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An electrically controlled rotor (ECR), also called a swashplateless rotor, replaces a swashplate with a trailing-edge flap system to
implement primary rotor control. To investigate the aerodynamic characteristics of an ECR in blade-vortex interaction (BVT)
condition, an analysis model based on the viscous vortex particle method, ECR blade pitch equation, and the Weissinger-L lifting
surface model is established. In this model, the ECR wake flow field vorticity is discretized as multiple vortex particles, and the
vorticity-velocity form of the Navier-Stokes equation is solved to simulate the transport diffusion of the vorticity. The flap motion-
inducing blade-pitch movement is obtained by solving the ECR blade-pitch movement equation via the Runge-Kutta fourth-
order method. On the basis, BVI noise radiation of an ECR is evaluated using the Ffowcs Williams and Hawkings (FW-H)
equation. Based on the present prediction model, the aerodynamic and acoustic characteristics of a sample ECR in BVI condition
are analyzed. The results show that since the BVI event of the ECR on the advancing side is mainly caused by the interaction
between the flap tip vortex and the blade, the blade spanwise range of ECR BVI occurrence on the advancing side is smaller than
that of the conventional rotor. In addition, the magnitude of the maximum sound pressure level on the advancing side as well as
on the retreating side of the ECR is also different from that of the conventional rotor, which is consistent with the difference in the
airloads between the ECR and conventional rotor. Furthermore, a study was performed to examine the effect of the pre-index
angle on the BVI-induced airloads and noise. The amplitude of the impulsive airloads of the ECR on the advancing side is
increased with the increase in pre-index angle, while the amplitude of the impulsive airloads of the ECR on the retreating side is
decreased. Indeed, when the pre-index angle of the sample ECR is 8 degrees, the retreating-side noise radiation lobe is almost
disappeared. In addition, the different intensity of wake vorticity is the main reason for the differences of the BVI-induced airloads
and noise among the ECR with different pre-index angles.

1. Introduction

Electrically controlled rotor (ECR), also called as swash-
plateless rotor, applies blade pitch inputs via trailing-edge
flap system instead of traditional swashplate mechanism [1].
As the swashplate is eliminated, the control system of the
ECR can be simplified, which can effectively reduce the
empty weight and the parasite drag of the helicopter [2]. In
addition to primary control, applying harmonic or non-
harmonic motions, the trailing-edge flap system could also
be used for rotor vibration reduction [3, 4], noise alleviation
[5-7], and performance enhancement [8, 9].

The helicopter is the quietest vertical take-off and
landing (VTOL) aircraft, but its noise level can still be high
enough to compromise its utility unless specific attention is
given to designing for low noise [10]. Rotor noise is one of
the main sources of helicopter noise and is usually divided
into the deterministic components of thickness noise and
loading noise, blade-vortex interaction (BVI) noise, high-
speed impulsive (HSI) noise, and broadband noise. Among
them, BVI noise is essentially a specific type of loading noise,
which has an impulsive nature. When a rotor operates in the
descent or maneuvering flight, the strong tip vortex released
by a blade will approach or even pass through the rotor disc
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plane and interact with the following blade, resulting in a
strong BVI event. This BVI event will lead to impulsive
changes in blade airloads, which will not only increase the
vibration level of the rotor but also generate BVI noise. Once
BVI noise appears, it will extremely annoy people and
significantly increase the overall noise level of the helicopter.
Therefore, alleviating the BVI noise is always the research
focus in the field of helicopter aeroacoustics. With the
trailing-edge flap system, ECR can theoretically alleviate BVI
noise by using active control technology. However, so far
researches on ECR have mainly focused on feasibility
analysis [11], aerodynamic modeling [1, 2, 12, 13], design
parameter analysis [14], and performance enhancement
[15]. There is no relevant research on the BVI airloads and
noise characteristics of an ECR. In fact, because of flap
motion, the ECR wake flow field is more complex than that
of a conventional rotor, which subsequently affects the
distributions of the induced inflow and airloads. Improving
the basic understanding of BVI phenomenon of ECR is
helpful to alleviate the BVI noise by using active blade-
control techniques.

