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Abstract

The scope of this paper is the presentation of the computational methodologies

applied in the comprehensive code for rotorcraft developed in the last years

at Roma Tre University, along with the assessment of its prediction capabili-

ties focused on flight conditions characterized by strong blade-vortex interac-

tions. Boundary element method approaches are applied for both potential

aerodynamics and aeroacoustics solutions, whereas a harmonic-balance/modal

approach is used to integrate the rotor aeroelastic equations. The validation

campaign of the comprehensive code has been carried out against the well-

known HART II database, which is the outcome of a joint multi-national effort

aimed at performing wind tunnel measurements of loads, blade deflection, wake

shape and noise concerning a four-bladed model rotor in low-speed descent flight.

Comparisons with numerical simulations available in the literature for the same

test cases are also presented. It is shown that, with limited computational cost,

the results provided by the Roma Tre aero-acousto-elastic solver are in good

agreement with the experimental data, with a level of accuracy that is in line

with the state-of-the-art predictions. The influence of the vortex core modeling

on aerodynamic predictions and the influence of the inclusion of the fuselage

shielding effect on aeroacoustic predictions are discussed.
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1. Introduction

Comprehensive codes represent a fundamental support for the modern ro-

torcraft design, often aiming at the development of new concept configurations.

Indeed, typically composed of the combination of engineering models for the

description of rotor structural dynamics (for instance, through beam-like blade5

representations) and unsteady aerodynamics (for instance, through coupling

two-dimensional section models with wake influence from free-wake approaches),

these offer lower-cost, reduced-order computational simulations of rotorcraft

with respect to higher-accuracy CFD/CSD solvers, thus allowing a fast deter-

mination of the trend of the influence of parameter variations on design and10

often physical insight, as well [1, 2].

The HART II test campaign [3, 4, 5] is the best-known experimental cam-

paign on helicopter rotor aerodynamics, aeroelasticity and aeroacoustics, per-

formed at the DNW low-speed wind tunnel by a joint multinational effort of

DLR (Germany), AFDD and NASA Langley (USA), Onera (France) and DNW15

(Netherlands), which provides an extensive database perfectly suited for com-

prehensive code validation purposes. Such database covers trim, elastic motion,

aerodynamic loads, radiated noise, wake shape and flow velocity measurements

for a four-bladed model rotor in low-speed descent flight.

It represents a challenging validation test in that this flight condition is20

difficult to simulate due to the complex interaction between rotor blades and

wakes (Blade-Vortex Interaction, BVI) that takes place. The BVI phenomenon

consists of the passage of a rotor blade through the vortices released by the other

blades of the rotor. The aerodynamic effects produced by BVI are impulsive

changes in blade loads that are particularly relevant in the blade span regions25

where the interaction occurs with the high-strength trailing tip vortices [6]. In

turn, these give rise to high vibratory loads and external acoustic annoyance and

hence have a great impact on cabin acoustic comfort, fatigue-life of structures,

and on environmental and public acceptance of helicopters. For this reason, the

availability of reliable tools for the prediction of BVI aerodynamic-aeroelastic-30
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aeroacoustic effects is of paramount importance for new generation helicopter

design (strongly aiming at reducing both maintenance costs and noise levels),

and hence the development of solvers suited for this task has captured the

interest of many rotorcraft researchers.

In the years following the test campaign, several research centers and uni-35

versities, including those involved in HART II, had been using the outcomes of

the project for the validation of numerical codes dedicated to helicopter rotor

analysis. The available literature includes a large number of works concerning

assessments based on the correlation with HART II data of both comprehensive

rotor codes (see, for instance Refs. [1, 2]) and CFD/CSD simulation approaches40

(see, for instance Refs. [7, 8]). In particular, Refs. [1, 2] provide also an overview

of the methodologies used for the comprehensive codes developed by some in-

ternational research centers and universities like, among the others, the U.S.

Army Aeroflightdynamics Directorate (AFDD) and NASA team, Onera, DLR

and the University of Maryland.45

For instance, for the correlations presented in Refs. [1, 2], the AFDD and

NASA team have used the CAMRAD II code [9], with the structural dynamics

described through nonlinear finite beam elements, and the aerodynamic loads

derived by combining the modified Onera ELDIN theory for unsteady aerody-

namics [9] with C81 standard lookup table. A free-wake model with multiple50

trailers is applied.

A five-step computational method has been applied by Onera, composed of

rotor trim, wake prediction, wake roll-up model, blade pressure computation,

and finally noise radiation. The HOST comprehensive code [10] provided the

aeroelastic blade response, with the structural model based on rigid beam ele-55

ments with lumped elastic properties, and the aerodynamic loads derived from

a lifting line theory which combines 2-D airfoil tables with the Theodorsen the-

ory for unsteady aerodynamics. Firstly, a prescribed-helical-wake code is used

to find trim condition and blade deformations, and then a full span free wake

model is applied to evaluate blade pressure.60

The researchers of the German Aerospace Centre (DLR) have used the com-
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prehensive code S4, whose structural model consists of a finite element method

based on the Houbolt and Brooks linear formulation for (flapwise and chord-

wise) bending and torsion of nonuniform rotor blades [11]. A semi-empirical

analytic formulation for the airfoil coefficients, based on the Leiss method [12]65

for unsteady motion with enhancements suited for BVI problems, is used for

modeling aerodynamics. Fuselage effects are introduced by an analytical formu-

lation based on potential flow theory. The Mangler and Squire wake model is

used to evaluate performance and vibrations, while an extension of the Beddoes

prescribed wake [13] is used for noise evaluation.70

The UMARC comprehensive code [14] has been used by the University of

Maryland. The aeroelastic solver consists of a finite element method based

on a non-linear, second-order, isotropic, Euler-Bernoulli beam model of the

blade, loosely coupled with a lifting-line aerodynamic formulation and a free-

wake solver.75

All these teams have evaluated radiated noise through integration of the

Ffwocs Williams and Hawkings equation [15] provided by Farassat’s formulation

1A [16].

