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Abstract. This paper investigates different actuator sector model implementation alternatives and how they
compare to actuator line results. The velocity sampling method, tip/smearing correction, and time step are con-
sidered. A good agreement is seen between the line and sector model in the rotor plane and the wake flow. Using
the sector model, it was possible to reduce the computational time by 75 % compared to the actuator line model
as it is possible to run the simulations with a larger time step without compromising the accuracy considerably.
The results suggest that the proposed velocity sampling method produces the closest results to the line model
with different tip speed ratios. Moreover, the vortex-based smearing correction applied to the sector model re-
sults in the lowest error values, among the considered methods, to correct the radial load distributions. Also, it
is seen that reducing the time step compared to the one used for the actuator disc/sector does not provide an
advantage considering the increased computational time.

1 Introduction

The spatial and temporal scales present in simulating the
flow field around wind turbines in the atmospheric boundary
layer (ABL) can vary from millimeters in the airfoil bound-
ary layer to kilometers when studying wind farms. This puts
the direct numerical simulation (DNS) of full Navier–Stokes
equations outside of the reach of current high-performance
computing (HPC) systems (Sørensen et al., 2015).

In light of this, conducting large eddy simulations (LESs)
has become a common method to study different areas of in-
terest such as the evaluation of power production and wake
interactions under different operational conditions as it can
resolve the wake dynamics for farm flows while keeping the
computational cost affordable. This is significantly owed to
the turbine models representing the complexities of blade–air
interactions through simpler means. These models replace
the blade geometry with a representative body force distri-
bution in the computational domain. This can be done in a
variety of ways.

For instance, in an actuator disc model (ADM), the effect
of the blades on the incoming wind is represented by body
forces distributed asymmetrically over the swept area. After
calculating the body forces, they are usually projected into
the domain using a distribution such as a 3D Gaussian to
avoid numerical instabilities caused by singular momentum
sources. An unsteady 3D version of this model is proposed
by Sørensen and Myken (1992), showing good agreement
with experimental data in calculating the power values and
capturing far-wake properties. However, this model is equiv-
alent to an infinitely bladed turbine as it integrates the effect
of the blades azimuthally. Therefore, it fails to accurately pre-
dict the near-wake flow field.

Another alternative is to represent each blade by a line on
which the blade forces are calculated. This model was first
introduced by Sørensen and Shen (2002) and is referred to
as the actuator line model (ALM). ALM is more suitable for
studying the near-wake properties of the flow in detail and
is able to reproduce structures such as tip vortices (Ivanell
et al., 2010). However, this model is more computationally
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demanding partly due to an extra limitation on the simulation
time step as a result of the high velocities experienced at the
blade tip.

To overcome the additional computational demand of
ALM and the oversimplified representation of blades in
ADM, a third alternative has been put forward. Storey et al.
(2015) suggest using a sector to represent a blade and show
that this allows marching the solution with a time step simi-
lar to an ADM while solving additional flow structures. The
sector is the area swept by a line within the time step used.
In this study, this model is referred to as an actuator sector
model (ASM). In a study by Nathan et al. (2015), it is shown
how the resulting vortex system using this model is similar
to that of an ALM. In addition, in separate studies by Krüger
et al. (2022) and Vitsas and Meyers (2016), it is shown how
ASM can be successfully coupled with an aeroelastic solver.

The mentioned rotor models use a blade element approach
where the tabulated airfoil data and local flow field can be
used to calculate the radial force distributions along the rotor
(Glauert, 1935). It is done by assuming radial and angular
elements on the line, sector, or disc. Moreover, a correction
for induction effects on the velocities is necessary due to var-
ious reasons. For instance, in ADM, a correction is needed to
account for a finite number of blades. In comparison, smear-
ing the body forces in ALM calls for another correction to
account for the missing induction due to the viscous core
behavior of the bound and trailing vortices as explained by
(Meyer Forsting et al., 2019). However, in the case of ASM,
it is not clear which method would be able to correct the ra-
dial distribution of the forces.

Despite the existing studies utilizing an ASM approach,
the model implementation itself has not been scrutinized, al-
though it may have significant effects on the results. There-
fore, as for the novelty of this work, this paper presents the
first comprehensive parametric study on the details of the im-
plementation of an actuator sector model and how they affect
the results. This contributes to bridging the current gap in
the literature as most studies have left out these details or
the choices made are not well justified. It includes the veloc-
ity sampling method, tip/smearing correction, rotor updating
scheme, and time-step size.

For instance, although Nathan et al. (2015) noticed a sig-
nificant influence of the velocity sampling method on the
torque values and calls for additional investigations, there has
not been a study that has addressed this issue to the extent
done in this study. Another example is the choice of tip/s-
mearing correction which is usually neglected in the litera-
ture. Moreover, a wide range of mesh resolutions are simu-
lated and studied to ensure that the suggested model performs
well in all cases and is not specific to one mesh resolution.

An overview of the actuator sector model and the termi-
nology used in this study is provided in Sect. 2. In Sect. 3,
the numerical setup and different simulated cases are intro-
duced. The results are presented and discussed in Sect. 4.

The findings of the study are summarized and concluded in
Sect. 5.

2 Model description

In this section, an overview of the actuator sector model used
in this study is presented, and the parameters studied in the
parametric study are introduced.

