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a b s t r a c t

In this paper we report the results of a workshop organised by the Delft University of Technology in 2014,
aiming at the comparison between different state-of-the-art numerical models for the simulation of
wind turbine wakes. The chosen benchmark case is a wind tunnel measurement, where stereoscopic
Particle Image Velocimetry was employed to obtain the velocity field and turbulence statistics in the near
wake of a two-bladed wind turbine model and of a porous disc, which mimics the numerical actuator
used in the simulations. Researchers have been invited to simulate the experimental case based on the
disc drag coefficient and the inflow characteristics. Four large eddy simulation (LES) codes from different
institutions and a vortex model are part of the comparison. The purpose of this benchmark is to validate
the numerical predictions of the flow field statistics in the near wake of an actuator disc, a case that is
highly relevant for full wind farm applications. The comparison has shown that, despite its extreme
simplicity, the vortex model is capable of reproducing the wake expansion and the centreline velocity
with very high accuracy. Also all tested LES models are able to predict the velocity deficit in the very near
wake well, contrary to what was expected from previous literature. However, the resolved velocity
fluctuations in the LES are below the experimentally measured values.

© 2016 Elsevier Ltd. All rights reserved.
1. Introduction

In the last two decades, many new numerical wind turbine
models have been developed, with varying degrees of complexity
[27]. The ultimate challenge in computer modelling of wind farm
aerodynamics is to obtain an accurate representation of the physics
and an affordable computational cost, to enable the industrial use
of computational fluid dynamics. Most industrial codes used today
continue to rely on simplified physics and tuneable parameters,
which need to be calibrated against experimental data (if available)
or tuned according to the case [1,11,15,33]. One of the factors
influencing the performance and computational cost of a numerical
rolo).
code, is the method used for modelling the wind turbine rotor.
Various methods are available; ranging from detailed to very
simplified, the two extremes are:

- fully-resolved blade geometry with its own boundary layer,
- modelling the effect of the wind turbine as an imposed velocity
deficit.

Within these extremes, lies the moderately simple but efficient
concept of the actuator disc (AD) [34], which models the turbine as
a disc with a distribution of constant or variable body forces. As far
as the flow field simulation is concerned, usually the Navier-Stokes
equations are solved using a large eddy simulation (LES) or a steady
or unsteady Reynolds Average Navier-Stokes (RANS and U-RANS)
approach. While simple analytical models are still the standard for
industrial applications [27,33], LES has been receiving more
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attention by the wind energy community because of its ability to
resolve unsteady and anisotropic turbulent flows characterised by
large-scale structures and turbulent mixing, even though its
computational cost is high [31]. Comparison against wind tunnel
experiments can serve to validate computational models. Previous
benchmarking studies have shown that numerically reproducing
the wake of a single or two interacting wind turbines in a uniform
inflow is a complicated task, despite the simplicity of the set-up
(see the Blind Test 1 workshop in Refs. [17,18] and in the Blind
Test 2 workshop in Ref. [27].

In this article, the results of the benchmark test organised in
2014 by the Delft University of Technology (TUDelft), the
Netherlands, are reported. The purpose of this benchmark is to
evaluate the accuracy and reliability of state-of-the-art numerical
models in the near wake of a single actuator disc, a case that is
highly relevant for modelling the flow behind wind turbines. In
fact, it is known from literature that the AD concept often fails at
reproducing the effects of flow turbulence, due to the absence of
the blade tip vortices and their eventual breakdown [20]. In this
regard, [33] emphasises the importance reducing the inaccuracy of
the AD model within the wake spanning 5 rotor diameters down-
stream of the turbine, while stating that including rotational effects
can visibly improve the model's performance. The experiments of
[20]; however, have demonstrated that the actuator disc concept,
should in principle, be able to reproduce with acceptable accuracy,
the turbulent flow in the near wake. Comparison between LES and
wind tunnel experiments by Ref. [38] revealed that the flow profiles
behind turbines in a very large wind farm are reasonably well
predicted when an actuator disc method is used, especially for
turbines from the second row on. With the increased demands on
utilization of available wind-farm space, the limitation to large
downstream distances is no longer acceptable for many engineer-
ing applications. For example, in the Lillgrund off-shore wind farm,
the turbines are separated by 3.3e4.3 diameters [13], while at the
Horns Rev off-shore wind farm, the spacing is 7 diameters [5]. It is
therefore crucial that numerical codes can resolve the near wake of
wind turbines. In fact, the inability to correctly resolve the flow in
the near wake of the turbines in the first row, has been identified as
factor that influences the accuracy of power predictions for the
rows that follow, as the incoming flow develops from an atmo-
spheric boundary layer to a wind farm canopy boundary layer [32].
There a rich literature on the numerical simulation of the far wake
and several benchmarks have been organised; e.g. the IEA project
Wakebench was entirely focussed on the validation of numerical
models for the far wake simulation [32]. However, currently a high-
resolution validation of the performance of CFD codes in the pre-
diction of the turbulent flow in the near wake an actuator disc is not
available, in part due to a lack of high-quality experimental data for
such a flow. For our validation study, we rely on the high-resolution
measurements reported by Refs. [20]; with a stereoscopic particle
image velocimetry (SPIV) analysis of the turbulent flow in the near
wake of a porous disc (emulation of the numerical actuator disc)
and a two-bladed wind turbine under the same operating condi-
tions in two separate experiments. The experimental campaignwas
conducted in the large Open Jet Facility (OJF) at the Delft University
of Technology: the experiments offered the rare opportunity to
compare the wake of a wind turbine to the one of an actuator disc
model directly in the wind tunnel under the same conditions. The
double set of experimental wake data, in both theWTand ADwake,
allows to compare the results of the actuator disc numerical sim-
ulations with both a real wind turbine and an actuator disc physical
reproduction. Our benchmark pivots on a set of LES codes, which
are often considered, despite recent blind test [27] results, to be the
most accurate numerical models. The benchmark also includes
comparisons with a vortex model, which unlike LES, offers a
simpler inviscid, representation of the flow. Researchers with a
suitable LES code were invited to simulate the experimental case
using as input the known disc and turbine drag coefficient, the
inflow characteristics, as well as the boundary conditions of the
wind tunnel test. The challenge for the participants was to select
the best LES turbulence sub-grid model, setting up the optimum
numerical grid, and choosing the best model parameters in order to
optimize their results. The high quality and reproducible experi-
mental data were subsequently used to evaluate the performance
of the different calculations.
2. Method