This paper presents an outline of the computational methodologies imple-

mented in the comprehensive code for aero-acousto-elastic analysis of helicopter80

rotors developed at Roma Tre University in the last twenty years, as well as the

assessment of the quality of its predictions through comparison with HART II

data. The Roma Tre University comprehensive code is based on a harmonic-

balance/modal approach [17] for the integration of the rotor aeroelastic equa-

tions obtained by coupling a beam-like model for the structural dynamics of85

slender, nonuniform, twisted blades, undergoing moderate displacement (in-

spired to that introduced in Ref. [18]) with the aerodynamic loads given by a

boundary element method (BEM) solver for the solution of potential flows with

free-wake modelling [19, 20]. The Farassat 1A integral formulation is applied

for noise radiation.90

In the next sections, first, the aeroelastic formulation (aerodynamics in-

cluded) and the aeroacoustic formulation implemented in the computational
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tool are outlined, and then the corresponding aerodynamic outcomes, aeroe-

lastic response and radiated noise are correlated with HART II measurements.

These concern the tested four-bladed model rotor in low-speed, descent flight,95

for three different operating conditions: the baseline, in which only collective

and cyclic trim controls are applied, and minimum-noise/minimum-vibration

conditions obtained through application of suited 3/𝑟𝑒𝑣 higher-harmonic con-

trols (HHC).

2. The aero-acousto-elastic comprehensive code100

The Roma Tre University comprehensive code includes the detailed aeroe-

lastic response analysis of the blade within the trim procedure: the three-

dimensional, potential-flow, rotor aerodynamics solver is fully coupled with a

bending-torsion beam model of blade structural dynamics.

Hence, for a prescribed flight condition, the aeroelastic trim module provides105

pitch control settings and vehicle attitude, blade elastic response, mean and

vibratory hub loads, as well as the pressure distributions required to define the

noise sources in the aeroacoustic module (see the functional scheme of the code

in Figure 1).

The main solution modules combined in the comprehensive code are briefly110

outlined in the following.

2.1. Blade structural dynamics

Blade structural dynamics is described through a beam-like model. It derives

from a nonlinear, bending-torsion formulation valid for slender, homogeneous,

isotropic, nonuniform, twisted blades, undergoing moderate displacements [18].115

The radial displacement is eliminated from the set of equations by solving it in

terms of local tension, and thus the resulting structural operator consists of a

set of coupled nonlinear partial differential equations governing the bending of

the elastic axis and the blade torsion [21].

These equations are spatially integrated through the Galerkin approach,

with the elastic axis deformation and cross-section torsion described as linear
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Figure 1: Sketch of the aero-acousto-elastic tool.

combinations of shape functions that satisfy homogeneous boundary conditions,

thus yielding a set of nonlinear, ordinary differential equations of the type

𝑀𝑞 + 𝐶�̇� + 𝐾𝑞 = 𝑓𝑛𝑙
𝑠𝑡𝑟(𝑞) + 𝑓𝑎𝑒𝑟(𝑞) (1)

where 𝑞 denotes the vector of the Lagrangean coordinates (time-variant coeffi-120

cients of the linear combination of shape functions), 𝑀 , 𝐶, and 𝐾 are time-

periodic mass, damping, and stiffness matrices representing the contribution of

the linear structural terms. Nonlinear structural contributions are collected in

the forcing vector 𝑓𝑠𝑡𝑟
𝑛𝑙 , whereas the vector 𝑓𝑎𝑒𝑟 collects the generalized aerody-

namic forces (namely, the projection of the distributed aerodynamic loads onto125

the shape functions).

2.2. Rotor unsteady aerodynamics

The aerodynamic loads are determined by a solver developed at Roma Tre

University based on a BEM approach for the solution of unsteady potential flows

around lifting bodies, that is capable of dealing with bodies in arbitrary motion,130

in the presence of strong blade-vortex interactions (BVI). It has been extensively
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validated and successfully applied to aeroacoustic analyses of helicopter rotors

(see, for instance, [22, 23, 24, 25]).

