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1 Introduction

The wind industry is increasingly relying on a large number of different micro-scale
models for resource assessment of sites in complex terrain. There is, however, no
consensus from the wind energy community on a standardized methodology for
resource assessment modeling. The difficulties in providing guidelines are twofold:
The experimental data available for validating the flow models is very limited and no
systematic comparison of different flow models exist. With the Bolund Experiment
both of these difficulties are approached.

The Bolund experiment is a measuring campaign from a complex terrain performed
in 2007 and 2008 where high frequency data from 35 anemometers provides a
unique database designed to validate micro-scale flow models [1]. Since no
systematic comparison of micro-scale models existed it was decided to challenge
micro-scale modelers to simulate the wind over Bolund and compare the results
systematically. Since the Bolund measurements had not been published the
comparison could be made blindly, i.e. the participants would not have prior
knowledge of the measurement results. To broaden the types of models participating,
modelers were invited worldwide from research institutes, universities and

industry. More than 40 groups participated in the blind comparison with well over 50
model predictions and the blind comparison therefore gives an overview of the
accuracy of micro-scale models anno 2010.

On the 3-4 December 2009, 80 specialists in modeling of wind over complex terrain
meet at a Risg DTU workshop where the model predictions and the Bolund
measurements were revealed. During the workshop, interesting presentations were

given about different flow modeling approaches. This report contains copies of the
presentations given at the workshop.

[1] A. Bechmann, J. Berg, M.S. Courtney, H.E. Jargensen, J. Mann and N.N. Sgrensen. The
bolund experiment: Overview and background. Technical Report Risg-R1658(EN), Risg
DTU, National Lab., Roskilde, Denmark, 2009.
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1.1 Agenda

Below the agenda for the two day workshop is given. The topics of the first day were
related to the Bolund experiment and blind comparison while the second day was
about different micro-scale modelling approaches.
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1.2 Participants

About 80 participants joined the workshop to discuss the results of the blind
comparison. We want to thank you all for your positive and constructive attitudes
and for making it a memorable event. Below, the workshop participants are listed.
Many of the workshop participants also participated in the blind comparison but it
has been chosen to keep the participants of the comparison anonymous. We would
like to give special thanks for some very interesting presentation to the three invited

speakers:

Peter A. Taylor (York University, Zephyr North Canada)

Vijayant Kumar (Macquarie Holdings)
Brad C. Cochran (CPP, inc.)

Participant list:

Christiane Montavon
Steve Evans

Dennis Nagy
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John Prospathopoulos
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Ferran Palau

Keld Olsen

Gerd Habenicht
Andreas Bechmann
Jacob Berg

Jesper Grgnnegaard Pedersen
Per Hansen

Poul Hummelshgj
Niels Otto Jensen
Hans E. J@rgensen

ANSYS UK Ltd

CD-adapco

CD-adapco

CENER
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DONG Energy

Ecole de technologie superieure
EMD International A/S

EMD International A/S
Energistyrelsen

EREDA

EREDA

EREDA

ETHZ, GWH

ETHZ, GWH

ETHZ, GWH

FEUP/ CEsA

Fluid & Energy Engineering GmbH & Co. KG
Fluid & Energy Engineering GmbH & Co. KG
FLUIDYN

Garrad Hassan and Partners Ltd
Garrad Hassan and Partners Ltd
Garrad Hassan and Partners Ltd
Go Virtual Nordic AB

Go Virtual Nordic AB

Hamburg University
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Georgios Mandrekas
Jakob Mann
Pierre-Elouan Mikael Rethore
Morten Nielsen

Niels Ngrmark Sgrensen
Andrey Sogachev
Frederik Zahle
Flemming Rasmussen
Ib Troen

Corinne Weaver

Jeppe Johansen
Jesper Laursen
Kasper Mortensen
Morten Rams Quistgaard
Brian Broe
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“Welcome” - by Andreas Bechmann
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“The Askervein Experiment” - by Peter A. Taylor
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“The Bolund Experiment” - by J. Berg, J. Mann
and H.E. Jgrgensen
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“Blind Comparison Results” - by Andreas
Bechmann
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“LES of turbulent wind flows in the Atmospheric
Boundary Layer” - by Vijayant Kumar
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“Physical Modeling of Bolund” - by Brad C.
Cochran
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“RANS CFD simulations of flow around Bolund”
- by Niels Sgrensen
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Blind Comparison Simulation Cases

The description of the simulation cases for the blind comparison is found below.
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Table 1: The positions of the masts. The real ground level for M9 is 1.39m., however,
n order to simplify the blind comparison this height has been changed to 0.75m