The experiments of [20] have been used as test case for
benchmarking LES and a vortex model. In the above-mentioned
study, two experimental campaigns were performed for
providing a thorough analysis of the near-wake turbulent flow of a
wind turbine (WT) and a porous disc emulating the AD numerical
model. The turbulent velocity field in the wake was measured with
a SPIV setup. The AD was reproduced with a porous disc manu-
factured to match the diameter and drag coefficient of the WT
model. The WT wake analysis was conducted in presence of an
instability of the tip-vortex helical structure, the so-called leap-
frogging, a critical near-wake feature that determines a disconti-
nuity in the development of turbulence. This phenomenon cannot
be reproduced with the AD model and as such constitutes a major
difference between the AD and the WT.

As mentioned in Section 1, this study comprises a set of LES
codes and a simple vortex code. Five institutions participated in this
study: the Technical University of Denmark, the Johns Hopkins
University, the Energy research Centre of the Netherlands and the
Catholic University of Leuven, each with their in-house LES code
and the Delft University of Technology with its in-house vortex
model. The study and subsequent validation focusses on:

- the comparison of the time-averaged axial velocity field and the
wake's expansion;

- the comparison of the turbulence intensity in the wake;
- an accompanying grid convergence study of the LES codes.

The wake expansion is theoretically calculated as the width of
the stream-tube encompassing the edge of the disc. Due to limi-
tations in the data acquisition system, it was not possible to
calculate the coordinates of the stream-tube in the flow field
measured with stereo PIV. For this reason and consistent with the
definition in Refs. [20]; the wake-width is defined as the locus of
the points where the flow reaches 99% of the inflow velocity. The
turbulence intensity TI is calculated as in Ref. [19] and shown in Eq.
(1):

TI ¼ 1
U∞

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1
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where U∞ is the inflow velocity, the index i refers to the direction
and is i ¼ 1,2,3 respectively for the x-, y- and z-direction (axial,
radial and out-of-plane, see Fig. 1 for a complete representation of
the reference system) and the quantity u0iu

0
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Reynolds stresses calculated as in Eq. (2)
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with N being the number of samples, tk the sampling time and ui



Fig. 1. Flow-field measurement configuration (from Ref. [20].
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the time-average velocity in the ith-direction. The quantities to be
compared are sampled as profiles along the y-direction (radial) at
five downstream locations. Each location is chosen on the basis of
particular flow features of the WT wake. The first location is at x/
D ¼ 0.1 immediately behind the turbine (or the AD); the second
location at x/D ¼ 0.7 in the near wake, is where the tip-vortices (in
case of the WT) are stable; the third location at x/D ¼ 1.1, right
before the leapfrogging; the fourth location at x/D ¼ 1.8, is during
the leapfrogging process and the last location at x/D ¼ 2.2 can be
considered as the start of the intermediate wake region.

The input information to be used by the participants for their
simulation was:

- inflow velocity;
- inflow turbulence intensity;
- diameter of the disc;
- drag coefficient of the disc (constantly loaded).

For both the time-average axial velocity and the turbulence in-
tensity, the discrepancy d between the numerical and experimental
results is calculated as in Eq. (3)

du ¼ abs
�
ui;LES � ui;AD

�
ui;AD

dTI ¼
abs

�
TILES � TIAD

�

TIAD
(3)

It must be acknowledged that the experiments and numerical
simulations represent two different situations: in the experiments,
the porous disc introduces small-scale turbulence which quickly
dissipates into heat, whereas in simulations, a body force is
Table 1
Experimental parameters (from Ref. [20].

Parameters

Free-stream velocity U∞

Free-stream turbulence intensity TI∞
Rotational frequency y

Reynolds number (diameter based) ReD
Thrust coefficient (balance measurements) Ct
Tip speed ratio l
introduced in the flow, representing the thrust force applied by the
WT. The small-scale turbulence present in the experiments is not
modelled in the numerical simulations.
3. Experimental test case

This section contains basic information on the experimental
test-case, details onwhich can be found in Refs. [19] and [20]. In the
experiments, a scaled model of a two-blade wind turbine and an
actuator disc model with the same diameter and drag coefficient
were used. Scaling issues must be correctly handled for a consistent
comparison between a real turbine and the experiments. However,
a complete Reynolds number similarity is often impossible to
achieve [27]. A typical tip-chord-based Reynolds number of a full-
scale turbine at the blade tip is of the order of 106, whereas for a
scaled wind tunnel model this number varies between 104 and 105

[19,21,23]. Since the scope of the concerned experiment was not to
emulate a full-scale turbine but to provide high quality data for the
benchmarking numerical models, the scaling issues are not very
consequential. Further, [20] demonstrate that in the present ex-
periments, the diameter-based Reynolds number is above the
critical value calculated by Ref. [10].

During the experiments, measurements were performed in the
wakes of the twomodels up to 2.2 diameters (D) downstream, with
multiple fields of view (FOV) in a horizontal plane at the hub height.
The positions of the FOVs are represented in Fig. 1, where each
squared window represents a FOV in the horizontal plane. The
darker shade between the windows shows the overlap between
two adjacent FOVs, which is 0.05 m in the axial and radial
WT AD

4.7 m/s 4.7 m/s
0.5% 0.5%
109.3 rad/s (17.4 Hz) e

188,000 188,000
0.93 0.93
6.97 e



Table 2
Computational parameters for the TUD case.

