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ABSTRACT: High-fidelity wind farm models typically employ large–eddy simulation (LES) formulations
and turbine parametrisations (e.g. actuator disc models) to resolve the turbine wakes at spatial and temporal
scales so that all flow features of engineering improtance are well–captured. Such features include the low
frequency dynamic wake meandering, which plays a key role in the fatigue loading experienced by downstream
turbines clustered in arrays. By the term ‘wind farm simulator’ (WFS) we refer to an integrated framework
which offers these capabilities and can be used as a research tool to study wake–to–wake and turbine–to–wake
interactions. In this work, we present a validation study for WInc3D, a WFS based on the powerful, sixth-order
finite-difference flow solver, incompact3d. For our validation study, we use operational scenarios from the
Horns Rev offshore wind farm. The comparison of the present model with existing supervisory control and data
acquisition (SCADA) measurements and previous LES studies shows an overall good agreement.

1 INTRODUCTION

Modern large–scale offshore wind farms consist of
multiple turbines clustered together usually in well–
structured formations (e.g. Lillgrund, Horns Rev,
Nysted). Such a clustering exhibits a number of draw-
backs during the operation of the wind farm, as some
of the downstream turbines will inevitably have to
operate within the wake of the upstream ones. A
wind turbine operating within a wake field is an issue
for two reasons. First, the apparent reduction of its
power output due to the wind speed de–acceleration
and second an increase of the fatigue loads due to
experiencing the upstream wake–laden turbulence.
Power losses due to wake effects were recently re-
ported to be in the order of 10–25 % (Barthelmie
et al. 2009, Barthelmie and Jensen 2010) while the
fatigue–related failures were reported to be around
the same levels owing to a limited understanding
of the offshore turbulence (Wang et al. 2014). With
this in mind, it is evident that a wind farm wake
model, which can predict both wake deficits and un-
steady loads on the individual turbines, with high ac-
curacy is a necessity. Existing wake models span from
empirical and semi–empirical models (Jensen 1983,
Ainslie 1988) to dynamic stochastic models (Larsen
et al. 2007) or more computationally expensive mod-

els which solve the Navier-Stokes equations to a de-
sired temporal and spatial scale. The latter category
of models is becoming more popular, as high per-
formance computing (HPC) platforms are becoming
more powerful and capable of affording larger sized
computational problems. In that respect, the use of
high–order numerical schemes and fast computational
algorithms that take advantage of modern hardware
architectures are key to further boosting the computa-
tional efficiency of the numerical algorithms.

To this day, a number of wind farm simulators
(WFS) exist which offer a number of modelling op-
tions, including modelling the ambient atmospheric
flow conditions, various turbine parametrisations (e.g.
actuator disc (AD), actuator line (AL) or actuator sur-
face (AS) models) as well as active control either on
a turbine or plant level. The ability of a WFS to ac-
curately capture complex flow dynamics of utility–
scale wind farms has been demonstrated by Church-
field et al. (2012) and Nilsson et al. (2015) for the
Lillgrund offshore wind farm, and Wu and Porté-Agel
(2015) for the Horns Rev wind farm, while a number
of other wind farm simulations have been undertaken
for theoretical wind farm layouts (Wu and Porté-Agel
2013, Chatterjee and Peet 2018) to assess the im-
pact of micro–siting (amongst other effects). More re-
cently, the idea of using a plant–level optimal control



strategy with large–eddy simulations was proposed by
(Munters and Meyers 2017). They found that the op-
timal control strategy (cooperative) yielded a cumu-
lative 16% increase for the power output compared
to the turbine–controlled (greedy) case. These studies
and other similar works which grow in number show
the potential of wind farm simulators to become a use-
ful tool in providing high–fidelity data for design and
control purposes.

In this work, we present a validation for WInc3D, an
open–source wind farm simulator based on higher–
order finite–difference discretisation schemes. The
paper starts with a short description of the numerical
solver including the boundary conditions and wall-
stress model in section 2 and the actuator line model
and its active controller in section 3. The model vali-
dation against SCADA data and previous LES simu-
lations is presented in section 4 by considering flow
scenarios from the Horns Rev offshore wind farm. Fi-
nally, conclusions and future development directions
of the code are presented in sections 5 and 6, respec-
tively.

