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The actuator line method is a widely used technique to model wind turbines in
computational fluid dynamics, as it significantly reduces the required computational
expense in comparison to simulations using geometrically resolved blades. Actuator line
coupled to an aeroelastic solver enables not only the study of detailed wake dynamics
but also aeroelastic loads, flexible blade deformation and how this interacts with the flow.
Validating aeroelastic actuator line predictions of blade loading, deflection and turbine
wakes in complex inflow scenarios is particularly relevant for modern turbine designs and
wind farm studies involving realistic inflows, wind shear or yaw misalignment. This work
first implements a vortex-based smearing correction in an aeroelastic coupled actuator
line, and performs a grid resolution and smearing parameter study which demonstrates
significant improvement in the blade loading and in the numerical dependencies of
predicted thrust and power output. A validation is then performed using a 2.3 MW
turbine with R = 40 m radius, comparing against blade resolved fluid-structure interaction
simulations and full-scale measurement data, in both laminar and turbulent inflows
including both high shear and high yaw misalignment. For an axisymmetric laminar inflow
case, the agreement between blade resolved and actuator line simulations is excellent,
with prediction of integrated quantities within 0.2%. In more complex flow cases, good
agreement is seen in overall trends but the actuator line predicts lower blade loading
and flapwise deflection, leading to underpredictions of thrust by between 5.3% and
8.4%. The discrepancies seen can be attributed to differences in wake flow, induction,
the reliance of the actuator line on the provided airfoil data and the force application
into the computational domain. Comparing the wake between coupled actuator line and
blade resolved simulations for turbulent flow cases also shows good agreement in wake
deficit and redirection, even under high yaw conditions. Overall, this work validates the
implementation of the vortex-based smearing correction and demonstrates the ability
of the actuator line to closely match blade loading and deflection predictions of blade
resolved simulations in complex flows, at a significantly lower computational cost.

Keywords: validation, actuator line method, wind turbine modelling, fluid-structure interaction, vortex-based
smearing correction, blade resolved, large eddy simulations, yaw misalignment

Frontiers in Energy Research | www.frontiersin.org 1 May 2022 | Volume 10 | Article 864645

https://www.frontiersin.org/journals/energy-research
https://www.frontiersin.org/journals/energy-research#editorial-board
https://doi.org/10.3389/fenrg.2022.864645
https://creativecommons.org/licenses/by/4.0/
https://doi.org/10.3389/fenrg.2022.864645
http://crossmark.crossref.org/dialog/?doi=10.3389/fenrg.2022.864645&domain=pdf&date_stamp=2021-10-15
https://www.frontiersin.org/articles/10.3389/fenrg.2022.864645/full
https://www.frontiersin.org/articles/10.3389/fenrg.2022.864645/full
https://www.frontiersin.org/articles/10.3389/fenrg.2022.864645/full
https://www.frontiersin.org/journals/energy-research
https://www.frontiersin.org
https://www.frontiersin.org/journals/energy-research#articles


Hodgson et al. Validation of Aeroelastic Actuator Line

1 INTRODUCTION

Modern wind turbine design employs large rotor swept areas
and hub heights to maximise power output and efficiency of
the turbine, while decreasing installation and maintenance cost
per unit of energy produced. Structural and mass constraints
result in increasingly flexible blades, with larger cone angles
and prebend, which brings added complexity to both aeroelastic
and aerodynamic computations (Veers et al., 2019). Large wind
turbines are also more affected by inflow variation over the
rotor extent due to atmospheric turbulence, shear, veer, and
wakes, and therefore can experience greater loading variation
during a single rotation. Potential methods of improving wind
farm efficiency through yaw misalignment or power de-rating
strategies (summarised in Kheirabadi and Nagamune (2019))
further complicates the accurate prediction of both turbine
loading and wake behaviour. This combination of flexible
deformation, control, turbulence and wake interaction means
that robust and well-validated high-fidelity modelling techniques
are essential for planning and operating modern wind farms.

Blade resolved (BR) simulations model the complete
geometric blade shape, with sufficient resolution to capture
the boundary layer. Wind farm simulations using such refined
computational grids are currently in most cases computationally
unrealistic. Therefore, modelling wind turbines with the actuator
disc (AD) or actuator line (AL) methods provides a feasible
alternative. Rather than capture the blade geometry, the turbine
rotor is represented by body forces smeared across a disc
representing the rotor area (AD) or along lines representing
individual blades (AL), which substantially reduces the required
resolution. Combining the AL with Large Eddy Simulations
(LES) allows important time-varying and turbulent effects
to be captured, including detailed wake dynamics and tip
vortices (Troldborg, 2008; Sørensen et al., 2015). Wake flow
predictions using the AL have been compared against wind
tunnel measurements for both single wind turbine and wind
farm scenarios, finding good agreement in both the near
and far wake (Wu and Porté-Agel, 2011; Sørensen et al., 2015;
Howland et al., 2016; Stevens et al., 2018; Doubrawa et al., 2020).
Comparing the actuatormethodswith blade resolved simulations
in non-sheared inflow, Troldborg et al. (2015) found that the AD
and AL created similar wakes to resolved blades provided that
the inflow was turbulent. However, under laminar conditions,
resolving the blade boundary layer resulted in higher turbulence
and eddy viscosity in the near wake, leading to significant
differences in the wake several diameters downstream.

The ability of the AL to provide accurate blade loading
predictions and include the mutual interaction between wind
turbine and flow is important for a number of reasons. Clearly,
the predicted blade loading (along with the computational
setup) dictates the AL wake. Aeroelastic tools based on the
blade element momentum (BEM) method are highly dependent
on aerodynamics modules when a specific inflow is desired,
and reliant on simple engineering models for describing the
inflow if used in a wind farm scenario. Whereas, with the AL
method, wind farm simulations can be conducted in which
the turbine loading is calculated directly in response to inflow

which includes turbulent and time-varying phenomena such as
wake meandering and wake interaction. Modelling the influence
of flexibility in the AL is possible through coupling with an
aeroelastic tool (Sørensen et al., 2015), the effect of which was
studied in Hodgson et al. (2021). Particularly for large turbines,
modelling flexible deformation resulted in noticeable differences
in blade loading, damage equivalent loads and power production
for the AL, which were not seen for a standalone BEM tool, due
to the ability of the blades to interact with the flow. Andersen
and Sørensen (2018) studies correlations between inflow, turbine
operation and wake flow, and demonstrates the importance of
both having detailed knowledge of turbine inflow, and modelling
the mutual turbine and flow interaction. In a comparison
between fully resolved FSI simulations, measurement data
and an aeroelastic blade element momentum (BEM) tool,
Grinderslev et al. (2021) likewise showed discrepancies between
CFD-based FSI and BEM-based simulations in predicting blade
loading due to complex inflow, indicating the importance of
using higher-fidelity methods. Other validations of blade loading
predictions using the AD and AL, without modelling flexibility,
have been performed against the MEXICO and NEW MEXICO
experiments (Sarmast et al., 2016; Nathan et al., 2017).

As the purpose of the AL is to enable detailed wake and
blade loading studies while still reducing computational effort,
the dependencies and trade-offs linking grid resolution (Δx),
Gaussian smearing length (𝜖), turbine radius (R) and number
of actuator line points (nAL) have been the subject of significant
prior work. Nathan (2018) describes the required nAL in terms of
the porosity of the resulting AL force distribution in the domain;
for Δx = R/32 and 𝜖 = 2Δx, nAL = 20 was sufficient to remove
visible oscillations in the downstream velocity profile. Regarding
the smearing length 𝜖, Troldborg (2008) suggests 𝜖 = 2Δx is a
good compromise between resolution and numerical stability;
other approaches suggest varying 𝜖 along the blade length
related to the chord length (Shives and Crawford, 2013) or an
equivalent elliptic planform chord length (Jha et al., 2014). Other
observations relate to the ratio 𝜖/Δx; increasing 𝜖 for a given Δx
leads to increasing power without convergence; while for a given
𝜖/Δx ratio, increasing grid resolution decreases the blade loading
(Martínez-Tossas et al., 2014; Meyer Forsting et al., 2019b).

