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The authors had invented the unique wind power unit composed of the large-sized front wind rotor, the

small-sized rear wind rotor and the peculiar generator with the inner and the outer rotational armatures without

the conventional stator. This unit is called “Intelligent Wind Power Unit” by the authors. The front and the rear

wind rotors drive the inner and the outer armatures, respectively, while the rotational torque is counter-balanced

between both armatures/wind rotors. This paper discusses experimentally the acoustic noise from the front and the

rear wind rotors. The acoustic noise, in the counter-rotating operation, is induced mainly from the flow interaction

between both rotors, and has the dominant power spectrum density at the frequency of the blade passing interac-

tion. The noise is caused mainly from the turbulent fluctuation due to the flow separation on the blade, when the

rear wind rotor stops or rotates in the same direction as the front wind rotor.
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Introduction

Wind energy is clean, renewable and homegrown en-
ergy resources for electric power generations, and has
been positively/effectively utilized to cope with the
global warming environment. The authors had invented
the superior wind power unit [, as shown in Fig. 1. This
unit is composed of the large-sized front wind rotor, the
small-sized rear wind rotor and the peculiar generator
with the inner and the outer armatures without the con-
ventional stator. This unit is called “Intelligent Wind
Power Unit” by the authors. The superior operation of
this unit was verified in the previous report !, That is,
the rotational torque is counter balanced between the
inner and the outer armatures of the generator. The rota-
tional directions and the speeds of both wind ro-
tors/armatures are free, and automatically adjusted pretty
well in response to the wind circumstances.

Both wind rotors start to rotate at the cut-in wind ve-
locity, but the rear wind rotor counter-rotates against the
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Fig. 1 Intelligent Wind Power Unit

front wind rotor, as shown in Fig. 2. Both wind rotor
speeds increase with the increase of the wind velocity,
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Fig.2 Operation of Intelligent wind power unit

and the rear wind rotor reaches the maximum speed at
the rated wind velocity.

With more increment of the wind velocity, the rota-
tional speed of the rear wind rotor decreases gradually,
stops, and begins to rotate in the same direction as the
front wind rotor. Such superior operations of the tandem
wind rotors may make the unacceptable acoustic noise,
as compared with the traditional type wind turbines. This
paper discusses experimentally the acoustic noise from
tandem wind rotors, at the unique rotational conditions as
mentioned before.

Model Wind Rotors and Experiments

To reduce the background noise as possible, the model
wind rotors were set at the outlet of the wind tunnel (the
nozzle diameter is 320 mm) which were covered by the
anechoic box, as shown in Fig. 3. The blade profiles of
both wind rotors are shown in Fig. 4, and are similar to
the profiles in the performance tests, namely Front and
Rear Blade G . These sectional elements are MEL002
an]d are twisted to get the desirable attack angles irre-
spective of the radial position. The front and the rear
blade setting angles, measured from the tangential direc-

Anechoic box

Microphone

Front wind rotor

320 mm

Nozzle |

Fig.3 Experimental setup
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Fig. 4 Blade profiles of tandem wind rotors

tion at the tip (see Fig. 5), are f=5 degrees and =15
degrees. The diameter ratio between both wind rotors is
Drr = (the rear wind rotor: dg) / (the front wind rotor: dr)
= 0.84. The blade numbers of the front and the rear wind
rotors are 3 and 5. These dimensions were also optimized
at the previous report ).

The axial distance / between both wind rotors was
changed from L= l/dr = 0.08 to 0.18, where dr is the
diameter of the front wind rotor (=230 mm). The front
and the rear wind rotors were connected directly and
respectively to the isolated motor with the inverter, in
place of the peculiar generator described before.

