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Abstract 

When dealing with multirotor devices such as quadcopters or wind farms, the cost of blade-resolved large-eddy simulation (LES) 
becomes prohibitive. Combining LES with a family of lower-fdelity models, called actuator line models (ALMs), has grown in 
popularity in the past decade. ALM replaces full blade resolution with an array of actuator points or lines parameterized by aerody-
namic lift/drag polar plots along the blades. Body forces computed based on these actuator points are then projected onto the LES 
fow mesh, mimicking the efect of rotating blades on the fow. However, the optimal projection radius and the associated LES grid 
size is often too restrictive for multirotor simulations. Recently, a new tip-correction-based fltered ALM (F-ALM) was proposed 
by Martı́nez-Tossas and Meneveau (2019), which allows coarser-than-optimal grids by avoiding the associated overprediction of 
thrust. In this work, F-ALM is implemented into a high-order, in-house LES code to simulate National Renewable Energy Labo-
ratory Phase VI wind turbine. It is then followed by a comparison between the baseline ALM and the newly implemented F-ALM 
in terms of instantaneous and time-averaged fow felds and blade loads, revealing the advantages of F-ALM in preventing the 
overprediction of power on coarse grids. This encourages accurate and afordable simulations of multirotor devices in the future. 
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1. Introduction1 25 

26 

2 Engineering devices employing rotors1 such as propellers 
27

3 (Caprace et al., 2017, 2020, 2021) on unmanned urban vehicles 
28

4 (Delorme et al., 2020; Stanly et al., 2020) and wind (Korobenko 
29

5 et al., 2017; Benard et al., 2018; Yan et al., 2016), hydrokinetic 
30

6 (Mohamed et al., 2020) and tidal turbines (Ouro and Stoesser, 
31

7 2017; Yan et al., 2017) play a vital role in both propulsion 
32

8 and energy extraction. These devices operate in atmospheric 
33

9 turbulence (Port´ orenk¨ 
34

e-Agel et al., 2011; D¨ amper et al., 2015; 
10 Richards and Norris, 2019, 2011, 2015; Bouras et al., 2018; 

35

11 Vasaturo et al., 2018), feature complex unsteady turbulent 
36

12 ¨fow felds (Troldborg et al., 2014, 2015b, 2011; Onder and 
37

13 Meyers, 2018; Rocchio et al., 2020; Storey et al., 2014) 
38

14 and have signifcant non-local efects related to downstream 
39

15 wake interactions (Kleusberg et al., 2020; Kleusberg, 2019; 
4016 Kleusberg et al., 2017a; Sarmast et al., 2014a,b; Kleusberg 
4117 et al., 2016; Ciri et al., 2020; Ivanell et al., 2007) and far-feld 
4218 noise (Wasala et al., 2015; Geyer et al., 2016). In the past 
4319 decade, the use of advanced turbulence modeling approaches 
4420 within a computational fuid dynamics (CFD) framework, such 
4521 as large-eddy simulations (LES) have become more popular. 
4622 LES ofers higher fdelity but also increases computational 

23 cost. There are several ways to represent rotating blades in 47

24 48CFD. These can be broadly classifed based on whether the 
49 

50 

Email address: ronithstanly@yahoo.com (Ronith Stanly) 51 
1In this work, the term rotor is used in the most general context where it 

refers to any rotating part (as opposed to a stationary part, say for instance, the 
52

stator in a gas turbine engine); i.e., both turbines and propellers are collectively 53

referred to as rotors in this work. 54
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blade surface is resolved or not. The class of blade-resolved 
CFD methods use a very fne mesh that closely follows the 
geometry of the blade and ensures a no-slip boundary condition 
at the surface of the blade. This mesh is then rotated over a 
stationary background mesh using one of several techniques 
like overset grids (Duan and Wang, 2020), sliding mesh (Steijl 
and Barakos, 2008; Aneesh et al., 2016), immersed boundary 
method (Stanly et al., 2020; Delorme et al., 2018; Müller et al., 
2017; Mark and van Wachem, 2008), etc. It is computationally 
expensive to perform a complex multirotor simulation. Hence, 
the second classifcation of methods, where the blade is 
modelled using source terms, is preferred in cases where the 
local efects near the blade are of less importance compared to 
the fow efects caused by the tip vortices (Stanly, 2020). 

Here, the rotor is modelled using a source term in the mo-
mentum equation using a class of methods called actuator 
methods, which avoids the need to resolve the surface of the 
blade, thereby saving a lot of computational efort. They are 
computationally efcient methods for representing lifting sur-
faces as a result of employing a forcing term in the momentum 
equation, as opposed to fully resolving them using densely 
spaced computational grid points. This saving in computational 
efort is done at the cost of reduced fdelity of representation 
of the lifting surface, but has been successful in predicting the 
far-feld wake behind wind turbines (Sørensen et al., 2015). 
The broad subdivision of the actuator methods include actuator 
disc method (Lignarolo et al., 2016; Howland et al., 2016; 
Rocchio et al., 2018; Navarro Diaz et al., 2019; Micallef et al., 
2020; de Jong Helvig et al., 2021), actuator line model (ALM) 
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and actuator surface method (ASM). The actuator disc method directivity when used for aeroacoustic predictions. Others have 112 

(Mikkelsen, 2003; Troldborg et al., 2015a; Ghaisas et al.,113 

2020, 2018; Storey et al., 2015) represents the rotor as a disc114 

consisting of radially varying, azimuthally averaged forces in115 

the plane of the rotor. But this method has the drawback of116 

shedding a vortex sheet instead of distinct tip vortices (Nathan117 

et al., 2017; Nathan, 2018). 118 

119 

The ALM was introduced by Sørensen and Shen (2002) as an 
alternative to the actuator disc model (Sørensen and Myken,121 

1992) and consists of representing the rotor as a rotating line122 

of radially varying forces, having one line for each blade.123 

At each instance of time, the velocity and local angle of124 

attack at each point on each line are extracted from the fow125 

solution (the accurate method for which is a hot research topic126 

(Churchfeld et al., 2017)) and are used to look at airfoil tables127 

to fnd corresponding coefcients of lift and drag, which are128 

then used to compute the corresponding forces. The forces129 

are then projected onto the computational grid using some 
projection function, which avoids the singular distribution of131 

force (Churchfeld et al., 2017). The most commonly used132 

method (Sørensen and Shen, 2002) is a three-dimensional133 

Gaussian function that is isotropic in width and fxed in134 

width along the blade span. Though this has been widely135 

successful in predicting far-feld wakes, several issues have136 

been reported in literature and several correction measures137 

have been proposed. For example, Jha et al. (2014) clearly138 

showed the well-known problem of the method’s inability to139 

correctly predict tip loads, for which tip and root corrections 
were proposed (Shen et al., 2005). In another work, instead141 

of using correction parameters, Shives and Crawford (2013)142 

used a three-dimensional Gaussian that is isotropically wide,143 

but that varies in width along the blade radius as a linear144 

function of local chord length based on the notion that since145 

the actuator line has discrete tips, it does not need additional146 

correction parameters. Jha et al. (2014) added to that work in147 

such a way that they did not scale the Gaussian width directly148 

with chord, but with an equivalent elliptical planform chord.149 

Martı́nez-Tossas et al. (2015) showed that the method had 
trouble simultaneously matching experimentally measured151 

power and thrust, which was attributed to the fact that the152 

isotropic Gaussian function projects the line force beyond153 

the tips. More recently, Churchfeld et al. (2017) proposed a154 

variation of the isotropic Gaussian projection of Sørensen and155 

Shen (2002) that makes the projection function, and hence156 

the body force, look more like the force distribution on an157 

airfoil. Later, Jha and Schmitz (2018) proposed an actuator158 

curve embedding method which was aimed at overcoming the 
fundamental problem of overlapping Gaussian distributions 

159 

between adjacent points, as seen in ALM and ASM. 

