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Deliverable abstract
Description of task 2.3: LES-Park will be developed in OpenFoam. The wind flow in the wind park will be
estimated using large eddy simulation technique (LES) technique, while the influence of the blades on the
flow field will be approximated by the Actuator Line Model (ALM). Existing ALM will be improved to
account for the nacelle and tower effects. A filter-based model will be designed to overcome shortcoming
associated with existing turbulence model. In filter-based model, transport equations for sub filter energy
and sub filter dissipation rate will be modelled and for turbulent eddy viscosity exponential relaxation
function will be solved. The dissipation model based on macroscopic turbulent length scale will be
implemented. The model equations will be solved in OpenFoam architecture. UPWARDS LES-Park model
will be based on improved ALM and filter-based turbulence model. The LES-Park will be verified against
field data for Offshore wind Park (i.e. Lillgrund).
A full CFD method (resolving wind turbines on the grid scales), methods are computationally demanding
and almost impossible to apply in the design and optimization of wind farms and park control. To overcome
these challenges, a method based on combing CFD and BEM has been developed [1–4]. In this coupled
method, the wind turbines are not resolved on the grid, but the effect of turbines on the flow field is modelled
and this effect is modelled either using the actuator disk method (ADM) or actuator line method (ALM).
However, both ALM and ADM are unable to resolve the detailed geometrical features of turbine blades on
a mesh. To alleviate this problem an improved ALM approach, Actuator Surface Models (ASM) for turbine
blades, which take into account more geometrical details have been studied. In the present study, the ASM
approach has been implemented in OpenFom. The effect of tower and nacelle is also included in the wind
farm simulations. The loads on each surface of the turbine are estimated using the Blade Element Method
(BEM). The model is validated with available literature data and preliminary results are presented here.
Filter-based turbulence model developed by SINTEF have been implemented and tested. The work have
been already presented at Deepwind conference at Trondheim Norway.
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1. Introduction
European commission target to reach carbon-neutral society by 2050 requires tremendous efforts.
The electricity production from renewable is one of the best alternatives to reach that target. Offshore
wind energy is one the fastest growing source of renewable electricity generation in Europe and
according to the International Energy Agency (IEA), the offshore wind could become the number one
source of power generation in Europe by 2040. This represents many jobs creation by the global wind
industry. However, a number of economic, technical, social and environmental aspects inhibit the
development of wind parks. In some cases, the costs of wind turbines may be prohibitive and the
design of large wind turbines needs to be optimized in terms of material use and reliability, while in
other cases the siting of wind turbines may interfere with environmental functions, such as landscape
preservation. Improved predictive tools are very important for park-layout optimization and the power
produced by a wind turbine placed inside an offshore wind park among other parameters depends on
the approaching wind. However, the wind approaching on the downstream turbines is influenced by
the neighbouring turbines. If the downstream turbine is in the shadow of other wind turbine then the
approaching wind on the downstream wind turbine will be with reduced wind speed and increased
turbulence. The reduced wind speed with increased turbulence affects the wake propagation of source
turbine which affects the power and the loading of the target wind turbine.
The wake is classified into two categories near wake and far wake. The near wake is the area
just behind the turbine rotor which is approximately up to one to three rotor diameters downstream.
The near wake region, dominated by intense turbulence, mainly depends on a type of turbine, number
of blades, aerodynamic shape of the blades and dimensions of turbine blades. The far wake region is
a region beyond the near wake. The near wake research is very turbine specific, while the far wake
research is focused on the mutual interactions of turbines and atmospherics flows, when the turbines
are placed in clusters, like wind farms [3]. The far wake influences the turbine performance including
power output and turbine loading. Therefore, the main attention should be focused on far wake
models, wake-wake interference, turbulence models etc. [1;2]. The wakes studies have been a topic
of intensive research, both experimentally and numerically during the last decades and have been