One advantage of using an ASM approach is that the time
step for the numerical simulation can be determined from the
flow field’s Courant–Friedrichs–Lewy (CFL) condition per-
mitting a larger time step compared to its ALM counterpart.
This is achieved by using a sector instead of a line represen-
tation of the blades to project the body forces. The time step
for ALM and ASM can be obtained from Eqs. (1) and (2), re-
spectively. In Eq. (1), the minimum cell length in the mesh is
denoted by 1x, ω is the rotational speed, and R is the blade
radius. In Eq. (2), U0 is the inflow velocity. The factor 0.75 is
used as a safety factor for ALM, while 0.5 is used for ASM
to ensure the CFL condition is sustained. The safety factors
are determined from preliminary simulations and are needed
due to the use of flow properties at the inlet to calculate the
time step.

1tALM = 0.75 ·
(
1x

ω ·R

)
(1)

1tASM =1tbaseline = 0.5 ·
(
1x

U0

)
(2)

Compared to the actuator line method, each sector represents
a blade, and each sector is made of a number of lines starting
from line 1 at the beginning of the sector and ending with
line Nsector at the end of the sector. The sector angle θsector,
the number of lines per sector Nsector, and the angle between
the lines within a sector 1θ are determined using Eqs. (3)
to (5). A sector and the representation of its lines and line
points are shown in Fig. 1. The sector rotates clockwise with
the turbine’s rotational velocity, and since the sector angle
is determined from the time step and ω, the last line in the
previous time step is the first line in the current time step.

θsector =1t ·ω (3)

Nsector = ceil
(
θsector ·R

1x

)
+ 1 (4)

1θ = θsector
/

(Nsector− 1) (5)

Each line is composed of 40 equidistantly distributed
points on which the forces are calculated. It is assumed that
the contribution of the lines within the sector is equal. This
means that the calculated force for each point is divided by
the number of lines within the sector. In the first time step,
the velocities are read from the computational domain for
each line point. This is done by pre-calculating the velocity
gradients on the entire disc area. Afterward, the velocity is
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Figure 1. A sample sector with five lines and eight line points along
with examples of the velocity sampling method.

sampled at the desired coordinate. Then, the forces are cal-
culated based on the angle of attack and the tabulated air-
foil data. Afterward, they are projected as body forces using
the 3D Gaussian distribution in Eq. (6), where ε controls the
smearing length and rp is the distance from the control point
to surrounding cell centers.

ηε =
1

ε3 ·π3/2 exp

(
−
r2

p

ε2

)
(6)

In a study by Troldborg (2009), a sensitivity analysis for
ALM was performed to determine how the ε value affects
the results. Troldborg (2009) concluded that using ε = 21x
provides an acceptable compromise to reduce the computa-
tional time while avoiding numerical instabilities. Moreover,
using a fixed ε value for all mesh resolutions would lead to
losing some of the flow structures such as tip vortices for
finer mesh resolutions due to the over-smearing of the body
forces (Martinez et al., 2012; Martínez-Tossas et al., 2015).
Therefore, since ASM can be regarded as a sweeping ALM,
it is argued that the suggestion by Troldborg (2009) can be
used to determine the value of ε for ASM in this study.

Using ALM, two approaches are conceivable to update the
rotor state when the blades rotate. In the first approach, after
the body forces are projected into the domain, the velocity
field is computed and read from the location of the line points
in the current step. Then, the lines are rotated to their new
location in the new time step, and the blade forces are calcu-
lated and projected into the domain. This approach is referred
to as the old position (OP). In contrast, it is possible to first
rotate the lines; then, the velocities are read from the new
position, and blade forces are calculated and projected back
to the domain. This is referred to as the new position (NP)
approach. It can be argued that these are examples of how
velocity sampling can be done for ALM. However, we use
this terminology to be consistent with the code implementa-
tion adopted in this study.

The argument in favor of the OP approach is that the self-
induction of the blade is zero. In the NP, there is an induced
velocity from the blade itself when it is first rotated forward
into the next time step. To examine this further, two sets of
ALM simulations with different updating schemes and vary-
ing ε are conducted. The results are compared with blade
element momentum (BEM) results as it is shown previously
that it compares well with more sophisticated methods in uni-
form inflow similar to one considered in the current work
(Madsen et al., 2012). The BEM method is implemented ac-
cording to the algorithm found in Hansen (2008). It uses
the blade geometry and airfoil properties of the simulated
turbine. To account for the finite number of the blades, the
Prandtl tip correction is used. However, for induction factors
greater than 0.4, the Glauert tip loss factor is used instead.

As can be seen in Fig. 2 in which ρ and A are the air den-
sity and rotor area, respectively, the power and thrust values
have decreased with each refinement for the OP approach, as
the forces become more concentrated due to the decreased
value of ε, which is proportional to the cell side length. This
is in line with the results obtained by Martínez-Tossas et al.
(2015). In contrast, using the NP approach, despite reduc-
ing the smearing length as the mesh is refined, the values of
the thrust and power plateau. The results for both cases are,
however, comparable to BEM results. The choice of updat-
ing scheme is of greater importance for a sector compared to
a line as its time step and spatial sweep are larger. Moreover,
it is not clear to us whether using the NP approach for ASM
would produce acceptable results. Therefore, it is decided to
present the results using both approaches wherever needed.

Regarding velocity sampling, in ALM, the velocities are
usually sampled based on the location of the blade points for
each blade. The argument is that using an isotropic Gaus-
sian function as in Eq. (6) to project the body forces re-
sults in a circular bound vortex cross section. Therefore, sam-
pling along the actuator line with the OP approach is equiv-
alent to sampling at the center of the bound vorticity where
the blade-local flow effects are not present (Martínez-Tossas
et al., 2017). For instance, this approach has been used in
the implementation of ALM in OpenFOAM and EllipSys3D
by calculating the velocities at each actuator line point using
velocity gradients (Nathan et al., 2017).

