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The Bolund Experiment: A Validation Dataset

1 Introduction

The Bolund experiment was a field campaign that provideslattin data for models
that resolve the flow on scales relevant for wind turbinengitiand was the basis for
a blind comparison of flow models. This document containgursons that enable
modelers to simulate the four test cases used in a recedtddimparison. Files rele-
vant to this document:

Ris-R-1658.pdf (Report about the experiment)

Bolund Orography.zip (The Bolund topography)

Bolund Measurements.zip (The blind comparison dataset and present document)
Bolund Questionnaire.zip (Blind comparison questionnaire and extraction points)

You are free to use the data in the four files but please remetabzte Bechmann

et al. [2], Berg et al. [3]. Also, if you need access to the fukasurement database
please contact A. Bechmann.

2 The Experiment

The Bolund experiment was performed during a three montlogér 2007 and 2008.
Bolund is a 12m high coastal hill located just north of RisglDTFigure 1 gives an




overview of the Bolund orography and the positions of thertersts that supported
the instrumentation. For a detailed description of the Bdlexperiment please see
[1] (Ris-R-1658.pdf). A short description of the experiment is found below. This
description was made in connection with a recently helddoiomparison and con-
tains the suggested simulation parameters for the blindbesison participants. The
suggested parameters are a good starting point when pénfpsimulations.

2.1 Topography Description

The topography informatiorB6lund _Orography.zip) can be downloaded from the
Bolund web pagehttp://bolund.risoe.dk) and contains four files: gridded files
of the Bolund orography and roughness with 25cm resolution
(Bolund.grd andBolund roughness.grd), a map file containing the height con-
tours and the roughness of BolurRb{und .map) and a text file with a description of
the file formats. The geometrical shape of the hill consiktswertical escarpment that
makes the Bolund hill a challenging test case for most flowegslbut the sharp change
in surface roughness also adds to the complexity. The surtaghness of Bolund is
described very simply in the topography files: Bolund is cedeby grass with an es-
timated roughness length of 0.015m and for the surroundatgma roughness length
of 0.0003m has been selected. The water roughness will ehaitlg wind speed and
direction (fetch length) but a mean value of 0.0003m is recemded (see Figure 2).
On Figure 1 the 10 masts are numbered from 0-9. At mast MO arul ki@ the
"undisturbed” wind conditions were measured for westerlg aasterly winds respec-
tively. The free wind conditions given below were measureithese masts. Mast MO
was placed in the sea on a platform firmly positioned on thévee€la During the exper-
iment the water level changed, consequently changing tlesumement height on MO.
This of cause complicates things somewhat. In the topogrhlels the water level has
been set to z=0.75m. The measurements given below have gaotioer parameters,
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Figure 1: The Bolund orography and the positions of the testsna
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Figure 2: Definition of surface roughness and terrain heigded for the the blind
comparison.

been sorted based on water levelrf&m4 0.40m).

The topography files only cover the region very close to Bdl{see Figure 2).
Modelers must expand the map as far as they feel appropoiatedir particular model,
however, for the blind comparisori= +400m was the minimum. When expanding the
map the terrain/water height of 0.75m is recommended andghreess length corre-
sponding to water (z0=0.0003m) should be kept around Bollihd only exception is
for the eastern regiox(> 327m) (see Figure 2) where the coast starts and the value of
land roughness (z0=0.015m) should be used.

The participants of the blind comparison were asked to siteulour cases (see
description below). Each of the cases were characterizéldebyelocity and turbulent
kinetic energy at an upstream location (reference locatidrere the wind was consid-
ered undisturbed by Bolund. For the experiment this locaganast MO for westerly
winds and M9 for easterly winds. To ease the work, we reconti@@modelers to
apply the reference measurements at the inlet boundaneofrttodeling space even
though this location did not coincide with the referenceatimn. Modelers were not
encouraged to optimize their inlet boundary condition iesrto achieve the measured
velocity profiles at MO and M9.

2.2 Instrumentation description

During the campaign, velocity and turbulence were coligsienultaneously from 35
anemometers (23 sonics and 12 cups) on ten masts (see FigAsedlready described,
the "undisturbed” wind was measured at mast MO and M9. Thereiny masts were
located along two lines (line A and B) with a 23and 270 direction respectively
and going through the coordinate center. The positionseofrtasts are given in Table
1. The ground levels (gl) in Table 1 (water level for mast M@ &he same as in
the topography files. In the following, slightly differergrtain heights may appear.



