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Onshore wind farms usually consist of numerous horizontal axis wind turbines closely
placed in clusters, and they are often cited on complex terrain. This paper proposes

a computational framework for modeling and simulation of wind flow over micro-scale
(and early meso-scale) wind farms using distributed memory, massively parallel high
performance computing platforms. The present framework uses the Reynolds Averaged
Navier–Stokes (RANS) to model the wind flow over the wind farms, as the flow is consid-
ered to be fully turbulent, isothermal and incompressible. The wind turbines installed in
the wind farm are modeled by the virtual blade model (VBM). This technique considers
the presence of a wind turbine’s rotor implicitly through momentum sources placed in
an actuator disc, yielding indirectly a pressure jump across the disk, which varies with
its radius and azimuth. The nonlinear, aerodynamic interaction between the rotor wakes
with each other and with the terrain of the wind farm is simulated by coupling the VBM
with the governing flow field equations. In this manner, an efficient parallel algorithm for
implementing the VBM was developed and integrated with parallel computational fluid
dynamics (CFD) core simulation engine. The accuracy and performance of the proposed
framework were confirmed through several test cases carried out on the IBM Blue Gene
ultra-scale supercomputer.

Keywords: Horizontal axis wind turbines; wake interactions; micro-scale wind farms;
virtual blade model; CFD modeling; high performance computing.
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1. Introduction

The world’s primary energy needs are projected to grow by 56% between 2005 and
2030, by an average annual rate of 1.8% per year [International Energy Agency
(2007)]. In the renewable energy sector, wind power represents one of the most
mature technologies. To make wind power economically feasible, it is crucial to
optimize wind energy conversion into mechanical energy. Of all the different aspects
involved, rotor aerodynamics is a key determinant for achieving this goal [Şahin
(2004)]. The operation of Wind Turbine (WT) in a wind farm unavoidably affects
the others in its vicinity due to velocity deficit and increased level of turbulence in its
wake, reducing the power output and increasing the dynamic loading on the WTs.
Wind farms are often placed as close as possible to each other in clusters because of
land use restrictions causing WT wakes to interact and contribute more to power
losses and dynamic loads. In gross energy production, the losses are estimated to
vary from 5% to more than 15% due to wakes, depending on the wind farm layout
[Sørensen et al. (2007); Zahle and Sørensen (2007); Makridis and Chick (2009)].
Thus, understanding the factors affecting wake characteristics is essential for the
optimal sitting of such wind farm, especially when its terrain is complex.

Three approaches are available to analyze the flow field within a wind farm: Field
testing, which provides accurate results at selected positions, but is highly compli-
cated and expensive; analytical and semi-empirical models, which adopt simplifying
assumptions and are thus not universally reliable; and CFD, which offers the best
alternative to direct measurements [Crespo et al. (1999); Vermeer et al. (2003);
Şahin (2004); Jimenez et al. (2007); Palma et al. (2008); Sumner et al. (2010)].

The methodology of wind resource assessment (e.g., [Troen and Petersen (1989);
Wind Resource Assessment Handbook (1997)]) has relied on a combination of field
data and software tools based on statistics and linear models (e.g., WAsP [Sand-
ström (1994)] and AVENU [Lissaman et al. (1989)]). These linear models are based
on the concept of linearized flow models originally introduced by [Jackson and Hunt
(1975); Mason and Sykes (1979)]. This practice has proved its suitability in the case
of relatively flat terrain, being able to resolve both the upwind and the flow at the
summit of isolated hills of moderate slope (e.g., [Landberg et al. (2003); Ayotte and
Hughes (2004)]). However, micro-scale (and early meso-scale) wind farms tend to be
installed in terrains of increasing complexity, where the corresponding flow struc-
ture is sophisticated, especially when wind turbines are placed very close together
in small clusters. In such situations, the linear models are not appropriate and CFD
is more useful [Palma et al. (2008)].

Research on the aerodynamics of wind turbines is fundamentally concerned not
only with the prediction of rotor performance, but also the study of its wake. For
many years, the blade element momentum theory (BEM), has been the most pop-
ular model for load and performance predictions for wind turbines [Manwell et al.
(2002); Hansen (2003); Ingram (2005); Lanzafame and Messina (2007)]. Although
the BEM method is one of the key methods used routinely in industry, a wide variety
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of advanced aerodynamic methods has been developed [Sumner et al. (2010)]. Gen-
erally, these methods range from actuator-disk (AD) models requiring the use of
tabulated airfoil data [Hansen (2003); Mikkelsen (2003)] to models based on the
solution of the full unsteady 3-D Navier–Stokes [Ekaterinaris (1997); Duque et al.
(1999); Xu and Sankar (1999); Xu and Sankar (2000); Sørensen and Michelsen
(2000); Benjanirat et al. (2003); Mandas et al. (2006)].