Nevertheless, several other methods can be found in the lit-
erature concerning different body force projection functions
(Mittal et al., 2015; Churchfield et al., 2017; Xie, 2021). For
example, Mittal et al. (2015) suggest using two projection
widths based on the local chord and the blade element size
along with averaging the velocities from the nearest neigh-
boring cells. Regarding the velocity sampling in ASM, al-
though the body forces for each line within a sector are
smeared using an isotropic 3D Gaussian function, the cu-
mulative projection of the body forces does not result in a
circular cross section for the bound vorticity. Therefore, to
find a suitable velocity sampling method that would resem-
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Figure 2. The comparison of power and thrust coefficients for the old position, new position, and BEM results for different mesh refinements:
(a) power comparison and (b) thrust comparison.

ble ALM, several options are tested for each rotor updating
scheme.

Three different choices are considered for the NP ap-
proach. In the first case, all velocities for all the lines are sam-
pled at the beginning of the sector, i.e. at the first line. The
second case samples the velocities for all the lines within the
sector from the middle of the sector. If the number of lines is
even, the average of velocities read on the two middle lines
is used. The third case uses the local velocity at the location
of each line point. These are called 0, 0.5, and local velocity
sampling methods, respectively. For the OP approach, seven
cases are considered. It includes sampling at 0.5, 0.6, 0.7,
0.8, 0.9, and 1 of the sector for all lines as well as the local
velocity sampling at the location of each line. For instance,
0.5 means the velocities are sampled from the azimuth go-
ing through the mid-sector, and 1 represents the case where
the velocities are sampled from the azimuth at the end of the
sector. This is further illustrated in Fig. 1.

Another detail of ASM to investigate is the choice of tip/s-
mearing correction. On one hand, ADM requires a tip correc-
tion to take into account the effect of using a finite number
of blades. On the other hand, smearing the body forces in the
flow domain for ALM to avoid numerical instability results
in the overestimation of blade forces near the root and tip of
the blades. This is due to the emergence of a viscous core in
the released vorticity, which in turn reduces the induced ve-
locity at the blade location (Dağ and Sørensen, 2020). Com-
monly, the corrections proposed by Shen et al. (2005) and
Glauert (1935) are used to correct the calculated forces when
using ALM and ADM due to their simplicity and speed (Mar-
tinez et al., 2012; Asmuth et al., 2021).

Despite this, they do not produce accurate results as they
were originally intended for BEM calculations where the re-
lation between the velocity and forces is not exact. Therefore,
in a study by Meyer Forsting et al. (2019), they showed how
it is possible to correct the induced velocities for ALM by
calculating the missing induction using a near-wake model
together with a vicious core model. The results showed that
the proposed model performs well in a wide variety of oper-
ational conditions.

Regarding ASM, there is no consensus on which tip cor-
rection would be needed. For this reason, three aforemen-
tioned tip corrections are considered to investigate which one
would result in satisfactory results for an actuator sector. Al-
though it is conceivable that a tip correction method could
be devised for the actuator sector model, this paper aims to
determine if currently available methods can correct the load
distributions adequately.

As for the implementation of these methods, Glauert and
Shen corrections use Eq. (7) in which Ftip is the loss factor,
g is a constant, B is the number of blades, R is the rotor
radius, rp is the blade point radius, and φ is the angle be-
tween the local relative velocity and the rotor plane. There
are two main differences between these two corrections. The
first one is in the value of constant g. Glauert correction uses
the value of 1 while Shen correction determines the value
of g using Eq. (8) in which λ is the tip speed ratio and c1 and
c2 are constants. Using measurement data, Shen et al. (2005)
proposed −0.125 and 21 to be the values for c1 and c2, re-
spectively. The value of 0.1 is added to the formulation to
prevent it from falling apart for large values of tip speed ratio
(TSR).

Ftip =
2
π
· acos

(
exp

(
−g ·

B
(
R− rp

)
2R · sinφ

))
(7)

g = exp(c1 · (B · λ− c2))+ 0.1 (8)

The second difference is in the implementation of Glauert
correction in SOWFA (Simulator fOr Wind Farm Applica-
tions). It can be argued that since the turbine hub is not mod-
eled, a similar loss factor to Eq. (7) can be calculated for
the root section where (R− rp) is replaced with (rp−Rhub),
where Rhub is the hub radius. Therefore, the total loss factor
for Glauert correction is determined using Eq. (9). The cal-
culated loss factors are then multiplied by the drag and lift
coefficient obtained from flow information to determine the
blade forces. Turning to the vortex-based smearing correc-
tion, it is implemented by converting the publicly available
original code written in FORTRAN to C++ (Meyer Forsting
et al., 2019, 2020).

Ftotal = Ftip ·Froot (9)
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Figure 3. The illustration of the computational domain along with
the location of the rotor: (a) front-view slice at the rotor plane and
(b) side-view at the mid-plane.

It is mentioned earlier that ASM allows for increasing the
time step, thereby reducing the calculation time. To evaluate
the trade-off between the time-step size and model accuracy
compared to ALM, two smaller time steps than the baseline
time step that is calculated from Eq. (2) are considered. This
includes 1tbaseline

2 and 1tALM.

3 Numerical setup

In this section, the numerical setup used in this study is
presented. As explained in Sect. 2, three main parameters
in model implementation are investigated. This includes the
velocity sampling method, tip/smearing correction, and the
time step. Moreover, three mesh sizes are run for each case
of the velocity sampling method to investigate the effect of
the mesh size. The details of the simulations used in each
section are summarized in Appendix A.

