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Abstract

The acoustic noise and flow condition of tandem propellers in a horizontal axis-type tidal stream power unit, which is composed of
counter-rotating propellers and double-rotational armature-type generator without traditional stators, were experimentally investigated.
The front and rear propellers rotate in opposite directions and drive the inner and outer armatures, respectively; the rotational torque of
the front propeller coincides with the torque of the rear propeller. The front blade profile exerts a great effect on noise generation from the
tandem propellers, but the effect of the rear blade profile is comparatively small. The sound pressure level is largely concentrated at low
frequencies, and most predominant frequencies can be predicted by Hanson’s method. These predominant frequencies are mainly caused
by the tip vortex shedding from the front and rear blades in the counter-rotating propellers. The vortex shedding from the front blade does
not affect the rear blade. As a result, the acoustic noise is weakened as long as the diameter of the rear propeller is smaller than the diame-

ter of the front propeller.
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1. Introduction

With the rapid increase in fuel consumption, stream energy
has attracted attention because it can serve as a renewable and
clean energy resource. Horizontal axis-type turbines have
been widely applied not only to wind energy resources but
also to tidal stream energy resources from oceans [1]. A hori-
zontal-axis counter rotating-type power unit, in which the
tandem propellers, including front and rear propellers, drive
rotational inner and outer armatures in generators, has also
been developed [2]. This type of power unit is used to convert
wind and tidal energy [3, 4], and its efficiency has been im-
proved [5-7].

The acoustic noise caused by counter-rotating propellers has
also been studied, and results indicate that the main noise
source is due to the flow interaction between tandem propel-
lers and that the dominant power spectral density (PSD) is at
the frequency of the blade passing interaction between tandem
propellers [8]. The diameter of the front rotor is designed to be
reasonably larger than the rear diameter with consideration of
the tip vortex shedding from the front propeller without affect-
ing the rear propeller [9]. The mechanism of noise formation
in counter-rotating propellers should be investigated, and
noise prediction needs to be considered in the blade design
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process. In the present study, the acoustic noise and flow con-
dition in tandem propellers composed of different front and
rear blade profiles are investigated experimentally in a wind
tunnel.

2. Acoustic noise and flow condition measurement in
tandem propellers

2.1 Preparation of model blades

The blade profiles of the counter-rotating propellers are
shown in Fig. 1, in which all blade elements are formed with
MELO002 airfoil [10]. Front blade G and rear blades G and K
are formed with cambered airfoils and twisted in pitch direc-
tion to achieve the desirable angle of attack (7 degrees in front
blade G, 11 degrees in rear blade G with front blade G or H,
10 degrees in rear blade K with front blade H) and satisfy the
free vortex-type swirling flow at the ideal flow condition
without distortion. Front blade H is formed with a symmetri-
cal airfoil element close to the hub to discharge a swirl-less
flow; thus, the rear propeller can get wind energy from the
front propeller. The blade chord length decreases from the hub
to the tip in the radial direction, except for rear blade K with a
constant length. In the following discussion, tandem propellers
are labeled as follows: For instance, tandem HG, which is
composed of front blade H and rear blade G. The radius of the
front propeller is R = 115 mm, and the ratio of the rear pro-
peller to the front propeller is Ry/Rr = 0.84. The numbers of
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Fig. 1. Blades.

blades in the front and rear propellers are Zr = 3 and Z; = 5,
respectively. These values were optimized in the previous
research [11]. The dimensionless axial distance between the
front and rear propellers is set to L = I/Rr= 0.16 in the acous-
tic noise investigation and to 0.24 for the flow investigation to
cordon the space of hot-wire probes.

2.2 Measurements of acoustic noise and flow

The acoustic noise and flow are measured in an anechoic
box setting at the nozzle outlet of a wind tunnel, as shown in
Fig. 2. The anechoic box is a 1 m x 1 m x 1 m cube with a
waved internal surface comprising small pieces of foamed
plastic that crumbles arbitrarily. The high-functioning sound
level meter Onosokki LA-5560 and wideband microphone
Onosokki MI-1233 with a titanium vibration film are used;
both devices can maintain a high stability. The frequency
range is from 20 Hz to 20 kHz, and the sensitivity of the
wideband microphone is —29 dB + 3 dB re. 1 V/Pa. Measure-
ment technologies were presented in previous studies [8, 9]
and are described herein to facilitate the following discussions.
The model propellers are set at 300 mm downstream from the
nozzle outlet, and all investigations are conducted at a stream
velocity of V;,, =9 m/s. The driving system with a quiet axial
fan of the wind tunnel is located outside the experimental
room to eliminate background noise as much as possible. The
microphone is placed 300 mm away from the model propel-
lers in the vertical direction relative to the stream. The rota-
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Fig. 3. Model propellers and measurement points.

tional speeds are adjusted with an inverter system, the shaft of
which is connected to an isolated motor through a pulley sys-
tem with timing belts.