An extensive overview on different wake modeling methods was presented by
Crespo et al. [1999], and Vermeer et al. [2003] conducted a more up-to-date assess-
ment of the latest research on WT wakes. Most of the simple (kinematic) models,
which are commonly used, have been validated for flat terrain cases. A more recent
reviews of the different models used for wake modeling have recently been pub-
lished by Ivanel [2009] and Sanderse et al. [2011]. To reduce the computational
requirements for wake simulations, the presence of the blades is generally consid-
ered with one of three main methods; AD [Madsen (1982); Rajagopalan and Fanucci
(1985); Sørensen and Myken (1992); Masson et al. (1997); Mikkelsen (2003); Ivanell
(2009)], actuator line (AL) [Sørensen and Shen (2002); Troldborg et al. (2007);
Ivanell (2009)] and actuator surface (AS) [Dobrev et al. (2007); Sumner et al. (2010);
Sanderse et al. (2011)]. The more expensive AL and surface techniques use more
aerodynamic characteristics of the blade than the AD, and consequently they are
more accurate. However, the AD remains the most widely used method for multi-
ple wake simulations because it is easy to implement, achieves good accuracy and
consumes lower computational effort [Sumner et al. (2010)]. Although still based
on the AD model, their computation of the flow field is carried out using Euler,
Navier–Stokes or reynolds-averaged Navier–Stokes (RANS) equations, in the work
of [Masson et al. (2001); Ammara et al. (2002); Vermeer et al. (2003); Makridis and
Chick (2009)].

This work aims at computationally model the micro-scale (and early meso-scale)
wind farms using CFD techniques. The atmospheric boundary layer flow over the
wind farms is modeled using the RANS equations along with the k–ε model for
turbulence closure. The wind turbines’ rotors are implicitly considered, within the
flow field, by the virtual blade model (VBM), which was originated by Zori et al.
[1995] and Yang et al. [2000]. This model is considered one of the best choices for
modeling several wind turbines in micro-scale (or early meso-scale wind farm) from
computational cost and fidelity points of view [Sørensen and Shen (2002)]. In this
model, the rotor system is replaced by momentum sources placed in an actuator
disc, yielding indirectly a pressure jump across the disk, which varies with its radius
and azimuth. Thus, the time-averaged effects of the blades are accounted for in the
model, without them being present in the computational mesh.

The current implementation of the VBM into a general purpose CFD addresses
several shortcomings to most of the previous models. The VBM allows for the spec-
ification of rotor blades varying in twist, chord and airfoil type along the span.
The rotor forces are determined using the improved BEM theory [Lanzafame and
Messina (2007)], using airfoil lookup tables, i.e., lift and drag coefficients versus
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angle of attack, can further be specified as functions of Mach and Reynolds num-
bers, allowing both incompressible and compressible flows to be treated accurately.
Furthermore, the VBM allows many different rotors to be treated simultaneously,
thus allowing a comprehensive simulation of a wind farm. In this manner, it is
achievable to simulate the interaction between the wind turbines, in addition to the
terrain of the wind farm, irrespective of its complexity.

The overall simulation and visualization pipeline of [Hussein and El-Shishiny
(2009)] was adopted and customized as shown in Fig. 1. The solid model of the wind
farm terrain and the turbines specifications and locations are the primary inputs to
this pipeline. As the simulation problem is computationally intensive, an efficient
parallel algorithm for the proposed VBM was developed and integrated with the
Code Saturne parallel CFD solver [Archambeau et al. (2004); Code Saturne (2010)].
The IBM Blue Gene/L high performance computing (HPC) system [Blue Gene Lit-
erature (2009)] was used in this research work, as it is an ultra-scale computer, which
has been very effective in addressing these classes of challenging CFD problems with
several millions of computational mesh cells. Following this, the whole framework
is ported and optimized for EUMEDGRID e-Infrastructure to carry out real sim-
ulations, for decision-making purposes, through the grid interface provided by the
Egyptian Universities Network, the Egyptian partner in EUMEDGRID-Support
Project [EUMEDGRID-Support Project (2011)].
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Fig. 1. General simulation and visualization pipeline.
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The outline of the rest of the paper is as follows: The nature and characteristics
of the problem we intended to solve and the formulation of the model are stated
and illustrated in Sec. 2. The simulation setup is outlined in Sec. 3. The results and
discussions are presented in Sec. 4. Finally, Sec. 5 gives the conclusion of this work
and the future work directions.

2. Model Formulation

2.1. Wind flow model

The wind environment over micro-scale (and early meso-scale) wind farms is gov-
erned by the conservation laws of mass and momentum. The flow is assumed to
be three-dimensional, incompressible Newtonian fluid with constant density. Since
this work mainly deals with the prediction of the statistically steady mean flow and
turbulence in wind farm environments for situations with neutral stratification, the
RANS equations are employed considering the k–ε turbulence models [Archam-
beau et al. (2004)]. The model constants for atmospheric flow are (Cµ, σk, σε, Cε1,
Cε2) = (0.03, 1.00, 1.30, 1.21, 1.92) [Sørensen (1995)].

