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The Lattice Boltzmann Method + GPUs

Validation against full-scale measurements 

Computational Performance
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Figure 2.1. Schematic of three-dimensional velocity lattices. Coordinate-normal
planes marked in yellow. Each vector referring to a discrete velocity eeei jk as given
in Eq. (2.9). Velocities of the D3Q19 lattice (Qian et al., 1992) with 19 discrete direc-
tions given by orange vectors. Additional velocity directions considered in the D3Q27
lattice given by red vectors. Figure adapted from paper I.

Accordingly, the moments equivalent to Eqs. (2.1) and (2.2), etc., reduce to
the weighted sums of the discrete PDFs

mαβγ = ∑
i jk
(ic)α( jc)β (kc)γ fi jk (2.7)

with α, β and γ denoting the order of the moment in the referring lattice direc-
tion and α +β + γ the total order of the moment. Moreover, we can find the
macroscopic pressure using the isothermal equation of state of an ideal gas,
with

p = c2
s ρ . (2.8)

For the discretisation of the Boltzmann equation in space and time, the clas-
sical LBM employs a simple finite difference approach on uniform Cartesian
grids. In conjuction with Eq. (2.6), the resulting numerical scheme, the lattice
Boltzmann equation (LBE), reads

fi jk(t +∆t,xxx+∆t eeei jk)− fi jk(t,xxx) = ∆t Ωi jk(t,xxx). (2.9)

Hence, the discretisation of the left-hand side of Eq. (2.3) is exact as PDFs
propagate exactly to the direct neighbour nodes during one time step ∆t.

The last step to complete the numerical scheme of the LBM is the definition
of the collision operator. The most simple, yet widely employed, collision
model is the single-relaxation-time model (SRT), commonly referred to as
lattice Bhatnagar-Gross-Kroog (LBGK) model (Bhatnagar et al., 1954). It
follows the simple approach to relax all PDFs towards the equilibrium using a
single constant relaxation time τ with

Ωi jk(t,xxx) =−1
τ

(
fi jk(t,xxx)− f eq

i jk(t,xxx)
)

. (2.10)

16



Fundamentals of  the Lattice Boltzmann Method
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Figure 2.1. Schematic of three-dimensional velocity lattices. Coordinate-normal
planes marked in yellow. Each vector referring to a discrete velocity eeei jk as given
in Eq. (2.9). Velocities of the D3Q19 lattice (Qian et al., 1992) with 19 discrete direc-
tions given by orange vectors. Additional velocity directions considered in the D3Q27
lattice given by red vectors. Figure adapted from paper I.
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fijk(t+�t,x+�t eijk) = fijk(t,x) +�t⌦ijk(t,x)

• Discretize space and time

• Discretize velocity space:

with
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• Recovers the weakly-compressible Navier-Stokes

• Explicit in time & exact advection

• Local non-linearity (the collision operator)

‣ Efficient numerical scheme, excellent parallelisation, very suitable for GPUs

Why LBM?
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Ω(fijk) f∗
ijk

Collide Stream

Figure 2.2. The LBM collideandstream algorithm: Firstly, the collision of incoming
distribution functions fijk (grey) at each grid point is modelled using a collision op
erator. Secondly, the postcollision distributions f∗

ijk (red) stream to the neighbouring
grid points.

2.1.3 Definition of the Collision Operator
The final step to complete the numerical scheme is the definition of the col
lision operator. The most simple collision operator is the singlerelaxation
time model (SRT), commonly referred to as lattice BhatnagarGrossKroog
(LBGK) model (Bhatnagar et al., 1954). In the SRT, all PDFs are relaxed to
wards the equilibrium using a single constant relaxation time τ with

Ωijk(t,x) = −1

τ

(
fijk(t,x)− f eqijk(t,x)

)
. (2.10)

Algorithmically, it is standard practice to decompose and rearrange Eqs. (2.9)
and (2.10) into two separate steps, as shown in Fig. 2.2. The first is the collision
step

f∗
ijk(t,x) =

(
1− ∆t

τ

)
fijk(t,x) +

∆t

τ
f eqijk(t,x) , (2.11)

where f∗
ijk is the postcollision distribution function. The second is the stream

ing (or propagation) step

fijk(t+∆t,x+∆t eijk) = f∗
ijk(t,x) , (2.12)

advecting f∗
ijk to the neighbouring nodes. In summary, the classical LBM

given by Eqs. (2.11) and (2.12) states a simple and explicit numerical algo
rithm. Most importantly, nonlinear terms are only found in the calculation of
the equilibrium distribution, see Eq. (2.4), and solely depend on variables that
can be computed locally, namelyu and ρ using Eq. (2.7). The computationally
intensive collision step is therefore perfectly parallelizable. The propagation
step, on the other hand, as the only nonlocal operation, is exact as opposed to,
e.g., the advection in the NavierStokes equations, and requires no interpola
tion. In practice, the streaming thus merely requires a pointer swap.
Eqs. (2.1) and (2.2) provide a brief idea of the correspondence between

the mesoscopic description of fluids of the LBM and the macroscopic one of
the NavierStokes equations. Equivalently, the conservation equations of the
respective macroscopic variables can be established via the moments of the

26

Collide Stream



Actuator Line Simulations
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Actuator Line Simulations
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Validation Against Full-scale Measurements

2 Asmuth et al.  (2021), Renew. Energy, 191, 868-887
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SCADA data

Pitot tubes

Surface pressure

• Comparison of wake inflow cases

• 6 different models: LES, RANS, DWM

• Validation + code-to-code comparison

The DanAero experiment 
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Mean stream-wise velocity (left) and velocity variance (right) upstream of WT2



12
Azimuthal variation of the mean normal force at  ⁄𝑟 𝑅 = 0.75
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Computational Performance
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Performance optimizations for wind farm simulations

Overhead of non-LBM subroutines:

• Turbulence model

• Write macroscopic variables 

• Read/write body forces

• Read precurser flow fields

• ALM + aeroelastic solvers



Performance Projection
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• Simulation of 1h

• Finest spatial resolution of 10m
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Performance Projection
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• Simulation of 1h

• Finest spatial resolution of 10m
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Summary & Conclusion
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• Turbine models (ALM) in LBM

• Wall model for atmospheric boundary layers 

• Verification and Validation

• Industry LES of wind farms is possible ✓



Outlook
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• Stratification

• Canopy models

• Aeroelastic coupling of turbine models

• Extend wall model to complex terrain

• More validation ToDo!



Industry Perspective
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• What is the biggest added value?

• What are potential industrial use cases ?

• How fast is fast enough?

‣ Online survey, please participate!

?
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