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Abstract. The high computational cost of large eddy simulations (LES) limits their use in
industrial wind energy applications. In this work, the lattice Boltzmann method (LBM) is used
as a GPU-based alternative to traditional Navier–Stokes solvers, allowing faster simulations of
the atmospheric boundary layer (ABL). To deal with the limited availability of detailed turbine
data, an Actuator Disk Model (ADM) is implemented using a small number of input parameters
and allowing the use of relatively coarse grids. Single-turbine simulations are performed under
uniform inflow and neutral ABL conditions and are validated against reference studies, including
the measurements published in the SWiFT benchmark and the results obtained with LES by
the participants in the benchmark. The results show good agreement with measurements and
other LES models, and key turbine quantities such as power, thrust, torque, and rotational
speed are well predicted. In addition, the LBM approach reduces the computational cost by
up to four orders of magnitude compared to standard LES methods, showing its potential for
efficient and accurate wind farm simulations.

1. Introduction
Wind farms operate within the atmospheric boundary layer (ABL), where turbulence and
atmospheric conditions strongly influence wake development and power production. Accurate
wake modeling therefore requires high-fidelity simulations capable of representing both turbine
aerodynamics and atmospheric turbulence.

Large-Eddy Simulation (LES) is widely used for this purpose because it resolves a broad range
of turbulent structures and wake interactions. However, LES is computationally demanding,
especially when resolving the recommended 80% of turbulent kinetic energy [1], which requires
fine spatial resolution and large computational domains. Although conventional Navier Stockes
(NS) has demonstrated strong capabilities for ABL and wind-farm flow simulations [2, 3], its
cost remains a major limitation for large-scale applications.

The Lattice Boltzmann Method (LBM) has emerged as an efficient alternative, particularly
well suited for Graphics Processing Units (GPUs), while still retaining high-fidelity features [4, 5].
Previous studies have validated its accuracy against conventional NS and experiments for
wake prediction, turbulence, and flow separation [6], and further developments have improved
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turbulence inflow, wall modeling, and surface interaction [7]. These advances highlight its
potential for reliable wind-farm simulations.

A key component of such simulations is the representation of wind turbines. The Actuator
Line Model (ALM) has been successfully implemented in LBM frameworks [4] and further
improved in recent works [8]. The combination of LBM and ALM has shown good accuracy
and efficiency, but it requires detailed turbine geometries that are often unavailable in industrial
projects. In addition, the accuracy of the ALM is known to deteriorate at low spatial resolutions,
even when using smearing corrections, which limits its applicability in large-scale simulations
with coarse grids. As a result, simpler models have been developed, most notably the well-known
Actuator Disk Model (ADM).

Numerous studies have shown that ADM provides a useful compromise between accuracy
and computational efficiency, requiring only limited input data [9]. The novelty of this work lies
in combining the efficiency of LBM with the simplicity of ADM, enabling the simulation of large
wind farms with minimal input information. This implementation and validation represent a
first step toward making LBM–ADM a practical tool for both research and industry.

To achieve this goal, we implement the ADM methodology in the LBM solver and perform
both a code-to-code comparison against classical (NS) ADM studies [10] and a validation against
experimental data from the SWiFT (Scaled Wind Farm Technology) benchmark [11].

2. Methodology
The ADM is implemented using the wiFI framework1, which provides a Python-based
environment to couple turbine models and control strategies with the flow solver. The flow
field is computed using the lattice Boltzmann solver VirtualFluids [12], whose main features are
briefly described below. The ADM is fully coupled with the flow solver, allowing the aerodynamic
forces to be directly applied to the fluid domain.

The validation is carried out in two stages. In the first stage, a uniform inflow case is
considered to verify the correct distribution of forces over the actuator disk and to assess
the sensitivity of the model to grid resolution. For this purpose, a single turbine based on
the NREL 5MW reference model is simulated. The obtained results are compared against
reference data reported in [10], corresponding to the same ADM strategy implemented in a
conventional NS solver (OpenFOAM). In addition, a comparison against an ALM implemented
within the LBM framework is included. The ALM-LBM approach has been extensively validated
in previous work [4, 8], and is therefore used here as an additional reference for the present study.

In the second stage, the model is evaluated under more realistic flow conditions. To this
end, simulations are performed based on the neutral SWIFT benchmark case, which provides
experimental measurements of wake development and power production for Vestas V27 wind
turbine. A detailed description of the benchmark cases can be found in [11]. The numerical
results are compared against the available experimental data, as well as against reference results
from other numerical solvers reported in the literature for the same benchmark, to assess the
capability of the ADM to reproduce wake evolution and turbine performance. Further details
on the numerical setup and the analyzed cases are provided in the following subsections.

