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The objective of this work is to develop and test a set of general guidelines for choosing
parameters to be used in the state-of-the-art actuator line method (ALM) for modeling
wind turbine blades in computational fluid dynamics (CFD). The actuator line method is
being increasingly used for the computation of wake interactions in large wind farms in
which fully blade-resolving simulations are expensive and require complicated rotating
meshes. The focus is on actuator line behavior using fairly isotropic grids of low aspect
ratio typically used for large-eddy simulation (LES). Forces predicted along the actuator
lines need to be projected onto the flow field as body forces, and this is commonly accom-
plished using a volumetric projection. In this study, particular attention is given to the
spanwise distribution of the radius of this projection. A new method is proposed where
the projection radius varies along the blade span following an elliptic distribution. The
proposed guidelines for actuator line parameters are applied to the National Renewable
Energy Laboratory’s (NREL’s) Phase VI rotor and the NREL 5-MW turbine. Results
obtained are compared with available data and the blade-element code XTURB-PSU. It is
found that the new criterion for the projection radius leads to improved prediction of
blade tip loads for both blade designs. [DOI: 10.1115/1.4026252]

1 Introduction

1.1 Wind Turbines in the Atmosphere. Wind energy is cur-
rently one of the most readily available sources of renewable
energy. Various reports [1–3] state that high penetrations of wind-
driven electrical generation, 20% and greater of the electrical
demand, are technically feasible. However, the wind industry
faces a number of challenges today in developing wind farms,
both land-based and offshore, some of which involve the aerody-
namics within the wind farm. Wind turbine wakes interact with
turbines located downstream, with other wakes, and with the tur-
bulent atmospheric boundary layer (ABL). Although accurate
wake modeling is necessary to accurately predict annual energy
production of wind farms, a difficult challenge is to understand
the details of how atmospheric turbulence and wakes affect both
power production and transient mechanical loading at the turbine
level. For example, the wind energy community is now well
aware of the fact that the atmospheric stability state, which has a
direct impact on the nature of the atmospheric turbulence, plays
an integral role in the recovery of the wake momentum deficit
downstream of a wind turbine, thus having a profound effect on
the performance of a given wind turbine array or wind farm [4,5].
Also, experimental measurements show that differences in atmos-
pheric turbulence at night versus day cause differences in mechan-
ical loading [6]. At this time, fully blade-resolved simulations
subject to resolved turbulent inflow are only possible with hybrid
Reynolds-averaged Navier–Stokes (RANS)–LES, which is com-
putationally expensive and precludes the simulation of an entire
wind farm. It is here that the actuator turbine aerodynamics con-
cept, in conjunction with CFD, offers the potential for accurately

predicting unsteady wind turbine wakes at a feasible computa-
tional cost. This places actuator methods between low-fidelity en-
gineering models [7–10] and fully blade-resolved CFD
simulations. The reduced cost of actuator simulations as opposed
to fully blade-resolved simulations enables the simulation of an
entire wind farm immersed in an ABL flow consisting of hundreds
of turbines and subject to resolved turbulent inflow using LES.
Simulations of this type will help fill the knowledge gap concern-
ing atmospheric turbulence–turbine interactions, a gap that when
filled will allow for improved reduced-order wind turbine and
wind farm design tools.

1.2 Actuator Modeling of Wind Turbines. The lowest-
order actuator-type method to model wind turbines is the actuator
disk method (ADM) that was first developed for RANS solvers by
Sørensen et al. [11], Leclerc and Masson [12,13], R�ethor�e et al.
[14], and Mikkelsen [15]. The actuator disk concept replaces the
actual wind turbine rotor by a force disk that enters the momen-
tum equations of the underlying flow solver. Details, such as the
blade root and tip vortices and the blade boundary layer, are not
modeled. However, the ADM accounts for large-scale unsteady
interaction of the overall wake with the turbulent ABL flow. At
present, several efforts are underway that use LES and the actua-
tor disk concept to model large wind farms. Some examples are
the works of Ivanell et al. [16], Meyers and Meneveau [17],
Singer et al. [18], and Stovall et al. [19].

The next step in model fidelity is the ALM. ALMs model indi-
vidual blade loads by a suitable distribution of body forces along
the blade whose strengths are determined from sectional inflow
conditions and blade-element type table lookup of airfoil proper-
ties. Details, such as root and tip vortices, are captured. Most of
the current state-of-the-art ALMs are rooted in the work of
Sørensen and Shen [20]. Further developments are followed by
Troldborg [21], Troldborg et al. [22,23], and Sibuet Watters and
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Masson [24]. In order to prevent numerical instabilities and to
transform the line force into a volumetric force, the body forces
are projected throughout a finite volume surrounding the actuator
line. Most commonly and for ease of implementation, the projec-
tion function has a Gaussian shape [11–15,20,22,23]. Some exam-
ples of the use of the ALM in conjunction with LES are the works
of Lu and Port�e-Agel [25] and Conzemius et al. [26]. Recently,
the ALM of Sørensen and Shen [20] has been implemented into
an ABL-LES solver created using the open-source field operation
and manipulation (OPENFOAM) CFD toolbox [27] by researchers at
the NREL [28,29]. The solver has demonstrated its potential to
model large wind farms and overall wake effects [4,30].

In the past few years, the ALM has been extended to actuator
surface methods. In this method, each blade is represented as a
surface corresponding to the planform of the blade. Not only can
the radial distribution of force be specified, but also the chordwise
distribution. Therefore, actuator surface methods do not, in princi-
ple, suffer from the same problematic issues associated with the
volumetric force distribution as do ALMs. Some examples are the
works of Dobrev et al. [31], Shen et al. [32], and Sibuet Watters
and Masson [24] where the latter method has been successful in
explicitly specifying pressure and velocity jumps at a rotating ac-
tuator surface element. However, actuator surface methods require
finer grids associated with an increased computational cost com-
pared with the ALM. This is one of the reasons why actuator sur-
face methods are not used in state-of-the-art simulations of large
wind farms.

