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Abstract

The scope of this paper is the validation of the comprehensive aero-acousto-elastic solver developed in the last years at
Roma Tre University against the well-known HART II database, which is the outcome of an international EU-US cooperative
research project consisting of a wind tunnel experimental campaign for the measurements of loads, blade deflection, wake
shape and noise concerning a 4-bladed model rotor in low-speed descent flight conditions. Comparisons with numerical
results available in the literature for the same test cases are also presented. The results provided by the Roma Tre solver
are in good agreement with respect to experimental data, with a level of accuracy that is in line with the state-of-the-art
predictions. The computational cost requested is limited.

1 INTRODUCTION

HART II test campaign [1;2;3] is the best-known experimental
campaign on helicopter rotor aerodynamics, aeroelasticity
and aeroacoustics, performed at the DNW low-speed wind
tunnel by a joint EU-US consortium. It moved from the previ-
ous HART-I research project, including PIV measurements
of the wake generated by the examined 4-bladed model ro-
tor. On the whole, HART II has made available to research
community data covering trim, elastic motion, aerodynamic
loads, wake shape and flow velocity in low-speed descent
flight. This flight condition is particularly critical for aeroe-
lastic and aeroacoustic simulations due to the strong inter-
action between rotor blades and wakes (Blade-Vortex Inter-
action, BVI, which is one of the major causes of noise and
vibratory loads produced by the rotor). Three different oper-
ating conditions are considered: the baseline case, in which
traditional collective and cyclic controls are applied, and two
higher-harmonic controlled cases (HHC), concerning mini-
mum noise and minimum vibration conditions.

In the years following the test campaign, several re-
search centers and academies, including those involved
in the HART II project, have been using the outcomes of
the project for validation of numerical codes for rotor anal-
ysis. The available literature includes the assessment of
some comprehensive codes for helicopter rotor analysis
based on correlation with HART II data, [4;5] as well as re-
views regarding applications of computational fluid dynam-
ics methods coupled with computational structural dynam-

ics codes (CFD/CSD) compared with HART II measure-
ments. [6;7] Among the comprehensive codes correlated in
the past with HART II data, it is possible to note contribu-
tions from the AFDD and NASA team, Onera, DLR and the
University of Maryland. [4;5]

The U.S. Army Aeroflightdynamics Directorate (AFDD)
and NASA team used CAMRAD II, in which the structural
model is described through finite nonlinear beam elements.
The aerodynamic model is derived by combining the mod-
ified Onera ELDIN theory for unsteady aerodynamics with
C81 standard table lookup. A free-wake model with multiple
trailers is applied.

The comprehensive code used by Onera includes a
structural model based on finite rigid beam elements with
lumped elastic properties. The aerodynamic model is based
on a lifting line theory which combines 2-D airfoil tables
with the Theodorsen unsteady aerodynamic theory. A pre-
scribed helical wake code is used to find trim condition and
blade deformations firstly, then a full span free wake model
is applied in order to evaluate blade pressure.

German Aerospace Centre (DLR) used the comprehen-
sive code S4, whose structural model consists of a finite el-
ement method based on the Houbold-Brooks formulation.
A semi-empirical analytic formulation for the airfoil coeffi-
cients, based on the Leiss method for unsteady motion, with
enhancements suited for BVI problems, is used for mod-
elling aerodynamics. Fuselage effects are introduced by an
analytical formulation based on potential flow theory. The
Mangler and Squire wake model is used to evaluate perfor-



mance and vibrations, while an extension of the Beddoes
prescribed wake with multiple trailers is used for noise eval-
uation.

The University of Maryland used UMARC comprehen-
sive code for the HART II correlation study. The aeroe-
lastic solver consists of a finite element method based on
a second-order, non-linear, isotropic, Euler-Bernoulli beam
blade modeling, loosely coupled with a lifting-line aerody-
namics tool and a free-wake wake solver.

All these teams evaluated noise radiation through in-
tegration of the Ffwocs Williams and Hawkings equation [8]

performed by Farassat’s formulation 1A [9].

