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Abstract.

This paper presents the development of a solver based on a Lattice Boltzmann
Method (LBM) to perform reliable wind turbine simulations: LaBoheMe. LBM offers an
interesting framework with low dissipation and high performance computing compared to usual
Computational Fluid Dynamics (CFD) solvers based on Navier-Stokes equations. In order to
take wind turbines into account in the LBM solver, LaBoheMe is enhanced by the addition of
local force terms representing the influence of the wind turbines on the flow. These forces are
computed using an Actuator-Line Model (ALM). The present solver is a 2D LBM/ALM solver
allowing the simulation of “slices” of a Vertical Axis Wind Turbine (VAWT).

The Lattice Boltzmann and the Actuator Line methods are described and the coupling
adopted in this work is detailed. Validation cases for pure LBM (Backward Facing Step,
BFS) and coupled LBM/ALM are performed. The LBM/ALM coupling is validated against
experimental data and compared with a vortex method and a large eddy simulation of the
wake. Both blade forces and wake velocities are considered.

1. Introduction

Nowadays, most of the CFD solvers used for wind turbine simulations are based on Navier-
Stokes equations. In this framework, the finite-volume discretization method prevails, although
it can be diffusive to some extent. As an alternative, vortex methods, such as the ones currently
used at IFPEN (see Blondel et al., [7] and Blondel et al., [5]), are getting more interest since
their diffusivity is limited. However, the vortex methods used at IFPEN are limited to inviscid
flows or flows with artificial viscosity from empirical laws. Still, viscosity can be introduced in
such methods (see Chatelain et al., [8] and Pinon et al., [24]), but it increases both computa-
tional time and complexity. In the present work, a modern approach is adopted: the Lattice
Boltzmann Method. LBM does not consist in approximating the Navier-Stokes equations, but
instead uses the Boltzmann equation to describe the physics at a mesoscopic level. At such
a scale, the fluid is represented by particles, and their motions are defined statistically. This
method captures exact transport phenomena and provides high parallelisation capabilities, as
most of the operations occur at the node level.

Although LBM is increasingly used in many CFD applications, such as flows in porous media
(see Kutscher et al., [16]), multiphase flows (see Zheng et al., [29]) or aero-acoustics (see Marié,
[18]), it is not a common solution for wind turbine simulations.
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Recently, Deiterding et al. [10] and Pérot et al. [23] used an LBM solver to compute the flow
around wind turbine rotors and farms, using immersed boundaries to take the wind turbines
into account. Another way of modelling wind turbines is to use the Actuator Line Method
(ALM) (see Sgrensen and Shen, [27]), based on the Blade Element theory and the description
of the airfoil polars, rather than a full representation of wind turbine blades. Such an approach
strongly reduces the computational cost. The ALM interacts with the LBM to get the flow field
at each node in order to compute the forces acting on the wind turbine blades. Afterward, the
resulting forces are applied to the flow through forcing terms added to the conventional LBM
model.

In order to validate the coupling, two test cases are considered: the “Strickland VAWT” (see
Strickland et al., [28] and Nguyen [20]) for blade forces and the “IMST VAWT” (see Fraunié
et al., [13]) for wake velocities. Results are compared to experiments, a vortex method (see
Blondel and Cathelain, [6]) and an LES simulation (see Porté-Agel et al., [26]). The current
code, namely LaBoheMe, is currently limited to a 2D model for vertical axis wind turbines. To
the author’s best knowledge, it is the first time a coupling of the LBM and ALM methods is
implemented.