The dependency of the blade forces on 𝜖 leads to loading
overpredictions, particularly in regions of considerable change
such as around the root and tip. Therefore, classical AD
tip corrections (Glauert, 1935) or Glauert-type tip corrections
Shen et al. (2005) are often applied to ALs. However, they have
no physical basis for application in ALs, do not address the
fundamental cause of the loading overpredictions, only act on
the blade tip, and require turbine-specific tuning. A recent
improvement to the actuator line which aims to decouple the
smearing length and blade loading is the vortex-based smearing
correction (Meyer Forsting et al., 2019a; Martínez-Tossas and
Meneveau, 2019; Daǧ and Sørensen, 2020). It is based on the
recognition that 𝜖 determines the minimum resolution of the
vortex at each blade station and so acts as a viscous inner core,
equivalent to a Lamb-Oseen vortex. This viscous behaviour of
the force smearing reduces the total circulation, decreases the
blade induction and results in a higher angle of attack and blade
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loading overpredictions. The vortex-based smearing correction
uses a near wakemodel (Pirrung et al., 2016) to calculate the total
circulation and hence can recover the missing induction caused
by the force smearing. This allows the angle of attack, and hence
the blade loading, to be corrected along the entire blade length
without any tuning of parameters.

This work aims to improve the coupled actuator line
through implementing the vortex-based smearing correction
for aeroelastic ALs, and validating against blade resolved fluid-
structure interaction simulations and measurement data across
a range of complex flow scenarios. First, the implementation
of the vortex-based smearing correction into the coupled
aeroelastic AL framework is described, along with extensions
to allow for flexible deformations and prebend. The vortex-
based smearing correction has been extensively verified
in a standard AL formulation (Meyer Forsting et al., 2019b;
Meyer Forsting and Troldborg, 2020), but to the authors’
knowledge this is its first application in a coupled aeroelastic
AL. A parameter study is conducted and compared with the
tip correction by Shen et al. (2005), to demonstrate the blade
loading improvements and reduced numerical dependencies,
and provide recommendations for smearing parameter and
grid resolution. Finally, a validation against experimental data
and blade resolved simulations is presented using the NM80
turbine (Grinderslev et al., 2021; Schepers et al., 2021), the
largest turbine for which this comparison is currently possible.
Predictions of blade loading, tip deflection, integrated quantities
and wake flow are studied, across five inflow scenarios. These
cases include both laminar and turbulent flow cases, with high
shear and high yaw misalignment. The contribution of this
paper is therefore both comparing two high-fidelity aeroelastic-
coupled turbine models - actuator line and blade resolved - and
quantitatively describing the differences, and also validating
the actuator line for blade loading and deflection predictions
in challenging inflow conditions.

2 METHODOLOGY

2.1 Flow Solver
All numerical simulations are conducted with EllipSys3D,
a three-dimensional multi-block Navier Stokes solver
(Sørensen, 1995; Michelsen, 1992, 1994). The incompressible
governing equations are expressed in general curvilinear
coordinates and solved using a finite volume method
in a collocated grid arrangement. Time advancement is
achieved using a second-order accurate three-level implicit
method, which uses sub iterations within each time step.
Throughout all simulations, an improved version of the
SIMPLEC algorithm is used for solving the pressure correction
equation (Shen et al., 2003), with the Rhie/Chow interpolation
technique to avoid odd/even pressure decoupling. For laminar
flow simulations, unsteady RANS (URANS) simulations are
conducted with turbulence modelling by the k−ω SST model
(Menter, 1993), and a third-order QUICK scheme used to
discretise convective terms. For turbulent inflow simulations, the

Improved Delayed Detached Eddy Simulation (IDDES) version
of k−ω SST (Shur et al., 2008; Gritskevich et al., 2012) is used,
with convective terms discretised by a hybrid scheme combining
a fourth order Central Differencing for DES regions and a third-
order QUICK scheme (Leonard, 1979) for URANS regions, with
switching based on a limiter function (Strelets, 2001). Overset
mesh capabilities including grid hole-cutting, and volume grid
deformation are also utilised in the blade resolved simulations
(Zahle et al., 2009).

2.2 Inflow and Turbulence Modelling
Sheared inflow is applied through a power law at the inlet
boundary of the computational domain,

U = Uref (
z
zref
)

α

(1)

where α is the shear exponent, Uref is a reference velocity, z is
height and U is the inlet velocity profile.

In the turbulent simulation cases, turbulent fluctuations
are generated using the Mann spectral model (Mann, 1994;
Mann, 1998), and applied on a plane inside the computational
domain (Troldborg, 2008;Gilling et al., 2009).TheMann spectral
model is based on a linearisation of the Navier-Stokes equations
and uses rapid distortion theory to model the spectral tensor.
The generated turbulence field contains turbulent velocity
components which are Gaussian, anisotropic, homogeneous and
stationary, with second order statistics matched to the neutral
atmosphere. Taylor’s frozen flow hypothesis is used in order to
link the streamwise spatial dimension with time. As the shear
profile is enforced at the inlet and turbulence applied on a plane
inside the domain, they are linearly superimposed. Both the shear
profiles and Mann model turbulence used in the validation cases
are matched to measurements from the DanAero experiments,
described further in Section 3.2.1.

2.3 Wind Turbine Modelling
2.3.1 NM80 Turbine
The NM80 turbine, which has a rotor radius R = 40,m and rated
power 2.3 MW, is chosen for this work. It should be noted that
the NM80 is small relative to new turbine designs, and therefore
shows only a small influence of flexibility of the blade loading
(Grinderslev et al., 2021). Nevertheless, this specific turbine was
chosen due to the availability of experimental data from
the DanAero measurement campaign (Bak et al., 2010), which
allows for validation against real turbine data as well as a
higher fidelity CFD wind turbine modelling technique (the
blade resolved simulations, see Section 2.3.3). The DanAero
measurements used blade-mounted strain gauges and pressure
tabs on a commercial NM80 to measure blade loading, with
inflow conditions characterised by a met mast located ≈250 m
away. Through all CFD simulations, blade flexibility is always
included, and the turbine is modelled without tower and nacelle.
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2.3.2 Actuator Line Method Coupled to Aeroelastic
Solver Flex5
Wind turbines are modelled using the actuator line (AL) method
(Sørensen and Shen, 2002), in which body forces are applied on
rotating lines to represent the rotor blades. The actuator line
method is advantageous due to the reduction in computational
requirements compared to blade resolved simulations, and can
be used directly in simple structured grids. The AL used
in this work is fully coupled to the aeroelastic BEM-based
tool Flex5 (Øye, 1996) based on a loose numerical coupling.
Flex5 has a reduced set of 28 degrees of freedom and can
model the main deflection modes, but thin beam and small
deflection assumptions mean that non-linear effects, such as
torsional deflections, are not captured (Branlard, 2019). In order
to approximate the influence of torsion in Flex5, it is possible
to add a static contribution to the blade twist to represent a
mean profile of torsional deflection (Andersen et al., 2021). In
the EllipSys3D—Flex5 coupling, EllipSys3D extracts the velocity
components at the actuator positions and transfers them to
Flex5, which calculates the blade loads and deflections. The loads
and deformed blade positions are passed back to EllipSys3D,
where they are used to update the actuator positions and the
magnitude of the applied body force (for further details of
the EllipSys3D—Flex5 coupling see Sørensen et al. (2015) and
Hodgson et al. (2021)).

The local velocities along the rotating actuator lines are used
to determine the local velocity triangle and relative blade velocity,
and hence the flow angle ϕ and the local angle of attack α, for
each blade segment. Lift and drag forces are then found based
on lift and drag coefficients CL(α,Re) and CD(α,Re), as a function
of the Reynolds number Re (based on chord length and relative
velocity) and angle of attack α, given as tabulated data. Projection
gives the normal and tangential forces, Fx and Fθ. When applied
in the computational domain these body forces must be smeared
over multiple cells to avoid numerical singularities. The smearing
is a 3DGaussian distribution, achieved by applying a convolution
to the local load f2D using a regularisation kernel η𝜖,

fWT (x) =
Nb=3

∑
i=1 ∫

R

0
f2D (r)η𝜖 (∥x− rei∥)dr, (2)

η𝜖 =
1
𝜖3π3/2

exp[−( r
𝜖
)
2
] . (3)

whereNb is the number of blades and r = ∥x− rei∥ is the Euclidean
norm (the distance between the grid point and the actuator line
points on the ith actuator line, denoted by unit vector ei).