The bottom boundary was modeled by a rough surface [Menter (1993)]. In the
first control volume above the surface, wall laws were applied based on the rela-
tionships kwall = u2

∗/C0.5
µ and εwall = u3

∗/[κ(z + z0)], where κ = 0.40 is the von
Kármán constant, u∗ is the friction velocity and z is the distance above the surface
with characteristic roughness height z0. For inlet boundary condition, a logarithmic
boundary layer is developed with height δ = 1000 m. The turbulence kinetic energy
(k) and dissipation rate (ε) at the inlet were determined as follows [Palma et al.
(2008)]:

k =
�2
m

C0.5
µ

(
u∗
℘

)2

and ε = �2
m

(
u∗
℘

)3

(1)

where �m = min[κ(z + z0), Cµδ] and ℘ = κ(z + z0) if z ≺ δ or ℘ = δ, if z ≥ δ.
The relationship between the inflow turbulence and the terrain roughness height

can be stated as [Cabezón et al. (2009)]:

zo = zhube
−0.9895/TIin (2)

where zhub is the wind turbine-hub height and TIin is the inflow turbulence intensity
at turbine-hub height.

At the outflow boundary, constant static pressure was used [Hargreaves and
Wright (2007)]. As the top boundary was placed far away outside the boundary
layer, symmetry boundary conditions were applied to enforce a parallel flow. At the
lateral boundaries, symmetry boundary conditions were also used [Hargreaves and
Wright (2007)].

Code Saturne version 1.4 [Archambeau et al. (2004); Code Saturne (2010)] was
used in the present work as a CFD solver. The core simulation engine solves the
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turbulent RANS equations for incompressible flows with a fractional time-step
method, based on a prediction-correction algorithm for pressure/velocity coupling
and a momentum interpolation, to avoid pressure oscillations. The second order
Upwind difference scheme is used along with flux reconstruction for spatial dis-
cretization [Archambeau et al. (2004)]. The simulation requires iterating the solu-
tion of the fluid flow equations, starting from an initial guess, until it converges. In
this work, a reduction of the residuals of at least six orders of magnitude was used
as convergence criteria.

2.2. Modeling of wind turbines

For horizontal-axis wind turbines (HAWTs), the VBM models the effect of the rotor
in the flow field implicitly through source terms in the momentum equations placed
in a cone volume swept by the spinning rotor. This cone is defined by a base radius
R cos γ, where R is the blade length and γ is the coning angle of the blades as
shown in Fig. 2(a). The simulation problem requires us to address two tasks: (a)
solving the flow field of the rotor; (b) developing relations for the evaluation of the
rotor blade source terms. Here, the flow field is solved using the general purpose
CFD solver Code Saturne. Thus, we are left with the appropriate formulation and
implementation of item (b). The source terms representing the rotor, unknown
at the start of iterations, evolve as part of the solution. The blade source terms
are evaluated using the improved BEM theory [Lanzafame and Messina (2007)],
requiring the discretization of the rotor into span-wise elements. Here, we allow the
blade properties, such as chord length, c, airfoil type and twist angle, β, to vary over
the span of the blade. To calculate the blade source terms, the computed velocity
field is used to obtain the local angle of attack, α, and the Reynolds number, Re, at
each blade element. A lookup table corresponding to the considered blade section is
used to get the local cL and cD values, which are corrected for the three-dimensional

fn dA

ft dA

Anac

γ

Uref

LiftDrag

Urel

nR

tR

β

α Un

Ut

(a) Actuator disk representation of a wind
turbine.

(b) Cross-section of a blade.

Fig. 2. WT geometry.
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effects [Lanzafame and Messina (2007)]. Then, the instantaneous sectional rotor
forces can be calculated in the form:

fL,D =
1
2
ρU2

relc(r/R)cL,D(α, Re) (3)

The rotor is composed of B blades having a rotational velocity Ω. The x-axis is
defined as the turbine’s axis of rotation. The forces due to lift and drag over a blade
section at a given radial position are presented in Fig. 2(b). In the plane of the
section, the fluid velocity relative to the blade, Urel, is decomposed into a normal
component Un and a tangential component Ut.

Urel =
√

U2
n + U2

t , Un = −uin
R
i , Ut = Ωr − uit

R
i (4)

where ui is the ith fluid velocity fluid velocity component and nR
i and tRi are the

appropriate cosine directors of the unit vectors nRand tR, respectively. The geo-
metric angle of attack is generally defined according to the relationship:

α = arctan
(

Un

Ut

)
− β (5)

For the time-averaged solution, only a fraction of these forces must be considered.
Assuming constant rotational speed of the rotor, time averaging over one period is
identical to geometric averaging over an angle of 2π. Thus, the local resultant forces
per cell become:

FL,Dcell = B
∆r · r∆φ

2πr
· fL,D (6)

with r and φ being the span-wise and the azimuthal coordinates, respectively. This
generalized implementation permits the mesh topology to be either structured or
unstructured, allowing both hexahedral and prismatic elements. The above force
vector is transformed back into the flow-field reference frame. Then,


Scell = −

Fcell

Vcell
(7)

is the time-averaged local source term that has to be added to the momentum
equations. In the present work, these source terms, Eq. (7), are computed at the
corresponding mesh cells within the cone volume swept by the spinning rotor in a
fashion shown in Fig. 3. Finally, the flow-field is updated and the iterative procedure
is repeated until convergence is attained.