Besides these mainstream advancements to ALM, some161 

researchers incorporated a two-way coupling between the fow162 

solver and a structural solver to compute the deformation of163 

the actuator line and named it as the elastic actuator line (Meng164 

et al., 2018). This method is said to give better far-feld wake165 

predictions and is also expected to give better predictions of166 

used ALM along with Lattice Boltzmann fow solvers, like 
Deiterding et al. (2018) and Rullaud et al. (2018) and with the 
vortex particle-mesh method, like Caprace et al. (2019) and 
Caprace (2020). 

Besides the aforementioned types of ALM, there are ASMs 
which are better at representing the rotor as compared to ALM. 
ASM consists of representing a rotor not just as a single line, 
but as a line consisting of smaller lines perpendicular to it at 
diferent radial positions, representing chord lines of the rotor 
blade sections. The chord-wise distribution of forces is meant 
to give a better representation of the surface of the blade and 
hence the near-wake. There are several implementations of 
ASM (Dobrev et al., 2007; Shen et al., 2009; Sibuet Watters 
and Masson, 2010; Yang and Sotiropoulos, 2018; Massie et al., 
2019); of these, the ones by Shen et al. (2009) and Yang and 
Sotiropoulos (2018) are the ones that are based entirely on the 
body force term, like the ALM. In the method by Shen et al. 
(2009), the pressure distribution on the surface is represented 
by body forces that are obtained using existing databases for 
pressure and skin-friction distribution of airfoils and also the 
ones calculated by Xfoil (Drela, 1989). The method by Yang 
and Sotiropoulos (2018) is cheaper than the method by Shen 
et al. (2009) since it uses chord-wise constant force (neglecting 
chord-wise Coefcient-of-pressure-based variation of surface 
forces). 

Apart from these methods, very recently Martı́nez-Tossas 
and Meneveau (2019) proposed a subgrid-scale velocity-
model-based ALM, called fltered ALM (F-ALM), which is 
supposed to overcome the inefciencies of the existing ALM 
versions and enables LES/ALM on coarse grids (this is a 
more theoretically consistent version of the model by Dağ and 
Sørensen (2020); Dağ (2017)). In this work, we apply F-ALM 
to a several-hundred-CPU-core LES of a wind turbine and 
compare it with the baseline ALM. 

We continue by describing the modelling framework in Section 
2, then state the motivations for using F-ALM and give an 
overview of its formulation in Section 3 and describe its 
parallel implementation in Section 4. Following this, the newly 
implemented parallel F-ALM is applied to simulate a National 
Renewable Energy Laboratory (NREL) Phase VI wind turbine 
in Section 5 and is compared to the baseline ALM. Finally, the 
conclusions are summarised in Section 6. 

2. Modelling Framework 

The numerical methods implemented as part of this work are 
added onto the in-house, high-order LES code, called MIRA-
CLES (which stands for multiblock-multiresolution immersed 
boundary method reacting and compressible LES), which has 
been well validated for complex aerodynamic problems over 
the past couple of years (Delorme et al., 2017, 2018, 2020; 
Stanly et al., 2020; Stanly, 2020; Hofmann et al., 2020). A 
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brief overview of the numerical methods used in the code are167 201 

shown in this section, whereas more elaborate details can be168 202 

found in Stanly (2020) and Delorme et al. (2020). 169 203 

204 

2.1. Implicit Large-Eddy Simulation (LES) using MIRACLES 170 205 

171 The fltered, compressible, Navier-Stokes equations for an 
172 ideal, calorically perfect gas are numerically integrated in the 
173 in-house fow solver called MIRACLES (Delorme et al., 2018), 
174 as shown in Eq.(1): 

∂U ∂F ∂G ∂H 
+ + + = AD + f (1)|{z} ∂t ∂x ∂y ∂z 

Body Force 206 

where U is the conservative variable vector and F, G and H175 207 

are fux vectors in the x, y and z directions, respectively. The176 208 

term labeled AD on the right-hand side represents artifcial177 209 

dissipation (Delorme et al., 2018). The body-force source178 210 

term, f, is added to Eq.(1) if the ALM approach is chosen. The 179 211 

equations are solved on either structured Cartesian grids or180 212 

body-ftted curvilinear grids. 181 213 

182 214 

Spatial discretization of the governing equations (Eq.(1)) for183 215 

implicit LES is performed using 4th-order accurate Summation 184 216 

- By Parts (SBP) (Strand, 1994) fnite diference operators. An 185 - 217 

186 8th-order AD operator from Mattsson et al. (2004) is used for 
interior points, with a 4th-order boundary closure. Time inte-187 218 

gration is performed via the 4th-order Runge-Kutta method. 188 219 

220 

2.1.1. Grid Stretching 189 221 

MIRACLES code features both structured Cartesian and190 222 

body-ftted curvilinear grid options. To enable grid refnement 191 223 

192 near a solid body or point of interest (say, for instance, the 
193 location of actuator lines), analytic grid stretching is utilized 
194 (Harlow and Welch, 1965; Delorme, 2013). LES computations 
195 are performed in computational space (ξ, η, ζ), rather than224 

196 physical space (x, y, z). 225 

226 
197 

198 The grid-stretching expression used is shown below: 

� � ψ
N = 1 + exp (χ) − 1 × (2)

L � � ψ
D = 1 + exp (−χ) − 1 × (3)

L 

1 �N � 
γ = ln (4)

2χ D ! 
sinh (χ (ξ − γ))

x = xmin + 1 + × ψ (5)
sinh (χ × γ) ! 

sinh (χ (η − γ))
y = ymin + 1 + × ψ (6)

sinh (χ × γ) ! 
sinh (χ (ζ − γ))

z = zmin + 1 + × ψ (7)227 

sinh (χ × γ) 
228 

where χ controls the strength of clustering, ψ controls the loca-199 229 

tion of stretching, L is the length of the domain in the stretching 200 230 

direction, and xmin, ymin and zmin are the minimum values of 
the domain along the x, y and z directions. The values of the 
derivatives in the computational space are then computed using 
the chain rule (only the conversion from x space to ξ space is 
presented): 

∂ ∂ ∂ξ 
= · 

∂x ∂ξ ∂x 
(8) 

∂2 ∂2 
= 

∂x2 ∂ξ2 

!2
∂ξ ∂ ∂2ξ 

+ 
∂x ∂ξ ∂x2 (9) 

2.2. Actuator Line Modelling (ALM) of Rotors 

In this work, the turbine and tower (which will be described 
in more detail in Section 2.3) are represented using actuator 
lines. Hence, instead of having a very fne grid that closely 
follows the geometry of the blades and tower, a coarser grid is 
used, onto which the rotor and tower are projected as forcing 
terms through the governing equation. As illustrated in Figure 
1, since we are using an isotropic, Gaussian function to spread 
the force onto the grid, the actuator lines project cylindrical 
blobs onto the grid. And when these actuator lines rotate, they 
shed helical tip vortices, which indicate fows having rotors. 