Table 1: The positions of the masts. The real ground leveM@iis 1.39m, however,
since no topography file exist for this region and in orderinopdify simulations this
height has been changed to 0.75m

MastID. Xx(E)[m] y(N)[m] gl[m]

MO -180.8 -103.3 0.75
M1 -52.4 -31.0 0.80
M2 -34.9 -21.1 10.80
M3 3.2 0.0 11.70
M4 51.5 30.6 1.40
M5 15 -48.9 2.60
M6 -46.1 0.2 11.50
M7 -66.9 0.0 0.80
M8 92.0 -0.1 2.00
M9 327.3 -39.3 0.75

Table 2: An overview of the instrumentation during the expent. The heights are
only approximate. C - Cup anemometer, S - Sonic anemometdridar.

Mast. ID 2m 5m 9m 15m Lidar

MO c Cs ¢C C -
M1 S S S - -
M2 S S CS - L
M3 S S CS -

M4 S S S - -
M5 S S - - -
M6 S S C - -
M7 S S - - -
M8 S S C - -
M9 cC CSs ¢C C L

This is due to actual changes in the water level during thesx@nt. However, we
recommend not to change the topography files and to use tlogabffiater level of
0.75m. The actual positions of the instruments (positiomedooms on the masts) are
given below.

The masts were instrumented with a combination of sonicri8ap (C) anemome-
ters. Table 2 gives an overview of the instrumentation wttike precise locations of
cups and sonics can be found in the Bitd und Measurements.zip, where the instru-
mentation ID is defined bynastnumberpprox heightintrsument typeeg. M0Z05Ss
the sonic placed at MO at approximately 5m height.

Mast MO and M9 were instrumented with 4 cups in approxima2ety 5m, 9m and
15m height in order to measure the mean velocity profile anttsavere placed in 5m



height on both masts to measure turbulence. The frictioocitgl measured by these
sonics,M0Z05Sand M9Z05S are used as reference for westerly and easterly wind
respectively. Generally, the measurements at MO and M9ldlpwavide the boundary
conditions for simulations. Temperature measurements performed at MO and M9,
which in addition to the heat fluxes measured by the sonidsletlae data to be sorted
based on temperature stratification (only neutral data kas belected below). The
eight other masts were mostly instrumented with sonics aaldals a minimum sonics
in 2m and 5m height. During the experiment some of the son&®wnoved to new

locations. These instruments can be identified by havingv@dmumber of 10min

timeseries included in the statisti®&(und Measurements.zip)

3 The Validation Case

This section describes the four cases (wind directiong)tiwalelers simulated for the
Bolund blind comparison. Three of the cases are for westeirig directions and the
final case is for wind from the east. Below, a description offltlee simulations were
defined is found. The aim of the blind comparison was to comflaw models. It was

designed to minimize user errors and unify the input usestefiore it was important
that modelers strived to use the same boundary conditions.bdundary conditions
specified for the blind comparison are given below.

3.1 Definitions

The coordinate system used is a right handed regular Eastlfe i-direction)- North
(v in the y-direction) coordinate system. The vertical aisigointing upwards for
positive values. The coordinate center has been place®4682.098; 6177441.825)
(UTM WGS84 zone 32) and z=0 is 0.75m below the local waterlleVée coordi-
nate center has been changed in order to avoid round offserfidre wind direction
(where the wind comes from) is defined with ®ue north and increasing clockwise,
i.e. 270 denotes westerlies. In the selected coordinate systenvetheity vector is
u = (u,v,w). If the wind originates from the east (9)) theu-component of the velocity
will bear a negative sign.

If u denotes the" sample of the velocity vectar (i = 1,2and3) recorded by a
sonic (sampling rate is 20Hz) amdlis the number of samples within a 10 min time
series, then the 10 min mean, is given by

N
U = (U,\_/,V_V) = % z uin : (1)

Similarly, the mean variances and covariances can be eddcliby

N
uu = %nzl[ui”—ﬂi] [uf —1j] (2)

from which the friction velocityu, = [|uw/|+ [Vw/|] Y2 and the turbulent kinetic en-
ergy,k = [[uu/|+ [vv/| + |va’|}1/2/2, can be calculated. The wind spegdcan be
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Figure 3: The freestream profiles of velocity and TKE. Symslaok measurements and
full lines empirical functions.

found by vector or scalar averaging. Because vector sc@imgmparable to most
numerical methods, this following approach is used:

5= [U2+\72+WZ}1/2. (3)

Each of the 10-min averaged velocity vectors are made namsasional with the
reference friction velocityy,o, of the particular time series, and the ensemble aver-
age of several 10 min means is determined. The lowercase @etethe reference
friction velocity evaluated at the upstream mast MO or M9 vigrstern and eastern
winds, respectively, measured by soM0Z05Sor M9Z05S Measurements from cup
anemometers are also made non-dimensional with the fnistedocity measured by
the two reference sonics.