The flow around the propellers is investigated at the posi-
tion marked with “X” in Fig. 3 by a hot-wire anemometer with
X-type probes (upstream type MODEL 0249R-T5 and cross
type MODEL 0250R-T5 of KANOMAX), where the radius R
and distances L and L, are divided by the radius of the front
propeller Rr. The probes have two crossed hot wires in 90
degrees and can measure not only the velocity but also the
flow direction in the two-dimensional plane. The vorticities
¢ in the radial direction and & in the axial/stream direction
are estimated from Egs. (1) and (2) in the right-handed system
ofr, & andz.

=0V, 0Z -0V, ro0 =—oV, | ro0 (1)
E=0V, 1 r00—0(rV,) | ror =0V, | 00 ©)

where V,, ¥, and V, are the velocity components in the radial,
tangential, and axial directions, respectively. The second equa-



P. Liu et al. / Journal of Mechanical Science and Technology 33 (7) (2019) 3187~3192 3189

N;=2233rpm --®--Tandem Propellers HG
15 Nz=2285rpm —=*— Tandem Propellers GG
1 \ ! 1 !
the Front ; :
0f e ]

o (degree)
W

: : i :
0 0.2 0.4 0.6 0.8 1 1.2
R=r/R

Fig. 4. Angle of attack distributions of tandem propellers GG and HG
at Vi, =9 m/s.

80
716
414 1130 1432

60 0181241
<
Sao} .
é - Tandem Propellers GG L .,=44.1 dB

208 Tandem Propellers HG L4cq=48.0 dB

= Brm10®
Np=2233rpm MN=2285rpm
0 500 1000 1500 2000

Frequency (Hz)

Fig. 5. Sound power spectrum distributions of tandem propellers GG
and HG at V;, =9 m/s.

tion is simplified considering that the swirling velocity is al-
most constant in the axial direction z and has a free vortex
distribution, except for Front Blade H close to the hub.

2.3 Effects of firont blade profile on acoustic noise

The angle of attack of tandem propellers GG and HG is pre-
sented in Fig. 4, in which the front and rear rotational speeds
are Ny = 2233 min ' and Nz = 2285 min /, respectively; and
the front and rear blade setting angles (Fig. 3) measured from
the tangential direction are S, = 5 degrees and S, = 10 de-
grees at the blade tips, respectively. The Reynolds number
estimated from the relative velocity and the chord at the front
blade tip is Re = 4.1 x10* for front blades G and H, which
means that the flow is laminar flow but will not affect the
analysis of the sound pressure distribution of the tandem pro-
pellers, although the flow is turbulence flow in real cases. As
for the tandem propeller HG, in comparison with tandem pro-
peller GG, the angle of attack « 1is larger for the front blade
and smaller for the rear blade close to the hub wall as expected
(see Fig. 1).

The power spectrum distributions measured by A-weighted
sound pressure level SPL of tandem propellers GG and HG
are shown in Fig. 5. The A-weighted overall sound pressure
levels (OASPLs) of tandem propeller GG and HG are 71.4
and 75.2 dB, respectively. The sound pressure level of tandem
propeller HG is higher than that of tandem propeller GG

Table 1. Dominant frequencies of tandem propellers GG and HG.

Sound harmonic Load harmonic Frequency
m k fHz
| 1 302
2 414
2 3 716
4 1018
3 5 1130
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Fig. 6. Turbulence intensity distributions of tandem propellers GG and
HG.

throughout the frequency possibly because of the flow separa-
tion close to the hub. The equivalent continuous A-weighted
sound pressure level L,,, from tandem propeller HG is ap-
proximately 4 dB higher than that from tandem propeller GG,
as evaluated by averaging the energy of sound pressure level
in the measured time. The peaks of the sound power spectrum
are at almost the same frequencies, and these dominant fre-
quencies can be predicted by Hanson’s method shown in Ta-
ble 1 [12]; Hanson proposed to predict the predominant fre-
quency by f= |mZyNptkZpNg caused by the flow interaction
in counter-rotating propellers; here, m and & are natural num-
ber and integral number coefficients, respectively, for the
harmonics of blade passing frequencies (BPFs) ZzN; at the
rear propeller and ZzNy at the front propeller.

The turbulence intensities in the axial and radial directions,
I, and I, defined by Egs. (3) and (4) are presented in Fig. 6.

L=/ 3
I, :ﬁ/i. @

At section M3 downstream of the rear propeller, the turbu-
lent intensities in the axial and radial directions have almost
the same values because the rear blade profiles are the same,
whereas [ is larger than /. at a small radius. At section M2
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Fig. 7. Velocity fluctuation and vorticity components of tandem pro-
pellers GG and HG at section M2.

downstream of the front impeller, the turbulence intensity in
the axial directions is affected by the front blade profile but is
scarcely affected by the rear blade profile, which is far from
section M2, that is, front blade G has a large-scale flow sepa-
ration induced by the large angle of attack «. (see Fig. 4)
that promotes turbulence intensity. The intensity in the radial
direction /. increases with an increase in the radius that possi-
bly originates from the tip vortex [13].

