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Abstract

Due to the erraticity of wind energy conversion, wind
farm developers have long emphasized the effective
regulation of fluctuating power output in order to achieve
sustainable operation. However, for large-scale offshore
wind turbine arrays, such instability problems are further
complicated by wake interaction effects. In practice, wind
farm power generation capacity is typically assessed by
employing numerical models. In this study, we investigate
three numerical tools commonly used for wind turbine
analysis, namely: Jensen's wake model, actuator disk
models, and Navier-Stokes solvers. These wind turbine
models are combined with different mesoscale wind field
models, such as the linearized IBZ flow model and RANS
models, to simulate the aerodynamic characteristics of the
total wind turbine array; the former has its roots in
atmospheric dynamics, and is employed by the WASP
software, while the latter has its roots in fluid mechanics,

and is adopted by commercial software such as Star-CCM+;

both of which have decades of theoretical development.
This study, however, is particularly concerned with the

coupling of the wind turbine actuator disk model with a
mesoscale RANS model, an approach which has been hotly
developed in recent years, to determine the effects of the
wind turbine array layout parameters on the total Annual
Energy Production (AEP), and to demonstrate the
applicability of this model to a full offshore wind turbine
array.

Keywords: offshore wind farm, wake -effect,
production, numerical simulation.
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I. Introduction

Taiwan has recently started to evaluate the potential
for offshore wind energy production off its west coast,
which is listed by 4C Offshore Limited as one of the
world's best wind locations [1], with the top 44 sites in
their Global Offshore Wind Speed Rankings all located in
the Taiwan Strait. Little wonder that the Taiwanese
Ministry of Economic Affairs (MOEA) aims to invest a
total of NT$684 billion (US$22.6 billion) to raise wind
energy capacity to 4.2 GW by 2025, with 3 GW of that
coming from offshore wind farms [2].

One of the more obvious challenges faced by Taiwan’s
wind farms are the extreme loads exerted on the wind farm
units” structures during typhoons [3, 4], which strike the
island, on average, four times every year [5]. Furthermore,
the authors previously showed [6] that fatigue damage due
to Taiwan’s excellent wind resources can be just as
significant a challenge. This previous study considered the
environmental loads exerted on a single wind farm unit
during its 20 year design life, and highlighted the
sensitivity of the fatigue life to the degree of fluctuation
(standard deviation) of the wind loads, as well as the
importance of appropriately orienting the jacket
foundations according to prevailing wind and wave
conditions. This previous study did not, however, consider
the exacerbated fatigue loading caused by unsteady wind
farm wake effects, such as wake shadowing and wake
meandering (as illustrated in Figure 1) [7]. In addition to
increased load fluctuations, these wake effects are also
responsible for significantly reduced power production.
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Figure 1. Wake meandering in a wind farm [7]

These turbine-turbine interactions would certainly be
prevalent in the MOEA’s “Thousand Wind Turbines”
project, which is the motivation behind the design and
implementation of the present study, namely to investigate
three different numerical tools of varying degrees of
fidelity which are commonly used to assess such effects.

The target wind turbine specifications and wind
turbine array layout and conditions are defined in the
second section of this paper, while the three tools
investigated in this study, namely Jensen's wake model, an
actuator disk model, and a Navier-Stokes solver, are
described in the third section. The results, in the form of
predicted wake velocity profiles and total output power, are
presented and discussed in the fourth section, and, finally, a
brief summary of our findings and suggestions for future
improvements are discussed in the Conclusions.

11. Problem definition

To assess the comparative effectiveness and the
limitations of three investigated wake models, the present
study was designed such that the “near wake” of an
upstream wind turbine would partially overlap the swept
area of a downstream wind turbine (Figures 2a & 2b). One
of the ultimate objectives of our research is to be able to
determine an optimised wind farm turbine layout in terms
of number of units versus power losses due to wake
interaction. For this reason, the two turbines in the present
study are spaced very close together, with just 3.6 rotor
diameters between them.