2.2.1. Calculation of Forcing Terms 
The steps involved in the calculation of the source terms are 
shown in Algorithm 1. To calculate the force terms, frst, the 
fow velocity is extracted along the span of the rotor blade 
(Churchfeld et al., 2017; Forsting and Troldborg, 2020) and the 
local station-wise velocity is computed as (Troldborg, 2009): q 

Vrel = V2 + (Ωr − Vθ)2 (10)z 

where Ω is the angular velocity, Vz is the axial velocity and Vθ 

is the tangential velocity. 

And the fow angle between Vrel and the rotor plane is: ! 
Vz

ϕ = tan−1 (11)
Ωr − Vθ 

From the above, the local angle of attack is given as: 

α = ϕ−γ ; γ = Sum of the local twist angle and twist of the blade 
(12) 

From the local velocity and local angle of attack, the lift and 
drag per unit span are computed as: 

= (L, D) = 
1 
ρV2 (13)f2D relc (CLeL, CDeD)

2 

where: 
CL = CL(α, Re) and CD = CD(α, Re) (14) 

and eL and eD are unit vectors in the direction of lift and drag. 
CLand CD are obtained from airfoil tables. Aerodynamic forces 
are distributed smoothly over several grid points to avoid sin-
gular behaviour. Recently, several new methods were proposed 
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  

Figure 1: Representation of a wind turbine using actuator lines (Stanly, 2020). 

Algorithm 1: Actuator Line Model (ALM) 

1 

2 

3 

4 

5 

6 

7 

8 

9 

10 

11 

12 

13 

Result: Compute source terms using ALM 
while t < tend do 

t = t + dt; 
for i ← 1 to n blades do 

Rotate blade to the new position; 
for j ← 1 to n radial sections do 

Sample local in-fow velocity:q 
Vrel = Vz 

2 + (Ωr − Vθ)2 (For a turbine); 
Compute local angle of attack:� � 
ϕ = tan−1 Vz (For a turbine) ;

Ωr−Vθ 
Look-up tables to fnd CL, CD: 
CL = CL(α, Re) and CD = CD(α, Re); 

Compute lift and drag forces: 
1f2D = (L, D) = 2 ρV2 

relc (CLeL, CDeD); 
Distribute forces onto LES grid: See 

Fx, Fy, Fz in Stanly (2020); 
end 

end 
end 

231 to do this. The frst and the most common one is a three-
232 dimensional Gaussian regularization kernel (ηϵ ):  !21 d 

ηϵ (d) = exp −  (15)3 ϵ2ϵ3π 

233 where, d = |x − sei| is the distance be-
234 tween the grid point and the ith actuator point; s is the coordi-
235 nate of each station along the actuator line; ei is the unit vector; 
236 and ϵ is the spreading radius that adjusts the concentra-
237 tion of regularized load. 
238 

239 Hence, the regularized load per unit volume is given as: 

Nblades Z RX 
fϵ (x) = f2D(s)ηϵ (|x − sei|) ds (16) 

0i=1 

240 More subtleties about computing and projecting the source 
241 terms onto the CFD grid and how they vary between a turbine 
242 and a propeller can be found in Stanly (2020). 

243 2.3. ALM for Turbine Towers 
244 In order to include the presence of towers in the simulation at 
245 a reduced cost, actuator lines are used. This is, however, not 
246 exactly the same as having a tower represented using a fne 
247 body-ftted grid and having a no-slip boundary condition. The 
248 most prominent diference is the reduced magnitude of the 
249 stagnation pressure in front of the tower when ALM is used 
250 (Churchfeld et al., 2015; Santoni et al., 2017; Kleusberg et al., 
251 2017b). However, it is still capable of initiating the breakdown 
252 of the tip vortices. 
253 

254 A constant value is used for the coefcient of drag; in order to 
255 mimic the fuctuating forces from a cylinder experiencing von 
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Karman vortex shedding, a fuctuating lift coefcient is used, 256 303 

following the method used by Sarlak et al. (2015), as shown 257 304 

below: 258 305 

306 

307 

308 

CL = A sin(2π f t) + B (18)
309 

259 where f = 0.2U∞/Dcyl is the shedding frequency, Dcyl is the 
260 local diameter of the tower, A = 0.3 is the root mean square 
261 

CD = 1.2 (17)

of lift coefcient at Re ≈ 105 and B is a random parameter 
262 (σB ≈ ±0.25CL) added to the lift harmonic in order to resolve 
263 the unsteady nature of lift. 
264 

265 3. Filtered ALM for Coarse-grid ALM 

266 Although ALM allows us to have grids that are coarser than 
267 body-ftted grids, it is still computationally expensive when 
268 multiple rotors (such as in quadcopters or farms of wind tur-
269 bines, for instance) need to be simulated. In actuator methods, 
270 a grid spacing (∆) of ∆ ≈ ϵ/2.8 (where ϵ is the spreading radius 
271 onto which the source term is projected) or higher is preferred 
272 in order to smoothly distribute the forcing term onto more than 
273 two grid points, so as to avoid oscillations. Hence, while main-
274 taining this constraint, a smaller ϵ (similar to the optimal value 
275 of ϵ = 0.25 · c (Martı́nez-Tossas et al., 2017), where c is the lo-
276 cal chord length) would mean many more grid points than for a 
277 bigger value of ϵ. Hence, it is desirable to go for a coarser-than-
278 optimal value of the spreading function, ϵ, and hence a coarser 
279 grid. 

