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In recent years, there has been a rapid development of the wind farms in Japan. It becomes very important to in-

vestigate the wind turbine arrangement in wind farm, in order that the wake of one wind turbine does not to inter-

fere with the flow in other wind turbines. In such a case, in order to achieve the highest possible efficiency from

the wind, and to install as many as possible wind turbines within a limited area, it becomes a necessity to study

the mutual interference of the wake developed by wind turbines. However, there is no report related to the effect

of the turbulence intensity of the external flow on the wake behind a wind turbine generated in the wind tunnel. In

this paper, the measurement results of the averaged wind profile and turbulence intensity profile in the wake in

the wind tunnel are shown when the turbulence intensity of the external wind was changed. The wind tunnel ex-

periment is performed with 500mm-diameter two-bladed horizontal axis wind turbine and the wind velocity in

wake is measured by an I-type hot wire probe. As a result, it is clarified that high turbulence intensities enable to

the entrainment of the main flow and the wake and to recover quickly the velocity in the wake.
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Introduction

Recently, wind power generation has become popular
as one of the solutions for the global warming issue and
exhaustion of fossil fuel. Therefore, installations of new
wind farms are expected to increase. A wind farm is a
wind power generation plant comprising many wind tur-
bines. The wind passed through a wind turbine has lower
velocity and higher turbulence, which would cause power
loss in downstream side wind turbine. In previous works,
the power reduction of the wind turbine operating in
wake is reported [1]. For these reasons, the layout of
wind turbines should be determined with consideration of
the interference with each other. There is recommended
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wind turbine spacing by rotor diameter. The spacing is
10D in the prevailing wind direction and 3D in lateral
direction [2]. In Japan, a lot of good potential wind sites
are located in mountainous regions. The topography be-
comes interference for design of wind turbine layout in
wind farm. Therefore, it is difficult to keep the recom-
mended distance.

The research that has been conducting up to now has
been dealing with simple observation of the wake flow in
the wind tunnel and in the field. However, there is no
report related to the effect of the turbulence intensity of
the external flow on the wake behind a wind turbine gen-
erated in the wind tunnel. The purpose of this paper is to
obtain basic data to estimate wind turbines interference in

www.springerlink.com



128 J. Therm. Sci., Vol.20, No.2, 2011

Nomenclature

D rotor diameter (m) X longitudinal coordinate (m)

L longitudinal distance from nozzle (m) y lateral coordinate (m)

11 turbulence intensity z vertical coordinate (m)

Ulocal mean longitudinal velocity with wind Greek letter
turbine (m/s)

Vltocal mean longitudinal velocity without standard deviation of wind velocity
wind turbine (m/s)

U ain main flow wind velocity

wind farms. In this paper, measurements of the velocity
field in wake were performed for different turbulence
intensities in the main flow in a wind tunnel.

Experimental Method

Experimental apparatus

Figure 1 shows the experimental apparatus. The wind
tunnel has a 3600mm-diameter nozzle and a 6200mm
length open test section. A two-bladed horizontal axis
wind turbine of diameter D = 500 [mm)] is used (Fig. 2).
When the main wind velocity is 7m/s, the optimal tip
speed ratio of the turbine is 3.4. The pitch angle of the
wind turbine is fixed at 4 degrees, which is the optimal
pitch angle. The upstream wind turbine was set at
750mm downstream from the nozzle center. The coordi-
nate system is defined for the measurements, in which
the x-axis, the y-axis and the z-axis are set in the stream-
wise, the lateral and the vertical directions, respectively.
The origin is taken at the center of wind turbine rotor.
The hub height is set at 2500mm from the floor. The
wind profile in wake is measured by using an I-type hot
wire probe attached on a positioning device as shown in
Fig. 1.