Case Number of vortex rings Specials

A 4650 e
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directions. Each FOV spans 0.297 � 0.227 m2 (0.50D � 0.39D). The
distance between the turbine and the wind tunnel exit is approx-
Fig. 2. Wind turbine (left) and porous disc (right) model [20].

Table 3
Computational grid parameters for different cases (JHU).

Case Lx � Ly � Lz Nx � Ny � Nz D ¼ (DxDyDz)1/3/D Specials

A 24D � 6D � 6D 384 � 96 � 192 0.0496 e

B 24D � 6D � 6D 512 � 128 � 256 0.0372 e

C 24D � 6D � 6D 768 � 192 � 384 0.0248 e

D 24D � 6D � 6D 512 � 128 � 512 0.0295 e

E 24D � 6D � 6D 512 � 128 � 512 0.0295 ~0.5%
F 24D � 6D � 6D 768 � 192 � 768 0.0197 e

G 24D � 6D � 6D 1024 � 256 � 1024 0.0148 e

Z 24D � 6D � 6D 192 � 48 � 96 0.0992 e
imately 1 rotor diameter (1D). For each FOV, 200 random SPIV
samples are averaged in order to obtain the time-averaged velocity
components and turbulence statistics. The velocity fields in each
FOV are combined with a simple stitching algorithm that selects
only one field in the overlapping region, without smoothing or
averaging. The experiments were conducted at a wind speed of
4.7 m/s: at this conditions, the OJF wind tunnel ensures a low
turbulence intensity of 0.5% at the measurement location [19]. In
the experiments, either the WT or the AD model was placed at a
distance of about 1 rotor diameter form the wind tunnel exit, with
its axis coinciding with the wind-tunnel nozzle axis. Table 1 sum-
marizes the most relevant experimental parameters.
Table 4
Computational grid parameters for different cases (ECN).

Case Lx � Ly � Lz Nx � Ny � Nz D ¼ (DxDyDz)1/3/D Specials

A 14D � 10D � 10D 98 � 70 � 70 0.1470 e

B 14D � 5D � 5D 98 � 70 � 70 0.0926 e

C 14D � 3D � 3D 98 � 70 � 70 0.0659 e

D 14D � 10D � 10D 98 � 70 � 70 0.1470 0.5%
E 14D � 5D � 5D 98 � 70 � 70 0.0926 0.5%
F 14D � 3D � 3D 98 � 70 � 70 0.0659 0.5%
3.1. Wind turbine model

The two-blade turbine model with a diameter of 0.6 m, was
designed and manufactured at TUDelft. The design (optimal) tip-
speed ratio is l ¼ ? R/U∞ ¼ 6. During the experiments, the tur-
bine was operated above the optimal tip-speed ratio at l ¼ 6.97
using a free-stream wind speed of U∞ ¼ 4.7 m/s and a rotational
speed of y ¼ 109.3 rad/s (see Table 1). Under these conditions, the
diameter-based Reynolds number is ReD ¼ 188,000, which is about
one order of magnitude lower than in full-scale operating condi-
tions. A six-component balance is used formeasuring the drag force
on the turbine. More information on the wind turbine design is
provided in Refs. [19] and [20]; along with the results from the
thrust measurements. The thrust coefficient is calculated as:

Ct ¼ T
0:5rAU2

∞
(4)

where T is the thrust force applied by the wind on the turbine
(measured with the balance), r is the air density and A is the rotor
area. For a tip-speed ratio l ¼ 6.97, the value is Ct ¼ 0.93. For trig-
gering the leapfrogging instability, an asymmetry in the blade pitch
angle is introduced. The blades are installed to the nacelle hubwith
a pitch-angle difference of 0.5�: this acts as a constant trigger for
thewake instability, similar to the study by Ref. [6]. The left panel of
Fig. 2 shows a picture of the wind turbine.

3.2. Porous disc model

Several methods for reproducing a “physical” actuator disc can
be found in the literature, as discussed in Ref. [20]. In the present
study, the solution proposed by Refs. [3] and [4] was chosen. Three
layers of fine metal mesh were stacked together to obtain a porous
actuator disc with a total porosity of x ¼ 32% and a drag coefficient
CD ¼ 0.93 (equal to the turbine Ct ¼ 0.93 at tip-speed ratio l¼ 6.97).
The right panel of Fig. 2 shows a picture of the porous disc.

4. Numerical models

4.1. Vortex model (TUD)

The vortex code developed at TUDelft [37] treats the flow as
incompressible and inviscid. The code solves the Euler equation for
steady flow and the continuity equation. The AD is modelled as an
infinitely thin disc placed normal to the uniform flow U∞ while



Table 5
Computational grid parameters for different cases (DTU).

Case Lx � Ly � Lz Nx � Ny � Nz D ¼ (DxDyDz)1/3/D Turbulence

A 22D � 4.43D � 4.43D 384 � 192 � 192 0.0147 e

B 22D � 4.43D � 4.43D 384 � 192 � 192 0.0147 0.5%

Fig. 3. Schematic of the computational domain (LEU).

Table 6
Computational grid parameters for different cases (LEU).

Case Lx � Ly � Lz Nx � Ny � Nz D ¼ (DxDyDz)1/3/D Turbulence

A 25D � 10D � 10D 72 � 64 � 128 0.1618 e

B 25D � 10D � 10D 144 � 128 � 256 0.0809 e

C 25D � 10D � 10D 288 � 256 � 512 0.0405 e

D 25D � 10D � 10D 72 � 64 � 128 0.1618 0.5%
E 25D � 10D � 10D 144 � 128 � 256 0.0809 0.5%
F 25D � 10D � 10D 288 � 256 � 512 0.0405 0.5%

L.E.M. Lignarolo et al. / Renewable Energy 94 (2016) 510e523514
bearing a uniform pressure jump, Dp. The disc generates a cylin-
drical vortex sheet emanating from the disc's edge, which stretches
from the disc to downwind infinity, and separates the wake from
the flow outside the cylindrical stream-tube. This wake vortex
sheet is divided in two parts:

- from the disc at x ¼ 0 up to x ¼ 30Rwake, the sheet is discretized
using 4650 vortex rings with strength Gi(xi; ri), like in the model
used by Ref. [26].