280 3.1. Problems with Coarse-grid ALM 

281 However, prior works (Stevens et al., 2018) have shown that 
282 even though a coarser spreading radius (i.e., a value for ϵ/c that 
283 is higher than 0.25, while still maintaining ϵ/∆ ≈ 2.8) results in 
284 good predictions of downstream fow in terms of wakes in wind 
285 farms, the blade torque and power generation were too high, 
286 sometimes even exceeding the Betz limit (Martı́nez-Tossas and 

310287 Meneveau, 2019). 
311288 

312289 The reason is that, as shown in Figure 2, a wider spreading
313290 radius results in thicker, weaker tip vortices, which induces
314291 lower velocities, hence changing the efective angle of attack
315292 in the neighbouring blade sections and overpredicting torque
316293 and power. This is especially pronounced at the blade tip or

regions in the blade where the lift coefcient or chord varies 294 317 

signifcantly (Martı́nez-Tossas and Meneveau, 2019). 295 318 

296 3.2. Filtered-ALM (F-ALM) 

297 To fx the overprediction of lift while using ALM on coarse 
298 grids, several tip corrections can be used (Jha et al., 2014; Shen 

et al., 2005; Zhong et al., 2019; Forsting. et al., 2019, 2020). 299 319 

But former ones were mostly based on empirical corrections300 320 

or fts, which may or may not work well depending on the301 321 

blade. However, recently Martı́nez-Tossas and Meneveau 302 322 

5 

(2019) added on to the work of Dağ (2017) and Dağ and 
Sørensen (2020) to come up with a well-derived subgrid-scale 
model, F-ALM, which prevents the overprediction of lift on 
coarse grids. The cyan-coloured text in Algorithm 2 shows the 
additional steps that need to be computed while using F-ALM 
as compared to ALM (which was shown in Algorithm 1). 

Algorithm 2: Filtered - Actuator Line Model 
Result: Compute source terms using F-ALM 

1 while t < tend do 
2 t = t + dt; 
3 for i ← 1 to n blades do 
4 Rotate blade to the new position; 
5 for j ← 1 to n radial sections do 
6 Compute correction to downwash using 

sampled infow velocity from (t − 1): 
un∗ 

y (zi; ϵi) = � � � �′ � �2′ 
1 

R ∞ dGn−1 z 1 − zi−z /ϵ2 ′ 
i 

U∞(zi) −∞ dz ′ 4π(zi−z ′ )− 1 − e dz ; 

7 Add velocity correction to sampled infow 
velocity: û (xi) =h � � � �i 

zi; ϵopt zi; ϵLES ˜ + uy − uy ·j;|{z}u (xi) | {z }
Sampled ∆uy(Model) 

8 Use corrected infow velocity to compute� � 
angle of attack: ϕ = tan−1 Vz ;

Ωr−Vθ 
9 Look-up tables to fnd CL, CD: 

CL = CL(α, Re) and CD = CD(α, Re); 
10 Compute lift and drag forces: 

1f2D = (L, D) = 2 ρV2 
relc (CLeL, CDeD); 

11 Distribute forces onto LES grid: See 
Fx, Fy, Fz in Stanly (2020); 

12 end 
13 end 
14 end 

Following Martı́nez-Tossas and Meneveau (2019), in baseline 
ALM, we sample the fuid velocity, ũ (xi), at the ith actuator 
point, xi = (xi, yi, zi); this velocity is used to evaluate the lo-
cal ALM force from tabulated lift and drag coefcients. For an 
infnite-span wing, the bound vorticity from the application of 
the ALM forces does not afect the sampled velocity. However, 
for a fnite wing, the local velocity is afected by the induced � � 

zi; ϵLES velocity, uy . Hence, an approximation to the unper-
turbed incoming velocity, U∞ (xi), is given by: � � 

zi; ϵLES U∞ (xi) = ˜ − uy ·j (19)|{z}u (xi) | {z }
Sampled Induced 

where i, k and j are unit vectors in the directions of U∞ (xi), the 
blade span and the direction perpendicular to both (in the lift 
direction), respectively. 
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Figure 2: A coarse spreading radius (images on the lower part) resulting in wider (less concentrated) tip vortices, inducing weaker induced velocities and hence 
predicting the wrong angle of attack in the neighbouring actuator points, which will result in overprediction of lift. The vertical lines in the inset show the strength 
of induced velocities caused by the tip vortex. 

334 

335 

336 

337 

338 

339 

Figure 3: Grids and spreading radii used for ALM and F-ALM. Here, an ϵ/∆ =340 

2.2 is shown, but usually 2.8 or higher is preferred for a smooth distribution of
341 

the forcing term. 
342 

343 

323 The real blade, which usually has a chord length smaller than
344 

324 the flter/kernal scale, ϵLES , will induce more concentrated shed
345 

325 vortices and induced velocity corrections, especially near the346 

326 tip. Previous studies (Martı́nez-Tossas et al., 2017) have shown347 

327 that a good representation of the fow for a real airfoil can be348 

328 obtained using an optimal flter/kernel size, ϵopt ≈ 0.25c (where349 

329 c is the chord length). Therefore, we seek the velocity (denoted 
330 as û (xi)) that would have occurred had we used, in the LES, 
331 a kernel scale, ϵopt. This velocity can be obtained by adding to 
332 U∞ (xi) (see Eq.(19)) the velocity perturbation corresponding to 

ϵopt:333 

h � � � �i 
zi; ϵopt zi; ϵLES û (xi) = ˜ + uy − uy ·j (20)|{z}u (xi) | {z }

Sampled ∆uy(Model) � � 
zi; ϵLES where U∞ (xi) = ˜ − uy ·j, as shown in Eq.(19). |{z}u (xi) | {z }

Sampled Induced 

� �� � 
zi; ϵopt zi; ϵLES Thus, the diference ∆uy = uy − uy can 

be considered as the subflter velocity model to be added to 
the LES-sampled velocity. The corrected velocity, û (xi) (its 
magnitude and, importantly, its direction with modifed angle 
of attack), can then be used in the determination of lift and 
drag coefcients as well as the direction of the applied ALM 
forces. The lift is applied perpendicular to û (xi), the corrected 
infow velocity at each radial section, whereas the drag force is 
parallel (Martı́nez-Tossas and Meneveau, 2019). 

The velocity correction, ∆uy , can be obtained from the veloc-
ity perturbations (uy) evaluated at the two (LES and optimal) ϵ 
values by implementing a numerical solution to the following 
equation: 

� �Z ∞ 1 dG z j 1 � � 
−(zi−z j)2 

/ϵ2 
uy (zi; ϵk) = − � � 1 − e dz j 

−∞ U∞ (zi) dz j 4π zi − z j 

(21) 
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390

400

351 

352 where uy is the velocity perturbation evaluated at the current 
353 actuator point (i) using the kth ϵ value, where k can be the LES 
354 value or the optimal value of the spreading function. U∞(zi) 
355 is the corrected infow velocity at the current actuator point 

1 
356 (i) from the previous time step; G(z j) = 2 c(z j)U∞ 

2 (z j)cL(z j) is 
357 evaluated at all the other actuator points ( j) on the same line 
358 along which the integration is to be performed. For a more 
359 detailed and complete description of the numerical integration 

of this equation, interested readers are encouraged to refer 
361 to Section 5 in the work by Martı́nez-Tossas and Meneveau 
362 (2019). 
363 

364 Thus, owing to this correction procedure, F-ALM allows us to 
365 have a spreading radius (and hence LES grid) that is coarser 
366 than the optimal value (ϵopt = 0.25 · c) without any overpredic-
367 tion of lift; this is schematically shown in Figure 3. It should, 
368 however, be noted that F-ALM does not change the shape of the 
369 tip vortex (i.e., in the blob projected onto the LES grid) to make 

it similar to the optimal case; it just corrects the induced veloc-
371 ity ”felt” by the actuator points so that in the subsequent time 
372 steps, a more accurate angle of attack will be computed at these 
373 points, thereby resulting in a remedy for the overprediction of 
374 lift and hence power and torque. 

