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Abstract. Vortex methods are often cited as a promising alternative to the classical Blade
Element Momentum (BEM) theory for wind turbine design, overcoming some of its limitations
such as imposing steady-state, uniform, and aligned inflows. BEM assumptions are being
questioned, especially for large rotors with very flexible blades or even floating wind turbines.
However, vortex methods are not yet widespread due to their computational costs. The following
work demonstrates how free vortex wake methods using filament discretizations can become
an affordable and viable alternative to BEM. This is achieved by combining filament number
reduction as well as graphical processing units (GPUs) computations. The efficiency and
accuracy of the proposed approaches are demonstrated against simple test cases, including
an elliptical wing and a rigid horizontal axis wind turbine (HAWT). Finally, the approaches are
applied to the aero-hydro-servo-elastic simulation of floating horizontal axis wind turbines.

1. Introduction

The offshore wind industry’s latest developments, with rotor sizes attaining more than 200m
in diameters, present challenges to the current aerodynamic modelling methods. Amongst the
latter, the Blade Element Momentum (BEM) method remains the most widespread, despite its
limitations. Considering the basic BEM hypotheses, which require a uniform and steady inflow,
or constrain the loads’ evaluation in a rotor plane, the necessity for higher fidelity tools becomes
increasingly apparent. In the context of large floating offshore wind turbines, the aforementioned
BEM assumptions might be violated [17], as such wind turbines are highly flexible and their
motion induces unsteady inflow. The present study focuses on a lifting-line-based free vortex
filament flow solver which accounts for more phenomena including non-uniform inflow, unsteady
blade-element behaviour and blade-wake interactions. The latter may not overcome all the
issues: interactions between the turbulent ambient wind and the wake are not entirely accounted
for, blades are simplified to vorticity-carrying lines, and the flow is assumed to be inviscid. The
advantages brought by the vortex methods would make it a well-suited design tool, if it weren’t
for its prohibitive computational costs.

Approaches aiming at reducing computational costs have been introduced in the literature.
Multilevel or fast-multipole algorithms can be used, as shown in [22], [6]. Our approach
rather relies on reducing the number of wake elements and GPU acceleration to achieve better
performances. [13] introduced in detail a so-called tip-vortex model, allowing a drastic reduction
of the number of filaments by removing the shed filaments and merging all the trailing filaments
in a pair of tip-vortex filaments. Later, [4] suggested to progressively merge the trailing filament
rows and progressively neglecting the shed vortices. Additionally, some authors introduced
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Graphical Processing Units (GPU)-accelerated vortex methods [6]. In the present work, we
combine both approaches, demonstrating how combining adapted hardware and algorithms
allows for a significant reduction in computational time. Gaining several orders of magnitude
in computational costs compared to naive CPU implementations further allow this method to
be considered for horizontal axis wind turbine (HAWT) design, to simulate IEC design load
cases with simulation costs close to real-time. For that matter, existing methods are improved
and their implementation is clarified to benefit other interested developers. In particular, we
propose a simple way to account for shed vorticity in a tip-vortex model and propose a trailing-
filament merging procedure on top of the existing shed-filament merging procedure. First, the
free-wake CASTOR solver and its so-called wake accommodation technique will be described.
The accuracy of the solver will then be demonstrated through test cases including an elliptical
wing and a HAWT. Finally, the solver’s applicability to wind turbine design on a realistic aero-
hydro-servo-elastic wind turbine simulation is demonstrated.

2. CASTOR, a GPU-accelerated vortex solver

2.1. Code overview

CASTOR is a three-dimensional vortex code based on the generalized lifting-line theory which
implies the use of airfoil polars to compute aerodynamic coefficients and that for any type of blade
shape. The Euler equations (inviscid form of the Navier-Stokes equations) expressed in vorticity
form are solved in a Lagrangian perspective [23], in which the vorticity field is discretized using
a set of desingularized vortex filaments. The latter are inter-connected using wake nodes, as
shown in Figure 1. Lifting-lines are discretized using straight bound filaments whereas the free
wake is discretized using straight trailing and shed filaments which carry constant circulation.
The filaments are desingularized using, in the present simulations, the Van-Garrel core model
[21]. The implementation is flexible enough that several types of geometries can be considered,
including horizontal or vertical axis wind turbines [3] or even multi-rotor concepts [1]. Details
on the theory and methods behind lifting-line flow solvers can be found in [5, §].