Actuator methods are highly dependent on the quality of
the aerofoil data provided. For this work the polars used
are based on extraction from blade resolved CFD simulations
assuming a fully turbulent boundary layer (Hansen et al., 1997;
Schepers et al., 2021). In the last 10% of the blade the 3D CFD
polar is replaced with 2D CFD data (Bangga, 2018; Bangga and
Lutz, 2021) to prevent tip loss effects being double-counted. In
the IEA Wind Task 29 this CFD-extracted polar was shown
to significantly outperform previous versions found from wind
tunnel testing (Schepers et al., 2021) when comparing blade

loading predictions with DanAero measurements. The use of this
polar intends to mitigate the impact of differences caused solely
by aerofoil data on the actuator line performance.

2.3.3 Blade Resolved Simulations Coupled to
Aeroelastic Solver HAWC2
Theblade resolved simulations used for validation also couple the
turbinemodel to an aeroelastic tool to predict blade deformation.
This is through a Python framework, which couples EllipSys3D
and the aeroelastic code HAWC2 (Larsen and Hansen, 2007).
Unlike Flex5, HAWC2 has a multi-body formulation which
accounts for the non-linear effects of large deflections. This
means that it does include torsional deflection, although for
a relatively small and stiff turbine such as the NM80 this is
not expected to have a significant impact (see Section 5.1.2 for
results which isolate the impact of torsion). This coupling is
also a loose numerical coupling; every timestep the CFD mesh
is deformed based on predicted displacements and rotations
from HAWC2, before the flow is solved by EllipSys3D. Different
to the EllipSys3D-Flex5 AL coupling, the blade forces are
computed in CFD, while the aeroelastic solver calculates only
the deflections based on the given loads. For further details and
validation of the blade resolved simulations and FSI framework,
see Grinderslev et al. (2021).

2.4 Vortex-Based Smearing Correction
With Flexibility Projection
The vortex-based smearing correction intends to decouple
actuator line blade loading predictions from the Gaussian
kernel η𝜖 used to apply the body forces into the computational
domain (Meyer Forsting et al., 2019a; Daǧ and Sørensen, 2020).
This dependency exists because the smearing length 𝜖 determines
the minimum resolution of the vortex at each blade station
and so acts as a viscous inner core. Through using the
equivalence between this viscous core and a Lamb-Oseen
vortex, and calculating the total circulation with a near-
wake model (Pirrung et al., 2016), the vortex-based smearing
correction corrects for the missing induction at the blade station.
This changes the angle of attack and hence the predicted blade
loading. Proofs of the theoretical basis and a detailed description
of the method are available in (Meyer Forsting et al., 2019a;
Meyer Forsting et al., 2020).

When implemented in the coupled AL, the vortex-based
smearing correction (herein referred to as the smearing
correction) is integrated into the load calculation of Flex5.
Rather than providing the blade loads directly as in the standard
AL implementation, corrections to the spanwise, normal and
tangential velocity components are taken from the smearing
correction and then added to the velocity components extracted
from EllipSys3D. This allows a modular approach which is easily
included in the original angle of attack and load calculation of
Flex5. The implementation was verified by a direct comparison
with a standard actuator line using the smearing correction; with
no flexibility or controller, the coupled and standard actuator line
behave identically.

The original implementation of the smearing correction for
the standard AL assumed a straight blade with no coning,
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FIGURE 1 | Straight, coned and deformed blade stations, with relevant angles for projecting radial stations and velocity components.

matching the cylindrical coordinate system of the near-wake
model. This means that to use the smearing correction while
taking advantage of the benefits of the coupled system (i.e.
modelling displacement of the actuator positions), flexible
deformation and prebend should be accounted for through
coordinate transformations in the smearing correction. This is
done by an extension to an existing projection for rotor coning
(Li et al., 2022). Instead of a single cone angle by which all radial
stations and velocities can be projected, angles are computed
individually for each blade station, as demonstrated in Figure 1.
For the radial stations, the angle between the coned and deformed
position (θtotal) is computed for each actuator line point, and
then each station is projected by cos(θcone + θtotal). However, it is
the coordinate system local to the blade section that is required
in the lift and drag calculation, and therefore the velocities are
projected by the angle cos(θcone + θlocal), where θlocal is the relative
change in angle between sections, relative to the coned position.
These modifications allow the deformed position of the actuator
lines to be accounted for in the smearing correction at every
timestep.

3 SIMULATION SETUP

3.1 Parameter Study
To verify the new implementation of the vortex-based
smearing correction into the coupled actuator line, and to
compare numerical dependencies with the tip correction
of Shen et al. (2005), a parameter study is conducted. All
simulations in the parameter study use a computational domain
of dimensions 32R × 16R × 16R in the streamwise, lateral, and
vertical directions, respectively. An equidistant refined region of
size 16R × 4R × 4R (extending 6R in front and 10R behind the
rotor plane) is used in the vicinity of the turbine and to resolve the
wake. Discretisation with 1152 × 384 × 384 cells leads to a refined
region with cell length 0.625 m, equating to 64 cells per radius
for the NM80 turbine. This grid is then used on different grid
levels as appropriate (i.e. at one-half, one-quarter or one-eighth
of the number of grid points to give cell lengths of 1.25, 2.5 or 5 m
respectively). The inflow velocity is 8 ms−1. Turbulence generated
with the Mann spectral model (Mann, 1994, 1998) is applied as
body forces on a plane inside the domain (Gilling et al., 2009),
resulting in a turbulence intensity of 10%. The simulation

length is 750 s, of which the final 600 s is used to calculate
statistics.

3.2 Validation Against Blade Resolved
Simulations and Measurement Data

3.2.1 Simulation Cases
Five simulation cases are used for comparison with DanAero
and blade resolved results, of varying inflow complexity. Details
are given in Table 1. The three laminar cases are directly
matched to the IEA29 Wind Task (Grinderslev et al., 2021;
Schepers et al., 2021), which are based on DanAero field
measurements. The first turbulent case (Case 4) is the same
as Case 2 but including turbulence, and is also identical
to a turbulent case considered in the IEA29 Wind Task
(Schepers et al., 2021). The second turbulent case (Case 5) is
identical in setup to the laminar Case 3, but with the same
turbulent fluctuations as added in Case 4.

Turbulence is generated using the Mann model (as described
in Section 2.2). The turbulence box used for both Case 4
and Case 5 was originally made for the IEA29 Wind Task
(Schepers et al., 2021), has dimensions 720 × 800 × 460 m and
is discretised with 181 × 201 × 116 points (corresponding to a
grid spacing of 4 m). As theMann box is relatively short in length
it is recycled during the simulation time. The same turbulence
box is applied in both Case 4 and Case 5. The applied shear
profiles are enforced at the domain inlet and are identical to
those in the simulations by Grinderslev et al. (2021), which are
fitted to met mast data from the DanAero experiments. Laminar
simulationswere run until the rotor thrust was converged to a less
than 1% change over 5 revolutions, while turbulent simulations
consisted of a spin-up simulation lasting 25 revolutions, and
a successor lasting 50 revolutions over which statistics were
calculated.

3.2.2 Computational Domain
The blade resolved computations require three overlapping
mesh groups; a rotor grid, a disc grid and a background
grid. The rotor grid is grown from the blade surface mesh
and has a first cell size sufficient to ensure y+ values of
less than 1. The disc grid rotates with the rotor grid and
is cylindrical with pre-cut holes around the blades; it has a
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TABLE 1 | Simulation Cases. Pitch is defined as positive when decreasing the angle of attack. Yaw is defined as positive when the turbine rotates clockwise as seen
from above (i.e. the blades rotate towards downstream from the top position).

Case U (m/s) Tilt (°) Yaw (°) Shear α(−) Pitch (°) ω (rpm) TI (%)

1: axi-symmetric 6.1 0 0 0 0.15 12.3 0
2: high shear, low yaw 9.79 5 −6.02 0.25 −4.75 16.2 0
3: high shear, high yaw 8.43 5 −38.34 0.26 −4.75 16.2 0
4: case 2 + turbulence 9.79 5 −6.02 0.25 −4.75 16.2 3.66
5: case 3 + turbulence 8.43 5 −38.34 0.26 −4.75 16.2 3.66

radius of 56 m and extends 25 m from the rotor centre both
upstream and downstream. See Grinderslev et al. (2021) for a
full description of the setup, overset capabilities and mesh
deformation.