The target turbine is the 5 MW reference wind turbine
proposed by Jonkman et al. [8] at the National Renewable
Energy Laboratory. The turbine, henceforth referred to as
the NREL 5 MW turbine, has a rotor diameter of 126 m,
and a rated rotor speed of w = 12.1 rpm at rated wind speed
U =11.4 m/s. This turbine model was selected due to the
availability of the turbine’s geometrical and operating
specifications, making it a very popular model for
benchmark studies, with a wide range of experimental and
numerical data available for validation purposes. The
NREL 5 MW geometry is defined in terms of 17 airfoil
profiles with specified radial positions, chord lengths, and
local twist angles, as summarised in Table 1.
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Figure 2b. Two wind turbine array layout (top)

Table 1. NREL 5 MW rotor blade description[8]

MNode RMNodes| AeroTwst| DRNodes Chord Airfoil Table
() (m) ) (m) (m) (=)
1 2.8667 13.308 2.7333 3.542 Cylinder1.dat
2 5.6000 13.308 2.7333 3.854 Cylinder1.dat
3 8.3333 13.308 2.7333 4.167 Cylinder2.dat
4 11.7500 13.308 4.1000 4.557 DU40 _A17.dat
] 15.8500 11.480 4.1000 4.652 DU35 A17.dat
6 19.95_00 10.162 4.1000 4.458 DU35 A17.dat
7 24.0500 9.011 4.1000 4.249 DU30_A17 . dat
8 28.1500 7.795 4.1000 4.007 DU25_A17 dat
9 32.2500 6.544 4.1000 3.748 DU25_A17 dat
10 36.3500 5.361 4.1000 3.502 DU21_A17 dat
11 40.4500 4.188 4.1000 3.256 DU21_A17 . dat
12 44.5500 3.125 4.1000 3.010] NACAB4_A17.dat
13 48.6500 2.319 4.1000 2.764] NACAB4_A17.dat
14 52.7500 1.526 4.1000 2.518] NACAB4 A17 dat
15 56.1667 0.863 2.7333 2.313] NACAB4 A17 dat
16 58.9000 0.370 2.7333 2.086] NACAB4_A17 dat
17 61.6333 0.106 2.7333 1.419] NACAB4 A1T7 dat

The airfoils” vertex data have also been made

available, as well as the relationships between several
operational parameters with wind speed, such as shown in
Figure 3, below. Furthermore, Jonkman’s included lift and
drag coefficients C, and Cp have been corrected for
rotational stall delay using the Selig and Eggars method.
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Figure 3. Wind speed curves for NREL 5 MW turbine [8]
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I11. Numerical models
In this section, we discuss the three numerical models
investigated in this study, namely Jensen's empirical wake
model, an actuator disk model, and a commercial Navier-
Stokes solver.

Il a. Jensen’s wake model

One of the oldest wake models is that developed by
N.O. Jensen in 1983. It is a very simple model, assuming a
linearly expanding wake behind a single wind turbine with
a velocity deficit that is only dependent of the distance
behind the rotor. Figure 4 shows a wake, modelled by
Jensen’s method, at a horizontal plane through the hub of a
GE1.5sl with rotor diameter D. The wake diameter is given

by:

Dy, = D(1 + 2ks) 1)
and the velocity in the (fully developed) wake by
_ 4/ 1 - Ct
u=Uo [ (1 + 2ks)? ] @)

where the relative distance behind the rotor, s =x/D
and the Wake Decay Constant is set as k =0.04, which
corresponds to the case of low atmospheric turbulence
(T1 =8%), often referred to as offshore conditions [9]. The
Jensen wake model is employed by Risg DTU’s WASP,
GH’s WindFarmer, and EMD’s WindPRO, to name a few.
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Figure 4. Velocity deficit in the wake behind a wind turbine as

predicted by Jensen’s model [10]

For the case of multiple wakes, this study employs the
‘sum of squares of velocity deficits’ wake combination
model proposed by Katic [11].

) () E®

where w; is the wind speed at turbine j, wj; is the
wind speed at turbine j due to the wake of turbine i, and
the summation is taken over the i turbines upstream of
turbine ;.

For the considered case of a partially shadowed
downwind turbine, it is necessary to calculate the area of
the overlapping regions, as illustrated in Figure 5.