1.3 Current Issues in the State-of-the-Art ALM. Though
the ALM has advanced to become one of the most widely
accepted computational methods for predicting the wakes of indi-
vidual wind turbines and wake interactions in turbine arrays and
larger wind farms, there is a need within the wind energy commu-
nity for guidelines in choosing ALM parameters. The most impor-
tant ALM parameters are (i) radius of the body-force projection
function, e, (ii) the grid spacing Dgrid along the actuator line, and
(iii) the spacing Db between actuator points. Following Sørensen
et al. [11], the projection function used in this study is a three-
dimensional Gaussian, with equal width in all three coordinate
directions. There is no consensus on the ideal Gaussian radius e.
One view is that the radius should be as small as possible to obtain
a very compact representation of the force distribution along the
actuator line, thus better approximating a line force. Another view
is that the width should spread the force over a region similar to
the actual force; on a real blade, the force is distributed over the
blade radially and chordwise. The lower threshold for e is, in gen-
eral, governed by numerical stability. Troldborg [21] suggests that
e/Dgrid¼ 2 be chosen along the actuator line as a compromise
between numerical stability and accurate prediction of turbine
power. For a Gaussian radius constant along the blade span, the
grid spacing Dgrid is typically chosen such that there are between
30 and 60 grid points along the actuator line with a spacing Db

between actuator points complying with Db�Dgrid. Mart�ınez
et al. [33] have found that the turbine power predicted by the
ALM is, indeed, very sensitive to the Gaussian radius e. They
found that at a given inflow wind speed and a given e, the com-
puted rotor power converges as the grid is refined; however, as e/
Dgrid is varied from 2 to 10.5, the predicted power increases by
about 25%, which is significant. It is also known that a constant
Gaussian radius e leads to blade tip loads being overpredicted
[34]. To alleviate this problem, a tip-loss function, e.g., the
Prandtl tip-loss factor [35] or the more advanced F1 correction
suggested by Shen et al. [36–38], is often added to the ALM
method when using a constant value of E along the actuator line.
Such ad hoc corrections have shown improved predictions of
blade tip loads. Although very valuable in the current state of the
practice, tip-loss corrections, in general, derive from classical
blade-element momentum (BEM) methods that have no other
means of including tip effects. In contrast, the ALM resolves the

full three-dimensional flow field around the actuator line, however
only as a first-order approximation of the true blade loading. It is
therefore arguable whether an adjusted volumetric force distribu-
tion within the ALM in the tip region can be an alternative method
of coping correctly with the blade tip loads. The recent work of
Shives and Crawford [39] is a step ahead toward general require-
ments for the Gaussian radius e and the grid spacing Dgrid. Their
hypothesis is that the Gaussian radius e at a given spanwise station
along the actuator line should be proportional to a representative
physical dimension of the local blade section, such as the blade
chord c, while remaining to be a multiple of the grid spacing Dgrid

to keep numerical stability. They modeled an elliptic wing with an
aspect ratio of AR¼ 10.2 within a RANS solver and found that
e/c¼ 0.25 and e/Dgrid� 4 lead to accurate prediction of the
expected constant downwash. It is worth mentioning that their
method does not require any tip-loss correction factor. Although
the work of Shives and Crawford [39] is clearly an advancement
of the state-of-the-art ALM, it requires about 100 grid points
along the actuator line for an elliptic wing of AR¼ 10.2. For com-
parison, the notional design of the NREL 5-MW reference wind
turbine [40] with AR� 18 would require an even finer grid spac-
ing along the actuator line, a requirement that is not computation-
ally feasible when using the ALM method for LES simulations of
large wind farms.

To date, no universal guidelines are available for ALM parame-
ters to be used in LES simulations of wind turbine wakes that lead
to consistent results among various rotor designs and grid resolu-
tions. An attempt was made by Mart�ınez et al. [33], but further
work is necessary. As opposed to RANS computations, LES
requires cell aspect ratios close to unity. This eliminates the possi-
bility of large grid refinement in the axial direction around the ac-
tuator line as used, for example, in the works of Sibuet Watters
and Masson [24] and Shives and Crawford [39] and poses an addi-
tional difficulty to the accuracy of computed blade loads in con-
junction with rotor thrust and power. In LES, the required grid
spacing is on the order of the blade chord with the intent to
resolve turbulent eddies down to that scale and their interaction in
the wake with larger-scale eddies advected by the ABL flow. In
general, between 30 and 60 grid points along the actuator line is a
desirable number in terms of the trade-off between resolution and
computational cost for LES of conventional wind turbine blades.

1.4 Contributions of This Work. This work improves the
predictive capability of the state-of-the-art ALM on LES-type
grids and provides guidelines to obtain consistent results for dif-
ferent rotor designs and grid spacings. An integral part of the pres-
ent effort is a rigorous study that quantifies the sensitivity of
computed sectional blade loads as well as integrated rotor thrust
and power on the major ALM parameters e, Dgrid, and Db. All sim-
ulations are performed with steady and uniform inflow only. The
paper is organized as follows: Section 2 gives a brief description
of the ALM and its current implementation in an OPENFOAM-based
LES solver. Next, a new method is presented in which the Gaus-
sian radius e is based on an equivalent elliptic blade planform of
the same AR as the actual blade. The basic idea of the new
method was inspired by the work of Schrenk [41] used in the
fixed-wing community and leads to a set of universal criteria to be
used for the ALM parameters on LES-type grids. In Sec. 3, avail-
able data for the NREL Phase VI rotor [42] and BEM results are
used for quantitative comparisons against results obtained by
ALM runs with various parameter settings. Comparisons between
the currently used settings and the proposed new criteria are per-
formed. It is found that the new method for the Gaussian radius e
and guidelines for the grid spacing Dgrid and actuator spacing Db

yield improved and consistent predictions for sectional blade
loads. Also, ALM simulations are performed for the NREL 5-MW
turbine and compared with BEM results. It is again found that the
new method in which the Gaussian radius e is determined by an
equivalent elliptic blade planform gives consistent and improved
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predictions of sectional blade loads. The paper concludes with
recommendations for users of the ALM on LES-type grids.

2 Numerical Methods

2.1 The ALM in the ABL-LES OPENFOAM Solver. The ALM
within OPENFOAM is being actively developed and maintained by
researchers at NREL and The Pennsylvania State University. The
OPENFOAM CFD toolbox [27] is a set of Cþþ libraries meant for
solving partial differential equations. The solver we use in this
study is an unstructured, incompressible, finite-volume solver. We
use second-order accurate spatial differencing with a small blend
of upwinding, as is discussed later. Time integration is also
second-order accurate using the Crank–Nicolson method. The so-
lution is advanced using the pressure-implicit splitting operation
(PISO) algorithm of Issa [43]. The set of linear equations resulting
from the discretization of the momentum predictor is solved using
an iterative preconditioned conjugate gradient method. The linear
equations resulting from the discretization of the pressure equa-
tion are solved using an iterative multigrid method. Velocity–
pressure decoupling is avoided by using the method of Rhie and
Chow [44]. Because we are performing LES, a subgrid-scale
model is necessary, and we use the standard Smagorinsky model
[45] with a model constant of 0.168, the optimal value for iso-
tropic turbulence.