The model is implemented in OpenFOAM by modify-
ing the actuator line implementation found in the Simulator
fOr Wind Farm Applications (SOWFA) library (Churchfield
et al., 2012; Weller et al., 1998). The boundary conditions
used are uniform inflow for the inlet; no shear for the outlet;
and slip condition for the lateral, upper, and lower sides. The
data from the NREL 5 MW reference turbine are used for the
simulations (Jonkman et al., 2009). The inflow velocity is set
to 8 m s−1 and the tip speed ratio (TSR) is 7.55.

The used domain is 10D× 10D× 20D, and the turbine
is placed 4 diameters downstream of the inlet to minimize the
effects from the boundaries. There are two cylindrical refine-
ment areas in the mesh where one is located inside the other
one. This way, the cell sides are half and one-fourth of the
outermost cell sides for the outer and inner refinement areas,
respectively. Therefore, D

1xmin
, which is the number of cells

per rotor diameter, is equal to 16, 32, and 64 for the coarse
to fine mesh, respectively. The computational domain is il-
lustrated in Fig. 3. The sector properties for each of the mesh
resolutions used are summarized in Table 1.

The sub-grid-scale modeling is done using the modified
Smagorinsky model of Mason and Thomson (1992) with
model constants of Ce = 0.93 and Ck = 0.0673. Each case
is run for 600 s, where the results are calculated based on
the average of the last 150 s corresponding to the time series

Table 1. The sector properties for different mesh resolutions for
TSR= 7.55.

D
1xmin

θsector Nsector

16 6.75° 5
32 13.50° 5
64 27.00° 5

Figure 4. The time history of the power coefficient for an ASM
case with different mesh resolutions.

obtained after flow passing through the entire domain about
3 times. As can be seen in Fig. 4 the power coefficients do
not change considerably during this period.

Regarding the finite volume schemes, a backward time
scheme is used. The interpolation scheme for velocity di-
vergence is local blended linear upwind. This scheme uses
90 % linear and 10 % upwind for cell face areas equal to or
smaller than (D/32)2, while it uses 80 % linear and 20 %
upwind for larger ones. A preconditioned conjugate gradi-
ent (PGC) solver is used for solving the linearized equations
with a maximum tolerance of 10−6. The rest of the parame-
ters are left unchanged as the ones used in the standard ALM
settings in SOWFA.

4 Result and discussion

In this section, the results obtained from the parametric study
on ASM are presented and discussed. In addition, the results
from ADM, ALM, and BEM are provided occasionally to
observe how these models compare to the results of ASM.
The ALM implementation used in this study is widely uti-
lized in the literature (Asmuth et al., 2021; Martínez-Tossas
et al., 2018; Fleming et al., 2015; Churchfield et al., 2012).
However, some details can be different due to the different
choices available in the turbine model. Moreover, the results
of the implementation are already compared with measure-
ments where a good agreement is obtained (Nathan et al.,
2017).

First, a comparison of different models regarding the re-
sulting solution in the rotor plane is presented. Second, the
results from the investigation of different sampling meth-

https://doi.org/10.5194/wes-9-1305-2024 Wind Energ. Sci., 9, 1305–1321, 2024



1310 M. M. Mohammadi et al.: An actuator sector model for wind power applications: a parametric study

Figure 5. Body force distribution in the rotor plane for ALM, ASM, and ADM, respectively, from left to right.

ods are presented for both OP and NP approaches. This is
then supplemented with a sensitivity analysis on the effect of
TSR value on the choice of the preferred sampling method.
It is followed by evaluating the mentioned tip/smearing cor-
rections. Next, it is tested whether using a smaller time step
for ASM compared to its baseline provides an advantage. In
the end, the wake profiles and near-wake contours of ASM,
ALM, and ADM are compared, and the computational sav-
ing associated with ASM is quantified.

4.1 Rotor plane solution

Here, the resulting solutions from ASM, ALM, and ADM
in the rotor plane are presented. It includes the magnitude
of body force, vorticity, and velocity. For conciseness, only
the results from the OP approach are presented. The obtained
results from the NP approach are similar, although they differ
in values. The used mesh resolution has a value of D

1xmin
=

64.
Starting with the body force, as can be seen in Fig. 5, ASM

projects a similar distribution to ALM with a distinguished
three-bladed representation of the rotor. However, the forces
are more concentrated in ALM as the entirety of the cal-
culated blade forces are projected from one line, while for
ASM the forces are split between five lines. Looking at the
azimuthal distribution of the body forces in the rotor plane
as shown in Fig. 6 at 0.8 of the rotor radius, it can be seen
how the body force projection of ALM and ASM in the rotor
plane differs. ASM has projected the body force in a wider
length, leading to a lower peak. Nonetheless, the shape of the
distributions and the integral of the body forces are compa-
rable.

Regarding the velocity and vorticity magnitude distribu-
tion, as seen in Figs. 7 and 8, ASM has been able to create
a similar solution in the rotor plane compared to ALM. The
lower extremes seen in ASM compared to ALM are due to
the wider body force projection. Moreover, since the blade
forces are projected normal to the rotor plane with the same
varying ε, which is dependent on 1x similar to the one used
in ALM, the vortex structures are not diffused in the near

Figure 6. Azimuthal distribution of body force for ALM and ASMs
with the OP approach for the fine mesh with D

1xmin
= 64.

wake due to the high values of ε as shown by Martinez et al.
(2012). This explains how ASM can capture the flow struc-
tures in the near wake with an accuracy similar to ALM.
These observations indicate that using a sector approach, it
is possible to recover the ALM solution to a great extent.

4.2 Velocity sampling method

Here, the results from different cases mentioned in Sect. 2
for OP and NP approaches are presented. The cases are run
for three mesh resolutions with D

1xmin
equal to 16, 32, and 64.