The background grid has a length of 2000 m (50R), and a
radius in the crossflow direction of 500 m (12.5R), with the
rotor placed 800 m (20R) from the inlet. Dimensions, block
discretisation, rotor position and boundary conditions are shown
in Figure 2. A symmetry condition is enforced at the ground
plane which is 57.2 m (1.4R) below the rotor, and at the domain
sides. This ensures no development of the prescribed inflow
shear profile between the inlet and rotor position. For turbulent
simulations, the turbulent fluctuations are applied as body forces
on a plane 8R upstreamof the rotor.Themesh has a refined region
extending approximately 8.5R upstream and 6R downstream
of the rotor plane, and 1.5R in the radial direction from the
rotor centre, in order to minimise distortion of the Mann box
turbulence and to resolve the near wake. The total number of
cells for the fully resolved case is 56.4× 106, of which 36.1× 106,
6.1× 106 and 14.2× 106 make up the background grid, disc grid
and rotor grid respectively.

The coupled AL simulations are conducted on the background
grid of the blade resolved setup, but using half of the number
of mesh points (resulting in the rotor area mesh visualised in
Figure 2A).This gives a discretisation of 37 cells per radius, and a
total number of cells of 4.5× 106. This resolution is similar to the
32 cells per radius discretisation used in Troldborg (2008), which
was sufficient to resolve tip vortices; additionally, it is sufficient to
reduce the thrust and power coefficient grid-based uncertainty
to less than 0.2% and 1% respectively compared to using 64
cells per radius (see Section 4.2 for further discussion).The

choice to perform the AL simulations on the background grid
with lower resolution attempts to provide the best possible
comparison while avoiding instabilities in the actuator line
simulations caused by very small and skewed cells at block
corners inside the background grid, as visible in Figure 2. Due
to these varying cell sizes within the rotor area, even at a lower
resolution care had to be taken to ensure numerical stability
with both the choice of smearing parameter and timestep.
The smearing parameter was set at 𝜖 = 2Δxmax, where Δxmax
was the largest cell size within the rotor area, so that 𝜖 ≥ 2Δx
was always obeyed. Based on the mean cell size, this led to
𝜖 = 2.9Δxmean (see Section 4.1 for further discussion). To ensure
that the actuator line tip did not travel more than one cell
at a time, the timestep was based on the smallest cell size
in the rotor area; this was found to be particularly important
for simulations including turbulence, where the deflections
change more rapidly. Therefore, while the timestep in the blade
resolved simulations is 0.125° of rotation per timestep (equating
to Δt = 0.001694s for Case 1 and Δt = 0.001286s for Case 2
and Case 3), the actuator line simulations require a timestep
of Δt = 0.00102s, despite the coarser grid level. This timestep
restriction from the mesh increases the computational cost of
the AL by more than a factor of 18 compared to conducting the
simulations in an equidistant spaced grid with an equivalent AL
resolution.

4 PARAMETER STUDY

The Gaussian smearing length 𝜖 and the grid resolution Δx
are numerical parameters which govern the actuator line force

FIGURE 2 | Computational Domain: (A) Background mesh in the rotor plane on grid level 2. (B) Overall domain size and boundary conditions with rotor plane mesh
in white.
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FIGURE 3 | Mean tangential load coefficient Ct under turbulent inflow with varying smearing parameter, at grid resolution R/Δx =16. (A) Shen correction. (B)
Smearing correction.

application into the domain and the subsequent resolution of
the blade loading and wake. It is important to investigate the
impact of these numerical choices on the coupledAL, particularly
regarding the implementation of the vortex-based smearing
correction in comparison to the previously used tip correction
by Shen et al. (2005) (herein referred to as the Shen correction).
First, in Section 4.1 the dependency of the blade loading on
the smearing length ratio 𝜖/Δx is investigated, at a fixed grid
resolution. Then in Section 4.2 a grid study is conducted to
quantify thrust and power coefficient uncertainties, while using
the preferred 𝜖/Δx ratio identified in Section 4.1.

4.1 Smearing Parameter
The dependency of AL wind turbine wakes, blade loading and
power prediction on the Gaussian smearing length 𝜖 is the
subject of significant previous work (Troldborg, 2008; Shives
and Crawford, 2013; Jha et al., 2014; Nathan, 2018). Recently, the
implementation of the smearing correction has been shown to
significantly reduce the smearing parameter dependency of the
blade loading of a standard actuator line, while less impact was
seen on the turbine wake (Meyer Forsting et al., 2020). However,
it remains important to verify these observations specifically in
relation to the coupled AL used in this work, to demonstrate
the effectiveness of the smearing correction and to inform future
studies. Figure 3 shows the tangential loading coefficient Ct
for different 𝜖 values (presented in relation to both the grid
cell size as 𝜖/Δx and rotor radius as R/𝜖), for both the Shen
correction (Figure 3A) and the smearing correction (Figure 3B).
The Cartesian grid described in Section 3.1 is used, with a grid
resolution in the refined region of 16 cells per radius.

The smearing correction significantly smooths the tangential
load distribution, particularly visible at the blade root and around
r/R = 0.78. This is despite the fact that constants used in the
Shen correction (c1 = 0.125, c2 = 30 and c3 = 0.1) have been set
specifically for the NM80 turbine, while the smearing correction
requires no tuning. The performance related to smearing
parameter dependency is also a substantial improvement over
that of the Shen correction; the percentage difference in the loads
at r/R = 0.78 between 𝜖/Δx = 2 and 𝜖/Δx = 4 is 5%, whereas for

the Shen correction it is 14%.Thedependency of the normal loads
(not shown for brevity) shows a similar result, with a 3% and 6%
difference respectively. However, the smearing correction does
not completely remove the dependency of the blade loading on
𝜖; the trend of continuously decreasing loading with decreasing
𝜖 observed in Martínez et al. (2012) remains, as it stems from an
error in the angle of attack estimation which is not tackled by the
smearing correction (Meyer Forsting et al., 2020).

Additionally, it should be noted that for the smearing
correction, there is a larger difference in predicted Ct between
𝜖 = 3Δx and 𝜖 = 4Δx than between 𝜖 = 2Δx and 𝜖 = 3Δx (visible
in the inset of Figure 3B). This is due to the induction of
neighbouring blades affecting one another; in the smearing
correction only the self-induction at each blade is accounted for,
as demonstrated in Meyer Forsting et al. (2019b). Therefore, if
the simulations conducted here had been performed at a higher
grid resolution while using the same range of 𝜖/Δx ratios, the
error related to only accounting for self-induction would be
reduced, and the observed dependency of the blade loading
on 𝜖/Δx would be further decreased. However, it is relevant to
note for resolutions typically used in AL wind farm simulations
e.g. (Andersen et al., 2017; Archer and Vasel-Be-Hagh, 
2019).

Based on these results, 2 ≤ 𝜖/Δx ≤ 3 is preferred, and is
used in all subsequent validation cases (see Section 3.2.2 for
further details), roughly agreeing with the recommendations by
Troldborg (2008).This range guarantees numerical stability while
reducing the smearing effect on the wake. Additionally, even at a
resolution of 16 cells per radius the difference in blade loading
when changing 𝜖 between 2− 3Δx is very small if using the
smearing correction, as the main issue related to differences in
induction of neighbouring blades is mitigated.

4.2 Grid Resolution
The refinement of the computational grid affects the blade
loading, the resolution of tip vortices and turbulent structures,
and is also directly linked to the appropriate smearing parameter
𝜖 and number of actuator line points nAL. As described in
Nathan (2018), an insufficient number of actuator line points
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FIGURE 4 | Grid refinement study under turbulent inflow using 𝜖 =,2Δx and nAL = 39. (A) Mean power coefficient CP. (B) Mean thrust coefficient CT .

results in discontinuous force distribution which affects the
flow, induction and thrust prediction. In the following grid
study, nAL = 39 is used as it was found to be sufficient to
give convergence of power and thrust coefficients with respect
to nAL to within 0.2% at all grid resolutions. Figures 4A,B
show the convergence of the mean power coefficient (CP) and
mean thrust coefficient (CT) against grid resolution (R/Δx). The
computational domain is that described in Section 3.1, with TI =
10%, using 𝜖 = 2Δx and nAL = 39. Statistics are averaged over the
final 600s of the simulation.

