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Abstract This paper addresses the modification of the wind profile due to a wind farming, and
the impact of wind farm design parameters and meteorological parameters on the wind profile.
The wind profiles were obtained with the planetary boundary layer method MFwWF.

Resolved profiles show how most of the wind speed change occurs in the lower part of the
boundary layer whereas most of the wind direction change occurs in the upper part, and that the
thinner the boundary layer or the larger the surface roughness, the larger the wind direction
change. Near a 5 MW wind turbine with a rotor diameter of 100 m operating at full load the ve-
locity deficit is of the order of 5%, the wind direction change is increased with 1 ... 2 deg, and
the velocity recovery distance is 20 rotor diameters. For a wind farm with 22 of these turbines
these numbers separated at 10 rotor distances are 15%, 2 ... 3 deg, and at least 2 wind farm
length scales.

Initial velocity deficits and velocity recovery distances show the impact of nominal power
density and geostrophic velocity for a wind farm which consists of 22 wind turbines with a nomi-
nal power of 5 MW. The initial velocity deficit relative to the upstream velocity decreases with
increasing geostrophic velocity in general, and ranges from 6% (at a turbine separation of 14
rotor diameters) to 32% (at a separation of 5 rotor diameters) if the velocity at hub height is
halfway cut-in and nominal. At this hub-height velocity the absolute initial velocity deficit reaches
a maximum (of 1.2 m/s in the case of a nominal power density of 5 MW/ka) and the velocity
recovery distance relative to the wind farm length scale is of the order of 20. The relative veloc-
ity recovery distance for other geostrophic velocities varies between 0 (at low geostrophic ve-
locities) and a limit value of the order of 40 (at high velocities).

Key words Wind farm wake effect, Wind resource assessment

1. Introduction

Offshore wind farms tend to be placed closer together over the years, as already illustrated by
OWEZ and Princess Amalia Wind Farm (separated 15 km) in the Netherlands or Horns Rev |
and Il (separated 23 km) in Denmark. Since these separation distances are between 5 and 10
times the wind farm's horizontal scale, the velocity deficit due to an upstream wind farm may be
considerable [1]. If so, energy production loss and mechanical load increase are expected to be
significant. For this reason the dedicated planetary boundary layer method MFWWF has been
developed, which method computes the interaction between a wind farm and the prevailing
wind.

In this paper we present the modification of the wind profile due to a wind farm as obtained
with MFWWF, and the impact of wind farm design parameters and meteorological parameters.
We start with brief descriptions of prior work on modelling wind farm wakes (section 2) and the
new dedicated planetary boundary layer method MFWWF (section 3). Next, velocity profiles
(section 4) and first insights on the impact of wind farm design parameters and meteorological
parameters are addressed (section 5). Finally, we summarize the findings, and introduce the
future developments (section 6).

2. Prior work

A wind farm wake study requires simulation of mesoscale atmospheric flow together with energy
extraction/redistribution due to wind turbines. The studies that have been published so far can
be subdivided into two categories: self-similar approaches and mesoscale approaches. In a self-
similar approach [2][3] the convective force and the spanwise turbulent flux gradients are as-
sumed to dominate the flow, allowing for standard wake-like solutions. In a mesoscale ap-
proach, on the other hand, the flow is assumed to be dominated by the Coriolis force and the
vertical turbulent flux gradients, opening the door to either extra surface drag approaches [4] or
more generic mesoscale approaches [5][6][7]. As is shown in other publications [8][9], neither
the self-similar wake approach nor the extra surface drag approach is valid because over the
separation distance between wind farms the convective and the Coriolis forces are of equal or-
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der of magnitude so that neither can be neglected. Although this was already implicitly recog-
nized in the more generic approaches, these studies lack realistic formulations for the turbu-
lence and the wind turbines.

