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Abstract: This study compared the efficacy of the actuator line and actuator surface models in

carrying out large-eddy simulations of a utility-scale wind turbine. A large-eddy simulation with

the actuator surface and line models was employed to study the wake flow and power production

of the turbine. While both the actuator models were employed for the blade representation, the

nacelle was modeled using the actuator surface approach. Both of the actuator models demonstrated

agreement in the mean velocity field, power production, and turbulence kinetic energy of the wake

flow. Comparing the wake flow, power production, and turbulence kinetic energy results, it was

found that the mean discrepancy between the two models was 0.6%, 0.3%, and 2.3%, respectively.

Despite the minor discrepancies, both actuator models accurately captured the hub vortex in the

wake of the nacelle, evidenced by an energy peak in wind speed spectra at f / fω ≈ 0.34.

Keywords: large-eddy simulation; wind turbine; actuator line model; actuator surface model

1. Introduction

The accurate description of the flow past wind turbine arrays has remained a subject

of discussion in the past few decades, with a keen interest in understanding the perfor-
mance of wind turbine arrays under various atmospheric boundary layer conditions. Due

to their large scale, wind farms are often studied and designed using engineering wake

models that offer a simplified description of the turbine wakes and their interaction to rea-
sonably accurately predict the power production [1–5]. However, such wake models often

suffer from a lack of adequate description of the turbine wake for control and optimization
applications, owing to the oversimplifications considered in their implementation [6]. For

this reason, high-fidelity simulations of wind turbines and wind farms have been shown

to be essential in developing, tuning, and validating more accurate wake models [7–13].
The high-fidelity models often combine a momentum equation solver with a simplified

description of the turbine loads that are applied as a body force to the flow [14–23].
One of the earliest high-fidelity turbine model applications used the actuator disk

model (ADM) [14,24]. As the name suggests, the turbine rotor is a two-dimensional

disk (refer to Figure 1a), with loads calculated using one-dimensional momentum the-
ory. These loads are then applied and distributed across the Eulerian grid using either

an elliptic or Gaussian distribution. Sørensen et al. [16] studied the relation of the thrust
coefficient (CT)—on the axial interference factor (a)—by applying a constant load. They

showed that the thrust coefficient follows the axial interference factor predicted by the one-

dimensional momentum theory and Glauert empirical relation [25]. Variations of the ac-
tuator disk model have been developed by considering or neglecting the tangential loads

of the rotor [14,24,26,27]. Moreover, Meyers et al. [27] performed large-eddy simulations
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of infinite wind farms with the ADM with and without tangential loads. They showed

that although the wake rotation caused by the tangential load provided a more accurate
description of the turbine wake, it had a negligible effect on the mean streamwise velocity

and average power on their infinite wind farm array.

(a) (b) (c) (d)

Figure 1. Schematic of the (a) turbine rotor actuator disk model unstructured grid ( ) (ADM),

(b) actuator line model blade grid (•) (ALM), (c) actuator surface model unstructured grid of the

blades ( ) and nacelle ( ) (AS-BN), and (d) actuator line model grid of the blades (•) and

unstructured grid of the actuator surface model of the nacelle ( ) (ALB-ASN).

Although ADMs provide a better description of the turbine than wake models, it

has been shown that—due to their inability to capture correctly the stall behavior of the
blades—they might have issues in predicting the power production and turbine wake

flow at high wind speeds [28]. As a solution to this constraint, Sørensen et al. [16] devel-

oped the actuator line model (ALM), which couples a three-dimensional Navier–Stokes
equation solver with the blade element momentum (BEM) theory to compute the loads

along each blade (see Figure 1b). Their work with the ALM [16] showed good agreement
for power production results, compared to the Nordtank 500 kW turbine, for low to high

wind speeds. Moreover, they were able to capture the root and tip vortex formation in the

near wake region. Furthermore, by performing large-eddy simulations (LES) of a single
turbine with the ALM and the ADM, Martinez-Tossas et al. [29] showed that the presence

of a tip vortex in the ALM disrupted the axisymmetry of the turbine wake typically ob-

served in the wake of the ADM. In addition, they observed that the momentum deficit
in the inner wake region was underpredicted due to the absence of the nacelle, and the

prediction of the power production of the ADM and ALM showed sensitivity to the force
spreading parameter (ǫ).