375 4. Numerical Implementation 

376 4.1. Serial Implementation 

377 The procedure for implementing the subgrid-scale velocity cor-
378 rection in the actuator line model mentioned in Section 5 of 
379 Martı́nez-Tossas and Meneveau (2019) (also detailed in Stanly 

(2020)) is followed in this work. 

381 4.2. Validation Using Translating Wing 403 

404382 The serial version of the F-ALM is validated using the trans-
405383 lating wing case from Martı́nez-Tossas and Meneveau (2019),
406384 as shown in Figures 4, 5 and 6, using the parameters given in
407385 Table 1. It was applied to the test case using the same grid and
408386 spreading function (or flter or kernel size) specifcations as
409387 used by Martı́nez-Tossas and Meneveau (2019). 
410388 

411389 Figure 5 shows the vorticity magnitude of the static wing sim-
ulated using the current implementation of F-ALM in MIRA-412 

391 CLES, and Figure 6 shows the spanwise variation of normal-
413392 ized downwash (i.e., induced velocity perpendicular to the in-

393 fow) predicted by ALM and F-ALM on the same grid (nx =414 

394 ny = nz = 44) and LES flter/kernel size (ϵLES /c = 2), us-415 

ing 200 actuator points. It can be seen in Figure 6 that, just as395 416 

seen in the work of Martı́nez-Tossas and Meneveau (2019), the 396 417 

current implementation of F-ALM is able to predict a stronger397 418 

downwash than the baseline ALM, hence validating the correct-398 419 

ness of implementation. This is due to the fact that the F-ALM 399 420 

is able to mimic the efect of the stronger tip vortices on the421 

same grid (but only at the actuator points) due to the subgrid 401 422 

velocity model, as mentioned in Section 3.2. Slight variations 402 423 
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Figure 4: Translating wing test case from Martı́nez-Tossas and Meneveau 
Martı́nez-Tossas and Meneveau (2019). 

Figure 5: Vorticity magnitude of the static wing simulated using the current 
implementation in MIRACLES. 

of our calculation with the ones of Martı́nez-Tossas and Mene-
veau (2019) are likely due to the fact that our work uses implicit 
LES while still employing an LES grid constructed using the 
criterion they followed (ϵ/dx = 2.8) for their explicit LES sim-
ulation — instead of using a fner grid. However, for the NREL 
Phase VI case studied in subsequent sections, a fner grid is 
used after a careful grid sensitivity study. Nevertheless, Figure 
6 shows that the current implementation of F-ALM captures the 
trend and the peak magnitudes sufciently well, hence inferring 
the correctness of implementation of F-ALM. 

4.3. Parallel Implementation 
The main challenge with parallelizing F-ALM is the fact 
that the iterative solution at each actuator point along each 
line, within each time step, depends on the values at all other 
points on the same line through the integral and derivative in 
Eq.21. For other newer ALM methods (Jha and Schmitz, 2018; 
Dağ and Sørensen, 2020; Dağ, 2017), there are similar issues 
where the infuence of neighbouring actuator points should be 
considered, and hence the solutions mentioned below can be 
applied to those methods too. 
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Parameters Expression Value 
Chord c 0.32 m 
Span Length S = 12.5 × c 4 m 
LES flter/kernel size ϵLES = 2 × c 0.64 m 
Optimal flter/kernel size ϵOPT = 0.25 × c 0.08 m 
Grid Spacing ϵLES 

dx = dy = dz = 2.8 0.2285 m 
Actuator Points 200 
Domain Dimensions Lx = Ly = Lz = 2.5 × S 10 m 
Airfoil Profle NACA 64A17 
Angle of Attack α 6◦ 

Coefcient of Lift CL See Figure 11 and Table 4 
Coefcient of Drag CD 0.000 
Infow Velocity U∞ 1 m/s 
Reynolds Number Re 25000 

Table 1: Values of parameters used to simulate the translating wing case and the expressions (from Martı́nez-Tossas and Meneveau (2019)) used to compute the 
dimensional quantities 

424 

425 

426 

427 

428 

429 

430 

431 

Figure 6: Spanwise variation of downwash simulated using ALM (green) and432 

F-ALM (blue) using the current implementation (solid lines) in MIRACLES
433 

as compared to the one from Martı́nez-Tossas and Meneveau (2019) (dashed 
lines). The ability of F-ALM to predict the increased downwash, especially434 

near the tips (as observed in Martı́nez-Tossas and Meneveau (2019)), ensures435 

correctness of implementation. The variations between the current implemen-
tation and the reference results could be due to the inherent diferences between

436 

the numerical schemes in the two codes; regardless of that, the current imple-437 

mentation correctly predicts the increased downwash at the tips. 438 

439 

440 

441 

442 

443 

Figure 7: Three rotating blades split across four CPUs showing the complexity 
of data transfer with increasing CPUs. 

A schematic representation is shown using actuator line 
representation of a three-bladed rotor split across four CPUs 
in Figure 7. Here, the solution at any actuator point on each 
actuator line (say, the red point) depends on all the other 
actuator points on the same line (the blue points). Hence, MPI 
messages (represented using green arrows) need to be sent 
between processors. However, since the local CPU ID of each 
actuator point keeps changing with time, due to the rotation of 
the actuator line, it is not feasible to send point-to-point MPI 
messages using MPI_SEND and MPI_RECV commands. 

To handle this, the method mentioned in Algorithm 3 is 
followed. Here, at each time step, all CPUs belonging to a 
diferent blade are assigned to a new communicator, resulting in 
as many new communicators as there are blades (apart from the 
existing global communicator, COMM_WORLD). This is schemat-
ically shown in Figure 8, assuming three blades being divided 
into three new communicators, namely COMM_1, COMM_2 and 
COMM_3, within the global communicator, COMM_WORLD. Then, 
within each new communicator, MPI_GATHER is performed to 
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457 simulated in this section, since it has experimental blade mea-
458 
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471 

472 

Figure 8: Schematic showing the global communicator encompassing three473 

new communicators, one for each actuator line/blade. 

