interacting vortices,
blade pressure, and radiated noise. Three ways of introducing the wake in� uence in unsteady load com-
putations are investigated. The � rst one assumes that the tip � laments of the wake lattices are dominant.
The second one treats all of the � laments of the lattices as interacting vortices. The last one aims at
modeling the local wake rolling-up and the vortex concentration. For each method, theoretical vortex
geometries and intensities, loads, contours plots, and acoustic signatures are presented and compared to
experiment. They show the bene� t of using a roll-up model for BVI noise predictions. Indeed, the tip
� lament assumption appears to not be general enough for realistic applications and the whole lattice
approach does not seem reliable. On the contrary, fairly good aeroacoustic results are achieved using the
roll-up model. Particularly, this modeling allows us to deal with rotor geometries and kinematics that are
likely to generate inboard vortices.

Nomenclature
C = chord length
Cn = lift coef� cient
CT = thrust coef� cient
M = Mach number of a blade section
R = rotor radius
r = spanwise location
T = rotor rotation period
a shaft = shaft angle of the rotor
aTPP = tip path plane angle of the rotor
G = circulation on a blade section
G̃ = nondimensional circulation, G/VRC
c = azimuth of the reference blade, 0 deg downstream
V = rotor rotational speed

Introduction

B LADE ­ vortex interaction (BVI) noise is a major com-
ponent of the noise radiated by helicopters in descent

� ight. Because of the nuisance for people living near heliports,
noise is presently a key issue for the development of the civil
market of helicopters. Consequently, BVI noise prediction has
received much attention over the years.

BVI noise is caused by impulsive load � uctuations occurring
on the blades when they interact with intense, concentrated
vortices generated by preceding blades. The prediction of
blade load using computational � uid dynamics-type � ow solv-
ers without any integral wake model1,2 is not yet accurate
enough for BVI noise applications. This is mainly because of
the dif� culty of capturing and following small concentrated
vortex structures in the midst of an extended three-dimensional
time-dependent � ow. For this reason, most current BVI aero-
acoustic approaches use integral wake models to simulate the
vortex disturbances in load computations. Typically, the rotor
wake is described as one vortex lattice (vortex mesh) per blade
with an empirical geometry (prescribed wake)3 or with a ge-
ometry calculated using the local velocity � eld (free wake).4,5
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In this paper the velocity � eld induced by each vortex lattice
is introduced in the load computations using three different
techniques.

Tip Filaments Wake Approach

This model assumes that the actual vortex sheet rolls-up in
a single vortex emitted at the blade tip. Moreover, it is assumed
that the actual inboard sheet does not produce impulsive load
� uctuations. The actual tip vortex is modeled by the outboard
tip � lament of the numerical vortex lattice. Its location and
induced velocity � eld are computed at each time step of the
load calculation. An adapted spanwise mesh (not too re� ned
at the blade tip) is needed so that the circulation of the actual
vortex is not shared among several � laments of the lattice, but
is concentrated on the tip � lament. The inboard sheet in� uence
on loads is introduced by the velocity � eld induced by the
inboard lattice. The high frequencies of this velocity � eld are
� ltered to avoid � uctuations caused by the inboard sheet dis-
cretization.

Whole Lattice Wake Approach

In this approach, no physical assumption is made about the
wake roll-up. It is theorized that the computation of the lattice
convection is able to correctly predict the local wake rolling-
up and the vorticity concentration. The sheet in� uence on loads
is introduced by the velocity � eld induced by all of the � la-
ments of the vortex lattice. No distinction is made between the
� laments that are thus considered to be potential interacting
vortices.

Roll-Up Wake Approach

In this method, as in the preceding approach, no assumption
is made about the number and location of the actual interacting
vortices, but the local rolling-up and the vorticity concentration
are modeled. One or several new vortex � laments are con-
structed, based on the characteristics of the vortex lattices.
These � laments simulate the actual vortices in circulation and
location. They do not generally coincide with � laments of the
vortex lattice. Portions of the vortex lattice not accounted for
by the constructed vortices are treated as an inboard sheet in
the load computations (see the Tip Filaments Wake Approach
section).
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Fig. 1 Procedure of the roll-up wake model: a) discretized blade
bound circulation, b) vortical intensity, c) intensity summing up,
and d) constructed vortices.