- the far wake, starting at x ¼ 30 Rwake, is a semi-infinite cylin-
drical vortex tube with constant strength and radius Rwake. An
analytical solution has been derived for the axial velocity
induced by this semi-infinite tube (see Table 2).

All flow and force properties are axisymmetric. The boundary
conditions at the vortex sheet are:

- the sheet is force free;
- the normal velocity v is zero.
Table 7
Summary of the mean LES parameters.

Code SGS Model Spatial disc

JHU Scale Dependent Dynamic model Horizontal:
Vertical: 2n

ECN Smagorinsky model 2nd order E
DTU Mixed Subgrid Scale model Convective

Other term
LEU Smagorinsky model Horizontal:

Vertical: 4t
The code solves for the vortex sheet strength and position with
an accuracy of meeting the boundary conditions of 0.5% close to the
disc edge, and <0.2% further downstream. In this paper, the vortex
model will be referred to as TUD.

4.2. JHU-LES (JHU)

The LES code developed at the Johns Hopkins University (JHU)
solves the filtered incompressible Navier-Stokes equations without
buoyancy, system rotation or other effects. The nonlinear terms are
evaluated in rotational form. A pseudo-spectral discretisation and
thus doubly periodic boundary conditions are used in the hori-
zontal directions, while a central second-order finite differencing
scheme is used in the vertical direction [2,25,28]. The deviatoric
part of the sub-grid scale stress term is modelled using an eddy-
viscosity sub-grid scale (SGS) model, employing the scale depen-
dent Lagrangian dynamic approach in conjunction with the Sma-
gorinsky model and a sharp spectral cut-off test-filter [7] in the
pseudo spectral directions. The trace of the SGS stress is combined
into the modified pressure, as is common practice in LES of
incompressible flow. A second-order accurate Adams-Bashforth
scheme is used for the time integration. A conservative time step
assuming a CFL number of 0.0625 is used in all simulations in order
to ensure accurate time integration.

The computational domain in the streamwise, spanwise, and
vertical direction is Lx � Ly � Lz ¼ 24 � 6 � 6, where the length is
normalised by the disc diameter. The centre of the actuator disc is
placed at (x,y,z) ¼ 3D, 3D, 3D, i.e. in the middle of the domain and
3D from the entrance region where the inflow condition is applied.
Simulations are performed on different grids (see details in Table 3),
up to a resolution of 1024 � 256 � 1024 grid points in the
streamwise, spanwise, and vertical directions, respectively.

In most cases the inflow is a complete uniform streamwise
inflow velocity. As a spectral method is used in the horizontal
(streamwise-spanwise) plane, a fringe method is used to impose
the inflow profile [36]. The same approach is used in the context of
the concurrent-precursor method to impose incoming turbulence,
but here a constant inflow velocity is imposed. The long streamwise
domain length is used to allow the wake to fully develop and to
assure a smooth transition from the wake solution towards the
uniform inflow in the fringe region [36]. In the spanwise (spectral)
direction periodic boundary conditions are used, while in the ver-
tical (finite difference) direction stress free boundary conditions are
applied at the bottom and the top of the domain. An area averaged
AD model [8,36] is used to compute the disc forces and a Gaussian
convolution filter is used to blend out the corresponding forces to
prevent oscillations in the flow solution. It was found that the best
retisation CFL number

Pseudo-Spectral
d order Finite Difference

0.0625

nergy Conserving Finite Volume Staggered 0.2
term: Blended 3rd order QUICK and 4th order CDS
s: 2nd order CDS
Pseudo-Spectral
h order Energy-Conserving Finite Difference

0.4



Table 8
Cases which are included in the benchmark. The terms in brackets is the grid res-
olution (D) relative to the case expressed in diameters.

Comparison Case

DTU JHU ECN LEU TUD

Laminar inflow A(0.0147D) D(0.0295D) C(0.0659D) C(0.0405D) A
Turbulent inflow B(0.0147D) E(0.0295D) F(0.0659D) F(0.0405D) A
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results were obtained when the resolution in the finite difference
direction is about 4 times finer than the spectral discretisation to
assure an equal accuracy of both methods for the mean quantities.
This ratio is similar to the 3:1 ratio normally used in other wind-
farm simulations at JHU [35].

The LES data is averaged in the spanwise (spectral) and vertical
(finite difference) direction. In this paper, themodel will be referred
to as JHU. In case, E the inflow is modulated with and added
Fig. 4. Laminar-inflow case. Time averaged axial velocity profiles from the four LES mode
discrepancy of the numerical results compared to the AD experimental data (bottom image
sinusoidal variation in time with a low frequency of 1.31 Hz to the
spanwise velocity component with a magnitude of 2% of the
incoming streamwise velocity as this is the easiest way to adjust the
inflow condition in this simulation framework. This results in a
turbulence intensity of about 0.5% in the streamwise velocity
component just upstream of the turbine. This only mimics some
effect of the turbulence intensity and using for example a Mann
spectrum [22] to generate a turbulent inflow condition with given
turbulence intensity would be more realistic.
4.3. ECNS (ECN)

The Energy-Conserving Navier-Stokes code (ECNS) uses a Finite
Volume approach on a uniform Cartesian grid based on the energy-
conserving spatial discretisation and temporal integration pro-
posed by Ref. [30]. These schemes guarantee the absence of
ls, the vortex model and the experiments with the WT and AD (top image). Relative
).