Generally both CT and CP are seen to decrease and converge
for increasing grid resolution. The smearing correction results
in a significantly lower dependency of the power on the grid
resolution; a difference in CP between R/Δx = 8 and R/Δx = 64
of 5%, while for the Shen correction it is 12%. For CT ,
the percentage changes are 2.5% and 3% respectively. This is
consistent with the ability of the smearing correction to enable
lower resolution simulations, when interested in the turbine loads
and power output (Meyer Forsting et al., 2019a). For this case, a
grid resolution ofR/Δx > 16 gives a grid-based uncertainty of less
than 1.5% in power output and 1.0% in thrust, when using the
smearing correction.

5 RESULTS

Validation is performed using the NM80 turbine, on three
laminar and two turbulent cases which represent a wide range of
inflow conditions.TheNM80 is the largest turbine for which both
measurement data and an aeroelastic-coupled blade resolved
model are available for validation against. The coupled actuator
line is denoted “AL coupled” (either with the smearing correction
(“SC”) or the Shen correction (“Shen”)); the blade resolved
simulations are denoted ‘BR coupled’. Also shown are data from
the DanAero measurements (Bak et al., 2010), in which it should
be noted that only the pressure contribution to the blade loading
is given, and not the viscous contribution. For all plots, an
azimuth angle of 0° represents the blade at the top of its rotation.

5.1 Laminar Inflow Cases
The three laminar inflow cases cover axisymmetric, high shear
and high yaw misalignment scenarios. Shear profiles were

compared both upstream and alongside the rotor to ensure that
the different grid refinements did not affect the flow development
(and hence the comparison between results). In both positionsU
matched that of the blade resolved simulation to within 1% for all
three cases across the domain height, providing confidence in the
simulation setup.

5.1.1 Case 1: Axisymmetric
Case 1 is a laminar inflow case, with uniform inflow velocity
of Uhub = 6.1,ms−1. The turbine has no yaw misalignment, and
the blades are pitched slightly (by 0.15°) to decrease the angle
of attack. Figure 5 shows the blade load distributions at 0° (top
position) and the azimuthal variation in tip deflections. Only 0°
is shown due to the axisymmetric nature of the case resulting in
minimal azimuthal variations in loading (as can also be seen in
the deflection plots).

Along the length of the blade there is an extremely good
agreement between the blade resolved and both actuator line
simulations for this case, despite the overprediction of tangential
blade loading at the blade tip for the Shen correction. At the 0°
position, in the outer half of the blade the maximum difference
between the blade resolved and AL coupled (SC) results is less
than 3% in Cn. All CFD simulations also show a stall region in
the inboard region of the blade and predict the effect on blade
loading similarly. This very close agreement between the CFD
methods indicates that the aerofoil data used in the actuator line
represents the blade resolved turbine well, for the angles of attack
experienced in this case.TheDanAeromeasurements show lower
normal loading and significantly higher tangential loading than
the CFD methods. This discrepancy could be due to the assumed
axisymmetry and uniformity of the inflow, which is precisely
enforced in theCFDmethods, while theremay be a greater degree
of azimuthal variation in measurement data.

As expected, the edgewise tip deflection is dominated
by gravity; the flapwise deflection also shows only a slight
gravitational variation due to the minimal flow variation over
the rotor area. Although the overall trends and magnitude
of deflection are very similar, there is a small offset between
the blade resolved and actuator line results (although the
smearing correction slightly improves this in the flapwise
direction). The differences in prebend modelling between the
two aeroelastic solvers (described further in Section 6) account
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FIGURE 5 | Case 1: axisymmetric. (A) Normalised normal and tangential blade loads distribution at 0° azimuth; (B) Normalised flapwise and edgewise tip deflection.

for 25% of the total discrepancy seen here, out of a total of
only ≈8 cm. This combined with the excellent agreement in
blade load distributions demonstrates that the actuator line
method performs very well in this simple flow scenario, and
validates the implementation of the vortex-based smearing
correction.

5.1.2 Case 2: High Shear and Low Yaw
Case 2 involves a small negative yaw angle of γ = −6.02° and
a large shear exponent of α = 0.25. Additionally, the rotational
speed is increased in comparison toCase 1, the turbine has a rotor
tilt of 5° and the blades are pitched to increase the angle of attack
by 4.75°. In Figure 6, blade loading and deflection predictions
are shown: blade loading distributions at azimuth 0°; azimuthal
loading variation at 75% radius; and flapwise and edgewise tip
deflections. This is also the validation case for which the HAWC2
aeroelastic solver (which is coupled to the BR setup) predicts the
highest torsional displacement Δθ; a mean of 0.43° and azimuthal
variation amplitude of 0.11° at 95% radius. Therefore, the impact
of the torsional deflectionmodelling of the two aeroelastic solvers
is investigated by including two extra configurations: coupled
BR modelled as completely stiff in torsion, and coupled AL with
the mean BR torsional deflection profile added as a static twist
contribution (as discussed in Section 2.3.2).

Compared to the extremely close agreement between blade
resolved and actuator line loading for Case 1, the discrepancies
between the two CFD simulation methods increase for this
case. Along the blade length for both tangential and normal
directions, the actuator line predicts lower loading than the
coupled BR. The azimuthal loading at 75% radius has a near
constant offset in Cn, between 4.7% and 5.1% lower across

the rotation; while in the tangential direction this difference
varies between 2.8% and 5.3% lower, between the 180° and
0° positions respectively. When modelling mean torsion in the
coupledAL, there is a slight increase in blade loading and flapwise
deflection.The reverse is truewhen stiffening the torsional degree
of freedom in the coupled BR. However, although there is a
slightly improved agreement achieved by matching the torsion
modelling between themethods, these results clearly indicate that
it accounts for only a small portion of the discrepancies seen here.
Hence, particularly as this is the case with the highest torsional
deflections, investigation of the torsion modelling is not included
in subsequent validation cases.

All results have a clear 1P azimuthal load variation, caused by
the applied inflow shear profile. The small yaw angle appears to
have little impact in theCFD simulations, which all have the blade
loading minima at 180° and very similar magnitude of azimuthal
variation (ΔCn of 0.147, 0.137 and 0.136 for blade resolved,
AL coupled (SC) and AL coupled (Shen) respectively). This is
unlike the DanAero measurements, which have an asymmetric
azimuthal variation with a minima at 200°, and also display a
higher azimuthal variation in Cn, but lower in Ct, than the CFD
simulations. While in CFD the yaw angle of the turbine can be
fixed exactly, in the DanAero measurements the yaw is a mean
over the measurement timeframe. This is potentially the reason
for discrepancy in the trough location as a mean yaw angle
may not be entirely representative of the conditions experienced
by the turbine. Additionally, the presence of the tower for the
real turbine may cause some of the differences between the
measurement and CFD results.

The constant offset in flapwise deflection reflects the lower
blade loading for the AL methods; the blade resolved simulation
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FIGURE 6 | Case 2: high shear and low yaw. (A) Normalised normal and tangential blade loads distribution at 0° azimuth; (B) Normalised normal and tangential
blade loads at 75% radius; (C) Normalised flapwise and edgewise tip deflection.

predicts a flapwise deflection Δtip/R = 0.0078 larger at 0° and
Δtip/R = 0.0050 larger at 180°, compared to the coupled AL
(SC). The smearing correction results in a greater variation
in flapwise deflection than the Shen correction, and therefore
slightly improved agreement with the coupled BR results. A
reason for the discrepancies between BR and AL methods could
be the aerofoil data performing less well at the angles of attack
experienced in this case. At azimuth 0°, the coupled AL (SC)
predicts an angle of attack between 13° and 11°, between 0.4
and 0.9R; this is significantly closer to the aerofoil data CLmax
of between 14° and 20° than the range experienced for Case 1
(which has 5°–4°), which indicates that the aerofoil data may
contribute to the discrepancies seen. Additionally, the smearing
of the AL forces inevitably results in differences in apparent blade
chord distribution and length, as well as in the formation of tip
vortices, compared to the meshed blade in the coupled BR. This
all contributes to different wake behaviour and thus changes in
induction. However, there is again good agreement between the
overall magnitude and trends.

5.1.3 Case 3: High Shear and High Yaw
Case 3 has the same rotor tilt, blade pitch, and fixed rotational
speed as Case 2, but a reduced hub height velocity of

Uhub = 8.43,ms−1, slightly higher shear exponent of α = 0.26, and
a very high yaw misalignment angle of γ = −38.34°. Figure 7
shows blade load distributions at azimuth 0°; azimuthal loading
variation at 75% radius; and flapwise and edgewise tip deflections.