The implementation follows the work of [18]. The influence of wake filaments on blade and
wake points is an n-body problem, that is solved on a single GPU. This excludes the bound-
filament circulation convergence process, carried out on CPU as shown in algorithm 1). However,
the solver is not entirely ported on GPU: to ease the implementation, only the abovementioned

most critical parts have been written in CUDA. Additional validation elements can be found in
[2] and [3].

Shed filaments
Trailing filaments
Bound filaments
° Wake node

° Blade node

[ ] Evaluation point

Figure 1. Schematic representation of the wake and notations for induction calculations with
ry, ro the vectors pointing from the filament end nodes to the evaluation point.

The main algorithm and its different steps are described in Algorithm 1 and can be
summarized as follows. First, a new set of shed and trailing filaments with zero initial circulation
are emitted from the blade. Trailing filaments are attached on one side to blade nodes, and to
previously advected wake markers on the other side. This step is followed by a copy of all
filament’s information on GPU. In a third step, inductions from wake filaments on wake and
blade nodes are computed: this is the most costly part of the algorithm and calls for a copy of
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wake components and blade nodes as well as the application of Biot-Savart’s law, all on GPU.

Algorithm 1: Vortex method algorithm overview

Data: Turbine geometry and kinematic: blades, tower, struts element data
Result: Turbine loads and wake geometry
Add a new row of shed and trail filaments in the wake;
Copy filaments’ information on GPU, clear GPU memory;
Compute filament inductions on wake and blade nodes;
Copy wake and blade nodes information on GPU;
Apply Biot-Savart and perform the reduction at every wake node on GPU;
Copy the induced velocities back to CPU;
while [[7¢% — T9| > ¢ do
Compute new induced velocities on the lifting line on CPU using updated f?ew and
newly created I'y and I'y;

o N O A W N

9 Compute I'y and apply relaxation to obtain f?e“’;
10 Update newly created I'y and I'y;
11 end
12 Advect all wake nodes and apply any stretching corrections on CPU;
13 Apply wake accommodation techniques on CPU;

Once circulations and induced velocities are known, one can evaluate the effect of the
corresponding filaments on bound filament centres using Kutta-Jukowski’s theorem:

1
Iy = §||urel||cCl(oz,Re), (1)

where T, denotes the bound circulation, ||u,¢|| is the norm of the relative velocity, i.e., the
combination of the blade motion, infinite wind, and induced velocities at the blade node, ¢
is the local chord, and Cj(«a) is the lift coefficient interpolated from the user-provided airfoil
polars, at the attack angle o and Reynolds number Re. The orientation matrices, translation
velocities and positions of each bound filament centre are assumed to be known and provided by
an external solver. The induced velocity W;pguceq 18 computed using the regularized Biot-Savart
law [21], that writes, with F' the number of considered filaments:

F

I ri|| + [|r2 r1 X ro
PR oSV 51T SR, o)
=1 A e [lleaf| ([leaf[lfral] + 11 - r2) + (eLy)

where x denotes the cross product operator and e is the vortex core size, Ly is the f’st filament
length. After the bound’s circulation update, the newly created shed and trailing filaments’
circulations can in turn be adjusted allowing for an update of induced velocities at bound
filament centres. At iteration j, their circulation is calculated as follows:

Fs(zvj) = Fb(zaj) - Fb(%] - 1)? (3)
Ft(iaj):Fb(iaj)_rb(i_Lj)v (4)

where ¢ € [1, N] denotes the number of bound filaments and j the number of shed filament rows,
respectively. The trailing filaments circulation beyond the blade is set to T'4(1,5) = I'p(1, ) and
['y(N +1,j) = —=T',(N, j). This process is repeated until convergence. During this sub-iterative
process, a relaxation coefficient is applied when updating the bound circulation to avoid the
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divergence of the numerical algorithm. The new relaxed circulation is noted f‘gew, while f‘gld is
the one from the previous sub-iteration. I'y comes from Equation 1.

fyew = B+ 5 (0, - T3), (5)

with the relaxation factor taken as § = 0.05 in the present simulations. Once the convergence
is reached (after a fixed number of iterations in our case), the wake markers are advected
using a simple forward Euler scheme (the new positions are evaluated as follows: x(t + At) =
x(t) + At (Wwind + Winduced), With x the node position, At the time step and Wy,g the wind
velocity at location x and time ¢. The advection step is performed on CPU.