During the last several decades, considerable efforts
have been focused on experiments and numerical pre-
diction of conventional rotor BVI-induced airloads and
noise [16-18]. On this foundation, the best-known HART
IT test campaign was conducted at the DNW low-speed
wind tunnel in 2001 by a joint cooperation between DLR,
Onera, DNW, US Army AFDD, and NASA Langley, which
provide experimental insight into the aeroelastic and noise
characteristics of a conventional rotor in BVI condition
[19-21]. The effects of the higher harmonic pitch control
(HHC) inputs on the rotor vibration and BVI noise were
also investigated in the experiment. Based on the experi-
mental database, which includes blade elastic deformation,
sectional airloads, wake geometry, tip vortex strength, and
acoustic radiation measurements, a series of analytical
models for the prediction of rotor BVI-induced airloads
and noise have been assessed. Incorporating the free wake
model into the nonlinear flexible multibody dynamics
analysis code, Park compared the predicted results with the
HART II experimental data [22]. Gennaretti predicted the
BVI-induced airloads and noise using the panel/full-span
free-wake coupled method [23]. Compared with the free-
wake model, the full-span free-wake model can capture the
BVT event more accurately on the advancing and retreating
sides. Besides, the full-span free-wake model can also
improve the prediction of tip vortices trajectories. How-
ever, in Gennaretti’s research, the vortex core size still
needs to be determined preliminarily. With the develop-
ment of CFD techniques, many researchers have used CFD
method to investigate the aerodynamic and acoustic
characteristics of helicopter rotor BVI. References [24, 25]
show encouraging results in comparison with experimental
data for their prediction of BVI-induced airloads from the
HART II test. Furthermore, an assessment of the state of
the art of CFD-CSD approach for predicting BVI event is
provided in reference [26]. Although CFD method has
unique advantages in solving rotor blade airloads, the
inherent numerical dissipation of most CFD requires very
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high grid densities to maintain the fidelity of the wake,
particularly if the structure of the wake is to be resolved to a
level where the high-frequency character of the BVI-in-
duced airloads can be captured. Therefore, in recent years,
researchers have adopted some alternative methods to
investigate the BVI phenomenon. Kelly conducted a
comprehensive investigation on the application of vorticity
transport model (VITM) to the rotor BVI-induced airloads
and noise analysis [27, 28]. The effects of the lifting-line
model and the lifting-chord model on the high-frequency
sectional airloads as well as the acoustic are also explored.
The numerical results show that the VTM is capable of
capturing the tip vortices and their roll-up process. Based
on the OLS experimental data, Zhao et al. investigated the
ability of hybrid method to predict rotor BVI-induced
airloads and noise [29]. In addition, the Lattice-Boltzmann
method (LBM) was adopted in reference [30] to establish
the analytical model. Based on the experimental database
from HART II test, the investigation of the rigid-blade
model and elastic-blade model effects on the predicted
airloads are also performed.

Accurate prediction of the strength and position of the
tip vortices is essential to capture the high-frequency os-
cillating blade airloads induced by BVI. In recent years,
viscous vortex particle method (VVPM) has been widely
employed in helicopter aerodynamic analysis [31-36]. This
method does not rely on empirical parameters and can take
the wake viscous effect into account. In addition, since the
vorticity-velocity form of incompressible Navier-Stokes
equations are solved directly in the Lagrangian frame, the
VVPM can avoid the numerical dissipation problem and is
an ideal method for accurately predicting the wake vorticity
structure in BVI condition. In this paper, based on the
VVPM, ECR blade pitch movement equation, and Weis-
singer-L lifting surface model, a BVI-induced airloads
prediction model for ECR is established. BVI noise radi-
ation of the ECR is evaluated using a postprocessor for the
blade airloads that implements Farassat’s formulation 1A
[37] of the Ffowcs Williams and Hawkings (FW-H)
equation [38].

This paper consists of the following sections. In Section
2, first, the ECR blade pitch movement equation is provided.
Next, the BVI-induced airloads prediction model of ECR
established from the VVPM and Weissinger-L lifting surface
is elaborated, and the Farassat 1A integral formulation for
noise radiation is described. As there is no literature re-
garding the BVI phenomenon of ECR, in Section 3, first, the
HART II experimental rotor is used as an example to val-
idate the aerodynamics and acoustics predicted model
established in this paper. On this basis, the BVI charac-
teristics of ECR as well as the effect of the pre-index angle of
the blade on it is investigated. Finally, conclusions are
outlined in Section 4.