None of the cases use any tip/smearing correction to isolate
only the effect of the velocity sampling method on the results.
The ALM results of the same mesh resolution and updat-
ing scheme are used to investigate which sampling method
matches its ALM counterpart to a greater extent.

4.2.1 Old position approach

The relative error of power and thrust values is calculated
for cases of different mesh resolutions and sampling meth-
ods with respect to their ALM counterpart. As can be seen
in Fig. 9, the best match with ALM results is achieved for
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Figure 7. Velocity magnitude distribution in the rotor plane for ALM, ASM, and ADM, respectively, from left to right.

Figure 8. Vorticity magnitude distribution in the rotor plane for ALM, ASM, and ADM, respectively, from left to right.

Figure 9. Relative errors of power and thrust values of different sampling methods compared to their ALM counterpart of the same mesh
resolution with the old position updating scheme: (a) power relative error and (b) thrust relative error.

the sampling method where the velocities are sampled at 0.7
of the sector (see Fig. 1) considering all mesh resolutions.
For this case, the relative error compared to ALM is around
−1.5 % and−0.5 % for power and thrust, respectively. How-
ever, it can be argued that for a coarser mesh, other velocity

sampling methods could provide closer results to ALM. In
that case, Fig. 9 can be used as a guideline.

According to Fig. 10, the power and thrust values have in-
creased with the sampling location moving from 0.5 or mid-
section to 1 or the end of the sector. Using the local sam-
pling method has led to values comparable with sampling
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from the midsection. In addition, as shown in Fig. 9 the error
values increase sharply with the increasing mesh resolution
for other sampling methods. This shows how relying solely
on the results from a relatively coarse mesh can be mislead-
ing for tuning this model’s parameter.

One of the differences between ALM and ASM is the in-
duction caused on one line by other lines within the sector.
However, it is conceivable that there should exist an azimuth
within the sector where the cumulative induction from all
lines and thereby the axial velocity resembles the one ob-
tained by ALM.

Based on our investigation, at 0.7 location within the sec-
tor (see Fig. 1), the axial velocity matches best with the one
from ALM with the OP updating scheme as shown in Fig. 11.
Moreover, it is seen how the axial velocity changes through-
out the sector on each line. It is noteworthy to mention that
although the line forces are equal in each time step for a non-
locally sampled model, it does not lead to a symmetric axial
velocity azimuthal distribution in the midpoint. This is fur-
ther illustrated in Fig. 12. In addition, the axial velocity ra-
dial distribution within the sector increases non-linearly by
moving farther from the sector beginning, resulting in higher
forcing for the lines located closer to the sector’s end and a
higher induction caused by them. This shows why a locally
sampled model such as the one used by Nathan et al. (2015)
or from the midpoint as Storey et al. (2015) proposed do not
produce the closest results to ALM.

On another note, by recovering the force distribution simi-
lar to ALM, through sampling from a certain azimuthal posi-
tion, a similar solution to ALM (in the flow field) is obtained.
This could imply that the effect of the different projections
of the forces is not as significant compared to the blade force
distribution. Therefore, it is conceivable that using an ana-
lytical model such as the one described in Sørensen and An-
dersen (2020) would also be practical in ASM when required
data for blade element calculations are not unavailable. How-
ever, the results will only be as accurate as the model for cal-
culating the blade forces.

4.2.2 New position approach

The power and thrust values for the considered ASM cases
with the NP updating scheme are presented in Fig. 13 along
with their ALM counterpart of the same updating approach
for different mesh resolutions. The meaning and the purpose
of this updating scheme are explained in Sect. 2. The trend
seen in Fig. 2 for ALM with the NP updating scheme is only
seen for the case where the velocities are sampled at the be-
ginning of the sector. For this case, as can be seen in Fig. 14,
the relative error remains below 3 % and is around 1 % for
power and thrust, respectively.

It is noteworthy to mention that this case is equivalent to
the OP case where velocities are sampled at the end of the
sector. Therefore, one could argue that it is more appropriate
to compare the results for this case (NP-0) with ALM with

the OP updating scheme. Alternatively, it can be discussed
that sampling the velocity at location 1 of a sector with the
OP approach produces the closest results to ALM with the
NP updating scheme. Similar to Sect. 4.2.1, the results of
sampling locally or from the mid-section are somewhat alike.
For these cases, where the sampling is not done from the sec-
tor beginning, the results of ASM with the NP approach do
not match its ALM counterpart as the velocities are sampled
from an azimuth where the blade has not physically reached
yet. Moreover, moving the sampling location away from the
sector beginning has increased the power and thrust values.

4.2.3 Sampling location sensitivity to TSR

To ensure that the sampling location obtained from
Sect. 4.2.1 can be generalized to other scenarios with dif-
ferent TSR and U0 values, four sets of additional simulations
are conducted for both ALM and ASM with mesh resolu-
tions of D

1xmin
equal to 16, 32, and 64. The time-step size,

rotational speed, and pitch angles are changed accordingly.
The relative error values for power are then calculated com-
pared to their ALM counterpart of the same mesh resolution.
The results are presented in Fig. 15. For the first set of sim-
ulations, the inflow velocity is changed to 4 m s−1 compared
to the baseline value of 8 m s−1. For this inflow velocity, the
TSR value does not change as it falls under the below-rated
operational region. For the second and third sets of simula-
tions, the TSR value is changed to 6 and 9 compared to the
baseline value of 7.55, whereas the inflow velocity is left un-
changed. For the fourth set, the inflow velocity is changed to
20 m s−1, which results in a TSR value equal to 4 as it is in
the above-rated operational region where the rotational speed
is constant.