474 

444 gather the required data from across the concerned actuator 
445 line into the CPU 0 of that communicator. Then, the F-ALM 476 

446 computation that depends on the neighbouring points are477 

447 performed in that CPU. Following this, MPI_BCAST is used to478 

448 broadcast the velocity corrections at each actuator point back 479 

449 onto their respective CPUs and the remaining calculations 
450 are done. For a more detailed description of the parallel481 

451 implementation and its testing, interested readers are referred482 

452 to read Stanly (2020). 483 

453 484 

Algorithm 3: MPI algorithm for communicating be- 486 

tween actuator points 487 

1 while t < tend do 488 

surements to compare to. The case is simulated using both 
ALM and F-ALM employing the same coarser-than-optimal 
spreading radius of ϵ/c = 0.5, on the same LES grid of 15 mil-
lion points constructed using an average ϵ/∆ = 3.6 (as shown in 
Table 3), and their diferences are studied here. However, this 
test case does not have measured experimental wake velocity 
profles, so wake comparisons are made with other simulation 
results from literature. The test conditions of the test sequence 
H of the two-bladed, single-turbine, NREL Phase VI experi-
ment (Churchfeld et al., 2017; Jonkman, 2003) are simulated 
in this section. The test conditions are shown in Table 2. The 
blade twist is obtained from Table 6.9 on page 96 of Jonkman 
(2003). It should be noted that an additional pitch of 1.51◦ is 
given to this twist distribution at all actuator points, to obtain 
the 3◦ twist at the tip, as used in the experiment for this test 
sequence. 

5.1. Computational Setup 
The domain used for simulating the NREL Phase VI case is 
shown in Figure 9. The rotor plane is located at the origin 
(with its center equidistant from all boundaries) while the 
tower is placed 1.4m ≡ 0.28R behind the rotor plane and 
is represented using an actuator line having a cylinder of 
diameter, Dcyl = 0.5m ≡ 0.1R (to be used in Eq.(18)). The 
structured, stretched (stretching toward the origin) grid created 
using the parameters shown in Table 3 is shown in Figure 
10. Stretching is limited in the streamwise (Z) direction so as 
to have almost equally fnely spaced grid points in order to 
capture the wake vortex dynamics, whereas there is increased 
grid stretching at the rotor plane (X-Y) in order to increase the 
clustering of points in the rotor disc region. Care was taken 
to ensure that the stretching along the vertical axis (Y) was 
smooth enough to ensure the tower was represented smoothly 
while also allowing good clustering of points near the rotor 
disc. The solution was computed on 729 CPUs. For both 
ALM and F-ALM simulations, the same coarser-than-optimal 
spreading radius of ϵ/c = 0.5, on the same LES grid of 15 
million points constructed using an average ϵ/∆ = 3.6 (as 
shown in Table 3), is employed. 

Airfoil tables, to be used in the calculation of actuator line 
source terms, are taken from Table 6.8 on page 95 of Jonkman 
(2003) and as elaborated on pages 163-172 in Jonkman (2003). 
It is also shown in Figure 11. The initial cylindrical portion of 
the blade is modelled using a constant CL = 0.0and CD = 0.3, 
thereafter a single CD curve is used for all the stations, as 
shown in Figure 11. The diferent coefcient of lift curves are 
used depending on the location of the actuator point as shown 
in Table 4. 

Uniform, non-turbulent infow is used as an infow boundary 
condition, and outfow boundary condition is used on the op-
posite side. Since the wind tunnel where this experiment was 
conducted is much larger than the domain used in this simula-

2 

3 

4 

5 

6 

7 

8 

9 

10 

t = t + dt; 489 

for i ← 1 to n blades do 
Rotate the blade to the new position; 491 

MPI COMM SPLIT splits COMM WORLD into 492 

separate communicators for each blade; 493 

Within each new communicator MPI GATHER 494 

data from all points on each line into its CPU 0; 
Perform F-ALM (or any new ALM) calculations 496 

that depend on neighbouring points in CPU 0 497 

of each new communicator; 498 

MPI BCAST the velocity correction from CPU 0 499 

to all the CPUs in that communicator; 
Continue with Step 6 of F-ALM as in Algorithm 501 

2 from the respective CPUs (these are localised 502 

computations); 503 

end 504 

11 end 
506 

507 

508 

454 5. NREL Phase VI Wind Turbine 509 

Since the advantage of F-ALM compared to ALM shows up tion, a slip boundary condition is imposed on the walls in order 455 511 

mainly on the blade loads, the NREL Phase VI experiment is to eliminate the presence of no-slip walls at locations diferent456 512 
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Characteristic Symbol Value 
Rotor Radius R 5.029 m 
Mean Chord Cmean 0.5475m ≡ 0.1095R 
Airfoils S809 
Blade Pitch, in Addition to the Twist 1.51◦ 

Number of Blades per Turbine Nb 2 
Number of Turbines and Towers 1 
Tip-Speed Ratio TSR 5.35 
Infow Velocity U∞ 7 m/s 
Rotations per Minute RPM 71.9 RPM 
Tip Velocity Ure f 37.86 m/s 
Tip Mach Number MTip 0.1 
Tip Reynolds Number ReTip 1 × 106 

Table 2: Test Conditions of the NREL Phase VI Experiment (Sequence H) 

Characteristic Symbol Value 
Size of Domain Lx × Ly × Lz 4.8R × 4.8R × 4.8R 
Grid Points per CPU nxCPU × nyCPU × nzCPU 25 × 25 × 33 
Total Number of CPUs nCPU,x × nCPU,y × nCPU,z 9 × 9 × 9 = 729 
Total Grid Points nx × ny × nz 225 × 225 × 297 = 15 × 106 

Strength of Grid Stretching χx × χy × χz 3 × 3 × 1 
Average Grid Size in the Rotor Plane dx × dy × dz 0.0152R × 0.0152R × 0.0155R 

Average Grid Size of the Coarsest Cells dx × dy × dz 0.0353R × 0.0353R × 0.0174R 

Number of Actuator Points per Line 50 
Spreading Radius ϵ 0.5 × Cmean 

Average Rotor Plane Grid Size in terms of ϵ ∆ ϵ/3.6 

Table 3: Grid parameters used for the NREL Phase VI case (same values are used for both ALM and F-ALM) 
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Figure 9: Domain used for simulating the NREL Phase VI test case. The rotor 
plane is at the origin (i.e., center of the domain). Please note that the three-
bladed turbine shown in this fgure is only for the purpose of illustration; the 
actual turbine simulated in this work is a two-bladed turbine. 

Figure 11: The airfoil tables used for the NREL Phase VI case taken from 
Table 6.8 on page 95 of Jonkman (2003) and as elaborated on pages 163-172 in 
Jonkman (2003). The diferent coefcient-of-lift curves are used depending on 
the location of the actuator point as shown in Table 4. 

Coefcient-of-Lift Curve Location of Actuator Points 
CL − 1 < 12.9% Span 
CL − 2 < 18.9% Span 
CL − 3 < 24.2% Span 
CL − 4 < 29.8% Span 
CL − 5 < 35.4% Span 
CL − 6 < 41.0% Span 
CL − 7 ≥ 41.0% Span 

Table 4: Usage of the CL curves shown in Figure 11 based on the spanwise 
location of actuator points 

Figure 10: Grid used for the NREL Phase VI test case. Every fourth grid point 
is shown here. Notice increased grid stretching along the X and Y axes. 
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from those in the experiment. The simulation is run for 3 non-513 562 

514 dimensional time units (NTUs) 2. The initial transients disap-
515 pear after the initial 1 NTU, but the solution for one more NTU 
516 is computed before averaging is done in the third NTU. This is 
517 done to ensure that the fow has reached a statistically steady 
518 state. Blade loads are also averaged during the third NTU. A 

Rtime step of 0.001 × ≡ 0.001 × tre f = 1.32 × 10−4 s is used 519 Ure f 

520 for this simulation. 