2. LBM and ALM methods

2.1. Lattice Boltzmann method

Within the LBM framework, the Boltzmann equation is solved on a discrete lattice. Even though
LBM is not based on the Navier-Stokes equations, these equations can be recovered from the
discrete Boltzmann equations (see D’Humieres et al., [25]). The fluid is composed of particles.
Motions of the particles are defined as the probability particles have to travel in a direction. A
distribution function f is defined. This function depends on the position z, the velocity ¢ and
the time ¢, and its evolution follows the Boltzmann equation:

of of FOf B of
E—FC%‘FR%— <8t>col7 (1)

where F'is an external body force acting on the flow (e.g. related to the presence of the wind
turbines in our case), and m the particle’s mass. This equation is divided into three different
parts:

. %{ + c% represents the advection (or streaming) of the particles.

/N

%{) is the collision term.

col

FOf
® — 5 Is asource term.

The method consists in applying this equation on a regular
Cartesian lattice (although this is not a strict condition, see Peng
et al., [22]). Particles are located on the nodes of the lattice and
have several permitted streaming directions. Many LBM models
have been studied in the literature, each model corresponding
to a particular dimension “D” and set of directions “Q”. The
most common models are the D2Q)9 model illustrated in Figure
1 and the D3Q19 model, respectively 2D with 9 streaming
directions ¢€; and 3D with 19 streaming directions. Equation (1)
is discretized and is called Lattice Boltzmann Equation. During
the streaming step, the distribution functions f; are propagated
to the neighboring nodes of the lattice in the permitted i
directions following Equation (2):

Figure 1. Geometry of the
D2Q9 model
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fi (f+e_%Atat+At):fi(f7t)7 (2)

At being the time step of the simulation. The density and momentum are deduced from the
distribution functions f; with the following expressions:

p=>_fi (3)
ja:puazzafi' (4)

The collision step can be defined by different operators. The simplest one is the BGK collision
operator named from Bhatnagar, Gross and Krook (see [4]). This step consists in considering
the collision as a relaxation of distribution functions toward an equilibrium state with a relax-
ation time 7. Another collision operator is the Multiple Relaxation Time (MRT) operator (see
dHumieres et al., [11]): this operator is more complex, each quantity (i.e. density, momentum,
energy...) having its own relaxation time as expressed in Equation (5). This description is more
realistic, since each quantity does not need the same time to reach its equilibrium state ffq.
Lallemand and Luo demonstrated the superiority of the MRT above the BGK operator [17].
The MRT operator is more stable and requires fewer hypotheses than BGK operator.

A diagonal matrix Sp is introduced in Equation (5) to take into account the various relaxation
times. Values from the Palabos documentation [2] are used, but the relaxation times related to
the LBM viscosity and the LBM velocity remain unknown. Following Palabos recommendations,
the LBM velocity urgps is set to 0.01. All of the remaining relaxation times are then deduced
from the LBM velocity.

ficoltision (T + GAL T+ At) = f; (Z+ &ALt + At) — Sp [fi (Z,¢) — f{7(Z,1)]. (5)

The distribution functions at equilibrium are related to the momentum through a
transformation matrix M:

feq _ Mflmeq’ (6)
with:

1 1 1 1 1 1 1 1 1

-4 -1 -1 -1 -1 2 2 2 2

4 -2 -2 =2 =2 1 1 1 1

0 1 O -1 0 1 -1 -1 1
M=o -2 0 2 0 1 -1 -1 1 (7)

0 0 1 o -1 1 1 -1 -1

0 0 -2 0 2 1 1 -1 -1

0 1 -1 1 -1.0 0 0 O

o o o o0 o0 1 -1 -1 -1

Some of the macroscopic quantities are invariant through collision due to the mass and
momentum conservation, thus p = peg and jo, = jaeq- For the other macroscopic quantities,
equilibrium values are derived from the density p and the momentums j, as follows:
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eq

p P
e —2p+3 (ui + ug) 0>
p—3(ui +uZ)p?
Jz Ug P
m =1 gy = —Ugp ) (8)

Jz Uzp

qz —Uzp
Car (a2 — u2) p?
Ozz UxUzP2

where p is the local density, e is the energy, € is the energy squared, j, and j, are the mo-
mentums, ¢, and ¢, are the fluxes and o,, and o,, are stresses.