2.2. Wake accommodation techniques

Considering optimal time steps (5 to 10 degrees of blade rotation per time step [17]), the GPU-
based vortex method is efficient enough to consider extensive parametric studies. However, when
coupled with a servo-elastic solver, one has to deal with smaller time steps, often enforced by
the needs of a controller’s numerical model. This implies that the wake will accordingly consist
of a larger amount of filaments, making the simulation too costly in practice (the algorithm
complexity scales with the squared number of filaments). Various approaches can be used to
avoid this issue. First, one may use different time steps for the vortex solver and the servo-elastic
code. This approach is introduced in [10]. Another strategy consists in reducing the number
of filaments in the wake by concatenating them. It is less efficient since the vortex solver is
called frequently but it helps to drastically reduce the computational time. Two approaches
to reduce the number of filaments, the tip-vortex model and a wake-coarsening strategy, are
considered here, as shown in Figure 2. These have already been documented in the literature.
The originality of the present work lies in the inclusion of shed vorticity in the tip-vortex model,
together with a clarification of the circulation calculation and filament merging procedure in the
wake coarsening approach. In the following, it is assumed that the merged trailing filaments are
of similar sizes and orientations, as well as the merged shed filaments.

Figure 2. Schematic representation of the full wake model (left), the wake coarsening process
with one shed- and one trail-merging steps (middle) and the tip-vortex model, with shed vorticity
(right). Bound, shed and trailing filaments are green, red and blue, respectively.

2.2.1. Tip vortex model In this approach, the blade’s trailing filaments of given age (defined
as the number of iterations since their initial release) are merged, leading to a simplified system
with only two remaining trailing filaments, whose radial locations are determined based on the
local circulation at the user-defined filament age. In the present work, and in contrast with other
approaches (see [17]), we also gather blades shed filaments of given age into a single one, reducing
the discontinuities which appear at the creation of the tip vortex. Our implementation regarding
the trailed vorticity closely follows the work of [13]. The trailing filaments are classified into two
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subgroups, depending on the sign of their circulation. The circulations of each filament from the
individual groups are summed and applied to the newly created tip vortices. The radial location
of the attachment points of the tip vortices (see Figure 2) is computed as the ponderated average
of the filaments radial locations and their circulations. The tip vortex circulation I'; 7y, and its
radial position rpy is then computed as follows:

F F f
_ Z f 2l
Ft,TV = Ft and rry = W
f=1 f=1+1

with f going through all the filaments of same circulation sign.

The circulation of the new shed is considered equal to the average of the variation of the
bound circulations during a time step. However, the length of the newly created shed filament
belonging to the tip-vortex system is different from the sum of the lengths of the previous
filaments. Thus, we propose to estimate the shed vortex circulation as follows:

(6)

F

1

_ frf

v = — > LIt (7)
b f:1

with Lf the length of the f’st shed filament and L7y the distance between the two tip-vortex

control points. As the length Ly 7y of the new filament is shorter than the cumulative length of

the previous ones (25;1 1 ), we artificially increase its vorticity to compensate for the artificial
contraction.

2.2.2. Wake coarsening The tip vortex model is a rather radical approach, where one loses
a lot of accuracy in the flow field. Applying such a model directly in the near wake may lead
to erroneous results. A more progressive wake coarsening approach reduces the filaments by
merging two subsequent rows of shed (or trailing) filaments. In doing so, we also merge two
successive rows of trailing (or shed) filaments. This procedure allows one to reduce the number
of filaments while better controlling the accuracy. We propose to outline the procedure involving
a shed merging, followed by a trailing merging, as illustrated in Figure 3.

y(i+1,4) [Te(i41,4-1)| ~ C(i+Lj1) = Iy (i+1,j-1)
= o 5
—o N
Dy(ij)l=| Tej1) | = ICAE ) =
— R 7 ~
o in i
— i v

[(i-1,j) * Te(i-1,)-1) [ (i-1,j-1) Iy (i-1,)-1)

Figure 3. Schematic representation of the wake coarsening procedure, starting from a full mesh
(left) and including a shed merging (middle) and a trail merging (right) process.

