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An improved k- model applied to a wind turbine wake in
atmospheric turbulence
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ABSTRACT

An improved k-¢ turbulence model is developed and applied to a single winbirta wake in a neutral atmospheric
boundary layer using a Reynolds averaged Navier-Stokesrsdlhe proposed model includes a flow-dependénthat

is sensitive to high velocity gradients, e.g. at the edgevaifa turbine wake. The modifiekle model is compared with the
original k- eddy viscosity model, Large-Eddy Simulations and field meaments using eight test cases. The comparison
shows that the velocity wake deficits, predicted by the psegdanodel are much closer to the ones calculated by the Large-
Eddy Simulation and those observed in the measurementsptidicted by the originat-¢ model. Copyright© 2013
John Wiley & Sons, Ltd.
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1. INTRODUCTION

The energy losses in a wind farm due to the effects of winditerlwakes can often range between 10% to 20% |
Wind turbine wakes also increase turbulence levels andezmhtb early fatigue of wind turbines downstream. Therefore
reliable and practical modeling of the influence of wind togowakes in wind farms is necessary, in order to estimate the
wind farm annual energy production and the wind turbine $o&dake effects have been studied using many tools, ranging
from simple empirical engineering models to Computatiddlaid Dynamics (CFD) methods such as Reynolds average
Navier-Stokes (RANS) or Large-Eddy Simulation (LES). LEESults have proven to compare well with results of wake
measurement<2], but the computational costs are still high, especiallgamplete wind farms are considered. RANS
is roughly three orders of magnitude less of computatioaaburces than LES (as illustrated in Sé2.3, however,
previous studies have shown that the most widely used tembal models in RANS, e.g. the (linedrk eddy viscosity
model (EVM), fail to predict the wake deficit and the Reynetdisesses in a wak&,[4, 5, 6]. The basis of a linear EVM

is the eddy viscosity hypothesis of Boussinesq, which ligaalates the Reynolds-stresses to the symmetrical paneo
velocity gradientsT]. Boussinesq hypothesis is seldom valid and can only présbtropic turbulenced]. Therefore, the

k-¢ EVM cannot describe the anisotropic turbulence that isgreis a neutral atmospheric boundary layer (ABL) nor in a
wind turbine wake. In addition, the paramet&s present in definition of the eddy viscosity is a constant it EVM,
which makes the model too dissipative when it is employedfoake.

Modifications of thek-¢ EVM have been proposed and tested successfully for windnesbwakes. El Kasmi and
Masson §] used an extra source term in the dissipation equation okth&VM (originally proposed by Chen and Kim
[9]), which is only active in the vicinity of rotor. This sourderm includes a constaui. 4 that, together with the size
of region where the source term is applied, determines tHenpeance of the model. El Kasmi and Masson showed that
the source term improves the velocity deficit for severabsaompared to single wake measurements. Unfortunately, a
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thorough calibration of the source term is not publishechenwork of EI Kasmi and Masson. Prospathopoulos etGl. [
and Réthoréd] investigated the modifietl-« EVM of El Kasmi and Masson, using different values(af 4, while keeping

the region of activity constant. Their work shows that thieigaf C. 4 is not general and needs to be adjusted for different
single wind turbine wake cases. In addition, Prospathaysoet al. showed that if the source term is calibrated to dmscr
the velocity wake deficit at the far wake, it may not perfornilirethe near wake and vice versa. It should be noted that
Prospathopoulos et al. and El Kasmi and Masson only compgheedodifiedk-e EVM with measurements, not with
LES, which can lead to an unfair comparison due to unceiggiim measurements. Cabezon et4lifivestigated another
modified k- EVM, known as the realizable-¢ EVM of Shih [10]. The model has a variablg,, that is complex scalar
function of the local flow, i.e. a flow-dependefif,, and it has a new transport equation for the dissipation €dabezon

et al. showed that the velocity deficit and the Reynoldsss&e (in some extend) predicted by the realizébieEVM
compares better with those of LES and measurements, wiglece$o the standard-« EVM. However, Cabezon et al.
only considered one test case.

Another type of alternative eddy viscosity models are thainear eddy viscosity models (NLEVMSs). Instead of using
the traditional Boussinesq hypothesis, the NLEVMs are dasea nonlinear stress-strain relationship in which preégluc
of the velocity gradients are present. In addition, the NIMBbften have a flow-depende@t, that has similar behavior
as the flow-depender@,, of the realizablek-e EVM of Shih [10]. In previous work, modified versions of the cubic
NLEVM of Apsley and Leschzinerl[l] and the quartic NLEVM of Taulbeelp] have been employed for wind turbine
wake simulations13]. The NLEVM of Taulbee is also applied to a single wind tusbimake in the work of Gomez-Elvira
et al. [L4]. In terms of wake deficit and Reynolds-stresses, the padace of these NLEVMSs is improved compared to
the k- EVM. The nonlinear terms in the stress-strain relationsiaip model anisotropic turbulence and this is the main
reason for the improved Reynolds-stress predictions. Diaediependent’,, lowers the eddy-viscosity downstream of the
wind turbine, which increases the wake deficit. As a resit vtake deficit predicted by the NLEVMs is closer to the one
calculated by LES and observed in measurements. Unfodiyn#ie tested NLEVMs show numerically unstable behavior
for high turbulence levelslp). In addition, it has been found that the cubic and the qo&ttiEVMs are not stable for fine
grids, which is a major problem for grid refinement studies.

The goal of the present research is to develop a general R#d$8d turbulence model that solves the shortcomings
of the k-e EVM, without losing its simplicity and numerical stabilitin addition, a model is desired that is general for
a large range of different wind turbine wake cases and doeseet recalibration. In this paper, a modified EVM
is presented that has a flow-dependéht which we label as thé-<-fp EVM. fp is a scalar function that includes
variability of the flow-dependent’,. Hereafter, the flow-dependeat, is referred as”};, i.e, C;, = C. fp with C, as
the traditional constant from the standdrd EVM. The proposed model is a simplified version of the cubida\M of
Apsley and Leschzinedl[l], in which the nonlinear terms in the stress-strain retedfop are disregarded. By removing the
nonlinear terms, the model is stable for the practical raxfgerbulence levels and grid spacings. Hence a grid refiléme
study is feasible, and the results show that the model besagrd-independent for fine enough grids, as discussed in
Sec.4.1.1 Since the proposed model is linear, only isotropic tunhcéecan be predicted, and one should not expect to
observe significant improved Reynolds-stresses compari originalk-e EVM, as observed for NLEVMs in the work
of van der Laan et al13]. Therefore, the current work focuses on improving the waédcit. An advantage of the-c- fp
EVM over the modifiedk-e EVM of El Kasmi and Massond], is that thek-c- fp EVM lets the flow decide where the
modification is active, instead of using an arbitrary regiowhich it should be activated.