2.1. The Lattice Boltzmann Solver
LBM is an alternative numerical approach for solving the weakly compressible NS equations. It
is derived from the kinetic theory of gases and is based on the evolution of particle distribution
functions. The primary variable of the method is the particle distribution function f , which
describes the probability of finding particles at a given position in space, time, and velocity
space.

1 https://source.coderefinery.org/Hkorb/wifi
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The temporal evolution of f is governed by the Boltzmann equation. Its discretized form,
known as the lattice Boltzmann equation, can be written as

fi(x+ ci∆t, t+∆t) = fi(x, t) + Ω(f), (1)

where fi denotes the discrete particle distribution function associated with the lattice velocity
ci, x is the spatial position, t is time, and ∆t is the time step. The term Ω(f) represents
the collision operator, which models inter-particle interactions and gives rise to diffusion at the
macroscopic level.

In this work, the velocity space is discretized using 27 discrete lattice directions, resulting in
a so-called D3Q27 lattice. The spatial grid spacing ∆x is related to the time step through the
lattice speed c = ∆x/∆t. For further details on the fundamentals of the method, the reader is
referred to [13].

In the present work, the cumulant collision operator is employed. This operator achieves
fourth-order accuracy in diffusion and exhibits excellent numerical stability, even at very high
Reynolds numbers. The method is implemented in the GPU-resident general-purpose flow solver
VirtualFluids2 [12].

2.2. Actuator Disk Modeling
In the ADM, the aerodynamic forces are distributed over the entire rotor swept area. In the
original formulation, without tip and root corrections, the non-corrected normal and tangential
forces per unit area are defined as

∆F ′
n,i =

1
2 ρCT U2

∞, (2)

∆F ′
θ,i =

ρCP U3
∞

2ω ri
, (3)

where CT and CP are the global thrust and power coefficients, respectively, U∞ is the upstream
velocity which, for uniform incoming flows, can be assumed equivalent to Uref , ρ is the air
density, ω is the rotor angular velocity, and ri the radial position of the node i.

To account for finite blade effects, the Glauert tip loss correction [14] is applied, while the root
correction is based on a vortex core model used in the original analytical ADM formulation [15].
Both corrections are rescaled to conserve the total thrust and torque [10]. The normal and
tangential forces per unit area are computed according to the selected force calculation approach
and are then concentrated at each node i as

∆Fn,i = b1FtipFroot∆F ′
n,i∆Ai, (4)

∆Fθ,i = b2FtipFroot∆F ′
θ,i∆Ai, (5)

where b1 and b2 are scaling factors for the normal and tangential forces and ∆Ai is the disk area
associated with node i.

For a given turbine setting defined by Uref , a relationship is established at each radial location
between the local disk velocity Ud,i and the corresponding unperturbed upstream velocity U∞,
which determines the local forces. The distinction between the reference velocity used to define
the turbine setting (Uref ) and the unperturbed velocity employed to compute the ADM forces
(U∞), introduced by [9], enables the ADM to adapt the applied forces under off-design operating
conditions.

2 https://git.rz.tu-bs.de/irmb/VirtualFluids
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The numerical implementation of the ADM requires a calibration procedure in which the
turbine is subjected to several uniform inflow conditions. This process establishes two key
relationships: (i) between the disk-averaged velocity ⟨Ud⟩ and Uref (defining the corresponding
Ct and Cp), and (ii) for each Uref configuration, between the local velocity Ud,i and the force
increments ∆Fn,i and ∆Fθ,i. Further details of the methodology and calibration procedure can
be found in [10].

3. Numerical setup
3.1. Uniform inflow case
In the first stage, a uniform inflow case is used to validate the correct force distribution over the
actuator disk and wake development to analyze the sensitivity of the model to grid resolution.
A constant axial velocity U∞ is prescribed at the inlet, while a non-reflective open boundary
condition is applied at the outlet. Periodic boundary conditions are imposed in the lateral
direction, and slip boundary conditions are used at the top and bottom boundaries.

The computational domain extends 29D in the streamwise direction and 6D in both the
lateral and vertical directions. The actuator disk is located at the center of the cross-section and
at a distance of 3D from the inlet. Three different grid resolutions are considered, corresponding
to D/12, D/24, and D/32, in order to evaluate grid convergence effects.

3.2. SWiFT benchmark case
In the second stage, the ADM is evaluated under realistic atmospheric inflow conditions using
a precursor–successor approach. In this strategy, a precursor simulation without turbines
is first performed to generate fully developed turbulent inflow conditions representative of
the atmospheric boundary layer. The resulting flow field is then sampled and imposed as
time-dependent inflow boundary conditions in the successor simulation, where the turbine is
introduced.

