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Abstract: The aerodynamic and aeroacoustic characteristics of a scissor tail-rotor in a forward flight are numerically
calculated. A novel computational fluid dynamics (CFD) model based on Navier-Stokes (N-S) equations is presen-
ted to simulate the unsteady flowfield and the aerodynamic characteristics of a scissor tail-rotor in the forward
flight. Then the Farassat Formulation 1A derived from the FW-H equation is coupled into the CFD model in order
to compute the aeroacoustic characteristics of the scissor tail-rotor. In addition, two different scissor tail-rotor con-
figurations, i.e. , the .- and U-configuration, are analyzed in details and compared with a conventional one. The
influence of scissor angles on the aerodynamic and aeroacoustic characteristics of the scissor tail-rotor is also inves-
tigated. The simulation results demonstrate that the flowfield, aerodynamic force and aeroacoustic characteristics
of a scissor tail-rotor are significantly different from the conventional one, and the aerodynamic interaction decrea-
ses with the increase of scissor angle, which leads to a reduction of amplitude variation of the tail-rotor thrust in
the forward flight. The scissor angle has an important effect on the aerodynamics and aeroacoustics of the scissor
tail-rotor.
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0 Introduction

The scissor tail-rotor has an unconventional
configuration, and it is mainly employed on mod-
ern armed helicopters such as the AH-64 Apache
and the Mi-28 Havoc. A typical feature of scissor
tail-rotors is the uneven blade azimuthal spacing
for both the upper and lower pairs of blades. Pre-
vious research demonstrated that scissor tail-
rotors had certain advantages in noise reduction
when compared with the conventional ones.
However, only a limited amount of work has
been carried out on the scissor configurations and
the majority of researchers focused on the conven-
tional helicopter tail-rotors with an equal azi-
muthal spacing. Therefore, it is essential to in-

vestigate the aerodynamic and aeroacoutistic of
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scissor tail rotor configurations for its design ap-
plication.

So far, most of the research has been focused
on the scissor tail-rotors in a hover condition, and
only few studies were associated with forward
flight condition. Unfortunately, some conclu-
sions led by different researchers were contradic-
tory. For example, Sonneborn et al. ' conducted
an experiment on the scissor rotor in 1974, and
his results indicated that the scissor rotor had no
advantages in aerodynamics and acoustics when

Rozhde-

stvensky * carried out a new experiment on the

compared with the conventional one.

hover performance of scissor tail-rotor in 1996,
and compared the noise level of Mi-28 helicopter
equipped with both a conventional tail-rotor and a

scissor one, However, results in Ref. [2] were
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quite different from Sonneborn's, which indicated
that the scissor configuration was superior to the
conventional one in aerodynamic and aeroacoustic
characteristics. The differences between the stud-
ies of Sonneborn and Rozhdestvensky were
thought to be due to the higher rotational speed of
Rozhdestvensky's rotor model. In 2007, the noise
and induced velocity of a scissor rotor was meas-
ured by experiments conducted in the Nanjing U-

1, and

niversity of Aeronautics and Astronautics®
the hover performance for the test rotor using a
free-wake method™ was also numerically calcu-
lated. The experimental and computational re-
sults demonstrated that the configuration parame-
ters had an important effect on both aerodynamics
and aeroacoustics of scissor rotors. In Ref. [5],
the aerodynamic and aeroacoustic characteristics
of scissor tail-rotors in hovering were discussed,
but those in a forward flight have not been ad-
dressed.

Different from most of the previous research
which were mainly focused on hover conditions,
this paper aims to conduct numerical studies on
both the aerodynamic and aeroacoustic character-
istics of the scissor tail-rotors in a forward flight,
which is more difficult to investigate when com-
pared with that in hover due to unsteady flow. In
addition, the effect of the configuration parame-

ters of scissor tail-rotors is also investigated.

1  Computational Methodology and
Validation

1.1 Aerodynamic model

A CFD computational model is adopted to
simulate the unsteady flowfield of scissor tail-ro-
tors in the forward flight. The three-dimensional
(3D) unsteady Reynolds-average Navier-Stokes
(RANS) equations are employed as the governing
equations, which can be written as

a

7tJHWdV +” [FOW) —GW)]dS=0 (1)

\%4 as

where W is the vector of conserved variables.
F(W) and G(W) are the convective (inviscid) and

the viscous flux vectors, respectively.

In the current CFD solver, a third-order up-
wind scheme (Roe scheme)™ is used to calculate
the convective fluxes on the faces of the control
volume. For the time integration, a dual-time
stepping method is applied to simulate the un-
steady flow phenomenon, together with the LU-
SGS scheme!™ at every pseudo-time step. The
Spalart-Allmaras one equation model™ is used as
the turbulent model, which is uncoupled with the
flow governing equations.