As presented in Ref. [19], for incompressible, potential flows such that 𝑣 =

∇𝜙, the applied aerodynamic formulation considers the potential field, 𝜙, to

be given by the superposition of an incident field, 𝜙
𝐼
, and a scattered field, 𝜙

𝑆

(namely, 𝜙 = 𝜙
𝐼

+ 𝜙
𝑆
). The scattered potential is determined by distributions

of sources and doublets 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 . 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

discontinuous across 𝑆 𝐹
𝑊 , whereas the scattered potential is discontinuous across

𝑆 𝑁
𝑊 and is represented by [19]

𝜙
𝑆
(𝑥, 𝑡) =

∫︁
𝑆𝐵

[︂
𝐺 (𝑣𝑛 − 𝑢𝑛) − 𝜙

𝑆

𝜕𝐺

𝜕𝑛

]︂
d𝑆(𝑦) −

∫︁
𝑆 𝑁
𝑊

∆𝜙
𝑆

𝜕𝐺

𝜕𝑛
d𝑆(𝑦) (2)

where 𝐺 = −1/4𝜋 𝑟 is the unit-source solution of the three-dimensional Laplace

equation, with 𝑟 = ‖𝑦 − 𝑥‖, while ∆𝜙
𝑆
is the potential jump across the wake135

surface, known from past history of potential discontinuity at the blade trailing

edge through the Kutta-Joukowski condition [22]. In addition, 𝑣𝑛 = 𝑣
𝐵
·𝑛, with

𝑣
𝐵
and 𝑛 representing blade velocity and outward unit normal, respectively,

whereas 𝑢𝑛 = 𝑢
𝐼
· 𝑛, with 𝑢

𝐼
denoting the velocity induced by the far wake.

Considering the far wake discretized into panels, assuming the potential140

jump to be constant over each panel, and recalling the equivalence between sur-

face distribution of doublets and vortices, the incident velocity field is given by

the Biot-Savart law applied to the equivalent vortices having the shape of the

contours of the panels. In order to assure a finite, regular distribution of the

induced velocity, and thus a stable and regular solution even in BVI conditions,145

a Rankine finite-thickness vortex model is applied [19]. Wake-induced velocity

field is applied to evaluate both the term 𝑢𝑛 in Eq. (2), and the wake distortion

for the free-wake analysis. Note that, for an accurate prediction of BVI phe-
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nomena, the accurate evaluation of the wake shape is essential in that a crucial

role is played by the relative position between body and wake vortices.150

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 wake [19].

Once the potential field is known, the Bernoulli theorem yields the blade155

pressure distributions to be given to the aeroacoustic solver and provides the

generalized forces, 𝑓𝑎𝑒𝑟, by projection onto the shape functions considered in

the Galerkin approach (with introduction of a suited Prandtl-Glauert compress-

ibility correction factor).

2.3. Aeroelastic coupling and trim160

The rotor aeroelastic response for a steady flight is evaluated by integrat-

ing the nonlinear differential system in Eq. (1) through an iterative harmonic

balance approach, with the generalized forces given by the BEM aerodynamic

solver. Given a periodic blade bending-torsion deformation, the correspond-

ing periodic aerodynamic loads are determined by a time marching integration165

scheme and these, in turn, yield a new periodic blade deformation from Eq. (1).

This solution process is iterated until convergence, following the solution scheme

of the Newton-Raphson method applied to the harmonic components of the

blade deformation [17].

For trim purposes, the airframe equilibrium equations are coupled with the170

rotor aeroelastic equations, and hence suitably included in the iterative process:

hub loads from the aeroelastic solution force the airframe equations which, in

turn, provide blade pitch controls and rotorcraft attitude.

Blade pitch control setting, vehicle attitude, blade elastic response, mean

and vibratory hub loads, blade airloads are the outputs of the aeroelastic trim175

solver.
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2.4. Aeroacoustic solver

Given the blade pressure distribution, the rotor noise radiation is evaluated

through the widely-used boundary integral formulation developed by Farassat

[16] for the solution of the Ffowcs Williams and Hawkings equation [15], which180

governs the propagation of acoustic disturbances (acoustic pressure, 𝑝′) aerody-

namically generated by moving bodies.

When the velocity of the rotor blades is such that transonic effects are negli-

gible, it gives 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

[︂
𝜌0�̇�𝑛

𝑟|1 −𝑀𝑟|2

]︂
𝜏

d𝑆(𝑦) +

∫︁
𝑆𝐵

[︂
𝜌0𝑣𝑛

(︀
𝑟�̇� · 𝑟 + 𝑐0𝑀𝑟 − 𝑐0𝑀

2
)︀

𝑟2|1 −𝑀𝑟|3

]︂
𝜏

d𝑆(𝑦)

and the loading noise, 𝑝′
𝐿
, related to the distribution of pressure, 𝑝, over the

blade surfaces,

4𝜋𝑝′
𝐿

(𝑥, 𝑡) =
1

𝑐0

∫︁
𝑆𝐵

[︂ ˙̃𝑝𝑛 · 𝑟 + 𝑝 �̇� · 𝑟
𝑟|1 −𝑀𝑟|2

]︂
𝜏

d𝑆(𝑦) +

∫︁
𝑆𝐵

[︂
𝑝𝑛 · 𝑟 − 𝑝𝑀 · 𝑛
𝑟2|1 −𝑀𝑟|2

+

]︂
𝜏

d𝑆(𝑦)