In the experiments, the rotational speeds of both wind
rotors were adjusted reasonably in accordance with the
performance test !, while the wind velocity was kept
constant V=9m/s with the Reynolds number Re=I- wpr
/v=1.3 ~3.9 x 10°(Ic and wg: the chord and the relative
velocity at the front blade tip). The absolute acoustic
noises and the flow conditions differ more or less from
those in the prototype, owing to the smaller Re number.
The general circumstances of the acoustic noise, however,
can be known in the experiments because the flow from
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Fig. 5 Flow measurement points
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the wind tunnel has higher velocity fluctuations and that
promotes the transition from the laminar to the turbulent
boundary layers. The microphone of the sound-level me-
ter was set at the position of 300 mm in the radial direc-
tion measured from the center of hub, on the rotational
plane of the front wind rotor. The output signal from the
sound-level meter was accumulated in a FFT analyzer.
The level and the frequency of the acoustic noise were
evaluated without the background noises. The flow
around the tandem wind rotors was measured by a hot
wire anemometer. Figure 5 shows the measurement
points.

Acoustic Noise at Counter-Rotation

Noise at the maximum output operation

Figure 6 shows the output coefficient Cpof the tandem
wind rotors at the counter-rotation in the performance
tests (¥, The maximum output is obtained at the relative
tip speed ratio Ay= (relative tip speed) / (wind velocity) =
5.58, while the ratio of the front and the rear wind rotors
are A = 3.12 and Az = 2.04, respectively, where the
rotational speeds if the front and the rear wind rotors are
Ny=2330 min~', Nz=-1844 min'. Figure 7 shows the
power spectrum density of the acoustic noise at the
maximum output operation (1;=5.58), where the blade
passing frequencies are NzZ/~117 Hz for the front wind
rotor and NzZz=154 Hz for the rear wind rotor, and L., r
= 64.1 dB gives the equivalent continuous A-weighted
sound pressure level. These frequencies are hardly ob-
served, but there are many dominant frequencies which
may be attributed to the flow interaction between the
front and the rear wind rotors. Hanson has predicted the
dominant frequency in the counter-rotating propellers.
That is, the dominant frequency f due to the flow interac-
tion can be obtained from = |mZpNr+ kZpNg|, where m
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Fig. 6 Output of the tandem wind rotors
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Fig. 7 The power spectrum density at 4;=5.58

and k are the integral values (-oo~o0) giving the harmonic
frequencies of NpZr and NpZp. Table 1(a) shows the
dominant frequencies at A;= 5.58 derived from the
above equation. These values coincide well with the
experiments shown in Fig. 7.

Effect of the axial distance between both wind rotors

Figure 8 shows the effect of the axial distance L=//dr
between the front and the rear wind rotors on the sound
pressure level Ly, r at Ay = 5.58. The level L. at
L=0.08 is 3.3 dB  higher than one at L=0.18. That is, the
tandem wind rotors make the unacceptable acoustic noise
owing to the flow interaction. This result means that the
longer distance L is acceptable as for the acoustic noise,
but the shorter distance is acceptable as for the output ).

Figure 9 shows the power spectrum densities at
L=0.08 and 0.18. Some dominant frequencies appear
obviously at L=0.08 where the rear wind rotor is close to
the front wind rotor.

70
..._‘____
60 B—
foa)
=
3 ¥=9.0 m/s
3
50 L Ar=5.58 Drr=0.84
Ar=3.12 Ar=2.01
fr=5 deg. fir =15 deg.
40 L L
0.05 0.1 0.15 0.2
L ( = J'r/df)

Fig. 8 Effect of axial distance between both wind rotors on
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Acoustic Noise at Rear Wind Rotor Stop

Figure 10 shows the power spectrum density and the
sound pressure level L, 7 of the tandem wind rotors but
the rear wind rotor stops, in comparison with these of the
front wind rotor without the rear wind rotor which is
called here the single wind rotor. The density of the tan-
dem wind rotors is obviously higher than one of the sin-
gle wind rotor in the wideband frequency from 1200 to
1600 Hz. That may be induced from the turbulent veloc-
ity fluctuations in the wake flow from the stopped rear
blade with large scaled stall. Besides, the blade passing
(NpZr=164.4Hz) and the harmonic frequencies appeared
obviously as compare with the single wind rotor, because
of the flow interaction between both rotors.