2. ECR BVI-Induced Airloads and Noise-
Prediction Model

2.1. ECR Blade Pitch Movement Equation. ECR achieves
blade pitch movement via pitch moment generated by flap
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deflection, and the blade root usually has very low torsional
stiffness. Based on the rigid blade model, the pitch move-
ment equation of the ECR is established, and the torsional
stiffness of the blade is determined only by the spring at the
blade root. Assuming that the gravity center, the aero-
dynamic center and the elastic center of the blade are located
at the 1/4 chord length, the pitch movement of the blade can
be expressed as follows:

Iféf+1f02(6pre+6f)+k06f :Mg. (1)

In the equation, 0, is the flap deflection and tennis
racket moment induced blade pitch angle; I is the blade
rotational inertia around the pitch axis; kg is the blade root
torsion stiffness coefficient; Q) is the rotor rotating speed;
O,re is the blade pre-index angle which is the blade pitch
angle when the ECR does not rotate; and M, is the
completed blade aerodynamics pitching moment, which
include the unsteady pitching moment of the blade and the
incremental pitching moment caused by trailing edge flap
motion. The unsteady pitching moment of the airfoil is
calculated by using the Leishman-Beddoes model [39] and
the flap deflection-induced airfoil-pitching moment is
calculated via the Hariharan-Leishman unsteady-flap
aerodynamics model [40]. The blade pitch movement
equation is solved via the Runge-Kutta fourth-order
method.

2.2. Viscous Vortex Particle Wake Model of ECR. The ve-
locity-vorticity form of incompressible Navier-Stokes
equation in the Lagirange frame can be used to represent the
rotor-wake vortex flow with a high Reynolds number. In
VVPM, the continuous vorticity field is discretized by using
vortex particles with certain vorticity. Thus, the governing
equation can be expressed in the form of convection-dif-
fusion of N vortex particles:

Dx;
Dtl =u(x; 1), 2)
Da.
DO;I =a; - Vu(x;t) + vV2ai +S, (3)

where a; and x; are a vortex particle vorticity vector and a
position vector, respectively, u is local velocity vector, v is the
kinematic viscosity, D/Dt is the substance derivative, and S is
the local vorticity source.

In formula (3), the first term on the right is the
stretching-effect term, which represents the effect of
stretching and rotation on local vorticity, the second term is
the viscous diffusion term, which reflects the viscosity in-
duced the vorticity diffusion effect, and the third term is the
source term, which indicates that new vortex particles are
constantly generated on the blade surface and shed into the
rotor wake. The velocity gradient in the stretching term
includes the rotor wake vortex particle and rotor blade
induced velocity gradient. The vortex particle induced ve-
locity gradient is solved directly:

;- Vg, (x;,t) = Z{% [& ][ (K(P)(X - X; ))] Qs
(4)

and the viscous diffusion is determined via a particle
strength exchange (PSE) method:

vvzai = 7 Z(Viaj - Vjai)EUij(xi - xj)’ (5)

1 =1

where [6]-] is an antisymmetric tensor composed of the
vorticity vector of a vortex particle, o;; is the symmetric
smoothing parameter, K(p) is the Biot-Savart kernel
function after the smoothing correction, V is the volume of
a vortex particle, and & (x—x;) is the vortex particle
vorticity distribution function after a smoothing correc-
tion. The detailed expressions of the symmetric smoothing
parameter o;;, the Biot-Savart kernel function after the
smoothing correction K (p), and the vortex particle vor-
ticity distribution function after a smoothing correction
¢, (x —x;) are provided in the references [1, 31]. The ex-
pression of the source term will be provided in the next
section.

2.3. Weissinger-L ECR Blade Lifting Surface Model. The ro-
tor-wake flow field vorticity convection and diffusion pro-
cess are simulated via the VVPM, and the specific form of the
source term depends on the blade aerodynamic model. In
this paper, the Weissinger-L lifting surface model is
employed to solve the variation in the ECR blade bound
vortex circulation along the span direction, which in turn
acquires the source term S in formula (3).

Figure 1 shows the solution diagram of the ECR blade
bound vortex lattice and new vortex particle. The bound
circulation of blade segments usually varies both spanwise
and azimuthally, which generates the trailed and shed
vorticity from the blades. When calculating the blade bound
vortex circulation distribution at the current azimuth, the
near wake is still discretized via the vortex lattice and its
circulation is equal to the bound circulation of the blade
segment corresponding to the previous azimuth. The po-
sition of the vortex lattice trailing edge is determined by the
local flow velocity.

To solve the blade bound vortex circulation at each
segment, a control point is deployed at the 3/4 blade chord in
each vortex lattice. Based on an impenetrable boundary
condition, the relation between the bound vortex circulation
and locally induced velocity can be represented as follows:

ATyn = Bn, (6)

where A is the influence coefficients matrix of the bound
vortex lattice on the control point, I', is the bound vortex
circulation matrix, B is the matrix of the velocity induced by
the near wake vortex lattice, wake vortex particle, and blade
movement on the blade control point, and n is the outward
unit normal vector of the blade surface at the control point.
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FIGURE 1: Solution diagram of the vortex lattice bound to the ECR
blade surface and new vortex particle.

