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Aeroacoustics of an Advanced Propeller Design
Under Takeoff and Landing Conditions

S. Fujii,* H. Nishiwaki,{ and K. Takedat
National Aerospace Laboratory, Tokyo, Japan

Three configurations of six-bladed, 400-mm-diam, scale-model advanced propellers such as backward-,
forward-, and back-forward alternately installed swept blades were tested in anechoic environments with an in-
coming main flow velocity up to 68 m/s. The data for the advance ratio of 0.43-1.15 were obtained in the
aeroacoustic aspects. The arrangement of alternately swept blades showed the best quality among the three con-
figurations in the spanwise circulation distribution. The forward-swept blades did not exhibit any aeroacoustic
advantage. The alternately swept configuration as a tandem rotation has the potential for decreasing the sound
levels at the blade passage frequencies by the dispersion of sound with neither any sacrifice of aerodynamic per-

formance nor mechanical complexity.

Nomenclature
= coefficient
=propeller diameter
= advance ratio
=rotational speed
=thrust
=rotational velocity
» = main flow velocity
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Vv  =flow velocity
8 =pitch angle

n  =efficiency

6  =ratio of ambient to standard temperature
0 = density
Subscripts

C  =correction

i =thrust

P =power

0 =tangential

0  =reference

Introduction

ANY-bladed high disk-loading propellers are being an-

ticipated as advanced turboprops for use in the next-
generation aircraft.’»?> The aeroacoustic sector of such ad-
vanced propellers has been described freely in many publica-
tions, for example, Refs. 3-6.

The main thrust of this study was to determine experimen-
tally the aeroacoustic aspects of an advanced propeller design
under aircraft takeoff and landing conditions. Three con-
figurations of six-bladed scale-model propellers, such as
backward-, forward-, and back-forward alternately installed
swept blades, were selected for a series of tests. The tests were
made in anechoic environments with incoming low-speed main
flow from a duct. Experimental observations of the three con-
figurations are compared and discussed from the viewpoints
of performance and noise.
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Aerodynamic Design Methodology

The aerodynamic design was made over a scale-model pro-
peller using the streamline curvature method,”? traditionally
utilized in the field of turbomachinery. In designing the com-
pressor or turbine, the flow passage is confined and its upper
wall can be considered a streamline at the boundary extremity.
On the ‘other hand, the flow around the propeller tip may be
deflected inboard in passing through the rotating blades and
any streamline will not be determined in advance prior to the
solution of flow equations. The main feature of the streamline
curvature technique is allocation of all streamlines and their
renewal during iteration processes until the continuity equa-
tion has been satisfied for each streamline.

As a working equation, the radial balance of flow momen-
tum was solved in the cylindrical coordinate system, as shown
in Fig. 1. Axisymmetric flow is assumed in the whole region
including intrablades, and the axial derivative term of axial
velocity is neglected. The total enthalpy rise was taken into
consideration during each iteration in calculating the in-
trablade flow, where the parabolically smooth change with the
axial distance was presumed in the tangential velocity. Outside
the blade region, the total enthalpy was kept constant along
the streamline. The distribution of entropy rise, characteristic
of flow losses, was evaluated on the basis of the front fan
data.>!® The streamline m,, nearest to the blade tip, was
relocated until the flow solutions converged.

The aerodynamic design in this study was made to obtain
the optimum performance for cruising. However, due to the
capability of experimental facilities, the present tests were
limited to takeoff and landing conditions.

The design point performance was evaluated at the cruising
Mach number of 0.80 with a rotational speed of 250 m/s at an
altitude of 10,000 m. The blade loading was selected as
shp/D? =301 kW/m? for cruising. The selection of blade pro-
files was made by use of the two-dimensional cascade data
modified to include three-dimensionality, referring to the
front fan and compressor test results.?* The details of blades,
which number eight, are shown in Table 1, where the blading
at the low-solidity tip selection was determined in ex-
trapolating the inboard profiles, since no cascade data lower
than 0.40 was available in the solidity. The NACA 65-series
airfoils were selected for root sections, the double circular arcs
for mid-to-near tip, and NACA 16 for the tip section.