The axial velocity components V), measured by the
hot wire anemometer are shown in Fig. 12, where M2-A
is at the position just behind the rear blade and M2-B is
at the middle position between rear blade cascade, as
shown in Fig. 11. The flow conditions at Section M2-A
verify that the turbulent velocity fluctuations are very
large in the wake flow. On the contrary, the velocities
scarcely fluctuate in the region smaller than the radius of
the rear wind rotor at Section M2-B in the main flow. At
R = 115 mm, the shed vortex from the front blade may
make the downstream fluctuate and the flow condition
around the tandem wind rotors is almost the same as the
condition around the single wind rotor.

Acoustic Noise at Same Directional Rotation

Figure 13 shows the effect of the relative rotational
speed on the acoustic noise while the rear wind rotor ro-
tates in the same direction as the front wind rotor, where
the output coefficient is maximum at 4;=3.99 as shown
in Fig. 6. Some dominant frequencies appear as shown in
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Figs. 7 and 9, even if the rear wind rotor rotates in the
same direction as the front wind rotor. The density at the
wideband frequency 1200~1900Hz is higher than that
shown in Fig. 10, because the rear blade rotating in the
blowing mode has the large attack angle and the large
scaled stall as compared with the blade stopping. Besides,
the sound pressure level and density increase with the
increase of the relative tip speed ratio Ar.

Figure 14 shows the axial velocity V), fluctuations at
A7=1.43 and 3.99 on section M2. The velocity becomes
to fluctuate markedly with the decrease of the relative tip
speed ratio A, because of the wake flow described
above.

Concluding Remarks

The acoustic noise from the tandem wind rotors was in-
vestigated at the representative operating conditions of
Intelligent Wind Power Unit. The noise, in the counter-
rotating operation, is induced mainly from the flow in-
teraction between the front and the rear wind rotors, and
has the dominant power spectrum density at the fre-



124

J. Therm. Sci., Vol.19, No.2, 2010

M2-A R=115mm M2-B R=115mm M2 R=115mm
12 12 12
9 | 1 | N | 9 Il il I ||.i ()W A Y T A
i : 6 [ 1]
3 | 3 3
1 M2|-A | R=II5|mm o R=95mm 9 R=95mm
£ | 6 'ﬁw: 0 M L;"‘\‘L'FJTH'
= 6! | ! 3 3
3 0 0
9 R=75mm 9 R=75mm N R=75mm
6 6% ¥ %'!Q% \ et 6 frovh 1-'.]. g e e Yry hlfl"
OF———11 0 — 0
| ¥=8.0m/s B "_Fandem Wind Rotors Single Wind Rotor
D084 Zr73 1r=4.40 p,=5deg. V=8.0m/is Zr=3
[1=0.12 Zi=5 — Pr=15deg. i =5deg.  Ny=3288min"!
e e | | 1 | 1 1 1 1 1 1 1
0 50 100 150 200 0 50 100 150 200 0 50 100 150 200
Time ms Time ms Time ms
(a) Tandem Wind Rotor in (b) Tandem Wind Rotor in (c) Single Wind Rotor
the wake region the main flow region
Fig. 12 Axial velocity fluctuations at Section M2
70 . - T 5 M2 R=95mm
439 F=9.0m/s
74 B = Sdeg. 2 o ko |y R
60 | | 306 D 084 E 4
e P g~ 15deg. = s [T H
i - L=0.08 ‘ |
50 | | . 0
R=75mm
20 |
40
g 15 i l
|
5 30 10
ir =143 (A =3.08 he=1.36) 5 HF ¥ ATER
20 Licyr=61.6dB 1 0
Tandem Wind Rotors
10 b —Ar=3.99 (s =4.67 1x=0.54) _ [ A#=3.07 A =135
I N R
Lieyr =68.1dB 0 50 100 150 200
0 1 L 1 Time ms
0 500 1000 1500 2000 (a) 4,=1.43
Frequency Hz 5 M2 R=95mm
Fig. 13 The power spectrum density at 4;=1.43 and 1,=3.99 10 |, L ] 1] | l
s TEAMPAL Y
quency of the blade passing interaction. The noise is ‘ |
caused mainly from the turbulent fluctuation due to the 0 R=75mm
flow separation on the blade, when the rear wind rotor 20
stops or rotates in the same direction as the front wind 15
rotor. 10 H—
5
Acknowledgement 1 1
0 Tandem Wind Rotors
The authors wish to thank Mr. Yohei Hano being student of [ Jr=4.65 /#=0.55
Graduate School of Engineering, Kyushu Institute of Technology, for B PEE——
. . . 0 50 100 150 200
helping the experiments. Some parts of this research were Time ms

