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An in-house computational fluid dynamics (CFD) code based on the lattice Boltzmann
method has been used to investigate the wake interactions between multiple wind turbines.
This study assesses the accuracy of the numerical method by conducting a comparison
computation on the Blind Test 2 (BT2) experiment, which aims to evaluate turbine per-
formance and wake characteristics, such as mean velocity and turbulence intensity, for
two turbines aligned in tandem and operating at different rotational speeds. In the present
simulation, a hybrid approach is proposed for modeling the wind turbines, in which the
blades are modeled using the actuator line method, and the nacelle and other structures are
treated as solid bodies with the wall boundary condition implemented through an interpo-
lated bounce-back scheme. The numerical results are validated against BT2 data and three
earlier CFD studies. A mesh convergence test at four different resolutions shows excellent
performance in predicting velocity deficits; moreover, the method effectively reproduces
turbulence intensity profiles. Compared to previous CFD approaches, this hybrid method
achieves superior accuracy, especially in regions where the nacelle and tower have a signif-
icant impact. Visualization of the three-dimensional flow field reveals that wake structures
become highly asymmetrical due to the influence of the tower, and blade-tip vortices from
the downstream turbine are breaking up in the high TSR region. Finally, the turbulence
characteristics are analyzed based on three velocity fluctuation components, showing that
the turbulence behind the nacelle and tower is isotropic. In contrast, the turbulence behind

the rotor tips is highly anisotropic.

Keywords: Lattice Boltzmann Method; Actuator Line Model; Wind Turbine; Wake Inter-
action; NTNU Blind Test 2



I. INTRODUCTION

Wind energy is crucial for achieving the Sustainable Development Goals of 2025. Over the
past two decades, the total installed capacity of wind energy has increased by 98%, whereas the
local cost of energy has decreased by 70% in the last decade'. In the case of wind turbines, flow
dynamics are complex and challenging to predict accurately. An important feature is the wake
region formed downstream of the rotor, which is characterized by low wind speeds and large tur-
bulence fluctuations. When wind turbines in a wind farm are aligned with the wind direction,
the wakes generated by upstream turbines influence the downstream turbines, reducing the power
output and increasing fatigue loads?. Various wake phenomena are still not fully understood,
particularly under realistic unsteady inflow conditions. The complex interaction between the ro-
tating blades and the inflow results in a variety of aerodynamic behaviors, including blade passage
effects, bound circulation shedding the trailing vortices, centrifugal and Coriolis forces altering
the flow direction. These effects ultimately determine the aerodynamic loads on the turbines, es-
pecially those located downstream. Vermeer, Sgrensen, and Crespo> provided a comprehensive
review of experiments and simulations performed on horizontal-axis wind turbines to investigate
wake aerodynamics. They reported experiments on wake investigation and numerical techniques
to assess the near wake region, spanning about 1 rotor diameter behind the wind turbine, and the
far wake region beyond that. Their study emphasized the need for more advanced experiments
and models to improve understanding of wake interactions. Nash, Nouri, and Vasel-Be-Hagh*
conducted a comprehensive study on wind turbine wake control strategies and cited various exper-
imental and numerical approaches to mitigate wake effects. They also proposed a wake deflector
concept with the potential to reduce the wake effect. The study concluded that wake modeling
and prediction remains a major challenges, and research focus is shifted toward active controlling
the wake strength and direction. Therefore, wake interactions, especially under aligned turbine

configurations, should be understood thoroughly to evaluate wind farm performance accurately.

The characteristics of wake interactions can be elucidated through computational fluid dy-
namics (CFD) simulations. For turbulence modeling, both the Reynolds-averaged Navier—Stokes
(RANS) equations and large-eddy simulation (LES) approaches require an accurate evaluation of
the blade aerodynamics. To achieve this, the turbulent boundary layer on the blade surface must be
resolved, which necessitates extremely high mesh resolution around the blades using unstructured

or body-fitted meshes. Such an approach, in which the blade surface is explicitly resolved by the
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mesh, is referred to as high-fidelity or blade-resolved CFD, and it provides superior computational
accuracy. Zhang, Deng, and Wang?> conducted RANS modeling and delayed detached-eddy sim-
ulations (DDESs) on a wind turbine operating in stall. Their simulation and experimental data
agreed well, and complex turbulence flows were captured. Sheidani et al.® applied unsteady
RANS (URANS) with k — @ shear stress transport (SST) and LES to predict the wake behind a
vertical axis wind turbine. The simulations were performed for multiple tip speed ratios (TSRs)
and validated against experimental data. Duan et al.’ proposed the integration of arc-shaped de-
flectors for vertical-axis wind farms. 96 cases of a 4 turbine array were simulated to identify
the optimal position and tilt of these deflectors. They found that the power output increased by
112.27%, and the proposed arc deflectors have the potential to be a passive wake control method.
Sharma et al.® conducted blade-resolved simulations for wake interactions in wind farm using the
numerical framework of the open-source tool ExaWind, which can simulate over a wide range of
length scales using a hybrid RANS-LES approach. However, such high-fidelity approaches for

wake interactions in wind farms require large-scale simulations using modern supercomputers.

To reduce computational costs for wind turbine CFD simulations, actuator disk (AD)? or ac-
tuator line (AL) models!” are often employed for rotor blade modeling. In AD and AL models,
the rotor is modeled by imposing a body force field that represents its effect on the flow. Wu

and Porté-Agel !

used LES to model wind turbine wakes and applied it to the Horns Rev site in
Denmark. The turbines were represented by the AD model with and without rotation. Turbine
wake simulations using the AD with rotation were reported to agree well with field data. Baun-
gaard, van der Laan, and Kelly '% applied a k — € RANS turbulence model to simulate wind turbine
wakes in unstable atmospheric conditions. The wind turbines are represented by the AD model
and the Monin-Obukhov similarity theorem is used to incorporate the production of turbulent ki-
netic energy. Tian et al. > comprehensively reviewed the strengths and weaknesses of the RANS
equations with an AD model for wind farm modeling. The authors used several turbulence mod-
els for comparison, including the kK — € and kK — @ SST models, a linear pressure—strain Reynolds
stress model (RSM), and a modified RSM. Their proposed method achieved a balance between
computational cost and simulation accuracy. Yuan ef al. '* proposed a AL model coupled with
an improved dynamic wake model to simulate wake interaction between two wind turbines. The

authors highlighted that while the improved model does not capture some flow details, it reduced

the computational time of full AL simulations by 60%, accompanied by a 5% loss in accuracy.