Thek-e-fp EVM is presented in Se@, where the effect o}, is discussed. See, also shows that the relation 6F;
inthek-e- fp EVM is very similar to the one of the realizables EVM of Shih [10], however, it is much simpler and has
only one constant to calibrate, namely the Rotta constantThe constan€r can be used to fit a certain measurement,
however, it would be preferable not to calibrate the turbcéemodel each time a flow parameter is changed. Therefore,
a comprehensive calibration 6fz in the k-e- fp EVM is presented in Seé, in which eight single-wake cases are used.
Four of the eight single-wake cases are based on field measnte and they are discussed in S2&ectiord also covers
the simulation methods, and a comparison is made betweeh-thér EVM, original k-c EVM, LES and available
measurements.

2. MODEL DESCRIPTION

In Sec.2.1a brief description of the proposégs- f» EVM is presented. The background and the effec@’pfis discussed
in Sec.2.2. Note that repetitive indices are summed and an index afterrana represents a derivative.

2.1. Definition
The stress-strain relationship in thes- fp EVM is exactly the same as the standard EVM:
2
uiuy = gkdij —vr (Uij +Uja) @
2 Wind Energ. 2013; 00:1-19 © 2013 John Wiley & Sons, Ltd.
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with wju’; as the Reynolds-stredsas the turbulent kinetic energy, as the Kronecker delta arid, ; as the mean velocity
gradient. The turbulent eddy viscosity in the proposed model is different from the standard EVM but has the same
form:

vr = C’;—, (2)

with ¢ as the turbulent dissipation aggj; as a flow-dependent parameter which is a constant in thenatitiie EVM, i.e.
Cy. The flow-dependent paramet@}, is defined as11]:

Ch = Cufp, 3)
in which fp is a scalar function that models the effect of non-equilityriflow conditions 1 1]:

2fo Cr

fP (0’/5’) = ’ fO = ’ (4)
Ll afe(fo-1y(5)°  On!

with Cr as the Rotta constant, originally chosen as 14.[Eq. 4 is motivated in Sec2.2. The shear parameter =
§ (Us,;)? is used to quantify how far the local flow deviates from the lag regime of a simple shear flow, for which
the k-e-fp EVM is calibrated. In the calibration flow the shear parametés equal to, i.e.6 = £[|2Z|| = 1/,/C,,,
using the log law solution of the-e EVM [16]. Hence, f7 is also a function o€, i.e., fp (C,).

Thek-e- fp model uses the same transport equationg fande as employed in the origindl-« EVM:

Dk vr De vr €
E—V.{(y—&—g—k)Vk]—&-P—s, E—V |:(V+ E)Vs]—&—(C’g,lP C’E,ge)k,

(5)
wherev is the kinematic molecular viscositg, is the turbulent production an@. 1, C: 2, o, 0. are constants. In total,
seven model constants exist in the- fr EVM, which are summarized in TableThe traditionak-s EVM constants are
chosen to be able to describe a neutral atmospheric boutadaeyin whichC,, = 0.03 andC.; is set such that the log
law solution is recovered. The constarit is calibrated with LES, as discussed in Séc.

Table I. Model constants.

Cr C}L Cs,l 05,2 Ok Oc K

45 0.03 121 192 100 130 0.40

2.2. The fp function

Apsley and Leschzined[l] introduced the limiter functiorfr (Eq.4) to bound the nonlinear terms of their cubic NLEVM
and extend it to non-equilibrium conditions. In the cubicBM, fr is also used to obtain the relation f0F;, similar to
Eg.3. In the present research, the relation 4y is adopted, but all nonlinear terms are disregarded. He¢heestandard
linear k-e EVM is recovered, including a variabl€),,. Apsley and Leschziner derived their cubic NLEVM from an
algebraic Reynolds-stress model in an approximate maritr,algebraic Reynolds-stress parameterss and-y that
are proportional tal /(Cr + P/e — 1). Cr represents the constant in the “slow” part of the pressuiegrsmodel of
Launder et al. [7, 18]. P/« is the ratio of turbulent production to dissipation. Theigen cubic NLEVM includes the
same parameters, S and~; however, they are used to calibrate the cubic NLEVM withrapde shear flow. Therefore,
one can suggest to multiply the calibrateds and~ in the cubic NLEVM with a factor:

_ Cr+Ple—1

fr= Cr+Ple—1

(6)

in which P /e is the ratio of turbulent production and dissipation in tt&ilwation flow, i.e.,?/e = 1. Apsley and
Leschziner found that the direct use of Bgs numerically unstable, and proposed the approximafiga ~ fpC,,02,
which is adopted in the present research. This approximadiod using? /e = C,,52, leads to Eg4.

The behavior ofC}; is plotted in Fig.1 in terms of fp for the original and the calibrated value 6%; 1.8 and 4.5,
respectively. For comparison a normalizé(j of Shih [10] is also shown, which is discussed in the next paragriiphis
unity when the flow is in equilibriumd = &, irrespective offo) andC}, is equal toC\.. Foro > &, fp < 1, C}, is lower

Wind Energ. 2013; 00:1-19 © 2013 John Wiley & Sons, Ltd. 3
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thanC,,. As a result, the eddy viscosity from Egis lowered and thé-c-fp EVM behaves less dissipatively for high
shear parameters compared to the origital EVM. In the near-wake of a wind turbine can be much larger tham,
henceC}, has a high impact on the flow solution, which is mainly seeméwake deficit, as shown in Set.WhenCr

is increased the effect gfr is reduced, and the model behavior of the- fr EVM will approach that of the originat-=
EVM. In terms of wake deficit, increasingr will enhance the wake recovery, hené&; controls the flow solution and
should be carefully chosen. Instead of using the originklevaf 1.8, a comprehensive calibration 6fz is carried out in
Sec4.

4 .