The combination of shear and yaw results in an apparent 2P
azimuthal variation in the blade loading and deflections, which
can be linked to the changing velocity experienced by the blade.
Due to the yaw angle, from 0° the blade first moves in the
upstream direction, but experiences decreasing loading from the
shear profile. From 90° to 270° the blade travels away from the
yawed wind direction, while the shear-induced loading has a
minimum at 180° and then increases until reaching 0° again. This
helps to explain the plateau in azimuthal normal loading (and
to a lesser extent in flapwise deflection) between 0° and 90°, the
minimum around 170°, and the steep increase to a peak which
occurs at 270°. The CFD methods show peaks and troughs of
loading in the same azimuthal locations, but similar to Case 2, the
DanAero measurements have slight differences in overall trends,
with a peak in normal loading at 250° rather than 270° and a
far less pronounced trough at 180°. It should also be noted that
the tangential blade load distribution demonstrates the beneficial
smoothing effect of the smearing correction, compared to the
spike visible for the Shen correction.
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FIGURE 7 | Case 3: high shear and high yaw. (A) Normalised normal and tangential blade loads distribution at 0° azimuth; (B) Normalised normal and tangential
blade loads at 75% radius; (C) Normalised flapwise and edgewise tip deflection.

Similar to Case 2, along the blade length at azimuth 0°,
and throughout the azimuthal variation at 75% radius, the AL
simulations consistently predict a lower blade loading. In the 75%
radius azimuthal plot, the maximum difference between blade
resolved and AL simulations occurs at 170°, near the bottom of
the blade rotation, where the AL coupled (SC) predicts a 10.5%
lower Cn, and 19.8% lower Ct. This difference appears to consist
partially of an offset to lower values, similar to as seen in Case 2,
but also the AL simulations display a larger azimuthal variation
in loading; for AL coupled (SC) this is ΔCn = 0.28, compared
to 0.25 and 0.18 for the coupled BR and DanAero respectively.
Again, potential causes of these differences between AL and BR
could be the aerofoil data performance and the smearing of the
actuator line. At azimuth 0°, the angle of attack is between 10° and
8°; although not as close to CLmax as seen for Case 2, it is much
closer than for Case 1 and varies significantly during the blade
rotation. Also, in a case with high yaw misalignment, the inflow
angles may mean the 2D airfoil data of the AL fails to capture
3D flow effects such as radial flow along the blades. As the AL

smearing effectively extends the blade length and chord, this both
changes the induction and results in slightly increased blockage
between the blade and ground plane, which reduces the speed-up
seen under the rotor (partially due to the symmetry condition on
the ground plane) and hence may result in a lower minimum of
blade loading.

In flapwise deflection, a comparable offset between blade
resolved and actuator line result exists as in Case 2. Here themost
significant differences between the smearing correction and Shen
correction are seen; the load distribution plots at 0° demonstrate
how the Shen correction reduces the loading more in the final
5–10% of the blade length than the smearing correction, causing
the decreased flapwise deflection. The coupled AL (SC) results
match well to the overall trend of the blade resolved results,
but at a offset towards lower values similar in magnitude to
Case 2 (a difference of Δtip/R = 0.0048, or 19,cm). The torsional
contribution to angle of attack in the blade resolved simulations
is smaller than for Case 2, with a mean Δθ of 0.26° and
amplitude of variation of 0.17°. As demonstrated for Case 2,
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FIGURE 8 | Case 4: high shear, low yaw and turbulence. (A) Normalised normal and tangential blade loads at 75% radius; (B) Normalised normal and tangential
blade loads at 90% radius; (C) Normalised flapwise and edgewise tip deflection.

although a very slightly improved agreement could be obtained
by including the mean torsion in the coupled AL, the differences
between CFD methods primarily originates in the AL or BR
turbine modelling rather than aeroelastics. Overall, a similar
assessment can be made for Case 3 to that in Case 2: the good
comparison between blade resolved and coupled AL simulations
indicates that the coupled AL is appropriate for determining
blade loading and deflections, even in high yaw cases such as
this.

5.2 Turbulent Inflow Cases
The turbulent flow cases are identical to Case 2 and Case 3
respectively, except with the addition of Mann model generated
turbulence resulting in a turbulence intensity (TI) of 3.66%.
The difference in computational methods between laminar and
turbulent cases is the use of IDDES rather than just the k−ω SST
model for turbulence modelling, and the use of a fourth order
central differencing scheme for convective term discretisation

in the DES regions. In addition to the shear profile comparison
conducted to verify the flow scenario consistency in the laminar
cases, for the turbulent simulations velocity time-series were
compared from points 1 and 2R in front of the rotor plane. There
were no observed differences in flow development, but it should
be noted that there are less small-scale turbulent fluctuations
resolved in the AL simulations due to both the coarser grid
resolution and hence the larger required smearing length used
in applying turbulent fluctuations into the domain. Only the
coupled AL with the smearing correction and the coupled BR are
presented in the following section.

5.2.1 Case 4: High Shear, Low Yaw and Turbulence
Case 4 is identical to Case 2 (α = 0.26, γ = −6.02°), but
with a turbulence intensity of 3.66%. In Figure 8, azimuthal
distributions of blade loading are given at 75% and 90%
radius, along with flapwise and edgewise tip deflections. It is
immediately apparent from comparing Figures 6, 8 that the
addition of turbulence causes only minor changes in the trends
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FIGURE 9 | Case 4: High shear, low yaw and turbulence. Instantaneous velocity magnitude at centreline planes and mean velocity plots at marked locations. Blades
shown by surface mesh for BR, and iso-surface of applied body force for AL. (A) Vertical plane and vertical mean velocity profiles. (B) Horizontal plane and horizontal
mean velocity profiles.

of mean azimuthal blade load and deflection variation. For
both CFD methods, the loading at 75% radius and the tip
deflections are slightly increased in comparison to the laminar
simulations.

For the two CFD methods the location of the minimum
loading remains at 180°, rather than 200° as seen for the DanAero
results. As also discussed in Section 5.1.2, this could be due
to tower effects combined with the variability in yaw angle in
the measurements. The discrepancy increases for the 90% radius
position; for the CFD methods it is still at 180°, while for the
DanAero it is 210°. Additionally, at 90% radius the difference
between the BR and AL results grows; at 0° increasing from
ΔCn = 0.072 and ΔCt = 0.010 for 75% radius, to ΔCn = 0.111 and
ΔCt = 0.033 at 90% radius. At the 90% radius the AL agrees
extremely well with the DanAero measurements (except the
minimum position), while the BR overpredicts compared to the
measurements.The standard deviations of the azimuthal averages
are very similar between the blade resolved and actuator line,
with the somewhat higher values for the blade resolved perhaps
reflecting the higher grid resolution capturing more small-scale
turbulence. However, overall conclusions based on shape and
relative differences are the same as for the laminar case; the AL
simulationswith the smearing correction agreewell with both the

blade resolved andDanAero results, but with an overall reduction
in loading compared to the coupled BR.

Velocity magnitude—instantaneous snapshots and mean
profiles—are shown across vertical and horizontal planes in the
refined region of the mesh in Figure 9. The blade positions
are represented by the actual mesh surface for the blade
resolved cases, and an isosurface of the applied body forcing for
the AL.

From the instantaneous plots it is clear that the higher
resolution of the background grid in the blade resolved
simulations allows tip vortices to be captured; they are not visible
for the actuator line despite the relatively high resolution of
37 cells per radius. Additional small-scale turbulence in the
near wake is also present for the blade resolved cases, partially
due to the very high resolution of the rotor mesh and disc
grid. Considering the mean velocity profiles at x = 2R, 4R, and
6R downstream, there is good agreement between BR and AL
simulations, with some key differences. For the horizontal planes,
although both predict almost no wake redirection due to the
small yaw angle, there is a difference in velocity magnitude
at the wake centre. The BR near wake appears to break
down more quickly, and reaches a near Gaussian profile at 6R
downstream, while the AL does not. This reflects the conclusions
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FIGURE 10 | Case 5: high shear, high yaw and turbulence. Note, the standard deviation of DanAero data from Case 3 is added for reference, although the
experimental TI does not match the simulated TI. (A) Normalised normal and tangential blade loads at 75% radius; (B) Normalised normal and tangential blade loads
at 90% radius; (C) Normalised flapwise and edgewise tip deflection.

of Troldborg et al. (2015), which showed that the blade resolved
model produces additional vorticity generated by the small-scale
turbulence of the blade boundary layer, leading to a faster near
wake breakdown. The wake deficit is also slightly larger for the
BR cases in both the horizontal and vertical mean profiles, linked
to the consistently higher blade loading predictions and thrust
(discussed in Section 5.3). However, despite the differences in
resolution and modelling approaches, the overall wake structure,
expansion and magnitude of the deficit are similar between the
AL and BR scenarios.