E‘llr{"—rj}i___ —I‘_\\,r?._.—_'.'__
(N A AR O O O O

‘Wake i
“TJ \"." Stream ‘\I v 1 :TII ; i
\ 4 i i /
Upwind turbine \\ 1 1 { 1y
U Llgl L] '

LTI

Figure 5. Detailed illustration of partially shadowed downstream
turbine, showing all parameters used to calculate Aghagow [12]

Gonzélez-Longatt [12] gives the following equations
to calculate the overlapping area Aghaqow, based on the
parameters illustrated in Figure 5, as well as the resulting
velocity deficit for a partially shadowed turbine:

L; di: —L::
Ashadow = rizcos ' (TL ) + TO cos™" (%) B dijZij (4)
Uj 2 _ Uji 2Ashadow,i
(1-2) =2 (-5) = )
i

111 b. Actuator disk model

This approach makes it possible to investigate the
flow field throughout a wind farm without the associated
computational expense of resolving the Navier-Stokes
equations around the individual wind turbine units. Instead,
the effects of the rotor on the flow field are modelled
within the so-called actuator disk, which, like the well
known blade element momentum (BEM) theory, discretises
the rotor into a number of 2D airfoils. The reaction forces
of the rotor on the fluid (equal and opposite to the sectional
aerodynamic loads on the airfoils, as shown in Figure 6)
are calculated by the following equations, and then
imposed on RANS [13] or large eddy simulation (LES)
[14-16] models of the entire computational domain of a
wind farm. The relative inflow velocity for the blade
sections are the rotor-coordinate local velocities subtracted
from the global ones in the field, as Equation (8) shows.

F, = Lcosp — Dsinf and F, = Lsinf — Dcosf3 (6)
L =2 plUre|2Ciedr and D = plUyg|2Cqcdr (7)

where Uy = Ugiobal — Urotor
= (uy + wrsinyY)i + (uy — wreos)f + u k

(®)
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Figure 6. Reaction force on a 2D airfoil element calculated
according to local flow field around an operating wind turbine

In this study, we employed the “virtual disk”
framework available in the Star-CCM+ commercial
software package, which allows the user to define the rotor
by means of the airfoils’ radial positions, chord lengths, and
local twist angles, such as in Table 1, together with the
respective 2D airfoil characteristics. By foregoing the
resolution of the RANS equations at the rotor surface, the
interpolation of rotor forces to the source term f; of grids,
see Figure 7, in RANS Eqg. (11) of the global coordinate
was done by the following spatially-averaged equation,
where b is the number of blades, A@ is the angular distance
through which the blade traverses in passing through a blade
element and M is the transformation matrix from global to local
coordinate systems. The actuator disk model was possible to
reduce the number of cells to around 700 000 (see Figure
8). While not as computationally expensive as a full
unsteady RANS simulation, this approach may still be
considered high fidelity.
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Figure 7. Grid interpolation in actuator disk model

Figure 8. Location of two actuator disks within RANS model
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111 c. Full RANS simulation

This is the most computationally expensive of the
three methods investigated in this study, with a total of
4.5 million cells employed for the simulation of the two
turbine array (not to mention a somewhat reduced domain
size). For this simulation, we once again used the Star-
CCM+ commercial software package. To investigate the
transient effects of the rotating blade motion on the
downstream turbine, we ran a full, unsteady simulation,
with turbulence modelled by the realizable k-¢ solver. The
modelled domain, showing the locations of the two
turbines and the refined mesh near the rotor/hub surfaces,
are shown in Figure 9.
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I % (uiy) =

16p+6 6ui+6uj +6(,,)+
pox; 0x; v dx;  dx; 0x; Udh) + fi

(11)
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Figure 9. Full RANS computational domain, showing turbine
locations and refined mesh near rotor/hub surfaces

1V. Results

The velocity profiles at a distance 2D downstream of
the upwind wind turbine WT1 are shown in Figure 10, and
the velocity profiles at a distance 2D downstream of the
downwind wind turbine WT2 are shown in Figure 11.
Despite its simplicity, it is apparent the Jensen wake model
is able to provide a reasonable approximation of the
velocity deficit downstream of the single wind turbine,
while employing the recommended sum of squares
approach provides an acceptable approximation of the
velocity deficit behind two wind turbines considering
partial wake shadowing. Obviously, Jensen’s simple model
is unable to predict details such as the velocity peak behind
the hub, the accelerated flow alongside the wakes, or any
other inhomogeneities in the wake. However, since the
computation time of this empirical model is negligible, it
has found significant favour in the wind farm industry.