The last step is the addition of external forces induced by the wind turbine blades. Several
methods exist (see Huang et al., [14]). The chosen method is the so-called “exact difference
method” suggested by Kupershtokh et al. [15]. It is directly derived from the Boltzmann
equation. It consists in adding a source term S; to the streaming and collision equations (9).

Si:fieq(pvﬁeq_i_Aﬁ)_fieq(p7ﬁeq): (9)

with .
ai = FAL (10)

p

At each step, the LBM provides distribution functions on the full domain. Macroscopic quan-
tities associated with each node are then derived.

This summary of the Lattice Boltzmann method highlights the simplicity of the operations
implemented in the method: only linear combinations are needed. In addition, most of the
operations on the nodes are independent from their neighbors (at least during the collision
phase), thus, parallelisation can be easily implemented (see OpenL.LB documentation, [1]).

2.2. Actuator line method

In the previous section, the modelling of the flow has been described. This section introduces
the wind turbine inside the Lattice Boltzmann model: the wind turbine blades are modeled as
actuator lines. At each step, the LBM solver computes the density and velocity on the lattice
domain. The wind turbine blades rotate inside the domain and an averaged density-velocity
description around the line is computed. The forces occurring on the blades (i.e. drag D and
lift L) are derived from the airfoil polars and the attack angle o as shown in Figure 2.

The relative velocity .. is defined as:

ﬁrel = ﬁwind - Udisplacementy (11)
and, the focus being on VAWT, the attack of angle varies during the rotation of the blades. It
is computed using the flow velocities projected in the local blade element reference frame:

urel
a = atan?2 < Z;l) , (12)

Un

u}"\?l being the relative velocity seen by the profile in the normal direction with respect to its

chord line, and u}d the tangential counter-part.
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Upe]
Figure 2. Angle of attack and forces acting on an airfoil

In addition, a stall model is implemented in the force calculation. The chosen one is the Qye
stall model [21] modified by Blondel et al. [7]. It represents the time lag of the separation point
displacement on the suction side of the airfoil.

The force are located on a 2D line, thus a Gaussian spreading function is implemented in
order to take into account a volumic force:

Fotd) = - exp (~ (@/e?) . (13)

This Gaussian repartition is a 2D-isotropic distribution, based on a spreading length e that
is set proportional to the chord length of the airfoil. Other definitions exist to have a better rep-
resentation of the physics, such as a non-isotropic projection that mimics the force distribution
around an airfoil (see Churchfield et al., [9]).

As an illustration, a VAWT and its numerical counter-part are given in Figures 3 and 4.

. . Figure 4. Vertical axis wind turbine
Figure 3. Diagram of a VAWT described with ALM on a LBM lattice
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3. Validation

3.1. Pure Lattice Boltmann method validation, Backward Facing Step (BFS)

The focus of this work being the modelling of a VAWT, a 2D model is sufficient in a first ap-
proach (tip vortices are excluded from the simulations). The D2Q9 MRT scheme illustrated
in Figure 1 is used. The inlet/outlet boundary conditions suggested by Zou and He [30] are
implemented and a bounce-back scheme is used to represent the no-slip conditions at the walls.

Figure 5. Representation of the Backward Facing Step computational domain

The in-house LBM solver is tested through a classical benchmark called the backward fac-
ing step (BFS), illustrated in Figure 5. The flow comes from the left of the domain. The
Laser-Doppler experimental measurements of Armaly et al. ([3]) are used to compare with our
simulations. Two different Reynolds numbers are considered: Re = 100 and Re = 389. This
Reynolds number is based on the hydraulic diameter of the inlet channel and the two-thirds of
the maximum inlet velocity.