Further attention was paid to the effect of the turbine geometry on the improvement

of the actuator line model. For example, Martinez-Tossas et al. [30,31] developed and
applied the filtered lifting line theory to compute the optimal Gaussian spreading for the

actuator line model. They have shown that the optimal spreading is a function of the blade
geometry, specifically the chord length c (ǫ/c ≈ 0.25). Moreover, PIV measurements [32]

and smoke visualization [33] have shown the formation of a vortex in the hub region of

the near wake similar to that of propellers [34]. In a comparative analysis between the
actuator line model and a turbine resolved model, using the immersed boundary method,

of a hydrokinetic turbine, Kang et al. [35] showed that the nacelle plays an essential role
in the formation of the hub vortex that is not capture by the ALM. Furthermore, San-

toni et al. [36] combined the actuator line model with the immersed boundary method to

model the turbine rotor, tower, and nacelle using LES. They showed that the tower and na-
celle play a role in the breakdown of the tip vortex and the nonsymmetric wake recovery

due to the turbulent mixing and the wake rotation.
To consider the geometry of the blades and the turbine nacelle, Yang et al. [21] pro-

posed a new actuator surface model (ASM) (see Figure 1c). In their work, Yang and

Sotiropoulos [21] showed good agreement with measurements of a hydrokinetic turbine
in terms of the velocity deficit, turbulence kinetic energy, and wake meandering frequency.

Subsequently, Foti et al. [37] performed LES of a turbine with the ASM, where their spec-

tral analysis in the near wake revealed a highly energetic oscillation at the Strouhal fre-
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quency of St = 0.7–0.8, in agreement with the experimental observations of Iungo et

al. [38] and the numerical results in [35,39].
Although the ASM and ALM capture the wake dynamics with greater fidelity than

the actuator disk model [21,29], due to grid resolution constraints for the simulation of

large wind farms, continuous improvements to the actuator disk model have been
made [19,20,22]. However, using BEM to calculate loads over the blade for the ALM is

of particular interest in studying the aeroelastic response of the blades [40–47]. Moreover,
Draper et al. [48,49] conducted a grid sensitivity analysis on the performance of the actu-

ator line model for coarse resolutions, i.e., larger than the recommended (D/∆grid < 50).

They showed that although the actuator line model did present sensitivity in the predic-
tion of power production, this was not the case for the momentum deficit. Moreover,

they demonstrated that the ALM obtained better agreement with the experimental mea-
surements than the ADM with a similar resolution. In other words, the ALM accurately

described the wind turbine wake, even with coarse grid resolutions. However, as Kang

et al. [35] demonstrated, geometrical details such as the nacelle are critical to accurately
resolve the mean flow and the dynamics in the far wake. Although the ASM may accu-

rately resolve the near and far wake dynamics, its computational cost for the modeling of
large-scale wind farms may be prohibitive. To mitigate computational costs, this study in-

tegrates the actuator line and actuator surface models to parameterize the turbine blades

and the nacelle, respectively (refer to Figure 1d). However, it is uncertain whether em-
ploying the ALM alongside the nacelle ASM might enhance the accuracy of the wake,

particularly in addressing the meandering induced by the hub vortex.
To address the mentioned knowledge gap, large-eddy simulations of a utility-scale

wind turbine using the blade actuator line model and the nacelle actuator surface model

have been performed. The turbine considered in this work is the Clipper Liberty wind
turbine, located at the Eolos facility at the University of Minnesota, featuring a rotor diam-

eter of 96 m and a nameplate capacity of 2.5 MW at a rated wind speed of 12.5 m/s. An

additional set of benchmark simulations of the actuator surface model for the blade and
the nacelle has been carried out. Further, to examine the accuracy of the actuator surface

model over a coarse grid, a sensitivity analysis has been performed using three different
resolutions: D/∆grid = 40, 20, and 14.

The paper is organized as follows. A summary of the governing equations and the

turbine ASM and ALM is given in Section 2, and a description of the numerical setup
is given in Section 3. The discussion of the grid sensitivity analysis and the comparison

between the blade ALM and ASM is given in Sections 4 and 5, respectively. A summary
and final remarks are given in Section 6.

2. Methodology

2.1. Equations of Flow Motion

Large-eddy simulations were performed using the VFS Wind model, which solves the
spatially filtered Navier–Stokes equations in a generalized curvilinear coordinate system

given by

∂U i

∂t
= ξ i

l

[

−
∂U jul

∂ξ j
+

1

Re

∂

∂ξ j

(

gjk

J

∂ul

∂ξk

)

−
∂

∂ξ j

(

ξ
j
l p

J

)

−
∂τl j

∂ξ j
+ fl

]

, (1a)

J
∂U i

∂ξ i
= 0, (1b)

where p is the pressure and ul is the filtered Cartesian velocity component along the
l-direction. The contravariant volume flux Ui is given by Ui = (ξ i

m/J)um, where ξ i
m is

the Jacobian of the curvilinear transformation and J its determinant, respectively. The con-
travariant tensor components are given by gik = ξ i

lξ
k
l . The Reynolds number is

Re = U∞D/ν, where U∞ is the wind velocity far from the bottom surface, D is the

wind turbine rotor diameter, and ν is the kinematic viscosity. The dynamic eddy viscosity
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model [50] was used for the modeling of the sub-grid stresses. The external forces per unit

volume, fl , were computed using the ASM [21] and ALM [17] for the wind turbine blades
and nacelle. The momentum equations were discretized in space using the second-order

central-differences scheme and advanced in time using the semi-implicit Crank–Nicolson

scheme. The fractional step method was used to project the resulting non-solenoidal ve-
locity field into a solenoidal space [51].