reviewed by Vermeer et al. [5].
The explicit models based on a self-similar velocity profile [6–12] provide the closed form
solution of the wake width and wake deficit and these models primarily used for the power prediction
of turbines with reasonably accuracy. These models are computationally inexpensive while
maintaining sufficient accuracy and therefore these models are preferred in industrial applications.
However, these simple wake models have some shortcomings such as they are unable to account for
wake-wake interaction resulting from multiple wind turbines in a park. In addition to this, these
models also require wind park dependent tuning of parameters. The other wake models are called
field model where flow equations are solved for estimating the flow over a wind farm.
The rapid increase in high performance computing have accelerate the use of advanced model
based on elliptic field /full CFD in which an NS equation are solved on the grid and the turbines are
modeled as a sink term in momentum equation. The wind turbines are modelled either using actuator
disk (AD) [13–17] or actuator line (AL) [18] approach. The AD approach assumes turbine rotor as a
porous medium, and AL approach resolves each blade of the turbine as a line or surface. In AL the
turbine blades are represented by lines upon which a distribution of forces acts as a function of local
incoming flow and blade geometry [1;2]. A main advantage of actuator line model is the representing
of the blades by its airfoil data that it makes the approach well suited for wake studies [10]. The
rotational effect of blades, finite blade number effect and the effect of non-uniform force distribution
in the azimuthal direction are well incorporated in ALM. However, most of the AL model employed
2-dimensional drag and lift coefficients without considering the rotational effects and these lift and
drag coefficient need to be corrected for the three-dimensional rotational effects as those proposed in
[14]. In addition to this, there are two major limitations of the standard actuator line model: i) The
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lack of an effective nacelle model. Many previous studies indicated that nacelle induced coherent
structures, as nacelle act as a bluff body, have a significant impact on turbine velocity deficit in the
near wake and also on wake meandering in the far wake. The ALM without a nacelle model unable
to accurately capture the wake meandering of turbine, and underpredicts the apparent turbulence
intensity at far wake locations. ii) A finer mesh cannot resolve more geometrical features of the
turbine blade. The results of Yang et al. [1] showed that grid-independent results cannot be obtained
when the mesh is refined in the actuator line model simulations. This is because more physics cannot
be resolved on a finer grid in the state-of-the-art actuator type models. The accuracy of the computed
results mainly depends on the parameterizations employed in actuator line models.
To overcome some of the ALM challenges, an improved ALM method so called Actuator
Surface Models (ASM) will be developed in OpenFoam framework. Many versions of ASM have
been developed [1–4]. Yang and Sotiropoulos [1] have developed a new class of actuator surface
models for turbine blade and nacelle to take into account nacelle geometry and the geometrical effect
of turbine blade. In the actuator surface model for blade, the forces are still computed using the blade
element method but are distributed on the surface formed by the foil chords at different radial
locations. In the actuator surface model for nacelle, the forces are distributed from the actual nacelle
surface with the normal force component computed in the same way as in the direct forcing immersed
boundary method and the tangential force component computed using a friction coefficient and a
reference velocity of the incoming flow. Linton et al. [2] developed a new class of ASM by
introducing a new rotor wake model to improve the prediction of the effective angle of attack along
the span and thus the prediction of the loading distribution. This wake model is designed to be applied
in varied operating conditions and environments, leading to a more realistic formation of the wake in
the CFD solution and improved prediction of the response of the rotor to an unsteady flow-field. Kim
et al. [3] suggested a new ASM based on the lifting line theory to eliminate the unexpected induced
velocity due to the circulation, as well as to estimate the span-wise and chord-wise variation of the
circulation of the blade. In addition, the method developed overcomes the need for tip-loss correction.
A fixed wing case was used to validate the proposed method according to the reference line position
and the number of chord-wise panels. In the next chapter, ASM implementation along with
theoretical background is presented.