In this paper, predictions provided by the comprehen-
sive code for helicopter rotor aero-acousto-elastic analysis
developed at Roma Tre University in the last twenty years
are assessed through comparison with HART II data. It is
based the harmonic-balance/modal approach [10] for the in-
tegration of the aeroelastic equations obtained by coupling
a beam-like model for the structural dynamics of slender,
nonuniform, twisted blades, undergoing moderate displace-
ment with the aerodynamic loads given by a boundary ele-
ment method (BEM) for the solution of free-wake potential
flows. [11] The Farassat 1A integral formulation is applied for
noise radiation.

In the following, first the aerodynamic, aeroelastic and
aeroacoustic formulations applied in the developed solver
are outlined, and then predictions concerning aeroelastic
response, aerodynamic loads and emitted noise are corre-
lated with HART II measurements.

2 AEROELASTIC SOLVER

The aeroelastic simulations are performed through a modal
(Galerkin) approach applied to the blade structural dy-
namics formulation coupled with aerodynamic loads deter-
mined through a boundary integral formulation for poten-
tial flows. [10] The aeroelastic computational tool developed
is able to evaluate blade elastic response, pressure distri-
bution, and hub loads determining, at the same time, trim
and pitch control settings for a prescribed flight condition.
Figure 1 depicts the logical scheme of the comprehensive
aero-acousto-elastic tool, where the aeroelastic solver (with
trim included) is enclosed by the red box.

It is worth noting that, for the analysis of the isolated ro-
tor tested in the HART II project, in the absence of fuselage
dynamics, the flight condition to be trimmed is identified by
advance ratio, shaft angle and values of steady thrust and
rolling and pitching moments at the hub.

Since a stationary flight condition is examined, the time
integration of the aeroelastic ordinary differential operator
derived after application of the Galerkin method is achieved
through a harmonic balance approach, which guarantees a
very fast convergence rate of the iterative solution for the
nonlinear problem. [10]

Figure 1: Sketch of the aero-acousto-elastic tool.

2.1 Structural dynamics

Blade structural dynamics is described through a beam-like
model. It derives from a nonlinear, bending-torsion formula-
tion valid for slender, homogeneous, isotropic, nonuniform,
twisted blades, undergoing moderate displacements. [12]

The radial displacement is eliminated from the set of equa-
tions by solving it in terms of local tension, and thus the
resulting structural operator consists of a set of coupled
nonlinear differential equations governing the bending of
the elastic axis and the blade torsion. [13] These equations
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 equa-
tions of the type

Mq̈+Cq̇+Kq = fnl
str(t,q)+faer(t,q)(1)

where q denotes the vector of the Lagrangian coordinates
(time-variant coefficients of the linear combination of shape
functions), M , C, and K are time-periodic mass, damp-
ing, and stiffness structural matrices representing the con-
tribution of the linear structural terms. Nonlinear struc-
tural contributions are collected in the forcing vector f str

nl ,
whereas vector faer(t,q) collects the generalized aerody-
namic forces (see Sec. 2.2).

2.2 Aerodynamic formulation

The aerodynamic loads are determined by a BEM approach
for the solution of unsteady potential flows around lifting
bodies. It is capable of dealing with bodies in arbitrary mo-
tion, also in the presence of strong blade-vortex interac-
tions (BVI) occurring in several helicopter flight conditions
and sources of annoying noise components. [11;10] It has
been successfully applied to aeroacoustic analyses of ro-
tors. [14;15;16;17;18] In the following, the aerodynamic model is
briefly outlined.

Considering incompressible, potential flows such that
v = ∇ϕ, the aerodynamics formulation applied assumes
the potential field, ϕ, to be given by the superposition of an
incident field, ϕI , and a scattered field, ϕS (i.e. ϕ= ϕI +ϕS ).



The scattered potential is determined by sources and dou-
blets distribution over the surface of the blades, SB, and
by doublets distributed over the wake portion that is very
close to the trailing edge from which emanated (near wake,
S N

W ). The incident potential field is associated to doublets
distributed over the complementary far wake region, S F

W . [11]

The wake surface partition is such that the far wake is the
only wake portion that may come in contact with blades and
generate BVI effects. The incident potential is discontinu-
ous across S F

W , whereas the scattered potential is discon-
tinuous across S N

W and is represented by [11]

ϕS(x, t) =

∫
SB

[
G(vn−un)−ϕS

∂G
∂n

]
dS(y)

−
∫

S N
W

∆ϕS

∂G
∂n

dS(y)(2)

where G =−1/4πr is the unit-source solution of the three-
dimensional Laplace equation, with r = ‖y−x‖, while ∆ϕS

is the potential jump across the wake surface, known from
past history of potential discontinuity at the blade trailing
edge through the Kutta-Joukowski condition. [19] In addition,
vn = vB ·n, with vB and n representing blade velocity and
outward unit normal, respectively, whereas un =uI ·n, with
uI denoting the velocity induced by the far wake.

