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Abstract; Aiming at the noise of helicopter scissors tail-rotor, an advanced numerical method is established by
combining computational fluid dynamics (CFD) model with Farassat 1A (F1A) formula. In this method, Navier-
tokes (N-S) equations are used as governing equations, and the flow field is solved at quasi-steady and unsteady
states in hover and forward fight, respectively, based on two different types of embedded grid systems. A simple
and effective solution approach is provided for the generation difficulty of donor cells caused by the close gap among
scissors tail-rotor blades. Using the CFD calculation results as input, the thickness noise, loading noise and total
noise of tail-rotor are calculated by F1A formula. By the method, numerical examples on rotor flowfield and noise
are performed and the results are compared with available data. Then, aerodynamic and acoustic characteristics of
scissors tail-rotor are emphatically calculated in both hover and forward flight. Furthermore, the research on the
effects of blade-tip shape parameters on scissors tail-rotor noise is carried out. Also, the scissors tail-rotor is com-
pared with the conventional tail-rotor, and the results show that in hover, the noise of a scissors tail-rotor is not al-
ways the smaller one.
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0 Introduction

The acoustic signature radiated by helicopter
is an important concern in both civil and military
operations. In addition to the rotor noise, the
tail-rotor is a prime external noise source, and the
aerodynamic noise of tail-rotor contributes to the
overall noise level of a helicopter. In some flight
regimes, the noise of the tail-rotor is even greater
than that of the main rotor'”. Therefore, the
study on noise characteristics of helicopter tail-ro-
tor is of great significance.

Currently, helicopter tail-rotors mainly have
three types, including conventional tail-rotor
(CTR), scissors tail-rotor (STR) and ducted tail-
rotor (DTR). As a "new” type, STR has been ap-
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plied to modern armed helicopters, such as
"Apache” in USA and "Holocaust in Russia. The
difference between STR and CTR is that the for-
mer has uneven distribution of blades and there is
an axial spacing between its upside and downside
pairs of blades. Previous research has suggested
that STR might possess a certain noise reduction
potential, compaired to CTR'™. On the other
hand, because of the unique configuration of
STR., especially the narrow axial spacing between
the upside and downside blades, blade vortex in-
teraction (BVI) may be severer in some flight re-
gime. Therefore, compared with CTR., aerody-
namic and noise characteristics for STR are more

complex. So far, a lot of research work on the

aerodynamic noise of a helicopter rotor or a CTR

How to cite this article: Meng Xiaowei, Xu Guohua, Shi Yongjie, et al. Simulation on helicopter scissors tail-rotor noise
based on N-S equations and F1A formulas[J]. Trans. Nanjing Univ. Aero. Astro. ., 2017,34(6):710-719.

http://dx. doi. org/10. 16356 /j. 1005-1120. 2017. 06. 710



No. 6 Meng Xiaowei, et al. Simulation on Helicopter Scissors Tail-Rotor Noise:- 711

has been conducted, but the studies on STR's
noise are few at home and abroad. In Ref. [2],
the experimental test for STR in hover was per-
formed in 1996, and the noise level of M-28 heli-
copter with CTR was compared with that of M-28
helicopter with STR. The measured results indi-
cated that the noise of STR was lower than that
of CTR. Ref. [3] investigated the effect of une-
ven angle among blades on rotor noise, but its ex-
perimental model was not for the STR, only for
main rotor, and it excluded the axial spacing of
actual scissors configuration. At home, some
preliminary studies for STR's aerodynamic and
noise characteristics were carried out previously

through test and computational analysist"®

for
the hovering state, but detailed parametric analy-
sis for the STR's noise was not performed.

Therefore, an advanced numerical method
combining the CFD technology with F1A formula
is established to investigate the STR's aerody-
namic and noise characteristics in this paper. The
method is firstly used to calculate aerodynamic
loadings on the blade surface of the tail-rotor by
CFD modules, and secondly to calculate the aero-
dynamic noise. For the convenience of the flow
field solution on STR, a structured embedded
grid system is generated. However, because of
the scissors angle of STR, the separation between
two blade roots is very close and thus, when gen-
erating blade grid, the outermost grid layer of a
blade will easily collide with another blade’s sur-
face, which will increase the difficulties of dig-
ging holes. To this end, we present a simple and
effective solution. To analyze the STR's noise
better, a so-called hemisphere is introduced to
observe the noise of STR, and some observation
points are located on the surface of the hemi-
sphere.