The SWiFT benchmark is based on an extensive experimental campaign conducted at the
SWiFT facility in Lubbock, Texas, USA, aimed at characterizing wind turbine wake behavior
under realistic ABL conditions. The measurements were performed on a Vestas V27 wind
turbine with a rotor diameter of D = 27m and a hub height of zhub = 32.1m. Wake velocity
measurements were obtained using a DTU SpinnerLidar at several downstream locations between
2D and 5D, while inflow conditions were characterized using a meteorological tower located 2.5D
upstream of the turbine, providing wind speed and direction data at multiple heights.

Three cases with varying stability were compiled for the original benchmark. In the present
work, only the neutral stability case is considered. This case is constructed from six ten-minute
periods with low yaw misalignment, negligible synoptic forcing, and a stability parameter close
to zero. Ensemble mean values of the quantities of interest are presented in Table 1.

Uhub [m/s] TIhub [%] α L [m] u∗ [m/s]
8.70 10.70 0.14 0.004 0.45

Table 1. Ensemble-averaged inflow characteristics of the SWiFT neutral benchmark case,
adapted from [11]. Values represent means of several 10 minutes means. Variables are hub-
height mean wind speed, hub-height turbulence intensity, vertical shear of mean wind speed
profile, stability parameter and friction velocity

.

Different models participated in the benchmark, including three analytical models (Gaussian,
GaussianIQ and FarmShadow), three Reynolds-averaged Navier Stockes models (EllipSys3D-
ABL, EllipSys3D-MOST and WakeBlaster), two dynamic wake meandering models (FASTFarm-
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LES and FASTFarm) and five LES models (NaluWind, SOWFA, SOWFA-2, EllipSys3D and
PALM). For details on the different models, we refer to [16]. In a validation study similar to
this one, the solver Meso-NH and VirtualFluids were compared as well.

3.2.1. Precursor setup
The precursor simulation is performed in a domain of 4.5 km × 4.5 km × 0.75 km, discretized
using an isotropic grid with a spacing of ∆x = 9.0m. Periodic boundary conditions are applied
in the streamwise and lateral directions, while a slip boundary condition is imposed at the top
boundary. At the bottom boundary, an inverse momentum exchange method is used to model
surface roughness, with a roughness length of z0 = 0.014m. The flow is driven by a constant
pressure gradient, and Coriolis effects are neglected. Subgrid-scale stresses are modeled using
the QR model with a model constant of 1/5, and a cumulant operator limiter of 0.01 is applied.
After a spin-up period of 12 hours, the flow fields required to prescribe the inflow of the successor
simulation are stored at every time step.

3.2.2. Successor setup
The successor simulation employs the same base domain and grid resolution as the precursor and
includes two successive levels of grid refinement towards the turbine. The turbine rotor center
is located at (2250m, 2250m, 32m). The finest grid covers a region of 70D×12D×9D, starting
35 diameters upstream of the turbine, with an inner grid spacing of ∆xinner = 2.25m. Lateral
boundary conditions remain periodic, while the bottom, top, and outflow boundary conditions
are identical to those used in the precursor simulation.

After a spin-up period of 10 minutes, velocity fields are sampled at several locations upstream
and downstream of the turbine. In addition, turbine quantities, including generator torque M,
thrust force, rotor speed ω, and generator power Pgen are recorded. All measured quantities are
recorded over a 10 minutes period and saved with a frequency of 0.1Hz.

4. Results
4.1. Uniform inflow case
4.1.1. Radial force distribution
Figure 1 presents the radial distribution of the normal and tangential forces per unit length acting
on the actuator disk for the different grid resolutions. The ADM–LBM results are compared
across grid resolutions and against reference results obtained with a conventional NS solver and
the LBM–ALM approach.

Overall, the ADM captures the expected radial trends for both force components. The normal
force increases from the root region towards the mid-span, reaches a maximum in the mid-to-tip
region, and decreases sharply near the blade tip. The tangential force remains approximately
constant over a large portion of the disk span. The effect of the applied corrections is also
evident, reducing the forces in the root and tip regions.

The radial force distributions obtained with the different grid resolutions are nearly identical.
This behavior is expected since, under uniform inflow conditions, thrust and power are
prescribed input quantities, making the resulting force distribution largely independent of the
grid resolution. Consequently, all resolutions yield very similar profiles and remain in close
agreement with the conventional NS reference results.