3. Flow model

The planetary boundary layer method MFwWWF is a CFD method that is based on three princi-
ples [8][9]. First, neutral planetary boundary layer flow with wind farming essentially is steady
and two-dimensional; where the convective forces, the Coriolis forces, the vertical and spanwise
gradients of the turbulent momentum fluxes, and the external forces that represent wind tur-
bines all have the same order of magnitude. Second, a numerical representation of the momen-
tum equations in the form of backward differences allows for an implicit solution of the two hori-
zontal velocity components in vertical direction, iterating on the turbulent viscosity, and a march-
ing solution in the horizontal directions. And third the continuity equation is satisfied by employ-
ing the Lagrange multiplier method to the velocity components that satisfy the continuity equa-
tion.

Because of its mixed implicit/explicit character the planetary boundary layer method MFWWF
is computationally fast and cheap, which is beneficial for applications in wind farm siting studies.
In that context MFWWF can be used to estimate the effect of nearby wind farms on the electric-
ity production of a given wind farm.

4. Resolved velocity profiles

4.1. Empty set

In this section the resolved velocity profiles for the empty set, that is a domain without wind
farming, are presented. Figure 1 shows four vertical profiles in a 200 x 200 km? domain, and
valid for a geostrophic height of 500 m and a surface roughness length of 0.1 mm. The figures
display the streamwise velocity versus height, the spanwise velocity, the angle between the
streamwise and the spanwise velocity, and a hodograph of the two velocity components. The
data in the figure is in qualitative agreement with the observed height dependence of undis-
turbed wind, where most of the velocity change occurs in the lower part and most of the direc-
tion change occurs in the upper part of the boundary layer, but it is too early to decide on the
quantitative agreement.

The figures 2 and 3 display a much thicker boundary layer (1500 m) with the same surface
roughness, and the same boundary layer thickness in combination with a much rougher surface
(1 cm). The figures show that the thinner the boundary layer or the larger the surface rough-
ness, the larger the twist in the velocity profile. Again this qualitative agreement with observa-
tions is to be collaborated with quantitative data.

4.2. Wind turbine and wind farm

The modification of the wind profile due to an hypothetical wind turbine is studied for a turbine
with a nominal power of 5 MW operating at full load, and having a rotor diameter of 100 m and a
hub height of 70 m. Figure 4 shows that the initial velocity deficit is of the order of 5% and that
the velocity twist is increased with 1 ... 2 deg. The velocity recovery distance is 20 rotor diame-
ters.

The hypothetical wind farm consists of 22 turbines with a rotor diameter of 100 m, a hub
height of 70 m and a nominal power of 5 MW. The turbine separation distance is 1 km (10 rotor
diameters) so that the nominal power density is 5 MW/km?. Figure 5 shows that if the wind farm
operates at full load the initial velocity deficit is of the order of 15% and that the velocity twist is
increased with 2 ... 3 deg. The velocity recovery distance is at least 2 wind farm length scales.
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Figure 1: Vertical profiles of streamwise velocity u, spanwise velocity v and turbulent viscosity
km as non-dimensionized with the geostrophic velocity G, the geostrophic height hge, and the
rotor diameter D; valid for a geostrophic height of 500 m and a surface roughness length of 0.1
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Figure 2: Vertical profiles for a geostrophic height of 1500 m and a surface roughness length of
0.1 mm; see caption of figure 1 for an explanation of the symbols
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Figure 3: Vertical profiles for a geostrophic height of 500 m and a surface roughness length of 1
cm; see caption of figure 1 for an explanation of the symbols
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Figure 4: Vertical profiles upstream, near and downstream of a wind turbine for a geostrophic
height of 500 m and a surface roughness length of 0.1 mm; see caption of figure 1 for an expla-
nation of the symbols
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Figure 5: Vertical profiles upstream, near and downstream of a wind farm for a geostrophic
height of 500 m and a surface roughness length of 0.1 mm; see caption of figure 1 for an expla-
nation of the symbols