The BEM method can be applied only when the geometry of the blade is given.
If such information is not available, it is still possible to represent the rotor’s effect
on the flow field using the constant loading actuator disc method (ADM). In this
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Mesh cellwithin the cone volume 
(swept by the spinning rotor)
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Fig. 3. The source terms representing the turbine’s rotor.

manner, the rotor’s thrust coefficient is defined as:

CT =
T

1
2ρU2

refπR2 cos2 γ
(8)

where πR2 is the rotor area and T is the total thrust. Assuming that the rotor
is uniformly loaded, the normal and tangential components of the surfacing force
exerted by the rotor on the flow are:

fR
n =

1
2
ρU2

refCT , fR
t = 0 (9)

For a turbine facing undisturbed stream, the reference velocity Uref is evidently U∞,
but for a turbine in the wake of an upstream turbine or in complex terrain this is not
the case. Many approaches were recommended in [Sanderse et al. (2011)] to obtain
the reference velocity. In this work, an iterative procedure is used starting with
an initial value for Uref , from which the axial induction a follows, and then a new
reference velocity based on the local flow field is computed as: Uref = Ulocal/(1−a).
This procedure is repeated until convergence is achieved.

The characteristics of the flow past the nacelle depend very strongly on vari-
ous parameters such as the nacelle’s shape, and the flow’s orientation, speed and
properties. This study aims to simulate the time-averaged aerodynamic response of
the complete turbine. Therefore, the nacelle’s effects on the flow have been intro-
duced into the formulation in similar fashion to those of the rotor: The nacelle is
represented as a disk permeable surface Anac and delimited by a diameter Dnac on
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which a drag force acts upon the incoming fluid flow. The drag coefficient of bluff
bodies of shape similar to typical nacelles varies between 0.8 and 1.2 [El-Kasmi and
Masson (2008)]. Consequently, the normal surficial force exerted by the nacelle on
the flow is:

fnac
n =

1
2
ρU2

refCDnac (10)

2.3. Implementation of the Virtual Blade Model (VBM)

The VBM algorithm was designed to be integrated with any parallel CFD solver
that can be executed on a distributed computing environment and supports user
defined functions or subroutines. The VBM algorithm is comprised of two main
parts: (a) The initialization part, which is executed once at the start of computations
as described in the following steps 1–4; (b) the iterative part, which is executed
consecutively along with the iterations of the flow field solution and described in
step 5. The algorithm is executed symmetrically on every computing node involved
in the simulation process as follows:

(1) The number of the wind turbines to be simulated is stored in a user defined
integer array. Also, the locations and the geometric parameters of these wind
turbines are stored in another user defined double precision array.

(2) For the assigned computational mesh partition, the number of the local mesh
cells and their list are obtained.

(3) A search operation is performed on the assigned computational mesh partition
to find out the mesh cells, which are intersected by any of the cone volumes
that represent the wind turbines.

(4) For each of the obtained “intersected” cells, the matching-turbine index, the
cell-index and the cell-radius (the radius from the center of the matching-turbine
to the cell-center) are stored in a local lookup table. Therefore, each comput-
ing node will have its own lookup table of the corresponding cells-data to the
different matching-turbines.

(5) The following pseudo code is executed every iteration of the flow field solution
until convergence is reached (as described in Sec. 2.1).
Acquire the local lookup table of the cells-data (obtained in step4).
For each of the cells within the current lookup table

Compute the upcoming reference velocity as discussed in the previous
subsection.
If the current cell within the nacelle zone of the corresponding matching-
turbine then

Compute the normal surficial force exerted by the nacelle on the
flow.

Else

Call the user defined subroutine of the improved BEM theory [WT

index, the current cell-radius, the reference velocity of
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the current cell] to compute the induction factors (axial and
tangential) and the forces that act on the current blade element.

End If

Compute the source term components, Eq. (7), corresponding to the
current mesh cell in order to update the RHS of the different components
of the momentum equation.
Compute the current contribution to thrust force and power of the cur-
rent matching-turbine.

End For
(6) After the convergence of the flow field solution, collect and sum up all contri-

butions of thrust force and power of every WT under consideration.

In this manner, the interaction between the wind turbines and the terrain of the
farm is computed iteratively until convergence.