The unit normal vector of the blade surface at the control
point is determined by the geometric incidence of the blade
segment. Because the trailing edge flap is introduced, the
effect of flap deflection and flap overhang on the unit normal
vector of the surface can be represented by using the
equivalent blade angle of incidence [15]:

1
Qe = ¢ + p (T = 1T,)9, ™)

where a gy is the equivalent incidence of the flap segment
airfoil for the ECR blade, « is the geometric incidence of the
flap segment basic airfoil, § is the flap deflection angle and
downward deflection is positive, I is the nondimensional flap
overhang corresponding to the semichord length of the
airfoil, T, and T,, are constants related to the flap
chordwise location. For detailed expressions, please refer to
reference [41].

After the blade-bound vortex distribution is obtained,
the near-wake vortex lattice of each blade segment at the
current azimuth is replaced by an equivalent vortex particle.
The source term in formula (3) can be written as

S= d;; +u, V- o, (8)
where wy, is the bound vorticity of the blade segment and u,
is the velocity of the blade segment with respect to the fluid.
Once the iterations of the rotor wake and bound cir-
culation converge, the unsteady airloads of the airfoil and the
incremental airloads caused by trailing-edge flap motion are
obtained by using the Leishman-Beddoes model [39] and
the Hariharan-Leishman model [40], respectively.

2.4. BVI Noise Prediction. The evaluation of ECR aero-
dynamic noise is based on the FW-H equations derived
from Lighthill’s acoustic analogy approach, which contains
monopole sources noise (thickness noise), dipole sources
noise (loading noise), and quadrupole sources noise. Since
the BVI event usually occurs in low-speed descent flight,
the contribution of the quadrupole noise to the whole
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acoustic field is very small, so Farassat’s formulation 1A
obtained by ignoring the quadrupole noise term in the FW-
H equation is used in the noise prediction in this paper. The
acoustic pressure p'(x,t) at an observation point can be
written as

P (x1) = py(x,1) + pj(x,1), 9)

where p;(x,t) and pj(x,t) are the thickness noise and the
loading noise, respectively. The thickness noise can be
written as

/ — ﬂ
dmp (x,t) = Jf_0|:r(1 - Mr):|retds

u, (rM, + oM, — cyM?
+J Po ( 0 - 0 ) ds,
f=0 r2(1 _Mr) ret

(10)
and the loading noise can be written as

i I.-1
, y S +J B Sk VS I
ﬂpl(x ) Jf OI:T"(I -M )z]ret ’ f0|:f'2(1 _Mr)z]ret ’

1 1(rM, + cyM, — c,M?
+—J ( 0 30 ) ds,
f=0 1’2(1—Mr) ret

(11)

where [ is the local force on the fluid per unit area, ¢, is the
speed of sound in undisturbed flow, r is the noise radiation
distance, and M is the surface Mach number. Besides, in
these equations a dot over a variable and the subscript n, 1,
and M refer to the dot product with the unit normal vector,
the unit radiation vector, and the surface velocity vector
normalized by the speed of sound, respectively. The sub-
script ret indicates that the integrand should be evaluated at
the retarded time on the blade surface f =0. Since the
Weissinger-L model is used in this paper, the aerodynamic
force contributed by each blade panel is equivalent to a
compact acoustic source at the control point of each panel. It
should be pointed out that the rotor BVI noise is essentially a
loading noise. In the case of BVI occurrence, the thickness
noise tends to be negligible and the acoustic pressure is
dominated by the loading noise.

The flowchart of BVI-induced airloads and noise pre-
diction of ECR is shown in Figure 2. Firstly, based on
VVPM, the Weissinger-L model and the difference-based
trim strategy [42], the blade pitch angle caused by flap
deflection and the blade airloads are obtained. Then,
according to the flight condition, the flap-deflection
schedule, blade pitch angle and blade airloads, the time
history of acoustic pressure at an observation point is ob-
tained by using FW-H equations. Finally, the sound pressure
level (SPL) of specific frequency noise is obtained by using
the Fourier transform.