5. Impact of wind farm design parameters and meteorological parameters

Wind farm design parameters include separation distance from and layout (spacing, nominal
power density) of the wind farm, and hub height and rotor diameter of the wind turbine. The im-
pact of nominal power density is studied by changing the turbine separation distance in the hy-
pothetical wind farm between 5 and 14 times the rotor diameter and keeping the geostrophic
velocity at a constant value such that the hub-height velocity is halfway cut-in and nominal. Fig-
ure 6 shows that the relative initial velocity deficit (Wps - Wini) / Wyps increases with the nominal
power density from 6% (turbine separation 14 rotor diameters) to 32% (5 rotor diameters), and
that the relative velocity separation distance d,e / Liam is Of the order of 20.

Meteorological parameters include geostrophic velocity, geostrophic height and surface
roughness length. Figure 7 shows the impact of the geostrophic velocity for the hypothetical
wind farm for hub height velocities near cut-in, halfway cut-in and nominal, near nominal, half-
way between nominal and cut-out, and beyond cut-out. The relative initial velocity deficit (W ps -
Wini) / Wyps is found to decrease with increasing geostrophic wind speed, and the largest abso-
lute initial velocity deficits Wps - Wi (of in this case 1.2 m/s) occur when the hub-height velocity
is halfway cut-in and nominal. Also the relative velocity recovery distance is found to increase
with the geostrophic velocity, from 0 at low geostrophic velocities to a limit value near 40 at high
geostrophic velocities.

6. Summary

Resolved profiles have been presented that show how most of the wind speed change occurs in
the lower part of the boundary layer whereas most of the wind direction change occurs in the
upper part. The profiles also show that the thinner the boundary layer or the larger the surface
roughness, the larger the wind direction change. Also it has been shown that near a wind tur-
bine with a rotor diameter of 100 m operating at a full load of 5 MW the velocity deficit is of the
order of 5%, the wind direction change is increased with 1...2 deg, and the velocity recovery dis-
tance is 20 rotor diameters. And it has been shown that for a wind farm with 22 of these turbines
these numbers are 15%, 2...3 deg, and at least 2 wind farm length scales, respectively.
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Figure 6: Initial downstream velocity Wiy; relative to the upstream velocity W, and velocity re-

covery distance d, relative to the wind farm length scale L¢,m as a function of nominal power

density Phom/Atarm for a wind farm in a geostrophic height of 500 m, a geostrophic velocity of 14
m/s, and a surface roughness length of 0.1 mm
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Figure 7: Initial downstream velocity and velocity recovery distance as a function of geostrophic
wind speed G for a wind farm with a nominal power density of 5 MW/km?; see caption of figure 6
for an explanation of the other symbols

Initial velocity deficits and velocity recovery distances have been presented that show the
impact of nominal power density and geostrophic velocity for a wind farm which consists of 22
wind turbines with a nominal power of 5 MW. It has been shown that the initial velocity deficit
relative to the upstream velocity decreases with increasing geostrophic velocity in general, and
ranges from 6% (at a turbine separation of 14 rotor diameters) to 32% (at a separation of 5 rotor
diameters) if the velocity at hub height is halfway cut-in and nominal. Also it has been shown
that at this hub-height velocity the absolute initial velocity deficit reaches a maximum (of 1.2 m/s
in the case of a nominal power density of 5 MW/km?), and the velocity recovery distance relative
to the wind farm length scale is of the order of 20. Finally it has been shown that the relative ve-
locity recovery distance for other geostrophic velocities ranges between 0 (at low geostrophic
velocities) and a limit value of the order of 40 (at high velocities).
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Modelling the effect of wind farming on mesoscale flow

Modification of the wind profile
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Summary

This work presents insights on how the wind profile in the
planetary boundary layer is modified due to the presence
of a wind farm, and the new method which has been deve-
loped for this purpose.