Efforts to model turbine geometries such as the tower and nacelle have become an active topic
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of research. Many studies have adopted a hybrid approach in which the blades are represented us-
ing actuator disk (AD) or actuator line (AL) models, while other turbine components are modeled

using different numerical techniques. Benard ef al. 1

and Ravensbergen, Bayram Mohamed, and
Korobenko '® proposed a hybrid method that models the blades with the AL approach and employs
an unstructured mesh for the tower and nacelle. Liu and Hu!” simulated multiple horizontal-axis
wind turbines (HAWTS) using a hybrid AL-immersed boundary (IB) model within an URANS
solver with three turbulence closure models. The proposed AL-IB model provided a reasonable
compromise between accuracy and computational efficiency. Ji er al.'® also applied a hybrid
AL-IB approach to represent the rotor and nacelle of a HAWT for wake prediction, demonstrating
higher accuracy than the standard AL model. Yu, Zheng, and Yuan!® developed a hybrid nu-
merical model to simulate aeroelastic effects in floating offshore wind turbines (FOWTs). Their
framework integrated a potential-viscous flow model, a Legendre spectral finite element model, a
lumped-mass mooring model, an unsteady AL model, and an unstructured mesh for the floating
structure. The proposed model effectively captured blade aeroelastic phenomena with both high
accuracy and computational efficiency, showing that aeroelastic effects are particularly significant
in offshore engineering applications. Churchfield e al. ?° improved near-wake predictions by in-

troducing a hybrid AL model that includes the effects of the tower and nacelle. In their method,

the tower and nacelle were represented by body forces distributed through a Gaussian function.

An alternative CFD approach to reduce the computational time while retaining accuracy is to
solve the Navier—Stokes equations by different means. Instead of the traditional discretization of
the partial differential equations, a prominent technique is the lattice Boltzmann method (LBM),
which is a simple, efficient scheme with high parallelization potential. The LBM simulates the
evolution of the distribution function of virtual fluid particles by modeling their collisions and
streaming?!. The blade resolve approach using LBM with immersed boundary methods has been
applied to horizontal-axis?? and vertical-axis turbines?®>. However, even with adaptive meshing to
increase resolution, LBM using Cartesian grids still faces challenges in accurately representing the
turbulent boundary layer on blades. Asmuth, Olivares-Espinosa, and Ivanell>* applied the LBM
coupled with an AL model to wind turbine wake simulations and demonstrated that it improves
both accuracy and computational efficiency compared to a Navier—Stokes solver. Schottenhamml
et al.? identified the strengths and weaknesses of the LBM with an AL solver for wind farm
simulations. The proposed solver reduced the computational time while maintaining the accuracy

of traditional Navier—Stokes solvers. Watanabe and Hu2® used the LBM with an AL model to



simulate tidal current turbines, demonstrating the applicability of the LBM to large-scale CFD
simulations on multiple GPUs. The same authors also used the LBM with LES to predict the
power output and wake interaction in an offshore wind farm?”-?%. Ribeiro and Muscari?® studied
the coupling of the LBM with an AL model on a sliding mesh to simulate NREL 5 MW wind
turbine and found good agreement between the LBM and the reference Navier-Stokes solvers.
Qiu, Zhang, and Galindo-Torres>" proposed a multi-rigid-body system with control to improve
the standard AL model. They applied the entropic LBM to simulate the NREL 5 MW reference
wind turbine, demonstrating the model’s accuracy and efficiency by evaluating single and tandem
turbines operated in line under various conditions. Wang et al. 3! investigated the effect of atmo-
spheric stability on wind farm wakes via LBM-based LES with the AL model. The thermal flux
and ground momentum are represented by the Monin-Obukhov theory. The authors concluded the
importance of taking atmospheric stability into account in wind farm wake simulations. However,
the LBM simulation of the abovementioned wind turbines utilized the standard AL model and did
not account for turbine structures, such as the nacelle and tower, which have a significant effect in

wind turbine wake modeling.

Simulation models are often validated against experimental data. A well-known benchmark
is the series of blind tests conducted by the Norwegian University of Science and Technology
(NTNU), which is used to investigate various wind turbine configurations in wind tunnel exper-
iments. Considerable work has been done on the first test of the series, "Blind Test 1"3?, where
the wake of a single turbine is investigated33‘35. The second test, called "Blind Test 2" (BT2),
presents wind tunnel measurements of wake interference between two turbines aligned with the
inflow direction. Eight research groups submitted simulation results to the BT2 workshop, en-
abling a comparative study of different turbine and turbulence modeling approaches®. After this
workshop, the results of state-of-the-art wind turbine CFD methods were compared with the BT2

experimental data. Sreenivas et al.’’

proposed a finite-volume unstructured flow solver called
Tenasi with a DES version of Menter’s SST as a turbulence model. Simulations that resolved all
turbine structures, including nacelles, towers, and blades, using body-fitted meshes accurately pre-
dicted the performance of two turbines and the average flow velocity and turbulence intensity of
the wake, consistent with experimental results. Ye, Chen, and Koop 38 performed a blade-resolved
RANS simulation with the k — @ SST turbulence model on BT2. They emphasized the importance

of tower and nacelle modeling to enhance simulation accuracy and provided detailed insights into

their observed flow phenomena.



Despite the variety of CFD techniques to model wake interaction between multiple turbines,
simulation accuracies are often limited by the simplified wind turbine model and the computa-
tional resources present. Furthermore, to the authors’ knowledge, studies providing a rigorous
quantitative evaluation of the LBM method considering the turbine structure against wind tunnel
experiments are scarce. Therefore, this study aims to evaluate the computational accuracy of a
hybrid approach to model wind turbines in an LBM framework for predicting the wake interfer-
ence between two wind turbines. The hybrid approach3® used in this work represents the blades of
the turbines by the AL model, and models the nacelle and tower by the interpolated bounce-back
(IBB) scheme, with the turbines represented in a global LBM framework. In our previous work>’,
this approach was validated for a single wind turbine using the NTNU “Blind Test 1” benchmark.
The present study validates the AL-IBB hybrid approach for wake-interaction phenomena using
the NTNU "Blind Test 2" benchmark in a two-turbine configuration.

The structure of this paper is as follows. Section 2 describes the numerical model. Section 3
shows the experimental and simulation setups for BT2. Section 4 explains the mesh convergence
of the proposed model, followed by its comparative evaluation using the BT2 experimental data
and results from other CFD studies to assess the computational accuracy of the LBM. Section
5 provides wake characteristics not reported in the original BT2 paper. Specifically, it includes
a visualization of three-dimensional vortex structures, an analysis of the wake asymmetry based
on instantaneous velocity profiles, and a discussion on turbulence anisotropy in the streamwise

direction. Section 6 summarizes the conclusions and outlines directions for future work.