Fig. 5. Laminar-inflow case. Wake expansion from the four LES models, the vortex
model and the experiments with the WT and AD.
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numerical diffusion and ensure stability with all grid sizes and time
steps. As regards to the physics of the flow, it ensures that for an
incompressible flow under the influence of periodic or non-
penetrative boundaries, the flow kinetic energy will only reduce
through the action of molecular viscosity or in the limit of an
inviscid fluid, will remain unchanged. If this isn't compliedwith in a
discrete mathematical setting, the flow will suffer from numerical
diffusion that would spuriously reduce the energy of the flow. For
this simulation, a 2nd order accurate spatial discretisation and a 4th
order accurate explicit Runge-Kutta method for time integration
have been used. The latter is not energy conserving but incurs
negligible numerical diffusion at very small time-steps. The actu-
ator disc is modelled using volume forces introduced using an
immersed interface method [30].

The computational domain is 14D in axial direction, where D is
diameter of the actuator disc. Based on the amount of cells required
on the actuator disc, we define three domains with different
widths, in the direction along the disc span (y and z). Three grids
with different resolutions are obtained by changing the width and
the height of the domain, keeping the total number of cells un-
changed. In all cases, the length of the domain is kept the un-
changed (see Table 4). The Smagorinsky sub-grid model is used
with CS ¼ 0.17 to model the effect of the sub-grid scales. The time
step for all simulations is set conservatively at 0.001 s. The disc is
placed at 2.8D from the inflow boundary. An advantage that a Finite
Volume method offers against the more advanced pseudo-spectral
methods for LES is the easier use of non-periodic boundary con-
ditions. Thus, a smaller domain can be adopted with outflow
boundaries everywhere, instead of larger domains with periodic
boundaries. Further, the outflow boundaries in the ECNS have been
verified to not affect the upstream solution [30], which permits
reducing the domain size to increase the resolution on the disc,
while maintaining the same number of grid points.

Two sets of simulation have been performed, with both laminar
and turbulent inflows. The latter is generated with the spectrum
obtained by Ref. [16] for an isotropic homogeneous flow. With this
spectrum and Rogallo's algorithm [29], a velocity field is syn-
thesised and manipulated in spectral space to get the correct tur-
bulence intensity and turbulence kinetic energy. The final
turbulence field is generated and sampled in a precursor simulation
in a long empty domain (14D long). In this paper, the model will be
referred to as ECN.
4.4. EllipSys3D (DTU)

The simulations have been performed using EllipSys3D, which is
a 3D flow solver developed in collaboration between Technical
University of Denmark (DTU) (Michelsen,1992) and the former Risø
(Sørensen, 1995). EllipSys3D solves the discretized and incom-
pressible Navier-Stokes equations in general curvilinear co-
ordinates, where a block-structured finite volume approach is used.
Pressure correction is performed using the Pressure Implicit Split-
ting of Operators (PISO) algorithm, and pressure decoupling is
avoided by utilizing the Rhie-Chow interpolation technique. The
convective terms are discretized using a combination of the third
order Quadratic Upwind Interpolation for Convective Kinematics
(QUICK) and a fourth order central difference (CD) scheme, which
limits any numerical and unphysical wiggles from the fourth order
scheme and numerical diffusion from the third order scheme. The
LES model is the one proposed by Ta Phuoc et al. (1994). The AD is
modelled by imposing body forces (Mikkelsen, 2003), which are
applied constantly in both time and space. The body forces are
numerically smeared using a Gaussian convolution. Synthetic tur-
bulence has been generated as a so-called Mann turbulence box
(Mann,1994, 1998) and imposed upstream the actuator disc for one
of the simulations.

Two comparable simulations have been performed with uni-
form inflow. The only difference between the two simulations is the
use of Mann turbulence. Themesh consists of 256 blocks and a total
of 28 million grid points. The domain is 4.43D� 4.43D� 22D in the
spanwise (y), vertical (z), and streamwise (x) directions, respec-
tively (see Table 5). The spanwise and vertical dimensions corre-
sponds to the full cross-section of the TUDelft wind tunnel. The
rotor resolution is 68 cells per diameter, and the grid is stretched
towards the boundaries. Symmetry boundary conditions have been
applied on the transverse and vertical boundaries. In this paper, the
model will be referred to as DTU.

4.5. SP-wind (KULeuven)

The numerical simulations are performed with an in-house
pseudo-spectral Navier-Stokes solver, SP-Wind. In the current
study, the LES framework is used with the standard Smagorinsky
sub-grid scale model. In the horizontal directions, the governing
equations are discretized with a pseudo-spectral method, while in
the third direction a fourth-order energy-conservative finite-
difference scheme is used. The time integration is performed
with a fourth-order four-stage Runge-Kutta integration method.
Further, the finite domain simulations are achieved by the
employment of a fringe region in the axial direction.

The AD is modelled by adding body force terms to the mo-
mentum equations. Details of the LES framework can be found in
Ref. [8]. The model constant CS, is set to 0.14 based on a detailed
tuning study carried out by Ref. [24].

The numerical setup is shown in Fig. 3. The AD is placed in the
middle of the domain on the y-z plane having its centre five rotor
diameters away from each of the side boundaries. In the x-direction
the total domain length is kept 25D and the rotor is placed 6D
downstream of the inflow boundary. This setup produces results
that are free from the boundary and fringe region effects. In the
spectral directions, the boundary conditions are periodic while the
symmetry boundary condition is applied to the bottom and the top
boundaries. In this paper, the model will be referred to as LEU.

To be compared with the experimental data, three different grid
resolutions with two different inflow conditions are simulated. The
reference Coarse grid resolution is typical in the big wind farm
simulations. The Medium and the Fine grids are respectively two
and four times finer in all three directions compared to the coarse



Fig. 6. Laminar inflow case. Turbulence intensity profiles from the four LES models and the experiments with the WT and AD (top image). Relative discrepancy of the numerical
results compared to the AD experimental data (bottom image).
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grid. Regarding the inflow conditions, uniform and turbulent cases
are simulated. For the latter, an external synthetic turbulence [22]
generator, Tugen [14], is used to produce a turbulent flow field
with an integral length scale of turbine diameter and a turbulent
intensity of 0.5%.

4.6. Comparison of the LES codes

Table 7 summarizes the main information about the sub-grid-
scale (SGS) model and the spatial discretisation of each LES code.