2. ASM implementation in UPWARDS project
The approach presented by Yang and Sotiropoulos [1] have been implemented. This methodology
can simulate the flow around the turbine, including the near and the far wake. The methods developed
for modelling the wind turbine based on the actuator surface concept are capable of estimating the
near wake dynamics in much more details than the actuator line or actuator disk methods. These
methods are derived from Blade element approaches and it can be used with any flow solvers such as
CFD, potential flow, viscous/inviscid flow etc. In the current modelling approach CFD is chosen
since it can resolve the flow in much greater details than any other flow solvers. To ensure the
software are available for public release the ASM method is integrated in OpenFoam architecture and
unsteady PisoFoam solver is updated to model wind turbines. The new solver in UPWARDS project
is referred as a UPWARDS.ASM. The solver is capable of predicting the power of independent wind
turbine as well as cluster of wind turbines. The turbines are modelled as a sink term in momentum
equation and this is described by following generalized N-S equation.
$𝒊
𝝏𝝆𝒖
𝝏𝒕

+

$𝒋
𝝏𝝆 $𝒖𝒊 𝒖
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𝝏𝒑

𝝏𝝉
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𝒊

𝒋

Equation 1

Where ρ is the density, u is the flow velocity, 𝝉 is the shear stress, xi, xj are the directions, and p is the pressure.
The source term (𝑆) in the momentum equation can be estimated either by ADM, ALM or ASM. Here in the
present report, ASM approach is utilized. The nacelle and tower models are also included.
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In ASM method, the point blade forces estimated on blade surface will be transferred on the
background volume flow. The forces acting on the blade depends on the airfoil shapes, local angle of attack,
approaching wind velocities. The concept is mainly driven from Blade Element method (BEM) commonly
used in aeroelastic simulation of the wind turbines. A coupling between blade element method and CFD was
proposed by Sørensen and Shen’s [1;2]. In ASM as mentioned each blade is assumed as a surface and the
forces acting on the surface are estimated using BEM approach. Feil! Fant ikke referansekilden. shows the
geometrical representation of the wind turbine and their blades surface and the blade geometry is represented
by a surface formed by the chord lines at different radial locations of a blade. The approaching flow introduces
local forces (Lift and Drag) depending on the relative velocity, twist angle of the blade, the blade chord and
local angle of attack. In ASM, the blade is represented as a surface and the blade forces are projected on a
surface. A blade profiles section A-A' is plotted in Feil! Fant ikke referansekilden.. The fluid velocity relative
to the blade, Vrel = Vn en + (Vt - Wr ) et decomposed into a normal component Vn and a tangential component
Vt
The average local blade velocities over the blade surface is estimate using following expression

Vn =

1
u ( X ).en ds
c òc

Equation 2

Vt =

1
u ( X ).et ds
c òc

Equation 3

u( X ) = å xÎgx u( x)d h ( x - X )V ( x )

Equation 4

Where X are the grid point coordinates on the blade surface. Generally, the grid points on the actuator
surfaces do not coincide with any background nodes. A smoothed discrete delta function (i.e. the smoothed
four-point cosine function) proposed by Yang et al. [24] is employed to interpolate u (X) from the values on
the background grid

dh ( x - X ) =
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Equation 5

Where x are the coordinates of the background CFD mesh, gx is the set of background grid cells, V is the
volume of CFD mesh cell, d h is the discrete delta function.

f ( r ) is the smoothed four-point cosine function [24], which is expressed as
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Equation 6

2.5 £ r

r is distance between grid points on the blade and background volume meshes.

f ( r ) function was

employed for transferring the velocities from the background mesh onto the velocities on the blade surface and
these velocities are referred here as blade velocities. These blade velocities are used in calculating the local
angle of attack on the blade surface using following expression which depends on the normal blade velocity
(Un) and tangential blade velocity Ut and β which is the angle including the blade twist and the blade pitch.

æ

ö
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÷÷ - b
V
W
r
(
)
t
è
ø

a = tan -1 çç

Equation 7
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Based on the local angle of attack and relative velocity the lift (L) and drag (D) forces per unit span are
calculated.