In this paper, the outcomes of the wake model approaches
on the predicted blade loads and on the radiated noise are
analyzed for two descent � ight cases of the recent higher har-
monic control aeroacoustic rotor tests (HART) (Ref. 6). These
two cases are particularly well suited for this study because
they provide very different types of trailed vorticity. The the-
oretical tools used, the experimental setup, and the selected
test cases are brie� y described. The aerodynamic and acoustic
results are analyzed. The bene� t of a wake roll-up model in
BVI noise prediction is emphasized.

Aeroacoustic Prediction Methods
BVI noise is predicted at ONERA using a � ve-stage process:

1) the rotor is trimmed to the actual � ight or test conditions,
2) the rotor wake is computed, 3) the interacting vortices are
then determined in geometry and circulation, 4) the local blade
surface pressures are calculated as a function of azimuth, and
5) the sound radiation is predicted using this blade surface
pressure distribution as input.

Rotor Trim

An aeroelastic code [R85/METAR (Ref. 7): aerodynamic
comprehensive rotor model], initially developed by Eurocopter
France, is used to trim the rotor by taking into account aero-
dynamic, inertial, and elastic forces and moments on the
blades.

The R85 code computes the dynamic (quasisteady) response
and elastic deformations in torsion, � ap, and lag by solving
the Lagrange equations in which the elastic energy is written
using a linear beam model. The aerodynamic model is based
on a lifting-line method. The aerodynamic coef� cients Cl, Cm,
and Cd are directly read in two-dimensional airfoil tables tak-
ing into account compressibility and viscous effects. Then,
they are corrected for Reynolds number, and linear unsteady
effects (Theodorsen theory) are added for the Cm coef� cient.

In the METAR code, the rotor wake is described by vortex
lattices, the geometry of which is prescribed depending on the
rotor trim. A coupling between R85 and METAR is made until
convergence on induced velocities on the rotor disk is
achieved, so that the rotor trim accounts for vortical wake and
blade elasticity, which can be very important as proven in
Ref. 8.

Wake Geometry

The prescribed wake geometry deduced from R85/METAR
is distorted using a free-wake analyzing (MESIR) code,5 as-
suming that distorting the wake does not signi� cantly change
the rotor trim. Note that the geometry of the entire wake is
distorted in the wake deformation process and not just the tip
� laments. Geometric modi� cations of the wake are continued
until convergence on the spanwise distribution of the local
blade-bound circulation (three iterations are enough in prac-
tice). The wake emitted during three rotor revolutions is de-
scribed by 10 � laments in the spanwise direction with an az-
imuthal step of 10 deg.

The predicted wake is input directly into the calculation of
the blade pressure � uctuations when using the tip � laments
wake approach or the whole lattice approach. The roll-up
model described next is introduced between wake and pressure
calculations when using the roll-up vortex wake approach.

Wake Roll-Up

The wake roll-up is modelized starting from the results of
the free-wake analysis (circulation G and location x, y, z of the
wake � laments). The circulation Gv and location xv, yv, zv of
the rolled-up vortices are predicted using the following pro-
cedure (code MENTHE: roll-up modeling of the vortex sheet
of a helicopter rotor).

The vortical intensity ­G(r)/­r of the local trailed wake is
approximated at each blade azimuth by (Gi1 1 2 Gi)/(ri1 1 2 ri),

where Gi is the blade bound circulation at the radial position
ri (Figs. 1a and 1b).

The local maxima in ­G(r)/­r (above a threshold inspired of
rotor wind-tunnel tests9) are identi� ed (Fig. 1b). This threshold
expresses the requirement of a shear in the vortical wake
strong enough to result in a roll-up before the interaction with
a following blade occurs.

The circulation Gv of each rolled-up vortex is obtained by
summing up the vortical intensity over a spanwise portion Dr,
depending on the level of the corresponding local maximum
(Fig. 1c):

i i2 2(G 2 G )i11 i
G = dr and Dr = drv i iO O(r 2 r )i11 ii=i i=i1 1

The radial location rv at the emission time of the constructed
vortex is calculated using the following formula (Fig. 1d):

i i2 2

r = k r kv i i iSO DYSO D
i=i i=i1 1

where ki = ridri(G i1 1 2 Gi)/(ri11 2 ri).
The coef� cients ki used in this barycenter rule have been

chosen to give a larger weight to the outboard part of the
vortex lattice.