II. NUMERICAL METHOD

A. Lattice Boltzmann equations (LBEs)

The LBE models fluid dynamics by describing the distribution of fictitious fluid particles, called
particle distribution functions. The possibility of encountering a particle at time ¢ and position
at speed ¢; is described by these distribution functions f;. Hence, the LBE is discretized in time,
space, and velocity space, the latter denotes the possible directions i a fluid particle can travel to.
There are multiple velocity sets DyQ, that describe the number of dimensions (d) and velocity

directions (g) of the LB scheme. In the current research, the D3Q>7 model is used, where the 27
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velocities are as follows
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where i ranges from 1 to 27, (1) represents the unit vector in the direction (—1), and ¢ = Ax/At,
where Ax and At are the lattice spacing and the time step, respectively. In the lattice Boltzmann
framework, a fluid is modeled through two main steps, namely, collision and streaming, which

show how the fluid particles collide and transverse after collision. The LBE is
fi(x+ciAt,t +Ar) = fi(x,t) +Q; (x,1), (2)

where €; is the collision operator, which shows all possible outcomes of collisions between par-
ticles in a fluid. It is often approximated and simplified in various forms, including the BGK*,
MRT*!, and cascaded*? collision operators. The model choice determines the simulation stability
and accuracy. As wind energy applications are characterized by high Reynolds numbers, the cu-

mulant collision model*?

is adopted in this research because it is stable under these conditions. In
the cumulant collision model, the particle distribution functions are converted into a set of inde-
pendent statistical cumulants before the collision step. The cumulant collision model transforms
the particle distribution functions from the population space & = (&, v, {) to the frequency space
E = (E,¥,Z) via the Laplace transform

PEYZ)=2(EV0)= [ et @d= T fpe e et o

- i,

For the D3(Q»7 model, the continuous Laplace transform is handled discretely. The countable

cumulants are

%P v
0E*9WBoZY
where a, 3, denote the order of the cumulant. In the proposed numerical framework, the discrete

Capy = (—c) @ P- In(F(E,¥,Z))|z—w—z-0, 4)

cumulant transformation via the central moments is utilized. The collision is performed in the

cumulant space as follows

_ &
czzﬁy - COCBY+ (1 - waﬁy)caﬁya (5)
* . . . eq
where ¢ By Tepresents the post-collision states, @y, represents the relaxation rates, and ¢ By

represents the equilibrium cumulants. The relaxation rate for second-order off-diagonal cumulants
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1s set as
1

- v/c2+At)2’

where Vv is the shear viscosity of the fluid, ¢, is the lattice speed of sound, which equates to

Oy

(6)

¢s = ¢//3. The relaxation rate of other cumulants is 1.
The macroscopic properties of fluid flow are recovered via the moment calculation of the par-

ticle distribution functions. The zeroth-moment equation for recovering the fluid density is
p(x,1) =) fi(x1). ()
i

The first-moment equation, which recovers the fluid momentum, is

plarulen) =Yefien+ T ®)

where F' is the external body force.

B. AL Model

An AL model'? represents wind turbine rotor blades as lines consisting of a finite number
of points. At each point, the aerodynamic forces, based on blade element momentum theory,
are evaluated using the local relative velocity u. and the angle of attack «. The local relative
velocity flowing into the blade is expressed in terms of the streamwise velocity u,, the velocity
component in the tangential direction ug, and the rotor’s rotational speed . The streamwise and
tangential components of the velocity are calculated using trilinear interpolation from the velocity
field obtained from the first moment of the LBE. Each 3-dimensional cell is surrounded by 8 corner
points that are used for each of the three linear interpolations per axis. The interpolated velocities

are then transformed into the normal and tangential directions. The local relative velocity is:

Upe] = \/u% + (or— ug)z. 9)

The angle of attack « at the actuator point is expressed in terms of the inflow angle ¢ and the pitch

angle y. The local angle of flow is

¢=tan1( tn ) (10)

Thus, the angle of attack « is
a=90-7. (11)



The aerodynamic lift and drag forces acting on the actuator point are

1
L= 5pufelcaArCL (Re, ), (12)

1
Fp = 5pufelcaArCD (Re,at), (13)

where ¢, is the chord length of the rotor blade; Ar is the distance between actuator points; and
Cr(Re, ) and Cp (Re, o) are the lift and drag coefficients of the rotor blade, which are functions
of the Reynolds number and the angle of attack, respectively. Both the drag and lift forces can be
resolved into a tangential component (causing the rotor torque) and a normal component (causing

the thrust force). The normal and tangential force components are
Fy = Fpcos(¢) + Fpsin(@), (14)

Fg = Fysin(¢) — Fpcos(¢). (15)

The volume force acting in the flow domain, which is obtained by applying a Gaussian filter to the

aerodynamic force, is

; (16)
j=1 N2 €3

where N, is the number of actuator points, F); is the lift/drag force, € is the Gaussian filter param-
eter. A sensitivity analysis of the Gaussian smearing length selection is provided in the Appendix.
Based on the literature'® and the sensitivity analysis, the Gaussian filter parameter in this work is
set to € = max(c,/4,4Ax), and d; is the distance between the LBM grid points and the jth actuator

point.

C. 1IBB Scheme

The main idea of the IBB scheme** is to interpolate populations (distribution functions) near
a curved boundary and apply the bounce-back rule. During a simple bounce-back method, the
boundary wall is assumed to be halfway between the fluid and solid nodes. By contrast, the
IBB determines the wall location using the signed distance function s (x,7), which describes the
distance between the boundary and fluid nodes. The sign of this function indicates whether the

point is inside or outside the object, and a value of zero indicates the boundary location.
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At each lattice point, the normalized distance g; between the object surface and the grid point

1S

s(x,t
g = |s(,1)]

a |s(x,t)| + |s(x — ciAL,1)| (17)

Using the values at the current node and neighboring fluid nodes, IBB interpolates the post-
collision populations streaming toward the solid nodes. The interpolation is expressed based on

the magnitude of the normalized distance g; as

2qifi(z,t) + (1 -2q;) f(z+ciAt,t) if ¢; < 3,

2g;— 1 )
2—%f{(w,t)+(q2—)ﬁ(w,t) lfqi>%7

qi

filx,t +Ar) = (18)

where f; is the particle distribution function moving in the opposite direction of f;.

III. SIMULATION SETUP
A. NTNU BT2 Description

The NTNU conducted a series of experiments called blind tests to evaluate the accuracy and
precision of various simulation techniques by comparing their results with the experimental data
of a wind tunnel. This study focuses on BT2, the second experiment in the series>°. The aforemen-
tioned report investigated two wind turbines operated in line inside a wind tunnel. The turbines
have three blades with an NREL S826 airfoil cross section. The length L, width W, and height
H of the test section are 11.14, 2.72, and 1.80 m, respectively. The inflow velocity is set to
Urer = 10 m/s, with a turbulence intensity 71 = 0.3%. As for the used wind turbines, the rotor
diameters of the upstream and downstream turbines are D; = 0.944 m and D, = 0.894 m, respec-
tively. The tower of the upstream turbine is a cylinder with a constant diameter of D7; = 0.11 m.
The downstream turbine has a tower consisting of multiple cylinders with varying diameters
stacked on top of each other. The nacelle diameters of the upstream and downstream turbines are
Dy1 =0.13 m and Dy, = 0.90 m, respectively. The hub height for both turbines is Hy,;, = 0.817 m.
Both wind turbines rotate in a counterclockwise manner and are horizontally centered. The up-
stream and downstream turbines are placed 2D, and 5D, from the inlet, respectively.

The upstream turbine is operated at a constant tip-speed ratio (TSR) of 6, which represents its
optimal operation conditions. The downstream turbine is operated at three TSRs, denoting the

following cases:
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* Case A: optimal operating conditions (TSR; = 6.0, TSR, = 4.0)
* Case B: runway operating conditions (TSR = 6.0, TSR, = 7.0)
* Case C: stall operating conditions (TSR = 6.0, TSR, =2.5)

The required outputs are the thrust and power coefficients, nondimensional streamwise mean
velocity, and the normalized streamwise Reynolds stress for the horizontal and vertical diagonals

of the test section. The power and thrust coefficients are

2P

Cr=—"7—, (19)
pUrefA
2T
Cr=—5—, (20)
pUrefA

where P is the power output, 7 is the thrust force, and A is the rotor swept area.