521 5.2. Model Parameter Sensitivity 

522 To ensure that the solution is separate of the LES grid used in 
523 this study, an independent grid study was performed based on 
524 the Richardson extrapolation method (ASME, 2008). Solutions 
525 of LES/ALM on three grids were computed, as shown in Table 
526 5. The rule of thumb of having ϵ/∆ > 2 was maintained 
527 for the ”fne” and ”medium” grids; while that could not be 
528 maintained for the ”coarse” grid (as we maintained a constant 
529 ϵ/c = 0.5 for the spreading radius for all three cases), its 
530 solution still did not have any spurious fuctuations and the 
531 source term was smoothly distributed onto the LES grid. As 
532 mentioned earlier in Section 5.1, the simulation was run for 3 
533 NTUs and time-averaging was performed in the third NTU. It 
534 should be noted that tests were conducted where averaging was 
535 performed for more NTUs, but it did not show any diference in 
536 the averaged results, presumably because of the non-turbulent 
537 infow condition and because the initial transients already 
538 left the domain after the frst NTU. The time-averaged power 
539 predicted using the three LES grids, shown in Table 5, was 
540 used to compute the grid convergence index (GCI) using a 
541 fxed point iteration of Eq.3 found in ASME (2008) to obtain 
542 a GCI of 6% for the ”fne” grid, which was then used in the 
543 LES/ALM and LES/F-ALM computations mentioned in the 
544 remainder of this work. 
545 

546 The number of actuator points along all actuator lines was al-
547 ways kept as 50, based on suggestions from other works in liter-
548 ature (Sarlak et al., 2015; Ravensbergen et al., 2020; Martı́nez, 
549 2017) and based on our own trials, which showed its indepen-
550 dence beyond that value. For the size of the spreading radius 
551 based on the chord length (ϵ/c), even though the optimal value 
552 is 0.25 (Martı́nez-Tossas et al., 2017), since we wanted to com-
553 pare the infuence of F-ALM on the solution (which can be 
554 pronounced, as compared to ALM, if the spreading radius and 
555 hence its associated LES grid is coarser), a slightly higher value 
556 of ϵ/c = 0.5 is used in this work. The time step used in this 
557 work is about one order of magnitude smaller than what other 
558 users typically use for wind turbine simulations, and is good 
559 enough to take care of the compressible nature of the code. 
560 Smaller time steps were examined, but did not show any no-
561 ticeable diference in key parameters. 

21 NTU is the time taken for a particle to travel from the inlet to the outlet 
of the domain (Sarlak et al., 2015) 

12 

5.3. Results 

5.3.1. Flow feld 
The instantaneous fow structures produced by the two LES 
simulations, namely LES/ALM as well as LES/F-ALM, are 
shown in Figure 12 using the iso-surface of Q-Criterion (with 

2a value of Q = 35m s−2) coloured by vorticity magnitude. 
Both these simulations show the dominant tip vortices in a 
physically correct manner and are similar to what is found in 
literature (Churchfeld et al., 2017; Ravensbergen et al., 2020; 
Lynch et al., 2014). There is some vorticity that is shed from 
the inboard parts of the blades, which is more dominant at the 
spanwise stations that had increased twist. Even though the 
actuator-line-modelled tower presents some disturbance to the 
tip vortices, the domain used here is not long enough to observe 
the tip vortex breakdown far downstream. As seen in literature 
(Churchfeld et al., 2015; Ravensbergen et al., 2020), the 
disruption caused by the actuator-line-modelled tower to the tip 
vortices is less than what could have resulted in the presence 
of towers represented using no-slip surfaces on body-ftted 
grids. This could be explained by the lower stagnation pressure 
(caused by the lower resistance to the fow) induced in front of 
the tower by the actuator-line-modelled tower, as compared to 
a tower represented using no-slip surfaces (Churchfeld et al., 
2015). And as expected, Figure 12 shows no diference in 
the fow feld between LES/ALM and LES/F-ALM, since the 
change made to the source term is prominent only at the tip 
and root of the blade and that change cannot be ”seen” in the 
fow feld unless the grid is fne enough for that. However, the 
main aim of achieving a better prediction of blade loads as 
compared to ALM on the same coarser-than-optimal mesh is 
achieved by using F-ALM, as will be explained in Section 5.3.2. 

An axial slice of Figure 12 is taken through a plane enclosing 
the tower (see YZ plane in Figure 9), and instantaneous and 
time-averaged plots of the wake (streamwise velocity (w) 
normalized by infow velocity, w in f = U∞) are shown in 
Figures 13 and 14. The blockage caused to the fow by 
the rotor plane can be clearly noticed from the low-velocity 
region ahead of the rotor plane accompanied by the region 
of increased velocities beyond the rotor plane. Since there 
are no experimental wake velocity profles available for this 
experiment, we quantitatively compare the wake with other 
simulations (Ravensbergen et al., 2020), as shown in Figure 
15, where the time-averaged streamwise velocity is extracted 
from and plotted along a vertical line 2R downstream of the 
turbine (i.e., at Z = −2R along a line that stretched from 
Y = −2.4R to Y = +2.4R). The trend of the velocity profle 
agrees well with the reference simulation by having a strong 
velocity defcit behind the rotor plane (due to the presence of 
the turbines that extract energy from the incoming fow); it also 
shows the fuctuations in the velocity behind the tower. There 
are disagreements in the magnitude of the wake defcit profle, 
including behind the tower, nacelle and lower part of the rotor 
(due to interaction with the tower in the simulation) and also 
between 50% and the tips. It is because of the fact that the sim-
ulation (Ravensbergen et al., 2020) to which we are comparing 
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Grid Points Edge Length ϵ/∆ Power (kW) Refnement Ratio GCI (%) 
1 Coarse 3 466 008 0.0276 R 1.85 6.675 kW – – 
2 Medium 6 993 756 0.0219 R 2.33 6.557 kW 1.26 – 
3 Fine 13 002 444 0.0152 R 3.60 6.778 kW 1.44 6% 

Table 5: Grid independence study 

Figure 12: Instantaneous fow structures of the NREL Phase VI wind turbine 
2 −2are shown using the iso-surface of the Q-Criterion with a value of Q = 35m s

coloured by vorticity magnitude. LES/ALM is on the left and LES/F-ALM on 
the right, showing no noticeable diference in fow structures between the two. 