5.2.2 Case 5: High Shear, High Yaw and Turbulence
Case 5 is identical to Case 3 (α = 0.26, γ = −38.34°) with the
addition of turbulence. Figure 10 shows azimuthal distributions
of blade loading at 75% and 90% radius, and tip deflections.
Again, the overall trends and mean values are very similar
to that observed in the laminar version of this case. Akin to
the observations for Case 4, when considering the loading at

90% radius, the AL has good alignment with the DanAero
measurements, particularly in the tangential direction. The
coupled BR results appear to overpredict the blade loading
compared to measurements in the final quarter of the rotation.

One difference between the laminar and turbulent results is
the improvement in the agreement between the AL and BR in
the normal loading and flapwise deflection. The deeper trough in
normal loading seen in the Figure 7 AL results is not replicated
here, and at 75% radius the offset between BR and AL is almost
constant; at 160° azimuthal position ΔCn = 0.043 for Case 5,
compared to ΔCn = 0.081 for Case 3.The only difference between
Case 3 andCase 5 is the inclusion of turbulence, and therefore the
cause of this improved comparison could be due to the turbulence
resulting in changes in induction, turbine wake and speed-up
between rotor and ground plane. Troldborg et al. (2015) found
a better agreement between AL and BR wakes when the inflow
was turbulent than when it was laminar; therefore in this case, a
more similar wake could lead to changes in induction and hence
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FIGURE 11 | Case 5: High shear, high yaw and turbulence. Instantaneous velocity magnitude at centreline planes and mean velocity plots at marked locations.
Blades shown by surface mesh for BR, and iso-surface of applied body force for AL. (A) Vertical plane and vertical mean velocity profiles. (B) Horizontal plane and
horizontal mean velocity profiles.

blade loading predictions. Additionally, the smearing correction
only corrects for the missing induction of the first 90° of the wake
helix (Meyer Forsting et al., 2020); in the laminar case where
there is no ambient turbulence to initiate the wake breakdown,
the missing induction beyond 90° will play a role in the overall
rotor induction. Introducing turbulence results in less stable
vortex cores in the trailed vorticity, faster wake breakdown,
and thus more similar induction and blade loading between BR
and AL.

Figure 11 shows instantaneous velocity magnitude over
vertical and horizontal planes in the refined region of the mesh,
and mean wake profiles at x = 2R, 4R and 6R downstream. Again,
there are clear tip vortices and additional small-scale turbulence
in the near wake of the blade resolved simulation. Even in the
instantaneous snapshots, the major regions of wake deficit are
very similar between the two simulations.

Themeanwake profiles also demonstrate very good agreement
between the cases, with the majority of differences occurring
in the near wake. In the BR simulations, the small-scale
turbulence from the blade root and nacelle gap region again
results in differences in the near wake breakdown and shape,
particularly at the wake centre. However, in the horizontal
profiles this difference is not present at x = 4R or beyond, and

the magnitude of wake redirection is very similar between
the two methods. The relatively small refined region does not
allow the extent of redirection in the far wake to be examined,
but these results can be seen as an encouraging result for the
performance of the actuator line for wake predictions in high yaw
cases.

5.3 Integrated Quantities
In addition to blade loading, tip deflections and wakes, it
is important to assess the differences between the actuator
line and blade resolved predictions of integrated quantities.
In Table 2, the thrust and torque are given for each case
simulated. For the turbulent simulations (Case 4 and Case 5),
the result is given as a mean ± standard deviation over the 50
revolutions.

For the axisymmetric Case 1, thrust and torque values match
extremely well, with effectively identical values between coupled
BR and coupled AL (SC) (a difference of 0.2%). This extremely
good agreement reflects the close alignment of the blade loading
seen in Figure 5 and highlights the benefits of using the coupled
AL, as the simulations required 13x less CPU hours than needed
for the coupled BR. For Case 2 and Case 3, the blade resolved
CPU hour requirements were around 15 and 24 times larger than
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TABLE 2 | Total thrust and torque comparisons for all validation cases. For Case 4 and Case 5 (with turbulent inflow), the mean ± standard deviation is provided.

Thrust (kN) Torque (kNm)

AL (Shen) AL (SC) BR AL (Shen) AL (SC) BR

  Case 1 93.8 95.4 95.6 251.9 247.0 247.0
  Case 2 252.8 254.5 272.5 682.4 661.9 742.6
  Case 3 193.1 194.9 209.1 271.2 259.1 310.7
  Case 4 — 259.7 ± 7.2 283.4 ± 9.4 — 707.5 ± 75.0 776.9 ± 81.1
  Case 5 — 200.9 ± 7.3 212.1 ± 7.7 — 291.8 ± 50.5 308.0 ± 50.5

AL respectively (although the grid resolution and overset mesh
cells account for a 12.5 times difference). Additionally, the small
AL timestep required by the background mesh (as discussed in
Section 3.2.2) significantly increases the computational cost of
the AL compared to an equivalent AL resolution on equidistant
spaced grid; therefore the AL would generally be even more
favourable in comparison to BR.

For both Case 2 (high shear) and Case 3 (high shear and high
yaw), the coupled AL underpredicts thrust in comparison to the
blade resolved case (by 6.6% and 6.8% respectively for the SC),
and also underpredicts torque (by 10.9% and 16.6% respectively
for the SC). Again, this mirrors the blade loading differences in
Figure 6 and Figure 7, where the AL consistently predicts lower
Cn and Ct along the blade length. When torsional deflection was
included in the coupledAL as a static twist contribution inCase 2,
thrust increased by less than 1%; likewise the coupled BRwithout
the torsional DOF experienced a thrust decrease by the same
percentage. Reflecting the small difference in blade loading, the
almost negligible change in integrated quantities again highlights
that the torsional deflection modelling is not a significant cause
of the differences between the CFD methods for this particular
turbine.

In the two turbulent cases the comparison between coupled
AL and coupled BR is very similar to that for the equivalent
laminar cases. The AL predicts lower thrust (by 8.4% and 5.3%
respectively for Case 4 and Case 5) and lower torque (8.9%
and 5.3% respectively) than the blade resolved. The standard
deviations of both quantities are very similar between methods,
with the largest difference being a 6.1 kNm lower σ (a 7.5%
change) for the torque of Case 4. The addition of turbulence
causes an increase in the mean of all quantities, except the
torque of the blade resolved simulation for Case 5 which
slightly decreases. The computational time for both AL and
BR simulations increased with the inclusion of turbulence, but
the ratio between them remained similar; for Case 5 the blade
resolved simulation took 17 times longer than the AL.

Comparing the two different smearing/tip corrections used
for the AL, the Shen correction consistently results in a slight
thrust decrease and a torque increase compared to the smearing
correction. The smearing correction provides a correction to the
velocity components to account for the missing induction due
to the effective viscous core at the blade station, which results
in a change to the angle of attack along the blade; while the
Shen correction is applied solely at the blade tip in the load

computation. For this turbine, the difference in angle of attack
leads to an increase in the thrust, despite the overall smoothing
effect on the load distribution.

Based on the mesh refinement study undertaken in
Section 4.2, the predicted thrust values for actuator line
simulations with either the Shen or smearing correction are
independent of grid resolution to within 0.2%. Although
performed on a mesh with a smaller refined region, and
with some important differences in simulation setup, the
mesh dependency of the BR simulations were examined by
comparing two grid levels (the current refinement using blocks of
32 × 32 × 32 cells, and a coarser grid using blocks of 16 × 16 × 16
cells) in Grinderslev et al. (2021).This gave changes in thrust and
torque of up to 2% for Case 1 and 2 between the coarse and fine
grids, but −4% and −10.8% for thrust and torque respectively in
Case 3.However, this differencewas attributed to the poor overset
connectivity in the high yaw case at coarse grid resolutions.
Therefore, the differences in thrust and torque shown in Table 2
between coupled BR and coupled AL in Cases 2–5 are larger than
the mesh-related uncertainties.