3. Results and Analysis

3.1. Validation of BVI Airloads and Noise Computational
Model. Currently, there are few ECR-related tests, and
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FIGURE 2: Schematic flowchart of BVI airloads and noise prediction of ECR.

there is no literature regarding BVI-induced airloads and
noise of ECR. Therefore, in this section, the HART II test
BL case is used as an example to validate the present BVI-
induced airloads and noise-predicted model by comparing
the blade airloads and the noise footprint on a horizontal
plane below the rotor hub. The HART II test rotor has four
hingeless blades with a rectangular tip, and the radius,
chord, linear twist, and precone of the rotor are 2m,
0.121 m, —8°, and 2.5°, respectively. The rotor was operated
at an advance ratio of 0.151, with a rotor shaft angle of
attack of 5.3°. The wind tunnel interference angle is —0.8°,
which means that the effective angle of attack is reduced
from 5.3° to approximately 4.5°. During the test, the rotor
had a thrust coeflicient of 0.00457. Other relevant pa-
rameters of the test are listed in reference [26]. The rotor
was trimmed to the experimental thrust coefficient and to
zero rolling and pitching moments about the rotor hub in
the present simulation.

The comparison of the predicted and experimental
section normal force C, M? at the 87% span location is given
in Figure 3. The predicted result in reference [30] is also
shown in the figure, which is obtained by using the LBM. As
shown, the present predicted airloads fluctuates dramatically
around 50° azimuth angle on the advancing side and around
300° on the retreating side, which compares well with the
experimental data. The accuracy of the present prediction on
the advancing side is comparable to the LBM results, and the
present results on the retreating side agree better with the
experimental measurements than the LBM results, whose
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FiGURrE 3: Normal force (C,M?) predictions at 87% radial station.

results have large spurious fluctuations between 60° and 90°
in the azimuth. However, since the elastic deformation of the
blade is not considered in the analytical model, there are
some discrepancies between the predicted airloads and the
experimental data. Especially around 180° azimuth angle, the
rigid blade model does not consider the reduction of the
angle of attack caused by torsional deformation, the pre-
dicted airloads is obviously higher than the experimental
data.
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FIGURE 4: Predicted and measured SPL noise contours (6th-40th BPF). (a) Measured; (b) predicted.

A comparison between the predicted and measured
BVI noise footprint on a horizontal plane which placed
1.1075R below the rotor hub is shown in Figure 4. The
noise level is filtered to include the frequencies only from
the 6th to the 40th blade passage frequency (BPF), which
are mainly associated with the BVI event. The meaning of
the circle drawn with dashed line is the projection of the
rotor tip path. The simulation results show that two dis-
tinct radiation lobes appear in the advancing and
retreating sides, which is the same with the experimental
data obtained from the HART II test. The location and
magnitude of the SPL maximum on the retreating side is
an agreement with the measurements very well, while the
magnitude of the SPL maximum on the advancing side is
slightly underestimated by 2-3 dB, and the location of the
SPL maximum on the advancing side is further to the rear
of the rotor. In addition, the predicted BVI noise in the
center and to the rear of the rotor disc is larger than the
measured data because the effect of the fuselage on the
absorption and scattering of noise is not considered in the
simulation.

In the preceding context, the prediction model of BVI
airloads and noise has been validated with the HART II test
database. The compared results show that the present model
is capable of predicting the rotor BVI-induced airloads and
noise.

3.2. Analysis of BVI Airloads and Noise Characteristics of ECR.
In this section, the HART II test rotor is used as a reference
to rebuilding an ECR, and the analysis of the BVI-induced
airloads and noise of ECR is performed under the HART II
test BL condition which has been described in Section 3.1.
The main parameters of the sample ECR are listed in Table 1.
Other parameters of the ECR are identical to those of the
HART II test rotor.

As mentioned in the previous section, ECR primary
control is implemented via flap motion. In this paper, the

TaBLE 1: The main parameters of a sample ECR.

Pre-index angle 6
Blade-root torsional stiffness 95 Nm/rad
Flap chord 0.03025m
Flap spanwise length 0.4m
Flap midspan location 1.4m
Nondimensional flap overhang 0.125

TaBLE 2: The trimming results of the flap deflection.
8 )

c
3.27° —4.65°

Flap deflection
Value

S

0.96°

ECR control variables include the flap collective deflection
0,> flap lateral cyclic deflection &, and flap longitudinal
cyclic deflection §,. The trimming results of the flap de-
flections of the ECR are listed in Table 2. It is emphasized
again that the flap downward deflection is positive. Because
of the large pre-index angle, the flap collective deflection &,
is positive to achieve the target thrust coefficient by re-
ducing the blade collective pitch. The flap lateral cyclic
deflection §, is positive, because of the upwash and
downwash on the front and rear parts, respectively, of the
rotor disk. In addition, the longitudinal cyclic deflection &,
is pretty small, because the velocities of the blade at the
advancing side and retreating side versus air are different,
the flap collective deflection generates cyclic pitch moment
on the blade, namely the ECR “collective pitch-cyclic pitch
effect.”