2 NUMERICAL SOLVER

The present numerical model solves the unsteady in-
compressible Navier–Stokes equations,
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where p(xj, t) and ui(xj, t) are the large–scale com-
ponents of the pressure and velocity fields, respec-
tively, obtained through the numerically obtained
scale separation based on the grid size ∆, and ρ
the fluid density which is taken equal to unity. The
two other right–hand side terms, −∂jτij and Fi/ρ
are the subgrid–scale (SGS) momentum flux and the
body forcing, respectively. The SGS stress tensor τij
is calculated using the standard Smagorinsky model
(Smagorinsky 1963)

τij = −2(CS∆)2|S|Sij, (3)
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is the strain rate, |S| its magnitude, CS is the
Smagorinsky constant and ∆ the grid size taken equal
to ∆ = 3

√
∆x∆y∆z. On the other hand, the body

force Fi can be considered to have a double use.
First, during the precursor simulations, Fi is given

a constant value of ρu2∗/δ, where δ is the height of
the boundary layer in order to force the atmospheric
boundary layer (ABL) to a particular condition (e.g.
to give geostrophic forcing) and secondly, during the
wind farm simulations to represent the turbine source
term. The procedure that is followed for calculating
the turbine momentum source will be discussed in
more detail in section 3. The underlying fluid solver
is build upon the open–source code incompact3d
(Laizet & Lamballais 2009) which has been applied
to a variety of problems and provides multiple options
for the numerical solver and/or the turbulence mod-
elling (e.g. DNS, explicit LES, implicit LES). The
particular numerical solver which is utilised within
WInc3D however, descritises equations (1) and (2)
with the aid of sixth–order accurate compact finite
difference schemes for the spatial derivatives and an
explicit third–order Runge–Kutta scheme for the tem-
poral ones. The solver uses a Cartesian mesh in a half-
staggered arrangement – a different mesh is used only
for pressure p – and a direct Poisson solver is used to
solve for the pressure field. The code is parallelised
with the aid of MPI and an efficient 2D pencil domain
decomposition (Laizet and Li 2011).

2.1 Boundary conditions and the rough–wall shear
stress model

The wind farm simulations are considered in a (x,
y, z) coordinate system with the y axis correspond-
ing to the vertical direction as shown in figure 1. For
the presented simulations, we will assume periodic
and inflow/outflow conditions in the x–direction for
the precursor and full simulations, respectively, peri-
odic boundary conditions for the transverse direction,
a stress-free ∂x,zui = uy = 0 for i ∈ {x, z} on the up-
per wall (lid) and a rough wall stress model on the
bottom of the domain. Here we make use of the wall
stress model of Moeng (1984) which relates the in-
stantaneous shear stresses with the plane–average and
instantaneous velocities via

τiy = −u2∗
V1/2〈ui〉1/2 + 〈V1/2〉((ui)1/2 − 〈ui〉1/2)

〈V1/2〉(〈ux〉21/2 + 〈uz〉21/2)1/2
(5)

where the subscript 1/2 denotes the value obtained at
the middle distance between the first and second grid
levels from the wall, V1/2 =

√
(ux)21/2 + (uz)21/2 being

the magnitude of the horizontal velocity at the 1/2 lo-
cation, 〈· · · 〉 a spatial average taken over the horizon-
tal plane and u∗ is the friction velocity computed at
each time step via

u∗ =
κ

ln(y1/2/y0)

√
〈ux〉21/2 + 〈uz〉21/2, (6)

where κ is the von Kármán constant and y0 the rough-
ness length scale. In addition, in order to address the
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Figure 1: Schematic representation of the computational domain.

surface layer mismatch owning to the excessive dis-
sipative action of the Smagorinsky model we make
use of the damping function proposed by Mason &
Thomson (1992),
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and choose C0 = 0.2 and n = 1. The validity of this
choice will be further discussed in the context of
the produced first and second order statistics (stream-
wise mean velocity 〈Ux〉 and turbulence intensity I).
We should also stress that on both the bottom and
top (lid) walls, the no-penetration condition is en-
forced using anti–symmetric boundary conditions for
uy, uy(−y) = −uy(y) and uy(0) = 0, by considering
ghost cells extending outside the computational do-
main. This set of boundary conditions, in combination
with a skew-symmetric formulation of the convective
term was also advocated by Xie et al. (2015) to yield
better results for a nearly-neutral atmospheric bound-
ary layer.