2.2. Actuator Line and Surface Models

2.2.1. Blade Model

The ASM and the ALM represent the turbine blade by computing the lift and drag
forces using the BEM theory [52], as follows:

fL =
1

2
CL(α)ρU2

relc, (2)

fD =
1

2
CD(α)ρU2

relc, (3)

where CL and CD are the lift and drag coefficients, respectively, which are a function of the

angle of attack α given by

α = tan−1

(

Ux

Uθ − ωr

)

− φ, (4)

where φ is the blade twist angle. The relative velocity, Urel, is computed as

Urel =

√

U2
x + (Uθ − ωr)2, (5)

where ω is the rotor angular velocity, and r is the distance from the rotor center to the

blade element. The axial velocity Ux and azimuthal velocity Uθ are interpolated from the
background Eulerian flow grid, x, into the blade discrete Lagrangian grid, X (Figure 1c,d),

using a discrete delta function approach given by

U(X) = ∑
x

U(x)δ(x − X)V(x), (6)

where δ is the smoothed four-point cosine function of Yang et al. [53] and V is the back-

ground grid cell volume.
In the case of the actuator surface model, the velocity computed over the Lagrangian

grid is averaged over the chord length, c, for the computation of the aerodynamic loads

(Equations (2) and (3)) and redistributed back into the Lagrangian grid in each radial loca-
tion as

f(X) = (fL + fD)/c. (7)

The resulting force is distributed from the blade Lagrangian grid into the Eulerian flow
grid using a similar approach as in Equation (6),

f(x) = ∑
X

f(X)δ(x − X)A(x), (8)

where f is the aerodynamic force vector, and A is the length of the actuator line segment

or the area of the actuator surface grid cell.
In Du et al. [54], the stall delayed model was used to correct the lift and drag coef-

ficients to account for the three-dimensional (3D) and rotational effects. In addition, to
consider the tip losses caused by the formation of the blade tip vortex, the loss correction

factor of Shen et al. [55] was applied to the computed forces.
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2.2.2. Nacelle Model

The nacelle was modeled by considering the normal and tangential forces over its
surface. The normal force component per unit area that results from the impermeability

condition was computed using a direct forcing, as follows [21]:

fn =
hũn

∆t
, (9)

where h = (∆x∆y∆z)1/3 is the length scale of the Eulerian grid and ũn is the velocity
normal to the actuator surface of the nacelle. The tangential force per unit area is given by

fτ =
1

2
ρC f U2, (10)

where C f is the friction coefficient that is obtained from the following empirical rela-

tion [56]:

C f = 0.37(logReX)
−2.584, (11)

where ReX is the Reynolds number computed from the incoming velocity and the distance

from the leading edge of the nacelle. The resulting forces were projected from the nacelle

Lagrangian grid into the flow Eulerian background grid using a smoothed cosine discrete
delta function and considered in the equations of motion (Equation (1)).

2.3. Turbine Control System

The angular velocity of the turbine rotor, ω, is computed from the balance of angular
momentum equation given by

I
dω

dt
= τa + τg, (12)

where I is the rotational inertia, and τa and τg are the aerodynamic and the generator

torque, respectively. At wind speeds below those rated by the manufacturer (region 2),
the turbine controller maximizes the power production by regulating the angular velocity

of the rotor by setting the generator torque at [57]

τg =
πρR5Cp,max

2λ3
optG

3
ω2

g, (13)

where CP,max is the maximum power coefficient at the optimal tip speed ratio λopt, R is the

rotor radius, G is the gearbox ratio, and ωg is the generator angular velocity.
For wind speeds higher than the rated one (region 2.5–3), the controller objective is

to maintain the angular velocity at its rated value. This control procedure is performed

to avoid any structural damage that the aerodynamic and inertial forces could cause to
the rotor. Therefore, a single-input single-output (SISO) proportional-integral controller

increases the generator torque until it reaches its rated value and collectively pitches the
turbine blade to reduce the angle of attack, consequently reducing the aerodynamic torque.

Details of the controller can be found in Santoni et al. [58].