35} prithCR:1.8 I
' fp with CR =4.5 —
3 & ol with Ag=4.0 ]

25 ffhih with Ag.= 16 = ,

fr 2 \

1.5 [
1L

0.5 T S —

0 \
0 2 4 6 8 10

Figure 1. fp of k-e-fp EVM and fﬁ’”h, derived from the realizable k-« EVM of Shih, in a stationary frame of reference with

AnotherC}; function is developed by Shili{], which is derived using realizability arguments. ThI function is part
of the realizablé:-= EVM of Shih, which Cabezon et al4] tested successfully for wind turbine wake simulationse Th
function can be written in the form of Ed.(in a stationary frame of reference):

; C* f() ~ As
Shih _ n_ , =1+6%2,
P Cilo=s 1+ (fo—1)Z Jo 7 Ao
Ay =V6cos |1/3 arccos \/EM ) (7)
(SkiSu)?

where Ay is a constant, originally set to 4.Q(]. A is a complex relation of traces of products of the straie-tahsor
Si; = 1/2(Ui,; + Uj.:). Note that the normalization is done wilf; |,=5, such that a comparison can be made with the
limiter function fp of Apsley and Leschziner. F&};S;:»Smr = 0 (valid in the log law region of the ABL and for 2D
flows), As = 3/2v/2 and f2""" is very similar to thefp with Cr = 1.8, especially forZ > 1. Deviations betweerfis"*"
and fp are observed fof < 1. In addition, Fig.1 shows that increasingo (4o = 16) has a similar effect as increasing
Ckr. In principle f2"** can also be applied in tHee- fp EVM instead offp, however, it has been found that is more
robust compared tgz""".

3. TEST CASES

Thek-e- fp EVM is used to simulate the wake of a single wind turbine fghetest cases. An overview of the test cases is
given in Tabll. The first two test cases are based on meteorological mastmeaksurements from the Wind Turbine Test
Site Wieringermeer (EWTW), owned by the Energy Researchr€af the Netherlands (ECN}Y]. The third test case

is based on an old measurement campaign, namely the field walksurements of the Nibe B wind turbine conducted
in Denmark RO]. The fourth test case is derived from a set of recent lidaasueements of a Nordtank 500 test wind
turbine, owned and maintained by the Technical Univerditpenmark (DTU) R1, 22]. Finally four additional test cases
are defined to investigate the influence of the undisturbdslitence intensity at hub height; - = \/(2/3k)/UH and

the thrust coefficien€r. These parameters are considered as the most importarfoormesind turbine wake in a neutral
atmospheric boundary layer, since other parameters der eised to normalize the wake deficit (undisturbed winddpee
at hub heightUx,.. and rotor diameteD) or else they can be related to the turbulence intensitygfroess heighto,
friction velocity u. and hub height ). In addition, the rotational force component is not expddb play a large role in

4 Wind Energ. 2013; 00:1-19 © 2013 John Wiley & Sons, Ltd.
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the wake deficit compared to the thrust coefficient. The falglittonal test cases are based on the NREL 5 MW reference
wind turbine P3]. The high undisturbed turbulence intensity in case 6 issehoto reflect the maximum stream-wise
undisturbed turbulence intensity of 16%, using Edn the last two test cases onfyr is changed while other parameters
(Cp, Un,, etc.) are kept the same. This approach leads to a setuposndt resemble thépr andCr dependency on
wind speed that correspond to the original NREL-5MW windioe, however, the influence 6t on the wake deficit
can now be investigated.

In order to compare the measurements with the numericallaiioos the following input parameters for the numerical
simulations are necessary: the undisturbed turbuleneesity at hub heighf, ., the thrust coefficienCr, the power
coefficientCp, the rotational speef, the undisturbed wind speed at hub height, -, the rotor diameteP and the hub
heightz. The roughness height and the undisturbed friction velocity, are not input parameters for the simulations,
because these parameters will be used to control the tid®milatensity at hub height as discussed in et The test
cases that are based on measurements are described iddhénfpsections.

Table Il. Summary of cases and corresponding input parameters for numerical computations.

Case Description Measurement data ITH oo Cr Cp Q UH o D ZH
[] [l [1 [RPM]  [m/s] [m] [m]
1 Wieringermeer West Met. mast, 4.5 years, 3.5D 8.0% 0.63 404191 10.7 80 80
2 Wieringermeer East Met. mast, 4.5 years, 2.5D 6.0% 0.63 4 0.419.1 10.9 80 80
3 Nibe B Met. mast, 2 years, 2.5D,4D,7.5D 8.0% 0.89 0.46 34 8.5 40 45
4 Nordtank 500 Lidar, 102x10 minutes, 11.2% 0.70 0.44 271 457. 41 36
1D,2D,3D,4D,5D
5 NREL-5MW Low Iy oo - 4.0% 0.79 0.47 9 8.0 126 90
6 NREL-5MW High I, oo - 128% 0.79 0.47 9 8.0 126 90
7 NREL-5MW Low Cr - 8.0% 0.50 0.47 9 8.0 126 90
8 NREL-5MW HighC'r - 8.0% 0.90 0.47 9 8.0 126 90

3.1. Wieringermeer

ECN Wind Turbine Test Site is located in Wieringermeer, aaan the North West of the Netherlands. The landscape
mainly consist of flat farmland. 2 km East from the meteormabmast a large lake (IJsselmeer) is present. The land and
the lake are separated by a dike which rises 8 m and 3 m abolanthand the lake, respectively. The meteorological mast
is located South of five 2.5 MW Nordex wind turbines, all witB@m rotor diameter and hub height. The layout of the five
wind turbine positions is given in Fig- Two single wake cases are measured for wind directionsdrdif and 318with

a corresponding downstream distance of 2.5D and 3.5D, ctgply. The results of almost five years of measurements
have been published by Schepers etEl].[In addition, the ten minute averaged data was made alailabthis research.

S oo North
1 N 7 |
38D
N L 95°
v T5 To 17T T
N 3.5D\2.5D T8 P
MM3
_2 i | I I | 1 -
- . : 10 15
D

Figure 2. Sketch of wind turbines (red dots) and meteorological mast (blue triangle) at EWTW site.

The meteorological mast is instrumented with sonic anent@rsecups and vanes at 80 m. Unfortunately, upstream
measurements are not carried out. Therefore, the upstreaisturbed wind speed at hub height is estimated from
power measurements of wind turbine T5 (Eastern wake cask)vard turbine T6 (Western wake case). Only data with
undisturbed wind speeds between 10-12 m/s is selectedhvghibe highest wind speed bin available. The average wind
speed between 1-8and 285-345, corresponding to the two single wake cases, are 10.9 m/&@idm/s, respectively.
The lack of upstream measurements makes it impossible ntifgdand disregard non-neutral atmospheric measurements
However, the probability of a near neutral ABL increaseshwitgh wind speeds, i.e. 10-12 m/s. Another important

Wind Energ. 2013; 00:1-19 © 2013 John Wiley & Sons, Ltd. 5
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consequence of missing upstream measurements, is théddhe undisturbed turbulence intensity cannot be directl
measured for the wind direction of single wake cases. Schepal. [L9] estimated the undisturbed stream-wise turbulence
intensitiesl., 7, = 0./Un (outside the region of wind directions corresponding todimgle wake cases) to be 10%
and 7.5% for the Western and Eastern wind directions, réigpc Since the three standard deviations of the velocity
components.,, o, ando.,, are not all available, the total turbulence intendiy. is estimated from the standard ratios:

Oy Ow

=028, v — 0.5, ®)

Oy Oy

which have been measured by Panofsky and Dutdhgnd are adopted in the IEC 61400-1 stand&f.[This leads to:

Iy oo = Iu,H,oo\/% (1+0.82+0.52) =~ 0.81u,H,00, 9)
hence, the total turbulence intensify; , is estimated to be 8% and 6% for the Western and Eastern wiedtidins,
respectively.