3. Simulation Setup

The problem under consideration is often very large, tightly-coupled, and multi-
scale. The need to transcend Moore’s law through parallel computing on clusters,
grids and scalable parallel systems has augmented in recent years. Parallel solu-
tion approaches based on parallel mesh-decomposition techniques are required to
exploit these parallel architectures for large scale CFD problems. While standard
clusters and grids can address a sub-class of these problems [Hussein and El-Shishiny
(2007)], an entire range of complex, interdisciplinary, multi-scale, turbulent flow
problems requires ultra-scalable HPC architectures. These systems are large, have
tight-coupled processors with high bandwidth and low latency interconnects as well
as an optimized message-passing library, such as message passing interface (MPI)
[Blue Gene Literature (2009)]. The IBM Blue Gene/L HPC system is used in this
research work, as it is an ultra-scale computer that has been very effective in address-
ing these classes of challenging CFD problems.

Code Saturne version 1.4 [Archambeau et al. (2004); Code Saturne (2009)] is
used in the present work as the CFD core simulation engine, which was optimized
for Blue Gene supercomputers [Fournier et al. (2011)]. On the other hand, an effi-
cient parallel method for implementing VBM was developed, as described in Sec. 2.3,
using the data structures of the Code Saturne and integrated with it as user subrou-
tines. The preprocessor components of Code Saturne were compiled to work on the
Blue Gene/L front-end machine, which is running Linux, and linked to the METIS
library as a powerful partitioning tool [METIS (2010)]. Computational meshes were
generated using Gambit 2.2.3 [Fluent (2009)] and exported in its neutral format,
which can be imported easily by Code Saturne.

The Blue Gene/L contains a single or multiple racks, and each rack has 1024
two-core-CPUs [Blue Gene Literature (2009)]. Blocks of CPUs can be requested by
users and booted in one of two modes; coprocessor mode (CO) and virtual Node
mode (VN). In CO mode, one CPU core handles all MPI and external I/O and
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the other core runs the user’s code, and the user’s code can access up to ∼500MB
RAM per task. On the other hand, in VN mode, both CPU cores handle their
own MPI and external I/O and also run the user’s code, and the user’s code can
access up to ∼244MB RAM per task. Code Saturne kernel was compiled to work on
Blue Gene/L enabling MPI-IO, and the launching script was customized to fit the
existing environment structure. In this manner, the MPIRUN command, within
the launching script, not only includes the case executable code and its parameters,
the allocated block ID, the number of utilized computing nodes, but also the mode
of operation (CO or VN).

The accuracy of the simulation environment was verified first by simulating the
flow in a 3-D diffuser with predefined inlet profiles, as one of the benchmark test
cases [Test Cases (2010)] that are described technically by Cherry et al. [2006, 2008].
The computational mesh used has 212×60×180 cells with 0.0001 < y+ < 0.00375 for
the near wall cells. The mesh preprocessing and partitioning were performed on the
Blue Gene/L front-end machine employing the METIS library [METIS (2010)] for
efficient partitioning [Fournier et al. (2011)]. The steady state solution was reached
after 10,000 iterations, and the numerical results, applying different turbulence mod-
els, were in good agreement with that of both [Cherry et al. (2008)] and [Test Cases
(2010)].

4. Results and Discussion

The wind flow over micro-scale wind farm with rough flat terrain was simulated
at the operating conditions of the Tjaereborg wind turbines installed in the farm
[Tjaereborg WT Loads (1994); Operational Data for Tjaereborg WT (1990)]. The
Tjaereborg rotor has a diameter of 61m and consists of three blades composed of
NACA 4412-43 aerofoil sections. For each blade, the chord length is 0.9 m at the
tip, increasing linearly through the blade length of 29m to 3.3m at the hub. In
addition, the blades are twisted 1

◦
per 3m, and the turbine hub height is 60m. The

tip speed is 70.7m/s and the rotor solidity is 5.9%. The inlet turbulence intensity
was set to 10% at the turbines’ hub-height. This conditions were reached by setting
the flat terrain roughness to zo = 0.003075997m according to Eq. (2) while the inlet
velocity at hub-height was set to 10m/s.

4.1. Simulation of wind over a single Tjaereborg wind turbine

installed on flat terrain micro-scale wind farm

4.1.1. Simulation results

The computational domain extended 11 turbine diameters vertically, 10 turbine
diameters laterally, 10 diameters upstream and 20 diameters downstream the tur-
bine as shown in Fig. 4(a). The computational domain was discretized in the fashion
shown in Fig. 4(b). The first computational node off the wall was placed at 0.1m,
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(a) Dimensions of the computational domain.

(b) Details of the computational mesh.

Fig. 4. Description of the computational domain, Tjaereborg WT installed on flat terrain, wind
speed at hub-height = 10 m/s.

satisfying the condition of rough wall, while the minimum grid distance in the
x-direction (before and after the turbine) was set to 0.5m.