3 ACTUATOR LINE MODEL

In large–scale wind farm simulations, it has been a
common practice to represent the wind turbines via
low–order parametrisation models, in an attempt to
reduce the computational complexities and resources
associated with resolving the boundary layer of indi-
vidual blades. Thus, actuator disc, line or even sur-
face models have long been used and advocated as
parametrisation models for the turbine forcing term
added to the fluid solver. WInc3D utilises the actua-
tor line model (ALM) of Sørensen and Shen (2002)
and combines it with a number of additional models
(tip loss correction, dynamic stall, and dynamic tower
forcing) to account for the dynamic effects/response
of the wind turbines to unsteady loading.

3.1 Blade aerodynamics

Our particular ALM formulation involves the use of
both a standard and a dynamic procedure for calculat-
ing the blade forces. Starting with the former, the stan-
dard procedure makes use of tabulated steady state

airfoil coefficients such as the lift CL and drag CD

to calculate the forces. First the blade-element local
normal and tangential velocities (combined with the
relative velocity of the structure) un, ut are extracted
from the fluid solver and used to calculate the velocity
magnitude ur =

√
u2n + u2t and the local angle of at-

tack α= tan−1(ur/ut). The angle of attack is used by
the look-up procedure to find the corresponding aero-
dynamic coefficient (CL,CD), convert them to the re-
spective normal and tangential coefficients Cn,Ct and
use them together with the local velocity magnitude to
calculate the local blade element forces

fblade = (fn, ft) =
1

2
ρcu2r(Cnen +Ctet), (8)

where c is the local chord size and en, et are the nor-
mal and tangential unit vectors of the blade element.
In the dynamic procedure the interpolation step for
calculating the normal and tangential coefficients is
no longer needed. Instead, the coefficients are calcu-
lated by separating the aerodynamic response of the
airfoil into two phases, a pre– and a post–stall one.
The dynamic module for calculating the coefficient is
based on the dynamic stall model of Leishman and
Beddoes (1989) and its low Mach number modifica-
tion by Sheng et al. (2008). The aerodynamic coef-
ficients are calculated via an attached/separated flow
procedure and a leading–edge vortex model which are
used to approximate the dynamic stall for each indi-
vidual blade element. Further information on the dy-
namic stall model can be found in Sheng et al. (2008).
Once the coefficients have been computed, equation
(8) is subsequently used for the forces. Lastly, the cal-
culated actuator line point forces are projected to the
fluid mesh using a standard Gaussian smoothing ker-
nel:

Fi
fluid = −

Nelements∑
j=1

1

ε3π3/2
exp

[
−
(
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ε

)2]
fjblade, (9)

where dij is the distance between an actuator line
node j and the mesh node i where the forces are pro-
jected. The smoothing parameter ε is considered con-
stant and equal to ε = 2.2∆.



3.2 Active control strategy

Within WInc3D the turbines are controlled via a
closed–loop active controller using the “five-regions”
approach of Jonkman et al. (2009). The five regions:
1, 1 ½, 2, 2 ½ and 3 as shown in figure 2 below. Re-
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Figure 2: Schematic representation of the “five re-
gions” controller.

gion 1 is the control region before the cut–in speed
and the generator torque is considered to be zero and
therefore no power is extracted from the wind. Region
2 is a control region which optimises the power out-
put and it is considered to be the desirable state for
the turbine. In region 2, the generator torque is pro-
portional to the square of the filtered generator speed
TGen = K2Ω

2
Gen, where K2 is a constant calculated by

taking into account the optimum power coefficientCP

of the turbine. Finally, in region 3 the generator power
is held constant and therefore the generator torque is
inversely proportional to the filtered generator speed,
TGen =K3/ΩGen. Regions 1 ½ and 2 ½ are considered
to be linear transitions between Region 1 and 2 and
Region 2 and 3, respectively. The first is considered
so it can place a lower limit to the generator’s speed
range while the second an upper limit before enter-
ing the “rated power” region. Typically, pitch control
will be invoked in Region 3. To relate the generated
low–speed (shaft) torque, to the generator torque a
number of calculations need to be undertaken, starting
with the consideration that the produced shaft torque
is equal to

Tshaft −NGearBoxTGen = (IRotor +N2
GearBoxIGen)

dΩshaft

dt
,

(10)

where NGearBox is the high–speed to the low–speed
gear box ratio, IRotor, IGen are the moments of iner-
tia of the rotor and the generator respectively, and
Ωshaft the desired optimal low–speed rotational speed
of the wind turbine. The procedure for calculating

Ωshaft starts with an initial guess, and subsequently the
shaft and generator torques are calculated to update it.

