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Abstract. The aim of this paper is to compare two di↵erent computational methods that
analyse the flow around wind turbine using Large-Eddy-Simulations (LES). The first method
uses a three-dimensional unsteady Lagrangian Vortex Particle method (VP) associated to a
lifting-line (LL) approach providing radial loads, integrated thrust and power coe�cients,
circulations and angle of attack across the turbine blades. The second method solves the
incompressible Navier-Stokes equations with the classical Finite Volume (FV) method coupled
to the Actuator Line (AL) method to model the rotor blades. Both methods are compared
by means of a benchmark consisting in a single full-scale NREL5MW wind turbine and the
results are thus compared to Mart́ınez-Tossas et al (2018). The comparisons involve loads,
angle of attack and velocity along the blade. Wakes downstream of the turbine are analysed
via the evolution of flow fields as mean velocity and vorticity. Results are found to be in good
agreement with the verification case. A comparison is also performed on the evaluation of the
numerical cost, precision and e�ciency of both computational methods.

1. Introduction

Improvement of wind power by understanding its flow physics is still a challenge for the wind
energy community [1]. It requires extensive experimental resources or high-fidelity numerical
codes to capture these wide range of flow scales involving multi-physics. Following this
continuous increase in trend of the High Performance Computing capabilities a variety of
numerical approaches are under active development [2, 3] . Nevertheless, such methods remain
very expensive and trade o↵s must be made between accuracy and cost. Moreover, reliability of
numerical results are essential for confidence in the analysis. Dedicated benchmark cases have
been designed over the last decades to assess the quality of the numerical codes [4, 5].

This paper aims to compare two high-fidelity Large-Eddy Simulation (LES) approaches on an
existing benchmark [4] and assess their precision-cost performance: a Lagrangian Vortex Particle
method (VP) and a classical Finite Volume (FV) method. This simple benchmark consists in
a single full-scale wind turbine configuration subjected to an uniform inflow. Obtained results
are first compared against benchmark results [4] assuring a good accuracy of each methodology.
Then, VP and FV are compared based on the loads, angle of attack as well as velocity along
the blade, in addition to turbine wake quantities. Computational cost and e�ciency between
methods is also analysed, in comparison with the accuracy of the obtained results.
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Section 2 presents the numerical approaches studied in this work, as well as the benchmark
configuration and the associated numerical parameters. Section 3 compares both methods in
terms of quantitative results and computing performances. Conclusion and perspectives are
outlined in Section 4.

2. Numerical methods

2.1. Method 1: LL-VP (Dorothy)
The first solver uses a three-dimensional unsteady Lagrangian VP method [6, 7, 8]. This method
is based on the discretisation of the fluid into vorticity carrying particles of vorticity weight ⌦.
The governing equations for this model are the Navier-Stokes equations for incompressible flows
in their discretised velocity-vorticity formulation. These equations are filtered by a filtering
operator denoted by •̃ and the continuous formulation is:

D!̃

Dt
= (!̃ ·r)ũ| {z }

S(x,t)

�r⇥ [⌫Tr⇥ !̃] + ⌫�!̃| {z }
L(x,t)

, (1)

where u is the velocity field, ! = r ⇥ u is the vorticity field and ⌫ is the kinematic viscosity.
The fluid domain is discretised into particles. Each particle i is defined by its position Xi,
vortical weight ⌦i, velocity U i, volume Vi and follows:

dXi

dt
(t) = Ũ i(t) ,

d⌦̃i

dt
(t) = S̃(Xi(t), t)Vi + L̃(Xi(t), t)Vi ,

dVi

dt
(t) = 0 .

(2)

U i is the sum of the upstream flow velocity and another component coming from a divergence-
free vector potential field U 

i . The core of this Lagrangian method resides in the fact that the

velocity U 
i is evaluated by the Biot-Savart relation:

U 
i (t) =

NX

j=1

K" (Xi(t)�Xj(t))⇥⌦j(t) , (3)

for which K" (x) stands for the regularised Biot-Savart kernel [6, 7]. This regularised kernel
is basically the convolution product of Biot-Savart kernel with a regularised function ⇣" (x) of
possible di↵erent orders. In that respect, the Dorothy code uses two types of algebraic kernels [9],
the Moore-Rosenhead (MR) or the Winckelmans-Leonard (WL), which respectively write:

MR: K" (x) =
1

4⇡

x

(|x|2 + "2)5/2
or WL: K" (x) =

1

4⇡

x(|x|2 + 5
2"

2)

(|x|2 + "2)7/2
, (4)

and the associated regularisation functions read:

MR: ⇣" (x) =
3

"34⇡

1

(( |x|" )2 + 1)5/2
or WL: ⇣" (x) =

15

2"34⇡

1

(( |x|" )2 + 1)7/2
. (5)

These functions are depicted in Fig. 1 and will be more in depth detailed and studied in
Section 2.4.
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Blades are represented via a lifting-line (LL) method [10]. Each blade is represented by a
line of points X�, corresponding to a lifting-line position. At this location, the local circulation
�B is evaluated via wing tabulated lift coe�cient CL and local blade chord c such as:

�B =
1

2
c|ut|CL , (6)

where |ut| is the magnitude of the local relative velocity. At each time iteration, new particles are
shed following panel-like positioning around each X� position. More technical details are given
in [10]. Via the knowledge of the local relative velocity ut and angle of attack, the LL method
allows to compute radial loads, circulations, angle of attack and integrated power and thrust
coe�cient. In that respect, it can be clearly understood that the choice of the regularisation
function (Eq. (5)) has an influence on both the load calculation and the wake development, for
instance wake velocity profiles. This is further analysed in Sections 2.4 and 3.

2.2. Method 2: AL-FV (YALES2)
The second solver uses the classical FV method, implemented into the YALES2 platform [11]
for which high precision is achieved thanks to 4th order space and time numerical schemes [12].
Also, it has shown accuracy when applied to wind turbine simulations [13]. Filtered Navier-
Stokes equations for incompressible flow are solved with a prediction-correction method [14] on
an Eulerian grid:

r · ũ = 0 ,

@ũ

@t
+ (ũ ·r)ũ = �rP̃ + ⌫r2ũ+r · ⌧̃M + f ,

(7)

where P is the reduced pressure field, ⌧M the modeled sub-grid scale stress tensor and f the
external body force term. The filtering operator is denoted by •̃.

The wind turbine rotor is modeled using the Actuator Line (AL) method [3], where each
turbine blade is represented by a virtual line rotating with a prescribed motion. Lift and drag
forces are computed on each point discretising the line via the airfoil theory and then projected
on the Eulerian grid via a mollification kernel. The later is a Gaussian regularisation function
⌘ of equation:

⌘(xp) =
1

"3⇡3/2
exp

"
�
✓
|xp|
"

◆2
#

, (8)

where xp is the distance between an actuator point and a mesh node. " is the regularisation
parameter defining the spread of the kernel. Its influence on the regularisation function ⌘ is
represented in Fig. 1. One of the objectives of the present paper is to assess and understand
the role of "-value in both representations (LL or AL) and its influence on the obtained results,
both in terms of load and wake evaluation.

2.3. Numerical set-up
The benchmark case [4] consists of a single NREL5MW turbine [15] of diameter D = 126m and
rotation speed ⌦ = 9.155 r.p.m. submitted to a uniform laminar inflow of velocity U1 = 8m.s�1

in a 24D ⇥ 6D ⇥ 6D domain, with the turbine center located 3D downstream of the inlet.
This case has been studied by 4 teams in the original article [4], namely KUL, NREL, JHU

and DTU in this work, but others publications refer to this case [16, 17]. All the studies use a
di↵erent numerical approach, from Finite Di↵erence to Spectral Methods, coupled with an AL.
To the authors knowledge, this case has never been studied using a VP method coupled to LL.

The original benchmark uses an homogeneous cartesian grid of �x ⇡ 2m, while other
publications use heteregenous grid but with a similar mesh size in the zone of interest, i.e.



The Science of Making Torque from Wind (TORQUE 2024)

Journal of Physics: Conference Series 2767 (2024) 092038

IOP Publishing

doi:10.1088/1742-6596/2767/9/092038

4

Table 1: Code parameters and associated relevant information. *Computation only performed
up to 12D behind the turbine.

YALES2 (Y2) "Y 2 [m] dr [m] Nsec �x [m] �t [s] nb nodes Ttot [s] CPU/Ttot [h.core/s]

10 0.96 64 1.96 0.15 227⇥106 1955.5 14.4
3.84 0.96 64 1.96 0.15 227⇥106 1955.5 14.4

DOROT. (MR) "MR [m] dr [m] Nsec �x [m] �t [s] nb part Ttot [s] CPU/Ttot [h.core/s]

10 1.92 32 6.67 0.15 410 000 1796 48.5
3.84* 1.92 32 2.56 0.059 4 800 000 300 236.5
2.88* 1.92 32 1.92 0.032 5 800 000 250 390.0

DOROT. (WL) "WL [m] dr [m] Nsec �x [m] �t [s] nb part Ttot [s] CPU/Ttot [h.core/s]

10* 1.92 32 6.67 0.15 200 000 1796 30.0
3.84* 1.92 32 2.56 0.059 4 600 000 400 229.5

the rotor and its wake, while the rotor is almost always modelled with the AL using a spreading
kernel size of " = 10m. All studies use the sub-grid scale turbulent fluxes are modelled with
the Smagorinsky model. Contrary to the original publication, time averaging are based on a
duration of 65.5 s, i.e. 10 turbine rotations.

2.4. Codes parametrization
The aim of the paper being a cross-comparison of both LL-VP and AL-FV methods, a clear
definition of most important parameters of each formulation is given in Table 1 together with
other relevant information, such as computational cost. Generally speaking, both codes highlight
similarities and di↵erences in parameters which will be detailed in the following.

As for the similarities, both code have a blade of length Lblade, which is discretised into Nsec

elements (being either AL or LL points). In that respect, a blade discretisation can be defined
as dr = Lblade/Nsec. Also, both codes have a fluid discretisation, being either the fluid cell size
�x for YALES2 or the fluid inter-particle spacing also denoted �x for Dorothy. The �x value
will have an influence on the number of cells for YALES2 and on the number of particles for
Dorothy, and hence a large influence on the computational cost of each simulation. YALES2
computations use the homogeneous Cartesian grid as defined in the original benchmark [4]
while the fluid inter-particle spacing for Dorothy depends on the regularisation parameter " (see
below). Therefore, all of these parameters and related CPU times are indicated in Table 1. For
Dorothy, being a Lagrangian code, no boundary is defined and the turbine is basically positioned
at the origin of space (0, 0, 0). For some computations and to avoid too high a computational
cost, particles are artificially but smoothly dissipated at a rate of 50%/s for x > 12D.

Concerning the di↵erences, the major variation resides in the definition of the " parameter.
In AL-FV formulation with YALES2, "Y 2 is used to project the loads onto the grid. The fluid
velocity upstream is interpolated onto the blades and the computed forces are projected from
the modelled solid blades to the fluid mesh via the Gaussian kernel (Eq. (8)) of size "Y 2. The
quality of the wake is influenced by both the size of the mesh �x, which influences the di↵usion
and the dissipation of the wake, and "Y 2, which describes the spreading of force projected onto
the fluid mesh. As illustrating by Fig. 5, this spreading directly influences the size of the blade-
created coherent fluid structures: from fine helical tip and root vorticies with low "Y 2-values
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Figure 1: Regularised
kernel (left) and reg-
ularisation function
(right) for each com-
puted case.

to cylindrical vorticity sheet with higher ones. This process inevitably impacts on the wake
development downstream the turbine.

For LL-VP formulation with Dorothy, the regularisation parameter "MR or "WL has a stronger
influence, both for the blade load calculation and the wake evaluation. In fact, and contrary to
YALES2, " is used all over the domain and is not restricted to a volume close to the blade. For
the flow calculation, this regularisation parameter being used to avoid singularity in the velocity
evaluation (see Eq. (3)), " is chosen to ”overlap” the inter-particle’s distance and " = 1.5�x is
usually chosen [7]. Therefore, there is a clear limitation: " and �x cannot be chosen completely
independently. Also, owing to the shedding process of particles at the blade, another limitation
exists that is dr ⇡ �x. As a consequence, Nsec cannot be chosen too independently neither
as too high a value of Nsec will give a very small value of dr, leading to a similar value of �x
(very refined discretisation), hence leading to a very high number of particles and associated
simulation cost.

As a consequence, a trade-o↵ needed to be made with respect to the benchmark definition
parameters of Martinez-Tossas et al. [4] to account for these limitations. In the rest of the paper,
a systematic comparison of YALES2 results with Dorothy ones (both with MR or WL kernels)
is performed by comparing the results of similar value of " for both formulation. In that respect,
two important values of " = 10m and " = 3.84m are chosen to match respectively the value of
" = 10m as in the benchmark computations [4] and " = 3.84m being the lowest value possible
for YALES2 having the same mesh size as Martinez-Tossas benchmark and keeping the stability
of the AL method. Lower " values could have also been possible with AL-FV method but this
requires a lower mesh size, a higher number of cells leading to increased computational times.
The values of " being similar in Table 1, but the regularised functions or kernels being di↵erent
and there role being very di↵erent, a basic comparison is not directly possible based on the
plot of these functions as depicted in Fig. 1. Actually, the Biot-Savart Kernel K" being applied
on the velocity calculation of Eq. (3) is asymmetric, which is not the case for ⌘(xp) (Eq. (8))
applied to the force. As a matter of comparison, ⇣" (Eq. (5)) has a radial symmetry property
but does not have a similar role neither. The presented graphs of Fig. 1 are plotted for each
functions (⇣", K" and ⌘) with the corresponding value of ". Non-dimensional plots could have
been considered but would have been more complicated to analyse as the dimensional aspect of
the function been di↵erent, it would have hidden some of its influence.
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Figure 2: Spanwise evolution of radial forces, angle of attack and velocity comparison for all
cases, compared to results from [4].