As can be seen in Fig. 15, for the case with the same TSR
and varying U0, the error values have not changed. In com-
parison, changing the TSR value has altered the error values.
This can be related to the ASM theory. Using the definition
of TSR and by substituting Eqs. (2) and (3) into Eq. (4), the
number of lines within the sector can be written as a func-
tion of TSR as shown in Eq. (10). It is expected that chang-
ing the Nsector modifies the distribution of the forces, thereby
changing the induction at the rotor plane. Therefore, chang-
ing the TSR value can change the suitable sampling location.
Despite this, for the suggested sampling location of 0.7, the
error values remain acceptable for a range of relevant TSR
values.

Nsector = ceil(0.5 ·TSR)+ 1 (10)

Based on the error values seen in Figs. 9 and 15, one could
decide to use the 0.6 sampling location for 2< TSR≤ 4 cor-
responding toNsector = 3 and the sampling location of 0.8 for
8< TSR≤ 10 values yielding Nsector = 6. The TSR value
of 10 can be considered as an upper limit for most modern
turbines due to various limitations such as noise and safety.
As a suggestion for further studies, one could investigate
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Figure 10. Power and thrust values for ASM of different sampling methods along with their ALM counterpart for different mesh resolutions
with the old position updating scheme: (a) power and (b) thrust.

Figure 11. Radial distribution of axial velocity on ALM, ASM-
local lines, and ASM-0.7 with the OP approach for the fine mesh
with D

1xmin
= 64.

Figure 12. Azimuthal distribution of body force and axial velocity
for ASM-0.7 with the OP approach for the fine mesh with D

1xmin
=

64.

Figure 13. Power and thrust values for ASM of different sam-
pling methods along with their ALM counterpart for different mesh
resolutions with the new position updating scheme: (a) power and
(b) thrust.

Figure 14. Relative errors of power and thrust values of different
sampling methods compared to their ALM counterpart of the same
mesh resolution with the new position updating scheme: (a) power
relative error and (b) thrust relative error.
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Figure 15. Relative error of power value for different TSR and
U0 values compared to their ALM counterpart of the same mesh
resolution.

whether it is possible to relate the suitable sampling loca-
tion to the TSR and Nsector by fitting a curve to the suitable
sampling location for different values of Nsector or using an
analytical model.

4.3 Tip/smearing correction method

As explained in Sect. 2, three tip/smearing correction meth-
ods have been put to the test to investigate which one will suit
an ASM model to a greater extent. It includes the corrections
by Glauert (1935), Shen et al. (2005), and Meyer Forsting
et al. (2020). The sampling method from 0.7 and the be-
ginning (location 0) of the sector are considered for OP and
NP schemes, respectively. The investigated mesh has a res-
olution of D

1xmin
= 64. The radial distribution of axial and

tangential forces are compared to their ALM counterpart of
the same mesh resolution and updating scheme. In addition,
the load distributions from the BEM method using a Prandtl
tip correction are presented to complement the comparisons
(Prandtl and Betz, 2010). The used BEM method is intro-
duced in Sect. 2. This will provide an unbiased measure since
ALM is also using the vortex-based correction.

For the NP scheme, as can be seen in Figs. 16 and 17, the
vortex-based smearing correction has resulted in the closest
values to both ALM and BEM outputs with great accuracy.
It is not surprising that the correction intended for ALM per-
forms better in comparison to Glauert (1935) or Shen et al.
(2005) tip corrections intended for BEM calculations as the
sector is more similar to a line than a disc. The mean and
maximum relative errors compared to ALM for the vortex-
based case are 1.35 % and 2.51 %, respectively, for axial
forces. For tangential forces, the mean and maximum rela-
tive errors are 2.80 % and −5.88 %, respectively.

Using Glauert (1935) and Shen et al. (2005) corrections
have led to an underprediction of the forces near the blade
tip. Moreover, the difference seen in Fig. 17 between Shen
and Glauert corrections near the hub can be associated with
the explained difference in implementation showing that us-

ing an extra loss factor for the blade root might not be neces-
sary. Taking a closer look at the results for the vortex-based
correction, it can be seen that although there is an error com-
pared to BEM, the force distribution follows the same trend
in the tip region.

The same trend and findings are true for the OP scheme
showing the superiority of the vortex-based smearing correc-
tion among the investigated methods and its ability to cor-
rect the induced velocities in the rotor plane for an actuator
sector. The mean and maximum relative errors compared to
ALM for the radial distribution of axial force are 0.57 % and
1.17 %, respectively. For the tangential force, the mean and
maximum relative errors are 1.19 % and −2.17 %, respec-
tively. The results are presented in Figs. 18 and 19.

Although the results are satisfactory and comparable to
ALM with high accuracy, the larger time step and wider
projection of forces in ASM call for an investigation to ad-
dress and identify the potential effects of these differences
to develop a vortex-based smearing correction tailored for
ASM applications. Meanwhile, the correction proposed by
Meyer Forsting et al. (2020) can be used with enough confi-
dence.

4.4 Time-step size

In this part, the effect of reducing the ASM time step to-
ward its ALM equivalent is investigated to find out if using a
smaller time step – thereby a smaller sector angle and Nsector
– can improve the model’s accuracy. Although this would re-
move the model’s advantage of reducing the computational
power, it provides useful insight into how the model is depen-
dent on the choice of the time step. Two smaller time steps
are considered. The smallest time step is equal to 1TALM,
and the other one is half of the ASM baseline time step. The
highest resolution mesh with D

1xmin
= 64 is used. For each

updating scheme, two sampling methods are considered. It
includes 0.7 and local for OP and 0 and local for NP. As a re-
minder, 0.7 and 0 correspond to sampling the velocity from
the 70 % and beginning of the sector for all the lines within
the sector, respectively, and local sampling refers to reading
the velocity separately for each line based on their location
in the sector.