3.2 Measurements

The three first cases used in the blind comparison were feerdawsind (270, 255,
23%F)where the wind is coming from the sea and the fourth case vithstiae wind
from the east (99 where the upstream terrain has a somewhat larger roughness

All the measurements made during the measuring period veereated, aligned to
the chosen coordinate system and stored in a MySQL databjgsa §-R-1658 . pdf).
When retrieving data from the database for the four casesraitral conditions are
considered and therefore only data with 10min averaged speeds exceedingrs !
and|1/L| < 0.004m™! has been chosen, whdrés Obukhov length.

The file Bolund Measurements.zip can be downloaded from the Bolund web
page http://bolund.risoe.dk)and contains eight file®{r_case.dat) with tab-
ulated mean values and standard deviations for all casesmu#iee blind comparison.
Table 3 and Figure 3 give the total velocity and turbulenéekimenergy at the reference
masts. On Figure 3, logarithmic velocity profiles have begedito the measurements.



Table 3: Free wind conditions at MO for case 1-3 (wind dimactis 270, 255, 239)
and free wind conditions at M9 for case 4 (wind direction i§)90 he table gives the
mean velocity from cups and sonics and the turbulent kiregtérgy from sonics. The
numbers in the brackets are the standard deviations. Tightsedf the instruments
are given in the global coordinate system and the heighteofitbund (water level) is
given. Note that the height above ground level is founaqy= z— gl

X y z g U0 TKE/u?,
Inst. type ] [m]  [m] [m [] [-]
CASE 1

Cup  -1835 -102.7 3.1 08 21.77(1.65) -

Cup  -180.8 -103.3 6.1 0.8 23.29(1.68) -

Cup -180.8 -103.3 10.1 0.8 24.48(1.68) -

Cup -181.7 -101.7 16.1 0.8 25.72(1.67) -
Sonic -181.3 -1025 6.1 0.8 2257(1.71) 5.39(0.67)
Sonic  -180.8 -103.3 13.1 0.8 24.53(1.63) 5.35(0.80)

CASE 2

Cup  -1835 -102.7 3.1 06 23.21(1.24) -

Cup  -180.8 -1033 6.1 0.6 2457 (L.31) .

Cup -180.8 -103.3 10.1 0.6 25.69(1.35) -

Cup -181.7 -101.7 16.1 0.6 26.80(1.41) -
Sonic -181.3 -1025 6.1 0.6 24.15(1.26) 6.40(1.04)
Sonic  -180.8 -103.3 131 0.6 25.69(1.33) 6.23(L.15)

CASE 3

Cup  -1835 -102.7 3.1 06 23.16(2.80) -

Cup  -180.8 -103.3 6.1 0.6 24.50(2.95) -

Cup -180.8 -103.3 10.1 0.6 25.68(2.64) -

Cup -181.7 -101.7 16.1 0.6 26.87(3.13) -
Sonic -181.3 -1025 6.1 0.6 24.39(2.97) 6.41(1.14)
Sonic -180.8 -103.3 13.1 0.6 25.98(3.18) 6.45(1.40)

CASE 4

Cup 3273 393 33 14 13.29(126) -

Cup 3273 -393 64 14 14.88(1.38) ;

Cup 327.3 -39.3 104 1.4 15.22(1.40) -

Cup 327.3 -39.3 170 14 16.64(1.52) -
Sonic  327.3 -384 64 14 14.62(1.36) 6.72(0.93)




3.3 Simulation parameters

Table 4 lists the four simulation cases for the blind conguariincluding wind direc-
tion, suggested roughness length, ground level at refererast and TKE of the free
wind. The roughness in Table 4 is the suggested value foridgfthe free stream
velocity (see below). A friction velocity is also given infla 4. If modelers needed
to specify a specific wind speed / friction velocity in theiodel then this was the
suggested value.