A grid dependency study was conducted to determine the sufficient number of
points needed to represent each turbine blade and its impact on the overall mesh
size. Figure 5(a) illustrates the variation of the hub-height velocity deficit at the
rotor position (x/D = 0) and at a position (x/D = 3) downstream the turbine as
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(a) Velocity deficit. (b) Thrust and power coefficients.

Fig. 5. Grid dependency study for simulating wind over micro-scale wind farm contains a single
Tjaereborg WT, wind speed at hub-height = 10 m/s.

a function of the number of points used to represent each turbine blade and the
overall mesh size. Here, the relative error in the velocity deficit was computed with
reference to the grid independent solution. As shown, the grid-independent solution
was reached using 32 points to represent each turbine blade. This was confirmed
from the power coefficient and the thrust coefficient as shown in Fig. 5(b). The asso-
ciated overall computational mesh size was 4,46,250 mesh cells, keeping the overall
quality of the mesh. The predicted velocity deficit is in a good agreement with the
measurement-supported correlation of Glauert [Burton et al. (2001)] while the pre-
dicted power and thrust coefficients are in a good agreement with the experimental
data published in [Mikkelsen (2003)].

The axial velocity deficit downstream the rotor is computed using:

∆U = 1 −
(

Uaxial(with WT)
Uaxial(without WT)

)
. (11)

In this manner, the predicted axial velocity deficit, at hub height downstream
the rotor, using the VBM is compared to that predicted using the constant loading
ADM, Eq. (8), as shown in Fig. 6(a). The predicted velocity deficit using the VBM
(including the nacelle) deviates clearly from that predicted using constant loading
ADM. It is interesting to point out that, from this figure, the VBM predicts the
wake of the WT to be extended 8D downstream while the constant loading ADM
predicts the wake of the WT to be more than 14D. The pressure and the turbulence
intensity along the axis of the WT computed using the VBM are compared to that
predicted using the ADM as shown in Figs. 6(b) and 6(c). The ADM underestimates
both the pressure and the turbulence intensity change across the wind turbine.

The velocity profiles downstream the WT were also studied as shown in Fig. 7.
In this figure, in the near wake region up to x/D = 3, the VBM predictions clearly
deviate from that of the ADM then converge in the far wake region. It is interesting
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Fig. 6. Wind parameters in the presence of Tjaereborg WT at x/D = 0, wind speed at hub-height
= 10m/s.

to point out that the deviations between the predictions of VBM and ADM derived
mainly from considering the load variation on the WT blades, in both radius and
azimuth directions, in VBM while approximating the wind loading as a constant
along the different turbine blades in ADM. The wake region downstream the rotor is
investigated using the velocity magnitude as depicted in Fig. 8 (for the two methods
emphasizing the effect of modeling the rotor nacelle in the application of VBM).
The velocity field and the wake region are illustrated in Fig. 9, demonstrating the
size of the wake region.

The simulations were conducted to study the WT output power at different
wind speed values. Figure 10(a) shows the variation of the predicted WT power
as a function of the wind speed using VBM, in comparison with that predicted
using standalone BEM [Burton et al. (2001)] and the experimental data published
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Fig. 7. Velocity profiles downstream Tjaereborg WT, wind speed at hub-height = 10m/s.

in [Mikkelsen (2003)]. Also, the variation of the predicted power coefficient with tip
speed ratio is compared to that predicted using standalone BEM and the experi-
mental data of [Mikkelsen (2003)] as depicted in Fig. 10(b). As shown, the predicted
output power agrees well with BEM for wind speeds less than 15m/s and in good
agreement with the experimental data for the considered range of wind speeds.
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(a) Const loading. (b) Variable loading without hub.

(c) Variable loading with hub.

Fig. 8. Wake downstream Tjaereborg wind turbine, wind speed at hub-height = 10m/s.

Fig. 9. Wake structure downstream Tjaereborg turbine installed on flat terrain, wind speed at
hub-height = 10m/s.

4.1.2. Performance analysis of the integrated solver

The performance of Code Saturne “only” was studied first by simulating the flow
over the wind farm without the turbine to be the baseline for further comparisons.
This simulation was repeated using different numbers of processors, employing both
CO and VN booting modes. The computing mesh was partitioned in the preprocess-
ing phase on the Blue Gene/L front-end machine via Code Saturne preprocessor,
employing the METIS library to get the most efficient partitioning [Fournier et al.
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Fig. 10. Computed performance of Tjaereborg wind turbine.

(2011)]. For the case of using 512 processors, the minimum partition size was 846
cells and the maximum partition size was 898 cells. The median of partition sizes
was 870 and the standard deviation was 18.27, which prove the efficiency of the
decomposition process.