Figure 5 compares the blade-pitch angle variation with
azimuth between the ECR and the conventional rotor
(HART II test rotor). It should be noted that instead of the
measured data, the predicted results of HART II test rotor
are adopted to compare with the predicted ECR results in
this paper. The comparison results show that the mini-
mum blade pitch angle of the ECR appears around 120°
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FIGURE 5: Variation of blade pitch of the ECR and the conventional
rotor versus azimuth angle.

azimuth angle, which is almost the same as that of the
conventional rotor. However, because of the additional
lift generated by the flap deflection, there are some dif-
ferences between the ECR and conventional rotors blade
pitch angle magnitude. Especially around the 120° azi-
muth angle, the pitch angle of ECR is significantly smaller
than that of the conventional rotor, which is caused by the
large downward deflection of the flap around the azimuth
angle.

The deflection of the flaps changes the load distribution
along the blade span, which leads to the difference between
the wake vorticity distribution of the ECR and that of the
conventional rotor. Figure 6 shows the vorticity isosurfaces
diagrams of the ECR wake and the conventional rotor wake
under the HART II test BL condition. To further illustrate
the direction of the vorticity, the vorticity isosurfaces di-
agram is colored by the vorticity value in the x-direction.
Because of the small blade pitch angle, there are no strong
tip vortices between the 90° to the 180° azimuth angle on
the ECR advancing side. In fact, the predicted result il-
lustrates the strong vortex is shed from the tip of the flap in
the second quadrant because of the large flap deflection.
Meanwhile, since the difference in the magnitude of the
blade pitch angle on the retreating side between the ECR
and the conventional rotor is very small, the wake vorticity
structure on the retreating side is almost the same as that of
the conventional rotor. In addition, both the ECR wake
vortices and the conventional rotor wake vortices will
rapidly roll up along the rotor-advancing and -retreating
sides.

Because of the difference between the ECR and con-
ventional rotor-wake structure on the advancing side,
when the BVI occurs, the amplitude and location of the
impulsive airloads of the ECR on the advancing side will
be quite different from those of the conventional rotor.
Figures 7(a) and 7(b) show the section normal force
distribution of the ECR and conventional rotor, re-
spectively. According to the reference [27], the high-
frequency component (higher than 10/rev) of the section

X vorticity:

Roll-up vortex

()

FIGURE 6: Vorticity isosurfaces diagram of the wake flow field for
the ECR and conventional rotor. (a) ECR with 6° pre-index angle;
(b) conventional rotor.

normal force is almost exclusively due to the BVI. To
further illustrate the difference between the BVI-induced
airloads of the ECR and the conventional rotor, the high
harmonic section normal force (>10/rev) at the 70%
(blade segment with flap) and 87% (blade segment without
flap) span locations are shown in the Figures 7(c) and 7(d),
respectively. Owing to the flap motion, the section normal
force distribution of the ECR is quite different from that of
the conventional rotor. But the BVI-induced impulsive
airloads can be also observed on the ECRadvancing side
and retreating side. Furthermore, the amplitude of the
ECR impulsive airloads on the advancing side is greater
than that of the conventional rotor at both 70% and 87%
span locations, and the blade spanwise range of the ECR
BVT occurrence on the advancing side is smaller than that
of the conventional rotor, especially around the 60° azi-
muth angle. At the 70% span location, the amplitude of
ECR impulsive airloads around the 60° azimuth angle is
still greater than that of the conventional rotor, but at 87%
span location, the amplitude of the ECR impulsive air-
loads around the 60° azimuth angle is significantly less
than that of the conventional rotor. As mentioned above,
the BVI event of the ECR on the advancing side is mainly
caused by the interaction between the flap tip vortices and
the blades. The theoretical interaction region of ECR and
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FiGgure 7: BVI-induced airloads of the ECR and conventional rotor. (a) Disc airloads distribution of the ECR with 6° pre-index angle; (b) disc
airloads distribution of the conventional rotor; (c) high-frequency (>10/rev) section normal force C, M? at 70% span location; (d) high-
frequency (>10/rev) section normal force C, M? at 87% span location.

conventional rotor on the advancing side are also shown
in Figures 7(a) and 7(b), respectively. The difference in the
theoretical interaction region between the ECR and the
conventional rotor is the main reason for the different
width of the BVI occurrence. On the retreating side, the
amplitude of the ECR impulsive airloads at both 70% and
87% radial station are slightly less than those of the
conventional rotor. On the other hand, there are slight
discrepancies of the phase of the impulsive airloads on the
advancing side between the ECR and the conventional
rotor, while the phase of the impulsive airloads on the
retreating side is almost the same.