Participants were encouraged to apply the well-known litigaiic velocity profile
at their reference location / computational boundary,

_ Y0 g (Y
s= - log ( 2 > 4)
wherek = 0.4 and the surface roughnesgg)(@nd friction velocity (I.o) is given in Table
4. z4g) is the height above ground level i.&g = z— gl (gl = 0.75m). Similarly, the
turbulent kinetic energy should be prescribed as constéinteight with the following
value,

2, =58 (5)

Profiles of velocity and TKE are shown on Figure 3. The rougknalues shown
on the figure were found by fitting the logarithmic velocityofile to the velocity
measured by the reference sonM0Z05Sor M9Z053. When performing simula-
tions, however, we recommend that modelers use a logadthetocity profile with
Zo = 0.0003nfor case 1-3 andy = 0.015mfor case 4 since these values were used as
boundary conditions in the blind comparison.

In order to unify comparisons participants were asked totheesame air prop-
erties if these were needed as input for the models. Simouakishould be run with
dry air with a density at sealevel pf= 1.229kg/n?, dynamic viscosity oft= 1.73-
10~kg/ms and temperature f = 15°C (zero heat fluxw® = 0). Furthermore the
gravitational acceleration ig= 9.81m/$ and a coriolis parameter df=1-10 s !
should be used if needed.

Table 4: The four simulation cases

Case Wind direction Roughness length, gl TKEo/uf0 U0
[°] [m] [m] [-] [m/s]

1 270 0.0003 0.75 5.8 0.4
2 255 0.0003 0.75 5.8 0.4
3 239 0.0003 0.75 5.8 0.4
4 90 0.015 0.75 5.8 0.5




3.4 Simulation Output

For each of the 4 cases specified in Table 4, participants asited to provide the
model results in simple text files (ascii format) with the muttas described below.
The filename of the 4 files followed the conversmydenumberasenumber.dat~or
instance a participant that received the "code number” 60 should provide 4 files
named ID00011.dat, IDO0012.dat, IDO0013.dat and IDO00M.dat.

The output that was to be provided in the result files and tineits are given in
Table 5. Participants were asked to extract their modelltseegu 600 points given
in the file outputpoints.dat Each of the 600 lines inutputpoints.datconsists of a
X,y and z - value. The result flesddenumbecasenumber.daishould also consist
of 600 lines in a similar format but each line should consfsthe quantities in the
following order:x, y, z, s, u, v, w, TKE, WU, V'V, WW, u, (see Table 5). The result
files therefore consisted of 600 lines (one for each point) 2 columns (one for
each quantity). Some models were only capable of predittiagvind speed, for such
models the result files should still have 12 columns but col@1l2 should consist
of the letters "nan”. Similarly, if a model could predict vdrspeed and TKE but not
the varianceslu/, VvV, Www andu,) then column 9-12 should consist of "nan”. Most
models that participated could not predict the variancesisst result files consisted
of 7 or 8 columns with numbers and 4 or 5 columns with the lsttaan”. The files
should not contain a text header. For all four cases (theviina directions) the results
should be given in the already defined coordinate systemc&se 4 where the wind
was from the east the u-component of the velocity would havegative sign. Finally,
all quantities should be given Sl units i.e. meters and sgsoBxperimental modelers
were only required to simulate case 1 and 3 and had fewelt fasolks.

Table 5: Output quantities and measurement conventions.

Quantity quantity description Convention
X Position in the east/west direction [m] See definition isect
y Position in the north/south direction [m] See definitiontgm
z Vertical position [m] See definition section
s The total velocity [m/s] See Equation 3
u East/west component of the velocity [m/s]  See definitiatisa
\ North/south component of the velocity [m/s] See definitection
w Vertical component of the velocity [m/s] See definitiontsat
TKE Turbulent kinetic energy [R1s?] See definition section
uu East/west component of TKE %] See definition section
vV North/south component of TKE [ffs?] See definition section
ww Vertical component of TKE [f/s?] See definition section
Uy Local friction velocity [m/s] See definition section




3.5 Conclusion

The present document shortly describes the Bolund expatimeluding the topog-
raphy and instrumentation. For more details please see f]. 2Vith focus on the
blind comparison methodology, the document describes hodeters can perform
their own simulations of the Bolund hill. For informational the results of the blind
comparison and a recommended method of presenting simlasults please consult
Bechmann et al. [2]. We would like to thank all the particifsaof the Bolund blind
comparison for their great effort.
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