Many studies on the influence of helicopter
rotor blade-tip shape parameters on noise have
been conducted, but seldom for the STR. There-
fore, the investigation on the influence of the

STR blade-tip shape parameters is also carried out

in this paper, and the variation trend of the noise
for different parameters is calculated and ana-
lyzed. Some meaningful conclusions are drawn.
Previous studies on noise of STR at hover
condition in Refs. [2,6] concluded that the total
noise of STR was smaller than that of CTR along

I of total noise.

the main radiation direction!
However, studies in this paper indicate that their
conclusion is obtained based on the condition at
which severe BVI between the vortex shed from
the upside blades and the downside blades does

not occur.

1 Methodology Description
1.1 CFD method

The unsteady Reynolds averaged Navier-
Stokes (N-S) equations are utilized as the gover-

[8

ning equations, and the expression™ is presented

as

;IHJWdV—l—S@FF . ndS— ﬁic cndS=0 (1)

where S is the area, V the volume and n the out-
side vector of the cell surface. The conserved var-
iable W, the convective flux F and the viscous

flux G are given by
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where V=[u,v,w]|" is the absolute velocity and

V, the normal velocity of cell boundary.

The cell-centered finite volume method is
adopted for spatial discretization. The Roe
scheme'™ is selected as the dimensional discrete
format to discretize the governing equations.

For time discretization, the efficient and im-
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plicit lower-upper symmetric Gauss-Seidel (L.U-
SGS) schemel'™ is applied to the pseudo-time step
of the dual time method. This method is carried
out in two steps

(1) Forward sweep

AW/X :D7] [_ R/ - 2 %(AF(W}* 1 ) —

Jij=i

‘ /111 ‘ AW;) ‘ Sij |] (5)
(2) Backward sweep
AW, —aw; —D ) %(AF(W,* ) —
[A; | AW ) |'S, | (6)

where |4, | is the spectral radius of flux Jacobian
matrices, | S, | the area of interface and drepre-
sents the diagonal matrix.

In addition, the Spalart-Allmaras one-equa-

tion model™" is used as the turbulence model.
1.2 Embedded grid technology

The embedded grid technology''?! is utilized
including blade grids and a background grid cov-
ering the whole calculation domain. There are
two technical difficulties on the embedded grids
generation, i. e., holes digging and donor cells
searching. Here, the Hole Map scheme™® is used
for digging holes, and the strategy proposed in
Ref. [14] is adopted to search donor cells. The
background grid used in this study has 2 overlaid
levels, Level 1 (fine) and Level 2 (coarse). Fig. 1
(a) illustrates this multi-level grid concept.
Structured grid is employed for background grids
and C-O type grid is adopted for blade grids. In
order to better capture the aerodynamic character-
istics on blade surface, the tail-rotor disk domain
in background grid is overlaid by fine grid, which
is also beneficial to search the donor cells. It
should be noticed that the gap between two blade
roots becomes smaller because of the scissors an-
gle of STR, and when generating the blade grids,
the outermost layer of the blade grids is not al-
lowed to encounter the surface of another blade to
ensure holes digging smoothly, so the separation
between the outermost layer of blade grids and

blade surface should be limited. On the other

hand, if the gap is too small, the calculation ac-
curacy of loadings will be influenced. The main
contribution of the blade loadings comes from the
tip segment of blade. Therefore, thinning the
blade-root grids and thickening the blade-tip grids
is a reasonable choice. The specific process is as
follows: (1) Two-dimensional airfoil grids are
generated for blade root section and blade tip sec-
tion, respectively, and the separation from outer-
most layer of grids to the airfoil surface should be
properly controlled to make the scope of two-di-
mensional grids of blade root section smaller than
that of the blade tip section; (2) when generating
3-D blade grids, blade grids becomes thicker
gradually from blade root to blade tip by linear in-
terpolation. Note that the number of layers for
blade-root section and blade-tip section grids
should be set equal to avoid mistakes while gener-
ating the blade grids. The schematics of blade
grids and 2-D sectional airfoil grids are shown in

Figl (b).