Let us consider that the filaments are emitted at a fixed rotation speed with a time step twice
as small as the expected one. By definition, the circulation of a trailing filament is equal to the
difference of bound circulations of the same age. Therefore, the circulation of the new trailing
filament must be equal to the corresponding difference in bound circulation, i.e., the circulation
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of the youngest merged trailing filament. Concerning the new shed filament, its circulation is
equal to the sum of the two distinct previous shed filaments to adhere to the temporal variation
budget. The first-order moment of the shed vorticity is preserved, but higher order moments
(e.g., the variance of the vorticity field) are not. Then, the circulations of the newly created
filaments, after the shed merging procedure, write:

F;(%] - 1) = Ft(ihj)? (8)

Fs(zaj_1):Fs(17]_1)+rs(17]) (9)

For the trailing merging procedure, a locally linear behaviour of the bound circulation is assumed.
Proceeding this way, the post-trailing-merging shed circulations I',, is linearly interpolated:

r’s’(i—l,j—l):%(r;(i—l,j—1)+rg(i,j—1)). (10)

Assuming the trailing filament is positioned at the centre, its circulation, corresponding to the
difference in bound circulation at the corresponding age, is uniformly distributed on both sides:

1" ! 1 ’
1—\t (i+1aj_1):Ft(i+1>j_1)+§rt(i7j_1)7 (11)

1’ ! 1 ’
T = 1,5 = 1) = Ty(i = 1,5 = 1) + 5T4(0.5 — 1. (12)

3. Assessing the accuracy of the method: rigid benchmarks

In this section, the accuracy of the vortex method and the proposed wake accommodation
approaches are analysed. Three test cases are considered, including an elliptical wing, a HAWT
aligned with the incoming wind and a yawed HAW'T. For each case, comparisons are shown
between the full wake approach (“Full wake”), the standard tip-vortex model (labelled “TV
no shed wake”), the tip-vortex model including a shed vortex filament (labelled “TV wake”)
and finally a coarsened wake using a shed merging (SM) step, followed by a trailing-filaments
merging step (TM), another SM step and a final TM step (labelled “2 x SM + 2 x T'M” and
schematized in Figure 8). The objective is to demonstrate the applicability of such approaches.
Relative errors are given in Table 2.

3.1. First case: elliptical wing

The first test case is an elliptical wing in static and dynamic incidence. The wing has a span
of s = 5m and the centre chord is ¢ = 1m, leading to an aspect ratio of approximately 6.37. In
the static case, the incidence angle is ageom = 6°, leading to a theoretical lift of 0.50 following
[12], as stated in [18]. The infinite wind is us = 1m/s. In the oscillating case, the incidence
follows a cosine law, with a mean angle ageom = 5, a period of T' = 1s and a peak-to-peak
amplitude of Aageom = 10°. The same infinite wind value is used as for the static case. 20
seconds of physical time are simulated, using a time step of At = 0.05s. The tip vortex models
are applied once filaments reach the age of 20 iterations. The shed and trailing filaments merging
procedures are applied when the filaments reach the following ages (A): Asas, = 20, Arp, = 40,
Asn, = 60 and A7y, = 100. Note that after each merging procedure, a global renumbering
of the wake filaments is applied. =~ As shown in Figure 4 (top/bottom left), the filaments’
merging approach leads to very similar results to those obtained using the full-wake approach
as well as the theoretical value. The impact of the tip-vortex approaches is visible. At the blade
centre, the lift coefficients are underestimated. At the blade tip, the lift distribution is less
sharp. Looking at Figure 4 (top right), the traditional tip vortex approach fails at predicting
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Figure 4. Static wing: lift coefficient (Cp) distribution (top left), time evolution of the mid-
span lift (top right), ratios of lift to full-wake case lift distribution (bottom left). Oscillating
wing: time evolution of the mid-span lift coefficient against the attack angle (bottom right).