+
1

𝑐0

∫︁
𝑆𝐵

[︂
𝑝𝑛 · 𝑟

𝑟2|1 −𝑀𝑟|3
𝑟�̇� · 𝑟

]︂
𝜏

d𝑆(𝑦) +

∫︁
𝑆𝐵

[︂
𝑝𝑛 · 𝑟

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 𝑟 = 𝑟/𝑟 is the unit vector along the source-observer

direction, with 𝑟 = |𝑟|. In addition, 𝑐0, 𝜌0 and 𝑝0 denote, respectively, speed of185

sound, density and pressure in the undisturbed medium, the acoustic pressure is

defined as 𝑝′ = 𝑐0(𝜌− 𝜌0), 𝑝 = (𝑝− 𝑝0), 𝑀 = 𝑣
𝐵
/𝑐0 with 𝑣

𝐵
denoting the body

velocity,𝑀 = ‖𝑀‖,𝑀𝑟 = 𝑀 ·𝑟, and 𝑣𝑛 = 𝑣
𝐵
·𝑛, where 𝑛 is the outward blade

surface unit normal vector. Furthermore, �̇� and �̇� denote time derivatives of 𝑛

and 𝑀 as observed in a frame of reference fixed with the undisturbed medium.190

The integral contributions are evaluated by a zero-th order boundary ele-

ment method, with the blade surface divided into quadrilateral panels, and the

integrand functions multiplying kernels assumed to be uniformly distributed

within each panel. Notation [...]𝜏 indicates that these quantities are evaluated
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at the retarded time, 𝜏 = 𝑡− 𝜃, where 𝜃 is the time taken by the signal started195

from 𝑦 ∈ 𝑆𝐵 to reach 𝑥 at time 𝑡 [16].

In problems dealing with weakly loaded rotors, thickness 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.200

3. Numerical results

In this section, the capability of the outlined aero-acousto-elastic tool of pre-

dicting BVI phenomena is assessed by correlation with HART II experimental

data. Some numerical predictions available in the literature are included for

comparison, as well.205

The rotor examined is the scaled model of the Bo-105 main rotor tested in

the HART II program in the Large Low-speed Facility of the DNW [3, 4, 5].

The validation is carried out in terms of flowfield perturbations, blade airloads,

aeroelastic response and noise emission. The HART II baseline configuration

(BL) consists of a rotor with four rectangular, hingeless blades having radius210

𝑅 = 2 m, chord 𝑐 = 0.121 m, linear twist 𝜃𝑡𝑤 = −8 deg/R, rotational speed

Ω = 109.12 rad/sec, precone 𝛽𝑝 = 2.5 deg, subject to a slipstream with advance

ratio 𝜇 = 0.15 and angle of attack (shaft angle) equal to 5.3-deg (descent flight

condition). In addition to the BL case, minimum-noise (MN) and minimum-

vibration (MV) configurations are examined, both obtained by application of a215

3/rev HHC with blade root pitch control angle of 0.8 deg, but differing for the

control phases (equal to 180 deg and 300 deg, respectively). More details on

rotor data and structural properties are available, for instance, in Ref. [2].

The predictions presented in the following are obtained by introducing a

torsion spring equal to 4985 Nm/rad to simulate the effect of the stiffness of220

the control system, as determined from the experimental data reduction given

in Ref. [26], whereas no structural damping is included in the blade model. In

addition, the complete rotor-fuselage configuration is considered in the aerody-
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namic and aeroacoustic analyses, and the airframe/rotor trim is replaced with

a procedure that determines the collective and cyclic pitch settings as those225

yielding the measured thrust (𝑇 = 3300 N), and rolling and pitching moments

(20 Nm and −20 Nm, respectively).

Note that the numerical simulations are accomplished without inclusion of

the wind tunnel interference correction of the shaft angle indicated in Ref. [2]

in that, for arbitrary flight conditions, the comprehensive code assumes that230

interference effects are taken into account by reproducing hub loads through

suited blade control settings.

Table 1 reports blade and fuselage discretization meshes, as well as the wake

lengths, used for the BEM aerodynamic simulations. For the sake of computa-

tional cost saving, different meshes are applied for the evaluation of the Jacobian235

required by the iterative Newton-Raphson method (see Section 2.3), and for the

periodic solution at each iteration step (the corresponding geometries of the

fuselage-rotor system are shown in Fig. 2).

(a) Jacobian (b) Periodic solution

Figure 2: Fuselage-rotor discretized surfaces for harmonic-balance Jacobian and periodic so-

lution evaluation.

Table 1: Mesh parameters for blade, fuselage and wake discretization.

blade panels fuselage panels wake age wake panels

Jacobian 96 324 720∘ 480

Periodic solution 960 3660 1440∘ 1440

The next section presents predictions from the aerodynamic and aeroacous-
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tic solvers based on blade deformation measured experimentally [27], in order240

to perform a specific assessment of their accuracy. Then, the results from the

complete aero-acousto-elastic tool (thus, with blade deformation among the un-

knowns) are presented and compared both with the experimental HART II data

and with the simulations performed by some of the research establishments and

universities authoring Refs. [1, 2] (namely, the University of Maryland (UM)245

and the German Aerospace Centre (DLR)).

3.1. Aerodynamics and aeroacoustics correlations

Given the blade deformation obtained from the experimental data in Ref.

[27], correlations of aerodynamic and aeroacoustic predictions with HART II

measurements are presented in terms of normal force coefficient, tip-vortex tra-250

jectories and BVI noise radiation. Specifically, the blade elastic motion is de-

scribed through the linear combination of three flap, three lead-lag and three tor-

sion shape functions that coincide with the eigenfunctions of a bending-torsion

uncoupled uniform cantilever beam. The Fourier coefficients of the first six

harmonics of the Lagrangean coordinates are determined by a least square ap-255

proximation of the time histories of the blade displacements provided at a given

set of points along the blade span in Ref. [27].