618 our profle is not exactly the same as this simulation, since 
619 it had the tower and nacelle included in the simulation using 
620 a body-ftted grid and a weakly enforced no-slip boundary 
621 condition (whereas we did not model the nacelle and modelled 
622 the tower using an actuator line, as mentioned earlier). The 
623 better representation of the tower and nacelle resulted in an 
624 increased velocity defcit in their simulation, and also resulted 
625 in an increased interaction with the tip vortices from the lower 
626 part of the rotor plane (Churchfeld et al., 2015; Santoni et al., 
627 2017). As seen in other works in literature (Santoni et al., 
628 2017), the disagreement in the wake defcit between 50% and 
629 the top tip of the rotor is also caused by the lack of a nacelle, 
630 which is most pronounced nearest to the rotor plane (as in the 
631 case shown here, where we investigate at 1D downstream) and 
632 reduces as we move further downstream (about 6D or more). 
633 However, since there are no further simulation or experimental 
634 wake measurements for this case, we could not compare 
635 that. A more detailed study of wind turbine cases with wake 
636 measurements, like the NTNU Blind Tests (Fabio et al., 2012), 
637 are currently being investigated and will be published in due 
638 course. However, the present simulation captures the expected 
639 trend quite well. 
640 

641 5.3.2. Blade Loads 
642 Next, in order to study the infuence of F-ALM and to see 
643 how it difers from ALM for the same LES grid and spreading 
644 radius, we compare the time-averaged measurements at the 
645 blades (or actuator lines). As discussed in Section 3, since 
646 F-ALM corrects the induced velocity at the blades, we compare 

Figure 13: Instantaneous wake (streamwise velocity (w) normalized by infow 
velocity, w in f = U∞) of the NREL Phase VI wind turbine is shown on the 
YZ plane, which contains the tower. LES/ALM is on the left and LES/F-ALM 
is on the right, showing no noticeable diference in fow structures between the 
two. The fow is from left to right in both images. 

Figure 14: Time-averaged wake (streamwise velocity (w) normalized by infow 
velocity, w in f = U∞) of the NREL Phase VI wind turbine is shown on the 
YZ plane, which contains the tower. LES/ALM is on the left and LES/F-ALM 
is on the right, showing no noticeable diference in fow structures between the 
two. The fow is from left to right in both images. 
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Figure 15: Time-averaged wake velocity defcit (streamwise velocity (w) nor-
malized by infow velocity, w in f = U∞) of the NREL Phase VI wind turbine 
along a vertical line (Y = −2.4R to + 2.4R) 2R downstream of the turbine (at 
Z = −2R). 

647 the time-averaged (and also averaged between the two blades) 
648 induced velocity at the blades for LES/ALM, as well as LES/F-
649 ALM, as shown in Figure 16. It can be seen that F-ALM 
650 predicts a stronger downwash (i.e., induced velocity perpendic-
651 ular to the infow) than ALM, and hence represents the efect of 
652 a stronger and a more concentrated tip vortex, than ALM on the 
653 same grid. This efect is more pronounced near the tip and root 
654 of the blade, as expected, and shows the signifcance of F-ALM. 
655 

656 To see how this change in induced velocity afects the blade 
657 loads and hence the power prediction, we compare the time-
658 averaged chord-wise tangential force coefcient along the 
659 blade, as shown in Figure 17. As expected, F-ALM corrects the 
660 force that ALM overpredicted, and this is more signifcantly 
661 observed at the blade root and tip. The reason why both 
662 simulations gave a massive overshoot in the predicted force 
663 near the root is probably due to the three-dimensional rotational 
664 efects (Bangga, 2017; Branlard, 2017; Lehmkuhl et al., 2013) 
665 that are present in the rotor blades, which are not captured well 
666 by actuator simulations since two-dimensional airfoil tables are 
667 used in computing the source terms. 
668 

669 Next, the power produced is compared in Table 6; ALM over-
670 predicts power by 12.96%, whereas F-ALM gives only a slight 
671 overprediction of 1%. This clearly shows the advantage of us-
672 ing F-ALM over ALM. 

Experiment ALM F-ALM 
6.0 kW 6.778 kW 6.06 kW 

Table 6: Power produced by NREL Phase VI turbine 

Figure 16: Time-averaged induced velocity measured at the actuator points 
along the blade span. 

Figure 17: The time-averaged coefcients of the chord-wise tangential force 
obtained at the actuator points along the blade span with the current ALM and 
F-ALM simulations are shown in magenta and black solid lines, respectively. 
The experimental values (Jonkman, 2003) are shown as blue squares. In ad-
dition, for comparison, simulation results from Churchfeld et al. (2017) are 
shown with dotted lines: the red dotted line corresponds to ALM with a con-
stant uniform Gaussian projection function and integral velocity sampling, and 
the green dotted line corresponds to advanced ALM with chord-thickness Gaus-
sian and integral sampling. 
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720

730

740

750

760

770

780

5.3.3. Computational Time 673 719 

674 The average time per time step for computing LES/ALM and 
721 

676 

675 LES/F-ALM was checked on 8 CPU cores, as shown in Table 7.
722 

677 

It can be seen that F-ALM computation took just an additional
723 

724 

725 

726 

1% of time to compute each time step. 

727 

Table 7: Average time per time step for ALM and F-ALM computations 728 

729 

731 

678 6. Conclusions and Future Work 
732 

679 In this work, we implemented the recently developed, F-ALM
733 

680 into a high-order, in-house LES code and used it in a several-
hundred-CPU simulation of a wind turbine. The solution of681 734 

682 F-ALM was then compared to that of the baseline ALM in 
683 terms of instantaneous and time-averaged fow felds and blade

735 

736 

loads. The efect of the sub-grid model was observed frst684 737 

685 738in terms of the induced velocity at the blade, with F-ALM
686 predicting stronger induced velocities mainly at the root and739 

687 tip as expected, and then in the blade loads. It was observed741 

that F-ALM overpredicted power only by 1%, whereas ALM 688 742 

743689 overpredicted it by 12.96%. However, as expected, the fow 
690 feld produced by F-ALM did not show any noticeable difer-744 

745 

691 ence from the fow feld produced by ALM. Any deviations746 

in the wake results observed as compared to other simulations 692 747 

693 in literature were mainly due to the lack of a nacelle and748 

694 body-ftted-grid-simulated tower. 749 

695 751 

696 752 

697 

Future work includes modelling the nacelle, probably using
an actuator disc, and including the tower using the immersed753 

754 
698 boundary method. More elaborate work involving F-ALM and

755 

its application to several other wind turbine cases of increas-699 756 

700 757ing complexity is underway. Enhancing the capability of the
701 in-house code to have turbulent infow (Forsting et al., 2019)758 

702 is also under consideration. Since F-ALM allows coarser LES
759 

grids, it is more suitable for LES simulations having explicit 703 761 

704 762subgrid-scale models (Ciri et al., 2018), rather than the cur-
705 rently used implicit LES; hence, that will also be explored in763 

764 

706 future works. 765 

766 

767 
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Dağ, K., 2017. Combined pseudo-spectral / actuator line model for wind turbine 
applications. Ph.D. thesis. 
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