4 SIMULATIONS OF THE HORNS REV
OFFSHORE WIND FARM

The Horns Rev offshore wind farm is located in the
Danish western coast, covering an area of approx-
imately 20 km2. The farm consists of 80 Vestas V-
80 2MW wind turbines each turbine having a rotor
diameter D = 80 m and a hub height Hhub = 70 m.
These are distributed in an 8×10 structured grid with
a basic spacing of 7 diameters as shown in figure
3. On the site, there are also three masts (M3, M6,
M7) which were used to record meteorological mea-
surements (Jensen 2004). Flow conditions in the area
are characterised by low turbulence intensity I <8%
(Barthelmie et al. 2009) and the atmospheric bound-
ary layer remains at a nearly-neutral stable condition
for the majority of the operational hours. The wind
resource is dominated by the westerly winds, partic-
ularly from the west 270° sector. The westerly wind
scenario also makes up the most interesting case sce-
nario for both the power production and mechanical
loads as the turbine spacing attains its lowest value
(7D). In this validation study, we shall consider this
flow scenario with deviations of ±1°, ±5° ±10° and
±15° and the produced normalised power predictions
will then be compared with the SCADA data pre-
sented by Barthelmie et al. (2009).
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Figure 3: Layout of the Horns Rev wind farm.

4.1 Precursor simulations

To obtain an accurate description of the inflow con-
ditions (mean velocity and turbulence intensity) that
the Horns Rev wind farm will experience, a precursor
simulation needs to be undertaken. Although precur-
sor simulations are much more computationally ex-
pensive than the alternative synthetic methods (e.g.



the Mann model, Mann (1998)), they remain a pre-
ferred option as they exhibit a number of advantages
such as the ability to maintain the large–scale streaky
flow structures near the bottom of the boundary layer
(Munters et al. 2016). Here, the precursor simulations
are undertaken in two steps. First a simulation is run
with a large time step (required by the stability con-
ditions of the underlying mesh) for the time that is
required until we obtain quasi-stationary turbulence
statistics. This requires the use of periodic (cyclic)
boundary conditions in the lateral directions (x and
z). At the end of the simulations, statistics from the
precursor simulation (1) are collected and their accu-
racy is confirmed by checking the first and second-
order statistics (mean velocity and turbulence inten-
sity). The second precursor simulation (2), is subse-
quently conducted using the final solution (velocity
and pressure fields) from the first precursor simula-
tion as an initial condition, by using exactly the same
mesh but a smaller time step which this time is de-
termined by the turbine model. This is also the time
step to be used in the wind farm simulations. During
this second precursor simulation, planes are recorded
and stored near the end of the computational domain
for a specified time period, which correspond to the
inlet planes required by the intended wind farm sim-
ulation. To minimise the number of outflow/inflow
planes, outlet planes are recorded for a shorter time
period than that of the actual wind farm simulation,
and are subsequently cycled for the rest of the simu-
lation.

In the present study we present simulations using
only part of the wind farm. Given the regularity of
the wind farm layout, one may argue that the mid-
dle 2 rows of the wind farm can be modelled alone
using periodic boundary condition in the span–wise
direction. This assumption was also made by Ivanell
(2009) and proved to be valid for the same wind farm
and flow scenarios. Hence, we consider a domain of
6160 m × 1046 m × 1120 m which corresponds to
a domain of 77D × 13.1D × 14D. For the present
simulations the domain was discretised using 616 ×
121 × 120 mesh nodes which results in a resolution
of 10 m × 8.71 m × 9.33 m. In both the precursor
and the final wind turbine simulations the boundary
layer is generated with the aid of the wall-shear stress
model discussed in section 2.1 using a friction veloc-
ity u∗ = 0.442 m s−1, a roughness length y0 = 0.05 m
and a boundary layer height δ = 500 m. The first pre-
cursor simulation was run for 200 000 time steps us-
ing a time step equal to ∆t = 0.1 s which resulted
in 5.5 h of actual time. Snapshots from the precur-
sor simulation are taken at the final time step and
shown in figure 4. The three presented snapshots cor-
respond to planes from all three directions (x, y and
z) and show the instantaneous stream-wise velocity
field. Notice, that the y–plane snapshot is taken at the
hub height of the turbines and that it clearly shows
a fully developed turbulent field and that large–scale