3.1.1. Vortex core size

As described in Section 2.2, a crucial issue in the aerodynamic formulation

implemented in the comprehensive code is the core size of the far wake vortices260

(namely, those that may impinge or pass very close to the rotor blades and hence

produce BVI effects) [19]. Therefore, a preliminary analysis on vortex core size

modeling is presented.

For 𝑟 and 𝜓𝑣 denoting, respectively, spanwise release position and age of the

vortex (the latter expressed in terms of blade angular displacement), the core

size, 𝜀, is modeled through the following expression

𝜀(𝑟, 𝜓) =

[︂
𝜀𝑟 +

𝑟 − 𝑟𝑐
𝑅− 𝑟𝑐

(︀
𝜀𝑡 − 𝜀𝑟

)︀]︂√︀
1 + ∆𝜀𝜓𝑣
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where 𝑟𝑐 represents the root cut-off, 𝜀𝑟, 𝜀𝑡 denote, respectively, blade root and

tip values of vortex core radius, whereas ∆𝜀 is the rate of growth of the vortex265

core size. size. It yields a linear variation of the core size along the trailing edge,

and a growth with age resembling that of the boundary layer over a flat plate.

Figure 3: Variation of tip vortex core radius with wake age for 𝜀𝑡/𝑐 = 0.07 and Δ𝜀 = 3 rad−1,

BL case.

The values of 𝜀𝑡 and ∆𝜀 have been determined as those providing the optimal

correlation with the tip vortex core size growth evaluated in Ref. [28] starting

from HART II measurements (see Fig. 3). For the definition of the inner vortex270

core size, 𝜀𝑟, a sensitivity analysis of the accuracy of predicted loads on the ratio

𝜀𝑟/𝜀𝑡 has been accomplished. The corresponding results are given in Table 2 in

terms of the section loading coefficient, 𝑐𝑛𝑀2 = 𝐿𝑠/[(𝜌/2) 𝑐 𝑎2∞] (with 𝐿𝑠 and

𝑎∞ denoting, respectively, section lift and speed of sound in the undisturbed

medium). Specifically, it shows that the highest value of the Pearson correla-275

tion coefficient (PCC, measure of the linear correlation between numerical and

experimental data) of 𝑐𝑛𝑀2 at 𝑟/𝑅 = 0.87 is obtained for 𝜀𝑟/𝜀𝑡 = 5 (further

investigations have demonstrated that this value is optimal also for noise simu-

lations).

Once the optimal values of 𝜀𝑟, 𝜀𝑡 and ∆𝜀 have been determined by compar-280

ison with measurements, the influence of their variation on predicted section

loading coefficient, 𝑐𝑛𝑀2, is examined in order to estimate the effect of vortex
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Table 2: 𝑐𝑛𝑀2 PCC for different inner vortex core sizes.

𝜀𝑟/𝜀𝑡 𝑐𝑛𝑀
2 PCC

2 0.9212

5 0.9307

7 0.9152

8 0.9247

9 0.9184

core size uncertainty arising when experimental correlation data are unavail-

able. Figure 4(a) shows mean value, �̄�, and standard deviation, 𝜎, of airloads at

the blade section 𝑟/𝑅 = 0.87 obtained by considering variations equal to ±50%285

of the optimal values of 𝜀𝑟 and 𝜀𝑡. Unexpectedly, the corresponding variation

of 𝑐𝑛𝑀2 in the non-BVI regions has, at least, the same order of magnitude of

that observed where BVI occurs. On the other hand, Fig. 4(b) depicts the in-

fluence of ∆𝜀 variation (±50% with respect to its optimal value). In this case,

airloads are almost unaffected in non-BVI regions. This proves that the ini-290

tial vortex core size affects airloads throughout the entire blade revolution and

hence low-frequency loads, whereas its rate of growth is more influential on BVI

phenomena and corresponding high-frequency effects.
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Figure 4: Mean value and standard deviation of 𝑐𝑛𝑀2 at 𝑟/𝑅 = 0.87, BL case.
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3.1.2. Airloads

Given the optimal size of the core of the wake vortices, the correlation be-295

tween experimental data and numerical predictions starts with the application

of the trim algorithm for the identification of the blade pitch control settings

providing measured thrust and hub moments. Table 3 presents the difference

between the control settings evaluated by the computational tool and the ex-

perimental data, for the three configurations examined. Because of the choice300

of neglecting the wind tunnel interference correction of the shaft angle (con-

sisting of a reduction of about 0.8 deg [2]), the identified collective controls are

significantly underestimated with respect to the experimental values (of a quan-

tity that may be demonstrated to be correlated to the shaft angle correction),

whereas the discrepancies concerning the cyclic controls are smaller and in line305

with those shown by the comprehensive codes considered in Ref. [2].

Table 3: Difference between numerical and experimental control settings.