Fig. 1 Schematic of embedded grid system

1.3 Acoustic model

The sound pressure of thickness noise is cal-
culated using Eq. (7) and the sound pressure of
loading noise is calculated by Eq. (8). The sound
pressure of total noise can be obtained using
Eq. (9) (F1A formula)™

’ _ Lo (‘Z'),, + Uy ):| ~
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where p' is the disturbed sound pressure, a, the
speed of sound, p, the density, v, the normal ve-

locity on blade surface, /; the force per unit area

on the fluid,/;=Pyn;, P; the compressive stress

tensor that includes the surface pressure and vis-

cous stress, ;zj the unit outward normal vector on
the blade surface, r the distance from the source
surface to the observation point, and Ma, the
Mach number in the radiation direction. I, the

force on the fluid per unit area in the radiation di-

~ ~

rection,/, =1, r;, r; the unit radiation vector. The
dots on v,, M, and [, denote the rate of variation
with respect to source time. pr, p and p' denote
sound pressure of thickness noise, loading noise

and total noise, respectively.
1.4 Validation of calculation methods

The tail-rotor’s test data is rare, so similar
main rotor was chosen for validation. CFD valida-
tions include Caradonna-Tung rotor hover test™®
and Helishape 7A rotor forward-flight test™".
The 1/7 UH-1H rotor model™ was taken as the
noise calculation example. As shown in Figs. 2—

4, the calculation results match well with the data
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Fig. 2 Comparisons of calculated C, with data at
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Fig. 3 Comparisons of calculated C, with data for Hel-

ishape 7A rotor in forward flight
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Fig. 4 Comparisons of calculated sound pressure with

Baeder's result for UH-1H rotor

of previous studies, which demonstrates the capa-
bility of the present method in calculating the tail-

! . . . .
rotor s aerodynamic and noise characteristics.

2 Aerodynamic and Acoustic Analy-
sis of STR

The Mi-28 tail-rotor'™® was chosen as baseline
case, and the configuration parameters were
changed so as to be more suitable for the present
study. The specific parameters are shown in Ta-
ble 1. The test of STR configuration in Ref. [4]
has shown that the aerodynamic characteristics of
configuration L are better than that of configura-
tion U, so configuration L. shown in Fig. 5 is
adopted. If the scissors angle is 90° and the axial
spacing is 0, STR will be simplified to CTR.
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Table 1 Parameters of STR

No. Radius/mChord/m  Airfoil Twist/(") Configuration

1 1.35 0.22 NACA0012 0 L

Rotation direction

Upside blade
Downside blade

Side view

Lift direction

Fig. 5 The schematic of configuration L

2.1 Aerodynamics comparison between STR and

CTR

The comparisons of aerodynamic characteris-
tics between STR and CTR in hover and forward
flight are analyzed in this section. Figs. 6 (a, b)
present the overall vorticity contours of CTR and
STR in hover (vorticity is equal to 0. 31). As
shown in Fig. 6, the vortex wake of STR is differ-
ent from that of CTR in hover obviously, and the
former is more disorganized. Since the tip vorte-
xes of the upside blades collide directly with the
downside blades, obvious BVI occurs on STR,
which impacts blade aerodynamic characteristics

and loading noise.

Fig. 6 Vorticity comparison of STR and CTR

Fig. 7 illustrates the normal force coefficient
versus azimuthal angle at »=0. 91R. The calcu-
lated parameters are as follows: Advanced ratio
of 0. 2, blade tip Mach number of 0. 62 and col-
lective angle of 8°. As seen in Fig. 7, the loadings
at the azimuth of 100° and 280° are bigger and
change more quickly for CTR. However, the
normal force peaks of downside blade section for
STR appear earlier (93° and 267°) due to the scis-
sors angle. Also, the normal forces of upside
blade change more gently than that of downside
blade for STR, apparently because the interaction
of downside blade on upside blade is weaker. The
loading variation will directly affect the noise,

which can be learned in next section.

Fig. 7 Normal force coefficient along different azi-

muthal angles (+=0.91R., «=0.2)

2.2 Noise comparison of STR and CTR

As shown in Fig. 8, a hemisphere is used for
noise observation. For convenience, the tail rotor
disk is placed in horizontal plane, and the direc-
tion and amplitude of noise are analyzed in hover
and forward flight.

Rotational direction

Viewing angle

Observer

Fig. 8 Hemisphere surface
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Fig. 9 presents the noise sound pressure level
(SPL) contours of STR and CTR at the hover
condition in which the blade-tip Mach number is
0.62 and the collective is 10°. For convenience,
the three-dimensional hemispherical surface is
transformed into a two-dimensional plane by
Lambert projection method. As seen from Fig. 9,
for both CTR and STR configurations, the main
radiation direction of the total noise is along the
disk plane. The SPL of total noise decreases rap-
idly with the increase of observation angle and the
noise difference between 45° observation angle
and disk-plane reaches more than 6 dB. Moreo-
ver, the main radiation direction of thickness
noise is along disk plane while the loading noise is
not, which was also obtained in the calculation
(not shown). In addition, the main radiation di-
rection of the total noise is consistent with that of
thickness noise, so thickness noise is dominated

at the condition.