structures are present. From the first precursor sim-
ulation we also extract the flow statistics which are
collected during the last 100 000 time steps. These are
shown in figure 5 where it can be easily seen that the
mean–velocity profile follows the logarithmic law and
shows excellent agreement near the lower part of the
boundary layer where the wind turbines will be lo-
cated. In addition the computed turbulent intensity at
hub height is found to be equal to Ihub = 8.8% which
agrees well with the value reported by Hansen et al.
(2012). Given the good agreement of the flow statis-
tics with the reference data a second precursor sim-
ulation was run using a time step of ∆t = 0.05 s for
12 000 time steps (which equals 10 min of actual time)
and planes where recorded at a location of one rotor
diameter before the end of the domain. These planes,
are saved in order to be used as inflow conditions.

4.2 Turbine parametrisation

Information of the Vestas V-80 2MW wind turbine
is limited and the exact blade design or controller
are not fully disclosed. However, a variety of infor-
mation is available to us via the reports of Jensen
(2004) and Ilinca (2011). Amongst the known tur-
bine specification are the rotor diameter D = 80 m,
the hub height Hhub = 70 m, the airfoil profile “fam-
ilies” (NACA 63-xxx, FFA W3-xxx), the chord size
and twist angle at the tip and the root of the blade,
as well as the power and thrust coefficient curves as
a function of the wind speed. Additional information
was also found for the cut-in (4 m s−1) and cut-out
16 m s−1) operational wind speeds and rated genera-
tor speed. Despite all these, to parametrise the Ves-
tas V-80 2MW turbines we make use of a down-
scaled version of the NREL 5 MW prototype turbine
(Jonkman et al. 2009) and the available information
to calibrate the model. A similar, approach was con-
sidered by Nilsson et al. (2015) for an actuator disc
model. Nevertheless, to validate our assumed parame-
ters we present in figure 6 the model estimates for the
power production as a function of the incident wind
speed together with the available manufacturers ref-
erence data, where it is evident that the downscaling
provides an accurate description for all five “regions”
of operation.

4.3 Wind Flow Scenarios

Having established the validity of the inflow condi-
tions that the wind farm will experience as well as
of the turbine parametrisations, we proceed with ex-
amining the ability of WInc3D to predict the power
losses along a row of turbines. For that, we have se-
lected the western mean wind direction θ = 270° and
four wind sector ±1°, ±5°, ±10° and ±15°. This
scenario has been selected on the basis that in this
wind direction the turbines are set in a nearly collo-
cated layout with a horizontal spacing of 7D for the



Figure 4: Snapshots taken at the end of the precursor simulation.
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wind sectors ±1° and ±5°. These two cases corre-
spond to the largest reductions in the wake velocities
and therefore also the largest power reduction of the
downstream turbines. On the other hand, for larger
departures (e.g. ±10° or ±15°) the downstream tur-
bines are no longer exposed to the full–wake, thus
increasing their power output. This is confirmed by

the data presented in figure 7 where the normalised
power from the present model, the LES simulations
of Wu and Porté-Agel (2015) and the SCADA data
of Barthelmie et al. (2009) are plotted for each sector
and for each turbine along a row. We should notice
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Figure 7: Comparison of the normalised time–
averaged power output data. The plot includes the re-
ported SCADA data (symbols), the LES results of Wu
and Porté-Agel, 2015 (dashed lines) and the results
from the present model (solid lines).