The thrust coefficient curve is measured and calculated bef®os 26]. The measurements are based on the tower
bending moment and the calculations are carried out with TASA[27]. Both methods estimate a thrust coefficient of
0.63 for the averaged undisturbed wind speeds of 10.7 m/4@Sdm/s.

The mechanical power curve is not available. Therefores é@stimated from the electrical power curve (given by the
wind turbine manufacturer Nordex) assuming a loss of 6%s ghies a power coefficient of 0.44 for both Wieringermeer
cases.

The Nordex wind turbine has variable rotational speedsingnigom 10.9 RPM to 19.1 RPM. The dependency of the
rotational speed on the wind speed is not available. For tegept research it is assumed that the rotor is rotating with
19.1 RPM.

3.2. Nibe

In the 1980s field measurements of two wind turbines at Nib&ldrthern Denmark, were conducted by Tayld][ The
wind turbines have a hub height and rotor diameter of 45 m &ch4respectively. The two wind turbines are located
at five rotor diameters away from each other. The Nibe B wintite is located South from Nibe A wind turbine. A
sketch of the layout is shown in Fi§. Four meteorological masts are placed in a line at downstréigtances: 2.5D,
4D, 6D and 7.5D with respect to the Nibe B wind turbine. The tsiase instrumented with cup anemometers at several
heights. The selected data set includes wind directioma fiee South, which corresponds to inflow condition over land
with a relatively flat terrain. For the current single wakseaf the Nibe B wind turbine, the Nibe A wind turbine is not
operational, however, an influence of the Nibe A wind turbimethe downstream meteorological masts at 6D and 7.5D
cannot be avoided. For this reason, the data at 6D (MM3, édcat 1D from the Nibe A wind turbine) is disregarded.

8 T T T
North MM4
1.5D
6 t MM3 B
Nibe A ¢ 1P
4l mmz £ 1P -
Y 1.5D
b MM1
5 b i
2.5D
or Nibe B -
4
, 188° !
-2
-4 -2 2 4
b

Figure 3. Sketch of wind turbines (red dots) and meteorological masts (blue triangles) at Nibe.

The chosen data set consist of 1 min. averages, taken oveiod péabout 2 years. The averaged velocity of 8.5 m/s is
obtained from power measurements and the known power curve.

6 Wind Energ. 2013; 00:1-19 © 2013 John Wiley & Sons, Ltd.
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Due to lack of upstream measurements, the undisturbednsinése turbulence intensity is estimated from a cup
anemometer located at the mast at 2.5D downstream from Nilae 8height of 3 m. It is assumed that the wake of the
Nibe B turbine has not expanded far enough to influence theunement at this locatio2()]. Unfortunately, this estimate
of the undisturbed stream-wise turbulence intensity isveoy accurate because the influence of local surface vamsti
can be significant at 3 m. The rough estimate gives an unbistiustream-wise turbulence intensity Iaf 7,00 &~ 10%
which corresponds to a total turbulence intensity gf-. = 8% using Eq.

Filtering out non-neutral atmospheric measurements halseam been carried out.

The thrust coefficienC'r is estimated as an average of an LES actuator line simulatioich tabulated airfoil data
is used to calculated the blade forces. More details ab@istmulation can be found in the work of Troldborg et 2]

The method gives &'+ of 0.89, which also corresponds to the calculated thrustecgiven in the work of TaylorZqQ].
The power coefficient could also be taken from the same LES#mt line simulation; however, it has been found that the
LES actuator line simulation overestimates the powss, $0]. Therefore, the power coefficieitp = 0.46 is estimated
from the measured mechanical power curve, given by Tagldr [n addition, the rotational speed is also noted by Taylor:
Q = 43 RPM.

3.3. Nordtank 500

A test site consisting of three wind turbines is situatedf@Risg campus of DTU. An overview is sketched in HEg.
From left to right, the order of wind turbines is as followlllis wind turbine, 95 KWD = 18 m, zg = 29 m, Nordtank
500 wind turbine (NTK), 500 kWD = 41 m, zg = 36 m, Vestas V27 wind turbine (V27), 225 kVi = 27 m, zg = 30

m. In addition, there is a meteorological mast (MM) at 2.2DstMeom the Nordtank 500 wind turbine. During the
measurement campaign the rotor of the Vestas V27 wind tenvas taken down. The prevailing wind direction is South
East, therefore, only data is selected for wind directicgtsvben 120to 15C°. The single wake of the Nordtank 500 wind
turbine is measured using a nacelle mounted pulsed lid&il®ef this measurement campaign can be found in the work
of Machefaux et al.71, 22]. The lidar is used to scan the wake in a cross section at fiwestbeam locations between
1D and 5D with a uniform spacing of 1D. The meteorological nsénstrumented with cup and sonic anemometers at
several heights. Only the results at a height of 52.5 m ar fusen this mast, in order to prevent the wake influence of the
Tellus wind turbine.

4 T T
North
ot i
MM
5 oof
2F -
_4 1 1
-4 -2 0 2

Figure 4. Sketch of wind turbines (red dots) and meteorological mast (blue triangle) at the Risg campus of the Technical University of
Denmark. Distances are normalized with the rotor diameter of the Nordtank 500 (NTK) wind turbine: D = 41 m.

The undisturbed velocity at hub height is calculated frorw@omeasurements and the known power curve. This
velocity is also directly measured at the meteorologicastrad hub height, however, these measurements are influenced
by the wake of Tellus wind turbine. In total 102 samples ofragpnately 10 min. averages are selected, with a velocity
of 7-8 m/s and wind directions between 220 15C . This represents almost 17 hours of data, and its averageityeis
calculated as 7.45 m/s.

The Obukhov length is calculated from the sonics at the meteorological mastitisdused to identify the stability
class of the measurements. It is found that the atmospheridittons during the time of measurements are neutral:
(mearfabg L)) = 7.5 x 10%) [22.