B. Simulation Conditions

To validate the proposed LBM scheme, the simulation conditions match the experiment de-
scription in the previous section. The computational domain is sized 11.14 m X 2.72 m x 1.8 m
(Figure 1), matching the streamwise, spanwise, and vertical dimensions of the wind tunnel used
in the BT2 experiment. The air properties are set at 20°C, yielding a density and kinematic vis-
cosity of 1.205 kg/m? and 1.512 x 107> m? /s, respectively. According to the BT2 experiment,
the upstream turbine is placed 1.788 m (2D;) from the inflow boundary and operates at a constant
TSR of 6. The downstream turbine is placed 2.682 m (3D,) from the upstream turbine, and it is
operated at TSRs of 4, 7, and 2.5, corresponding to experiment cases A, B, and C, respectively.
The inflow velocity is uniform and set to 10 m/s without turbulence. Even though the BT2 test
specifies a 0.3% TI at the inlet, we do not attempt to recreate it in this study. Such an inlet turbu-
lence level is very low and unintentional from the wind tunnel blower. Furthermore, implementing
such a low level in the LBM framework is deemed challenging. Hence, for the current work, the
uniform flow assumption is adopted following literature Ravensbergen, Bayram Mohamed, and
Korobenko '©, Sreenivas er al. 3’ .

As for the boundary conditions, it is crucial to note that this study includes a mesh convergence
analysis; thus, introducing a non-slip boundary condition on the wall results in a thick boundary

layer that affects the predicted wind turbine wake. Therefore, periodic boundary conditions are
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FIG. 1: Schematic diagram of the computational domain.

implemented on the left and right walls of the domain. Additionally, free-slip boundary conditions
are implemented on the top and bottom walls. Finally, the outflow boundary condition is set to a
constant density and zero velocity gradient.

The simulations are performed using an in-house CFD code based on the LBM using a uniform
Cartesian grid. Four mesh resolutions ranging from D, /Ax = 64 to D, /Ax = 384 are simulated
(Table I). The tower of the upstream turbine is modeled as a cylinder with a constant diameter
of 0.1 m. The tower of the downstream turbine is modeled as stacked cylinders with different
diameters. The nacelle of the upstream and downstream turbines is modeled as a capsule with
diameters of Dy; = 0.13 m and Dy, = 0.09 m, respectively. As for the used AL model, the space
between actuator points is set to half the lattice spacing of the LBM grid Ar = Ax/2. Furthermore,
the Courant number relative to the inflow velocity is set to 0.015, which is used to determine the
discrete time step for each simulation. This ensures that the maximum Mach number is less than
0.05, even at high-speed regions (e.g., blade tips), so that the incompressible flow assumption is
valid. The total simulation time is 2.5 s and the average quantities are evaluated after 1.5 s, so
that the transient flow period diminishes. The simulations are performed using multiple NVIDIA
H100 GPUs installed on Kyushu University’s supercomputer Genkai.

The results of the simulated LBM scheme are validated against the BT2 experimental data
and results from three other CFD studies. Mikkelsen and Sarmast from DTU and KTH (DTU)
applied LES on a regular Cartesian grid totaling 43 million grid points. The rotor was modeled as
an AL consisting of 43 actuator points. Lund and Bhutoria from Meventes (MVN) applied LES
with a standard Smagorinsky subgrid scale model, and the total number of cells was 4.3 x 10°.

The rotor was modeled as an AL. The original BT2 report includes the simulation results of both
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TABLE I: Simulation settings for four mesh resolutions.

Ax (mm) D, /Ax Grid points At (us)
14.0 64 796 x 129 x 193 21.0
7.00 128 1592 x 258 x 386 10.5
3.50 256 3184 x 516 x 772 5.24
2.33 384 4781 x 773 x 1159 3.50

groups>®. The third CFD study is that by Sreenivas et al. (TEN)3’. This group applied high-fidelity
simulation to BT2 using a finite-volume solver 7enasi that resolves blades, towers, and nacelles
in an unstructured mesh. Turbulence was modeled by blending the RANS equations near walls
and LES away from walls. Additional details about the three selected methods can be found in
the corresponding references. These CFD techniques are selected for comparison because both
DTU and MVN employed an AL model without the tower and nacelle geometries, whereas TEN
fully resolved the turbine geometry. This allows for assessing the effect of explicitly resolving the

blades, tower, and nacelle, as well as the effectiveness of the proposed AL hybrid approach.

IV. VALIDATION

In this section, a mesh convergence study of the wake profile is conducted. Subsequently, the
power and thrust coefficients and the wake profiles are validated against the BT2 experimental

data and other CFD studies.

A. Mesh Convergence of Wake Profile

In this section, we investigate mesh convergence for the wake profiles by comparing their re-
sults with the BT2 experiment case A. Figure 2 shows a side view of the streamwise velocity
profile at the four mesh resolutions for case A. At the coarsest resolution (D, /Ax = 64), the veloc-
ity deficit region in the tower wake of the upstream turbine is larger than that at higher resolutions.
The use of high resolutions enables the representation of the fine vortex structures in the wake.
The blade-tip vortices of the upstream turbine are difficult to observe at low resolutions, but they

become clearly visible at higher resolutions. At positions lower than the hub height, the blade
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tip vortices interfere with the tower wake downstream of the first turbine. Figure 3 presents a top
view of the streamwise velocity profile. The nacelle wake is deflected at an angle at all resolutions.
As a result, the side affected by the nacelle wake becomes more turbulent, leading to asymmetric
wake development. On the opposite side, the blade-tip vortices from the upstream turbine break
down due to interference from the downstream turbine. All mesh resolutions successfully repro-
duce the asymmetric wake development. The finer meshes perform better in representing complex
turbulence structure.

Figure 4 shows the mean streamwise velocity U and the turbulence profile simulated for case
A at the four resolutions (D, /Ax = 64, 128, 256, and 384) in comparison with the experimental
results. Each row represents one of the three downstream distances from the second turbine: 1D,,
2.5D,, and 4D;. The turbulence profile (streamwise Reynolds stress) is calculated directly from
the streamwise velocity fluctuation u’ computed by LBM. The assumption of isotropic turbulence
adopted in the BT2 workshop for models outputting only turbulent kinetic energy & is not utilized.
Both the average velocity and turbulence profiles are normalized using the inflow wind speed Uk.s.
Moreover, the horizontal axis is normalized using the downstream turbine’s rotor radius R;.