co-sponsored by Research Project 2007 “Grand-in-aid for Scientific
Research (c) (2) in Japan” and Research project: Grant-in-aid for
JSPS fellow.

(b) 4,=3.99

Fig. 14 Axial velocity fluctuations at 4;=1.43 and 4;,=3.99



Koichi Kubo et al.

References

(1]

(2]

Kanemoto, T. et al., “Intelligent Wind Turbine Generator
with Tandem Rotors Applicable to Offshore Wind Farm”,
Proceedings of the 15th International Offshore and Polar
Engineering Conference and Exhibition, Vol.1, Seoul,
Korea, 2005, pp.457-462 & Patent Nos. 4040939 and
pending.

Kanemoto, T. and Ahmed Mohamed GALAL, “Devel-
opment of Intelligent Wind Turbine Generator with Tan-
dem Wind Rotors and Double Rotational Armatures (1st
Report, Superior Operation of Tandem Wind Rotors)”,
JSME International Journal, Series B, Vol.49, No.2, 2006,
pp.450-457

(3]

(4]

Acoustic Noise from Tandem Wind Rotors of Intelligent Wind Power Unit 125

Kanemoto, T. et al., “Intelligent wind turbine generator
with tandem rotors applicable to offshore wind farm
(characteristics of the peculiar generator and the per-
formance of three dimensional blades)”, Proceedings of
the 17th International offshore and polar engineering
conference, Lisbon, 2007, pp.363—-368

Kubo, K. and Kanemoto, T, “Development of Intelligent
Wind Turbine Unit with Tandem Wind Rotors and Dou-
ble Rotational Armatures (2nd Report, Characteristics of
tandem wind rotors)”, Journal of Fluid Science and
Technology, Vol.3(2008), No.3, pp,370-378

Hanson, D.B., “Noise of Counter-rotation Propellers”,
J.Aircraft, 22(1985), p.609




<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Gray Gamma 2.2)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (ISO Coated v2 300% \050ECI\051)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.3
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Perceptual
  /DetectBlends true
  /DetectCurves 0.1000
  /ColorConversionStrategy /sRGB
  /DoThumbnails true
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts false
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 150
  /ColorImageMinResolutionPolicy /Warning
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 150
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /ColorImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 150
  /GrayImageMinResolutionPolicy /Warning
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 150
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /GrayImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 600
  /MonoImageMinResolutionPolicy /Warning
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 600
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /Description <<
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e55464e1a65876863768467e5770b548c62535370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc666e901a554652d965874ef6768467e5770b548c52175370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /DAN <>
    /DEU <>
    /ESP <>
    /FRA <>
    /ITA (Utilizzare queste impostazioni per creare documenti Adobe PDF adatti per visualizzare e stampare documenti aziendali in modo affidabile. I documenti PDF creati possono essere aperti con Acrobat e Adobe Reader 5.0 e versioni successive.)
    /JPN <>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020be44c988b2c8c2a40020bb38c11cb97c0020c548c815c801c73cb85c0020bcf4ace00020c778c1c4d558b2940020b3700020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken waarmee zakelijke documenten betrouwbaar kunnen worden weergegeven en afgedrukt. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /PTB <>
    /SUO <>
    /SVE <>
    /ENU <>
  >>
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [595.276 841.890]
>> setpagedevice