In terms of numerical schemes, the pseudo-spectral codes have
higher accuracy and typically negligible or zero numerical dissi-
pation compared to Finite Volume methods [9], but on the other
hand Finite Volume methods have the advantage that they are
more flexible to adapt to complex geometries and refining the grid
around localized regions [12]. Amongst the JHU and LEU code, the
former uses a more advanced LES sub-grid model, which encom-
passes the fundamental physics of turbulent flows to a greater
extent, while the LEU code uses a higher order accuracy in the finite
differencing direction. Both codes are free from numerical dissi-
pation. Therefore, any difference between the JHU and LEU codes
can be attributed to the different SGS models they use.

On the other hand, the two Finite Volume codes, ECN and DTU,
differ in most aspects. Although the DTU uses central schemes that
are more dispersive than dissipative, the use of QUICK to stabilise
the numerical schemes may introduce artificial or numerical
dissipation leading to a premature decay of turbulence [31]. Thus,
as done in this case, the EllipSys3D is best used with very fine grids.
In contrast, the ECN code uses energy-conserving schemes and
does not incur numerical dissipation and thus can be used with
coarser grids, while providing accurate results, as we shall later
report. In short, one can assume that the three codes from JHU, LEU



Fig. 7. Turbulent-inflow case. Time averaged axial velocity profiles from the four LES models, the vortex model and the experiments with the WT and AD (top image). Relative
discrepancy of the numerical results compared to the AD experimental data (bottom image).
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and ECN, have very little numerical dissipation (even through time
integration as the time-step is very low in either case) and their
differences are governed by the LES model. As DTU code is used
with a very fine grid, we would expect minor contributions from
errors in numerical discretisation, and could possibly attribute any
major differences with respect to the other models to a different
SGS modelling approach.
5. Results

In this section, the results of the comparison among the
different simulations are shown. Two series of comparison have
been performed: comparison 1 relates to a laminar inflow and
comparison 2 relates to a turbulent inflow. Table 8 contains the
names of the different cases, which have been used for each
comparison. The compared quantities are sampled in profiles along
the y-direction (radial) at five different downstream locations. Each
location is chosen on the basis of particular flow features of theWT
wake, as explained in Section 2. The results of the LES cases are
compared with the results of the vortex model and the experi-
mental data of the WT and AD wake. Along with each profile, the
relative discrepancy between the AD results and the numerical
results is provided.
5.1. Laminar case

5.1.1. Mean velocity
Fig. 4(top) shows the comparison of the time-averaged axial

velocity profiles at five different wake locations along the stream-
wise direction obtained from the LES simulations and compared to



Fig. 8. Turbulent-inflow case. Wake expansion from the four LES models, the vortex
model and the experiments with the WT and AD.
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the results of the vortex model and the SPIV measurements.
All LES studies capture the velocity profile in the near wake

relatively well. The relative discrepancy, calculated as in Eq. (3), is
plotted in Fig. 4(bottom). At x/D¼ 0.1 near the centreline at small y/
D, the experimental data show vanishing velocity due to the wake
immediately behind the centre of the model where there is addi-
tional blockage due to the nacelle. Since none of the models include
this additional blockage, neither the reduced centreline velocity
nor its downstream development is captured by any of the models.
DTU shows the largest discrepancy in the centreline velocity pre-
diction, with differences larger than 10�1 from 1.1D. JHU, ECN and
LEU have the best prediction of the centreline velocity discrepancy
between 10�2 and 10�1 up to 1.8D. TUD is characterised by a very
good prediction of the centreline velocity both in the near and in-
termediate wake.

In the near wake the VOR is comparable to the other LESmodels,
while it performs better than ECN and LEU in the intermediate
wake at x/D > 2. For x/D > 1.1, the discrepancy is consistently lower
than that incurred by DTU. The region at 0.2 < y/D < 0.3 is affected
by some inhomogeneity in the flow, caused by the disc mesh: this
causes larger localized errors in all the models, which we ascribe to
the error in the experiments themselves. In the shear layer regions,
the discrepancy decreases slightly for DTU but for JHU increases
from 10�2 to 5$10�1. ECN decreases slightly, always of the order of
10�1. The discrepancy in LEU stays quite constant and in the last
location behaves as JHU. As expected, the largest values are shown
by the TUD results: as a matter of fact, in the shear layer region
viscosity and, in particular, turbulence play a very important role,
while the code is not modelling these aspects and predicts a very
sharp velocity gradient.

Fig. 5 compares the wake width as function of the downstream
position for the different LES cases with the vortex model results
and the PIV measurements. The most evident features are the large
under-prediction of the wake expansion by the DTUmodel, despite
it is the only one able to reproduce correctly the initial expansion at
x/D ¼ 0, and the large over-prediction by the ECN model, both by
around 7% of the actual AD wake expansion. The JHU and LEU
models give the best prediction, among the LES models, although
they do not reproduce correctly the initial expansion. In fact, the
show respectively a 10% and 14% over-prediction at x/D < 0.1.
Further downstream, the minor differences are related to the more
advanced LES model used by JHU, which is more accurate at locally
varying the Smagorinsky coefficient in the shear layer. It is
interesting to notice the striking good prediction by the TUD vortex
model: despite its inability to correctly model the shape of the
wake shear layer, it predicts the wake expansion in the near wake
with a very large accuracy.

5.1.2. Turbulence intensity
Fig. 6 (top) shows the comparison of the time-average turbu-

lence intensity profiles at five different wake locations along the
streamwise direction obtained from the LES simulations and
compared to the results of the SPIV experiments. The relative
discrepancy, calculated as in Eq. (3), is plotted in Fig. 6 (bottom).

In LES, the large-scale flow structures are resolved, while the
effect of smaller scale is represented by the sub-grid model. In this
section, the TI is representative only of the explicitly resolved tur-
bulence scales. For this reason, it is generally observed that very
close to the actuator disc, where the shear layer is still very sharp
and the relevant length scales are correspondingly small, the
resolved stresses in the LES are much lower compared to the
experimental observations than further downstream.