The local-maximum-work-memory-used was examined for each case. The local-
maximum-work-memory-used starts at 13 MB at 16 processors and declined expo-
nentially to less than 2 MB at 1,024 processors. This gives a fair comparison between
the scalability for both the CO and the VN modes, as the ceiling of the local-
maximum-work-memory-used is below the 244 MB provided in the VN mode. The
speedup of the computation was studied versus the number of processors used for
both the CO and the VN booting modes. As shown in Fig. 11(a), the speedup
exhibits ideal behavior up to 64 processors for both CO and VN modes then slightly
deviates from the ideal behavior.
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Fig. 11. Performance analysis of the CFD solver for the simulation of wind flow over flat terrain
“only.”
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To understand the observed deviation of the speedup from the ideal behavior,
the communication time was studied for various cases to investigate the influence
of increasing the number of processors on the intercommunication between them.
Generally, the VN mode exhibits less communication time than that of the CO
mode for the same number of CPUs as shown in Fig. 11(b). For both modes, the
communication time decreases as the number of the utilized processors increasing,
and the slope of these time curves also decreases. On the other hand, the trends
of the communication time deduce that the intercommunication is not the reason
of the slight deviation of the speedup from the ideal behavior. It appears that
the deviation originates from the fact that, for a specific mesh size, there is no
gain from further decomposition (as the overheads of the decomposition process and
the numerical issues balance the gain from increasing the number of the utilized
processors).

Next, the performance of the integrated CFD solver was studied for the wind over
micro-scale flat terrain wind farm containing a single “Tjaereborg” wind turbine.
The WT was simulated using the proposed VBM and the constant loading ADM.
Simulations were performed on the same computational mesh depicted in Fig. 4.
Figure 12(a) shows the speedup of the computations versus the number of the
utilized processors in the CO mode. As shown, the speedup exhibits almost similar
behavior like that of the flat terrain simulations. This proves the minimum overhead
imposed on the Code Saturne CFD solver by the VBM module. On the other hand,
the computing time per iteration was studied for the integrated CFD solver versus
the number of the utilized processors. As expected, for the cases of VBM, the
integrated solver consumes more computing time, especially at lower number of
processors used. By increasing the number of the utilized processors, the computing
time for both VBM and ADM approaches that of the flat terrain without any WT.
The speedup of the integrated CFD solver was also studied for both CO and VN
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Fig. 12. Speedup of the integrated CFD solver for the wind flow simulation over micro-scale wind
farm contains single Tjaereborg WT, wind speed at hub-height = 10m/s.
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Fig. 13. Communication time of the integrated CFD solver for the wind flow simulation over
micro-scale wind farm contains single Tjaereborg WT, wind speed at hub-height = 10m/s.

booting modes as shown in Fig. 12(b). As expected, the VN mode exhibits better
performance, as there are no extensive I/O operations, and the maximum-work
memory-used is below the ceiling value of the VN mode.

The intercommunication between the processors was studied as a function of
the communication time for the computations of wind flow over a single WT
installed on a flat terrain using both VBM and ADM, compared to that of the
wind over flat terrain only. Figure 13(a) shows the communication time versus
the number of utilized processors using the CO mode. As expected, the integrated
Code Saturne CFD solver consumes more communication time than that of the
standalone Code Saturne used to simulate the wind flow over flat terrain only. As
the number of the utilized processors increases, the communication time of the
integrated CFD solver approaches that of the standalone one. Finally, the com-
munication time of the integrated CFD solver was studied versus the number of
the utilized processors for both the CO and the VN booting modes. As shown in
Fig. 13(b), the communication time of the CO mode significantly differs from that
of the VN mode. This difference decreases as the number of processors increases and
vanishes at 512 processors. Therefore, for similar simulation cases, the VN mode is
more preferable than the CO mode at lower number of processors used.

4.2. Simulation of wind over two-rows Tjaereborg wind turbines

installed on flat terrain micro-scale wind farm

4.2.1. Simulation results

The wind over two rows of Tjaereborg wind turbines installed on flat terrain was
simulated for wind speed of 10m/s at turbines hub-height. The terrain surface
roughness was set to zo = 0.003075997m to keep the inlet hub-height turbulence
intensity at 10%. The two rows were represented by two wind turbines simulated in a
computational domain with periodic boundary conditions applied to its lateral sides.
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The two wind turbines are installed 6 diameters apart in the longitudinal direction
(x-direction) and 4 diameters apart in the lateral direction. The computational
domain extended 11 diameters vertically, 2 diameters laterally from each turbine,
10 diameters upstream from the first turbine and 20 diameters downstream the
second turbine and the computational domain was discretized in a fashion shown in
Fig. 14(a), employing the recommendations drawn from the grid dependence study
conducted in the previous subsection. The first computational node off the wall
was placed at 0.1m, satisfying the condition of rough wall, while the minimum grid
distance in the x-direction (before and after each turbine) was set to 0.5m. The
overall mesh size is 8,50,000 cells. Figure 14(b) shows cross-sectional view through
the wake of each turbine demonstrating the extension of the wake of each turbine
via velocity magnitude contours.