The default ALM is that of Sørensen and Shen [20], and the
underlying LES solver is capable of modeling both uniform and
ABL flow. The rotor blade is discretized by a finite number (typi-
cally 30–60) of actuator points. The lift and drag forces computed
at these actuator points are projected onto the background Carte-
sian grid as body forces in the momentum equation. The last term
in the momentum equation (1) corresponds to the body-force term

Du

Dt
¼ RHSþ Fp (1)

The effect of the body-force term in Eq. (1) is a pressure jump
across the actuator line and the formation of bound and trailing
vorticity. The projection from discrete actuator point blade loads
fN;m, in which N represents the blade index and m denotes the ac-
tuator point index, to a volumetric body force Fp is typically
achieved by a Gaussian function as shown in the following
equation:

Fp xp; yp; zp; t
� �

¼ �
X

N

X
m

fN;mðxN;m; yN;m; zN;m; tÞgN;m (2)

where

gN;m ¼
1

e3p3=2
exp � jrj

e

� �2
" #

(3)

Here, |r| is the distance from grid cell p to the actuator point. A
more detailed description of the solver has been presented in ear-
lier work [4,28–30]. The ALM finds sectional lift and drag forces
that define the force vector fN;m by determining the local flow ve-
locity and angle of attack (AOA) that is then applied to an airfoil
lookup table. In this work, local velocity is sampled directly at the
center of each actuator line element. Because the velocity is
sampled at the center of each actuator element, which is the center
of the bound vortex circulating about the actuator line, the effects
of the upwash and downwash created by the bound vortex are not
seen.

The governing equations are solved using the finite-volume
method on unstructured meshes. All variables are cell-centered
and collocated on the grid. To avoid the pressure–velocity decou-
pling that occurs with collocated, incompressible solvers, the ve-
locity fluxes at the finite-volume faces are constructed using an

interpolation similar to that of Rhie and Chow [44]. All other
interpolation from cell centers to faces is a mix of either linear
(second-order central differencing) or midpoint (second-order
central differencing with equal weighting regardless of mesh
stretching, see Eq. (2.20) and pages 31–33 of Wesseling’s [46]
notes for a description) mixed with a very small amount of first-
order upwinding.

As the flow encounters the actuator line body-force field, some
oscillations are observed in velocity and pressure emanating from
the actuator line if pure linear or midpoint interpolation is used,
which is shown in Fig. 1(a) in the flow past a stationary two-
dimensional actuator line. Even using Troldborg’s [21] rule of
thumb in which e/Dgrid¼ 2, these oscillations occur. Troldborg,
however, used a blend of 90% fourth-order central differencing
and 10% third-order quadratic upwind interpolation for convec-
tive kinetics differencing. To remove these oscillations, we tried
using a blend of 90% second-order linear/10% first-order upwind
interpolation upstream of the actuator line and 98% linear/2%
upwind everywhere else with a smooth transition in blending
between these zones. This was successful in removing the oscilla-
tions, as can be seen in Fig. 1(b), while still preserving the wake
structure. The same is observed for the rotating actuator lines of a
modeled turbine rotor. Time advancement uses Issa’s [43] PISO
algorithm, which is an implicit predictor/corrector scheme. The
implicit terms are integrated in time using second-order Cran-
k–Nicolson discretization. We use one predictor followed by three
correctors. The momentum transport equation is solved directly.
However, to enforce the continuity equation, the divergence of the
discrete momentum transport equation is taken, which results in
an elliptic equation for the modified pressure. The momentum
transport equations are solved using an iterative diagonal incom-
plete-lower-upper preconditioned biconjugate-gradient linear sys-
tem solver. The pressure equation, which is the most expensive to
solve, is solved using a geometric agglomerated algebraic multi-
grid solver. The code is parallelized using the message-passing
interface. Figure 2 shows an example of instantaneous vorticity
magnitude contours in an axial plane.

ALM simulations were performed on grids with several refine-
ment zones within an outer baseline grid. The outer grid dimen-
sions span from �5 D to þ10 D in the streamwise and �5 D to
þ5 D in the other two directions with the turbine location as the
reference point. The innermost refinement region extends from
�1.5 D to þ10 D in the streamwise and �1.25 D to þ1.25 D in
the other two directions. The domain sizes used are similar to
those documented in the literature [22]. Depending on the grid re-
solution used in the innermost refinement zone around the actuator
line, the total number of grid cells ranged between 16 and 24 mil-
lion. The time steps used in the simulations are determined by a
more stringent condition than the standard Courant–Friedrichs–
Lewy (CFL) criterion. In all cases, the time step is chosen such
that the blade tip does not traverse more than one grid cell per
time step in the innermost refined zone close to the actuator line.

2.2 General Guidelines for ALM Parameters. As men-
tioned in Sec. 1, the main parameters that affect the volumetric

Fig. 1 A contour of the streamwise velocity normalized by
freestream velocity taken in a plane perpendicular to the actua-
tor line and at midspan using purely linear interpolation (a) or a
spatially varying blend of midpoint and upwind interpolation
(b). The point where the actuator line intersects these contours
is shown with a black dot.
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distribution of body forces Fp around the actuator line are
the Gaussian radius e, the grid spacing Dgrid in the vicinity of the
actuator line, and the distance between actuator points Db. To
date, the main lessons learned about the choice of ALM parame-
ters are: i) that the Gaussian radius e should be small, to resemble
a line, but must be large enough relative to the grid to maintain
numerical stability [23]; ii) depending on the choice of grid reso-
lution and a spanwise constant value of Gaussian radius, the
predicted power may vary substantially [33]; and iii) that a blade-
conforming e/c¼ constant yields improved results of the com-
puted inflow distribution along an elliptic wing on stretched
RANS-type grids [39]. In summary, the state-of-the-art in ALM
suggests either a grid-based [23] or a chord-based [39] Gaussian
radius e.

In the following, we present a set of guidelines for choosing
ALM parameters toward a consistent body-force representation
on LES-type grids. As a first step, we state some requirements and
bounds for ALM parameters on LES-type grids: (i) a relative grid
spacing is approximately limited between Dgrid/R¼ [1/30, 1/60]
and is uniform along the actuator line to be both accurate and
computationally feasible for using the ALM to model large wind
farms using LES. (ii) The relative spacing between actuator points
satisfies Db/R� 1/20 such that rotor thrust and power are com-
puted accurately via integration over the actuator points along the
blade radius (or span), a guideline used in general for BEM meth-
ods. (iii) It is hypothesized that an elliptic Gaussian radius e along
the actuator line complies with a first-order representation of a
general blade loading. This hypothesis is the result of a simple
thought experiment that a chord-based e/c¼ constant criterion is
equivalent to a grid-based e/Dgrid¼ constant Gaussian radius if the
blade has a rectangular planform. However, the blade may be
appropriately twisted such that it achieves an elliptic blade load-
ing, in which case the advantage of the chord-based e/c¼ constant
criterion no longer applies.