3. Computational Details

In this work, the turbine considered is the Clipper Liberty turbine. The Clipper Lib-

erty is a utility-scale wind turbine with a nameplate capacity of PN = 2.5 MW at a rated

wind speed of 12.5 m/s. The turbine rotor has a diameter of 96 m and a hub height of
80 m. The control parameters of the wind turbine can be found in Table 1.
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Table 1. Turbine control parameters. Cp,max is the maximum power coefficient in the optimal tip

speed ratio λopt, R is the rotor radius, G is the gearbox ratio, KP,P and KI,P are the pitch control gain

coefficients, and KP,T and KI,T are the torque control gain coefficients.

Cp,max 0.49 KP,P 3.11 × 10−2 s
λopt 8.3 KI,P 3.87 × 10−3

R 48 m KP,T 88.47 N m s
G 73.13 KI,T 11.05 N m

In this study, the turbine was placed on flat terrain with a dimension of
14D × 7D × 10.4D along the streamwise, spanwise, and vertical directions, respectively

(Figure 2), and was located at x/D = 5 from the inlet and centered in the spanwise

direction. The number of computational grid points is 281 × 143 × 281 in the stream-
wise, spanwise, and vertical directions, respectively, which correspond to a resolution of

∆x/D = 0.050 in the streamwise direction and ∆z/D = 0.025 in the spanwise direction.

In the vertical direction, the grid has a uniform resolution of ∆y/D = 0.025 up to a height
of y/D = 2.1, above which the grid is stretched to the top of the domain. Thus, the resolu-

tion along the streamwise direction is twice that of the resolution at the rotor plane. While
employing a uniform grid along the three directions at the rotor plane is a common prac-

tice, prior studies have demonstrated that it is not necessary to achieve accurate results in

turbine parameterizations using actuator-like models [19,26,36,49,59–61].

x/D

y
/

D

z/D
5D

3.5D

0.8D

Figure 2. Geometrical configuration of the computational domain. The Eulerian grid system ( )

is shown for every other computational cell.

The numerical simulations Reynolds number (Re = U∞D/ν) is 5 × 108. Periodic

boundary conditions are imposed along the spanwise direction, with free slip at the top
boundary. At the bottom boundary, the logarithmic law of the wall is applied, given by

U =
U∗

κ
ln

z

z0
, (14)

where U∗ is the friction velocity, κ is the von Karman constant, and z0 is the roughness
length (=0.1 m).

A precursor simulation with periodic boundary conditions was performed to obtain a

fully developed neutral atmospheric boundary layer. The transient developing boundary
layer of the precursor simulation was discarded until the total kinetic energy reached a

quasi-steady state. Subsequently, once statistically converged, the instantaneous velocity
fields of the precursor simulation were recorded on a cross-sectional plane. This velocity

field was then fed at the inlet of the domain of the wind turbine simulations.
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For the sake of simplicity, in the rest of the paper, the turbine parameterization with

the actuator surface model for the blade and nacelle is referred to as AS-BN (Figure 1c),
while the actuator line model for the blade and actuator surface for the nacelle is referred

to as ALB-ASN (Figure 1d). In addition, comments made specifically on the actuator line

model and actuator surface model will refer to ALM and ASM, respectively. A compar-
ison between the ALB-ASN and AS-BN models was performed for a hub height wind

speed of Uhub = 7.0 and 14.0 m/s. This corresponds to the turbine operating in re-
gion 2 (Uhub = 7.0) and region 3 (Uhub = 14.0). The total amount of Lagrangian grid

points for the ALM was 81 per blade, 790 unstructured grid cells per blade for the ASM,

and 736 unstructured grid cells for the nacelle. The time step of the simulations was
∆t = 2 × 10−4H/U∞, where H is the height of the domain and U∞ is the velocity far

away from the turbine near the top boundary. The numerical simulations were run at the
University of Minnesota’s Minnesota Supercomputing Institute Mesabi on 96 cores using

Intel Xeon E5-2680v3 processors. For the high-resolution simulations (D/∆grid = 40), the

AS-BN model had a total computational time of 56, 000 CPU hours, whereas the ALB-ASN
model had 69,000 CPU hours.

4. Grid Sensitivity Analysis

A grid sensitivity analysis was performed to study the performance of the AS-BN
model on three consecutively refined grid resolutions. The hub height wind speed was

Uhub = 7.0, corresponding to the turbine operating in region 2. The large-eddy simulations
of the Clipper Liberty turbine were performed for three different resolutions at the turbine

rotor. The number of grid points along the rotor diameter was D/∆grid = 40, 20, and 14.

Figure 3 shows the contours of the time-averaged windwise velocity at a plane lo-
cated at the center of the turbine wake.

x/D x/D x/D

y
/

D

U
/

U
h

u
b

(b) (c)(a)

Figure 3. Contours of the time-averaged streamwise velocity at an x-y plane (side view) centered

at the turbine rotor of the AS-BN model: grid resolution (a) D/∆grid = 40, (b) D/∆grid = 20, and

(c) D/∆grid = 14.