Test Facilities and Instrumentation

The 400-mm-diam scale-model propeller was placed in a
3.0%x5.5% 8.5 m anechoic chamber with a 650-mm-diam duct
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that provided a maximum flow velocity of 68 m/s at the pro-
peller disk, see Fig. 2. A high-frequency electric motor,
capable of varying the rotational speed up to 12,000 rpm at 75
kW, was used to drive the test propeller directly. To reduce the
shp required for the tests under takeoff and landing condi-
tions, the six-bladed propeller was used for the testing
reported herein, although the number of blades was originally
eight in the aerodynamic design.

The 27-deg aerodynamically backward-swept blades at the
tip were tested first. The 27-deg forward-swept blades were
manufactured next in keeping the same aerodynamic
parameters as the backward blades. All blades were made of
carbon-fiber-reinforced plastic. As Fig. 3 shows, a rotating
cascade, composed of the backward- and forward-swept
blades in sequence, was also tested under the name of cant-
mixed (CM) blades. (The backward- and forward-swept
blades are hereafter abbreviated as BW and FW, respectively.)

The thrust and torque were measured by strain gages fixed
on a rotating shaft. To cancel side forces the strain gages were
arranged to make bridge circuits. Small preamplifiers were
inserted into the center of hollow drive shaft and signals were
sent through a nitrogen-cooled slip ring to the outside
amplifier. Prior to the tests, the static axial and twist forces
were imposed on the shaft for calibration. The virtual forces
when sensed at each rotational speed without blades were used
to compensate the dynamic forces. A microprocessor was in-
terfaced with the amplifier to pick up the force data and rota-
tional speeds.

The flow data were mainly obtained from the pitot tube
measurements, and partly from a 4-W argon-ion laser Doppler
velocimeter (LDV) operated in a forward-scattering mode.

The acoustic measurements were made independently from
the flow survey using a 12.5-mm-diam condenser microphone
placed outside the jet flow 2.5 m from the center of the pro-
peller disk, and at the same height as the shaft axis. During the
measurements, most of the test rig surfaces were muffled in
urethane foam to minimize the sound reflection. All data were

Fig. 1 Assumed streamline patterns.
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processed making use of the on-line noise-reduction system.
The runs were about 80-s long to permit satisfactory recording
of the noise data, and frequency analysis was performed in the
20-Hz bandwidth. The preliminary test confirmed that the
outside microphone could measure the sound emitting from a
point source placed in a main-flow jet without any amplitude
and ray modification due to the jet-edge shear layer up to a
flow velocity of 30 m/s. The flow-on acoustic tests in the pre-
sent study were therefore performed at an airspeed of 30 m/s
only.

Experimental Observations and Discussion
Broadening of Sound Signature

The examples of sound spectra obtained from the BW tests
at rather large pitch angles are given in Figs. 4 and 5 with and
without the main flow, respectively. Figure 4 exhibits a typical
signature of propeller noise consisting of the blade passage
frequency (BPF) and its harmonics. Without the main flow,
however, the sound pressure levels (SPL) became significantly
broad and distributed around each harmonic in the spectra, as
can be seen in Fig. 5. This phenomenon might be attributed to
the blade flow separation because it was not observed at a
small pitch angle of 30 deg. A detailed mcasurement of the
LDV revealed that the direction of radial flow around the tip
sections had opposite signs: under the static condition at such
large angles, the local flow just above the propeller tip had the
outboard radial mean velocity component and its maximum,
15 m/s, occurred very close to the tip leading edge, suggestive
of the unstable flow recirculation from the trailing to leading
edges. To make a further survey into such broadenings, the
flow at the point of 20 mm outward from the midchord of tip
airfoil was sensed by a miniature piezoelectric pressure
transducer placed in a S-mm-diam pitot tube. The pitot tube
opening was put radially downward. A high-pass filter was
used to cut off frequencies higher than the second BPF. The
results of dynamic pressure spectrum analysis are
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Fig. 2 Anechoic chamber, flow duct, and propeller.