Based on the predicted BVI-induced airloads of the ECR,
the BVI noise footprints of the ECR and the conventional
rotor on a horizontal plane which placed 1.1075R below the
rotor hub are given in Figure 8. The noise levels are still
filtered to include only the frequencies between 6-40 times
BPF. The magnitude of the SPL maximum on the advancing
side of the ECR is 4 dB higher than that of the conventional
rotor, which is caused by the larger ECR airloads on the
advancing side. The magnitude of the SPL maximum on the
retreating side and the center of the ECR are 3 dB less than
that of the conventional rotor, although the amplitude of the

BVI-induced airloads on the retreating side of the ECR is just
slightly less than that of the conventional rotor.

3.3. Effect of ECR Pre-Index Angle on BVI-Induced Airloads
and Noise. Trimming result of ECR flap deflection varies
greatly with different blade pre-index angles. Owing to the
flap motion, the ECR wake vorticity field is more complex
than that of the conventional rotor. The BVI-induced air-
loads and noise are closely related to the wake structure of
the rotor. Therefore, the influence of pre-index angle on the
BVI-induced airloads and noise of the ECR is explored in
this section.

Table 3 shows the trimmed flap deflection of the ECR with
different pre-index angles under the HART II test BL condi-
tion. With the increase in pre-index angle, the ECR flap col-
lective deflection §, gradually deflects from upward to
downward, while the flap lateral cyclic deflection §, does not
significantly change. The flap longitudinal cyclic deflection &
varies significantly with increasing pre-index angle, which is the
result from the collective pitch-cyclic pitch effect of the ECR.

The predicted airloads of the ECR with 4° pre-index
angle and 8° pre-index angle are shown in Figures 9 and 10,
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FiGURE 8: Predicted SPL noise (6th-40th BPF) contours. (a) ECR with 6° pre-index angle; (b) conventional rotor.

TaBLE 3: The trimming results of the flap deflection of the ECR with different pre-index angles.
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FIGURE 9: BVI airloads of ECR with 4° pre-index angle. (a) Disc airloads distribution; (b) high-frequency (>10/rev) section normal force
C,M?* at 70% span location; (c) high-frequency (>10/rev) section normal force C, M? at 87% span location.
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C,M? at 70% span location; (c) high-frequency (>10/rev) section normal force C, M? at 87% span location.
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respectively. The predicted section normal force of the ECR
with 6° pre-index angle is also shown in the figures for
comparison. It can be seen that the airloads distribution of
the ECR with different pre-index angles presents a sig-
nificant difference. Due to the large downward flap de-
flection, the lift maximum of the ECR with 8° pre-index
angle is located on the blade section with the flap. When the
ECR pre-index angle is 4°, the flap upward deflection on the
retreating side reduces the local airloads on the blade
section with the flap. However, whether the pre-index angle
is 4° or 8°, the blade spanwise range of the BVI occurrence
of the ECR on the advancing side is almost the same as that
of the ECR with 6° pre-index angle, which demonstrates the
BVT events of ECR with 4° and 8° on the advancing side are
still caused by the interaction between the flap tip vortices
and the blades. The amplitude of the impulsive airloads of
the ECR on the advancing side is increased with the in-
crease in pre-index angle, while the amplitude of the im-
pulsive airloads of the ECR on the retreating side is
decreased significantly. Besides, the phases of the BVI-
induced airloads of the ECR with different pre-index angles
are almost identical.

The predicted BVI noise footprint of ECR with 4° pre-
index angle on the carpet of microphones are given in
Figures 11(a) and 11(b) depicts the contour plot of the
differences of the noise predictions obtained by considering
the ECR with 4° pre-index angle and 6° pre-index angle. The
numerical results for the ECR with 8° pre-index angle are
shown in Figure 12. The figures illustrate that with the in-
creasing of pre-index angle, the magnitude of the SPL
maximum on the advancing side of the ECR increases
significantly. The magnitude of the advancing side SPL
maximum is increased about 6 dB while the pre-index angle
increases from 4° to 8°. However, with the increasing of pre-
index angle, the magnitude of the SPL maximum on the
retreating side of the ECR decreases. Especially when the
pre-index angle is 8°, the radiation lobe in the retreating side
is almost disappeared.

Finally, in order to explore the reason for the difference
in BVI-induced airloads and noise among the ECR with
different pre-index angles, the ECR wake contours on two
lateral planes. The one at y=0.6R on the advancing side and
the other at y=—0.7R on the retreating side are investigated
(see Figure 13).