Considering the far wake discretized into M panels, as-
suming the potential jump to be constant over each panel,
and recalling the equivalence between surface distribution
of doublets and vortices, the incident velocity field is eval-
uated through the Biot-Savart law applied to the vortices
having the shape of the panel contours. In order to assure
a regular distribution of the induced velocity within the vor-
tex core, and thus a stable and regular solution even in BVI
conditions, a Rankine finite-thickness vortex model is intro-
duced in the Biot-Savart law. [11] Wake-induced velocity field
is applied to evaluate the term un in Sec. 2.2, as well as the
velocity field from which the wake shape evolution is deter-
mined for the free-wake analysis. Note that, for an accu-
rate prediction of BVI phenomena, the accurate evaluation
of the wake shape is essential in that a crucial role is played
by the relative position between body and wake. The free
wake shape is evaluated at the end of each time-step, once
the potential solution is known. Figure 2 shows an example
of wake shape of the HART II rotor.

In this formulation, the incident potential affects the scat-
tered potential through the induced-velocity, while the scat-
tered 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 wake. [11] Once
the potential field is known, the Bernoulli theorem yields
the pressure distribution to be provided to aeroelastic and
aeroacoustic solvers. [10] The generalized forces f aer(t,q)
are then evaluated by projection of the sectional loads (suit-
ably modified by the Prandtl-Glauert compressibility cor-
rection factor) on the shape functions considered in the
Galerkin approach.

Figure 2: Free-wake shape evaluated for one of the rotor flight
conditions (baseline) considered in HART II.

3 AEROACOUSTIC SOLVER

Noise radiated by rotor blades is evaluated through the
widely-used boundary integral formulation developed by
Farassat [9] for the solution of the Ffowcs Williams and
Hawkings equation, [8] which governs propagation of acous-
tic disturbances aerodynamically generated by moving bod-
ies.

When the velocity of the rotor blades is such that tran-
sonic effects are negligible, it yields the aeroacoustic field
as a superposition of two terms: the thickness noise, p′

T
,

depending on blade geometry and kinematics,

4πp′
T
(x, t) =

∫
SB

[
ρ0v̇n

r|1−Mr|2

]
τ

dS(y)

+

∫
SB

[
ρ0vn

(
rṀ · r̂+ c0Mr− c0M2

)
r2|1−Mr|3

]
τ

dS(y)

and the loading noise, p′
L
, related to the distribution of pres-

sure over blade surfaces,

4πp′
L
(x, t) =

1
c0

∫
SB

[ ˙̃pn · r̂+ p̃ ṅ · r̂
r|1−Mr|2

]
τ

dS(y)

+

∫
SB

[
p̃n · r̂− p̃M ·n

r2|1−Mr|2

]
τ

dS(y)

+
1
c0

∫
SB

[
p̃n · r̂

r2|1−Mr|3
rṀ · r̂

]
τ

dS(y)

+

∫
SB

[
p̃n · r̂

r2|1−Mr|3
(Mr−M2)

]
τ

dS(y)

In the above equations, r denotes the distance between
observer position, x, and source position, y, whereas
r̂ = r/r is the unit vector along the source-observer di-
rection, with r = |r|. In addition, c0 and ρ0 are speed of
sound and density in the undisturbed medium, respectively,



p̃ = (p− p0) with p0 representing the undisturbed medium
pressure, M = vB/c0 with vB denoting the body velocity,
M = ‖M‖, Mr = M · r̂, and vn = vB ·n, where n is the
outward blade surface unit normal vector. Further, v̇n, ṅ
and Ṁ denote time derivatives of vn, n and M , observed
in a frame of reference fixed with the undisturbed medium.