Table 1. Aerodyramic and geometrical blade design parameters

Aerodynamic Geometrical
Turning Relative
Radius, Helical Mach angle, flow angle, Chord, Camber,? Stagger, Thickness,
mm No. deg deg mm deg deg Solidity mm
50 0.83 4.8 14.7 77.0 2.9 10.1 1.96 15.0
116 0.94 6.1 31.2 77.0 6.9 26.1 0.85 5.0
156 1.03 6.4 39.2 74.0 8.3 33.6 0.60 4.0
192 1.12 4.9 45.2 60.0 5.3 39.7 0.40 3.0
200 1.16 2.3 46.7 58.0 —>b —b 0.37 2.9

4The camber angle of 25 deg is equivalent to the lift coefficient of 1.0. YThe values at two radii of 187 and 192 mm were linearly extrapolated to
determine the camber and stagger angles at the tip section since no cascade data were available in the solidity lower than 0.40.
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demonstrated in Figs. 6 and 7. When the propeller was
operated with the main flow on, the dynamic pressure changed
very regularly as each blade passed, see Fig. 6. However,
without the main flow at the large pitch angle, each blade pro-
duced the unstable and unreproducible waves per one revolu-
tion due to the blade flow separation, Fig. 7. Such ir-
regularities might generate a sound signature unrelated with
the rotational speed as a result of flow/acoustics coupling,
which, in turn, yielded the broadening of the sound pressure
spectra extended around the BPFs,

Comparison of Three Configurations
Aerodynamic Aspects
The blade rotational Mach number plays an important role

in the noise emission, whereas the helical Mach number
relative to the blade surface becomes a major parameter in

Fig. 3 Back- and forward-swept alternately instalied blades.
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Fig. 4 Sound pressure spectrum with main flow on.
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Fig. 5 Sound pressure spectrum under static conditions.
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considering the aerodynamic performance. Therefore, to
evaluate both aspects of noise and performance rigorously,
the corrective rotational speeds N may be taken as a common
criterion for the aeroacoustic comparison, that is, on the N,
constant basis. As is well known, N, is defined as the
mechanical rpm N divided by V@, where 6 is the
ambient/standard temperature. With this rotation, for exam-
ple, the thrust coefficient can be expressed as
Cr=T/poN2D* in terms of a reference density pg, and N in-
stead of T/pN?D*.

Figures 8 and 9 show the variations of Cr, Cp, and 7 with
reference pitch angles at constant N = 8000 and 10,000 rpm,
respectively. The most pronounced superiority of the CM over
the BW and FW was marked at 8,5 =36 deg and N, = 8000
rpm. The corresponding tangential velocity distributions
along the radius are drawn in Fig. 10. The data set was ob-
tained from the pitot tube traverses at the downstream sec-
tions of 15 mm from the BW and CM blade trailing edges, and
25 mm from the FW. The velocity imparted in the tangential
direction is considered proportional to the flow circulation at
each blade element. It is shown that the CM gave rise to a
much more moderate distribution of circulation along the
blade span than the BW and FW. In the configuration of the
BW, most circulation was concentrated toward the tip section,
which might be unfavorable in viewing the flow separation. It
was unexpected that the FW had the inferior characteristics in
the tangential velocity distribution, particularly with little cir-
culation obtained near the propeller tip.

The outlet flow angle relative to the rotating blade as well as
the turning angle as a result of passing through the blade row
are plotted for the BW and FW in Fig. 11. The zero-turning
zone, which usually extended inboard from the tip, was much
larger in the FW than the BW.

The insufficient quality of the FW in the total pressure ratio
was again observed at an advance ratio of 1.15, which was
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Fig. 6 Flow pressure waves from each blade with main flow on.
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Fig. 7 Flow pressure waves under static conditions.
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Fig. 10 Comparison of tangential velocity spanwise distributions.

realized by an increase of duct flow velocity up to 68 m/s, see
Fig. 12. It is noted that the total pressure rise can be given by
the enthalpy change UV, accounting for flow losses across the
blade row. It was found that the difference in the spanwise
distribution became minimal between the CM and BW, as the
advance ratio increased from 0.43 to 1.15 but with still poor
performance toward the tip sections in the FW.