The vortices constructed in such a way at each blade azi-
muth are joined together in agreement with the continuity of
an actual roll-up.

The trajectory xv(t), yv(t), zv(t) of the constructed vortices is
computed starting from the trajectory xi(t), yi(t), zi(t) of the
wake � laments provided by the free-wake analysis. This tra-
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Fig. 2 Main types of blade-bound circulation and trailed vortic-
ity: a) type 1, strong loads; b) type 2, medium loads; and c) type
3, negative tip load.

jectory is obtained using the barycenter rule previously de� ned
for the computation of rv at the emission time:

i i2 2

x (t) = k x (t) kv i i iFO GYSO D
i=i i=i1 1

and similar formulas for yv(t) and zv(t).
This set of routines results in interacting vortices, the loca-

tion and the circulation of which are nearly independent of the
mesh used in the free-wake analysis. (Actual vortices are also
generated at the blade root as a result of the local circulation
jump. These vortices do not contribute to BVI noise. In prac-
tice, they are not constructed by the roll-up procedure.)

Blade Pressure

Blade pressure distribution is computed using a two-dimen-
sional singularity method (ARHIS code: aerodynamic of heli-
copter rotor­ wake interactions).10 ARHIS predicts unsteady
� ows in incompressible and inviscid � uids. The three-dimen-
sional problem is solved using a repetitive two-dimensional
strip analysis. The � ow relative to each blade section is de-
duced from an analysis of the interacting vortices and is de-
� ned to simulate as close as possible to the real three-dimen-
sional phenomenon. Finite span effects are introduced through
an elliptic-type correction on the pressure coef� cients. The
subsonic compressibility effects are included by means of
Prandtl ­ Glauert corrections associated with local thickening
of the airfoil. In the case of strong interaction, the vortex is
modeled as a cloud of elementary vortices to take its defor-
mation into account. The vortex viscous core radius is calcu-
lated starting from the vortex circulation and its age at the
interaction time, which are parameters provided by the wake
analysis using an empirical correlation derived from experi-
mental results.10 This correlation has been recently improved
using the laser Doppler velocimetry (LDV) measurements ac-
quired during the HART test program Ref. 11. The viscous
core radius of the noisiest vortices is about 25% chord in the
present calculations.

Noise Radiation

The noise radiation is computed by the acoustic prediction
of rotor­ wake interaction (PARIS) code,12 starting from the
pressure distribution provided by ARHIS. PARIS is based on
the Ffowcs Williams and Hawkings equation and predicts the
loading and thickness noise. It uses a time-domain formulation.
An ef� cient spanwise interpolation method has been imple-
mented in the code to minimize the amount of airload data
required for BVI noise prediction. This interpolation allows
the aerodynamic and acoustic CPU time to be reduced by a
factor of 3.

Experimental Setup and Selected Cases
The experimental results from the HART test program6

(which was performed in the Duits ­ Nederlandse Windtunnel
(DNW) 6 3 8 m open test section) are compared with predic-
tions in this paper. These tests were jointly conducted by the
U.S. Army/DLR/DNW/NASA and ONERA. Their objective
was to gain a physical understanding of the mechanisms in-
volved in BVI from both experimental and theoretical points
of view. They provided a unique database for validating aero-
dynamic and acoustic codes. More detailed information can
also be found in Ref. 11. Note that the present paper does not
deal with higher harmonic control (HHC) effects on noise and
vibration.

Model Rotor

The model rotor is a 40% dynamically scaled model of a
hingeless BO105 main rotor. Its main characteristics are the
following: four blades, 2 m radius, 0.121 m chord length, rec-
tangular planform, 28 deg (root to tip) linear twist, 2.5-deg

precone angle, modi� ed NACA 23012 airfoil, and 1050 rpm
rotor nominal operating speed.