A qualitative comparison of the wake of the turbines between the three cases shows

that the momentum deficit due to the nacelle increases with the decrease in grid resolu-
tion. The time-averaged velocity of the high-resolution case (Figure 3a) presents a higher

wind speed near the surface of the nacelle. This is because the turbine rotor in this re-

gion, considered for structural purposes, is a cylinder that holds the rest of the blade to
the hub and has a low thrust force compared to the outer regions of the blade. However,

due to the grid resolution, the nacelle model slightly overestimates the normal and skin
friction forces, showing a larger reduction in the wind speed directly behind the nacelle

(Figure 3b,c). Nevertheless, the difference observed seems to be located in the near wake

region at 0 < x/D < 3. This is confirmed by the time-averaged velocity profiles shown
in Figure 4, where the momentum deficit of the nacelle is only observed in the center of

the wake at x/D = 1 in Figure 4a. Further downstream, x/D ≥ 3, the velocity profiles
collapse on top of each other (Figure 4b–d). This also suggests that although the nacelle

model shows sensitivity to coarser grid resolutions, the blade ASM does not present simi-

lar sensitivity.
To examine the impact of the coarser grid resolution on the wake recovery, the time-

averaged velocity over the rotor-swept area, 〈UR〉, in the streamwise direction was com-
puted as follows:

〈UR〉 =
1

Arot

∫

Arot

U1dA, (15)



Energies 2024, 17, 753 8 of 16

where U1 is the time-averaged streamwise velocity, and Arot is the rotor area. A compari-

son of the time-averaged velocity over the rotor-swept area is shown in Figure 5. The dif-
ference between the three resolution cases is mostly observed in the near wake at x/D = 1,

which corresponds to the location of the highest momentum deficit observed in the veloc-

ity contours in the wake of the nacelle for D/∆grid = 20 and 14 (Figure 3). Further down-
stream x/D ≥ 3, the curves collapse on top of each other, indicating that the momentum

deficit over the rotor area is the same for all cases.

 0

 0.2

 0.4

 0.6

 0.8

 1

 1.2

 1.4

 0  0.5  1

U/Uhub

y
/

D

(a)

 0

 0.2

 0.4

 0.6

 0.8

 1

 1.2

 1.4

 0  0.5  1

U/Uhub

(b)

 0

 0.2

 0.4

 0.6

 0.8

 1

 1.2

 1.4

 0  0.5  1

U/Uhub

(c)

 0

 0.2

 0.4

 0.6

 0.8

 1

 1.2

 1.4

 0  0.5  1

U/Uhub

(d)

Figure 4. Vertical profiles of time-averaged velocity at (a) 1D, (b) 3D, (c) 5D, and (d) 7D downstream

from the turbine rotor of the AS-BN model: ( ) D/∆grid = 40, ( ) D/∆grid = 20, and ( )

D/∆grid = 14. Horizontal dashed lines ( ) denotes the rotor region.

0.50

0.75

1.00

-2  0  2  4  6  8

x/D

〈U
R
〉/

〈U
〉 0

Figure 5. Rotor averaged velocity along the streamwise direction: ( ) D/∆grid = 40, ( )

D/∆grid = 20, and ( ) D/∆grid = 14. Vertical dashed line ( ) denotes the location of the

turbine rotor.

Contours of the turbulence kinetic energy (1/2UiUi/U2
hub) for the three grid resolu-

tions (D/∆grid = 40, 20, and 14) are shown in Figure 6. As seen for the velocity contours

(Figure 3), the most considerable difference in the turbulence kinetic energy (TKE) be-

tween the results of the three grid resolutions is observed in the wake of the nacelle. Due
to the shear layer near the surface of the nacelle on the high-resolution case (Figure 3a), it

can be seen that there is a relatively high TKE region extending from the nacelle into the
wake of the turbine (x/D ≈ 2). The lower-resolution grids (D/∆grid = 20 and 14) also

present a high TKE region in the wake of the nacelle, where the lowest-resolution case

shows this region to be the largest. However, this region is localized to the wake of the
nacelle and coincides in location and size with the low-momentum region observed in the

velocity contours.
Further, the TKE profiles downstream from the turbine rotor are shown in Figure 7.