the correct dynamic of the system. The induced velocities at the wing centre diminish with
time, leading to a higher lift coefficient: this is due to the development of the starting vortex.
While the steady-state solution seems accurate, the dynamic behavior deviates from the full-
wake results, as the absence of shed vorticity in the vortex sheet violates Kelvin’s theorem.
Introducing the corrected tip-vortex allows for a better fit to the full-wake solution. Some
deviations remain and are attributed to the change in the blade lift introduced by the coarsened
trailing filament distribution. Results based on the oscillating wing confirm these observations.
Again, the traditional tip-vortex approach fails to follow the full-wake trends, here (Figure 4,
right) highlighted by the evolution of the lift coefficient with the geometrical attack angle. The
corrected tip-vortex model behaves, again, much better due to the partially compensated loss
of shed vorticity in the system.

3.2. Second case: the rigid NewMezico rotor

The second considered case is the NewMexico rotor in axial and yawed conditions. The lower
wind speed (i.e., strongest wake effect) of the test cases detailed in [19] are presented here. For the
sake of conciseness, this widely described configuration will not be detailed here (see [19]). For
the two considered cases, the rotor operates at a tip-speed ratio of approximately 10. Fifteen
complete rotor rotations are considered. The tower presence is neglected, and no dynamic
stall model nor stall-delay correction is applied. The blades are discretised using 35 cosine-
distributed filaments, and the Van-Garrel regularisation is used. A time step corresponding to
a blade rotation of 10° per step is chosen. For the yawed rotor case, a yaw angle of 307 is
applied. The tip-vortex models are applied at iteration 36 in the wake. The shed and trailing
merging procedures are applied when the filaments reach the following ages (A): Aga, = 36,
Ary, =72, Asy, = 108 and A7py, = 144, The spanwise distribution of the normal force per
unit filament length) in the axial case is shown in Figure 5 (left). The tip-vortex models tend to
underestimate the loads along the blade, except at the very root and tip. The wake coarsening
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Figure 5. Normal force along the blade for the aligned turbine case (left) and azimuthal
evolution of its deviation around the mean at normalized span 0.92 (right) for the yawed case.

approach predicts similar loading along the blade, except at the very tip, where the loads are
slightly over-estimated. In 5 (right), are shown the deviations to the mean of the normal force
near the tip of the blade (normalized span of 0.92) for the yawed rotor case. While the wake
coarsening method results follow that of the full-wake approach and the experiments rather well,
both tip-vortex approaches deviate from the full-wake results. The shed vorticity correction does
not help in this unsteady test case, suggesting that the load evolution is governed by the trailing
vorticity.

4. Application to aero-hydro-servo-elastic simulation of a floating wind turbine

The DeepLines Wind”™ [9] solver is used throughout this work. It allows for multi-physics
modelling, gathering aero-hydro-servo-elastic fields. Here, the wind turbine’s structure is
operated by the so-called DISCON controller [7]. The structural aspect is modelled using a
finite element method, where the tower and blades are modelled through 3D non-linear beam
elements with large transformations for the latter. The numerical integration is performed using
an implicit Newmark scheme. The aerodynamic solver is called before the first Newmark step
and returns the aerodynamic loads at every lifting-line element centre. See [10] for more details.
The present simulation corresponds to the load case 3.2 as described in [14]. In brief, it consists
of the generic NREL 5MW wind turbine as described in [7] mounted on a semi-submersible
floating system [15]. A turbulent wind with a mean velocity of 11.4m/s at hub height is used.
Irregular wave conditions are imposed, with a significant wave height of H; = 6m and a peak-
spectral wave period of T, = 10s. The average rotational velocity of the wind turbine is close
to 10rpm and a time step of At = 0.05s is used. Three vortex cases are considered. In each,
15 wake rotations are kept in the simulation. For the full wake case, the maximal wake age
is about 1800. For the tip-vortex model, the transition is set after one complete rotation of
the wake. The shed and trailing merging procedures are applied at the following ages (A):
Asn, = 60, Agpy, = 150, Appy, = 105, Ay, = 140 corresponding to roughly 0.5, 1.5, 1 and 2
wake rotations, respectively. 3600sec of physical time are simulated, and only a subset is shown
in Figure 6 (left). The thrust evolution predicted by the different methods is similar. The
power spectral density of the tower-bottom fore-aft bending moment (Figure 6, right) shows at
first that the system frequencies are well predicted by all methods. The energy content of the
simulation based on the BEM model is higher than with the vortex method, especially at high
frequencies. This may imply an over-prediction of the fatigue loads. The computational times
and the ratio between simulation time and real-time are gathered in Table 1. While real-time
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Figure 6. Evolution of the aerodynamic thrust (left) and power spectral density of the tower
base fore-aft bending moment (right).