3. Comparison

3.1. Quantities along the blade
Firstly, fluid and blade related quantities are compared between codes for each case presented
in Table 1. Figure 2 presents the blade spanwise evolution of time-averaged Angle Of Attack
(AOA), streamwise fluid velocity Ux, drag FD and lift FL forces on blade. As a general first
comment, all results look similar and accurate with respect to the benchmark results [4] for
the AOA, lift and drag forces. Only the upstream blade velocity Ux shows some noticeable
discrepancy.

More into the details, and starting with the AOA, "Y 2 = 10m, "WL = 10m and JHU, NREL &
KUL results (all at " = 10m) superimpose, even looking at the sub-plot between 0.4  r/R  1.
As a consequence, all related quantities (Ux, FD and FL) also quasi superimpose. The case
of "MR = 10m is a little unique and does not really compare with other results. It is worth
mentioning here that this kernel is known to be at very low order and tends to smooth the results.
On the contrary, "Y 2 = 3.84m, "WL = 3.84m and even "MR = 3.84m show similar results both
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Figure 3: Time-averaged velocity field in x � y plane for (a) with "Y 2 = 10m, (b) with
"Y 2 = 3.84m and (c) is "MR = 10m.

for AOA, velocity (Ux) and loads (FD and FL). These results are quite di↵erent from those of
JHU, NREL & KUL but very similar to those of DTU. As a consequence, the obtained results
may not be considered as erroneous but must be explained by some physical interpretation. As
a matter of fact, it is really surprising to see how these results superimpose well with DTU on
Ux/U1, especially for r/R  0.2 and r/R � 0.75. Finally, the presented results for "MR = 2.88m
are always comprised between those of "MR = 3.84m and "WL = 3.84m. In that sense, it could
be seen as further converged results, in terms of spatial convergence.

As a matter of numerical interpretation, the "-parameter seems to have a similar behaviour
in AL and LL methods: Dorothy LL-VP, YALES2 AL-FV and JHU, NREL & KUL behave very
similarly with " = 10m. JHU, NREL & KUL results do not exist for " = 3.84m but Dorothy
LL-VP and YALES2 AL-FV behave similarly for such value.

To conclude, the "-parameter has a large influence on the load evaluation, even more
important than the mesh definition�x and the blade discretisation dr. Whatever the underlying
fluid solver is, AL representations behave very similarly for a given "-value. The role of " in
the Lagrangian LL-VP formulation show similar tendency to those of AL representations even
though it is intrinsically di↵erent in term of numerical definition/implementation.

3.2. Wake quantities
The methods comparison is now continued regarding their influence on obtained wake velocities.
Time-averaged velocity and instantaneous vorticity fields downstream of the wind turbine are
presented in Fig. 3 and Fig. 5 respectively. To enable better comparison, averaged velocity
profiles are also depicted in Fig. 4 for di↵erent positions in the wake, from very close to the rotor
plane to 9D downstream. For the plots of Fig. 3, similar global trends and average velocity
deficit (⇡ 0.4m/s) of the wakes are observed whatever the case. However, discrepancies are
also well noticeable: first, an important bypass velocity is observable at the hub level for both
computation using YALES2 whereas this bypass flow is only noticeable for a very short length
with Dorothy computation. Second, and apart from this bypass flow, the global wake shape of
"Y 2 = 10m is similar to the one of "MR = 10m especially from x/D � 10.
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Figure 4: Mean velocity comparison in the wake for all codes.
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Figure 5: Norm of instantaneous vorticity field in x�y plane for (a) "Y 2 = 10m, (b) "Y 2 = 3.84m,
(c) "WL = 10m and (d) "WL = 3.84m.

As a matter of further comparison, wake velocity profiles of Fig. 4 can be compared for all
codes and nearly all parameters of Table 1. The first and important result from this plot is
that "Y 2 = 10m results nearly always superimpose with those of JHU, NREL & KUL, and also
with DTU ones in some respect up to nearly 9D downstream of the turbine. Therefore, for
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averaged velocity profiles, "Y 2 = 10m could be viewed as a reference case with respect to the
benchmark case [4]. For the lower value of "Y 2 = 3.84m, two observations can be drawn from
YALES2 results: first the bypass flow at the hub height is further intensified with larger values
up to x/D  3 or even x/D � 6 to a smaller extent. Then, for the velocity profile presented
at x/D = 9, a reversed tendency starts to be observable as if the wake was taking a Gaussian
shape, typical of far-wake structure. Anyway, YALES2 results are very similar to those of the
benchmark case [4] both with "Y 2 = 10m and "Y 2 = 3.84m.