The velocity and vorticity vary in response to passing time ¢,
as shown in Fig. 7, where V and V, are the axial and radial
velocity components divided by the incoming flow velocity
V., respectively; & and ¢ are the axial and radial vorticity
components, respectively; and time ¢ corresponds to the flow
distributions from the pressure surface to the suction surface

P. Liu et al. / Journal of Mechanical Science and Technology 33 (7) (2019) 3187~3192

80
716
1130 1432
60} 1018'4 1241
< .
S40 :
L}
= [t e Tandem Propellers HK L., =48.4 dB
50 —— Tandem Propellers HG Licg=48.0 dB |
K B=5° Bp=10°
Np=2233rpm N;=2285rpm
0 500 1000 1500 2000

Frequency (Hz)

Fig. 8. Spectral distribution of tandem propellers HK and HG at Vi, =
9 m/s.

N=2233rpm --®--Tandem Propellers HG
15 N=2285rpm —=*— Tandem Propellers HK
w 1 1 1 1
the Front : 1 : :
10 R S e iR ainis S .
0 ; 1
g5 | | | | i
() h H H H
=
]

0 0.2 0.4 0.6 0.8 1 1.2
R=r/Ry

Fig. 9. Angle of attack of tandem propellers HG and HK at Vi, =9 m/s.

between adjacent blades. Wake flows are observed on blade
tip R =1 at section M2 downstream of the front propeller, and
the radial velocity ¥, and the vorticity in the radial direction
¢ suddenly fluctuate from negative to positive values close
to the trailing edge. The velocities ¥, and V, change obviously
along with vorticity in the stream direction & at radius R =1
corresponding to the blade tip of the tandem propeller HG.
Vorticity & is mainly induced from the vortex shedding
from the blade tip and rotates clockwise against the front blade
rotation, in which velocity V, takes an opposite distribution
because of the flow measured at the static position while the
blade is rotating. With a decrease in radius (R = 0.3), the effect
of the blade profile on velocity and vorticity declines, but the
wake flow from front blade G with a large angle of attack is
confirmed. The low angle of attack near the hub of front blade
H makes the turbulence intensity in the axial direction com-
paratively weak. Nevertheless, the turbulence intensity in the
axial and radial components is enlarged near the blade tip,
thereby increasing the noise (Fig. 6 at section M2) in compari-
son with that in front blade G. The shed vortex from the front
blade tip associated with an increase in turbulence intensity
adds to the acoustic noise.

2.4 Effects of rear blade profile on acoustic noise

Fig. 8 shows the power spectrum of the acoustic noise emit-
ted from tandem propellers HG and HK, in which the rota-
tional speeds and blade setting angles are the same as those
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Fig. 11. Velocity fluctuation and vorticity components of tandem pro-
pellers HG and HK at section M3.
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Fig. 12. PSD of vorticity at section M3.

discussed previously. The A-weighted OASPLs of tandem
propellers HG and HK are 75.2 and 75.6 dB, respectively. In
comparison with that in Fig. 5, the sound pressure level SPL
and the equivalent continuous A-weighted sound pressure
level L,,, in Fig. 8 are scarcely affected by the rear blade pro-
file, and the dominant frequencies can be estimated with Han-
son’s method. Such results can be understood with the angle
of attack shown in Fig. 9, where the angles of attack o are
almost the same for both tandem propellers, although the
twisted angle of rear blade K is slightly larger than that of rear
blade G (see Fig. 1).

The turbulence intensities in the axial and radial directions,
L, 1, are presented in Fig. 10. The rear blade profile affects the
intensity at section M3 downstream of the rear blade in con-
trast to the intensity depicted in Fig. 6. The intensities of tan-
dem propeller HK are lower than the intensities of tandem
propeller HG near the hub, and they have a slightly inverse
tendency near the blade tip affected by the tip vortex. The
chord length of rear blade G gradually decreases from hub to
tip, possibly depressing the generation of tip vortex effectively
[9].

Fig. 11 shows the velocity and vorticity fluctuations at sec-
tion M3 downstream of the rear propeller. These values fluc-
tuate naturally, and the fluctuations of the velocities are no-
ticeably near the blade tip region (R = 0.84). The PSD of vor-
ticity at section M3 is shown in Fig. 12. The distribution of
vorticity power in the frequency domain is presented, and the
unit is the unit of vorticity squared over the frequency
(1/SZ/HZ). The PSD of vorticity dominates at the BPF of the
rear propeller, the PSD of the vorticity in the radial direction
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¢ s large at the hub side (R = 0.3) of tandem propeller HG,
and the PSD of the vorticity in the stream direction & is
large at the tip side (R = 0.84) of tandem propeller HK. These
results may be caused by the difference in shear flow in the
wake affected by the boundary layer and the vortex shedding
from the blade tip affected by the blade load.

3. Conclusions

The acoustic noise and flow condition in tandem propellers
were investigated in a wind tunnel. Three main results were
obtained. First, the front blade affects the sound pressure level,
and the dominant frequency can be predicted using Hanson’s
method; however, the effect of the rear blade is comparatively
small. Second, predominant frequencies are mainly caused by
the tip vortex shedding from the front and rear blades in coun-
ter-rotating propellers. Third, noise power density is largely
concentrated at the BPF.
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