Motivation

The need for wind farm wake studies is increasing as off-
shore wind farms tend to be placed closer together over
the years, as already illustrated by OWEZ and Q7-WF in the
Netherlands or Horns Rev | and Il in Denmark.

Governing equations of the new model

Planetary boundary layer flow with wind farming:

Balance between convective forces, Coriolis forces, span-
wise gradients of turbulent momentum fluxes, and wind tur-
bine thrust.
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Conclusions

* A wind farm has a considerable effect on both speed and
direction of the wind.

* A wind farm modifies the wind profile from the bottom to
the top of the planetary boundary layer.

* The initial wind speed deficit can be of the order of 70% of
the upstream wind speed.

* The wind speed recovering distance can be of the order of
5 streamwise length scales of the wind farm.
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Velocity decomposition

I X-axis

lllustration of the big wind deficit due to a wind farm

Profiles at downstream distances of 2, 6, 10 and 18 km

Streamwise wind speed  Spanwise wind speed Conditions

1.0 1.0 7

0.8 0.8 .
T T \ u = 16.0 m/s
s 0.6 /7/ ! - 0.6 0**\ g 3 O /
= 04 y %”0.4 vV, = —3.U m/S

0.2 ’/-{;/ <<>> 0.2 %ﬁ hgeo = 1500 m

(LOﬂ:‘bille3A & O 0.0 .

0.0 0.2 0.4 0.6 0.8 1.0 1.2 -0.6 -0.4 -0.2 0.0 0.2 0.4 Z0 __ ()'jl mim
u/G [-] v/G [ z. . = 70 m
_ _ _ _ D = 100 m
Total wind speed Wind direction A = 22 km

1.0 - 1.0 P . =110 MW
_ // _ L, = L, = 200 km
: 0.6 :A// \ : 0.6
= 04 // =2 04 & . N, = Ny = 101
Yy 0.2 N =25

0.0 @—lﬂo o&««@L 0.0 %&a‘:ﬁm

00 02 04 06 08 1.0 1.2 150 -100 -5.0 0.0 5.0 10.0 15.0
(u**2+v**2)/ G [-] atan(v/u) [deg]

Acknowledgment: This work was performed in the framework of the Dutch Ministry of Economic Affairs BSIK programme We@Sea,

Project “Windenergiecentrale Noordzee - Parkinteractie” (We@Sea/BSIK 2005/002)

Energy research Centre of the Netherlands

www.ecn.nl

psp-08-012




<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Dot Gain 10%)
  /CalRGBProfile (Adobe RGB \0501998\051)
  /CalCMYKProfile (Euroscale Coated v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments false
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments true
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts false
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 2400
  /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 <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e9ad88d2891cf76845370524d53705237300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc9ad854c18cea76845370524d5370523786557406300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /DAN <>
    /DEU <>
    /ESP <>
    /FRA <>
    /ITA <>
    /JPN <FEFF9ad854c18cea306a30d730ea30d730ec30b951fa529b7528002000410064006f0062006500200050004400460020658766f8306e4f5c6210306b4f7f75283057307e305930023053306e8a2d5b9a30674f5c62103055308c305f0020005000440046002030d530a130a430eb306f3001004100630072006f0062006100740020304a30883073002000410064006f00620065002000520065006100640065007200200035002e003000204ee5964d3067958b304f30533068304c3067304d307e305930023053306e8a2d5b9a306b306f30d530a930f330c8306e57cb30818fbc307f304c5fc59808306730593002>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020ace0d488c9c80020c2dcd5d80020c778c1c4c5d00020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken die zijn geoptimaliseerd voor prepress-afdrukken van hoge kwaliteit. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /PTB <>
    /SUO <>
    /SVE <>
    /ENU (Use these settings to create Adobe PDF documents best suited for high-quality prepress printing.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /ConvertColors /ConvertToCMYK
      /DestinationProfileName ()
      /DestinationProfileSelector /DocumentCMYK
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements false
      /GenerateStructure false
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice


