Feb. 2018

Transactions of Nanjing University of Aeronautics and Astronautics

Vol. 35 No. 1

Aerodynamic Performance and Aeroacoustic Characteristics of
Model Rotor with Anhedral Blade Tip in Hover

Huang Shuilin, Fan Feng * , Yuan Mingchuan, Sun Wei

National Key Laboratory of Science and Technology on Craft Aeromechanics Laboratory, China Helicopter Research and

Development Institute, Jingdezhen 333001, P. R. China

(Received 23 June 2016; revised 2 August 20163 accepted 16 August 2016)

Abstract; Experimental investigation on the aerodynamic performance and aeroacoustic characteristics of model ro-

tors with different tip anhedral angles in hover are conducted in the paper. Three sets of model rotors with blade-

tip anhedral angle 0°(reference rotor), 20° and 45° respectively are designed to analyze the influence of the anhedral

angle on the hovering performance and aeroacoustics of rotor. In the environment of anechoic chamber, the hover

experiments under the different collective pitch and blade numbers, are carried out to measure the figure of merit

(FM), time history of sound pressure and sound pressure level (SPL) of the three rotor models. Based on test re-

sults, the comparison and analysis of hovering performance and aeroacoustic characteristics among the three rotor

models have been done. Meanwhile, for the sake of analysis, the rotor wake and blade pressure distribution are

simulated by means of computational fluid method (CFD). At last, some conclusions about the effects of blade-tip

anhedral angle on the aerodynamic performance and aeroacoustic characteristics in hover are obtained. An anhedral

blade tip can enhance the FM of the rotor, and decrease the rotor loads noise to some extent.
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0 Introduction

Helicopters, which have the advantages of
vertical flight, hovering operation, low-altitude
maneuverability capabilities and so on, have been
widely used all around the world. However,
when helicopters fly across the city, especially in
landing condition, radiated noise from helicopters
has serious impact on surroundings and popula-
tion"", which is the limit factor of further usage
of helicopters. On the one hand, in order to re-
strict the civil helicopter noise, international civil
aviation organization (ICAQO) has issued stringent
airworthiness regulations of helicopter noise, and
the noise control standards will become more
stringent in the future. On the other hand, to im-

prove the acoustic stealth performance of military

helicopters, tactical and technical criteria often
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So far,

helicopter noise reduction has been a research

contain some low-noise requirements.

hotspot and gradually become an important re-

search direction in the field of helicopter technolo-

gy

Rotor is the dominant external noise source
of a helicopter, so it is also the important re-
search object of helicopter noise reduction. Ac-
cording to previous researches, the aerodynamic
design of rotor blade, especially blade tip, is an
effective method to reduce the rotor noise™. An-
hedral tip is one important type of three-dimen-
sional blade tip, which has been successfully ap-
plied to several advanced helicopter rotor designs.,

such as the rotor of UH-60M and AW-101 heli-
copters. So far, several new type blade tipst*™

have been designed and analyzed, however, as for
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anhedral tips, the research is almost focused on
the rotor aerodynamic performance. Mantay et
al. ' comprehensively analyzed the effect of back-
sweep and tapered blade tip on the rotor aerody-
namic performance, and in this work, blade tips
with anhedral angle are tested for the first time.
Anhedral blade tip was also studied for the S-76
rotor enhancement by Balch!™, whose emphasis
was aimed at achieving good figure of merit
(FM). Muller et al. ' investigated the aerody-
namic performance of the rotor with anhedral
blade tip, and the result also showed that the ro-
tor hover performance could be improved by the
usage of anhedral blade tip. Guo et al. "' carried
out some studies on the aerodynamics/aeroacous-
tic optimization of blade tip planform for helicop-
ter rotor. Zhao and Xu conducted some resear-
ches on the rotor aerodynamic layout design, in
which a new blade-tip named after “CLOR”I!
was designed, analyzed and tested. Although
many of analytical and experimental studies on
the rotor aerodynamic performance with anhedral
blade tip have been conducted, there is still limit-
ed research focused on the aeroacoustic character-
istics of anhedral blade tip, especially by the
means of both analytical and experimental meth-
ods. Meanwhile, there is lack of reliable experi-
mental data for numerical calculation models. For
these reasons, an experiment on the model rotors
with anhedral blade tip is conducted, and the in-
fluence of anhedral blade tip on the rotor aerody-
namic and aeroacoustic characteristics in hover is
analyzed.

The model rotors with different tip anhedral
angles are manufactured with composite material,
and experimental investigations on the effects of
blade-tip anhedral angle on the aerodynamic per-
formance and aeroacoustic characteristics in hover
are conducted in the anechoic chamber. Mean-
while, to further analyze the influence mechanism
of the anhedral blade tip, the pressure distribu-
tion of different blade sections and blade-tip vor-
tex spatial distribution are simulated by means of
Then,

some conclusions are obtained, which can be used

computational fluid dynamics (CFD).

in the aerodynamic design of advanced rotor.

1 Experiment
1.1 Experiment model and basic parameters

In the experiment, three model rotors are
manufactured with glass fiber composite materi-
al. Through structure design and dynamic opti-
mization, the model rotors have reasonable dy-
namic characteristics and enough structural
strength to avoid damage of rotor blades and ex-
periment stand due to serious vibration. The con-
figuration of the model rotor blades are parabolic
sweepback, with different blade tip anhedral an-
gle 0°,20° and 45°, The basic parameters of model
rotors are shown in Table 1. The schematic of the
rotors is shown in Fig. 1.

Table 1 Basic parameters of the model rotor

Basic parameter Value
Rotor radius/m 1
Type of rotor hub hingeless
Blade number 5.,4,2
Blade twist/ (%) —12°
Anhedral angle/ (%) 0,20,45
Nominal rotational speed/(r » min™") 2 064
S Anhedral angle=0"
f‘“— Anhedral angle=20"
- Anhedral angle=45°

N\

Fig. 1 Schematic of the blade tip with different anhe-

dral angels

1.2 Experiment environment and apparatus

The experiment is carried out in the acoustic
chamber of CHRDI. The inner four sides of the
acoustic chamber are covered with anechoic wed-
ges, forming an anechoic experimental surround-
ing with a cut-off frequency of 60Hz. The inverse
flow installation is arranged below the rotor stand
to avoid the rotor inverse flow effects. In addi-
tion, the fence of the rotor stand is wrapped with
acoustic foams, which can decrease the interac-
tion influence of stand fence on rotor noise trans-
mission. Fig. 2 shows the test environment and

experiment rig.
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Fig. 2 Test environment and experiment stand

The microphones used are BSWA' s
MPAZ201,1/2 inch, ICP type. The basic parame-
ters of the microphones are shown in Table 2.

To avoid the influence of the rotor induced
flow on the noise measuring, the nose cones are
installed on the microphones.

Table 2 Basic parameters of the microphone

Basic parameter Value
Sensitivity/(mV « Pa™ ') 50
Dynamic range/dB 16—146
Frequency range/kHz 6.3—20

The MFI10SN type collector produced by
German Mueller-BBM company is used as the da-
ta acquisition and processing system, which in-
cludes 48 TEPE type signal channels of vibration
and noise. Signals are collected synchronously in
each channel, and the highest sampling rate is up
to 200KHz/S/CH. The data acquisition and pro-
cessing system also has functions of processing
sound pressure, sound pressure level, sound in-
tensity, sound power and sound power level and
other data.

In this experiment, the time history of rotor
aerodynamic noise is directly measured by the mi-
crophones, and in each rotor test status, 10 s of
sound pressure data was recorded. However, be-
cause of random signals existing in the original
data, a further data processing is needed. There-
fore, in this experiment, noise signals of approxi-
mately 60 rotor rotation periods are chosen to be
averaged in time, and then these averaged noise

signals are used as the time history of sound pres-

sure, as shown in Fig. 3.

6r —— Original data
| — Averaged data

Acoustic pressure/Pa

00 02 04 06 08 1.0
Period/Rev

Fig. 3 Averaged time history of rotor acoustic pressure

1.3 Layout of microphone location

The rotor flowfields in hover can be supposed
to quasi-steady flows, therefore, the radiating
sphere of rotor noise can be simplified to a circle
arc in two dimensions. The microphone position
is grouped into: (1) circle arc microphones (4m
radius from the rotor hub center, numbered # 3
~ #10), that are applied to measure the acoustic
characteristics of positions with different angles
to the rotor plane; (2) in rotor disk plane micro-
phone, that are used to measure acoustic charac-
teristics of positions with different distances to
the rotor hub center (# 1:6m, # 2:5m). The

microphone layout is shown in Fig. 4.

Im Im

Fig. 4 Schematic of the positions of microphones

1.4 Test method

The rotor speed of rotation is 2 064 rev/min
in the present experiment, the aerodynamic force
and acoustic data of the model rotors with differ-
ent anhedral angles are measured in hover. The
number of rotor blade is set to two and four. The
experiment is conducted by scanning the blade
pitch, covering 2°—10°, The rotor thrust and the
torque are measured by the rotor balance. Moreo-

ver, the rotor noise time history of the different
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observation positions are measured by the micro-
phones. When measuring the rotor noise, six
times of data are recorded in each rotor operating
status, while recording 15s noise signal each

time.

2 CFD Analysis Method for Rotor
Flowfiled Simulation

To analyze the influence mechanism of the
anhedral blade tip on the flow-filed and aerody-
namic characteristics of rotor, the CFD tech-
nique"’® has been introduced to simulate the flow-
field of rotor.

2 Jwav + [[trov) —Gawr 1ds = [[eav
v 35 oV
(D

The expressions of conservation variables W,

convection fluxes F, viscous fluxes G and source

terms Q are

o] 0Cq, —a)
ou oulq, —q) +pn,
W= |w |, F= |w(q, —q) +pn,
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In the formulas, p,u,v,w and p denote the
fluid density, velocity in three directions and
pressure, respectively. E and H are internal en-
ergy and enthalpy per unit mass. (2 is the angular
velocity of rotation, r is the viscous stress. [,

n, n.]" are the normal vector. &, =ur,, T v, +
aT . .

wr., Tk o, s the work of viscous stress and heat
ax

conduction on fluid.
In CFD solver, a

scheme(Roe scheme)M" is used to calculate the

second-order upwind
convective fluxes on the faces of the control vol-
ume. For the time integration, the dual-time

stepping method is applied to simulate the un-

LU-SGS

is employed in every pseudo-time step.

steady flow phenomenon, and the
scheme'™
In addition, the Spalart-Allmaras one equation
model”' is used as the turbulence model, which

is uncoupled with the flow governing equations.

3 Experiment Results and Analysis
3.1 Results of hover performance and analysis

Fig. 5 shows the variation of thrust coeffi-
cient of different blade tip anhedral angles with
collective pitch under two-bladed and four-bladed
conditions. It shows that with the same collective
pitch, the anhedral blade tip will decrease the ro-
tor total thrust. To analyze the influence of anhe-
dral angle on the rotor thrust comprehensively,
the pressure distribution of different blade sec-
tions is calculated by using the CFD code, as
shown in Fig. 6. It can be seen that, the anhedral
blade tip will decrease the airloads of blade out-
board portion, but has little influence on the air-
loads of blade inboard portion, which will result
in the decrease of the total rotor thrust. The de-
crease of airloads of blade outboard portion is
beneficial to improving the characteristics of aero-

dynamics and aeroacoustics.

Thrust coefficient

Collective pitch/(")
(a) Two-bladed rotor
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(b) Four-bladed rotor

Fig. 5 Comparison of rotor thrust with different blade-

tip anhedral angles
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Fig. 6 Comparison of blade section pressure coefficients
among rotors with different blade-tip anhedral

angles

Fig. 7 presents the hover performance curves
of the rotor with different blade tip anheral angles
under five-bladed and four-bladed conditions. It
can be seen that, the anhedral blade tip can effec-
tively enhance FM of the rotor with the maximum
increment of five percent in the experiment. In
addition, Fig. 7 also shows that there is no obvi-
ous difference between the blade tip anhedral an-
gle 20°and 45°. And in the four-bladed rotor ex-

periment, the maximum FM of the rotor with

(a) Five-bladed rotor

(b) Four-bladed rotor

Fig. 7 Comparison of figure of merit among rotors

with different blade-tip anhedral angles

blade tip anhedral angle 45° is smaller than that of
rotor with blade tip anhedral angle 20°, and it's
also indicated that FM of the rotor will not always
increase with the increase of blade tip anhedral
angle.

To further analyze the influence mechanism
of blade tip anhedral angle on the hover perform-
ance of the rotor, the vortex flowfield of the rotor
is simulated by using the CFD code, as shown in
Fig. 8. It can be seen that, the anhedral blade tip
can increase the distance between the rotor wake
and the rotation plane, and decrease the vortex
strength of the rotor wake, which will decrease
the rotor induced power and enhance FM of the
rotor consequently. It also should be noted that
the increase of the distance between rotor wake
and rotation plane is beneficial to weakening the

blade-vortex interaction phenomenon.

(a) Anhedral angle=0"

(b) Anhedral angle=20"

(c) Anhedral angle=45

Fig. 8 Comparison of vortex flow-filed simulated by

CFD method among rotors with different blade-

tip anhedral angles

3.2 Test results of noise in hover

Fig. 9 shows the variation of the measured
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sound pressure level (SPL) with thrust coefficient
of the rotors with different blade tip anhedral an-
gles at the # 6 observation point in the rotor disk
plane and # 9 observation point 30 degrees below
the rotor disk. In this figure, the tested rotor is
four-bladed. It can be seen that the anhedral
blade tip has little influence on the aeroacoustics
of #6 position. However, the decrease of the a-
coustic level occurs at # 9 microphone below the
rotor. And, the noise reduction effects with an-
hedral angles 20° and 45° are almost the same.
Previous studies indicate that the rotor aerody-
namic noise is dominated by the thickness noise in
the rotor disk plane, while the load noise is domi-
nant below the rotor disk plane. It can be inferred
that the anhedral blade tip has little influence on
the rotor thickness noise, but has some effect on

the rotor load noise reduction to some degree.

(a) #6 observation position

(b) #9 observation position

Fig. 9 Comparison of SPL among four-bladed rotors

with different blade-tip anhedral angles

Fig. 10 shows the acoustic results with two-
bladed rotor. It can be seen that, similar acoustic
results are obtained from the rotors with two and

four blades. However, the noise reduction effect

of two-bladed rotor is not as good as the four-
bladed one. Meanwhile, the acoustic level of two-
bladed rotor with anhedral blade-tip increases a

little in the disk plane of rotor.

(a) #6 observation position

(b) #9 observation position

Fig. 10 Comparison of SPL. among two-bladed rotors

with different blade-tip anhedral angles

Fig. 11 shows the comparison of frequency
spectrum of the rotors with different anhedral
blade tips. It indicates that, at # 6 observation
point, the sound pressure level of each noise har-
monic is almost the same for the rotors with dif-
ferent anhedral blade tips. However, at # 9 ob-
servation point, the sound pressure level of each
noise harmonic of the rotor with anhedral blade
tip is lower than that of the rotor without anhe-
dral blade tip. Moreover, the frequency spectrum
result of rotor acoustics is consistent with the re-

sults of overall sound pressure level.

4 Conclusions

An experiment and analysis on aerodynamic
performance and aeroacoustics characteristics of

the rotors with different blade tip anhedral angles
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(a) #6 observation position

(b) #9 observation positi

Fig. 11 Comparison of noise frequency spectrum

among four-bladed rotors with different

blade-tip anhedral angles

in hover are conducted in this paper, the follow-
ing conclusions can be drawn.

(1) Under the present experimental condi-
tion, the anhedral blade tip will result in the de-
crease of the rotor thrust in hover, especially the
airloads of the blade outboard portion.

(2) The anhedral blade tip will make the ro-
tor tip vortex far from the rotor disk plane.
Meanwhile, the strength of blade tip vortex will
be also reduced. Consequently, the figure of mer-
it of the rotor with anhedral blade tip increases.

(3) The anhedral blade tip has little influence
on the rotor thickness noise, but has some effects
on the rotor load noise which can be reduced to
some extent.

(4) Under the conditions of the present ex-
periment, for the two-bladed and four-bladed ro-
tors, blade tip anhedral angle 20°and 45° have
similar effect on the rotor aerodynamic perform-
ance and aeroacoustics in hover. However, anhe-
dral angle 20° may be more suitable for blade de-

sign in consideration of the difficulty of blade

structural design and dynamic optimization.
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