Instrumentation

The blades were instrumented with 124 pressure transducers
distributed mainly at three spanwise stations located at r/R =
0.75, 0.87, and 0.97. Integration of chordwise pressure mea-
surements provides the time history of the local CnM 2 lift co-
ef� cient for each section. Acoustic measurements were re-
corded by 11 microphones mounted on a traversing rake
system located 2.4 m underneath the rotor. The sound pressure
time histories of each microphone were acquired for a set of
streamwise positions of the traversing rake system. Flow� eld
visualizations were performed by using a laser light sheet
(LLS) system. Certain test cases were studied in greater detail
and the positions of the interacting vortices were identi� ed on
both advancing and retreating sides. Blade de� ection measure-
ments were also performed by using several techniques ex-
plained in Ref. 11. They provided the blade deformations
(bending and torsion) and the blade tip attitude at given azi-
muths.

Selected Test Cases

The present study uses data from two runs of the HART
tests. Both simulate a 6-deg descent � ight path for an advance
ratio m = 0.15, CT = 0.0044, ashaft = 5.3 deg, and aTPP = 3.8
deg. The � rst case (run 140) has a monocyclic control law.
The second case (run 133) has a 3/revolution HHC law. These
two runs are particularly well suited for the analysis of the
trailed vorticity. Indeed, the control law combined with the
blade elasticity leads to various spanwise distributions of blade
circulation, and consequently, to various trailed vorticity dis-
tributions.
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Fig. 3 Top view of the vortex lattice and of the constructed vor-
tices (relative to one blade): a) run 140, MESIR vortex lattice; b)
run 133, MESIR vortex lattice; c) run 140, MENTHE constructed
vortex; and d) run 133, MENTHE constructed vortices.

Types of Blade-Bound Circulation and Trailed-Wake Vorticity

For conventional blade geometries (no � ap, no vane-tip),
there are mainly three types of spanwise distribution of blade-
bound circulation (Fig. 2). Type 1 can be connected with
strong loads, generally occurring on the retreating blade. The
wake vortical intensity that is related to dG/dr on the blade is
then concentrated at the blade tip (Fig. 2a). Type 2 corresponds
to lower loads, more typical of the advancing blade. In this
case, the vortical intensity is more evenly distributed (Fig. 2b).
Finally, type 3 occurs, for example, when a strong negative
torsion added to the static twist results in negative angles of
attack at the blade tip. Two maxima of opposite sign are then
found in the trailed vorticity (Fig. 2c), and two vortices of
opposite sense of rotation can be generated: 1) an inboard vor-
tex linked to the positive blade load (the main load) and 2) a
tip vortex created by the negative tip load.

From the numerical point of view, these types of blade-
bound circulations lead to the following distributions of cir-
culation in the vortex lattice. For type 1 loading, the circulation
of the tip � lament is clearly dominant. Conversely, in type 2
loading, the trailed vorticity is distributed on several outboard
� laments, the number of which depends on the wake discret-
ization near the blade tip. For type 3, the trailed vorticity
linked to the main blade load is distributed on inboard � la-
ments, and the vorticity caused by the tip load is trailed by the
tip � lament.

These three main kinds of blade-bound circulation distri-
bution and trailed-wake vorticity are encountered in runs 140
and 133. They will be used later to discuss the aeroacoustic
results according to the way the wake in� uence is introduced
in the load calculations.

Theoretical Predictions and Comparisons
with Experiment

Interacting Vortex Geometries and Circulations

The top views of the vortex lattice relative to one blade
predicted by the free-wake analysis (MESIR code) are plotted
in Figs. 3a and 3b for both runs. They represent frozen wake
patterns for the blade at c = 180-deg azimuth. On the � gures,
the tip � lament is drawn as the straight line. The vortices ob-
tained using the roll-up model are plotted on the Figs. 3c and
3d. For run 140, the blade-bound circulation is type 1 on the
retreating side and type 2 on the advancing side. Thus, the
roll-up model predicts only one vortex, located at or near the
blade tip [outboard vortex (OV)]. For run 133, the blade-bound
circulation on the advancing side is type 3 at certain azimuths.
The roll-up model constructs two vortices at these azimuths,
one at the blade tip (OV), another one more inboard [inboard
vortex (IV)]. At the other azimuths, the blade-bound circula-
tion is type 1 or 2 as for run 140 and only one vortex is
constructed by the roll-up model. The main vortex (in terms
of circulation) is represented as the straight line. It is not al-
ways found at the blade tip. At the azimuths where it slides
inboard, the secondary vortex (dashed line), located at the
blade tip, has a contrary sense of rotation.