The velocity deficit profiles show that all mesh resolutions closely reproduce the experimental
data across all downstream locations. The overall experimental trends, such as profile asymmetry
and wake broadening accompanied by smoothing in the downstream region, are captured even at
coarse resolutions. This demonstrates a key advantage of using the LBM for predicting velocity
deficits: reasonable accuracy can be achieved at a reduced computational cost. The coarsest mesh
cases (LBM-64) show noticeable discrepancies from the experimental data, particularly behind
the blade tips (at Z/R, ~ —1) and at 2.5D, downstream. Additionally, at 4D, downstream, small
resolution-dependent differences are observed within —1 < Z/R, < 0 on the side unaffected by
the deflected nacelle wake. Discrepancies between the simulation and experimental results are
observed outside the wake. These differences are likely attributed to wind tunnel blockage and
the turbulence intensity of the incoming flow. However, the outer flow region is not critical for
evaluating the accuracy of the numerical model.

As for the turbulence profiles, the experimental and simulation results exhibit two peaks at
Z/R, ~ 1 and Z/R; ~ —1, which are attributed to the blade-tip vortices. Due to the deflection of
the nacelle wake, the two peaks have different magnitudes. First, we discuss the peak in the region
Z/R, ~ —1 where the blade-tip vortices are not affected by the nacelle wake. In the near-wake re-

gion (1D, downstream), the peak is not visible at the lowest resolution (LBM-64) due to excessive
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(a) Dy/Ax = 64

(b) Dy /Ax = 128

(c) Dy /Ax = 256

(d) Dy/Ax =384

FIG. 2: Simulation results of the instantaneous streamwise velocity from the side view.
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(a) Dy/Ax = 64

(b) Dy /Ax = 128

(c) Dy /Ax = 256

(d) Dy/Ax =384

FIG. 3: Simulation results of the instantaneous streamwise velocity from the top view.
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(a) Mean velocity profile at 1D, downstream. (b) Turbulence profile at 1D, downstream.

(c) Mean velocity profile at 2.5D, downstream. (d) Turbulence profile at 2.5D, downstream.

(e) Mean velocity profile at 4D, downstream. (f) Turbulence profile at 4D, downstream.

FIG. 4: Mesh convergence study of mean velocity and turbulence profile in Case A (TSR; =6

and TSR, =4).
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numerical dissipation, which suppresses vortex breakdown, thus failing to capture the experimen-
tal profile. LBM-128 yields peaks that are in close agreement with the experimental data, whereas
LBM-256 and LBM-384 slightly overestimate the peak values. The higher resolution likely sharp-
ens the Gaussian filter, resulting in these higher peak estimates. At 2.5D, downstream, a peak is
observed even with LBM-64, although it is smaller than the experimental result. For the other
resolutions, the peaks are generally consistent with the experiments. As the distance from the ro-
tor increases, vortex breakdown occurs even at lower resolutions; consequently, at 4D,, the peak
values for all mesh resolutions show good agreement with the experimental data. Next, we focus
on the peak Reynolds stress in the region Z/R; ~ 1 where the tip vortex, nacelle wake, and tower
wake interact. In this region, the effect of mesh resolution is minimal at all downstream locations.
This is likely because the tip vortices have already been destabilized by these complex interactions.

We examine the region where the nacelle and tower wakes have a stronger influence than the
blade-tip vortices: 0 < Z/R, < 0.8. In the 1D, downstream region, all mesh resolutions reproduce
the experimental peak, with better accuracy for finer meshes. The peak near Z/R, ~ 0.5 is higher
at lower resolutions, which can be attributed to the wake behind the nacelle. As shown in Figure 3,
the wake with a large velocity deficit persists longer at lower resolutions, and the fluctuations of
it contribute to this peak. In contrast, at the 2.5D, and 4D, downstreams, the influence of mesh
resolution in this region is small. While the results at 2.5D, are in close agreement with the
experimental data, the values at 4D, are lower than those observed in the experiment. Since the
turbine geometry is resolved by Cartesian meshes, a sufficient mesh resolution is required for the
accurate representation of the structural features and their impact on wake development; hence,
LBM-384 is the most accurate in this region.

Table II shows the computational resources used at each mesh resolution. In “Class” column of
the table, the number following "LBM" indicates D, /Ax. The number of GPUs (NVIDIA H100)
used varies depending on the required memory usage: one GPU for LBM-64 and -128, four GPUs
for LBM-256, and twelve GPUs for LBM-384. The simulation cost is defined as the product
of the number of GPUs used and the execution time. The computational resources almost scale
proportionally with the increasing mesh size. Doubling the mesh resolution from LBM-64 to -128
increases the memory usage by 8-fold and the simulation cost by 16-fold. When increasing the
resolution from LBM-128 to LBM-256, the simulation cost increased by a factor of 17.25, due to

the additional communication cost between GPUs.

To evaluate mesh convergence, the root mean squared error (RMSE) at each resolution is com-
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TABLE II: Computational resources used at the different mesh resolutions

Class Number of GPUs  Memory usage (GB)  Execution time (hrs.)  Simulation cost (hrs.)
LBM-384 12 820.8 40.0 480.0
LBM-256 4 243.6 20.7 82.8
LBM-128 1 30.80 4.8 4.8
LBM-64 1 4.400 0.3 0.3

pared with the experimental data as

‘l n
RMSE = \/; Y (i ~Siexp) 2D
i=1

where n is the number of experimental data points, y; is the LBM simulation result, y; exp is the
experimental data.

Figure 5 (a) and (b) show the RMSE of the streamwise velocity and the turbulence profiles,
respectively, of each mesh resolution. The experimental data is used as the reference. The velocity
profile RMSE in the near wake region (1D;) shows a nearly constant trend. A decrease in RMSE
with finer meshes is observed in the far wake region, (2.5D;) and (4D,). This observation is
consistent with Figure 4, where all the mesh sizes generally reproduce the experimental profile,
with finer meshes yielding results closer to the experiment.

The turbulence profile RMSE in the near wake region (1D;) decreases between LBM-64 and
LBM-128, then proceeds to slightly increase until reaching the finest mesh. This is attributed to
finer meshes capturing blade tip vortices in detail using sharp Gaussian kernels and this leads to
an overestimation of turbulence peak, as observed in Figure 4. In the far wake region, (2.5D,), the
error decreases steadily and then becomes constant at LBM-128 and LBM-256, before decreasing
again. Finally, at 4D, downstream, the error is nearly constant with slight fluctuations. As de-
scribed above, a partial convergence trend is observed where the near wake region shows slightly
increasing error, and the far wake region shows a steadily decreasing or constant trend in the ve-
locity and turbulence profiles. Taking into account the computational time, memory, and accuracy
of the scheme, it is thus concluded that LBM-128 is the ideal mesh size that compromises between
the prediction accuracy and the computational efficiency of the scheme.