The basic idea for the proposed guidelines was inspired by the
“Schrenk Approximation” [41] used in the fixed-wing community
to estimate the wing loading distribution during the aircraft design
process. Here, we do not follow exactly Schrenk’s methodology,
but hypothesize that the Gaussian radius e should be chosen based
on an elliptic blade planform of the same aspect ratio as the actual
blade, thus representing the first mode of the Fourier-series solu-
tion of a general blade loading. A methodology for finding the
ALM parameters e, Dgrid, and Db is described below:

(1) Determine the blade aspect ratio, AR

AR ¼ R

�c
; �c ¼ 1

R

ðR

0

c rð Þdr (4)

where R is the blade radius (or span) and �c is the average
blade chord.

(2) Find an “equivalent” elliptic planform with the same AR

c� rð Þ ¼ c0

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1� 2r

R

� �2
s

; c0 ¼
4

p
�c (5)

(3) Discretize the “equivalent” ellipse for given Dgrid/R� 1/30.
Set minimum discretization levels as follows:

(a) eR=2 ¼ nminDgrid;

use nmin ¼ 1 as a minimum discretization threshold on

any given grid (6)

nmin need not be an integer.

Previous work by the authors [34] showed that nmin¼ 0
leads to numerical instabilities.

(b) e0 ¼ nmaxDgrid; The value for nmax is determined from

nmax

Dgrid

R
� 0:08…0:10 (7)

Complying with Dgrid/R� 1/30, this results in nmax � 3
and leads to a consistent representation of the equiva-
lent elliptic planform with grid refinement along the ac-
tuator line. nmax need not be an integer.
Using Eqs. (4), (5), and (7), postulate that

e=c� ¼ e0=c0 ¼ 0:25 nmax

Dgrid

R

� �
pARð Þ ¼ constant

(8)

Fig. 2 Vorticity magnitude in an axial wake plane (NREL 5 MW wind turbine,
VWind 5 8 m/s). In this example, the wind turbine rotor is subject to uniform inflow
conditions. Root and tip vortices as well as the expansion of the streamtube are
clearly visible in the near wake. The wake flow becomes unstable approximately
1.5 rotor diameters downstream of the turbine, where the laminar shear layer tran-
sitions to turbulent flow. The breakdown of large turbulent eddies into smaller
ones is visible further downstream.

Fig. 3 Equivalent elliptic distribution of Gaussian radius, e.
Here, the equivalent blade ellipse that defines the Gaussian ra-
dius e(r) is shown on 2R/2 £ r £ 1R/2 for demonstration pur-
poses only. For the actual computations of rotating blades and
reporting the blade loads, the equivalent ellipse was shifted
such that 0 £ r £ 1 R.
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while satisfying the minimum threshold of
eðrÞ ¼ MAXðe rð Þ; eR=2Þ, see Fig. 3.

(4) Actuator spacing, Db/Dgrid

It is recommended that the actuator spacing be chosen
approximately such that

Db=Dgrid � 1:5 (9)

As the actuator line is discretized into segments and actuator
points lie in the middle of the segments, there are no actuator
points coincident with the tip and root. Equation (9) in conjunc-
tion with eR/2¼Dgrid from Eq. (6) thus ensures that, when the
Gaussian in Eq. (3) is used to project the actuator point force at
the point adjacent to the blade tip and that adjacent to the root, the
projected force at the actual tip and root is only 10% of its peak
value at the adjacent actuator points. This assures that the body
force does not extend appreciably beyond the location of the blade
tip and root due to force projection with a three-dimensional
Gaussian. Results presented in Sec. 3 will demonstrate that this is
indeed advantageous in predicting blade tip loads. For the coarsest
grid spacing of Dgrid//R¼ 1/30, this results in Db/R¼ 1/20, which
represents a minimum for blade-element integration.

Thus, for a given blade planform and grid that satisfy Dgrid/
R� 1/30, Eqs. (4)–(9) describe a general methodology for deter-
mining the most relevant ALM parameters, i.e., the Gaussian ra-
dius e, the grid spacing Dgrid, and the actuator spacing Db. Figure
4 shows the “equivalent” elliptic planform areas c� for the NREL
Phase VI rotor blade and the NREL 5-MW turbine blade. It is im-
portant to note that the equivalent elliptic planform c� is used
solely for the purpose of defining the Gaussian radius e along the
blade span; the actual blade forces are computed using the actual
blade chord distribution c.

2.3 XTURB-PSU. An in-house developed wind turbine design
and performance prediction code, XTURB-PSU [47,48], was used for
a comparative study. XTURB-PSU uses either BEM theory based on
NREL’s AeroDyn code [49] or a prescribed helicoidal vortex
method [50]. It also employs a stall delay model by Du and Selig
[51] rooted in NREL’s AirfoilPrep worksheet [52]. The XTURB-PSU

code is used in BEM mode throughout this work to produce refer-
ence results for quantitative comparisons against the ALM with
various spreading methods for the Gaussian radius e.

3 Results and Discussion

3.1 NREL Phase VI Rotor. Simulations were performed for
the NREL Phase VI rotor [42] at a single wind speed of 7 m/s

where the flow is attached along the entire blade. The NREL
Phase VI rotor is a two-bladed stall-controlled wind turbine with
21.8 degrees of nonlinear twist and a blade-taper ratio of two. The
NREL Phase VI rotor has been tested extensively in the NASA
Ames 80� 120 wind tunnel [42]. The blades are exclusively
equipped with the S809 airfoil. Table 1 comprises some additional
geometric parameters and operating conditions that are relevant to
the ALM simulations. A total of 480 time steps per revolution was
chosen as a baseline. The time step was chosen such that the blade
tip does not traverse more than one grid cell per time step.