The integral contributions are evaluated by a zero-th
order boundary element method: the blade surface is di-
vided into quadrilateral panels, and the integrand functions
multiplying kernel terms are assumed to be uniformly dis-
tributed within each panel, with values equal to those at the
centroids. Notation [...]τ indicates that these quantities are
evaluated at the delayed source time, τ = t−θ, where θ is
the time taken by the signal started from y ∈ SB to arrive in
x at time t. [9]

In problems dealing with weakly loaded rotors, thick-
ness and loading noise are comparable. However, when
strongly loaded rotors are examined (as in the case of BVI
occurrence), the thickness noise tends to be negligible and
the acoustic disturbance is dominated by the loading noise.

4 NUMERICAL RESULTS

The results of an extensive numerical investigation are pre-
sented in order to assess the capability of the outlined aero-
acousto-elastic tool to predict the response of rotors subject
to BVI phenomena. These are correlated with experimental
data concerning the scaled model of the Bo-105 main rotor
(radius R = 2 m) tested during the HART II program [1;2;3] in
the large low-speed facility of the DNW.

The HART II database allows the validation in terms
of aeroelastic, aerodynamic and aeroacoustic predictions.
Here, the attention is focused on the the baseline case (the
minimum-noise and minimum-vibration cases analyzed in
HART-II are not considered in this work). The operating con-
dition is a 5.4◦ descent flight, with advance ratio µ = 0.15
and rotational speed of the rotor Ω = 109.12 rad/sec. A
4985 Nm/rad torsion spring is introduced in order to simu-
late control chain stiffness effects [4]. Moreover, the com-
plete rotor-fuselage configuration is in aerodynamic and
aeroacoustic modeling, while wind tunnel interference ef-
fects are neglected.

First, aerodynamic and aeroacoustic analyses are car-
ried out assuming the blade deformations as those mea-
sured experimentally [20] (this allows the assessment of the
aerodynamic and aeroacoustic prediction capabilities, out
of aeroelastic approximation effects). Then, the compre-
hensive aero-acousto-elastic solver is applied to accom-
plish the complete solution process starting with rotor and
ending with noise radiation. The numerical results carried
out in this second approach are compared with those ob-
tained by the University of Maryland (UM) and the German
Aerospace Centre (DLR), in order to assess the quality of
the present solver with respect to state-of-the-art predic-
tion codes. [4;5] The complete aero-acousto-elastic simula-
tion takes about eight hours on a i7−4770K PC.

4.1 Aerodynamic and aeroacoustic analysis
for given blade deformation

Aerodynamic and aeroacoustic predictions and correlations
are presented in terms of normal force coefficient, tip-vortex
trajectories and BVI noise radiation. As already stated, here
the blade elastic deformation [20] is assigned as an input to
the momentum-trim problem from which blade pitch com-
mands are determined. Table 1 compares the trim settings
achieved with those applied experimentally, showing that
the discrepancies are quite small (≤ 5%).

Exp. Num. % error

θ0 3.8◦ 3.09◦ −5.17%
θc 1.92◦ 1.58◦ −4.94%
θs −1.34◦ −1.46◦ 2.13%

Table 1: Trim settings from prescribed blade deformation.

Next, Fig. 3 presents the unsteady part (mean value
removed) of the cnM2 coefficient at the spanwise section
located at the 87% of the blade span (r/R = 0.87). In
particular, it compares experimental airloads with those ob-
tained numerically by the present approach. The aerody-
namic solver well predicts BVI effects in terms of amplitude
and azimuthal location. This is a necessary requisite for the
accurate evaluation of noise intensity and directivity, in that
these are strongly affected by the position and intensity of
BVI phenomena. Some amplitude discrepancies appear in
the advancing side, in the interval [30◦,120◦].

Figure 3: Time history of cnM2 at r/R = 0.87 (mean value re-
moved).

For a deeper investigation on the capability of the pre-
diction tool to capture BVI effects, low-frequency and high-
frequency cnM2 contents are examined separately. Indeed,
the low-frequency content (including up to 10/rev harmon-
ics) is mainly affected by blade rigid and elastic motion,
whereas the high-frequency content strongly depends on
wake shape and miss distance. Their correlation with ex-
perimental data is provided in Fig. 4. Both numerical re-
sults show good agreement with the experimental data, in



particular the high-frequency cnM2 content underlines the
capability of the aerodynamic solver to accurately predict
the intensity and the position of high-frequency oscillations
due to blade-vortex interactions.