The results of the mesh convergence study are summarized as follows. As expected, the finest
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(a) Mean velocity profile RMSE (b) Turbulence profile RMSE

FIG. 5: RMSE of mean velocity and turbulence profiles in case A (TSR; = 6 and TSR, = 4).

mesh resolution (LBM-384) shows excellent agreement with the experimental data and captures
detailed turbulent structures; however, it requires substantial computational resources. In contrast,
the coarsest mesh (LBM-64) fails to reproduce the peak in the turbulence profile associated with
the tip vortex. The LBM-128 case successfully resolves the tip vortex in both the instantaneous
velocity and turbulence profiles. Moreover, its mean velocity profile agrees well with the experi-
mental data, and the MAE is comparable to that of LBM-256 at several measurement locations. In
addition, the simulation can be executed on a single GPU with a total runtime of approximately 4.8
hours. Based on these results, LBM-128 is identified as the optimal compromise between compu-
tational accuracy and cost among the tested mesh resolutions. Therefore, in the next section, the
results of LBM-128 and LBM-384 are validated against the experimental data and the results of
the other CFD methods in cases A, B, and C.

B. Comparison with Experiment and Previous CFD Studies

In this section, validation against the BT2 experimental data and three other CFD methods is

presented for the power and thrust coefficients and the wake profiles for cases A, B, and C.

1. Power and thrust coefficients

The LBM results for the power coefficient Cp and the thrust coefficient C7 at each mesh reso-

lution are compared with the experimental data in Table III and with both experimental data and
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the other CFD methods in Figure 6. The LBM results in the figure are from LBM-384 and LBM-
128. Our Cp and Cr values are time averaged for the interval between 1.5 s and the end of the
simulation (2.5 s) for the transient phase to diminish.

Cp and C7 monotonically converge toward the result of the finest mesh (LBM-384) for both
the upstream and downstream turbines in all cases, indicating mesh convergence. The LBM-384
results agree well with the experimental data for Cp except for the downstream turbine in case
A. Furthermore, the LBM captures the experimental trend of the Cr of the downstream turbine
increasing with the TSR, although it underestimates Cr in all cases. However, given the under-
estimated Cr in the other CFD results, this discrepancy with the experiment must not be specific
to the LBM. The results of LBM-128 and LBM-384 were in close agreement at all test cases,

highlighting the computational efficiency and accuracy of the proposed scheme.

TABLE III: Computational resources used at the different mesh resolutions

WTI1 WT2 - Case A WT?2 - Case B WT2 - Case C

Class Cp CT Cp CT Cp CT Cp CT

Experimental 0.469 0.883 0.121 0.363 0.014 0.526 0.082 0.224

LBM-384 0471 0.726 0.080 0.254 0.012 0.419 0.072 0.186
LBM-256 0.475 0.731 0.081 0.257 0.016 0.423 0.075 0.191
LBM-128 0.487 0.738 0.087 0.265 0.023 0.422 0.081 0.201
LBM-64 0.506 0.747 0.094 0.270 0.037 0.426 0.084 0.206
2. CaseA

Figure 7 shows the simulated mean velocity deficit and the turbulence profiles along the hori-
zontal (spanwise) line against the experimental data and the results of the other CFD methods for
case A. The velocity deficit plots show that the proposed LBM results are the most accurate. The
IBB scheme, which is used to model the nacelle and tower, does not produce high-speed flows
near the rotor center, as observed using the AL-LES approach of the DTU and MVN groups. As
for the other CFD studies, the wind speed outside the wake is lower than that in the experiment,

indicating that wind tunnel blockage is not an inherent problem in our calculations.
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(a) CP. (b) CT.

FIG. 6: Comparison between experimental measurements and CFD predictions of Cp and C7.

At 1D, and 2.5D; downstream, the LBM turbulent profiles are most consistent with the experi-
mental profile. Particularly at the 1D, downstream, in the region |Z/R;| = 0.8 where the influences
of the downstream turbine’s nacelle and tower wakes are significant, only the LBM results suc-
cessfully reproduce the experimental trends, such as the asymmetric profile and the peak near
the rotor center line. Moreover, the LBM blade-tip peaks are generally lower than those of other
CFD methods, showing better agreement with the experimental data. Further downstream at 4D,
the profiles from other CFD methods, including the two peaks and the wake center, approach the
experimental results; notably, DTU (AL-LES) demonstrates very good agreement. Although the
LBM results slightly underestimate the values near the wake center, it accurately reproduces the
overall experimental trend. Therefore, it is concluded that for in-line wind turbines under optimal
operation conditions, the LBM scheme accurately reproduces the experimental velocity deficit and
turbulence profiles.

Figure 8 shows the mean velocity deficit and turbulence intensity profiles along the vertical line
for case A. The Y /R, < 0 region is below the hub height and is therefore strongly influenced by the
tower wake. At both 1D, and 4D, downstream, both the LBM resolutions most accurately capture

the shape of the experimental velocity deficit profile. LBM also outperforms other CFD methods
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(a) Mean velocity profile at 1D, downstream. (b) Turbulence profile at 1D, downstream.

(c) Mean velocity profile at 2.5D, downstream. (d) Turbulence profile at 2.5D, downstream.

(e) Mean velocity profile at 4D, downstream. (f) Turbulence profile at 4D, downstream.

FIG. 7: Comparison of LBM results on the horizontal line with experiments and previous CFD

studies for Case A (TSR; = 6 and TSR, =4).
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(a) Mean velocity profile at 1D, downstream. (b) Turbulence profile at 1D, downstream.

(c) Mean velocity profile at 4D, downstream. (d) Turbulence profile at 4D, downstream.

FIG. 8: Comparison of LBM results on the vertical line with experiments and previous CFD

studies for Case A (TSR; = 6 and TSR, =4).
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in reproducing the experimental trends of the vertical turbulence profiles. In particular, the LBM-
384 results show excellent agreement at both 1D, and 4D,. In the region Y /R, < 0, where the
influence of the tower wake is significant, the LBM-384, which has a higher resolution and more
accurately represents the cylindrical geometry, provides results closer to the experimental values
than LBM-128; this demonstrates the sensitivity of the tower wake to mesh resolution. A peak not
observed in the experiment appears in the LBM results near Y /R, = 0.2 at 1D,. This discrepancy is
attributed to the influence of the low-velocity region immediately behind the nacelle, as confirmed

in the side view of the velocity profile (Figure 2).

3. CaseB

Figure 9 illustrates the mean velocity deficit and turbulence intensity profiles for case B. At 1D,
downstream, both LBM resolutions most accurately reproduce the experimental velocity deficit
profile. At 4D, downstream, the DTU and TEN methods outperform the proposed LBM-384
scheme, which underpredicts the velocity deficit in the tower and nacelle regions, while the LBM-
128 scheme is in close agreement.

As for the turbulence profile, at 1D, downstream, both LBM resolutions reproduce the right
experimental peak around Z/R, ~ 1, while LBM-384 overpredicts the left peak at Z/R, ~ —1.
The LBM-128 predicts a large peak near the rotor center not seen in the experiments. This is
likely because the coarse Cartesian mesh overestimates the size of the velocity deficit zone behind
the nacelle, which then interacts with the blade root wake of the high-speed rotating rotor. This
peak is mitigated in the higher-resolution LBM-384 simulation. At 4D, downstream, LBM-128
most accurately matches the experimental profile, where LBM-384 underpredicts the peak around

(Z/Ry ~ —1).