6469 7479 84 89 94

6469 7479 84 89 94

Fig. 9 Total noise SPL contours of CTR and STR

180°

360° 0

(a) Difference of thickness noise

180°

0.2
0.3
0.5

270° 90’

2.4

360° 0’
(b) Difference of total noise

Fig. 10 Noise difference between STR and CTR

Previous research has shown that STR may
reduce the noise of the tail-rotor to some extent

"] In the above

because of its “modulation effect
section, it is shown that the collision of upside
blade's tip vortex with downside blade may in-
crease the loading and total noises. Fig. 10 dem-
onstrates the difference of total noise (STR's
noise values minus CTR's) at this condition. As
shown in Fig. 10 (a), the thickness noise SPL of
STR is less than CTR's (difference is negative) in
the disk plane direction (main radiation direction
of thickness noise), which indicates that STR is
of the noise reduction potential when thickness
noise is dominant. Here, it should be noted that
the difference will change with different observa-
tion angles. Since the main radiation direction of
thickness noise is along disk plane at this condi-
tion, only the difference near the disk plane is
shown. The difference changes slightly near disk
plane, so the values of three isolines are same af-

ter keeping one decimal place. However, from
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Fig. 10 (b), the total noise of STR is slightly lar-
ger than that of CTR’ instead in the main radia-
tion direction (difference is positive) , because the
thickness noise’s dominance is weakened with the
increase of loading noise at the condition with se-
rious BVI on STR. Further, due to the BVI be-
tween upside and downside blades, the STR's
loading noise is greater than CTR's, but the CTR
does not have such strong BVI because its four
blades are on the same plane. Fig. 10 also shows
that the difference is getting bigger with the in-
crease of observation angle. Comparing Fig. 10
(a) with Fig. 10 (b), a conclusion is drawn as fol-
lows: At the condition of serious BVI, although
thickness noise of STR is still less than CTR's,
loading noise of STR is larger, thereby STR's to-
tal noise can be slightly larger than the CTR's.
Fig. 11 shows the comparison of total noise
sound pressure history between STR and CTR at
the observation angle of 40°. Obviously, the for-
mer sound pressure peak changes more sharply
than the latter, which is consistent with the re-
sult that the total noise SPL. of STR is about 2. 2
dB higher than the CTR's in Fig. 10(b). Besides,
the azimuths at which their peak noises appear are

different due to the presence of the scissors angle.

<
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Fig. 11 Comparison of total noise sound pressure his-
tory between STR and CTR at the observation

angle of 40°

Fig. 12 presents the noise SPL contours and
the difference between STR and CTR at an ad-
vanced ratio of 0. 2, a blade-tip Mach number of

0. 62 and a collective of 8°. As seen in Figs. 12(a,

360° -
88 90 92 94 95 97 99 101

180°

360° 0
889092 94 96 98100102

180°

Fig. 12 Total noise SPL contours and noise difference

map of STR and CTR

b), compared with hover, the main radiation di-
rection of total noise in forward flight moves for-
ward (the azimuth of 180° in Fig. 12), and the
value of noise in front of the disk is significantly
greater than that in the rear. Compared with the
hovering state, the main radiation direction of the
total noise will no longer be along disk plane di-
rection in forward flight, and shifts downward in-
stead, because the loading noise is dominant at
this condition, so the main radiation direction of
the total noise is almost consistent with that of

the loading noise. Comparing the main radiation
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direction of STR's noise with CTR's one, it is
known that the former is mainly along the front
and below, however, the later shifts toward the
retreating side. Comparing their noise amplitude,
it can be seen (Fig. 12(c)) that the total noise of
STR is much bigger than that of CTR forward
and below (about 5.6 dB), but in the main radia-
tion direction of the total noise of CTR, the total
noise of STR is about 1 dB smaller than that of
CTR.