Figure 5 shows the top view of the tip vortices trajec-
tory. The comparison between numerical and experimental
results is performed for two different azimuthal positions:
Ψ = 20◦ and Ψ = 70◦. For both rotor positions a very
good agreement between predicted and measured tip vor-
tex trajectories is observed, in both advancing and retreat-
ing sides.

(a) low-frequency (≤ 10/rev)

(b) high-frequency (> 10/rev)

Figure 4: Time history of low-frequency and high-frequency con-
tents of cnM2 at r/R = 0.87.

Moreover, Figs. 6(a) and 6(b) show the tip vortex traces
on two longitudinal planes. The axial position (zh coordi-
nate) of the tip vortices is known to have the strongest in-
fluence on BVI, because it directly affects the vortex-blade
miss distance. The traces are extracted from the inter-
section of the free-wake shape with the vertical planes at
yh = 0.7R (advancing side) and at yh = −0.7R (retreating
side). Note that, the traces at xh > 0 are identified when
one of the rotor blades is at Ψ = 20◦, whereas the traces
at xh < 0 correspond to Ψ = 70◦. The comparison with the
experimental data confirm the very good quality of the wake
shape predicted by the aerodynamic solver.

Finally, Fig. 7, shows the comparison between the noise
contour map on a horizontal plane placed 2.2 m below the

rotor disk computed by the proposed solver and that given
by measurements. The contour plots concern the sound
pressure level of the mid-frequency noise content including
the harmonics between the 6th and the 40th blade-passing
frequency (BVISPL). The aeroacoustic predictions are in
very good agreement with measurements in terms of both
noise level and directivity. These results demonstrate the
capability of the aerodynamic-aeroacoustic tool to capture
the presence of the two distinct high-noise lobes that are
typical of a BVI operating condition, although the extension
of that in the retreating side lobe shows some underestima-
tion.

(a) Ψ = 20◦

(b) Ψ = 70◦

Figure 5: Top view of tip vortex trajectories.



(a) advancing side (yh = 0.7R)

(b) retreating side (yh =−0.7R)

Figure 6: Tip vortex trace on vertical planes.

4.2 Aero-acousto-elastic analysis

Next, the same set of correlations with the experimental
data discussed above are presented for the simulations ob-
tained through the complete aero-acousto-elastic compre-
hensive tool, with inclusion of those concerning the predic-
tions of the blade tip deflections (not considered in the pre-
vious analysis).

The corresponding trim setting determined by solving
the aeroelastic trim problem are reported in Tab. 2. Com-
pared with those obtained for the blade deformation given
by measurements, the agreement with the experimental
data is better for collective pitch and lateral cyclic pitch,
whereas the longitudinal cyclic pitch presents a larger dis-
crepancy.

Exp. Num. % error

θ0 3.8◦ 3.21◦ −4.22%
θc 1.92◦ 1.81◦ −1.47%
θs −1.34◦ −0.77◦ −13.45%

Table 2: Trim settings from the complete aeroelastic trim problem.

The corresponding predicted blade deformations are
presented in terms of flap, lead-lag and torsion displace-
ments at the blade tip during one rotor revolution in Figs. 8
to 10.

(a) experimental results

(b) present results

Figure 7: BVISPL contour plots.

Specifically, Fig. 8 shows the comparison of the flapping
response with the experimental data and those obtained by
UM and DLR. [4;5] The measured deflections show a neg-
ative mean value (consistently with the fact that the 3300
N trim thrust is lower than the 3600 N trim thrust design
of the pre-cone configuration [5]) and a clear 1/rev variation
with maximum upward position at Ψ = 280◦ and minimum
deflection at Ψ = 100◦. The flap response predicted by the
present solver shows a quite accurate behavior, with under-
estimation of the 1/rev amplitude and a less marked mini-
mum peak around Ψ = 100◦ (this seems to be related to
the discrepancy observed on blade loads in Fig. 3).



Figure 8: Blade tip flap deflection.

Figure 9: Blade tip lead-lag deflection.

Figure 10: Blade tip torsion deflection.

Then, Fig. 9 depicts the dynamic part of the lead-lag de-
flection (the mean value has been removed in that affected
by a systematic issue. [5]) The present prediction is domi-
nated by the 1/rev component, with maximum forward posi-
tion reached when the blade is at Ψ = 180◦, in very good
agreement with measured data.