4. Case C

Figure 10 shows the mean velocity deficit and turbulence intensity profiles for case C. As in case
A, LBM results perform best in predicting the velocity deficit at both 1D, and 4D, downstream.
Regarding the turbulence intensity at 1D, downstream, the LBM captures the overall shape of the
experimental profile. Specifically, LBM-384 performs better than LBM-128; while it overpredicts

the rotor-tip peaks, it yields good agreement in the regions influenced by the tower and nacelle

26



(a) Mean velocity profile at 1D, downstream. (b) Turbulence profile at 1D, downstream.

(c) Mean velocity profile at 4D, downstream. (d) Turbulence profile at 4D, downstream.

FIG. 9: Comparison of LBM results on the horizontal line with experiments and previous CFD

studies for Case B (TSR; = 6 and TSR, = 7).

wakes. At 4D, downstream, LBM-384 accurately reproduces the rotor tip peaks; however, DTU

outperforms both LBM resolutions near the wake center.
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(a) Mean velocity profile at 1D, downstream. (b) Turbulence profile at 1D, downstream.

(c) Mean velocity profile at 4D, downstream. (d) Turbulence profile at 4D, downstream.

FIG. 10: Comparison of LBM results on the horizontal line with experiments and previous CFD

studies for Case C (TSR; = 6 and TSR, = 2.5).

5.  Summary of wake profile comparisons

To summarize the results of this section, a qualitative comparison of important wake quanti-
ties are shown. Table IV shows a comparison of the wake width AZ; ;.o g and the normalized

centerline streamwise velocity Ucy /Uy at 4D, downstream between the proposed scheme, the ex-
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perimental data, and other CFD methods across all cases. The wake width AZ was calculated as the
distance between the horizontal displacement points where the velocity ratio is U /Uyer = 0.8. Ta-
ble V shows a comparison of the maximum normalized streamwise turbulence profile (/ Uref>ﬁlax,
and the normalized centerline streamwise turbulence profile (u’/ Uref)(Z:L at 4D, downstream be-
tween the proposed scheme, the experimental data, and other CFD methods across all cases. In
all three cases, the LBM results show agreement with the experimental data with an accuracy
comparable to, or slightly lower than, that of the DTU results. Regarding the mesh sensitivity
of the LBM, the highest resolution (LBM-384) does not always yield the better performance for
this metric; in some instances, the lower-resolution results (LBM-128) align more closely with the
experimental values.

Through the inspection of the results in this section, we conclude that the present method can

reproduce the wake interaction phenomena with an accuracy comparable to or exceeding that of

other CFD methods.

TABLE IV: Summary of the wake width and centerline normalized streamwise velocity at 4D,

downstream of the proposed scheme, experimental data and other CFD methods.

Case A Case B Case C
Class AZyjyg—08  UcL/Uret  AZyjyu—o08  UcL/Uet  AZyg—0s8  UcL/Uset
Experimental 2.30R, 0.49 2.26R, 0.55 2.12R, 0.52
LBM-384 2.12R, 0.52 2.22R; 0.43 2.07R, 0.53
LBM-128 2.14R, 0.47 2.10R; 0.49 1.95R, 0.51
DTU 2.24R, 0.55 2.29R, 0.56 2.06R; 0.63
MVN 2.71R, 0.96 2.T7R; 0.98 2.58R; 0.97

V. ANALYSES OF FLOW DETAILS
A. Wakes at Different Vertical Locations

Figure 11 visualizes the wake from the downstream turbine using a vertical slice located mid-
way between the hub height and the rotor bottom, and a streamwise slice located 1D, behind the

second turbine for cases A, B, and C at a mesh resolution of Ax = D, /128. In the three cases, the
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TABLE V: Summary of the maximum normalized Reynolds stress and the centerline normalized

Reynolds stress at 4D, downstream of the proposed scheme, the experimental data and other

CFD methods.
Case A Case B Case C
Class (W Uremax ([ Uset)er, (0 [Uret ey (4 JUre)er. (4 [Uret)mas (' /Uret),

Experimental 1.89x 1072 8.07x107% 251x1072 1.02x1072 1.53x1072 6.89x 1073
LBM-384 255x1072  4.18x1073 1.93x1072 740x1073 1.75x1072 4.97x1073

LBM-128 208x 1072 452x1073 2.18x1072 5.04x1073 242x102 4.48x1073
DTU 2.16x1072 7.50x 1073 2.05x10°2 6.68x1073 157x10°2 6.41x1073
MVN 388x1072 1.02x1073 4.88x1072 131x103 280x10%2 6.62x107*

wake from the tower is skewed toward the left side of the domain as a direct consequence of the
blade rotation. Moreover, the wake generated by the tower has a lower velocity compared with the
rotor wake. In case B, the outer region of the rotor wake has a strong velocity deficit, whereas the
wake velocity in the inner region is higher than that in cases A and C, indicating that momentum
is being added to the flow. According to the BT2 paper, the reason for this phenomenon is that, in
case B, the root of the rotor blade acts as a propeller while the outer part extracts energy from the

flow3°.

B. Three-Dimensional Vortex Structures

In this subsection, the three-dimensional visualization of the wake vortex structure and span-
wise vorticity is discussed. The vortex structure is visualized using the isosurface of the Q crite-
rion, which represents the second invariant of the velocity gradient tensor. Figure 12 shows the
0 = 10000 s~ 2 jsosurface based on a mesh resolution of Ax = D, /256, in each test case, a zoomed
partition of the Q value plot focusing on the downstream turbine is provided.

The vortex structures behind the upstream turbine are identical in all cases, as the inflow con-
ditions and the operating parameters of the upstream turbine are also identical. The interaction
between the tower wake and the upstream turbine vortices is captured and identified at almost the
same location for all test cases. Helical vortex structures positioned above the hub height that does

not interfere with tower wakes reach the downstream turbine without breaking down.

30



(a) Case A (b) Case B

(c) Case C

FIG. 11: Streamwise velocity distributions of downstream turbine on vertical and streamwise

slices.

The vortex tubes of the downstream turbine are identified in the zoomed-in region. In each
case, the downstream turbine generates a low-velocity vortex structure behind the blade-root re-
gion. The helical vortex tubes of the downstream turbine interact with those shed from the up-
stream blade tips, which then rapidly break down. A clear difference in the rotational speed of
the downstream turbine is observed. In all test cases, mixing between the vortices of the upstream
and downstream turbines occurs after about one rotation of the downstream turbine. The lower the
rotational speed, the longer the distance over which the vortex tubes from both turbines intertwine

before undergoing vortex breakdown.

The vortex behind the second turbine can be understood better by inspecting the vorticity,
which represents the rotation around the axis in the spanwise direction. Figure 13 shows the
vorticity based on a mesh resolution of Ax = D, /128. The vortex generated at the blade tip of the
downstream turbine in case B is larger than those in cases A and C. The earlier breakdown of the
blade-tip vortex of the downstream turbine promotes mixing between the wake and the external

flow, resulting in a wider wake in case B than in the two other cases. As the rotational speed of
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the downstream turbine increases, the mixing behind the nacelle and tower becomes more intense
and complex. In case A, the blade trajectories of the downstream rotor are nearly synchronized
with the upstream flow. In case B, the higher rotational speed causes the blades to interact with
the flow more frequently and forcefully. In case C, the lower speed results in weaker, less frequent

interactions.