For Dorothy results, the situation is a little di↵erent and for several reasons. First, only the
results of "MR = 10m and "WL = 10m are presented up to 9D downstream of the turbine
because those for lower values of " were not run on a su�cient duration (Ttot  250 � 400 s)
to enable correct averaging. In fact, "MR = 3.84m, "WL = 3.84m and even "MR = 2.88m are
only presented up to 1D downstream. Now, from these results, one can clearly observe that
both "MR = 10m and "WL = 10m results are too smoothed in comparison to the benchmark
results. This is already slightly observable from x/D = 0 and it becomes obvious from x/D = 1.
The reason for that is that, in Lagrangian Vortex computations, velocity profiles are smoothed
according to the regularisation parameter value, that is here " = 10m whereas the wake profile
for the Eulerian counterparts are smoothed with respect to the cell size, that is here �x = 2m.
Therefore, decreasing the value to "MR = 3.84m only slightly improved the results, as one
can see for x/D = 1, but insu�ciently. Only values of "WL = 3.84m with the sharper kernel
of Winkelmans-Leonard or "MR = 2.88m significantly improve the results from this x/D = 1
velocity profile. Unfortunately, averaged velocity profiles for these values of " could not be
evaluated because of the too demanding computational cost for the time being. However,
important optimisation work is under progress on this code to try to cope with this and try
to catch up the sequential and parallel e�ciency of YALES2.

Also, apart for this above mentioned behaviour, Dorothy LL-VP also tends to trigger the
wake instability earlier than YALES2 AL-FV. In fact, from Fig. 5, one can see that lowering the
"Y 2 value from 10m to 3.84m triggers the wake instability from x/D ⇡ 9 to x/D ⇡ 3. However,
for similar values of " with Dorothy, this instability seems to be triggered even earlier.

As a matter of partial conclusions, several main findings can be drawn from this wake study:
first, YALES2 results seems to be representative of the benchmark codes, at least for the average
velocity profiles. Second, the characteristic length scale for Eulerian formulations regarding wake
velocity profiles depends on cell discretisation �x [18] whereas it is still " for its Lagrangian
formulation counterpart, here represented by Dorothy LL-VP. Third, even for the AL-FV code,
the smaller the " is, the earlier the wake instability is triggered [19, 20], which is understandable
owing to the di↵erent vorticity generation at the blade level. For the LL-VP code, the smaller
the " is, the earlier this wake instability is triggered is also valid. However, wake instability
seems to be triggered much earlier in the wake for the LL-VP Dorothy code in comparison with
the AL-FV YALES2 code, even for similar values of ". Finally, and owing to the presented
results for Table 1, obtaining averaged results for "MR or "WL values similar to those of �x in
AL-FV YALES2 code is currently una↵ordable.

4. Conclusions and perspectives

The simulation of a single turbine has been performed on both LL-VP and AL-FV methods.
The radial loads follow the trend and almost superimpose on each other, while the di↵erences
which arise at a given span-wise location can be attributed to the methodology of codes and the
choice of "-parameter. Even though "-parameter has a di↵erent numerical significance in both
approaches, it behaves in a relevant manner for the blade related quantities.

Comparison of mean velocity and instantaneous vorticity fields is also performed to analyse
the downstream flow, together with wake velocity profiles. From this study, it comes out that
the relevant length scale is still " for the LL-VP whereas it is the cell size �x for its AL-FV
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counterpart. Also, wake evaluation with the current version of LL-VP code is complicated for
the considered discretisation as computations are very CPU intensive whereas it is not the case
for the AL-FV code. As the two described methods do not have the same numerical resolution
of the fluid, a comparison on computational cost, e�ciency of the methods is rapidly presented.

Further studies should be performed upon more various kernel sizes than those presented
here in the LL-VP method to ascertain the presented conclusion. Computations with several
cell discretisation for the AL-FV code will also be needed to be able to compare this characteristic
length with respect to kernel size for LL-VP. Also, an important aspect will be the introduction
of ambient turbulence into the domain which can reduce the computational cost for Dorothy
and also can stretch the wake longer than 12D naturally. Finally, the interaction of wakes of
multiple turbines will be very interesting to analyse to be comparable with real life scenarios.
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