From the ALM–LBM simulations, the reference values of thrust and power are, respectively,
TALM = 396.32 kN and PALM = 2.06 MW. For all ADM–LBM resolutions, only negligible
differences are observed with respect to ALM–LBM, namely ∆T = −3.90 kN (−0.98%) and
∆P = −0.05 MW (−2.30%).

The conventional NS reference results exhibit a slightly lower thrust and a slightly higher
power compared to the present results. Minor local fluctuations are also observed in the
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Figure 1. Comparison of radial distributions of normal and tangential forces per unit length
for the single-turbine uniform inflow case.

radial distributions. However, when considering the integrated quantities, comparable values
are obtained, namely TADM-NS = 375.86 kN and PADM-NS = 2.10 MW. These differences may
be attributed to the choice of thrust and power coefficients. In the present work, Ct and Cp

are derived from a BEM analysis, whereas these coefficients are not explicitly reported in the
conventional NS reference study.

Together with the agreement observed in the integrated thrust and power values, this
comparison provides further evidence that the implemented ADM–LBM correctly reproduces
the radial loading characteristics under uniform inflow conditions.

4.1.2. Wake development and grid sensitivity
The consistency of the radial loading across grid resolutions is directly reflected in the wake
development, as the induced momentum deficit remains similar for all resolutions.

Figure 2 shows the normalized axial velocity profiles at hub height for several downstream
locations. The evolution of the wake deficit and its recovery are analyzed for all ADM–LBM
resolutions and compared with the ALM–LBM and conventional NS reference results.

Figure 2. Hub-height normalized axial velocity profiles for the single-turbine uniform inflow
case (U∞ = 8ms−1).

At one diameter downstream of the actuator disk, all resolutions predict a similar velocity
deficit, confirming that the imposed momentum extraction is consistently captured. Minor
differences are observed near the hub region, where steeper velocity gradients are better resolved
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as the grid is refined. For the coarsest grid, small differences are also observed close to the tip.
It is also observed that the conventional NS solution exhibits a slightly lower velocity deficit,
which is likely associated with the lower thrust predicted by that reference.

Further downstream, the velocity profiles progressively collapse onto a similar shape for
all resolutions, indicating a reduced sensitivity to grid spacing in the far wake, where the
flow becomes dominated by large-scale mixing processes rather than the near-disk gradients.
Notably, even the coarsest resolution (D/12) shows very good agreement with the finer LBM
cases, suggesting that the large-scale wake dynamics are already well captured at relatively
coarse resolutions.

Overall, these results demonstrate that the wake predictions are largely insensitive to grid
resolution under uniform inflow conditions, and that the implemented ADM–LBM provides a
robust and consistent representation of wake development.

4.2. SWiFT benchmark results
4.2.1. Inflow characterization
Figure 3 shows the vertical profiles of the mean streamwise velocity, turbulent kinetic energy
(TKE) and wind direction imposed at the inflow of the successor simulation. These profiles are
extracted 2.5D upstream of the turbine position and are representative of the ABL generated
by the precursor simulation.

Figure 3. Vertical profiles of mean velocity (left), turbulent kinetic energy (center), and wind
direction (right). Black dashed lines show the measurement averages.

The mean velocity profile exhibits the expected logarithmic behavior near the ground and
approaches a nearly uniform velocity in the upper part of the domain. The TKE profile shows
elevated turbulence levels close to the surface, decreasing with height, which is consistent with
typical neutral ABL conditions and with the characteristics reported in the SWiFT benchmark
measurements. The wind direction remains nearly constant over the height, as the Coriolis effect
is not considered in the present simulations.

Overall, the inflow profiles reproduce the main characteristics reported in the SWiFT
benchmark, indicating that the precursor–successor approach provides a realistic representation
of the incoming ABL conditions required for the turbine performance and wake analysis.

4.2.2. Turbine performance comparison
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The turbine performance is analyzed in Figure 4, where key quantities such as rotor speed,
generator power, torque, and thrust coefficient are compared across the different simulations
and measurements.

Since the ADM formulation does not explicitly resolve rotating blades, the rotor speed is
estimated from the disk-averaged velocity using the calibration procedure described in the
methodology, where the model is precalibrated for different operating conditions. However,
all simulations, including the present ADM–LBM approach, show very good agreement in terms
of rotor speed, indicating a consistent representation of the turbine rotational dynamics.

Regarding power calculations, as no controller is used in the present simulations, generator
power is estimated by multiplying the aerodynamic power by the electrical efficiency of the
generator in the Vestas V27 wind turbine (η = 0.944). Larger differences are observed in
the predicted generator power, with most simulations slightly overestimating the mean power
output, except for the PALM results. The mean power obtained in the present simulation lies
within the reported variability range and is in very close agreement with the reported measured
power.