1
L = CL (a ) rVrel2 C
2
1
D = CD (a ) rVrel2 C
2

Equation 8
Equation 9

Figure 1 Schematic representation of a wind turbine and approaching velocity and cross sectional view of the

blade airfoil [11;12;16]
The lift and drag forces calculated on the blade surfaces are used in calculating the forces on the blades. Both
lift and drag forces are transferred onto the volume mesh using following expression

f ( x) = -

å

X Îg X

f ( X )d h ( x - X ) A( X )

Equation 10

Where Cl(α) and CD(α) are the lift and drag forces respectively, ρ density of the air, c is the chord length of the
blade. gX is the set of the actuator surface grid cells and A is the area of the actuator surface grid cell. The
same discrete delta function as in Equation is employed. It is noted the negative sign is because that f (x)
represents the volume forces acting on the flow, while f (X) denotes the actuator surface forces

3. Actuator surface model for nacelle
Assuming the wind turbine nacelle is cylindrical body and the frontal cross section is circular, a method
proposed by Aitken et al.[19], Churchfield[20], and Wu and Porte-Agel.,[21] is implemented in OpenFoam.
The nacelle is discretized into actuator lines and the velocity is sampled at one location upstream of the nacelle.
A value of drag coefficient of nacelle is specified by the user and for this drag coefficient and velocities at
upstream location, the drag of the nacelle is computed. The drag is divided proportionally between each
actuator elements. The lift force due to nacelle is neglected. The drag force acting on each actuator element is
then projected to the flow field using the similar transfer function described in the previous section.

4. Very large eddy simulation (VLES) turbulence model
Reynolds Averaged Simulations are still preferred over large eddy simulations for modelling the industrial
turbulent flows due to lower computational demands. As we know LES requires finer meshes and hence larger
computational resources compare to the RANS. Modelling of wind parks requires a domain size of few
kilometres and grid size of many millions. Wind park modelling with LES is possible, but it is computationally
demanding and therefore for industrial application RANS is a preferred choice. However, one of the challenges
of using RANS approach is a selection of an appropriate turbulence model that can estimate reliable turbulence
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production and dissipation in wind park simulations. The most preferred turbulence models are two equation
turbulence model such as the standard k – ε model and the.
The standard k – ε model is suitable for free shear fully turbulent flows such as wind park simulations but
unable to account for adverse pressure gradients [22]. On the other hand, standard k – ω model is suitable for
flows where adverse pressure gradients dominate. Previous studies [23] have shown that two equation
turbulence models fail to predict the velocity and turbulence quantities in the near or the far wake regions of
the wind turbine and they proposed a remedy to this problem by adding a source term in the region of the
turbine in the equation for the eddy dissipation of the standard two equation model. In addition, the turbulence
dissipation also depends on the grid size and to overcome these challenges, Johansen et al. [24] proposed a
grid independent turbulence model. In the proposed work, existing k-epsilon model is modified to account for
the grid variation and a model developed by Johansen et al. [24] is implemented. The model developed by
Johansen et al. [24] applies a top-hat filter to the momentum equations to filter the turbulent structures with
the physical extent above a given filter size. The turbulence scales below the filter size hereafter referred as
"sub filter turbulence" is accounted for by solving the transport equations for the turbulent kinetic energy and
dissipation. The turbulent stresses due to the sub filter flow are modelled similar to a RANS. But, the
turbulence stresses, in addition to turbulent kinetic energy and dissipation, depends on the filter length scale.
In this way, the model dynamically resolves the larger flow structures responsible for mixing, dispersion and
momentum exchange. One major advantage with this approach, compared to standard RANS modelling, is
that gravity effects due to density gradients (buoyancy, thermal or compositional stratification) is well
represented by the resolved model and thereby makes the model less vulnerable to the accuracy of closures for
these specific effects [25]. The sub-filter stresses are constructed directly by using the filter size and the
conventional turbulence closure. The filter is decoupled from the grid, making it possible to obtain grid
independent solutions with a fixed filter scale. The turbulence model is known as a VLES (very large eddy
scale) model and has later been adopted by others, e.g. Labois and Lakehal [26], Olsen et al.[25], and Panjwani
and Olsen [27] The model has been validated against experiments on e.g. vortex shedding behind cylinders
[24], flow across a tube bundle[26], large scale particle plumes[25], and dust flow distribution inside the room
[27]. Here is a brief description of the model,
Sub filter turbulence fluctuations uD¢ are given by [24,25]