MastID. = (E)[m] y®N)[m] gl[m]
MO -180.832  -103.267 Q.75

M1 -52.426 -30.987 0.78
M2 -34.840 -21.110  10.80
M3 3.220 0.000 11.66
M4 51.458 30.612 1.37
M5 1.502 -48.926 2.5
M6 -46.121 0.242 11.47
M7 -66.887 0.016 0.81
MR 92.009 -0.136 2.00

M9 327326 -39.296 0.75

an 15m height in order to measure the mean velocity profile. Additionally, sonics were
placed in 5m height on both masts to measure turbulence. An additional sonic was
placed in 12m height at MO during the experiment. The measurements at these masts
will provide the wind input {or the blind comparison. Temperature measurements were
performed at MO and M9. In addition to the heat fluxes measured by the sonics these
measurements enabled the data to be sorted based on temperature stratification (only
neutral conditions are used in the blind comparison). The other masts were mostly in-
strumented with sonics and all masts had sonics in 2m and 5m height. Table 2 gives an
overview of the instrumentation. During the experiment some masts were instrumented
with additional sonics, e.g. at M2 in 1m and 3m height.

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

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

MO 3 ES C C -
M1 S S S - -
M2 S S G - L
M3 5 S5 S - -
M4 S S S - -
M5 S S - - -
M6 S 5] C - -
M7 S S5 - - -
MBS S S C - -
MO G BB C C L
4
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3 The Blind Comparison

This section describes the {our cases (wind directions) that modelers must simulate
in the Bolund blind comparison. Three of the cases are for westerly wind directions
and the final case is for wind from the east. The description below defines how the
simulations should be conducted and must be read carefully. In order to get an accurate
picture of how the different flow models behave all modelers should use the same
boundary conditions. This is necessary in order to minimize user errors and unify the
comparison. Surely, boundary conditions cannot be controlled freely for all the flow
models that participate in the comparison, however, each modeler must strive to use
the specified input as closely as possible.

3.1 definitions

The coordinate system 1s a right handed regular East (u in the x-direction)- North (v in
the y-direction) coordinate system. The vertical axis 1s pointing upwards for positive
values. The coordinate center has been placed at (694682.098; 6177441.825) (UTM
W@GS84 zone 32) and 20 1s 0.75m below the local water level. The coordinate center
has been changed in order to avoid round off errors and must be kept. The wind direc-
tion (where the wind comes from) 1s defined with 0° true north and increasing clock-
wise, 1.e. 270° denotes westerlies. The 10min averaged velocity vector 1s u={uv,w)
and the total velocity (wind speed), s, is defined by,

e (u2+v2+w2)0'5 (1)

The rm.s (root mean square) or standard deviation of u 1s denoted by u” and 1s also
tound from 10min averages. It is important to stress that all statistics used in the blind
comparison are based on 10 minutes averages. The turbulent kinetic energy, TKE, 1s
defined to be half the sum of mean-square fluctuations,

TKE = 0.5 (t/t/ + vV + wn') (2)

The shear stress, T, 1s an important scaling parameter and {rom this the friction
velocity, u,, 1s defined

5w 1j2
nZ il (u’wfz~{«vfw’2) ; (3)
where p is the air density. Finally, we define the Monin-Obukhov length,
3
L=-—5% (4)
grw'ey

where K 1s the von Karman constant, g is the acceleration of gravity and 8 1s the poten-
tial temperature. A lowercase O, e.g. 2.0, denotes that the specific value 1s evaluated
at an upstream reference location (for the experiment at mast MO or M9 depending on
wind direction).
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3.2 Simulation cases

Participants are asked to provide results for four simulation cases. The three first cases
are three easterly wind directions (270°, 255°, 2397), otherwise with the same free
wind conditions (the wind is coming from the sea). The fourth case is with the wind
from the east (90%) where the upstream terrain has a somewhat larger roughness. The
four cases are listed in Table 3 where the wind direction, roughness length and TKE
of the free wind are listed. The roughness in Table 3 is used when defining the free
stream velocity (see below), the roughness defined in the topography files (and figure
3) should be kept. A friction velocity is also given in Table 3. If participants need to
specify a specific wind speed / friction velocity n their model then this is the value that
should be used.