These effects are revealed in Fig. 6, which shows that the
resolved stresses in the simulations as function of the downstream
position develop slower than observed in the experiments. DTU
gives the best prediction in the shear layer region with discrepancy
of the order of 10�1 from the third location. However, it does not
match the peak position very well (mismatch of about 0.05D in the
radial direction) due to the smaller wake expansion. Furthermore, it
over-predicts the intensity as one moves from the shear layer to-
wards the centreline, after its peak turbulence intensity has been
attained. It is the only model that predicts a TIs 0 in the centreline
region, which is more similar to what is observed in the WT wake.
Also the JHU model shows a good prediction of the wake turbu-
lence, with discrepancy of the order of 10�1 from the fourth loca-
tion in the shear layer and a good prediction of the TI peak in the
wake shear layer.

In the laminar-inflow case, neither the ECN nor the LEU models
are capable to predict any turbulence development in the wake
shear layer. This is primarily because of the fact that both the codes
use the Smagorinsky model that is more dissipative than the others
and may thus prevent early shear layer instabilities to form. As a
result, a smaller fraction of the turbulence that originates from the
shear layer can be resolved, especially when the inflow is initially
laminar.

5.2. Turbulent case

5.2.1. Mean velocity
In the second set of simulations, the flow is perturbed with a

low-intensity (0.5%) turbulent inflow condition to give a faster
laminar-to-turbulent transition in the wake of the turbine. This
approach results in amplified turbulent intensities in all three
directions.

By looking at both the actual values and the relative discrepancy
in Fig. 7, two regions can be identified, which are characterised by
similar behaviours for nearly all numerical models: in the centre-
line region the prediction of the axial velocity worsens similarly for
all models when moving downstream, whereas in the shear layer
region the discrepancy decrease. In the inner region the discrep-
ancy increases while moving downstream in all simulations. In the
DTU simulation, the discrepancy increases quickly from the third
location becoming 4 times larger in the intermediate wake than in
the near wake region. For the JHU case, the discrepancy increases
less rapidly, mainly in the intermediate wake from the 4th location.
Not much difference with the laminar case is noted. The ECNmodel
follows roughly the same behaviour of JHU, with worse perfor-
mances in the centreline. The discrepancy in the LEU simulation



Fig. 9. Turbulent inflow case. Turbulence intensity profiles from the four LES models, the vortex model and the experiments with the WT and AD (top image). Relative discrepancy
of the numerical results compared to the AD experimental data (bottom image).
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increases slower than in the ECN's one, butmore quickly than in the
other cases: the values further downstream is equal to ECN's one
and almost two times lower than in the DTU case.

In the shear layer region, the performances of the ECN and LEU
models becomes better while moving downstream, it stays con-
stant for the DTU case, but for JHU case the discrepancy increases.
The discrepancy in the DTU simulation stays constant at about 10�2

and diffuses inboard while moving downstream. It visibly predicts
a lower wake expansion (see also Fig. 8) and a sharper shear layer.
The JHU simulation follows very well the behaviour of the AD ve-
locity profile in proximity of the disc within 1D, but then it shows a
less diffusive behaviour predicting a sharper shear layer and the
discrepancy changes from 3$10�2 to 2$10�1 in the last locations. Not
much difference is noted with respect to the laminar case. The
discrepancy in the ECN case slightly decreases further downstream,
from 3 to 5$10�1 to 2$10�1. In the LEU model, the discrepancy de-
creases considerably whilemoving downstream from 2 to 3$10�1 to
less than 10�1.

In comparison to the laminar-inflow case, the ECN model pre-
sent poorer performances with over-prediction of the velocity in
the shear layer, whereas the DTU, JHU and the LEUmodels perform
better in the turbulent-inflow case. A major change in the predic-
tion of velocity is not noticed primarily because of the low turbu-
lence in the flow. A higher inflow turbulence would have certainly
led to a faster wake recovery and different velocity profiles. JHU is
able to capture this change in inflow with its very sensitive LES
model. Between LEU and ECN, the former has a more accurate
numerical scheme and a higher grid resolution, which could lead to
the observed differences, despite a similar SGS model. Further, the
Smagorinsky model used by ECN, has not yet been tuned correctly,



Fig. 10. Grid convergence analysis: time average axial velocity profiles (the spacing D is expressed in rotor diameters).
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as opposed to that used by LEU, which has been tuned (see Section
4.5). It is possible that ECNmay incur excessive dissipation through
the Smagorinsky model than what is required, leading to error in
the shear layer characterised by higher turbulence.

Fig. 8 compares the wake width as function of the downstream
position for the different LES cases with the vortex model results
and the PIV measurements for the turbulent-inflow case. The most
evident features are the large over-prediction of the wake expan-
sion by the ECN model and the large under-prediction by the DTU
model, despite the DTU model is the only one able to represent
correctly the initial expansion as in the laminar case. Despite the
performance of the ECN model improves compared to the laminar-
inflow case (the discrepancy goes down to about 5%) the DTU
model has worse performance in the turbulent-inflow case, with an
under-prediction between 7% and 9%. The JHU and LEUmodels give
the best prediction, among the LES models, with a considerable
improvement of the LEU performance. Also in the turbulent-inflow
case, the TUD vortex model presents the best performance in the
prediction of the wake expansion.

5.2.2. Turbulence intensity
Fig. 9 shows that among all LES cases only the JHU is able to

predict the location of the peaks in the TI correctly and the peak
value as well after sufficient wake development (2D), which is
necessary to predict the wake expansion rate accurately, as seen in
Fig. 8.