The thrust coefficien€r is estimated from the tower bending moment which gi¥es= 0.70.
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The meteorological mast is used to estimate the undistutirédlence intensity. Since the Tellus wind turbine wake
influences the measurements at the meteorological masictaib height, the turbulence intensity; ., obtained from
a sonic located at a heighti; = 52.5 mis used. The undisturbed turbulence intensity at hub hégkstimated by using
the log law and assuming that, = Au.. is constant with height. Hence,

I
IH,oo = 2 MJM,oo N 3 (10)
1 e g ()

wherex is the Von Karman constant andl is function of the roughness height. Following Panofsky &adton [24],
A =24 .Using Eq.10 the measured total turbulence intensity at the magt{ = 10.7%) is extrapolated to the hub
height: Tx,.c = 11.2% which is equivalent to a stream-wise turbulence interwityd4% using Eq9.

4. SIMULATIONS

4.1. Method

The in-house incompressible finite volume code EllipSys8Dsied as the flow solver, which can perform RANS and LES
simulations B1, 32]. The Navier-Stokes equations are solved with the SIMPIgorthm [33], and the QUICK scheme
[34] is used to discretize the convective terms. The flow vaeslare stored in a co-located manner. To avoid decoupling
of the pressure with body forces, the pressure equatioriiedavith a modified Rhie-Chow algorithn3%, 36).

The wind turbine is modeled as an Actuator Disk (ABY,[3, 38 on which the blade forces are distributed in the
radial direction and constant in the circumferential dieat The blade force distributions that are applied on ti2 A
are calculated with a full rotor detached eddy simulationr@iiank 500 and NREL 5 MW) or are calculated with a LES
simulation using an actuator line method including airétzita (Nibe B) 8. The result for the normal and the tangential
force distributions are shown in Fi§. The radial blade force is not applied to the AD because iftencsmaller than 1%
of the normal blade force. The real blade geometry of the Blowind turbine from EWTW is not available. Therefore,
the detached eddy simulation of the NREL 5 MW wind turbinedbl#s used, in which the original tangentiat-(r/R))
and normal blade force distributiogx (r/R)) are scaled. Firsgr(r/R) andgx (r/R) are scaled to cover the desired
rotor radiusR. Subsequentlygr (r) andgn (r) are individually scaled withtC'», 2 and C'r, respectively. In addition,
both distributions are scaled ity ., R andp to obtain the tangentia¢” (r)) and normal blade force distribution
(gnP (1)) that are applied to the AD:

11

AP0 = in () Uk B O, () = an
n fo gn (r)dr

AD/ N _ 4 1 30Uk o mR*Cp . _ qr(r)

a0 =4t T o arlr) = [ aqr(ryrdr’

wheren = 3 is the number of blades arjdr) denotes a normalized blade force distribution. The totalmab force Fiv
and the powelP are obtained by integration:

R
Fy = n/ an" (r)dr = %prLOOWRQCT, (12)
0

R
1
P= 271'9/6071/ g P (ryrdr = ipUIS{,OOﬂ'RQC'p.
0

The scaling equations can easily be verified by taking aicalytorce distributions for the original blade, e.gx (r) =
—qr(r) = —r(r — R)/R?, and substitute these relations into Ed.

The input parameters from Tableare used in all AD simulations. Standard values for the dgrsid the dynamic
fluid viscosity are usech = 1.225 kg/m® andp = 1.784 x 10~? kg/(m-s) (corresponding to a temperature of'I5at sea
level). It should be noted that the fluid viscosity is nedilgicompared to the eddy-viscosity, since the Reynolds eamb
(based on the rotor diameter and the hub height velocity) ilsé order of.0”.

4.1.1. RANS

In the RANS simulations, the AD is placed in a box shaped daméidimensions25D x 16D x 16D, as shown in
Fig. 6. In total 1.18 million cells are used to discretize the damdihe boundary at = 0 is modeled as a rough wall
where the first cell height is on the order of the roughnesghtein EllipSys3D, a rough wall is modeled by placing the
flow domain on top of the roughness height. The wall stresstb@durbulent dissipation are specified at the first cell,
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Figure 5. Calculated tangential ¢ and normal force g distributions [n/m].

using the analytical expressions of the log law. In addjtisNeumann boundary condition is used for the turbulenttkine
energy. The top boundary at= 16D and the boundaries at= 0 are inlets, whereas, the boundaryzat 25D is an
outlet. At the inlet a stream-wise logarithmic profile is sified:

U=, (_) (13)

K Z0

A Neumann boundary condition is applied on the outlet boundée side boundaries at= 0 andy = 16D are modeled

as slip walls. Around the AD a wake domain of dimensiohtD x 3D x 3D is defined where uniform spacing of D/10
is applied in all directions. (Below = 1/2zy the cells in the wall normal direction are refined due to thespnce of
the wall.) The grid study in the section below shows that eaglis per diameter is sufficient. Outside the wake domain
stretching is allowed with a maximum edge growth ratio of 1.2

Setting the turbulence level in RANS via  zo
In the RANS modeling of atmospheric flows using the standaed EVM, it is common to control the ambient
turbulence intensity at hub heighty, o:

2 2
3k Ve

= Urt s = o (ZZ—’;) {‘/C_'u7

by changingC,, and adapting one of the other model constants such that ghiewo solution (Eqs13) is maintained:
V/Cpoe (Cei — Cc2) + k> = 0 [16]. Note that Eq.13 is used forz = zy andU = Ug, together with the analytical
solution for the turbulent kinetic energy in the log lakv= uf/\/C’_u. However, the behavior of the<- fp EVM changes
when the constant’, is modified, becausé€’, is also present irfp: fr(C.), as explained in Se@.2. Van der Laan

et al. [L3] showed thatfp reduces the wake recovery for lower values(df, which correspond to a higher turbulence
intensity in Eq.14. This is unphysical, because higher turbulence levelsldhenhance mixing and increase the wake
recovery. Therefore, the ambient turbulence intensityusit feight is set by changing the roughness heigtih Eq. 14
instead ofC),. Subsequently, the friction velocity.. is set using Eq13, such that the correct undisturbed hub height
velocity is obtained. The changes in the stream-wise viglgebfile are relatively small, especially at heights in theor
area. For example, by physical site inspection one couldeatg use a roughness height of 3 cm in the Western wake
case of Wieringermeer (case one from Talp. The relative difference between the velocity profile gsinroughness
height of 3 cm and the roughness height calculated by thenatige way of controlling the turbulence level = 0.44

cm is less than 0.1%, 2% and 5% at 120 m, 40 m and 20 m, resggctivaddition, there is often a high uncertainty in
calculating the roughness from field measurements, whiclbeanuch larger than the difference in the turbulence adapte
zo. Furthermore, the measured velocity profile close to thampias often influenced by local roughness variations treat ar
not considered in the CFD simulations that use a uniformtmaoegs height. It should be noted that the turbulent adapted
zp can cause large differences in the velocity profile, for @asith a very low measured ambient turbulence intensity,
located at a site with relatively large roughness. In thisagion the turbulent adapted can become orders of magnitude
smaller than they, from site inspection. However, it is most likely that in suezhmeasurement, the ambient turbulence

TH.00 (14)
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intensity is dictated by a stable ABL instead of the rougbrissight. These flows cannot be simulated with the current
k-e-fp EVM, since it is calibrated for a neutral ABL in which the sh@arametet is a constant.