3.2 Grid-Based Gaussian Radius, e/Dgrid 5 Constant. First,
we want to demonstrate some of the shortcomings of using a con-
stant Gaussian radius e along the actuator line. Figure 5 shows
ALM-computed AOAs along the blade for various constant Gaus-
sian radii in comparison with results obtained by the XTURB-PSU

code. Both the ALM and XTURB-PSU code use the same sectional
S809 airfoil data along the blade span in the respective computa-
tions. The AOA distribution along the blade span is a quantitative
measure of how well the blade inflow is predicted. Sectional lift

Fig. 4 Examples of the “equivalent” elliptic planform to define the Gaussian
radius e

Table 1 NREL phase VI rotor—geometric parameters and oper-
ating conditions

NREL phase VI

Rotor radius, R (m) 5.029
Wind speed, Vwind m=sð Þ 7.0
Rotor speed (RPM) 72.0
Root cutout, r/R 0.0859

Fig. 5 Spanwise variation of AOA for the NREL phase VI rotor
(Vwind 5 7 m/s). ALM parameters: e/Dgrid 5 constant, Dgrid/R 5 1/
32, Db/Dgrid 5 1.
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and drag forces, which define the local blade force vector fN;m,
strictly depend on the computed local AOA. It is quite apparent
that a constant Gaussian radius complying with e/Dgrid¼ constant
leads to a noticeable overprediction of blade tip loads. Further-
more, as e/Dgrid is reduced, the AOA distribution is shifted toward
the reference case of XTURB-PSU results. This leads to an improved
comparison at the midblade stations; however, the apparent over-
prediction of blade tip loads persists.

Measured data for the sectional normal and tangential forces
are available from NREL. Following the convention used in the
NREL Phase VI experiment [42], the normal force acts orthogonal
to the local chord line and toward the upper surface of the local
airfoil section, while the tangential force acts in the local chord
direction and toward the local leading edge. Figure 6 illustrates
measured and computed sectional forces for a constant Gaussian
radius e/Dgrid¼ 2 with and without using the tip-loss factor due to
Prandtl [35]. The Prandtl correction is applied locally to both the
airfoil lift and drag coefficients. It has been implemented in
exactly the same manner as the F1 correction described in Shen
et al. [37]. The present work uses the Prandtl correction only in
Fig. 6 in conjunction with a constant Gaussian radius e. It can be
seen that using Prandtl’s correction leads to an underprediction of
the blade tip loads compared with measured NREL data. This sup-
ports the notion that Prandtl’s tip-loss factor is a somewhat artifi-
cial means of trying to improve ALM-computed blade tip loads
when using a constant Gaussian radius e. The authors wish to note
that the Prandtl correction was originally developed for BEM-type
computations of propeller loads.

In general, there should be no need for using the Prandtl correc-
tion within the ALM framework, since the three-dimensional flow
field containing tip and root vortices is fully resolved by the
ALM. Table 2 comprises computed rotor power and thrust in
comparison with XTURB-PSU and measured data from NREL. For
the case of e/Dgrid¼ 2 in Fig. 6, the rotor power predicted by
ALM is 4.26% larger than that computed by XTURB-PSU and 5.47%
larger than the data. The case with the Prandtl correction exhibits
closer agreement with the trends of XTURB-PSU and the data toward
the blade tip. It is apparent from Table 2, though, that using the
Prandtl correction leads to underprediction of the integrated power
and thrust. The Prandtl correction is not used for the remainder of
this paper unless otherwise noted.

3.3 Chord-Based Gaussian Radius, e/c 5 Constant. The
recent work of Shives and Crawford [39] suggests a Gaussian ra-
dius of e/c¼ 0.25 with e/Dgrid� 4 based on a test case of an ellip-
tic wing of AR¼ 10.2 and computed with a RANS solver on
stretched grids. For the NREL Phase VI rotor with cmin/
R¼ 0.0707 at the blade tip, this would require a grid spacing of
Dgrid/R¼ 1/226 assuming a LES-type grid with a cell aspect ratio
of unity. There is no doubt that such a high grid resolution along
the actuator line is not feasible for ABL-LES simulations of large
wind farms using the ALM. However, Shives and Crawford also
state that their criteria may be to some extent specific to the solver
used for the simulations. Allowing a larger cell aspect ratio in the
ABL-LES simulations around the actuator line in conjunction
with higher values for e/c, the criteria suggested by Shives and
Crawford may be relaxed.

We investigate this by choosing a typical grid spacing of Dgrid/
R¼ 1/37 used in wind farm simulations involving the ALM. The
criterion nmaxðDgrid=RÞ � 0:08…0:10 in Eq. (7) hence results in
nmax¼ 3, 4 as upper and lower discretization limits. For the given
grid and rotor dimensions, values for e/c were obtained such that
e/c¼ nmax Dgrid/ cmax with nmax¼ 3, 4 with reference to Eq. (7).
For the NREL Phase VI rotor, cmax/R� 0.14 so that e/c¼ 0.57 for
nmax¼ 3 and e/c¼ 0.76 for nmax¼ 4. Furthermore, we find that
ctip/cmax� 1=2 for the NREL Phase VI rotor. Hence the Gaussian
radius e at the tip becomes etip¼ 1.5Dgrid and 2.0Dgrid, respec-
tively. Figure 7 shows computed AOA versus blade span for e/
c¼ 0.57, 0.76 in comparison with results obtained by the blade-
element based XTURB-PSU code. It can be seen in Fig. 7 that reduc-
ing e/c improves the comparison against results obtained by
XTURB-PSU. For the given grid, though, e/c¼ 0.57 is near the lower
discretization limit of the projection function. The overprediction
of blade tip loads is still apparent, similar to the grid-based Gaus-
sian radii from Figs. 5 and 6. In the following, we vary the actua-
tor spacing Db/Dgrid with the idea of reducing the overlap regions
of the volumetric body-force distribution around an actuator
point.

Figure 8 reveals that increasing the actuator spacing has a
small, though positive, effect on predicting the blade tip loads.

Fig. 6 Spanwise variation of force for the NREL phase VI rotor (Vwind 5 7 m/s). ALM
parameters: e/Dgrid 5 2, Dgrid/R 5 1/32, Db/Dgrid 5 1.

Table 2 Rotor power and thrust—NREL phase VI rotor
(Vwind 5 7 m/s); ALM parameters: e/Dgrid 5 constant, Dgrid/R 5 1/
32, Db/Dgrid 5 1

NREL phase VI rotor Power (W) Thrust (N)

NREL experiment 6,030 1,120
XTurb-PSU 6,100 1,240
ALM (e/Dgrid¼ 4.0) 7,390 1,405
ALM (e/Dgrid¼ 3.0) 7,100 1,380
ALM (e/Dgrid¼ 2.0) 6,360 1,310
ALM (e/Dgrid¼ 2.0, Prandtl factor) 5,520 1,090