DTU follows a trend similar to what was noticed with a laminar
inflow. The peak turbulence is a little displaced towards the cen-
treline as model reaches the peak value. Moreover, as the wake
develops, the intensity increases continuously towards the cen-
treline, leading to an over-prediction. The ECNmodel is shown to be
considerably less capable to correctly predict the position of the TI
peak and its magnitude, which is also reflected in the poor per-
formance shown in Fig. 8, although any spurious amplification of
the TI is controlled by the dissipative Smagorinsky model that is
used. The LEU model gives rise to a negligible production of tur-
bulence everywhere in the near wake, although the location of its
peak is predicted correctly. As numerical dissipation is not a
problem with either of the codes, one could surmise that the tur-
bulence model used by JHU, the Scale Dependent Dynamic model,
does lead to the differences in accuracy that one observes. These
differences have been observed in various comparative studies
performed earlier [28].

To summarise, it appears that DTU performs similarly for both
the laminar and turbulent cases. It allows the turbulence to develop
as opposed to ECN and LEU, but leads to its over-prediction in the
inner wake. On the other hand, the JHU performs well after adding
the turbulence. Even though the intensity of the inflow is low, its
comprehensive SGS is able to sense the turbulence and permits it to
develop, leading to an agreeable prediction.

6. Grid convergence

Johns Hopkins University, ECN and University of Leuven also
provided a grid convergence study, repeating their simulations for
difference grid spacing as indicated in Table 3, Tables 4 and 6. This
section reports the results of the 7 cases performed by JHU, the
three cases performed by ECN and three by LEU. For simplicity, only



Fig. 11. Grid convergence analysis: turbulence intensity profiles (the spacing D is expressed in rotor diameters).
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the axial velocity and total turbulence intensity profiles in the last
location, at x/D ¼ 2.2 are reported. Fig. 10 shows the results of the
grid convergence analysis of the axial velocity field. The JHU is
performed with a laminar inflow, whereas the other two cases are
for a turbulent inflow. The striking observation in the JHU simula-
tion (Fig.10, left) is that the best performing case is the onewith the
coarsest mesh (D ¼ 0.09902D) which is able to perfectly the shape
of the wake shear layer up to y/D ¼ 0.7. Apart from the highest
resolution case, all other cases seem relatively identical and they all
overestimate the velocity deficit in the region of the wake shear
layer at 0.5 < y/D < 0.7, predicting a shear layer thickness about 25%
smaller than the actual one. In the ECN and LEU cases, as expected
the prediction of the wake velocity gets better with increasing
resolution.

Fig. 11 shows the results of the grid convergence analysis of total
turbulence intensity. In the JHU simulation, it is evident how the
lowest resolution case has the worst performance, despite the fact
that it gave the best prediction of the shear layer velocity. Contrary
to what may be expected, the prediction of the fluctuations does
not improve linearly with increasing resolution, but the best pre-
diction at this location is obtained with the intermediate grid
spacing (e.g. D¼ 0.0248D and D¼ 0.0295D), after which agreement
at this location decreases again. However, we note that with
increasing resolution the location at which the fluctuations set in
consistently moves closer towards the disc. Therefore the dissipa-
tion, which is controlled by the used sub-grid model, also sets in
closer to the disc for higher resolution simulations and this can
result in slightly lower fluctuations further downstream when
compared to lower resolution simulations. Regarding the ECN and
LEU case, as expected the performances improve with increasing
resolution, with the two lower resolution cases giving extremely
low values of turbulence in the shear layer. It is interesting to
observe that the JHU model is able to predict a level of TI s 0 and
equal to about 30% of the real case also in the laminar inflow case
with the coarsest grid (D¼ 0.0992D) whereas for similar resolution
the ECN and the LEU cases predicts a turbulence level which is only
about 10% of the real case, even in presence of a turbulent inflow.

7. Conclusions

The aim of this study is to validate a series of LES codes, which
are developed and used for research in different academic in-
stitutions. The validation is carried out against high-fidelity data
from wind tunnel measurements in the wake of a model actuator
disc. When simulating wind farms, it is essential to model the
turbines with an accuracy that is enough to generate the correct
velocity deficit and turbulence intensity in the far wake of the
turbines. At the same time, it is also important to ensure that the
model is not too computationally demanding. Under these cir-
cumstances, most of the numerical codes rely on the actuator disc
approach. However, many codes used in academia have not yet
been directly validated or compared against a common benchmark
test case and reported in literature, which was the motivation
behind this article.

A striking observation is the very good performance of the
vortex model for predicting certain flow features. For instance, its
prediction of the centreline velocity, both in the near and inter-
mediate wake: in the near wake, the latter is comparable to the
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other LES models and performs better than ECN and LEU in the
downstream region and presents the best performances in the
prediction of the wake expansion, both in the laminar and turbu-
lent cases. Also, it predicts the wake expansion in the near wake
with a very large accuracy, much better than the other LES models.
Conversely, its prediction of the full velocity profile shape is quite
poor due to viscosity and turbulence effects that play a very
important role in the shear layer region, while the code is not
modelling these aspects and predicts a very sharp velocity gradient.

Regarding the LES codes, it was noticed that a combination of an
accurate pseudo-spectral schemes with an advanced sub-grid scale
model leads to favourable results, in terms of both, the velocity
deficit and turbulence intensity (JHU). However, with simpler sub-
grid scale modelling, one can only predict the velocity deficit
correctly, because the growth or decay of turbulence, is to a greater
extent, dependent on the sub-grid scale model (LEU). On the other
hand, with a finite volume code, it is most important to ensure the
absence of numerical dissipation, which is the case with pseudo-
spectral schemes. Using an energy-conserving scheme, one pre-
dicts the velocity deficit with acceptable accuracy even with rela-
tively coarser grids. However, for prediction of the turbulence
intensity one must mainly rely on better sub-grid modelling.

Finally, should one choose to use a simple model like Smagor-
insky's, the model must be tuned appropriately for high Reynolds
number flows, as the comparison between ECN and LEU reveals.
This study shows that a suitable combination of numerical schemes
and sub-gridmodelling, which are not only accurate but simple and
computationally efficient, holds the key to industrial applications of
LES to wind farm aerodynamics. Future work will include a similar
but more comprehensive study with the same inflow conditions,
grid resolutions etc. to study the effects of numerical schemes as a
whole.
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