In summarizing the aerodynamic characteristics, the CM
showed the best results among the three configurations tested
at the small advance ratios (0.4-0.5) with rather large angles of
attack (20-30 deg), while at the moderate advance ratio (1.15)
with the angle of attack less than 15 deg, there did not exist
any remarkable difference between the CM and BW
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103
=TT

<
g
= 102t AN
. \
£ 3 \\
d \i
A L0 No= 8000 RPM i
g X CM  Upy=68m/s
je]
= 1,00)» O FW Bozs=39° & - - e
-
J=1.15 TIp
(L ‘ 4
100 150 200

RADIUS, mm
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Fig. 13 Noise spectrum of backward-swept blade at N = 8000 rpm,
Uy =30 m/s, and 3 ;5 = 36 deg on the sideline.

aerodynamic performance. It can be mentioned that the CM
worked as though the two rows of blades were rotating in
tandem from the midsection to the tip section. Such an ar-
rangement may have the advantage of substantial resistance to
flow separation at high angles of attack. Further research is
needed to clarify the flow mechanism inherent in the CM con-
figuration, since the blending of back- and forward-swept
blades produced mild and favorable spanwise circulation in
contrast with the FW inferiority.
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Fig. 14 Noise spectrum of alternately swept blades under the same
conditions as Fig. 13.
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Fig. 15 Noise spectrum of forward-swept blades under the same con-
ditions as Fig. 13.

Acoustic Aspects

The noise facets of three configurations are exhibited in
Figs. 13-15. It is of interest to note the sound characteristics of
the CM. The peak levels were newly detected at 1/2 and 3/2
BPF, besides the first BPF, and instead the 2 and 3 BPF levels
became obscure, see Fig. 14. The decrease of about 2 dB in the
first BPF sound level was discerned in comparison with the
BW and FW. It can be said that the sound pressure levels were
dispersed due to the blend of opposite swept blades. The cor-
responding radiation patterns of the first BPF sound pressure
are shown in Fig. 16. The substantial decrease of 10 dB was
measured upstream 30 deg for the CM relative to the BW.

The pressure waves during the successive blade passes are
indicated in Figs. 17 and 18 for the sideline measurement. The
specific character of the CM was again noted. It can be ex-
plained that the noise emission from the axially different
source positions in the mixed swept blade arrangement might
cause the phase cancellation and amplification of the sound
pressure waves. It also may be understood that the noise emis-
sion from a set of three forward-facing blades and three aft-
facing blades produced the new peak levels at 1/2 and 3/2
BPF. Mechanisms common to all six blades generated the first
BPF, at which we might also have the second harmonics of
three-bladed phenomenon.

The evaluation and comparison of noise aspects should be
made by taking into account the levels of thrust or power coef-
ficients because each harmonic sound level is roughly propor-
tional to the thrust and drag magnitude. With this kept in
mind, a thorough check of all acoustic data taken during the
testing indicates neither advantage nor disadvantage of the
FW over the others. At high angles of attack, the CM has a
considerable advantage in both aerodynamic and acoustic
aspects: moderate spanwise circulation and sound intensity
dispersion. It is tentatively concluded that the CM has the
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potential for decreasing the sound levels in dispersing the
sound intensity at each BPF without suffering any
aerodynamic performance deterioration. Any additional
mechanical weight and complexities are not required in the
CM tandem rotation. However, from an engineering stand-
point, it is important for the CM tandem rotation to trade off
the sound dispersion at the defined frequencies for the noise at
new frequencies in the practical application.

It is speculated that the characteristics of softening the
BPF’s peak sound by the CM may continue in the transonic
regime, although the aecrodynamic advantage of the CM over
the BW no longer will be enjoyed at the design angle of attack.

Conclusions

1) The three configurations of the swept angles of six-
bladed, carbon-fiber advanced propellers were tested in the
anechoic environments with the main flow imposed up to 68
m/s.

2) Under the static condition at the large angle of attack, the
propeller tip flow separated with the outboard velocity com-
ponent attendant, which yielded the broad sound spectra
distributed around the BPFs.

3) At an advance ratio of 0.4-0.5 the CM showed the best
quality among the three configurations in the spanwise
circulation.

4) As the advance ratio increased up to 1.15, the
aerodynamic advantage of the CM over the BW was no longer
obtained, while the FW still had insufficient performance near
the tip.

5) It is tentatively concluded that the CM arrangement as
the tandem rotation has potential for abating the sound inten-
sity at the BPFs with neither any sacrifice of performance
deterioration nor mechanical complexities attendant.
However, the sound dispersion should be traded off for the
new peak levels from a practical point of view.

6) Further study is strongly recommended to perform the
same tests as those reported herein in the transonic regime,
where the extended use of the streamline curvature technique
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and cascade data made in the present design also will be
evaluated.
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