Fig. 7 Spanwise variation of AOA for the NREL phase VI rotor
(Vwind 5 7 m/s). ALM parameters: e/c 5 constant, Dgrid/R 5 1/37,
Db/Dgrid 5 1.
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The reason for this observation is believed to be related to the
strength of the trailing vorticity emanating from the actuator line
between the two actuator points closest to the blade tip. If the
Gaussian radius e is too large compared with the actuator spacing
Db, then adjacent overlapping force distributions may lower the
strength of the trailing vorticity and hence induce less downwash
at the actuator line that leads to the observed overprediction in the
AOA close to the blade tip. For etip¼ 1.5 Dgrid in Fig. 8, the Gaus-
sian in Eq. (3) has reduced to 0.64 of its peak strength at the adja-
cent inboard actuator point for Db/Dgrid¼ 1.0 (e¼ 1.5 Dgrid and

|r|¼ 1.0 Dgrid in Eq. (3)). Similarly, the Gaussian reduces to 0.37
and 0.24, respectively, for Db/Dgrid¼ 1.5 and 1.8. As noted earlier,
a small improvement can be seen in the tip-load prediction in Fig.
8; however, one has to be aware that Db/Dgrid¼ 1.8 results in Db/
R� 1/20 (or 20 actuator points along the actuator line), which can
be considered a minimum requirement for the number of blade
elements along an actuator (or lifting) line.

Computed rotor power and thrust are summarized in Table 3.
Maximum discrepancies between results obtained by XTURB-PSU

and ALM amount to 1.8% for the rotor power and 4.0% for the
rotor thrust for the ALM run with Db/Dgrid¼ 1.5. Figure 8 sup-
ports, however, that the close agreement between XTURB-PSU and
ALM results is an artifact of cancelling spanwise underprediction
and overprediction of blade loads.

3.4 Elliptic Gaussian Radius, e/c* 5 Constant (General
Guidelines for ALM Parameters). In the following, we demon-
strate that the proposed method in Sec. 2 for determining the
ALM parameters e, Dgrid, and Db leads to improved and consistent
results for various computational grids. Figure 9 shows that an
elliptic Gaussian radius e determined by the guidelines in Sec. 2
results in AOA prediction very comparable with the XTURB-PSU

results. For a standard actuator spacing of Db/Dgrid¼ 1.0, however,
the AOA at the blade tip is still overpredicted in comparison with
XTURB-PSU. Increasing Db/Dgrid for etip¼ eR/2¼Dgrid according to
Eq. (6), the Gaussian in Eq. (3) reduces to 0.21 (Db/Dgrid¼ 1.25)
and 0.11 (Db/Dgrid¼ 1.50) of its peak value at the adjacent actua-
tor point, and eliminates the overprediction of AOA at the
blade tip. It is apparent in Fig. 9 that the elliptic Gaussian radius e
governed by Eq. (8) for nmax¼ 3 results in an improved AOA pre-
diction compared with a grid-based or chord-based Gaussian
radius.

Next, we show that the general guidelines for ALM parameters
described in Sec. 2 predict consistent tip loads for variable grid
spacing Dgrid/R. Figure 10 shows computed sectional normal and
tangential forces using the general guidelines for ALM parameters
defined in Sec. 2 in comparison with results computed by XTURB-
PSU and measured NREL data. It can be seen that consistent pre-
dictions are obtained when following the general guidelines for
the ALM parameters barring some load overprediction for all
grids. For all cases, etip¼ eR/2¼Dgrid was used according to

Fig. 8 Spanwise variation of force for the NREL phase VI rotor (Vwind 5 7 m/s). ALM
parameters: e/c 5 0.57, Dgrid/R 5 1/37, Db/Dgrid 5 constant.

Table 3 Rotor power and thrust—NREL phase VI rotor
(Vwind 5 7 m/s); ALM parameters: e/c 5 0.57, Dgrid/R 5 1/37, Db/
Dgrid 5 constant

NREL phase VI rotor Power (W) Thrust (N)

NREL experiment 6,030 1,120
XTurb-PSU 6,100 1,240
ALM (Db /Dgrid¼ 1.0) 6,170 1,280
ALM (Db /Dgrid¼ 1.5) 6,210 1,290
ALM (Db /Dgrid¼ 1.8) 6,105 1,275

Fig. 9 Spanwise variation of AOA for the NREL phase VI rotor
(Vwind 5 7 m/s). ALM parameters: e/c* 5 0.67, Dgrid/R 5 1/37, Db/
Dgrid 5 constant.

Fig. 10 Spanwise variation of force for the NREL phase VI rotor (Vwind 5 7 m/s).
ALM parameters: e/c* 5 0.67, Dgrid/R 5 constant, Db/Dgrid 5 1.5.

Journal of Solar Energy Engineering AUGUST 2014, Vol. 136 / 031003-7

Downloaded From: http://solarenergyengineering.asmedigitalcollection.asme.org/ on 07/31/2018 Terms of Use: http://www.asme.org/about-asme/terms-of-use

杨林
下划线

杨林
打字机
分配力的重叠可能会降低尾涡强度，从而减小上游的下洗角，进而导致梢部攻角的结果偏大

杨林
高亮

杨林
高亮

杨林
高亮

杨林
高亮

杨林
打字机
增大剖面间距，消除了AOA的重叠



Eq. (6). For a reference grid of Dgrid/R¼ 1/37, we choose nmax¼ 3
so that nmax Dgrid/R¼ 0.081 satisfies Eq. (7). As the grid spacing
Dgrid/R is refined, nmax is increased accordingly. Equation (8)
hence results in e/c*¼ 0.67 for a blade aspect ratio of AR¼ 10.54.
Furthermore, the time step Dt is reduced with grid refinement
such that the actuator line never traverses more than one grid cell
per time step.

In Fig. 10, computed ALM results are very close to those
obtained by XTURB-PSU. In particular, the blade tip loads show
improved agreement compared with a grid-based or chord-based
Gaussian radius e. There is still some apparent discrepancy
between computed and measured NREL data. At this stage, this is
attributed to some inaccuracy in the airfoil tables used for the
ALM and XTURB-PSU computations. The airfoil tables for the S809
airfoil were obtained exclusively from the computer program
XFOIL at various Reynolds numbers and without any modifica-
tions to the built-in transition criterion within XFOIL. The authors
had decided not to use experimental data because previous work
[53] had shown apparent differences in measured S809 airfoil
characteristics obtained in different facilities that are not easy to
assess. It was found, though, [53] that XFOIL is capable of pre-
dicting the S809 airfoil characteristics very well within the experi-
mental data range. Furthermore, no corrections that account for
blade rotation and three-dimensionality [51] were added to the air-
foil tables in order not to introduce additional empiricism that
would distract from the main objective of this work. It is apparent
from the obtained ALM results that the proposed general guide-
lines show improved comparison to computed XTURB-PSU and
measured NREL data than those obtained with a grid-based or
chord-based Gaussian radius e.