In addition to the difference observed in the near nacelle region at x/D = 1 in Figure 7, it

is observed that the lower-resolution cases (D/∆grid = 20, and 14) underestimate the TKE
near the edge of the wake. This suggests that the tip vortex that detaches from the blade

and propagates downstream before its breakdown is underresolved by the coarser grid
cases. Nevertheless, further downstream x/D ≥ 3, the difference in the TKE observed

between the three cases decreases, showing more significant similarity than in the near
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wake region. However, it is observed that the coarser grid cases slightly overestimate the

TKE compared to the highest-resolution case.

x/D x/D x/D
y

/
D

1
/

2
U

i U
i /

U
2h
u

b

(a) (b) (c)

Figure 6. Contours of the turbulence kinetic energy at an x-y plane (side view) centered at the

turbine rotor: grid resolution (a) D/∆grid = 40, (b) D/∆grid = 20, and (c) D/∆grid = 14.
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Figure 7. Vertical profiles of turbulence kinetic energy at (a) 1D, (b) 3D, (c) 5D, and (d) 7D

downstream from the turbine rotor: ( ) D/∆grid = 40, ( ) D/∆grid = 20, and ( )

D/∆grid = 14. Horizontal dashed lines ( ) denotes the rotor region.

The power production of the three cases is slightly over 30% of its nominal power.

Moreover, the relative error observed was of 2.8% for D/∆grid = 14 and 0.7% for
D/∆grid = 20 when compared to the D/∆grid = 40 case. Therefore, the blade actuator

surface model shows no significant sensitivity to the grid resolution down to 14 grid cells

at the rotor, showing a similar momentum deficit, wake recovery, and power production.
On the contrary, the nacelle actuator surface model did show sensitivity to the grid resolu-

tion, showing a larger momentum deficit and turbulence kinetic energy in the near wake.

5. Results and Discussion

A comparison of the performance of the AS-BN against the ALB-ASN model was per-

formed using the high-resolution grid system D/∆grid = 40 for a hub height wind speed
of Uhub = 7 and 14 m/s. The velocity profiles of the streamwise velocity component in the

turbine wake are shown in Figure 8. As seen in this figure, the profiles of both the AS-BN

and ALB-ASN models are collapsed on top of each other, showing no difference in the mo-
mentum deficit between the models for both wind speeds Uhub = 7 m/s (Figure 8a–d) and

Uhub = 14 m/s (Figure 8e–h). Moreover, blade pitching occurs on the turbine while oper-
ating in region 3 (Uhub = 14 m/s). This also suggests that the blade pitching (when the

turbine operates in region 3) of the blade actuator surface model Lagrangian grid does not

significantly impact the computed loads over the blade.
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Figure 8. Vertical profiles of time-averaged velocity at (a,e) 1D, (b,f) 3D, (c,g) 5D, and (d,h) 7D

downstream from the turbine rotor for a hub height wind speed of (a–d) Uhub = 7 m/s and

(e–h) Uhub = 14 m/s: ( ) ALB-ASN model, and ( ) AS-BN model. Horizontal dashed

lines ( ) denotes the rotor region.

To quantify the difference in the time-averaged velocity field, the relative difference

(δ) was computed as

δU =
UAL − UAS

UAL+UAS
2

× 100, (16)

where the subscripts AL and AS stand for the ALB-ASN and AS-BN, respectively. Con-
tours of the relative difference of the time-averaged velocity field are shown in Figure 9.

The largest relative difference is consistently observed in the regions surrounding the na-

celle for both wind speeds (Figure 9a,b). This is caused by the larger Lagrangian grid
region near the root of the blade of the actuator surface model (see Figure 1c), which de-

creases the momentum deficit as the body force is spread over a larger region when the tur-
bine operates in region 2 (Figure 9a). On the contrary, when the blade pitch

(Uhub = 14 m/s), there is a slight increase in the momentum deficit (Figure 9b). This

is caused by the rotation of the Lagrangian blade grid along the blade axis, showing the
effect of spreading the loads from the Lagrangian blade grid to the background Eulerian

flow grid. However, the absolute relative difference is |δU | ≤ 2%, and the mean absolute
relative difference in the wake of the nacelle is 0.6%.

x/D x/D

y
/

D

(a) (b)

δ
U

Figure 9. Contours of the relative difference in the time-averaged velocity between the ALB-ASN

and AS-BN models at an x-y plane (side view) centered at the turbine rotor for a hub height wind

speed of (a) Uhub = 7 and (b) 14 m/s.

The profiles of TKE downstream of the turbine rotor are shown in Figure 10. Similar

to the velocity profiles, the TKE values from the ALB-ASN and AS-BN models closely fol-

low each other. Hence, these profiles demonstrate the similarity between these two models
in describing the momentum deficit and TKE. The main difference between the two mod-

els is in the projection of the velocity from the Eulerian grid into the Lagrangian grid cells,
which, in the case of the actuator surface model, is a bi-dimensional unstructured grid,

contrary to the one-dimensional grid of the actuator line model. Therefore, considering

that the chord length is the largest at the root c/D = 0.04, which is ∆grid/c ≈ 1.6, it is
noteworthy that the computed force using the actuator surface model aligns with that of

the actuator line model.