In order to change the turbulence intensity, two turbu-
lence grids which have different blockage ratios are ap-
plied. Figure 3 shows setting positions and photographs
of these grids. As shown in Fig. 3, the coarse grid was set
at honeycomb section of the wind tunnel. The fine grid
was set at the nozzle outlet. The blockage rates of these
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Fig. 1 Experimental apparatus for wind profile measurement.
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Fig.2 Geometry of test wind turbine.

grids are 0.391 and 0.438, respectively. Turbulent flows
without grid, with the coarse one and with the coarse and
fine ones were described as “Low turbulence”, “Medium
turbulence” and “High turbulence”, in increasing order of
averaged turbulence intensity. Figure 4 shows the change
of turbulence intensities in the main flow generated by
the grids. The horizontal axis represents the longitudinal
distance from the nozzle outlet, L. The vertical axis
represents the turbulence intensity, 77, which is defined
as:
o
Umain

where Up,in and o are the main flow wind velocity and
the standard deviation of local wind velocity, respectively.
In general, the local mean wind velocity is used as the
denominator in definition (1) for the wind assessment.
However, here the main flow wind velocity is used as the
denominator in order to figure out not the wind velocity
deficit but only the wind velocity variance in wake. As
shown in Fig. 4, the turbulence intensity in “Low turbu-
lence” remains about 0.5%. The one in “Medium turbu-
lence” remains about 3%. The one in “High turbulence”
decreases from 21% to 4% with increase of L.

T =

(1
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Fig. 4 Turbulence intensity in main flow.

Experimental conditions

The main flow velocity is fixed at 7m/s at x=5000
[mm]. In the measurements, the upstream wind turbine
was operated with the optimal tip speed ratio. The veloc-
ity and turbulence intensity distributions were measured
by I-type hot wire anemometer at 6 positions in the lon-
gitudinal direction x/D=1, 2, 3, 5, 7 and 10 in the lateral
range of -1000mm<y<1000mm with 40mm interval. The
number of sampling data was 16384 at every measure-
ment position with a sampling frequency of 1 kHz. In
this experiment, the averaged x-axial velocity is used in

the following discussions. The y-axial and z-axial veloci-
ties are not considered because these values are much
lower than x-axial one.

Experimental Results and Discussions

Wind profiles in wake

Figure 5 shows the wind velocity profiles in wake
generated by the upstream wind turbine for various tur-
bulence intensities in main flow. The vertical and hori-
zontal axes represent the non-dimensional longitudinal
coordinate, x/D, and the non-dimensional lateral coordi-
nate, y/D. One division of scale in the horizontal axis
corresponds to a non-dimensional x-axial velocity of
Ux=1, which is defined by:

U
Uy =% 2)
local

where Ujyeq and U’yca are mean local x-axial velocities
respectively with and without the upstream wind turbine.
As shown in Fig. 5, the velocity in wake increases and
the deficit area expands symmetrically with increase of
x/D. Near the wind turbine ((x/D)<3), the velocity distri-
bution shows a small peak around the y-axis because the
wind energy isn’t extracted inside of the blade root. For
each condition of turbulent in main flow, slight differ-
ences are found in the velocity recovery. It seems that the
turbulence enables a quick recovery of the wake velocity.
These effects are caused by the high turbulence intensity
promoting the entrainment of the main flow and wake.

Turbulence intensity profiles in wake

Figure 6 shows the turbulence intensity profiles in the
wake generated by the upstream wind turbine. One divi-
sion of scale in horizontal axis corresponds to the turbu-
lence intensity of 7/=20[%]. As for x/D=1, the turbulence
intensity reaches a maximum value, about 20% at
[y/D|=0.56 where the blade tip lies in all conditions. It
seems that the result is due to large fluctuations of the tip
vortex velocity which exist there. Comparing with Fig. 5
and Fig. 6, the region of the velocity deficit is roughly
equivalent to the inside of the lateral positions of high
turbulence intensity (|y/D|<0.56). Therefore a tip vortex
produces the highest turbulence in wake and separates
the wake from the main flow. Near the wind turbine
(x/D<3), the turbulence intensity distribution also shows
a small peak around y-axis because of the root vortices
produced by the blade roots.