here that the normalised power in our calculations is
computed by dividing the time–averaged power out-
put of each turbine with the time–averaged power out-



put of the front turbine and then taking the average of
the two simulated rows. The present simulations agree
well with both the SCADA data and other LES sim-
ulations as shown in figure 7. More specifically, both
the present LES results and those of Wu and Porté-
Agel (2015) exhibit larger discrepancies compared to
the measured data for the wind sectors of ±1° and
±5°. This disagreement can be explained by the fact
that for aligned and nearly–aligned turbines, SCADA
data are very sensitive to yaw misalignment track-
ing errors of both the nacelle sensor and the incom-
ing wind direction sensor (Wu and Porté-Agel 2015).
This yaw misalignment errors creates an artificially
low wake deficit and as a result overpredict the power
output along each row. This problem is an endemic
uncertainty problem of SCADA measurements (Gau-
mond et al. 2014) which renders the low angle sec-
tors an unsuitable case for validation. Nevertheless,
the present model shows good agreement with both
the previous LES results and SCADA data. In par-
ticular, our power predictions suffer from the same
problems for the near wake profiles although they ap-
pear to be able to better predict them, a feature which
might be attributed to the superiority of the actuator
line model to handle the near–wake field of each tur-
bine. Nevertheless, less variation between the two nu-
merical models and the SCADA data is present for the
sectors ±10° and ±15°.

5 CONCLUSIONS

In the present paper, an overview and a validation of
the newly developed open–source wind farm simu-
lator WInc3D, is presented. The code is built upon
the higher–order finite difference numerical solver
incompact3D which makes use of an efficient 2D do-
main decomposition algorithm (Laizet and Li 2011)
that allows the code to scale on up to O(105) com-
putational cores. In addition, WInc3D offers a num-
ber of build-in models, including a native actuator
line model accompanied with a “five–region” active
controller as well as a wall–stress model to simu-
late a nearly–neutral atmospheric boundary layer. The
proposed model offers an alternative tool to both the
conventional low–order WFS and the pseudo–spectral
based ones currently used in wind energy research.
This is due to the fact that the sixth–order compact
schemes provide a “spectral–like” accuracy without
the restrictions applied by the pseudo–spectral meth-
ods.

Here, we present a first attempt towards validating
WInc3D for full–size wind farm simulations. Previous
studies, have used the same code to compare the wake
predictions against wind tunnel data (Deskos et al.
2018). For the wind farm validations, we have se-
lected the Horns Rev offshore wind farm, a case for
which observed (Barthelmie et al. 2009) and numeri-
cal (Ivanell 2009, Wu and Porté-Agel 2015) data ex-
ist. From the examination of a single – although, rep-

resentative of the operational conditions – example,
we have demonstrated the ability of WInc3D to pre-
dict the power losses along a row with high–accuracy.
Discrepancies, which are found for the narrowest sec-
tors have been previously observed in the simulations
of Wu and Porté-Agel (2015) and discussed by Gau-
mond et al. (2014). It is however observed that the
present model can better estimate the power output
for all 4 sectors, a result that might be due to the use
of an enhanced actuator line model (see sub-section
3.1) compared to the actuator disc model used by Wu
and Porté-Agel (2015). In any case, the examined sce-
narios cannot be conclusive of the modelling capabil-
ities and therefore, additional simulations would be
required.

6 FUTURE WORK

The use of higher–order finite–difference schemes
and the 2D pencil domain decomposition makes
WInc3D a fast and efficient algorithm for high–fidelity
simulations of wind farms. However, a number of
modelling capabilities are still missing.

These include the introduction of thermal stratifica-
tion effects which will enable the further study of sta-
ble and convective atmospheric boundary layer condi-
tions. In addition, the calculations for the power pro-
duction and rotor loads of the individual turbines were
made without considering the aeroelastic response of
the turbine blades. However, given how slender the
turbine blades are as well as the existing trend for
blades to increase in length, aeroelasticity is undoubt-
edly one of the central factors affecting the perfor-
mance and fatigue loading of the individual turbines
during their lifespan. In the context of large–scale
wind farm simulations aeroelasticity was examined
by Churchfield et al. (2012) who showed that the
structural response of blades are correlated with the
dynamics of the incoming turbulent flow.

Finally, future work will also consider the intro-
duction of plant–level control for the wind farm. The
adoption of optimal plant–level control strategies has
shown to increase the overall power by more than
27% (Park and Law 2016) when data–driven optimi-
sation algorithms are used. High–fidelity numerical
solvers such as WInc3D have the ability to generate
trustworthy data which can be used to drive these op-
timisations.
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