BL MN MV

∆𝜃0 [deg] −0.71 −0.65 −0.75

∆𝜃𝑐 [deg] −0.31 −0.45 −0.32

∆𝜃𝑠 [deg] −0.12 −0.09 −0.04

Next, using the identified pitch control and the optimal vortex core size,

Figs. 5(a)–5(c) compare the time history of the section loading coefficients,

𝑐𝑛𝑀
2, predicted by the numerical tool with those measured in the wind tunnel

test. They concern, respectively, the BL, MN and MV configurations, with310

mean values removed. In all cases the aerodynamic solver well predicts BVI in

terms of amplitude of induced load peaks and azimuthal position. In particular,

comparing Fig. 5(a) with Fig. 5(b) shows that the slightly delayed occurrence

of advancing side BVI appearing in the measured loads of the MN case is well

captured by simulations (note that it causes weaker BVI strength and noise due315

to the resulting larger angle between blade and tip vortex). Similarly, the earlier

occurrence of the advancing side BVI in the MV case is also correctly predicted
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(see Fig. 5(c)).

(a) BL case (b) MN case

(c) MV case

Figure 5: Time history of 𝑐𝑛𝑀2 at 𝑟/𝑅 = 0.87.

For a more detailed assessment of the capability of the prediction tool to

capture BVI effects, low-frequency and high-frequency contents of 𝑐𝑛𝑀2 are ex-320

amined separately. The former is mostly affected by blade rigid and elastic mo-

tion (prescribed, in this analysis), and the quality of the numerical-experimental

correlation may be considered as a measure of the quality of blade motion and

overall loading prediction. Instead, the high-frequency signal is dominated by

the BVI events, and the accuracy of its prediction is strictly related to the capa-325

bility of simulating wake shape and unsteady airloads. Concerning the baseline

case, Fig. 6(a) shows the comparison between the experimental and simulated

𝑐𝑛𝑀
2 low-frequency contents (including the first ten harmonics), whereas the

correlation of the high-frequency content (including harmonics higher than the

10/rev one) is depicted in Fig. 6(b). Both figures show good quality numeri-330
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cal results; in particular, Fig. 6(b) highlights the capability of the aerodynamic

solver to predict intensity and position of BVI effects on airloads.

(a) low-frequency (≤ 10/rev) (b) high-frequency (> 10/rev)

Figure 6: Time history of low- and high-frequency contents of 𝑐𝑛𝑀2 at 𝑟/𝑅 = 0.87, BL case.

3.1.3. Tip-vortex trajectory

Then, the data on the wake shape derived from the flow visualizations made

within the project HART II are considered. Figure 7 shows the top view of335

the trajectories of the tip vortices released by the four blades for the BL case

(those from the BEM simulation are identifies as the averaged position of the

three outer far wake trailed vortices). The comparison between numerical and

(a) Ψ = 20 deg (b) Ψ = 70 deg

Figure 7: Top view of tip vortex trajectories, BL case.
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experimental data is performed for two different azimuth rotor positions, Ψ = 20

deg and Ψ = 70 deg, and in both cases they are in excellent agreement both at340

the advancing and at the retreating side.

Next, in order to assess the capability of the numerical solver to predict the

miss distance between blade and previously released vortices (the key factor

of BVI), the tip vortices traces on two lateral planes, one at 𝑦ℎ = 0.7𝑅 on

the advancing side, and the other at 𝑦ℎ = −0.7𝑅 on the retreating side, are345

considered (see Fig. 8). These planes are thought to be the most representative

ones for BVI analysis, since they are crossed by the blades in the regions where

BVIs occur.

Figure 8: Longitudinal planes for identification of tip vortex trace.

Figures 9–11 show the comparisons of the traces evaluated numerically with

those measured in the wind tunnel tests for the BL, MN and MV cases. Note350

that they are related to the blade azimuth position of 𝜓 = 20 deg for 𝑥ℎ > 0,

and 𝜓 = 70 deg for 𝑥ℎ < 0 (𝑥ℎ denotes the longitudinal coordinate, positive

backwards). The aerodynamic solver reproduces with good accuracy the cur-

vature and the vertical position of the wake traces and is able to capture the

effects of the HHC on the wake shape. In particular, in the MN case it predicts355

the downward displacement of the wake as compared to the baseline case (see
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Fig. 10 and Fig. 9). This displacement occurs together with a blade upward

deformation, thus leading to an increase of the blade-vortex miss distance and

hence to noise reduction. Opposite effects occur in the MV case (see Fig. 11).

(a) advancing side (𝑦ℎ = 0.7𝑅) (b) retreating side (𝑦ℎ = −0.7𝑅)

Figure 9: Tip vortex trace on longitudinal planes, BL case.

(a) advancing side (𝑦ℎ = 0.7𝑅) (b) retreating side (𝑦ℎ = −0.7𝑅)

Figure 10: Tip vortex trace on longitudinal planes, MN case.

(a) advancing side (𝑦ℎ = 0.7𝑅) (b) retreating side (𝑦ℎ = −0.7𝑅)

Figure 11: Tip vortex trace on longitudinal planes, MV case.
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3.1.4. Radiated noise360

The correlation between numerical predictions and experimental measure-

ment of the aeroacoustic field is examined in terms of noise carpets computed/measured

on a plane placed 1.1075𝑅 below the rotor hub, within a rectangular region of

streamwise length 4𝑅 and lateral span 2.7𝑅, centered on the rotor hub vertical

projection (noise was acquired by thirteen microphones equally spaced in lateral365

direction, at seventeen equally spaced streamwise positions). Specifically, the

noise carpets are given in dB and concern the so-called BVISPL, which is the

mid-frequency noise level including contributions from the 6𝑡ℎ to the 40𝑡ℎ blade

passage frequency (bpf). The selected range of noise is that more affected by

BVI events, and hence provides a direct estimation of the acoustic disturbance370

caused by BVI.