Finally, the blade tip torsion is shown in Fig. 10. The
relevant 2/rev content that is observed in the experimental
data is quite well captured, although some discrepancies
appear between Ψ = 60◦ and Ψ = 160◦. This is probably

related to lack of accuracy of the predicted flap deflection
already observed in that azimuth region in Fig. 8.

Given the trim settings of Tab. 2 and the blade deforma-
tions of Figs. 8 to 10, the dynamic part of the correspond-
ing predicted cnM2 coefficient at r/R = 0.87 is depicted in
Fig. 11, compared with that determined experimentally and
provided by UM and DLR computations. [5] Despite some
local inaccuracy observed in the evaluated blade deforma-
tion, the aeroelastic solver is capable of capturing intensity
and location of BVI effects on blade airloads. As it shown in
Fig. 12(a), the local inaccuracy of blade deformation affects
the low-frequency harmonics of computed airloads which,
however, are still satisfactorily predicted. The good qual-
ity of the predicted high-frequency airloads is confirmed in
Fig. 12(b).

The top view of the tip vortices trajectories given by the
comprehensive tool is shown in Figs. 13(a) and 13(b) for
the same two azimuthal positions considered in Fig. 5. The
correlation with the experimental data is confirmed to be of
very good quality, both in the advancing and in the retreat-
ing side. In addition, Fig. 14 shows the tip vortex traces on
the two longitudinal planes already examined in Fig. 6. Be-
cause of the inaccuracy observed in the evaluation of blade
deformations, the prediction of the wake shape is slightly
less accurate than that provided by the aerodynamic anal-
ysis (namely that obtained in Fig. 6 from measured blade
deformation). This is especially true in the advancing side,
downstream of the rotor hub (xh > 0). Nevertheless, the
prediction of the wake geometry remains quite good, if com-
pared with those available from the literature.

Figure 11: Time history of cnM2 at r/R = 0.87 from aeroelastic
solver (mean value removed).



(a) low-frequency (≤ 10/rev)

(b) high-frequency (> 10/rev)

Figure 12: Time history of low-frequency and high-frequency con-
tents of cnM2 at r/R = 0.87 from aeroelastic solver.

Finally, Fig. 15, shows BVISPL contour maps below the
rotor disk that are computed starting from the blade sur-
face pressure distribution evaluated through the aeroelas-
tic solver. Compared with the results shown in Fig. 7, it is
confirmed that BVI noise directivity and intensity are well
predicted, although deriving from the fully numerical pro-
cess based on the proposed comprehensive solution tool.
It is worth noting that, the quality of the correlation between
numerical and experimental aeroacoustic data in Fig. 15 is
comparable with or even better than that related to the re-
sults available in the literature. [4;5]

5 CONCLUSIONS

The comprehensive aero-acousto-elastic code developed in
the last years at Roma Tre University has been validated
against the well known HART II database. The comparison
has been performed over a wide set of results, including trim
settings, aerodynamic loads, blade deflections, wake shape
and radiated noise. Numerical results available in the lit-
erature have been included for comparison. Aerodynamic
predictions of wake shape and unsteady airloads, as well
as aeroacostic predictions of emitted noise correlate very
well with experimental data, and this result is achieved both
when the blade deformation is assumed to be that provided
by measurements and when it is the result of the aeroelas-

tic solver included in the comprehensive tool. In particular,
the solver is capable of capturing intensity and location of
aerodynamic load induced by BVI phenomena, along with
intensity and directivity of radiated noise. Some inaccuracy
is present in the prediction of flap and torsion deflections
in the advancing side. In the overall, the results from the
proposed code are in good agreement with respect to ex-
perimental data, with a level of accuracy that is in line with
the state-of-the-art predictions. The computational cost is
limited: the complete aero-acousto-elastic simulation is per-
formed in a few hours by a common desktop PC.
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(a) Ψ = 20◦

(b) Ψ = 70◦

Figure 13: Top view of tip vortex trajectories from aeroelastic
solver.



(a) advancing side (yh = 0.7R)

(b) retreating side (yh =−0.7R)

Figure 14: Tip vortex trace on longitudinal planes, baseline.

(a) experimental results

(b) present results

Figure 15: BVISPL contour plots from aero-acousto-elastic solver.
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