uD¢ = p -1/3 CK1/2 ÚD1/3D1/3

Equation 11

Where, D is filter size, ÚD is sub filter turbulence dissipation, C K is model constant. The sub filter turbulence
viscosity depends on the length and velocity scale and it is given by the following equation

n t = uD¢ × lt

Equation 12

where lt is the turbulent length scale, and by acknowledging that the largest effective length scale is limited by
the effective length scale of the sub-filter model. For a k - Úmodel the length scale is leff
3
4

leff = Cµ k 3/2Ú-1

Equation 13

with Cµ = 0.09 for the standard k - Úmodel [28]. Combining equations (12) and (13) lead to the following
expression for the kinematic turbulent viscosity

n t = Cµ

kD2
× MIN
D

é
DD ù
ê1 ; C 3/2 ú
kD û
ë

Equation 14

A major difference between the standard k - Úmodel and VLES model is viscosity estimation. In k - Úmodel,
the viscosity does not depend on the grid size but the VLES model accounts for grid size which makes suitable
for obtaining the grid independent results. The turbulent viscosity is given by the sub-filter model if the filter
size is larger the turbulent scale based on the standard k - Úmodel. In order to apply the VLES model in
OpenFoam modelling framework an expression for the sub filter eddy time scale is required t eD , which
depends on the eddy viscosity and sub filter turbulence fluctuation.
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te =
D

uD¢ 2

Equation 15

nt

By combining Equations (14}) and (15}) we can express the sub filter eddy time scale by

te =
D

é
k
DD ù
3 nt 3
= Cµ D × MIN ê1; C 3/2
ú
2 kD 2
D
kD û
ë

Equation 16

The subindex D in the above equation indicates that both the kinetic energy and dissipation is based on the
turbulent energy residing within the length scales of the filter. More details and full derivation of the VLES
model is provided by Johansen and shyy [24] . A further extension was done by Olsen et.al. [25]. The subgrid
scale turbulence needs to be modelled similar to the LES model. However, the subgrid model is based on the
k - Ú model which allows for coarser grids than the traditional LES models. In the VLES model, the turbulent
viscosity becomes

µt = rCµ

é CD ù
MIN ê1; 3/2e ú
e
ë k û

k2

Equation 17

Turbulence model implementation
A new turbulence model VLES has been implemented in OpenFoam, the new turbulence model is an extension
of existing k - Ú. The details of the implementation can be found in OpenFoam software

5. Implementation in OpenFoam
A code UPWARDS.ASM extended from PisoFoam is developed. This is achieved by adding a sink term in
momentum equation. The momentum sink term is based on the SOWFA code [11;12] philosophy and the
SOWFA code has been simplified to include actuator surface model. Equation Feil! Fant ikke
referansekilden. shows the OpenFoam representation of N-S equation where momentum sink is represented
by BodyForce, which is computed with different approaches as explained earlier.
fvVectorMatrix UEqn
(
fvm::ddt(U) + fvm::div(phi, U) + turbulence->divDevReff(U)-fvc::grad(p)-BodyForce)

Equation 18

)

In AD, the major input to the model are thrust/power curve, tip and hub radius, wind direction and location of
the wind turbine. In Simple actuator line model, the input parameters are turbine location, airfoil aerodynamic
data, hub and tip radius, base location, turbine height, rotational speed and direction. The major outputs we get
are the forces, torque, power etc. on each turbine and total power output of the wind farms. The advanced AL
model is derived from the SOWFA code [11;12], the input and output are same as SOWFA code
A new turbulence model VLES has been implemented in OpenFoam. To implement VLES model existing kepsilon library was modified by adding a filter function from Large Eddy Simulation library.