6 DISCUSSION

The aims of this work were to improve the coupled aeroelastic
actuator line through implementing the vortex-based smearing
correction, and to validate against fully resolved fluid-structure
interaction simulations and measurement data. Relating to the
first aim, the results presented in Section 4 clearly show how
the turbine outputs such as blade loading, power and thrust are
less dependent on smearing parameter and grid resolution when
using the smearing correction. Additionally, smoother blade load
distributions are also seen across all three laminar validation
cases, where the loads using the Shen correction frequently show
spikes around the blade tip. Although occasionally this higher tip
loading appears to agree better with the coupled BR results, it
must be noted that the coefficients in the Shen correction have
been tuned specifically for this turbine operating in this loading
region (at high CT values), and so is not guaranteed to function
well at higher wind speeds. The smearing correction however
requires no prior adjustments and operates without tuning bias
towards certain regions of operation. Additionally, based on
the Section 4 results, this agreement will be significantly more
numerically dependent than it is for the smearing correction.
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Relating to the second aim of actuator line validation, both
the laminar and turbulent cases show a good agreement between
blade resolved and actuator line simulations. In the axisymmetric
case the blade loading and tip deflection are very well aligned,
with integrated quantities agreeing to within 0.2% when using
the smearing correction in the coupled AL. For more complex
cases involving shear and yaw, there is consistently lower
blade loading predicted by the AL, which results in a lower
flapwise tip deflection, thrust and torque. However, despite these
differences in integrated quantities, in the overall magnitude,
trends and shape, the AL performs very well compared to the
blade resolved method. This is despite the significantly reduced
computational expense of running the simulations, in part
due to using a coarser grid resolution. Flexibility is included
in all simulations conducted in this work, but when using a
relatively small and stiff turbine it is unlikely to significantly
alter the blade loading in comparison to the stiff configuration,
as found in Grinderslev et al. (2021). However, the reason for
using the NM80 is that it is the largest turbine for which both
measurement data and an aeroelastic-coupled blade resolved
model are available, and therefore provides the best possible
validation for the coupled AL for future applications. As the work
on the DTU 10 MW RWT by Hodgson et al. (2021) indicates, for
larger turbines including flexibility can have a significant effect on
predictions of power, blade loading and damage equivalent loads,
as the interaction between flow and blade deformation becomes
increasingly important.

The two CFD methods are coupled to two different aeroelastic
solvers; the AL is coupled to Flex5, which provides the blade
loads and displacements based on extracted velocity components;
whereas the BR is coupled to HAWC2, which provides the
displacements based on loads extracted from the CFD mesh.
Flex5 was used for the AL coupling as it is significantly faster than
HAWC2 for each individual aeroelastic computation (due to the
reduced set of degrees of freedom and modal-based approach)
and hence is computationally realistic for aeroelastic coupled
wind farm simulations.Themain aeroelasticmodelling difference
between Flex5 and HAWC2 is in the torsional deflection Δθ,
which Flex5 does not include, while HAWC2 does. However,
for this relatively small and stiff turbine, the extra results
included for Case 2 which isolate the torsional degree of freedom
indicate that this does not significantly contribute to the observed
discrepancies. Including the mean torsional deflection as a static
change in blade twistmay be a useful addition in Flex5 for analysis
of larger and more flexible turbine designs. Another difference
between the modelling in Flex5 and HAWC2 is the way in which
blade pitch is applied; in Flex5 it is applied as a twist contribution,
while in HAWC2 the blade is rotated around the pitch axis.
However, comparisons of the two tools in axisymmetric inflow
with varying pitch angles showed a negligible impact of this
difference on the blade loading; for future turbine with longer
blades and larger prebend, this may need to be taken into further
consideration.

Comparing structural eigenfrequencies, the DanAero
measurements have a first flapwise frequency of 0.955 Hz
and a first edgewise frequency of 1.84 Hz, while HAWC2

gives 0.93 and 1.84 Hz respectively, and Flex5 gives 0.922 and
1.83 Hz. The very close agreement between these (less than 1%
difference between HAWC2 and Flex5) suggests that this is also
unlikely to be the source of significant discrepancies in results.
Finally, the method of modelling the blade prebend also differs
between the aeroelastic solvers. The multibody formulation
of HAWC2 can precisely match the desired prebend; while
Flex5 computes a mode shape which gives a best fit to the
input values, and performs several initialisation computations
at the simulation start in order to ensure stability. However,
the difference between input prebend and mode shape in
Flex5 is less than 2 cm at the blade tip for the NM80 turbine;
this accounts for 25% of the difference between predicted
deflections of coupled BR and coupled AL for Case 1, and
5–10% in all other cases. Therefore, these very small or negligible
aeroelastic differences suggest that it is the CFD methods for
turbine modelling which primarily cause the discrepancies
in results, rather than the aeroelastic solvers that they are
coupled to.

Although it is valuable to include actual measurement data
when performing a validation such as this, and the results provide
a useful guide to trends and levels of loading, the nature of such
measurements means that the comparison with CFD methods
can never be exact. The first major difference is the presence
of hub and tower; the tower in particular appears to cause
noticeable differences in the azimuthal loading variation between
CFD and measured results, particularly in the high shear cases.
Although the pitch and rotational speed were fixed, the yaw
offset is a mean based on the upstream wind measurements
and so is unlikely to exactly represent the precise fixed angle
achievable in CFD. There is also uncertainty in the inflow when
comparing CFD simulations to measurement data, as the inflow
measurements were taken from a met mast ≈250 m away from
the turbine. Due to the forcemeasurementmethod, only pressure
forces (not viscous forces) are included in the DanAero results,
which may affect the comparison, especially in the tangential
direction. Also, the integrated pressure forces are highly sensitive
to the coarse distribution of pressure tabs at the trailing edge
(Grinderslev et al., 2021).

While in the BR setup the geometry of the blade surface is
directly meshed, the formulation of the actuator line method
means that it is highly reliant on the quality of the aerofoil data
provided. Initially, three different versions of the NM80 aerofoil
data were found, which gave substantial differences in blade
loading, even for the axisymmetric laminar Case 1. The latest
NM80 aerofoil data developed at IAG Stuttgart in connection
with the ongoing IEA Task 47 (IEA, 2022) are used here,
which were created through extraction from a blade resolved
CFD simulation. However some uncertainties still exist due to
the position of extraction of the aerofoil data, the smoothing
techniques used between lift and drag curves at each section,
and how the transition from 2D to 3D effects at the blade tip
is accounted for, particularly in high yaw with more radial flow
along the blade. However, with a high quality of aerofoil data, this
validation demonstrates that the actuator line has the potential to
perform extremely well.
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7 CONCLUSION

This work first presents the implementation of the vortex-
based smearing correction into the aeroelastic coupled actuator
line, and then performs a validation against fully resolved
fluid-structure interaction simulations and measurement data.
A parameter study comparing with the tip correction by
Shen et al. (2005) demonstrates that the vortex-based smearing
correction is capable of significantly reducing the dependency
of turbine outputs such as power, thrust, and blade loading, on
numerical choices such as the Gaussian smearing length 𝜖 and
grid resolution Δx.

Three laminar cases and two turbulent cases are used for
the validation with the NM80 turbine, including high shear
and high yaw. For the axisymmetric laminar case, there is
very good agreement between the coupled actuator line and
blade resolved simulations in both blade loading and integrated
quantities, which agreed to within 0.2%. For cases including
high shear and high yaw, the actuator line consistently predicted
slightly lower blade loading and flapwise deflection, which led
to underpredictions of thrust by between 5.3% and 8.4% across
the four complex inflow cases. The overall trends of the actuator
line results are very similar to the blade resolved, despite the
lower mean values. The discrepancies seen when comparing
geometrically resolved blades with the applied body forces of
the actuator line can be attributed to differences in wake flow,
induction, and the fundamental formulation of the AL which
relies on the quality of provided airfoil data and the application
of the forces into the computational domain. Considering these
differences, there is very good alignment between the actuator
line and blade resolved simulations, even for themost challenging
case; a turbulent and sheared inflow with the turbine operating
at −38° yaw misalignment. Comparing the wakes in the two
turbulent simulations also indicates good agreement in wake
shape, deficit and redirection between the two cases, despite
the fact that the actuator line simulations were conducted
at a lower grid resolution due to mesh constraints. Overall,
the coupled actuator line is capable of closely matching the
blade loading and near wake predictions of the blade resolved
simulations and measurement data. This is particularly relevant
for studies on wind farms involving realistic inflows, shear and
yaw misalignment.
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