. 5
e %, & m .
oy Y ™~ WO Nt N, %
1.5 1Y \. 15 \‘ e e e A
o ¢ /S AN ‘e
z o kS = P LA I B B S 3
P 7 - ¥ N g
£1.0 . g £ “ S S P .
E | o E | R 4 KAL) ,,’ .
M /A » » -~
05/ * ¢ Reference Data J o0s/|+ + ReferenceDatals & & . & & & 4
. B £ .
- LBM B --- LBM S S S S s
s S N NN S W £
0.0 5 3 8 0.0 0 ] 4 6 8
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2.0,
1.5
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0.5]
5 10 15 0.0 5 10 15

0.0000 0.0114 0.0228 0.0342 0.0456 0.0570 0.0684 0.0798 0.0912 0.1026 —0.0114 0.0000 0.0114 0.0228 0.0342 0.0456 0.0570 0.0684 0.0798 0.0912

Figure 6. Backward Facing Step validation, Re = 100 (right), Re = 389 (left)

The results obtained through the LBM model in Figure 6 show very good agreement with the
experimental data for both regimes. As expected, a circulation area is fed by the upstream flow
and occurs downstream the step. The length of this circulation zone depends on the Reynolds
number. Further downstream, the influence of the step disappears because of the fluid viscosity,
and the outgoing flow tends towards the expected Poiseuille profile.

This benchmark validates the treatment of the boundaries (inlet, outlet, and walls), and the
LBM implementation.
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3.2. Coupled LBM/ALM, Vertical Azis Wind Turbine

The LBM flow solver being validated, VAWT can now be considered. The validation is based
on two complementary tests: blade forces prediction on one hand and wake velocity prediction
on the other hand.

3.2.1.  “Strickland VAWT” - Blade forces The first test concerns the comparison of the
predicted blade forces to the measured ones. As a reminder, the normal and tangential forces on
the blades are computed by the solver using the macroscopic quantities (density and velocities)
derived from the LBM distribution functions. Forces depend on the angle of attack of the profile,
the airfoil polar and the stall model. In the upwind part of the VAWT (between azimuth 0 and
azimuth 180°), the incoming flow is free from any disturbance from the rotor except pressure
effects. At the downwind position, the incoming flow is modified by the wake generated by the
blades at the upwind position.

The validation of the force calculation is based on the “Strickland VAW test case. Experi-
ments led by Nguyen and Strickland et al. [20] and [28] on this rotor are used as a reference, in
complement with 2D vortex simulations with no stall and no boundaries (see Blondel and Cathe-
lain, [6]). Experiments were performed in a water tow tank with a chord based Reynolds number
of 40000. The 2-blade VAWT is dragged through the tank at different tip speed ratios (T'SR).
The dimensionless values of the normal and tangent forces are extracted at the blades as follows:

Urel

* J—
n,t — Cn,t X U’
)

(14)

with
Fn,t

%pUTdQChord'

F} , are respectively the dimensionless normal and tangential forces while Cy, ; are the normal
and tangential forces coefficients. In addition, U,.; is the relative velocity and Uy, is the infinite
velocity. Four complete rotor revolutions are performed, to be consistent with the measure-
ments. 1500 lattices are used in the axial direction. The results obtained at TSR = 2.5,5.0 are
presented in Figure 7.

Cni = (15)

Different phenomena are observed. Upwind, while the azimuth angle « is increasing, the angle
of attack and then both lift and drag coefficients increase. It leads to an increase of both normal
and tangential forces. « finally decreases after a peak around 90° of azimuth angle. Downwind,
the angle of attack becomes negative, thus, the lift decreases but the drag increases. In addi-
tion to this phenomenon, the incoming velocity is reduced due to disturbances (wakes) created
upstream, which results in lower amplitude of the angle of attack in the downstream region com-
pared to the upstream ones. It explains the lower amplitude of the normal and tangential forces.