The power and thrust values for ASMs with different sam-
pling methods and updating schemes are presented in Fig. 20.
Moreover, the ALM and BEM results are also provided. As
can be seen, reducing the time step and thereby the sector
angle has reduced the thrust and power values for the cases
with the NP updating scheme. In contrast, the power and
thrust values have increased for the cases with the OP up-
dating scheme. For both the OP-0.7 and NP-0 cases that pre-
viously showed the best match with their ALM counterparts,
the model’s accuracy compared to ALM has declined while
the accuracy has increased compared to BEM results. Never-
theless, the changes in the values are not significant and are
comparable with both ALM and BEM results. For the cases
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Figure 16. Tangential and axial force per unit length comparison with ALM and BEM results with the new position updating scheme:
(a) tangential force per unit length and (b) thrust per unit length.

Figure 17. Tangential and axial force relative error compared to ALM with the new position updating scheme: (a) tangential force relative
error and (b) axial force relative error.

with the local sampling method, there is a great change in the
power and thrust values. Reducing the time step has shown
a great improvement for both local cases compared to ALM.
As can be seen in Fig. 20, running a locally sampled ASM
model with the same time step as ALM has almost resulted
in the same values since the only difference is that ASM uses
two lines compared to ALM with one line.

Although reducing the time step takes away the advantage
of ASM being faster, it shows how these two models relate to
each other. Also, the increase in the error value for the previ-
ously tuned sampling location of 0.7 and 0 for OP and NP can
be an indication of how the sampling location is related to the
sector angle, number of lines, and their effect on each other
through induction. Nonetheless, as the error for thrust and
power remained within an acceptable range, the proposed
sampling locations may be used in good confidence.

4.5 Near-wake analysis

In this part, the near-wake profiles resulting from ASM,
ALM, and ADM are presented and compared with each other
to investigate to what extent ASM can capture the flow struc-
tures in the near wake. Also, turbulent kinetic energy (TKE)
and streamwise velocity profiles resulting from each of these

models are compared in the streamwise direction. To be con-
cise only the results from the OP approach are presented.

As can be seen in Fig. 21, the helical vortex system cap-
tured in ALM is recovered to a great extent by using ASM.
In comparison, ADM does not capture any tip vortices and
releases a vortex sheet downstream. In spite of capturing the
tip vortices in ASM, the maximum value for vorticity is lower
compared to ALM as the body forces are less concentrated.
The maximum value of vorticity in the near wake of ALM
is 0.87 L s−1 compared to 0.82 and 0.56 for ASM and ADM,
respectively.

Looking at the TKE profile of the models for the last 150 s
of the simulation along the streamwise direction, as seen in
Fig. 22, TKE profiles of ALM and ASM at the rotor agree
with each other and are distinct from ADM. However, fur-
ther downstream, the profiles become similar. For a courser
mesh where the tip vortices for ALM and ASM have not
formed, TKE values at the rotor are lower than those seen in
Fig. 22. Comparing Figs. 22 and 23, it can be seen that even
in the downstream of the rotor, ASM and ALM are more in
agreement compared to ADM. However, they become more
similar to moving downstream. This is in line with the re-
sults obtained by Troldborg et al. (2012). Moreover, using
a finer mesh has reduced the difference between the models
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Figure 18. Tangential and axial force per unit length comparison with ALM and BEM results with the old position updating scheme:
(a) tangential force per unit length and (b) thrust per unit length.

Figure 19. Tangential and axial force relative error compared to ALM with the old position updating scheme: (a) tangential force relative
error and (b) axial force relative error.

downstream. The difference in the time-averaged streamwise
velocity profile is, however, minimal for different models as
shown in Fig. 24.

4.6 Computational efficiency

Here, a comparison is made between the computational time
required for running a similar case with ALM and ASM.
Therefore, the mesh and the total simulated time are the same
for all cases. Both ALM and ASM models use the vortex-
based smearing correction. All models have the OP updating
scheme. The ASM model samples the velocities from loca-
tion 0.7 (see Fig. 1) while sampling for ALM is done locally.
The time step used for each of the cases is tabulated in Ta-
ble 2. Using ASM it has been possible to reduce the compu-
tational demand to almost one-fourth or by three-quarters of
what is needed for ALM, rendering it to be a faster alterna-
tive.

Although the time step used for ASM is 5.125 times larger
than the one used for ALM, the CPU time needed for ASM is
not as short. This is partly due to the higher number of lines
or sub-time steps required in ASM – depending on how the
algorithm is implemented – and the associated calculations
and tasks. Additionally, this could be due to the shortcom-

Table 2. The time step used for each model.

Model 1T [s]

ASM 0.123
ALM 0.024

ings of the parallelization algorithm used in the flow solver,
since the computational time required to solve the flow field
is higher compared to the number of calculations needed to
compute the body forces (about 1 % of computations). A fur-
ther investigation showed that using the sub-time-step ap-
proach can reduce the computational cost almost proportion-
ally to the time-step size.

5 Conclusions

The purpose of the current study was to investigate the effects
of different available options regarding the actuator sector
model implementation to determine the combination leading
to the closest results to ALM while improving the computa-
tional speed. It includes the velocity sampling method, tip/s-
mearing correction, and the choice of the time step. To do
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Figure 20. The power and thrust values for different ASM/ALM of different sampling methods and updating schemes vs. 1T along with
the power and thrust error values compared to ALM of the same updating scheme vs. 1T : (a) power vs. 1T , (b) thrust vs. 1T , (c) power
relative error compared to ALM vs. 1T , and (d) thrust relative error compared to ALM vs. 1T .