A moving overset-grid system is used to deal
with the rotation and the pitch motion of the tail-
rotor blades in the forward flight, which is differ-
ent from the overset-grid system used in hover.
In a grid system, a C-O type grid is used for the
body-fitted blade grid (the near grid) and a Carte-
sian type is adopted as the background grid, re-
spectively. The topological relationship between
the blade near-body grid and the background grid
is established using the hole cutting and donor cell
identifying process, and the flowfiled data be-
tween the two set of grids are exchanged using a

high-order interpolation scheme.
1.2 Acoustic model

Since the current research focuses on the
acoustic characteristics of scissor tail-rotor at a
moderate-speed flight condition, the well-known
Farassat Formulation 1AM (which is based on the
FW-H equation) is adopted to predict the sound
pressure of the scissor tail-rotor, which can be

formulated as
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where p'+(x.1) is the thickness noise due to the

} ds (3
Co ret

periodic motion of blade, p'. (x,t) the loading
noise caused by the airloads on the blade surface.

Based on Egs. (2), (3), a numerical acoustic code
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has been developed for scissors tail-rotor.
1.3 Computational results and validations

Due to the lack of available tail-rotor experi-
mental data in the forward flight, the benchmark
case for the Lynx tail rotor in a hover conditiont'"
is selected to validate the current CFD code for
aerodynamic predictions. The advance ratio can
be set to zero in the current CFD code to simulate
the flowfiled in hover. Fig. 1 compares the CFD
predicted thrust and torque coefficients of the tail-
rotor with the corresponding experimental da-
tal®?. The excellent correlation between calcula-

tion and measurements validates the capability of

the CFD analysis.

Fig. 1 Comparison of hover performance between CFD and

experimental results for the Lynx tail-rotor

To validate the current acoustic model, the
noise level of AH-1/OLS rotor'"! is calculated
and compared with the available experimental da-
tain Ref.[117]. A blade vortex interaction(BVTI)
test condition (No. 10014) is selected as a numer-
ical benchmark, and the results are shown in Fig.
2. The comparison between the calculated results

and experimental data demonstrated that, the
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Fig. 2 Comparison of predicted and measured time histo-
ries of sound pressure for the AH-1/OLS rotor in

hover

present method can predict the representative
characteristics of BVI acoustics effectively except
for some discrepancies in the detailed magnitude.
As shown, the correlations between the CFD

simulation and the measurements also demon-
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strate the capability of the current CFD solver for
the complex BVI flowfield, which is important
for the analysis of interferences among scissor
tail-rotor blades. However, the calculated re-
sults, which may be affected by the grid quality
and numerical oscillation, do not consist very well

with the experimental data at some microphones.

2 Results and Discussions

The tail-rotor model used in Rozhdestven-
sky's experiment was selected as a benchmark nu-
merical example in the current study of scissor
tail rotors in the forward flight. The detailed ro-
tor model parameters can be found in Ref. [2].
As mentioned in Ref. [27], there are two types of
configurations for a scissor tail-rotor, that is, the
[- and U-configuration. In the L-configuration,
the leading blade is lower than the following one,
while in the U-configuration, the leading blade is
higher than the following one. For convenience,
the leading blade is further defined as blade 1,
and the following blade is defined as blade 2. Ac-
cording to the definition, blade L.-1 represents the
leading blade in the L-configuration. Similarly,

the other blades can be defined, as shown in Fig. 3.

Rotational Rotational
direction direction
“L-2” blade “U-1” blade
_ =

“L-1” blade “U-2" blade

(a) L-configuration (b) U-configuration

Vertical
space Al

(b) Side view

(c) Top view

Fig. 3 Schematic illustration of different configurations

for a scissor tail-rotor

Here the vertical space of the scissor tail-ro-
tor is fixed at a constant value of AL/R=0. 1,
where R represents the tail-rotor radius. The
overset grid system used for scissor tail-rotor

flow field simulation is shown in Fig. 4.
2.1 Flow field characteristics

The BVI phenomenon for tail-rotor often oc-

Fig. 4 Schematic of grid system for scissor tail-rotor in

forward flight

The smaller blade

space of scissor tail-rotors may result in a more

curs in a forward flight!?,

severe BVI, which significantly affects the aero-
dynamics of tail-rotors. Fig. 5 shows the CFD
predicted representative snapshots for the tip vor-
tex trajectories of both the L- and U-configura-
tions at different reference rotor azimuth in a for-
ward flight. It can be seen that the tip-vortex
shed from the conventional tail-rotor distributes
more uniformly than that from the scissor tail-ro-
tor configuration, which is due to the nonuniform
azimuthal space between the neighboring blades
of a scissor tail-rotor. The severe blade-vortex