Figures 12–14 show the comparisons between noise contour maps predicted

by the computational tool and those measured in the HART II project, respec-

tively for the BL, MN and MV cases. The agreement is very good both in terms

of noise levels and directivity, particularly for the BL and MV cases. These re-375

sults demonstrate the capability of the aeroacoustic tool to capture the presence

of two distinct regions of high-level noise (typical of low-speed descent flight),

although the retreating side noise peak is slightly underestimated.

3.1.5. Fuselage effect

Finally, some of the aerodynamic and aeroacoustic predictions presented380

above are compared with those obtained for the isolated rotor, namely excluding

the fuselage from the analysis. The fuselage presence affects the wake shape

(although not remarkably in descent flights like those considered here) and acts

as a scatterer for the pressure waves (particularly those in the higher portion

of the 6𝑡ℎ − 40𝑡ℎ bpf BVI spectrum range, which have lengths comparable with385

the typical lengths of the obstacle).

For the BL case, Fig. 15(a) shows the predicted histories of 𝑐𝑛𝑀2 at 𝑟/𝑅 =

0.87, with and without inclusion of the fuselage beneath the rotor, whereas

Fig. 15(b) depicts the influence of the fuselage on 𝑐𝑛𝑀2 over the whole rotor
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(a) experimental data (b) present results

Figure 12: BVISLP noise contour levels, BL case.

(a) experimental data (b) present results

Figure 13: BVISPL noise contour levels, MN case.

disk through a contour plot of the associated airload variations. Both low-390

spatial-frequency and high-spatial-frequency effects are observed in Fig. 15(b),

the former appearing in fore and aft areas, and the latter appearing in the rear

part of the advancing and retreating sides of the rotor disk, clearly related to

the effects observed in Fig. 15(a) in the BVI affected regions.

The fuselage impact on noise is shown in Fig. 16, which depicts the contour395
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(a) experimental data (b) present results

Figure 14: BVISPL noise contour levels, MV case.
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Figure 15: Effect of fuselage on 𝑐𝑛𝑀2, BL case.

plot of the differences of the noise predictions on the carpet of microphones

obtained by considering isolated and non-isolated rotor. It demonstrates that

the main scattering (shielding) effects arise in the fore and aft central areas of

the noise carpets (just below the fuselage), with not negligible peaks.

3.2. Aero-acousto-elastic correlations400

In this section, airloads, wake shape and noise predictions are provided by

the complete comprehensive tool, and hence derive from the blade deformations
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Figure 16: Effect of the inclusion of the fuselage on aeroacoustics.

evaluated by the aeroelastic solver.

3.2.1. Aeroelastic response

First, the periodic blade deformations evaluated by the comprehensive tool405

are correlated with experimental data in terms of blade tip flap, lead-lag and

torsion deflections, and compared also with those obtained by the UM and DLR

solvers and presented in Ref. [2].

Note that the motion of all four blades was measured in HART II, and sys-

tematic discrepancies appear between them. For this reason, in the correlations410

concerning the blade motion presented in the following, the experimental data

related to all the four blades are shown. One reason for this non uniform behav-

ior is the retro-fit of blade 1 (the reference blade) and blade 4, both equipped

with several pressure sensors. Indeed, this alters their elasto-mechanical behav-

ior and hence structural response, with respect to the non-instrumented original415

blades [2].

For the BL, MN and MV flight configurations, Fig. 17 presents the numerical-

experimental comparisons of the blade tip flap deflection time histories. The

amplitude of the 1/𝑟𝑒𝑣 harmonic of the present prediction appears smaller than
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(a) BL case (b) MN case

(c) MV case

Figure 17: Time history of blade tip flap deflection.

that of the experimental data, with particular underestimation of the advancing420

side response. For the case with HHC actuation, the 3/𝑟𝑒𝑣 harmonic content

seems to be fairly well captured by the present aeroelastic tool, although smaller

than that shown by the other numerical predictions shown (see Figs. 17(b)

and 17(c)).

The blade tip lead-lag motion is examined in Fig. 18. In this case, the results425

are shown with mean value neglected, in that the experimental data are affected

by a measurement systematic error that manifests as an offset of 0.0048𝑅 at the

blade bolt independent of the azimuth position [27]. The comparisons shown in

Figs. 18(a)–18(c) demonstrate that the lead-lag dynamic response predicted by

the present tool is in very satisfactory agreement with measurements.430

The blade torsion is shown in Fig. 19. Similarly to the experimental data, a

2/rev harmonic appears in the BL case, although some discrepancies are present
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(a) BL case (b) MN case

(c) MV case

Figure 18: Time history of blade tip lead-lag deflection.

in the advancing region. Considering the HHC cases, the 3/rev harmonic content

of the blade torsional response is fairly captured in the MN case, whereas in the

MV case discrepancies between present numerical results and experimental data435

arise in the advancing side. It is worth noting that, taking into account also the

numerical predictions from other computational tools, the elastic torsion is the

blade motion showing the weakest numerical-experimental correlation (see also

Ref. [2])