A M [ I A
16D| 3p% 16D
A
Y 6.5D A
it M . 50 |
3D 2D 12D N 3D 2D 12D
- X 25D x 25D

Figure 6. Computational domain RANS. Left: top view. Right: side view. Dashed black box marks the wake domain. Actuator disk is
illustrated as a red filled box. One in every two nodes is shown.

Grid refinement study

The influence of the grid size on the flow solution for an AD inrdaform flow has been previously investigated in
the work of Réthoré et al.3B]. This work was meant to verify the numerical procedure & &D as implemented in
EllipSys3D, by estimating the (mixed) order of the disaation error B9]. Therefore the grid study was performed such
that all the individual components are at least second adewrate, i.e., a low Reynolds number was used such that a
(low order) turbulence model is redundant. In addition, aalgtical quadratic force distribution on the AD was usealt th
made the behavior of the discretization error of the intesgtdorce distribution second order accurate. From mixelgror
analysis Réthoré et al. showed that the AD method in EJ{§3® is still first order accurat&§)]. In the grid study of the
present research, the goal is to the estimate the disdietizerror of a more realistic setup, i.e., including a reaidv
turbine blade force distribution on the AD, applying a sherad using a high Reynolds numbédp ~ 107) that requires
a turbulence model. It should be noted that the EllipSys3Dné@hod corrects for errors in the integrated force thakaris
from the discretization of the force distribution. Hence #ame total force is used in each grid level, although Histed
differently. One could argue that the use of a grid-independotal force is wrong, since a grid study of the same flow
problem including the rotor geometry would have a total édtftat is dependent on grid size. On the other hand, one could
claim that having a grid-independent total force is a feafrthe AD method since it allows the use of coarser grids,
which is the reason to use an AD in the first place.

The grid layout in the grid study is similar to the one presdnin figure6, but the stream-wise extent of the wake
domain is chosen to be 10D in order to reduce the amount of.cHfle number of cells in each grid level is given in
Tab.lll. A refinement ratio of two is used.

Table Ill. Computational grid size.

Cells per rotor diameter

Grid level in wake domain Cells
1 32 9830400
2 16 1228800
3 8 153600
4 4 19200

The normalized momentum deficit at hub heiébﬁef> taken from a volumetric horizontal straight sectigris used
to compare the solution on the different grid level 7, ; ) is defined as:

1
Vi) = g || Unw = Ul v 15)
H,c0 14

where the normalization is carried out with the undisturball height velocit)UﬁLoo and the integration volum¥& has
dimensions(Az, Ay, Az) = (0.5D, 3D, 0.5D). The comparison criterion is computed at three downstrestarttes
from the AD: 2.5D, 5D and 7.5D. In order to make a fair comparibetween the grid solutions, only cell centered values
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are used within the volum®&. The discretization errat,, of each grid leveh is estimated using a mixed order analysis
[39):

n = fn — fnoo = gihn + g2hZ + gshi, + O(hy), (16)

wheref,, is the grid solution,f ¢ is the extrapolated solution for an infinitely small gridesiz, andgi, g2, g3 are the
unknown constants to be evaluated. The finest grid size (1) is set to unity f; = 1) and the coarser grid sizes are
defined ask,+1 = rh,), with r as the refinement ratio. Using the momentum de{bﬁef> from Eqg.15computed at the
four grid levels of Tablll, the discretization error can be estimated by disregarfdingh order error€)(h2) and solving
the corresponding closed system. The first ordeh), second ordergeh?) and third order gs43) contributions to the
total discretization error can now be investigated.
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Figure 7. Order decomposition. Top row: k- EVM. Bottom row: k-e-fp EVM.
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Figure 8. Wake deficit for different grid sizes with D =80 m, Un,oc = 10.7 M/S, I, = 8%. Solid lines: k-« EVM. Dashed lines:
k-e-fp EVM with Cr =1.8.

The grid study is performed for thee EVM and thek-¢- fp EVM using case one (Wieringermeer, see Tap.The
discretization error and its first-, second- and third- omtmtributions are plotted in Fig. at downstream distances of
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2.5D, 5D and 7.5D. Thé-c EVM shows a very small discretization error. Even for therseat grid size the discretization
error in terms of momentum deficit is smaller than 1% at at¢tdiownstream distances. The- fp EVM, simulated with
the original Rotta constarifr = 1.8, is more sensitive to the grid size, although all errors ilebelow 1%. Note that
higher values of'r (as motivated in Seé..2.29) will have discretization errors closer to the ones oftheEVM, since the
high gradients at the edge of the wake decrease @jthThe decomposition of errors shows that the linear contiobu
is the dominant term in the discretization error for bottbtdence models. The relative low mixed order is caused by the
AD method, which is first order near the AB{], and it is possibly degraded by the turbulence model furtlog/nstream
from the AD.

The velocity deficit at the same three downstream distarscsisdwn in Fig8. The deficit is extracted on a horizontal
line at hub height, hence, an interpolation between theaséaell centers is inevitable which makes it difficult to qare
in absolute numbers. Nevertheless, the trends can be cethpélte wake deficit in the-c EVM is not very sensitive to
the used grid sizes, as observed before in mixed error asaly@wever, theé-z- fr EVM shows larger deviations between
grid solution, especially for the coarsest grid (four celds rotor diameter in the wake domain). This is mainly caused
the fact thatc-c- fp EVM predicts higher velocity gradients at the edge of wakepared to the standakds EVM. The
second coarsest grid (eight cells per rotor diameter in wiakaain) show only small deviations from the two finer grids.
Therefore, it is recommended to use at least eight cellsoper diameter in the wake domain when using ke fp EVM
for wake simulations.

4.1.2. LES
3.5D 3.5D
<D [—p
y A
16D| »p 16D
A4 A
3Dy
Al
y 4D Z
“Dre———>
3.25D 1.75D 7.75D . 3.25D 1.75D 7.75D R

x 25D x 25D

Figure 9. Computational domain LES. Left: top view. Right: side view. Dashed boxes: black is the wake domain and green marks the
Mann turbulence domain. Actuator disk is illustrated as a red filled box. The inflow plane of Mann turbulence is shown as blue filled
line. One in every eight nodes is shown.