Although the load distributions in Fig. 10 are quite consistent,
integrated rotor power and thrust in Table 4 seem to have not yet
reached a converged state with respect to grid refinement. For the
ALM run with Dgrid/R¼ 1/64, the rotor power computed by ALM
is 8.4% higher and the rotor thrust 6.0% higher compared with
results obtained by XTURB-PSU. For the ALM runs in Fig. 10 and
Table 4, nmax was scaled according to Eq. (7) as the grid was
refined. However, nmin¼ 1 was kept constant for all ALM
runs using Eq. (6) of the general guidelines as a minimum

discretization level on a given grid. Hence, the Gaussian radius e
has a slightly different distribution near the blade tips for each
case. It was therefore investigated whether scaling nmin according
to nmax, i.e., having exactly the same physical e(r) between grids,
would affect integrated rotor power and thrust. The corresponding
results in Table 4 for nmin¼ 1.2 on the grid with Dgrid/R¼ 1/45
and nmin¼ 1.7 on the grid with Dgrid/R¼ 1/64 show in comparison
with their counterparts on the same grid with nmin¼ 1 that the
effect is only on the order of 1%. This actually supports the use of
Eq. (6) with nmin¼ 1 on any given grid. It is worth mentioning in
this context that a previous study [33] has shown a similar trend in
ALM computed power with grid refinement where it was found
that the computed rotor power is converged to within approxi-
mately two percent for grids finer than Dgrid/R¼ 1/64. The compu-
tational grid was therefore not refined beyond this resolution.

Figure 11 presents the local AOA a and the square of the local
velocity magnitude V2

mag, both of which contribute directly to sec-
tional forces. It can be seen that both quantities have nearly con-
verged. It is true, though, that rotor thrust and, in particular, rotor
power are very sensitive to small changes in the respective quantities.

3.5 NREL 5-MW Turbine. The NREL 5-MW turbine [40] is
a notional offshore wind turbine design. Hence, measured data are
not available for this wind turbine. However, the NREL 5-MW
turbine becomes an increasingly popular test case for actuator-
type wind farm simulations. Some geometric parameters and
operating conditions are given in Table 5. In this work, we per-
formed ALM simulations with various parameter settings for the
NREL 5-MW turbine. As was done for the NREL Phase VI rotor,
the time step Dt was chosen such that the blade tip does not tra-
verse more than one grid cell per time step. As the grid is refined,
the time step is scaled down accordingly, which follows the way
in which the ALM is used in practice.

The NREL 5-MW turbine has a blade aspect ratio of
AR¼ 18.1, which is significantly larger than that of the NREL
Phase VI rotor. It is therefore a good test case for the proposed e/
c* criterion in Eq. (8). We choose two grid spacings along the ac-
tuator line, i.e., Dgrid/R¼ 1/32 and 1/64, that define commonly
used bounds for LES simulations of large wind farms. For Dgrid/
R¼ 1/32, we choose nmax¼ 3 so that nmax Dgrid/R satisfies Eq. (7).
Hence nmax¼ 6 is chosen for Dgrid/R¼ 1/64, respectively. Equa-
tion (8) thus gives e/c*¼ 1.33. Computed sectional normal and
tangential forces are shown in Fig. 12. The force convention again

Table 4 Rotor power and thrust—NREL phase VI rotor
(Vwind 5 7 m/s); ALM parameters: e/c* 5 0.67, Dgrid/R 5 constant,
Db/Dgrid 5 1.5

NREL phase VI rotor Power (W) Thrust (N)

NREL experiment 6,030 1,120
XTurb-PSU 6,100 1,240
ALM (Dgrid /R¼ 1/37) 6,210 1,280
ALM (Dgrid /R¼ 1/45) 6,310 1,290
ALM (Dgrid /R¼ 1/64) 6,615 1,315
ALM (Dgrid /R¼ 1/45, nmin¼ 1.2) 6,340 1,300
ALM (Dgrid /R¼ 1/64, nmin¼ 1.7) 6,570 1,325

Fig. 11 Spanwise variation of AOA and velocity magnitude for the NREL phase VI
rotor (Vwind 5 7 m/s). ALM parameters: e/c* 5 0.67, Dgrid/R 5 constant, Db/Dgrid 5 1.5.

Table 5 NREL 5-MW turbine—geometric parameters and oper-
ating conditions

NREL 5-MW

Rotor radius, R (m) 63
Wind speed, Vwind m=sð Þ 8.0
Rot. speed (RPM) 9.156
Root cutout, r/R 0.0238
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follows NREL’s definition [42] where the normal force acts or-
thogonal to the local chord line and toward the sectional airfoil’s
upper surface, while the tangential force is parallel to the local
chord line and oriented toward the leading edge. It can be seen
that the shape of the loading profiles along the span is consistent
and behaves properly at the tips when using the ALM parameters
chosen according to the guidelines developed in Sec. 2. However,
it is apparent that using e/c*¼ 1.33 with both grid resolutions cre-
ates larger loads than predicted with XTURB-PSU. For comparison, a
case for e/c*¼ 0.67 is also shown, and it can be seen that

Fig. 12 Spanwise variation of force for the NREL 5-MW turbine (Vwind 5 8 m/s).
ALM parameters: e/c* 5 1.33, 0.67, Dgrid/R 5 constant, Db/Dgrid 5 1.5.

Fig. 13 Spanwise variation of force for the NREL 5-MW turbine (Vwind 5 8 m/s).
ALM parameters: Dgrid/R 5 1/64.

Table 6 Rotor power and thrust—NREL 5-MW turbine
(Vwind 5 8 m/s); ALM parameters: e, Dgrid/R 5 1/64

NREL 5-MW turbine Power (kW) Thrust (kN)

XTurb-PSU 1,890 384
ALM (e/Dgrid¼ 2, Prandtl factor) 1,737 358
ALM (e/c¼ 1.33) 2,066 403
ALM (e/c*¼ 1.33) 2,113 409

Fig. 14 Wake structure and strength for the NREL 5-MW turbine (Vwind 5 8 m/s)
showing isosurface of vorticity magnitude 0.5 s2 1

Journal of Solar Energy Engineering AUGUST 2014, Vol. 136 / 031003-9

Downloaded From: http://solarenergyengineering.asmedigitalcollection.asme.org/ on 07/31/2018 Terms of Use: http://www.asme.org/about-asme/terms-of-use

杨林
下划线

杨林
高亮

杨林
打字机
不同方法的对比

杨林
椭圆

杨林
打字机
附着涡形状太均匀，中间环量变化小，导致梢部环量变化大，即梢涡更强

杨林
高亮



computed loads are too low, especially near the sensitive tip
region. This clearly demonstrates that the value of e/c* is a func-
tion of the blade aspect ratio, as suggested by Eq. (8). However,
the fact that using e/c*¼ 1.33 or e/c*¼ 0.67 overpredicts or
underpredicts, respectively, blade loads across the entire span
compared with XTURB-PSU suggests that the guideline provided in
Eq. (7) for choosing the value of nmax is not a hard rule, but a
mere guideline. It is only through future work, possibly with
application to other rotors, that a more precise means of comput-
ing nmax can be found.