The results provided by the roll-up wake approach are very
consistent with the � ow visualizations done during the HART
test program. On the advancing side, these visualizations have
shown a single vortex (per blade) for run 140 and the presence
of two vortices of opposite sense of rotation for run 133, as
reported in Ref. 11.

The blade­ vortex vertical miss-distance at the interaction
time is of great interest because it is a determinant parameter
of the radiated sound. The predicted miss-distances relative to
the interactions of a blade with its own vortex lattice on the
advancing side (the noisiest side) are plotted in Fig. 4, with
the same display as in Fig. 3. This � gure shows that, for both
runs, the whole lattice approach introduces numerous inboard
� laments in close interaction with the blade.
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Fig. 4 Predicted blade­ vortex vertical miss-distances on the ad-
vancing side, at the interaction time. Vortex lattice and con-
structed vortices relative to one blade: a) run 140 and b) run 133.

Fig. 5 Predicted vortex circulations of the wake lattice and of
the constructed vortices, at the emission azimuths of the interact-
ing vortices: a) run 140, c = 225 deg; b) run 140, c = 135 deg;
c) run 133, c = 225 deg; and d) run 133, c = 135 deg.

Fig. 7 Measured and predicted section loads for run 133 (r/R =
0.87): a) experiment, b) tip � lament approach, c) whole lattice
approach, and d) roll-up wake approach.

Fig. 6 Measured and predicted section loads for run 140 (r/R =
0.87): a) experiment, b) tip � lament approach, c) whole lattice
approach, and d) roll-up wake approach.

For run 140, the miss-distances deduced from the tip � la-
ment assumption or from the roll-up model differ slightly (Fig.
4a). Indeed, as the trailed vorticity on the advancing side is
type 2, inboard wake � laments and not only the tip � lament
take part in the computation of the trajectory of the single
vortex predicted by the roll-up model.

For run 133, the trailed vorticity is type 3 at the azimuths
where the interacting vortices on the advancing side are gen-
erated. Because of the concentration of the positive trailed vor-
ticity at the blade tip (Fig. 2c), the outboard rolled-up vortex
coincides with the tip � lament (Fig. 4b). The inboard vortex
predicted by the roll-up model interacts with the blade with
the small vertical miss-distances. This inboard vortex has a

preponderant contribution to the radiated noise, as will be
shown in the Acoustic Results section.

The discussion concerning the vortex lattice emitted by the
other blades would lead to the same comments.

The circulation of the � laments of the wake lattice (includ-
ing the tip � lament) and the circulation of the rolled-up vor-
tices are presented in Fig. 5 for the emission azimuths of the
interacting vortices: c = 225 deg on the retreating side and c
= 135 deg on the advancing side.

For run 140, the trailed vorticity is type 1 on the retreating
side (Fig. 5a). Thus, the rolled-up vortex is only slightly
stronger in circulation (about 130%) than the tip � lament and
the circulation of the inboard � laments are much lower. Con-
versely, on the advancing side (Fig. 5b), the circulation of the
tip � lament is of the same order as the circulation of neigh-
boring inboard � laments (type 2 trailed vorticity). At these
azimuths, the circulation of the rolled-up vortex, resulting in
the summing up of the vortical intensity over a spanwise por-
tion, is about three times stronger than the circulation of the
tip � lament.

For run 133, the previous comments about the circulations
on the retreating side are still valid (Fig. 5c, type 1 trailed
vorticity). On the advancing side (Fig. 5d), the main vortex
(inboard) predicted by the roll-up model, has a rather higher
circulation (negative) than any inboard � lament. The second-
ary rolled-up vortex, present only in this azimuthal area, has
the circulation of the tip � lament (type 3 trailed vorticity).
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Fig. 10 Top view of the acoustic
measurement (and prediction)
grid.

Fig. 9 Measured and predicted section load time-derivatives for
run 133 (r/R = 0.87): a) experiment, b) tip � lament approach, c)
whole lattice approach, and d) roll-up wake approach.