Figure 21. Vorticity magnitude along the streamwise direction for ALM, ASM, and ADM, respectively, from left to right. Fine mesh with
D

1xmin
= 64.

so, the rotor plane and near-wake solutions resulting from
ASM are compared to ALM, ADM, and BEM results where
deemed suitable.

Two updating schemes for the rotor state are studied. The
updating scheme determines whether the velocities are sam-
pled before or after the blade rotation to calculate the body
forces. Old position (OP) refers to the approach where the
velocity sampling for the current time step is done before ro-
tating the blades into their position in the current time step,

whereas new position (NP) refers to sampling velocities for
the current time step after the blades are rotated. The study
has identified that sampling the velocities at 70 % of the sec-
tor angle after the sector beginning with the OP updating
scheme produces the closest results to ALM for all consid-
ered mesh resolutions. For this case, the relative errors com-
pared to ALM for power and thrust values are around−1.5 %
and −0.5 %, respectively. For coarser mesh resolutions con-
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Figure 22. TKE profile along the streamwise direction for ALM, ASM, and ADM. Fine mesh with D
1xmin

= 64.

Figure 23. TKE profile along the streamwise direction for ALM, ASM, and ADM. Moderate mesh with D
1xmin

= 32.

sidered, the results of the study can be used as a guideline to
sample the velocities.

In comparison, when the NP updating scheme is used,
sampling the velocity from the sector’s beginning results in
a solution closest to its ALM counterpart. However, as this
is equivalent to sampling velocities from the sector’s last
line with the OP approach and a considerable overestima-
tion of the forces was seen for other sampling choices with
the NP approach, it can be interpreted that sampling the ve-
locity from the last line within the sector with the OP up-
dating scheme produces the closest results to an ALM with
the NP updating scheme. The relative error values remain
below 3 % and 1 % for power and thrust, respectively, for all
mesh resolutions. Studying the effect of tip speed ratio (TSR)
on the choice of sampling method showed that changing the
TSR alters the suitable sampling location and error values
compared to ALM by changing the number of lines within
the sector. However, using the recommended approach to
sample the velocities keeps the errors within an acceptable
range for a variety of operational conditions.

The study has confirmed that using the vortex-based
smearing correction for ASM will provide the closest load
distributions on the turbine blades compared to its ALM
counterpart with great accuracy, yielding a mean relative er-
ror of 0.57 % and 1.2 % compared to ALM for radial and

tangential load distributions, respectively. This is consider-
ably lower than the other alternatives, especially near the hub
and tip regions. Regarding the near wake, TKE profiles of
the ASM and ALM showed great agreement with each other
and were different than ADM. The difference is at its peak
at the rotor plane. Although the difference is reduced fur-
ther downstream, ASM and ALM were closer to each other.
In contrast, the differences in the time-averaged streamwise
velocity component profiles are minimal between the mod-
els. The computational saving of ASM compared to ALM is
quantified to be around 75 %. Reducing the time step made
no significant difference to accuracy considering the reduced
speed.

These findings suggest that ASM can potentially replace
the commonly used line and disc actuator models for wind
power applications as it offers a compromise between com-
putational saving and accuracy compared to ALM as it can
capture the near-wake dynamics to a better extent than ADM.
The present study appears to be the first to investigate the ef-
fect of different choices regarding the ASM implementation.
This contributes to the adoption of this model by academia
as an alternative in the field. However, there are limitations
to this study that need to be addressed in future works. The
study was limited by the absence of turbulent, yawed, and
sheared inflow. Therefore, investigating these cases would be
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Figure 24. Average streamwise velocity component profile along the streamwise direction for ALM, ASM, and ADM. Fine mesh with
D

1xmin
= 64.

necessary to establish the model’s reliability in more realistic
conditions. Moreover, although this study used a numerical
assessment of different aspects of ASM implementation, it is
conceivable to employ an analytical framework for this pur-
pose.

Appendix A: Simulation details

Table A1. The details of the simulations conducted for this study; similar simulations are grouped for the sake of conciseness.

No. Model D
1xmin

Tip/smearing Rotor updating Velocity 1T [s] TSR U0
correction scheme sampling method [m s−1

]

1 ALM 16, 32, vortex-based old position local Eq. (1) 7.55 8
64 new position

2 ALM 16, 32, none old position local Eq. (1) 7.55 8
64 new position

3 ALM 16, 32, none old position local Eq. (1) 7.55 4
64

4 ALM 16, 32, none old position local Eq. (1) 6, 9 8
64

5 ALM 16, 32, none old position local Eq. (1) 4 20
64

6 ASM 16, 32, vortex-based old position 0.7 Eq. (2) 7.55 8
64

7 ASM 64 vortex-based old position local Eq. (2) 7.55 8

8 ASM 64 vortex-based old position 0.7 0.062, 0.024 7.55 8

9 ASM 64 Glauert, Shen old position 0.7 Eq. (2) 7.55 8

10 ASM 16, 32, none old position 0.5, 0.6, 0.7, 0.8, Eq. (2) 7.55 8
64 0.9, 1, local

11 ASM 16, 32, none old position 0.7 Eq. (2) 7.55 4
64

12 ASM 16, 32, none old position 0.7 Eq. (2) 6, 9 8
64

13 ASM 16, 32, none old position 0.7 Eq. (2) 4 20
64

14 ASM 16, 32, none new position 0, 0.5, local Eq. (2) 7.55 8
64

15 ASM 64 Glauert, Shen, new position 0 Eq. (2) 7.55 8
vortex-based

16 ASM 64 vortex-based new position 0 0.062, 0.024 7.55 8

17 ADM 32, 64 Shen old position local Eq. (2) 7.55 8
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