As a final investigation, we apply best-practices for a grid-
based, chord-based, and elliptic Gaussian radius e to the NREL 5-
MW turbine using Dgrid/R¼ 1/64. The Prandtl correction was only
used for the best-practice case of a grid-based Gaussian radius e.
The results are presented in Fig. 13. In comparison with the
NREL Phase VI rotor, a chord-based Gaussian radius e/
c¼ constant exhibits improved results. This is attributed to the
fact that the chord distribution near the blade tip of the NREL 5-
MW turbine is not too different from an elliptic shape, see Fig.
4(b). It is clear, though, that the proposed elliptic Gaussian radius
with e/c*¼ constant gives consistent results between various
blade designs and grid spacing. It is therefore a more general
method for determining ALM parameters. In particular, it sug-
gests a suitable value for e/c* for a given grid resolution Dgrid/R
and blade aspect ratio AR. Table 6 summarizes computed rotor
power and thrust for the best-practice cases in Fig. 13. The wake
structure, characteristic of the momentum deficit, corresponding
to the results in Fig. 13 is presented in Fig. 14. The advantage of
using the proposed method of Gaussian spreading is evident. It
can be seen that both tip and root vortices appear tighter for the
case of a variable Gaussian radius e along the blade span. Further-
more, the bound vorticity along the blade is less tubelike and
appears to have more of an elliptic shape.

4 Summary and Conclusions

The ALM within ABL-LES solvers is increasingly used as the
evolving standard for the computation of wake interactions in
large wind farms. As of today, however, no general guidelines
exist for choosing ALM modeling parameters on LES-type grids.
The main contribution of this work is the development and testing
of a much-needed set of guidelines to determine the most impor-
tant ALM parameters, i.e., the Gaussian radius e, the grid resolu-
tion Dgrid/R, and the actuator spacing Db/Dgrid. An elliptic
spanwise distribution of the Gaussian radius e is proposed along
the blade where the equivalent elliptic planform c* has the same
aspect ratio than the actual blade. With reference to Schrenk’s
approximation used in the fixed-wing community, this represents
a first-order approximation of the actual blade loading and defines
a constant value for e/c* along the blade that predominantly
depends on the grid resolution and the blade aspect ratio.

The new set of guidelines for determining ALM parameters
was tested for the NREL Phase VI rotor and the NREL 5-MW tur-
bine. For the NREL Phase VI rotor, it was first demonstrated that
the current best-practice of a grid-based Gaussian radius e/
Dgrid¼ constant leads to an overprediction of blade tip loads;
hence, rotor power and thrust are not necessarily correct. Further-
more, the value of e/Dgrid could be tuned to give the correct power
and thrust, which are integrated quantities, but the spanwise distri-
bution of loading would not have the proper shape. A recent idea
of using a chord-based Gaussian radius e/c¼ constant was also
shown not to solve the apparent issue of overpredicting blade tip
loads for the NREL Phase VI rotor; however, there was some
improvement compared with the grid-based e/Dgrid¼ constant. As
for the proposed guidelines that involve an elliptic Gaussian ra-
dius e/c*¼ constant along the actuator line, good comparisons
were obtained against measured NREL data and results computed
by the BEM-based XTURB-PSU code using the same airfoil tables as
the ALM simulations. Given the airfoil tables, the ALM results
obtained with the proposed guidelines are believed to be as close

to measured NREL data as the unmodified airfoil tables allow. It
should be noted, though, that the NREL Phase VI rotor blade has
tips of finite chord (the rotor does not elliptically approach zero
chord length at the tip); however, it exhibits more of an elliptic-
shaped loading. The e/c¼ constant force projection reflects the
chord distribution and not the load distribution, so it is under-
standable that the method is in error and highlights a common
blade geometry upon which that method does not work as well as
the e/c*¼ constant projection. For the NREL 5-MW turbine, no
data are available, and quantitative comparisons of ALM-
computed blade loads along with rotor power and thrust were per-
formed against results obtained by the XTURB-PSU code. It was
shown that the proposed guidelines for ALM parameters rooted in
an elliptic Gaussian radius e/c* show consistent and good results
for blade loads as well as rotor power and thrust on various LES-
type grids used in large wind farm wake simulations.

In conclusion, the proposed guidelines for ALM parameters on
LES-type grids have proven to give consistent and good compari-
sons and thus provide the wind energy community with a useful
and much-needed methodology to model wind turbine wakes as
accurately as embedded airfoil data tables allow. The ALM com-
putations for the NREL 5-MW turbine suggest, however, that
some future work is needed to provide a tighter criterion for Eq.
(7) of this work that relates the maximum spreading radius param-
eter to the grid spacing as the product nmax Dgrid/R. It is surmised
that application to other wind turbine rotors by the wind energy
community will provide more precise values for this product. The
main contribution of this work has been to develop and test the
idea of an elliptic Gaussian radius along the blade span that
accounts for a consistent and correct distribution of blade loads
along the actuator line. Additional future research will be directed
toward investigating how sensitive turbine wake characteristics,
such as the spatial evolution of the wake momentum deficit down-
stream and wake turbulence statistics, are to ALM parameters
determined by the current and new proposed guidelines.
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Nomenclature

ABL ¼ atmospheric boundary layer
ADM ¼ actuator disk method
ALM ¼ actuator line method
AOA ¼ angle of attack (deg)

AR ¼ blade aspect ratio
BEM ¼ blade-element momentum

c ¼ airfoil chord (m)
CFD ¼ computational fluid dynamics

D ¼ turbine rotor diameter (m)
Fn ¼ sectional normal force (N/m)
Ft ¼ sectional tangential force (N/m)

LES ¼ large-eddy simulation
NREL ¼ National Renewable Energy Laboratory

OPENFOAM ¼ Open field operations and manipulations
R ¼ blade radius (m)

RANS ¼ Reynolds-averaged Navier–Stokes
RPM ¼ revolutions per minute (1/min)
Vwind ¼ mean wind speed (m/s)

Db ¼ actuator width (m)
Dgrid ¼ grid resolution (m)

e ¼ radius of the body-force projection function (m)
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