and vortex-vortex interference will have impor-

Comparison of tip vortex trajectory for scissor

Fig. 5
tail-rotor between - and U-configurations (§=

30°) in forward flight
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tant impacts on the tail-rotor aerodynamics.
Comparing the front side (solid circle) and
the aftward side (dashed circle) of wake struc-
tures in Fig. 5, it can be seen that, for the scis-
sor tail-rotor with both the - and U-configura-
tions, the vortices shed from the neighboring
blades form a “vortex-pair” during the process of
wake evolution due to the smaller blade spacing,
which makes the wake structure of a four-bladed
tail-rotor similar to that of a two-bladed tail-ro-
tor. In addition, when vortices convect further
away from the tail-rotor blades, the two vortex
filaments approach to each other. Furthermore,
it can be seen from Fig. 5 that, the downwash ve-
locity of the scissor tail-rotor is smaller than that of

the conventional one at the same advance ratio.
2.2 Aerodynamic characteristics

Fig. 6 presents the azimuthal variation of the
tail-rotor thrust at different scissor angles, where
the subscript ORG refers to the conventional
(original) configuration, and L30 represents the
L-configuration with a scissor angle of &= 30°.
All the other labels can be defined similarly.
When compared with the conventional one, the
thrust of the scissor tail-rotor varies significantly
with azimuth angle, and the period is 2/Rev due
to the symmetric layout of the lower/upper
blades in the scissor tail-rotor. A smaller blade
azimuthal spacing between the neighboring blades
leads to a stronger aerodynamic interference.
Meanwhile, the vertical space of the upper/lower
blades can drive the tip-vortex shed from the lead-
ing blade be closer to the following blade, which
may result in a stronger aerodynamic interfer-
ence. In addition, the calculation results show
that the aerodynamic interference reduces with
the increase of scissor angle, which reduces the
variation amplitude of the tail-rotor thrust. It
should be pointed out that the increased variation
of the tail-rotor thrust will have an important
effect on the performance and handling qualities of
the helicopter installed with the scissor tail rotor.

Fig. 7 shows the effect of the scissor angle

on the time-averaged tail-rotor thrust. The re-

Fig. 6 Effects of scissor angle on unsteady tail-rotor thrust
sults are normalized using the mean thrust of the
conventional configuration, i. e., the constant
straight-line in Fig. 7 which represents the con-
ventional tail-rotor. The thrust of both the L- and
U-configurations are consistently higher than that
of the conventional one at all the scissor angles
considered. In addition, the L-configuration
shows superior aerodynamic performance when
compared with the U-configuration, which may
be explained by the reduced blade-vortex interac-

tion in the L-configuration (Fig. 5).

Fig. 7

Effects of scissor angle on the

time-averaged tail-rotor thrust

Fig. 8 shows the azimuthal (unsteady) varia-
tion of the thrust on individual blade of both the

L- and U-configurations. The general azimuthal
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variation trend of the scissor tail-rotor is similar
to that of the conventional one. However, the
blade thrusts of the scissor tail rotor in the azi-
muthal range of 90°—270° are significantly differ-
ent from that of the conventional one, which is
due to the different patterns of blade-vortex inter-
action. For example, in the first quadrant (0°—
90°) and the fourth rotor quadrant (270°—360°)
of the rotor disk, the tip-vortex shed from the
preceding blade moves away from the rotor disk,
and has a small influence on the following blade. In
contrast, in the second and third rotor quadrants
(90°—270°), when the tip-vortex moves toward the
rear of tail-rotor disk, it encounters the successive
blade, which may cause a stronger aerodynamic inter-
ference.

In hover, the blade 1.-2 is far from the tip-
vortex shed from the preceding blade, so it suf-
fers little interference. However, as shown in
Fig. 8, the blade 1.-2 suffers a very strong aerody-
namic interference in a forward flight. It can be
concluded that, within the first 90° of the wake
age, the tip-vortex convects above the rotor disk,
thereby causing the blade 1.-2 to approach to the tip-
vortex shed from the blade 1.-1. Consequently, the
blade 1-2 suffers more intense interference in a for-

ward flight compared with that in hovering.

Fig. 8 Effects of scissors angle on individ-

ual blade unsteady thrust

Fig. 9 shows the mean thrust of individual
blade versus scissors angle. The mean thrust of
each individual blade significantly differs from
each other for both the .- and U-configurations.
In addition, the difference decreases with an in-
crease in the scissors angle. At all the scissor an-
gles considered, the mean thrusts of the blade 1.-1
are close to that of the blade U-1. However, the
mean thrust of the blade 1.-2 is consistently high-
er than that of the blade U-2, which makes the
total thrust of the L-configuration higher than
that of the U-configuration (Fig. 7).