The reason why the main radiation direction
of their total noise is inconsistent is as follows:

It can be seen from Eq. (4) that the parame-
ters affecting the loading noise include [, ./, and
M,. From the analysis in Section 2. 1, the azi-
muth angles at which the maximum variation gra-
dient of blade loading (/,) appears are different
for STR and CTR, which will cause a distinction
between the main radiation directions of the two
configurations. Fig. 13 demonstrates their noise
radiation directions. In Fig. 13, the solid lines re-
present STR while the dotted ones represent
CTR. It is observed that when azimuth angle is
93°(see Fig. 7) for STR, M, is the greatest in the
front. Once M, is greater, the loading noise will
be greater in that direction, so the total noise of
STR is almost the greatest both in the front of
disk and below it. However, at azimuth angle of
100°(see Fig. 7) for CTR, the direction of M,
for CTR moves toward the retreating side, and
then the main radiation direction of total noise al-
so moves toward the retreating side.

Inflow

Scissors tail-rotor M,
----- Conventional tail-rotor

/ Top view 270°

Fig. 13 The noise radiation direction

3 Influence of Blade-Tip Shape Pa-
rameters on STR Noise

For thickness noise, its amplitude is related

to the movement rate and the geometry size of
blades. In order to further examine the contribu-
tion of blade segment to thickness noise, Figs. 14
(a, b) show the different blade-tip segments and
their thickness noise SPL proportion, respective-
ly. The proportion is defined as the ratio of SPL
contribution of corresponding segments to SPL of
the whole blade. It is shown from Fig. 14 that
with the increase of the tip segment length, the
thickness noise proportion is also increasing, but
the increase rate is very slow. It can also be seen
from Fig. 14 that the thickness noise contribution
of the segments (0. 9R—1. OR) accounts for 92.
8% of the whole thickness noise of blade. This
means that tip segment is the main contributor of
thickness noise (note: in Section 1. 2, it is known
that thickness noise is dominated at the condi-
tion). Therefore, the noises are analyzed by

changing blade tip shapes later.

(a) Blade-tip segments

1.0
g 08f
g
g 0.6
ﬁ o
Q
e
S 041
Q
g
=]
% 02}
Ay

0.0
1.00 0.95 0.90 085 0.80 0.75 0.70 0.65 0.60
Blade tip section proportion

(b) Proportion of thickness noise

Fig. 14  Proportion of thickness noise with different

segments

3.1 Influence of tip taper

Fig. 15 shows the noise SPL of STR with dif-
ferent tapered ratio from 0. 9R. When the tapered
ratio is 0. 55, the thickness noise is 2. 15 dB smal-
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ler when compared with rectangular tip, and the
total noise reduces by 1. 90 dB. It is seen from
Fig. 15 that the noise decreases with reduction of
tapered ratio, because the taper reduces the vol-
ume of the tail-rotor blades and accordingly de-
creases the thickness noise, so the total noise of

the tail rotor is also reduced.

Fig. 15 SPL variation of noise with taper ratio

3.2 Influence of tip thickness

Table 2 shows the influence of tip thickness
on total noise. As seen from the table, when the
blade tip thickness reduces from 12% to 9%
chord, the total noise can be slightly reduced.

Table 2 Influence of tip thickness on total noise

Blade tip segment 0.9—1R 0.85—1R
Variation in thickness/
12—9 12—9
(% chord)
Variation in noise/dB —0.89 —1.09

The influence of sweep-back and anhedral
blade tips on noise is also calculated, and the re-
sults indicate that their influence is very small and

not shown here.

4 Conclusions

(1) In hover, compared with the noise of
CTR, the noise of STR is not always smaller in
all cases. When BVI is serious, the former’ s
loading noise is greater than the latter's, and thus
the total noise of the former can be greater than
the latter’s.

(2) In hover, the vortex wake of STR is ob-
viously different from that of CTR. The former is

more disorganized. This is because the tip vortex

of the upside blade collide directly with the down-
side blade.

(3) In forward flight, due to the existence of
scissors angle, the normal force peaks of down-
side blade section for STR appear earlier than that
of CTR, while the normal force of the upside
blade section changes relatively gently, because
the interaction of downside blade on upside blade
is weaker.

(4) Compared with the hover state, the main
radiation direction of noise is along the front and
below in forward flight, and the noise in front of
the disk is significantly greater than that in the
rear.

(5) In hover, compared with the inner parts
of blade, the tip portion of STR contributes al-
most all of the thickness noise. If the blade tip is
tapered and thinned, the SPL of the total noise

will be reduced accordingly.
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