C. Turbulence Isotropy

In the BT2 workshop paper>®, computational methods that provided only the turbulent kinetic
energy k derived the streamwise velocity fluctuation u’ based on the assumption of isotropic tur-

bulence using the following relationship.
k~3u/2 (22)

This was then used to determine the non-dimensional streamwise Reynolds stress. In contrast, the
LBM allows for the direct calculation of all three velocity fluctuation components #’, v/, and w/,
corresponding to the streamwise, spanwise, and vertical directions, respectively. Therefore, our
previous comparisons with experimental data have not relied on the isotropic assumption. In this
section, we evaluate the turbulence anisotropy based on the ratios of these three components. This
analysis aims to elucidate the specific wake regions where errors tend to increase when estimating
the streamwise Reynolds stress from the turbulent kinetic energy.

Figure 14 shows the streamwise distribution of turbulence intensity. The profiles are extracted
along five horizontal lines at the center, top, bottom, left, and right edges of the downstream turbine
rotor.

At the center and bottom lines of the downstream turbine rotor, the three components of the
velocity fluctuations have similar trends. Therefore, the wake is more likely to become isotropic
in these regions. These measurement lines are behind the nacelle and tower, respectively, where
the wake generally evolves toward an isotropic state.

A similar trend in turbulence intensity is observed along the top, left, and right measurement
lines, which are behind the blade tips. This behavior contradicts that observed along the center
and bottom lines. Past the upstream turbine, the turbulence intensity remains low. This is because
the rotor diameter of the upstream turbine is larger than that of the downstream turbine, causing
the measurement lines to deviate from the blade-tip vortex-shedding regions of the upstream ro-

tor. Turbulence intensity sharply increases after the flow passes through the downstream turbine,
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(a) Iso-surface of Q value, Case A

(b) Iso-surface of Q value, Case B

(c) Iso-surface of Q value, Case C

FIG. 12: Visualization of the wake vortex structure using isosurfaces of the Q criterion.
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(a) Vorticity, Case A

(b) Vorticity, Case B

(c) Vorticity, Case C

FIG. 13: Visualization of the wake vortex structure using vorticity.

with notable differences between the three components near the rotor. The three components of
turbulence intensity approach similar values at approximately 1D, downstream of the second tur-
bine (X/D, > 6), indicating a near-isotropic state. However, farther downstream, beyond 3D,
from the downstream turbine (X /D, > 8), the components begin to diverge, transitioning into
an anisotropic state. The tower and nacelle wakes develop asymmetrically, resulting in different
distributions of turbulence intensity on the left and right sides. The left side is more strongly af-

fected by the structural wake, leading to a smaller reduction in turbulence intensity in the far wake

34



(X /D, > 8) relative to the right side.

A direct quantitative assessment of the turbulence anisotropy is presented in Figure 15. Where
the ratios of the vertical and spanwise turbulence intensities with respect to the streamwise tur-
bulence intensity are illustrated. Similar to the preceding discussion, the ratios at the center and
bottom lines of the downstream turbine rotor fluctuate around unity. Stronger ratio fluctuations are
observed at the top, left, and right sides of the rotor. The rotor top exhibits an interesting behavior
in the far wake region, where the spanwise ratio w'/u’ becomes larger than the vertical ratio v/ /u/’.
As for the left and right sides, both fluctuation ratios tend to decrease below unity in the far wake

region.

(a) Rotor centerline. (b) Rotor bottom-tip line.

(c) Rotor left-tip line. (d) Rotor top-tip line. (e) Rotor right-tip line.

FIG. 14: Streamwise distribution of three components of turbulence intensity.

VI. CONCLUSION

This work evaluated the computational accuracy of a hybrid approach within an LBM frame-
work for modeling the wake interaction between two tandem wind turbines. Full turbine geometry

was represented via the hybrid AL-IBB approach, while the LBM was applied for fast and efficient
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(a) Rotor centerline. (b) Rotor bottom-tip line.

(c) Rotor left-tip line. (d) Rotor top-tip line. (e) Rotor right-tip line.

FIG. 15: Turbulence fluctuation ratios of the spanwise and vertical components with respect to

the streamwise component.

simulations. The prediction results were validated against the NTNU "Blind test 2" benchmark and
three other CFD methods based on LES and DES.

A mesh convergence study for four mesh resolutions (D,/Ax = 64, 128, 256, 384) under
three operating conditions of the downstream turbine was performed. All resolutions accurately
captured the velocity deficit profiles. Furthermore, the finer meshes of the proposed method re-
produced the experimental turbulence intensity profiles with good accuracy, particularly in the
tower and nacelle regions due to the representation of the turbine geometry via the IBB scheme.
Based on the results of the mesh convergence study, LBM-128 was found to provide the best
balance between computational accuracy and cost among the evaluated schemes. Subsequently,
LBM-128 and the highest-resolution LBM-384 were compared with CFD results from previous
studies. Overall, the proposed scheme exhibited superior prediction accuracy of the experimental

data across all cases and downstream distances, particularly for the mean velocity.
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Flow visualizations and analyses strongly demonstrated the ability of the solver to capture
complex flow details, and highlighted the influence of rotor speed on wake development and the
skewing of the tower wake due to blade rotation. The three-dimensional vortex structures revealed
that a higher TSR of the downstream turbine caused the blade-tip vortices to break down earlier.
Finally, turbulence isotropy was assessed by analyzing the streamwise distribution of the three
components of velocity fluctuation and their ratios. The wake regions behind the nacelle and
tower tended to develop isotropic turbulence, whereas those behind the rotor tips remained highly

anisotropic, with significant differences between the three components.
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VII. APPENDIX

In this section, we provide a sensitivity analysis of the AL model’s Gaussian smearing length on
the obtained results. Simulations for LBM-128 are performed for three smearing lengths, namely,
4Ax, 3Ax, and 2Ax. The results for the velocity deficit and Reynolds stress profile for case A are
shown in Figure 16.

The velocity deficit profiles at all downstream distances yield comparable results regardless of
the smearing length choice. As for the turbulence profile, it is evident that the Z/R, > 0 peak
is less sensitive to changes in the smearing length than the Z/R, < 0 peak, since the deflected
tower and nacelle wake affect the right side and suppress changes in the peak magnitude. The
largest smearing length (4Ax) has the smoothest force distribution, since a larger smearing length
widens the kernel, so that each point force is distributed over a larger volume. As a consequence,
the magnitude of the Reynolds’ stress peak is the smallest. Based on the analysis, the Gaussian

smearing length parameter is set to € = max(c,/4,4Ax).
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(a) Mean velocity profile at 1D, downstream. (b) Turbulence profile at 1D, downstream.

(c) Mean velocity profile at 2.5D, downstream. (d) Turbulence profile at 2.5D, downstream.

(e) Mean velocity profile at 4D, downstream. (f) Turbulence profile at 4D, downstream.

FIG. 16: Gaussian smearing length sensitivity analysis for the velocity deficit and turbulence

profile in Case A (TSR; = 6 and TSR, = 4).
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