Energies 2024, 17, 753 11 of 16

 0

 0.2

 0.4

 0.6

 0.8

 1

 1.2

 1.4

 1.6

 1.8

 0  0.03

U/Uhub

y
/

D

(a)

 0

 0.2

 0.4

 0.6

 0.8

 1

 1.2

 1.4

 1.6

 1.8

 0  0.03

U/Uhub

(b)

 0

 0.2

 0.4

 0.6

 0.8

 1

 1.2

 1.4

 1.6

 1.8

 0  0.03

U/Uhub

(c)

 0

 0.2

 0.4

 0.6

 0.8

 1

 1.2

 1.4

 1.6

 1.8

 0  0.03

U/Uhub

(d)

 0

 0.2

 0.4

 0.6

 0.8

 1

 1.2

 1.4

 1.6

 1.8

 0  0.03

U/Uhub

y
/

D

(e)

 0

 0.2

 0.4

 0.6

 0.8

 1

 1.2

 1.4

 1.6

 1.8

 0  0.03

U/Uhub

(f)

 0

 0.2

 0.4

 0.6

 0.8

 1

 1.2

 1.4

 1.6

 1.8

 0  0.03

U/Uhub

(g)

 0

 0.2

 0.4

 0.6

 0.8

 1

 1.2

 1.4

 1.6

 1.8

 0  0.03

U/Uhub

(h)

Figure 10. Vertical profiles of turbulence kinetic energy at (a,e) 1D, (b,f) 3D, (c,g) 5D, and (d,h) 7D

downstream from the turbine rotor for a hub-height wind speed of (a–d) Uhub = 7 m/s and (e–h)

Uhub = 14 m/s: ( ) ALB-ASN model and ( ) AS-BN model. Horizontal dashed lines ( )

denotes the rotor region.

Contours of the relative difference in the TKE (δTKE), computed as given by

Equation (16), are shown in Figure 11. Although the absolute relative value of the TKE

(|δTKE| ≤ 10%) is larger than that of the time-averaged wind speed, it does not present
a localized region of larger error near the nacelle. Moreover, the relative error does not

present any discernible pattern, showing that it is aleatory. Nevertheless, the mean abso-
lute relative difference in the TKE in the wake of the turbine is |δTKE| = 2.3%.

x/D x/D

y
/

D

(a) (b) δ
T

K
E

Figure 11. Contours of the relative difference in the turbulence kinetic energy between the ALB-ASN

and AS-BN models at an x-y plane (side view) centered at the turbine rotor for a hub height wind

speed of (a) Uhub = 7 and (b) 14 m/s.

A comparison of the time-averaged power production is shown in Figure 12. Both the
ALB-ASN and AS-BN model turbines have power production of approximately 31% and

100% of the nominal power production for Uhub = 7 and 14 m/s, respectively. Although
the difference is not appreciable, the absolute relative difference between the turbine mod-

els is 0.3% for Uhub = 7 m/s. However, in region 3 (Uhub = 14 m/s), when the generator

torque saturates to its rated value, the turbine controller pitches the blade to maintain a
constant angular speed. Therefore, the absolute relative difference in the power produc-

tion for the turbine with a hub height wind speed of Uhub = 14 m/s is 0.01%.

 0

 0.2

 0.4

 0.6

 0.8

 1

7 14

Uhub

P
/

P
N

ALB-ASN

AS-BN

Figure 12. Time-averaged power production (P) as a function of the hub height wind speed.

As has been extensively reported in [32,35,37–39,62,63], the wind turbine wake has
two distinct regions, the near and the far wake. In the near wake, a coherent structure

is observed to detach from the nacelle region, known as the hub vortex, owing to the
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interaction of the rotating wake of the blades and the nacelle. Further downstream, in the

far wake, the hub vortex breaks down, and the tip vortex that detaches from the blade
dissipates. To characterize the meandering of the near wake hub vortex and that of the far

wake, wind speed spectra were computed as

Eu( f ) =
∫

Ru(s)e
−i2π f sds, (17)

where the autocovariance, Ru, of the wind speed fluctuations, u′, is given by

Ru(s) = u′(t)u′(t + s). (18)

The premultiplied wind speed spectra of the ALB-ASN and AS-BN models in the near

and far wake are shown in Figure 13. Due to the hub vortex that meanders in the wake
of the nacelle, the near wake spectra show (Figure 13) a peak in energy at f / fω ≈ 0.34.

Although the peak appears to be diffused within 0.2 < f / fω < 0.4, we note that, for

the region 2 case, the angular velocity is regulated by the baseline turbine control, whose
objective is to maintain the angular velocity of the rotor at the optimum tip speed ratio.