Figures 14-16 show the ECR wake vorticity contour
over the advancing-side plane and retreating-side plane.
The contours show that with the increasing of pre-index
angle, the strength of wake vorticity on the advancing side
of the ECR increases, while the strength of the wake
vorticity on the retreating side decreases. In addition,
among the ECR with three different pre-index angles, the
difference in the position of the vortex core is very small.
The investigation results demonstrate that the strength of
wake vorticity is the main reason for the difference in the
BVI-induced airloads and noise among the ECR with
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FIGURE 11: Midfrequency (6th-40th) BVI noise directivity pattern
of the ECR with 4° pre-index angle. (a) Predicted SPL noise
contours; (b) difference of SPL between ECR with 4° and 6° pre-
index angle.

different pre-index angles. Incidentally, because of the
BVI-induced airloads and noise varying with the pre-
index angle, the nonharmonic active control method can
be used to reduce the strong BVI event on the advancing
side or retreating side of the ECR with a specific pre-index
angle.
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FiGure 12: Midfrequency (6th-40th) BVI noise directivity pattern of the ECR with 8° pre-index angle. (a) Predicted SPL noise contours;
(b) difference of SPL between ECR with 8° and 6° pre-index angle.
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F1GURE 13: Longitudinal planes for investigation of wake vorticity of ECR.
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FIGURE 14: Predicted wake vorticity contour of ECR with 4° pre-index angle over the longitudinal planes. (a) Plane at y=0.6R on the
advancing side; (b) Plane at y=—-0.7R on the retreating side.
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FIGURE 15: Predicted wake vorticity contour of ECR with 6° pre-index angle over the longitudinal planes. (a) Plane at y=0.6R on the

advancing side; (b) plane at y=—0.7R on the retreating side.
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FIGUure 16: Predicted wake vorticity contour of ECR with 8° pre-index angle over the longitudinal planes. (a) Plane at y=0.6R on the

advancing side; (b) plane at y=—0.7R on the retreating side.

4. Conclusion

In this paper, based on the viscous vortex particle method,
ECR blade pitch-movement equation, and Weissinger-L
lifting surface model, a predicted model for ECR BVI-in-
duced airloads is established. In the model, the effects of flap
deflection on the blade bound vortex circulation distribution
are considered by using the equivalent angle of incidence.
The flap deflection induced blade pitch movement is ob-
tained by solving the ECR blade pitch movement equation
via the Runge-Kutta fourth-order method. On this basis,
BVI noise radiation of an ECR is evaluated using a post-
processor for the blade airloads that implements Farassat’s
formulation 1A of the FW-H equation. The predicted model
was validated against the well known HART II test database.
Furthermore, the aerodynamic and acoustic characteristics
of a sample ECR in BVI conditions are analyzed, and a study
was performed to examine the effect of the pre-index angle
on the BVI-induced airloads and noise. The following
conclusions have been drawn from the present study:

(1) The BVI-induced airloads predicted model estab-
lished in this paper is capable of accurately predicting
the impulsive airloads which is induced by the in-
teractions between the blades and the vortices in
the wake. In addition, the magnitude of the
predicted SPL maximum on the retreating side is an
agreement with the measurements very well, while

the magnitude of the SPL maximum on the ad-
vancing side is slightly underestimated.

(2) Since the BVI event of the ECR on the advancing side

is mainly caused by the interaction between the flap
tip vortices and the blades, the blade spanwise range
of the ECR BVI occurrence on the advancing side is
smaller than that of the conventional rotor. More-
over, there are slight discrepancies in the phase of the
advancing side impulsive airloads between the ECR
and the conventional rotor. The magnitude of the
SPL maximum on the advancing side of the ECR
with 6° pre-index angle is higher than that of the
conventional rotor, which is consistent with the
predicted airloads on the advancing side. The
magnitude of the SPL maximum on the retreating
side and the center of the ECR are less than that of
the conventional rotor.

(3) The amplitude of the impulsive airloads of the ECR

on the advancing side is increased with the in-
creasing of the pre-index angle, while the amplitude
of the impulsive airloads of the ECR on the retreating
side is decreased significantly. The magnitude of the
advancing side SPL maximum is increased about
6 dB while the pre-index angle increases from 4° to
8°. Significantly, when the pre-index angle is 8°, the
radiation lobe in the retreating side is almost
disappeared.
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(4) The different strength of wake vorticity is the main
reason for the difference in the BVI-induced airloads
and noise among the ECR with different pre-index
angles.
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