The axial velocity deficit, Eq. (11), for each of the two rows, at hub height, was
compared with that predicted for a single turbine, installed on flat terrain, and flat
terrain only as shown in Fig. 15(a). The predicted velocity deficit for the first row
follows that of the single turbine upstream the row and downstream the row up
to x/D = 3 then starts to deviate clearly from the single turbine. For the second

(a) Computational Mesh.

Fig. 14. Simulation of two rows Tjaereborg WTs installed on micro-scale wind farm using VBM,
wind speed at hub-height = 10m/s.
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(b) Turbines wake representation via velocity contours.

Fig. 14. (Continued )

row, the predicted velocity deficit clearly deviates from that of the single turbine
downstream the row. The pressure drop throughout both of the rows follows that
of the single turbine as shown in Fig. 15(b). The turbulence intensity for both rows
has the same velocity deficit behavior as shown in Fig. 15(c).

The velocity profiles downstream the wind turbines of the two rows were also
studied as shown in Fig. 16 compared to that of the single turbine installed on flat
terrain and flat terrain only. The profiles of the first row follow that of the single
turbine installed on the flat terrain while the profiles of the second row clearly
deviate in the near wake region up to x/D = 3.

4.2.2. Performance analysis of the integrated solver

The performance of the integrated CFD solver on the Blue Gene/L was studied
in simulating the wind flow over two-rows micro-scale wind farm installed on flat
terrain using different numbers of processors and employing the CO booting mode.
The computing mesh was partitioned in the preprocessing phase on the front-end
machine via Code Saturne preprocessor employing the METIS library, aiming at
getting the most efficient partitioning [Fournier et al. (2011)]. In case of using 512
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Fig. 15. Wind parameters in the presence of two rows Tjaereborg WTs installed on micro-scale
wind farm, wind speed at hub-height = 10m/s.
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Fig. 16. Velocity profiles downstream two rows Tjaereborg WTs installed on micro-scale wind
farm, wind speed at hub-height = 10 m/s.
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Fig. 16. (Continued )

processors, the minimum partition size was 1,611 cells while the maximum partition
size was 1,710 cells. The median was 1,661 and the standard deviation was 35.18,
which proves the efficiency of the decomposition process.

The scalability of the integrated CFD solver was studied as shown in Fig. 17(a).
The speedup of the computations was compared to that of the single wind turbine.
It is interesting to point out that increasing the number of simulated wind turbines
from one to two in addition to the overheads of applying the periodic boundary
conditions did not lead to significant change in the speedup of the integrated CFD
solver. This slight change in the speedup can be explained by studying the inter-
communication between the processors represented by the communication time as
shown in Fig. 17(b). For the current problem, the communication time is one order
of magnitude above that of the simulation of wind over a single WT installed on
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Fig. 17. Performance analysis of the integrated CFD solver for the wind flow simulation over
two-rows Tjaereborg WTs installed on micro-scale wind farm, wind speed at hub-height = 10m/s.

flat terrain. This increase in the communication time is originated from the differ-
ence in the computational mesh size and the application of the periodic boundary
condition, in addition to the application of the VBM for two turbines instead of
one.

5. Conclusions and Future Work

In this work, a computational framework for modeling and simulation of micro-
scale (and early meso-scale) wind farms was proposed. This framework was for-
mulated and implemented for the distributed memory, massively parallel high per-
formance computing platforms like IBM Blue Gene/L supercomputer. The atmo-
spheric boundary layer flow over the wind farms is modeled using the RANS equa-
tions along with the k–ε turbulence model. The wind turbines installed in the
wind farm are modeled by VBM. This model considers the presence of the wind
turbines’ rotors implicitly through the source terms in the momentum equations.
Code Saturne version 1.4 was used in the present work as the CFD simulation
engine, which was optimized for the usage of Blue Gene supercomputers. On the
other hand, an efficient parallel algorithm for implementing VBM was developed
using the data structures of the Code Saturne and integrated with it as a user sub-
routine. The accuracy and performance of the proposed framework were confirmed
through several simulations of wind over micro-scale wind farms. It is interesting to
point out that the performance of the framework is improved for larger sizes of com-
putational meshes. In addition, results showed that there is no degradation in the
performance of the CFD simulation engine due to the integration with the proposed
VBM algorithm. The proposed framework is capable of simulating micro-scale (or
early meso-scale) wind farms with several wind turbines and/or complex terrain.
The whole framework is ported and optimized to run also on a Grid computing
platform, EUMEDGRID e-Infrastructure through the grid interface provided by
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the Egyptian Universities Network, to simulate real-life cases for decision-making
purposes.

As a future work, real cases of micro-scale wind farms with complex terrain will
be simulated considering one of the hybrid RANS/large Eddy simulation (LES)
methods. On the other hand, multi-scale numerical modeling will be considered
to integrate meso-scale numerical weather prediction systems with CFD solvers
at the micro-scale level. Finally, the developed framework will be integrated with
an optimization engine to optimize the positioning of the wind turbines within a
micro-scale wind farm, in order to maximize their power.
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