3.2.2. Tip vortex trajectory and airloads440

For the rotor azimuth positions Ψ = 20 deg and Ψ = 70 deg, Figs. 20(a)

and 20(b) show the comparison between the top view of the tip vortex trajec-

tories evaluated in the present aeroelastic analysis and those observed in the

experiments, for the BL case. The similarity is very satisfactory both in the
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(a) BL case (b) MN case

(c) MV case

Figure 19: Time history of blade tip torsion deflection.

advancing and retreating sides, with a quality of results comparable to that445

obtained by the prescribed blade motion approach, thanks to the fact that the

inaccuracies in the evaluation of blade deformations mainly affect the vertical

position of wake vortices. Indeed, for the tip-vortex traces on the vertical planes

illustrated in Fig. 8 the numerical-experimental correlation is worse, as shown

in Fig. 21, where the predictions by UM and DLR are presented for comparison450

(see Ref. [2]). This occurs especially in the advancing side and downstream the

rotor hub (namely, for 𝑥ℎ > 0), where the present aeroelastic simulations un-

derestimate the blade flap motion (see Fig. 17(a)). Nevertheless, the aeroelastic

prediction of the wake geometry remains quite satisfactory, also if compared

with results from the literature, and this is confirmed for the MN and MV cases455

(not shown here for the sake of conciseness).

Next, Fig. 22 presents the 𝑐𝑛𝑀2 coefficient at 𝑟 = 0.87𝑅, for the three op-

26



(a) Ψ = 20 deg (b) Ψ = 70 deg

Figure 20: Top view of tip vortex trajectories, BL case.

(a) advancing side (𝑦ℎ = 0.7𝑅) (b) retreating side (𝑦ℎ = −0.7𝑅)

Figure 21: Tip vortex trace on longitudinal planes, BL case.

erating conditions with removed mean values. Akin to the aeroelastic response,

the experimental data are correlated with the present tool predictions as well as

with those from the UM and DLR comprehensive codes [2]. Despite of the in-460

accuracies arising in the evaluation of the blade deformations, the airloads from

the present numerical simulations show a good level of correlation with the

measured ones, with amplitude and azimuth of higher-frequency effects of BVI

events quite well captured. This is confirmed in Figs. 23(a) and 23(b) which,

for the BL case, represent the numerical-experimental correlation of the signals465

from, respectively, the low-frequency (≤ 10/rev) and high-frequency (> 10/rev)
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harmonic components of the sectional airload. The larger discrepancies ob-

served in Fig. 23(a) are strictly related to the inaccuracies of the blade motion

predictions already shown in Figs. 17(a), 18(a) and 19(a). whereas Fig. 23(b)

underlines the good capability of the aeroelastic solver to capture BVI effects.470

(a) BL case (b) MN case

(c) MV case

Figure 22: Time history of 𝑐𝑛𝑀2 at 𝑟/𝑅 = 0.87.

3.2.3. Radiated noise

Finally, Figs. 24–26, show BVISPL contour maps evaluated through the sim-

ulations provided by the comprehensive code with calculated blade deformations

(and fuselage inclusion beneath the rotor). BVI noise directivity and peaks are

still well predicted in the BL and MV cases, whereas a lower level of accuracy475

of the numerical simulations is observed for the MN condition for which, how-

ever, the associated reduced noise disturbance is fairly captured. It is worth

noting that the quality of the present aeroacoustic predictions may be consid-
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(a) low-frequency (≤ 10/rev) (b) high-frequency (> 10/rev)

Figure 23: Time history of low- and high-frequency content of 𝑐𝑛𝑀2 at 𝑟/𝑅 = 0.87, BL case.

ered to be, at least, comparable to that of the results from the state-of-the-art

comprehensive codes shown in Refs. [1, 2].

(a) experimental data (b) present results

Figure 24: BVISPL noise contour levels, BL case.

480

4. 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, in-

cluding trim settings, aerodynamic loads, blade elastic motion, wake shape and485

radiated noise. Numerical results available in the literature have been considered
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(a) experimental data (b) present results

Figure 25: BVISPL noise contour levels, MN case.

(a) experimental data (b) present results

Figure 26: BVISPL noise contour levels, MV case.

for comparison. Preceded by a numerical investigation concerning the choice of

the optimal wake vortex core size to be used in the simulations, aerodynamic

predictions of wake shape and unsteady airloads, as well as aeroacoustic pre-

dictions of emitted noise show a very satisfactory correlation with experimental490

data. This result is achieved both when the simulation is based on the blade

elastic motion measured in the wind tunnel tests, and when it is the result of the

aeroelastic solver included in the comprehensive tool, although some inaccura-
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cies are present in the evaluated flap and torsion deflections, particularly in the

advancing side region. In particular, the solver is capable of capturing intensity495

and location of aerodynamic loads induced by BVI phenomena, along with in-

tensity and directivity of the corresponding radiated noise. It has been proven

that including the presence of the fuselage beneath the rotor in performing the

simulations provides a not negligible beneficial effect on the quality of the pre-

dicted blade airloads and emitted acoustic disturbance. In the overall, the level500

of accuracy of the results obtained by the proposed comprehensive code is in

line with that of the simulations given by state-of-the-art comprehensive predic-

tion tools. The computational cost is limited: the complete aero-acousto-elastic

simulation is performed in a few hours by a common desktop PC.
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