Fig. 8 Measured and predicted section load time-derivatives for
run 140 (r/R = 0.87): a) experiment, b) tip � lament approach, c)
whole lattice approach, and d) roll-up wake approach.

The interacting vortex circulation is an important parameter
in the BVI noise generation. The discrepancies in circulation
partly explain the differences between noise predictions per-
formed using the tip � lament assumption, the whole lattice
approach, or the roll up vortex method, as will be shown in
the sections devoted to the aerodynamic and acoustic results.

Local Blade Loads

For both runs, the low-frequency components of the CnM 2

coef� cient at r/R = 0.87 are in good agreement with experi-
ment, regardless of the method used (discussed in the Intro-
duction) (Figs. 6 and 7). It only means that the low-frequency
components of the wake in� uence on the loads are correctly
predicted by the three theoretical methods, but these compo-
nents are not related to the BVI noise. However, the high-
frequency components of the predicted loads exhibit more or
less BVI peaks, depending on the method. This is particularly
obvious on the advancing side for run 133. Unfortunately, the
CnM 2 plots do not provide direct precise information of the
BVI acoustic source intensities as the load time-derivatives do
(as shown in Ref. 10).

These section load time-derivatives are displayed in Figs. 8
and 9. The consequences of the method used to introduce the
wake in� uence in load computations clearly appear. On the
retreating side (c > 180 deg), the acoustic sources calculated
either using the tip � lament assumption or the roll-up model
are comparable to the measurements for both runs. Particularly,
the phases of the BVI peaks are well predicted. It means that
the actual interacting vortices are probably emitted near the
blade tip. The computed relative amplitudes can easily be re-
lated to the vortex circulations previously investigated. The
whole lattice approach leads to rather different results with
more peaks than in the experiment.

Differences are even more obvious on the advancing side
(c < 180 deg), where the number and amplitude of the BVI
peaks vary very much from one analysis to another. Using the
tip � lament assumption, the BVI peaks are dramatically un-
derestimated, both in number and amplitude, because the in-
board vortices are not taken into account and the circulation
of the outboard vortices is underestimated. Using the whole
lattice approach, many peaks appear that are not correlated
with experiment, particularly in run 133 (Fig. 9c). Indeed, con-
trary to a concentrated roll-up, several separate � laments pro-
vide separate unrealistic BVI peaks, the number of which ob-
viously depends on the wake discretization. The roll-up model
leads to acoustic sources more similar to the experiment, even
if the number (run 140) or amplitude (run 133) of the BVI
peaks do not completely match the experiment.

Acoustic Results

Noise Contours

To estimate the BVI impulsive noise content, the experi-
mental as well as theoretical noise contour plots have been
derived, respectively, from measured and calculated acoustic
signals, at the nodes of a grid situated 2.4 m underneath the
rotor (Fig. 10). The measurements and the predicted sound
pressures have been � ltered in a bandwidth corresponding to
the 6th to 40th blade passage harmonic (representative of BVI
noise). The experimental time signatures used for the fre-
quency analysis were sampled and averaged in synchronization
with the rotation of the rotor shaft to characterize discrete fre-
quency tones (the only sound component addressed here).

The predicted noise contours do not qualitatively (with re-
spect to the shape) differ from one another, depending on the
technique used to determine the interacting vortices (Figs. 11
and 12). These time-averaged noise contours are in good
agreement with experiment. The locations of local maxima be-
cause of the blade­ vortex interactions on the retreating and
advancing sides are generally correctly identi� ed. Discrepan-
cies are mainly quantitative with respect to the local maximum
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Fig. 11 Measured and predicted noise contours for run 140 (2-
dB noise level increment): a) experiment, b) tip � lament approach,
c) whole lattice approach, and d) roll-up wake approach.

Fig. 12 Measured and predicted noise contours for run 133 (2-
dB noise level increment): a) experiment, b) tip � lament approach,
c) whole lattice approach, and d) roll-up wake approach.