6. Validation-1: Validation of a single turbine
The first validation was done by performing the CFD simulation of a single wind turbine. In this study CFD
simulation of a single siemens wind turbine 2.3 MW have been performed. The UPWARDS.ASM requires
detailed description of wind turbine which includes aerofoil properties of wind turbine blades, control system,
nacelle, and tower data. SWT-2.3 is a propriety of Siemens wind turbine and difficult to obtain the wind turbine
data and to overcome this challenge, NREL has developed a generic 2.3MW wind turbine hereafter referred
as NREL 2.3MW wind turbine. The NREL 2.3MW has been designed in a such way that the performance of
this turbine (power and thrust of wind as a function of incoming velocity) matches well with the SWT 2.3MW.
The NREL 2.3MW wind turbine is a conventional three-blade upwind variable-speed variable-blade pitch-
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controlled turbine. Its rotor diameter is about 93 m and the hub height is 63 m. The rated wind speed is 11.4
m/s. The rated rotor speed is 12.1 rpm and the rated power is 2.3 MW.
The UPWARD.ASM model have been verified by performing a CFD simulations of a single NREL
2.3-MW wind turbine. CFD simulation requires a computational domain consisting of a single turbine with
appropriate volume mesh and boundary conditions. Total five simulations at different speeds have been carried
out and these wind speeds are set as 6 m/s, 7 m/s, 8 m/s, 9 m/s and 10 m/s, respectively. The wind turbine is
placed in a domain of 1800 m x 800 m x 300 m as shown in Figure 2 .

Figure 2: Computational domain used for NREL 2.3 MW wind turbine
Mesh is generated by blockMesh and snappyHexMesh in OpenFOAM. In the BlockMesh, initial mesh
150x120x60 was selected. Then the mesh around the wind turbine was refined using snappyHexMesh. The
final mesh used in the simulations are shown in Figure. The inflow and outflow boundary conditions of
velocity (U) are set by the fixedValue and inletOutlet, respectively, and zeroGradient and fixedValue are used
correspondingly for the pressure (p). All other boundaries are defined as the slip boundary. The Reynoldsaveraged Navier-Stokes (RANS) equations using the VLES turbulence model are considered in this model.
Besides, the time-step size is set corresponding to a blade rotation of 1 degree and the data is saved every fivetime steps. To obtain a relatively stable state, the simulation is calculated for 20 revolutions of the wind turbine.
The Glauert model is chosen as the tip loss model. The results obtain using UPWARD.ASM is shown in the
Figure 3. The rotor power estimated at different wind speed is compared with the NREL data and the
comparison is quite satisfactory. This validation was needed to ensure the model consistencies and to ensure
that the input-output behaviour of model is in align with the other literature data.

Figure 3: The power of the NREL 2.3MW wind turbine as a function of wind velocity
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7. Validation-2: Lillgrund validation
After validating UPWARD.ASM for a single turbine, the objective was to verify with Lillgrund wind
farms as mentioned in the Task 2.4. The simulated wind farm is Lillgrund offshore wind farm [29] operated
by Vattenfall Vindkraft AB. Lillgrund is located in the Öresund, a body of water between Copenhagen,
Denmark and Malmö, Sweden. Lillgrund offshore wind farm contain 48 Siemens SWT-2.3-93 three-bladed,
upwind, horizontal-axis turbines [30] each with a rated power production of 2.3 MW, a rotor diameter of 93
m, and a rotor hub height of 65 m. Figure 4 show the plan view of the distribution of the wind turbine in the
farm. The position of wind turbine is given in report from Jeppersson et al [29]. In our modelling the case set
up was taken from SOWFA [30,31]. For ease on applying the boundary condition the computational domain
was rotated along the wind direction as shown in Figure 4

(a) Un-rotated

(b)

Rotated

Figure 4: The plan view of the distribution of the wind turbine in the farm
Modelling of a wind park for a different wind direction is challenging task due to the fact that the yaw position
of wind turbines changes with wind direction. In the present simulation, the computational domain is rotated
to align with wind direction.
8.1 Computation Domain and Boundary condition
The computation domain used for the study is 5000 x 5000 x 400 m in axial, lateral and vertical direction
respectively. Meshes are generated by blockMesh and snappyHexMesh in OpenFOAM. In the BlockMesh
initial mesh 150x150x76 was selected and the corresponding 3D mesh is shown in Figure 5.