A similar trend is observed for the generator torque, which closely follows the behavior of the
power.

The thrust coefficient Ct is computed from the thrust force sampled every 10 s and normalized
by the reference inflow velocity at the same time instant. Although no experimental data is
available for this quantity, the range reported by the reference simulations lies between 0.75 and
0.84. The present simulation yields a value of approximately Ct = 0.76.

Despite these differences, the overall turbine response predicted by the present approach is
consistent with the reference simulations, both in terms of mean values and variability. This
indicates that the ADM–LBM framework is capable of capturing the overall turbine response
under ABL inflow conditions.

Figure 4. Comparison of turbine performance metrics (rotor speed, generator power, torque,
and thrust coefficient) for the SWiFT benchmark. Black bars indicate the 95% confidence
intervals.

4.2.3. Wake development
The wake development downstream of the turbine is illustrated in Figure 5, including the
measured data, the LES results provided by the other modeling groups, and the present ADM–
LBM simulation at four downstream locations.

A significant spread can be observed among the different simulations, particularly in the near
wake. At 2D downstream of the rotor, most models tend to underestimate the velocity deficit
compared to the measurements. The present ADM–LBM results show a similar tendency, which
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Figure 5. Hub-height velocity deficit profiles at 2, 3, 4, and 5 rotor diameters downstream.
Dashed lines show measurements and shaded areas the 95% confidence interval.

can be attributed to the simplified actuator disk representation that does not resolve the detailed
blade-induced flow structures.

Further downstream, the wake progressively recovers and the differences between the models
decrease. At 3D, 4D, and 5D downstream of the turbine, the predicted velocity profiles from
the present simulation are in good agreement with the measurements and lie within the range
of the other LES results.

Overall, the ADM–LBM framework reproduces the main wake characteristics, including the
velocity deficit and its downstream recovery under ABL inflow conditions, and provides results
consistent with the reference simulations.

4.2.4. Computational cost
In [16], the computational cost of different models is reported in terms of processor core hours
as a function of an error metric, defined as the normalized difference norm of one-dimensional
time-averaged velocity deficit profiles, averaged across vertical and horizontal directions and
summed over all downstream distances. The computational cost is evaluated based on a 10-
minute wake simulation. While this metric is useful within a given hardware architecture, a
more general measure is the energy-to-solution (E2S), defined as the total energy required to
obtain a solution [17].

In the present work, the simulation was performed on a single NVIDIA RTX A6000 GPU
(300 W TDP) and a single Intel Xeon Silver 4216 CPU (100 W TDP). The resulting energy
consumption is shown in Figure 6.

Conventional LES simulations reported in [16] require between approximately 30 kWh and
more than 300 kWh. In contrast, the present simulation requires only about 0.04 kWh,
corresponding to a reduction of approximately three to four orders of magnitude in energy
consumption. The comparison between computational cost and model error is shown in Figure 6.
Notably, this level of efficiency is comparable to that of RANS simulations while maintaining a
high level of accuracy.

Overall, these results demonstrate that the ADM–LBM approach achieves a substantial
reduction in computational cost while preserving a high level of accuracy, highlighting its strong
potential for large-scale wind farm simulations where both accuracy and computational efficiency
are critical.
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Figure 6. Energy-to-solution versus model error for different models in the SWiFT benchmark.

5. Conclusions
In this work, an ADM has been implemented and validated within the wiFI framework, fully
coupled to the lattice Boltzmann solver VirtualFluids. The proposed formulation enables a
consistent representation of turbine-induced forces and allows the simulation of wind turbine
wakes under both idealized and realistic inflow conditions.

The validation was performed in two stages. Under uniform inflow conditions, the model
accurately reproduces the expected radial distribution of aerodynamic forces and shows
negligible sensitivity to grid resolution, with all cases remaining in close agreement with reference
conventional NS and ALM–LBM results.

Under realistic ABL inflow conditions, the model was further evaluated using the SWiFT
benchmark. The ADM–LBM approach captures the main wake features and velocity deficit
profiles with good agreement with experimental measurements and reference LES simulations.
The computed error metrics confirm a competitive level of accuracy, particularly considering the
simplicity of the model.

In addition, the proposed framework achieves a substantial reduction in computational cost.
The simulations require only a fraction of the energy compared to conventional LES approaches,
reaching more than three orders of magnitude reduction in energy-to-solution while maintaining
a high level of accuracy.

Overall, these results demonstrate that the LBM-based ADM provides an efficient and robust
alternative for wind turbine and wind farm simulations, combining low computational cost
with physically consistent predictions, enabling large-scale wind farm simulations under realistic
atmospheric conditions.
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