Fig. 13 Measured and predicted acoustic signatures for run 140
(retreating side): a) experiment, b) tip � lament approach, c) whole
lattice approach, and d) roll-up wake approach.

levels. These sound pressure levels con� rm the previous anal-
ysis of the blade loads: rather comparable values on the re-
treating side and strong discrepancies on the advancing side
where the underpredictions can exceed 10 dB. The maximum
levels predicted using the roll-up model differ from measure-
ments by less than 1 dB. These quite good results cannot be
achieved with the two other methods. The whole lattice ap-
proach seems to bring an improvement as compared to the tip
� lament assumption. However, this improvement is not relia-
ble since the increases in noise levels are a result of nonphys-
ical peaks.

Acoustic Signature

A more precise investigation of the sound radiation can be
done by examining sound pressure time histories. The micro-
phones selected for this are located at each local maximum of
the experimental contour plots (X, Y, and Z axis de� ned in Fig.
10).

Retreating side:

run 140: X = 22 m; Y = 1.08 m, Z = 22.4 m

run 133: X = 22.5 m; Y = 1.08 m, Z = 22.4 m

Advancing side:

run 140: X = 0; Y = 22.16 m, Z = 22.4 m

run 133: X = 20.5 m; Y = 22.16 m, Z = 22.4 m

On the retreating side (Figs. 13 and 14), the experimental
signatures are characterized by a dominant impulsive peak,
which is reproduced fairly well by all of the computations.
This is not surprising because, for the two runs, the spanwise
distribution of blade-bound circulation on the retreating side
is type 1. The wake vortical intensity is concentrated at the
blade tip, and consequently, the in� uences of the whole lattice,
the tip � lament, and the constructed vortex are quite close.

On the advancing side (Figs. 15 and 16), the acoustic sig-
natures are consistent with all of the preceding results. Using
the tip � lament assumption, which results in underestimating
the vortex circulations and excluding the inboard vortices,
causes an underestimation of BVI peaks (run 140, Fig. 15b)
or a complete lack of BVI peaks (run 133, Fig. 16b). The
whole lattice approach seems to better take into account the
inboard trailed vorticity that actually has a preponderant con-
tribution to the radiated noise in run 133 (Fig. 16c). However,
it leads to peaks that are not in correlation with the measure-
ments (Figs. 15c and 16c). The best results are achieved with
the roll-up model (Figs. 15d and 16d).
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Fig. 14 Measured and predicted acoustic signatures for run 133
(retreating side): a) experiment, b) tip � lament approach, c) whole
lattice approach, and d) roll-up wake approach.

Fig. 15 Measured and predicted acoustic signatures for run 140
(advancing side): a) experiment, b) tip � lament approach, c) whole
lattice approach, and d) roll-up wake approach.

Fig. 16 Measured and predicted acoustic signatures for run 133
(advancing side): a) experiment, b) tip � lament approach, c) whole
lattice approach, and d) roll-up wake approach.

Conclusions
Three ways of introducing the wake in� uence in load cal-

culations have been investigated in the frame of BVI noise
predictions using integral wake models. The aerodynamic and
acoustic results show that the single tip � lament model is not
general enough for realistic applications to aeroelastic rotors
with high aspect ratio. Particularly, this method cannot deal
with inboard vortices that may be generated by such rotors.
Furthermore, this model leads to vortex circulations that are
dependent on the mesh used for the wake calculation.

The whole lattice approach takes into account inboard
trailed vorticity, but the local wake rolling-up and the vortical
concentration are not well simulated. This method leads to
many BVI peaks in the load time evolutions as well as in the
acoustic signatures without correlation with measured data.
Thus, the method does not seem to be reliable, even if it pro-
vides better sound pressure levels than the single-tip � lament
method.

The roll-up model presently used, which models the local
wake rolling-up and the vortical concentration into interacting
vortices, leads to much better qualitative and quantitative aero-
dynamic and acoustic predictions. Indeed, a roll-up wake ap-
proach enables one to better predict the tip vortex circulation
and to take into account inboard vortices with a realistic num-
ber of interacting vortices nearly independent of the mesh used
in the free-wake analysis. It must be noted that whatever the
complexity of the developed roll-up model may be, the quality
of the � nal result will strongly depend on the accuracy of the
calculated wake used as input data. These input data may prob-
ably be improved by implementing the roll-up model in the
wake computation.
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