The LES simulations are employed using the same AD as usdteiRANS simulations and it is positioned in an
equally sized domain. Fi@.shows the mesh where one in every eight nodes is plotted. tif@spheric turbulence is pre-
calculated with the Mann modet(] and the results are scaled such that the correct totallembe intensity, averaged at a
cross section oD x 2D located in front of the wind turbine, is obtained. In thisywthe same turbulent kinetic energy is
felt by the wind turbine in the LES and in the RANS simulatiofise domain of the Mann turbulence box is long enough to
be able to describe one hour of turbulence plus the starmgdi the LES simulation (which is disregarded when average
results are calculated). The cross section of the Mann lkemba box isSD x 8D and a uniform spacing with cell size D/8
is used in all directions. During the simulation the Manrbtience is injected in a plane at 1.5D upstream of the AD. The
injection plane i8D wide, centered around the AD and it is extend®1g from the ground. This method is discussed in
more detail in the work of Troldborg et ak,[28]. Two refined domains are defined in the flow domain: the wakeaio
7.75D x 2D x 2D and the Mann turbulence domair75D x 2D x 2D. In order to reduce the amount of cells, the wake
domain in the LES simulations is smaller compared to the RAMS&ilations, however, it is still large enough to capture
the wake up to 7.5D downstream. The wake domain is uniforrdgrdtized with a cell size of D/60 in all directions,
which is sufficient to resolve the wakél]. The Mann turbulence domain is discretized with a cell ©2®/30 in the
stream-wise direction and it inherits the grid spacing frtbke wake domain for the other two directions. Note that there
is smooth transition of cell size between the Mann turbuideshemain and the Wake domain. The total domain consists of
17.7 million cells. The bottom boundary at= 0 is modeled as a slip wall which, allows a first cell height édqaahe
uniform grid spacing in the wake domain, which saves a loetisccompared to wall-resolved LES. The inlet conditions
of the RANS simulations are also used in the LES simulatibagiever, a constant velocity af= . /< In((zx/10)/20)
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is set for0 < z < zy /10 to comply with the slip wall. The rest of the boundaries are $ame as used in the RANS
simulations. Details of the numerical methods of the LESlanm@ntation are described in the work of Bechmadif. [

In order to maintain the log law solution of the neutral ABLanLES simulation without a rough wall boundary,
one could add small body forces in the entire domaig].[However, it is not expected that the log-law solution deca
significantly in reasonable vicinity of the AD, i.e. 7.5D destream. In the current method the additional body forces ar
not included.

Even though the LES simulation is resolved in time, a condianting on the AD is applied. However, in terms of
averaged wake deficit, a LES simulation using a constanefdoes not differ that much from one where time dependent
forces are used.

The length of LES simulation is set such that one hour of cyeaedata is gathered. The time integration in EllipSys3D
is implicit, allowing the user to set very high CFL numbergwdrtheless, the time step is set to a CFL number of one,
i.e.dt = dx/Un,c = (D/60)/Un,, such that the unsteady data is captured with a high resenluti

4.1.3. Calibration of Cgr

The Cr parameter that is present in thes- fp EVM determines the wake deficits completely. In order to ceothe
right value ofCg, a calibration is carried out against the LES using the ig$tt cases that are described in S3ethe
wake deficit at hub height, at the wake center (relative wiméation of (), at a downstream distance of 7.5D, is used
to measure how well the-c- fp EVM performs compared to LES. The results are shown in Eign which the relative
errorey of the wake deficit at the center at 7.5D is calculated as:

v = Urans — ULES. 17)
ULes
— k-¢ EVM - -- LES error bands
—_— Cr =3 — Cr =4 — Cr =45 —_— Cr=5 — Cr =6
0.15
0.1
0.05

N L |

€U

1 2 3 4 5 6 7 8
Case

Figure 10. Calibration Cr

In Fig. 10 the error bars represent the uncertainty of the LES resudtsthe standard deviations. In first seven cases,
the wake center at 7.5D calculated by fhe-fr EVM fits well LES when using”r = 4.5. In case six, representing a
case with a very high undisturbed turbulence intensityktheEVM performs better than thie-c- fp EVM at the far wake,
although the result of the-e- fp EVM with Cr = 4.5 does not exceed the standard deviation of LES significa@itge
eight shows that for a high thrust coefficient both ke EVM and thek-¢- fp EVM with Cr = 4.5 do not compare well
with LES at 7.5D, however, both models have a comparable iamofer .

4.2. Results and discussion

The results of the test cases based on measurements andutidarthe test cases based on LES are shown inlHig.

and Fig.12, respectively. The velocity wake deficit at hub height itfgld against the relative wind direction for a number

of downstream locations. For the test cases based on massure the locations are chosen to match the measured ones.
For case one, two and four, extra downstream locations amersfor comparison of the RANS results with the ones of
LES. Note that downstream locations for test case four amaalkzed withD* = 40 m instead of the real rotor diameter

(D = 41 m) to comply with the normalization distance of the measueis. The wake deficit for test cases that are not
based on measurements are plotted at 2.5D, 5D and 7.5D. &aoif these cases (case five and six) the turbulence intensity
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at hub height is given in Figl3. The results are shown for thees EVM, the k-¢-fp EVM with Cr = 4.5, LES and
measurements. If available, the measurements are prdseitteerror bars representing one standard deviation. Tiee o
hour LES simulations are averaged by using six bins of terutag The standard deviation of the six bins are shown as
error bars. For each case, the results of LES are normalizédive undisturbed hub height velocity taken from another
LES simulation with the same setup but without using the Aaks been found that in the case with a high undisturbed
turbulence intensity (case six), the undisturbed hub heigllocity at 7.5D deviates around 2% from the one that is isepo

at the inlet. For all other cases the difference is much tgp#ally below 1%. A comparison of LES with measurements
is given in Sec4.2.1and Sec4.2.2 respectively.

4.2.1. LES compared to measurements

In the Western wake case from Wieringermeer (case one),rshrofig. 11, the results of LES compare well with the
available field measurements at 3.5D. Note that there isaa oféset of around 5 degrees in the measured wake center,
which is probably caused by yaw error, as also discussedeinvtirk of Schepers et all§]. The measurement of the
Eastern wake case from Wieringermeer (case two) compaassmably with the wake deficit predicted by LES, however,
the magnitude of the maximum wake deficit is underpredictedES. Possible causes for the underpredicted wake deficit
are effects of atmospheric stability on the measured wakeitder the uncertainty in the prediction of the measured
undisturbed turbulence intensity due to the lack of upstre@asurements. The measured and the calculated wake deficit
is asymmetric in the near wake (best visible in case two)ckvig caused by the interaction of wake rotation with a vattic
shear, a phenomenon that is discussed in more detail in thea/@ahle and Sgrensen.