simulations are not yet attained using the vortex method, the gap diminishes when applying
wake accommodation techniques. Interestingly, the tip vortex model appears to be less than
three times slower than the BEM, thus showing good potential for industrial application. The
full wake simulation remains out of reach for industrial purposes.

BEM Full wake 2SM-+2TM wake TV wake
Computational time (sec) 2029 73319 7551 5747
Ratio to real-time (-) 0.56 20.36 2.09 1.59

Table 1. Computational times and ratio to real-time for the different models

5. Code performance

The solver’s performance evaluation is based on the NewMexico rigid rotor test case. The
computational time per iteration is given as a function of the number of filaments. For this test
case, more than 160 complete rotations of the wind turbine have been considered, leading to a
maximum number of filaments of approximately 1.2 million. The simulation has been repeated
twenty times, and the average computational time per iteration is shown. To focus on the vortex
code, only the time spent in the aerodynamic routines is measured here: computations of node
positions, velocities, accelerations, orientations, blade deformations or others are excluded. A
single A100 GPU of the Topaze super-computer nodes is used. Results are shown in Figure 7.
As already observed in [6] steps are present and the evolution of the computational time is not
smooth. These steps appear regularly.

6. Conclusion

We introduced a GPU-based vortex solver using wake accommodation techniques. The presented
approaches show that vortex-based aero-elastic wind turbine simulations can be efficient enough
to run in a reasonable amount of time. Benchmarks allowed us to assess the accuracy of the model
and compare simplified wake models to the baseline solution. Demonstration aero-hydro-servo-
elastic simulations using the DeepLines-Wind?™ solver coupled with a BEM and the vortex
model have been performed, showing that the wake-accommodation approaches combined with
the GPU-based computations allow a drastic reduction of the simulations’ computational cost.
The fastest vortex simulation remains three times slower than a BEM-based approach. A model
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Figure 7. Computational time as a function of the number of filaments, twenty runs averaged.

to account for shed vorticity in the tip-vortex approach has been proposed. It showed an
improved behaviour for the elliptical wing case. The wake coarsening approach allows a strong
reduction in computational cost while maintaining high accuracy. It could be combined with
the tip vortex approach. Guidelines regarding the optimal combination of shed/trailing-merging
and tip-vortex concatenation procedures will be derived, allowing a reduction of the number of
filaments while controlling the accuracy, complementing the existing work ([6], [17]).
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Appendix A: schematics of the wake geometries

The test case introduced in this work rely on different wake models, including tip-vortex
approaches and so-called shed- and trailing-filaments merging approaches. Schematics of the
different wakes are shown here.

Shed merging Trail merging Shed merging Trail merging

Figure 8. Schematic representation of the wake models used in the simulations, including the
full wake (top), the coarsened wake (middle) and the tip-vortex wake (bottom).

Appendix B: test cases relative errors

To complement the analysis performed throughout this work, relative errors are provided here
for the different test cases. The norm of the difference between the full-wake simulations and the
coarsened wake simulations divided by the norm of the full-wake simulation outputs are given.

TV wake no shed TV wake with shed 2SM-4-2TM wake

Elliptical wing: 4.79 x 1073 4.21 x 1073 4.18 x 10~%
Axial NewMexico: 2.23 x 1072 2.37 x 1072 1.60 x 1072
Yawed NewMexico: 2.42 x 1071 2.80 x 10! 6.95 x 1072
DeepLines Wind™™ simulation: N.A. 3.61 x 1072 3.51 x 1072

Table 2. Errors relative to the full wake case for the static lift distribution of the elliptical wing,
spanwise and azimuthal distribution of the normal force per unit filament length of the axial
and yawed New-Mexico test cases, respectively, and for the thrust evolution of the DeepLines-
Wind™ aero-hydro-servo-elastic test case.
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