Nevertheless, the peak in the energy spectra agrees with previous observations of the hub
vortex meandering frequency, reported in [35,38,39]. Further downstream, at x/D = 9, in

the spectra of the ALB-ASN and AS-BN models, we observe an energy peak at a frequency

of 0.10 < f / fω < 0.15. This frequency corresponds to a Strouhal number (St = f D/Uhub)
of St ≈ 0.3, which is in agreement with the observations of Foti et al. [39] in the far wake.

Given that both the ALB-ASN and AS-BN models show agreement in the peaks in energy
in the near wake, we argue that the driving factor of the near hub vortex is not due to

the specifics of the blade model but rather the presence of the nacelle. Moreover, this

confirms that the blade ASM yields a solution similar to the ALM for moderately coarse
grid resolutions.
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Figure 13. Premultiplied spectra of the wind speed in the (a) near wake (x/D = 2, y/D = 0.8, and

z/D = 3.5) and (b) far wake (x/D = 9, y/D = 0.8, and z/D = 3.5) of the ( ) ALB-ASN model

and ( ) AS-BN model for Uhub = 7 m/s. Vertical dashed line ( ) denotes f / fω = 0.34.

6. Conclusions

We carried out large-eddy simulations of the Clipper Liberty C96 turbine to compare

the performance of the AS-BN and ALB-ASN models for wake flow and power production.
The turbine was located in flat terrain with a neutrally stratified atmospheric boundary

layer for two wind speeds, Uhub = 7 and 14 m/s. The turbine blades were modeled using

the ASM and ALM, whereas the nacelle was modeled using the actuator surface model.
The rotation of the turbine was given by the balance of angular momentum at the rotor,

where the baseline controller was set at the generator torque. In addition, for the region
3 cases Uhub = 14, the blades were pitched by the SISO proportional-integral controller

to reduce the aerodynamic torque once the generator torque increased to its rated value.

The objective of this investigation was to identify the optimal trade-off between numerical
accuracy and computational cost.
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A grid sensitivity analysis was performed for the AS-BN model (Figure 1c). The nu-

merical simulations were carried out with grid resolutions of 40, 20, and 14 grid points
at the turbine rotor (D/∆grid). The results indicated that coarser grid resolutions led to

an overprediction of the momentum deficit in the nacelle wake. This overestimation is

attributed to the simplicity of the model, which applies normal and tangential forces in
the first grid node from the nacelle surface, resulting in an exaggerated representation in

the Eulerian grid due to the coarse resolution. This is also confirmed by the turbulence
kinetic energy, where the coarser grid resolutions showed a larger region constraint to the

leeward side of the nacelle. Nevertheless, time-averaged velocity and turbulence kinetic

energy in the far wake x/D > 3 showed agreement with the high-resolution grid system
D/∆grid = 40. The relative error of the power production between the high-resolution case

and the other two lower-resolution grid systems was 2.8% and 0.7%, respectively. These
results suggest that the performance of the AS-BN model is not significantly affected by

the grid resolution (x/D > 3). However, the substantial impact of the nacelle on the near

wake dynamics and its influence in the far wake, as evidenced by both numerical simu-
lations [21,35–37,39] and experimental measurements [32,33,38,62,64–66], emphasizes the

indispensability of its accurate modeling. Consequently, additional investigations into re-
fining the nacelle model become imperative to mitigate potential overestimations of the

momentum deficit in the near wake induced by the ASM when applied to numerical sim-

ulations using a coarse grid.
A comparative analysis between the ASM and ALM for blade representation was

conducted for wind speeds of Uhub = 7 and 14 m/s at a grid resolution of D/∆grid = 40.
In both scenarios, the nacelle was characterized using the ASM. The numerical results of

the time-averaged velocity and turbulence kinetic energy within the wind turbine wake

demonstrated strong agreement between the ALB-ASN and AS-BN models. Notably, both
models captured the meandering of the hub vortex from the nacelle, revealing an energy

peak in the wind speed spectra at a frequency of f / fω ≈ 0.34. This frequency concurs with

numerical and experimental results in the literature [35,38,39]. Both models accurately
depicted the wake meandering observed in the turbine far wake, exhibiting a wind speed

spectra peak at St = 0.3. Hence, our study confirms that both the AS-BN and ALB-ASN
models effectively capture the turbine wake dynamics.

Despite these similarities, it is crucial to acknowledge the computational cost differ-

ence. The computational cost of the AS-BN model was approximately 23% higher than
that of the ALB-ASN model simulations. This underscores the potential for conducting

high-fidelity simulations at a significantly reduced computational expense using the blade
actuator line and nacelle actuator surface models.
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