Effects of turbulence on wake flow

Figures 7, 8 and 9 show the fluctuations of wind ve-
locity in wake at longitudinal position x/D=1.0 at several
lateral positions in conditions of low, midium and high
turbulence, respectively. The vertical and horizontal axes
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Fig. 6 Turbulence intensity distribution in wake.

represent the BIN averaged non-dimensional wind veloc-
ity Uy and the azimuth angle of upstream wind turbine. It
must be noted that the anemometer are placed at 90 de-
grees azimuthal position so the blades at 90 and 270 de-
grees azimuth angle pass in front of the measurement
point. In the condition of low turbulence (Fig. 7), two
cycle fluctuation can be found in one rotor revolution.
The fluctuation amplitudes are large around )/D=-0.5
downstream where the blade tips pass. The fluctuations
show opposite peaks at inner (y/D>-0.5) and outer
(y/D<-0.5) regions of the rotor. It is because of the ap-
proach and passage of tip vortices generated by two
blades. For medium turbulence (Fig. 8), almost the same
fluctuation can be seen, however the fluctuation ampli-
tude is smaller than that for low turbulence. Furthermore,

clear fluctuation does not appear in high turbulence con-
dition during rotor rotation (Fig. 9).

In order to clarify the effect of turbulence on wake
vortex structure, frequency analysis is performed for the
fluctuation of wind velocity. Figures 10, 11 and 12 show
the power spectrum densities of wind velocity fluctuation
in wake at x/D=1.0, y/D=-0.56 with that measured in
main flow without the upstream wind turbine. At any
turbulence conditions, the power spectrum densities are
higher than that in main flow. In low turbulence condi-
tion (Fig. 10), the spectrum peaks are found at integral
multiples of 15.8Hz, and the highest peak is at 31.6Hz.
They correspond to the rotational frequency of wind tur-
bine (950r/min, that is, 15.8Hz) and the blade passage
frequency (15.8%x2=31.6[Hz]), respectively. For medium
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Fig. 7 Fluctuation of wind velocity in wake. (x/D=1.0, Low
turbulence)
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Fig. 8 Fluctuation of wind velocity in wake. (x/D=1.0, Me-
dium turbulence)
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Fig. 9 Fluctuation of wind velocity in wake. (x/D=1.0, High
turbulence)

turbulence (Fig. 11), the spectrum peaks exist only at the
integral multiples of double rotational frequency. Al-
though the general level of spectrum increases with tur-
bulence, the value of double rotational frequency peak is

lower than that for the low turbulence. In high turbulence
condition (Fig. 12), there are no spectrum peaks. It means
that the tip vortex structure is scattered by turbulence,
and it isn’t preserved with high turbulence.
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Fig. 10 Power spectrum density of wind velocity. (x/D=1.0,
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Fig. 11 Power spectrum density of wind velocity. (x/D=1.0,
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Fig. 12 Power spectrum density of wind velocity. (x/D=1.0,
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Conclusions

Using a hot wire anemometer, the velocity distribution
was measured in the wake generated by a wind turbine.
The following were clarified by these measurements.

The turbulence of main flow influences the profile of
wind turbine wake. High turbulence intensities enable to
entrainment of the main flow and the wake and to re-
cover quickly the velocity in the wake.

The maximum values of turbulence intensity in the
wake are generated at near the blade tips and almost the
same as in any turbulent condition.

The tip vortex structure is scattered by turbulence, and
it isn’t preserved with high turbulence.
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Acknowledgement

A part of this study is funded by METI/NEDO in Re-
search and Development Project of Next Generation
Wind Turbine Generation Technology (R&D of Basic
and Applied Technology).

References

[1] Machielse L. A. H., et al.: “ECN test farm measurements
for validation of wake models”, Proceedings of European
Wind Energy Conference & Exhibition 2007, p.12, (2007)

[2] NEDO, “Wind power generation installation guide book
9" editions”, pp.102-103, (2008), (in Japanese).




<<
  /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
  /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

  /CreateJDFFile 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