Fig. 9 Effects of scissors angle on the

mean thrust of individual blade
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2.3 Acoustic characteristics

To investigate the acoustic characteristics of
scissor tail-rotors in a forward flight, the thick-
ness, loading and total noise at several scissors
angles are calculated using the developed acous-
tics solver. The noise is computed on a plane of
100 m X150 m, which is put 30 m away below the
tail-rotor disk.

Fig. 10 compares the time histories of sound
pressure between the scissor and the conventional
tail-rotors. Results show that, the phase of the
sound-pressure peaks is changed due to the une-
ven blade azimuthal spacing, which is called the

"modulated effect”™*.

Sound pressure/Pa
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Fig. 10

Comparison of time histories of sound pressures

between conventional and scissor tail-rotors

2.4 Thickness noise

Fig. 11 presents the effects of the scissor an-
gle on the thickness noise of the tail-rotor in a
forward flight. Since the vertical separation space
is insignificant for the thickness noise, the noise
between the L- and U-configurations is not explic-
itly distinguished here. In Fig. 11, the thickness

noise level of the uneven spaced layout is lower

Also, the

thickness noise increases with an increase in the

than that of the conventional one.

scissor angle. In addition, Fig. 12 shows the
maximum thickness sound pressure level (SPL)
on the observation plane versus the scissors an-
gle. It can be clearly seen that the maximum
thickness SPL increases monotonically with the
scissor angle, which means that the so-called

"modulation effect” is gradually reduced.

=75 =50-25 0 25 50
[

Fig. 11 Effects of scissor angle on thickness noise of
tail-rotor
94 r
93
g
392
A~
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90 L L L L A A L )
20 30 40 50 60 70 80 90 100
Scissors angle/(°)
Fig. 12 The maximum SPL value of thickness noise v. s.

scissor angle

2.5 Loading noise

Fig. 13 shows the contours of the loading
noise SPL calculated on the observation plane,
and Fig. 14 presents the variation of the maxi-
mum SPL value on the observation plane versus
the scissor angle. As shown from Figs. 13,14, as
the scissor angle increases, the loading noise level
of the tail-rotor decreases initially and then in-
creases. At scissor angles of 45° and 60°, the tail-

rotor loading noise levels of both the L- and U-
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configurations are lower than that of the conven-
tional one. Also, the L-configuration is superior
to the U-configuration. The uneven blade azi-
muthal spacing of scissors tail-rotors changed the
phase difference among the sound pressure peaks,
which may decrease the amplitude of the some
pressure peaks (Fig. 10), and therefore decrease
the noise level. In addition, the so-called “modu-
lation effect” further modifies the discrete fre-
quency spectrum, which spreads the acoustic en-
ergy into more extensive frequency ranges, and
therefore decreases the noise level in low- and
mid-frequencies. However, as pointed out in the
previous section, a reduced blade azimuthal spac-
ing will intensify the aerodynamic interference,
and therefore, lead to a larger loading noise in a

forward flight.

Fig. 13

Loading noise characteristics of the scissor

tail-rotor

Fig. 14 The maximum SPL value of loading noise v. s.

scissor angle

2.6 Total noise

Fig. 15 shows the effects of the scissor angle
on the maximum SPL of the total noise. The con-
stant straight-line in the plot represents the con-
ventional tail-rotor. As shown, there exists an
optimal scissor angle for both the .- and U-con-
figurations in the range of 30°—60° which can
make a lowest tail-rotor noise level. For the cur-
rent tail rotor configuration, §=45° is the optimal

scissors angle.

Fig. 15 The maximum SPL value of to-

tal noise v. s. scissor angle

3 Conclusions

An unsteady N-S solver and an acoustic sol-
ver based on the FW-H equation were combined
to calculate the aerodynamic and aeroacoustic
characteristics of a scissor tail-rotor. Based on the
simulation results and analysis in this paper, the
following conclusions can be obtained:

(1) The wake characteristics of a four-bladed
scissor tail-rotor with a smaller blade azimuthal

spacing are similar to that of a two-bladed tail-ro-
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tor.

(2) The scissor tail-rotor suffers more severe
aerodynamic interference when compared with the
conventional one due to the reduced blade azi-
muthal spacing.

(3) The aeroacoustic characteristics of the
scissor tail-rotor are significantly different from
the conventional one. The scissor angle has an
important effect on the tail-rotor aeroacoustics.
An optimal scissors angle could be determined for
achieving the lowest tail-rotor noise level.

(4) The aerodynamic interference reduces
with an increase in the scissor angle, which re-
duces the amplitude variation of the tail-rotor
thrust in a forward flight.

(5) The L-configuration is superior to the U-
configuration in both aerodynamic and aeroacous-

tic characteristics.
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