Table 3: The four simulation cases

Case Wind direction Roughness length, zg TKZE, /uio U

[°] [m] [-] [rm/5]
1 270 0.0003 58 0.4
2 255 0.0003 5.8 0.4
3 239 0.0003 5.8 0.4
4 90 0.015 5.8 0.5

Participants should if possible apply the well-known logarithmic velocity profile at
their reference location / computational boundary,

oy (T
§ & Klog(gﬂ) (5

where K = 0.4 and the surface roughness (zp) and friction velocity (z.) 1s given in
Table 3.z, is the height above ground level i.e. zZy; = z—0.75m. Similarly, the
turbulent kinetic energy (if available in the model) should be prescribed as constant
with height with the following value,

TKE
= =58 ()

%0

u

The profiles of velocity and TKE that should be used in the blind comparison are
shown on Figure 4. The actual measured values are also shown on Figure 4 and are also
given in Table 4. These measurements and all other measurements used in the blind
comparison are for neutrally stratified conditions (J1/L] < 0.004).

In order to unify comparisons participants should use the same air properties if
these are needed as input for the models. Simulations should be run with dry air with
a density at sealevel of p = 1.229%g/m®, dynamic viscosity of # = 1.73- 10 kg/ms
and temperature of 7" = 15°C (zero heat flux w8’ = 0). Furthermore the gravitational
acceleration is g = 9.81m/s* and a coriolis parameter of £ = 1-107%s ! should be used
if needed.

Risg-R-1745(EN)



Table 4: Free wind conditions at MO for case 1-3 (wind direction 1s 270°, 255°, 2397}
and free wind conditions at M9 for case 4 (wind direction is 90°). The table gives the
mean velocity from cups and sonics and the turbulent kinetic energy from sonics. The
numbers in the brackets are the standard deviations. The heights of the instruments are
given in the global coordinate system and as the height above water level.

x ¥ 2 By s/t TKE /2,
Inst. type  [m] [] [m]  [m] [-] [-]
CASE 1
Cup -180.83  -103.27 3.1 23  21.88(1.68) -
Cup -180.83 -103.27 6.1 53 2339(1.70) -
Cup -180.83 -103.27 101 93  2457(1.70) -
Cup -180.83 -103.27 161 153 2582(1.71) -
Sonic -180.83  -103.27 6.1 53 2273(1.73) 543(0.72)
Sonic -180.83  -103.27 131 123 2469(1.66) 538(0.83)
CASE 2
Cup -180.83 -103.27 3.1 24 23.06(1.34) -
Cup -1580.83  -103.27 6.1 5.4 2447 (1.40) -
Cup -180.83 -103.27 101 94  2560(1.41) -
Cup -180.83 -10327 161 154 2673(1.45) -
Sonic -180.83 -103.27 6.1 54 2411(1.40) 6.31(0.99)
Sonic -180.83 -103.27 131 124 2510(1.40) 6.14(1.13)
CASE 3
Cup -180.83  -103.27 31 24 23.05(2.35) -
Cup -180.83  -103.27 6.1 54 2440(2.48) -
Cup -180.83 -10327 101 94 2556(2.64) -
Cup -180.83 -103.27 161 154 26.67(2.76) -
Sonic -180.83 -103.27 6.1 54 2431249 655(1.10)
Sonic -180.83 -10327 131 124 2585267 0656(1.31)
CASE 4
Cup 32733 -39.30 - 1.9 1331(1.28) -
Cup 32733 -3930 - 50  1490(1.38) -
Cup 32733 -39.30 - 9.0 15300141 -
Cup 32733 -39.30 - 156 16.69(1.52) -
Sonic 32733 3930 - 50 1466(137) 674(087)
74

Risg-R-1745(EN)



160 Risg-R-1745(EN)



Hxperimental modelers are only required to simulate case 1 and 3 and have fewer
result points. If you need to be registered as an experimental modeler then please write

an email to andh(@risoe.dtu.dk.

Table 5: Output quantities and measurement conventions.

Quantity

quantity description

Convention

X

RE 2o wv N

—
[es]

:m
:\

Vv

= %
R

Position in the east/west direction [m ]
Position in the north/south direction [m]

Vertical position [m]

The total velocity [m/s]

Hast/west component of the velocity [m/s]
North/south component of the velocity [m/s]
Vertical component of the velocity [m/s]
Turbulent kinetic energy [m?/s*]
East/west component of TKE [m?/s?]
North/south component of TKE [m?/s®]
Vertical component of TKE [m?/s®]
Local friction velocity [m?/s®]

See definition section
See definition section
See definition section
See Equation 1
See definition section
See definition section
See definition section
See Equation 2
See defimtion section
See definition section
See definition section
See Equation 3
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