The two higher fidelity models offer a far more
concise description of the disturbed flow field behind the
single and partially shadowed turbines, but at a tremendous
increase in computational expense. It is important to note
here that the RANS determined velocity profiles presented
above are merely a snapshot at one particular instance,
carefully selected to highlight the similarities between the
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wake velocity profiles predicted by the three different
approaches. However, due to the close proximity of the two 2r
turbines with each other, the downstream turbine is - P————
operating in what is typically termed the “near wake”, WL | 'I."

where the unsteady helical trailing vortices still dominate . \ /|

the wake structure. For this reason, a thorough analysis of | N I

the downstream velocity profiles must also consider such sl | I'. { ﬁ‘. |
unsteady effects. To this end, Figure 12 shows the velocity Va / "'.; ™/ | —RANS y=30°
profile 2D downstream of WT1 at two “time steps” (as . v "-I MW " | —RANS y=90°
represented by the rotor azimuth angle ). This figure 6 ' Vi I
clearly shows the periodic nature of the fluctuations in the ' ' ' I '

wake, with an almost perfect symmetry seen between the Al \ II“\,’ S,
two velocity profiles. .
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Figure 12. RANS predicted wake velocity profiles at WT1 + 2D
p i at two “time steps” (as represented by rotor azimuth angle )
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\ ﬁ Figure 13. RANS predicted wake velocity profiles at WT2 + 2D
i | at two “time steps” (as represented by rotor azimuth angle ).
St |
£ : | SSNS Finally, the velocity contour plots produced by the two
= .._.\__ . /\ — Jonsen higher fidelity models have been included. Figure 14 (left)
er , i shows the velocity contour plots produced by the actuator
\_/ """ K} """"""" ’ disk model, while the right shows the velocity contour plots,
| with rotor surface, produced by the full unsteady RANS
‘ model.
=200 100 1] 100 200 f .
x(m] ¥ \t/
Figure 11. Velocity profiles at WT2 + 2D
Figure 13 shows the effects of the above velocity _
fluctuations on the wake profile of the downstream turbine f’: iqq
WT2. Once again, the two “time steps” are represented by # 1 j
the rotor azimuth angle . This figure clearly shows how '

the velocity fluctuations have been amplified. In other
words, even at a constant inflow velocity, the partially

shadowed turbine produces a periodically repeating ¥8 ootic Magaitude (/)

0.004 24909 4. 8000 72000 9.6000 12.000
velocity fluctuation with a 7.4 m/s amplitude at a frequency T B
of 0.6 Hz, which could severely affect the fatigue life of a  Figure 14. Velocity contour plots in actuator disk model (left) and
third turbine located further downstream.

unsteady RANS simulation (right)
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V. Conclusions

This study investigated three numerical tools of
varying degrees of fidelity to assess the comparative
effectiveness and the limitations of the three approaches in
predicting the velocity deficits in the wake behind a single
and a partially shadowed wind turbine.

In terms of total power losses, as represented by the
steady velocity profiles, the low-fidelity empirical Jensen’s
model was found to predict the velocity deficits with
reasonable accuracy compared with the two higher fidelity
approaches.

However, for the purpose of fatigue life assessment, it
is imperative that the unsteady effects be considered, and
the full unsteady RANS simulation performed in this study
showed significant velocity fluctuations are produced in the
wake of a partially shadowed turbine.

Further research should be undertaken to study the
effects of turbine spacing, to see whether the turbulent
mixing that accompanies a greater distance between
turbines might reduce the unsteady effects of the shed
helical vortices. Moreover, the effectiveness of unsteady
“actuator line” models should also be investigated.
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