All simulations present this characteristic, there is a match between the forces calculated in
both models and the experiment. However, some discrepancies appear, for instance the vortex
method does not show the bump around 270°. Few aerodynamic models for VAWTSs, such as the
Actuator Cylinder flow model, predict this bump (see Ferreira et al., [12]). In addition, the stall
model is the only one to reproduce the high increase of tangential forces at downwind positions.
As a summary, the LaBoheMe solver with the Qye stall model has a good representation of the
physics and compares well with the experimental data.

The coupling of a LBM solver with an actuator line model of turbine is encouraging.
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Figure 7. Strickland case, normal (right) and tangent (left) forces for TSR = 2.5 (up) and
TSR =5.0 (down)

3.2.

2.

“IMST VAWT?” - Wake velocities

The second test compares measured velocities in the

wake to the simulated ones. The velocity in the channel downstream the turbine is measured
using a Particle Image Velocimetry (PIV) system.

z/R

z/R
RURUR AR ASUR AN AUNA

2.5 8.33

Figure 8. IMST section scheme
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The benchmark used for the wake validation is the “IMST VAWT” [13]. The experiment
occurs in a vertical channel with running water at Re = 10000 and static VAWT. The wake
velocity is measured at several sections positioned behind the rotor as shown in Figure 8. In this
case, wake recovery due to the viscosity must be observed while the section is getting farther
downstream from the rotor. This phenomenon is missing from the Vortex model that is why
another reference is chosen. The LES simulations of Shamsoddin and Porté-Agel presented in
[26] are elected for being this reference. Shamsoddin and Porté-Agel combined an LES with an
ALM model for VAWT simulation which was tested on the “IMST VAWT” case.

The results presented here are the comparison of the experiments conducted at the IMST
with the LES model and the LaBoheMe results of a 2-blade Darrieus turbine at TSR= 3.85. 40
full rotor revolutions are performed and 1500 lattices are used in the axial direction. The wake
profiles at sections /R = 2.50 and /R = 8.33, where R is the rotor radius, are shown in Figure
9.

2.0 X/R=2.5 2.0 X/R=8.33
e o Reference Data e o Reference Data
1.8 : -- LES : i 181 . (g
1.6} — LaBoheMe 1.6L| — LaBoheMe
1.4 1.4
§1.2 § 1.2
< 1.0 1.0
=) =)
0.8} 0.8
0.6} 0.6
0.4} 0.4
0% 3 —15-1.0-05 0.0 05 1.0 15 2.0 0% 63 -15-1.0-05 0.0 05 1.0 15 2.0
y/R[.] y/R[.]

Figure 9. IMST case, Wake velocities at sections X/R = 2.50 (right) and X/R = 8.33 (left)

The IMST case highlights the flow propagated downstream the VAWT. The velocity has been
modified by the rotor. Close to the wall, a blocking effect is created at | y |[> R, it increases
the flow velocity around the turbine. On the contrary, for | y |< R, the velocity decreases due
to the wake creation. At a section farther from the rotor, a dissipation phenomenon due to the
viscosity reduces the amplitude of the wake: the velocity for | y |> R decreases and for | y |< R is
increases. Results show good agreement between the reference data, the LES and the LaBoheMe
solver. Even though the LES gives closer results to the reference data than LaBoheMe does,
LaBoheMe needs fewer operations to deliver good results (see Marié et al., [19]).

4. Conclusion

This study has highlighted the interest of coupling Lattice Boltzmann and Actuator line
methods. Indeed, LaBoheMe model shows suitable results compared to experiments, vortex
and LES models. The addition of a stall model is even improving the results. The addition of
an external force as a source term works well. These results are promising since the method does
not have a turbulence model yet. The results presented in this paper are validating the coupling
of the LBM and ALM. LaBoheMe is able to deliver accurate results with fewer operations than
finite volume solvers. In the future, the impact of the spreading function used to incorporate
forces will be tested and a turbulence model will be added to the Lattice Boltzmann model such
as a Smagorinsky model. Furthermore, a complementary study is being led in order to create a
3D version of LaBoheMe. It will be adapted to horizontal axis wind turbines.
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