Figure 5: Three-dimensional grid of the computational domain
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The mesh near to the wind turbine was refined using snappyHexMesh (see Figure 6). The total number of
mesh points in these simulations were around 5 million meshes. The wind-wave interaction plays major role
while modelling the offshore wind turbines. The sea surface waves are not modelled explicitly. Water surface
is assumed as a flat surface without any roughness. A no-slip boundary condition is used on the bottom water
surface. On the sides and top surface of computational domain free slip boundary condition is applied. At exit
of the computational domain outlet boundary condition is used.

Figure 6: The grid in the turbine hub plane
One of the targets of this study was to evaluate the model by comparing the power production of the wind
turbine. Our simulations are compared to the production data (presented by Dahlberg [32] ) and LES simulation
data (SOWFA solver [31]). Figure 7-Figure 12 show the power produced by each turbine normalized by the
power of the corresponding of the first turbine of the row. The power prediction with UPWARDS.ASM is
underpredicted compare to the SOWFA data specially for the second turbine. The reasons for this discrepancy
was the choice of turbulence model and the mesh size. The current simulations were performed using 5 million
cells on 12 processors compare to the SOWFA simulations in which 300 million cells on 4200 processors were
used. In addition to this, the current simulations were performed using k-epsilon model which underpredicts
the turbulence dissipation leading to the reduced wake mixing. We expected to see improvements in the result
by using a fine mesh and also VLES turbulence model. However, these simulations are computationally
demanding and are not performed yet, but these simulations will be repeated, and the results will be presented
in a Journal. The UPWARDS.ASM is able to predict the effect of turbine distance on the velocity deficit and
hence on power production as shown in Figure 11 and Figure 12. The distance between turbine 27 and 28 in
row E and 34 and 35 in row F is 6.6D compared to the 3.3D distance between next two turbines.

Figure 7 Normalized power of the wind turbines in row A for 221 wind direction
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Figure 8 Normalized power of the wind turbines in row B for 221 wind direction

Figure 9 Normalized power of the wind turbines in row C for 221 wind direction

Figure 10 Normalized power of the wind turbines in row D for 221 wind direction
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Figure 11 Normalized power of the wind turbines in row E for 221 wind direction

Figure 12 Normalized power of the wind turbines in row F for 221 wind direction

8. Wind turbine simulations using VLES model
The purpose this study is to ensure the implemented VLES model works as expected. This verification study
was performed by rerunning the single 2.3MW NREL wind turbine simulations using VLES model. The
domain size, meshes, and boundary conditions are similar to the case as described in the section 6. Here the
simulations were performed at 6, 7, 8, and 10 m/s. The power of the 2.3MW wind turbine is compared with
NREL data and shown in the Figure 13.

Figure 13: The power of the NREL 2.3MW wind turbine as a function of wind velocity
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9. Conclusions
The existing actuator line model has some challenges and to overcome those challenges an improved ALM
approach, Actuator Surface Models (ASM) for turbine blades, which take into account more geometrical
details was implemented in OpenFom. The new OpenFoam application called "UPWARDS.ASM" has been
created. The effect tower and nacelle is also included in the wind farm simulations. The model was verified
and validated with available literature data and preliminary results are presented here. Filter-based turbulence
model developed by SINTEF have been implemented and tested. The model seems to be working as expected
but there is some discrepancy in power estimation when more than two turbines are placed in a row.
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