In the Nibe case (case three) two different LES results apgvstin Fig. 11: one with an average taken from of six
bins of ten minutes and one with an averaging take from siktg bf one minute. Since the measured wake deficit is
processed with one minute averages it should be comparadhetaveraged LES results from the same bin length. The
LES results for the ten minute bins are used to compare withNNRAas discussed in Se¢.2.2 A clear consequence
of using one minute bins is the increase of the standard tilevé&acompared to ten minute bins. This gives an idea of
how large the standard deviations of the measurements carhbeneasured wake deficit compares well with the results
of LES at 2.5D and 7.5D. At 4D, the calculated wake deficit ightly overpredicted compared to the measured one.
However, assuming similar standard deviations for the omeasents as observed in the LES results, obtained from one
minute bins, the difference falls within the error bars. didi¢éion, since the estimate of the undisturbed turbulentansity
in the measurements is very uncertain, as explained irB&ett.is difficult to compare the measurements with LES.

The lidar measurements of the Nordtank 500 wind turbinee(faisr) shows a similar trend in the wake deficits as the
ones calculated with LES. However, at “1fhe measurements do not show the clear double bell-shapesl dedicit as
observed in LES. The AD method is least accurate in the nearityi of the wind turbine and can explain the difference.
For example, the forces of the nacelle are not present inattoe distribution of the AD and it can lead to a lower wake
deficit at the center of wake in AD simulations compared tortfeasurements. In addition, the measured wake deficit
at 5D is more recovered compared to the one calculated by LES vikinbt fully understood. The uncertainty in the
undisturbed turbulence intensity, terrain effects ordasgale meandering are plausible causes for the differenttei
wake recovery.

4.2.2. RANS compared to LES

Compared to LES, the wake deficit is underpredicted by thgirai k-« EVM for all test cases at all downstream
distances, as shown in Figjl and Fig.12, except for case six and seven at the far wake. These casesmand to a high
undisturbed turbulence intensity and low thrust coeffici&he k- EVM performs the worst for a high thrust coefficient
(case three and case eight) and for a low turbulence inyefasise two and case five).

All cases show that the near wake deficits calculated-byfr EVM, are much closer to the ones of LES, compared to
the ones of the origindt-e EVM. The largest improvement in the near wake deficits isiobthfor the cases with a low
turbulence intensity and a high thrust coefficient.

In the work of Réthoréd], it has been found that the-c EVM overestimates the turbulence intensity of the wake. A
similar result for the case with a low undisturbed turbukeimtensity (case five) at 2.5D is shown in Fig. In this case,
the turbulence intensity predicted bye- fp EVM is more comparable with LES, however, at 7.5D both EVMsrpvedict
the turbulence intensity. In the high turbulence case (se3gthe same conclusion can be made but the differencesleatw
RANS and LES is smaller than seen in case five because of thdevigl of background turbulence. Note the calculated
turbulence intensity in LES simulations deteriorates idetshe wake domain (relative wind directions larger thas=-10
°at 7.5D) because the of increasing cell size.
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Figure 11. Test cases based on field measurements. The measurements and the LES results include error bars of one standard
deviation. Cp = 4.5 in k-e-fp EVM.
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Figure 12. Additional test cases based on LES. The LES results include error bars of one standard deviation. Cr = 4.5 in k-e-fp
EVM.
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Figure 13. Turbulent intensity I = /2/3k/Upx, ~ for test case five and six. The LES results include error bars of one standard
deviation. Cr = 4.5 in k-e-fp EVM.

4.2.3. Computational cost

The computational effort of the simulations of all test caaee given in TablV. All simulations are carried out on
the same cluster, however, a different number of nodes hewe bsed: fifteen for LES and three for RANS simulations,
except for case five which has been calculated with five noolethé RANS simulations. Each node has two Intel Xeon
X5650 processors with six cores each that have a clock freyuef 2.66 GHz. In most cases, the LES simulations are
approximately 18 computationally more expensive compared to the RANS sitianis. The RANS simulations of case
five are computationally more expensive because the lowlembe intensity is represented by a very low roughness.
Hence, more cells are necessary in the grid and the conveagéthe numerical scheme is slowed down. The large mesh
and the simulation time that is needed to gather enough athstata, makes the LES very expensive, especially when a
small wind turbine is used which limits the time step (timepsis proportional to the rotor diameter). The difference in
computational effort between the two RANS turbulence medeiegligible. Note that the comparison is only a rough
estimate since a different number of nodes are employethédr ES and the RANS simulations. In addition, the cluster is
also used by others which can influence the effective cortipntd effort.

Table IV. Computational effort in CPU hours of the single wake simulations.

LES RANSk-c RANSk-e-fp (Cr = 4.5)

case 1 5360 4.2 4.6
case 2 5341 3.3 3.5
case3 11036 3.0 3.9
case4 10559 3.5 4.1
case 5 2749 25 28
case 6 2743 5.7 5.6
case7 2747 3.9 5.2
case 8 2784 4.0 5.4
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5. CONCLUSIONS

A modifiedk-e EVM with a flow-dependent’, (calledC};) is proposed: thé-c- f» EVM. C}; decreases the eddy viscosity
in regions with high velocity gradients, e.g., in a wind fndbwake. The impact af’;; on the flow solution is controlled by
a paramete€'r which is calibrated with LES for eight different single wad@ses. From the calibration it is recommended
to useCr = 4.5. Four of the eight test cases are based on measurementseandeults compare reasonably well
with LES. However, the comparison with measurements igdichbecause the uncertainty in the undisturbed turbulence
intensity is large and the effects of stability are not féiput for three of four measured wake cases.
A grid refinement study has shows that the- f» EVM is more sensitive to grid size compared the origittal EVM.
Nevertheless, both turbulence models show discretizatians below 1% for a grid spacing of D/8 in the wake region.
Where the originak-¢ EVM underpredicts the velocity wake deficit compared to L8 measurements, thee- fp
EVM shows more comparable results with respect to LES, feers®f the eight wake cases. These improvements are
mainly observed for the test cases in whicls EVM has the worst performance, i.e., a low turbulence intgrand a
high thrust coefficient. On the contrary, the test case wiiiga (total) turbulence intensity (12.8%) shows that théeva
recovery of LES is closer to the originkle EVM. However, in the near wake thee- fr EVM is superior to theé:-c EVM
for all eight cases. The fact that thes- fr EVM is approximately 1&computationally less expensive than LES and it has
the same numerical stability as the origitat EVM, makes thek-c-fp EVM an attractive turbulence model which has
the potential to simulate wake effects on the power prodnadf wind farms.
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