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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-fidelity 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
flow mesh, mimicking the effect of rotating blades on the flow. However, the optimal projection radius and the associated LES grid
size is often too restrictive for multirotor simulations. Recently, a new tip-correction-based filtered ALM (F-ALM) was proposed
by Martinez-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 flow fields and blade loads, revealing the advantages of F-ALM in preventing the

overprediction of power on coarse grids. This encourages accurate and affordable simulations of multirotor devices in the future.
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1. Introduction 25

Engineering devices employing rotor{] such as propellers zj
(Caprace et al.,2017,[2020,|2021) on unmanned urban vehicles
(Delorme et al.||2020; Stanly et al., 2020) and wind (Korobenko 2
et al.|[2017; Benard et al.,[2018}; [Yan et al.| 2016)), hydrokinetic %
(Mohamed et al.} 2020) and tidal turbines (Ouro and Stoesser, .
2017; |Yan et al., 2017) play a vital role in both propulsion ,
and energy extraction. These devices operate in atmospheric
turbulence (Porté-Agel et al.l [2011} [Dorenkdmper et al., 2015
Richards and Norris, 2019} 2011], 2015}, [Bouras et al.l 2018} 5
Vasaturo et al, [2018), feature complex unsteady turbulent
flow fields (Troldborg et al., 2014} 2015b, 2011} |Onder and,_,
Meyers, [2018; [Rocchio et al., 2020; |Storey et al, 2014)
and have significant non-local effects related to downstream
wake interactions (Kleusberg et al.| 2020} [Kleusberg, [2019;

Kleusberg et al., [2017a; [Sarmast et al. 2014alb; Kleusberg) «
et al., 12016; |Cir1 et al.l [2020; Ivanell et al., [2007) and far-field #
noise (Wasala et al) 2015; |Geyer et al., [2016). In the past +
decade, the use of advanced turbulence modeling approaches #
within a computational fluid dynamics (CFD) framework, such #
as large-eddy simulations (LES) have become more popular. 4
LES offers higher fidelity but also increases computational 4
cost. There are several ways to represent rotating blades in #
CFD. These can be broadly classified based on whether the

49

? 34
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'In this work, the term rofor is used in the most general context where it
refers to any rotating part (as opposed to a stationary part, say for instance, the
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 fine 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} |Miiller et al.}
2017 Mark and van Wachem, [2008), etc. It is computationally
expensive to perform a complex multirotor simulation. Hence,
the second classification of methods, where the blade is
modelled using source terms, is preferred in cases where the
local effects near the blade are of less importance compared to
the flow effects 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 effort. They are
computationally efficient 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
effort is done at the cost of reduced fidelity of representation
of the lifting surface, but has been successful in predicting the
far-field wake behind wind turbines (Sgrensen 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.l [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 methodi2
(Mikkelsen, 2003; Troldborg et al., 2015a; |Ghaisas et al.s
2020, 2018 [Storey et al.| [2015) represents the rotor as a disciis
consisting of radially varying, azimuthally averaged forces inis
the plane of the rotor. But this method has the drawback ofis
shedding a vortex sheet instead of distinct tip vortices (Nathanhi-
et al., [2017; [Nathan, [2018)). 118

119
The ALM was introduced by |Sgrensen and Shen| (2002) as anizo
alternative to the actuator disc model (Sgrensen and Myken,qes
1992) and consists of representing the rotor as a rotating lineiz
of radially varying forces, having one line for each blade.iz
At each instance of time, the velocity and local angle ofizs
attack at each point on each line are extracted from the flowizs
solution (the accurate method for which is a hot research topicizs
(Churchfield et al.l [2017)) and are used to look at airfoil tablesizr
to find corresponding coefficients of lift and drag, which areiss
then used to compute the corresponding forces. The forcesizs
are then projected onto the computational grid using someiso
projection function, which avoids the singular distribution ofias
force (Churchfield et al., 2017). The most commonly usedis
method (Sgrensen and Shen, 2002) is a three-dimensionaliss
Gaussian function that is isotropic in width and fixed insss
width along the blade span. Though this has been widelyiss
successful in predicting far-field wakes, several issues haveiss
been reported in literature and several correction measuresiss
have been proposed. For example, Jha et al.| (2014) clearly+ss
showed the well-known problem of the method’s inability toiss
correctly predict tip loads, for which tip and root correctionsio
were proposed (Shen et al., 2005). In another work, insteadis
of using correction parameters, [Shives and Crawford (2013)12
used a three-dimensional Gaussian that is isotropically wide, s
but that varies in width along the blade radius as a linearis
function of local chord length based on the notion that sinceiss
the actuator line has discrete tips, it does not need additionalis
correction parameters. [Jha et al.| (2014) added to that work ini
such a way that they did not scale the Gaussian width directly1ss
with chord, but with an equivalent elliptical planform chord.1ss
Martinez-Tossas et al. (2015) showed that the method hadiso
trouble simultaneously matching experimentally measuredss:
power and thrust, which was attributed to the fact that theis:
isotropic Gaussian function projects the line force beyondiss
the tips. More recently, |Churchfield et al.| (2017) proposed aise
variation of the isotropic Gaussian projection of |Sgrensen andiss
Shen| (2002) that makes the projection function, and henceiss
the body force, look more like the force distribution on anis
airfoil. Later, Jha and Schmitz| (2018) proposed an actuatoriss
curve embedding method which was aimed at overcoming the
fundamental problem of overlapping Gaussian distlributions159
between adjacent points, as seen in ALM and ASM.

160
Besides these mainstream advancements to ALM, someie
researchers incorporated a two-way coupling between the flow+e
solver and a structural solver to compute the deformation ofies
the actuator line and named it as the elastic actuator line (Mengjss
et al., 2018)). This method is said to give better far-field wakesss
predictions and is also expected to give better predictions ofies

2

directivity when used for aeroacoustic predictions. Others have
used ALM along with Lattice Boltzmann flow solvers, like
Deiterding et al.|(2018)) and Rullaud et al.| (2018) and with the
vortex particle-mesh method, like (Caprace et al.| (2019) and
Capracel (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
different 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 (Drelal [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 Coeflicient-of-pressure-based variation of surface
forces).

Apart from these methods, very recently Martinez-Tossas
and Meneveau| (2019) proposed a subgrid-scale velocity-
model-based ALM, called filtered ALM (F-ALM), which is
supposed to overcome the inefficiencies of the existing ALM
versions and enables LES/ALM on coarse grids (this is a
more theoretically consistent version of the model by Dag and
Serensen| (2020); [Dag| (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[d] Following this, the newly
implemented parallel F-ALM is applied to simulate a National
Renewable Energy Laboratory (NREL) Phase VI wind turbine
in Section[5and is compared to the baseline ALM. Finally, the
conclusions are summarised in Section [6l

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; [Hoffmann et al.| 2020). A
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brief overview of the numerical methods used in the code arezo
shown in this section, whereas more elaborate details can beze
found in Stanly| (2020) and |[Delorme et al.| (2020). 203

204

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

The filtered, compressible, Navier-Stokes equations for an
ideal, calorically perfect gas are numerically integrated in the
in-house flow solver called MIRACLES (Delorme et al., [2018)),
as shown in Eq.(T):

oU oF 0G OJOH

—+—+—+—=AD+ f 1
o ox dy 0z — M
Body F or(: 206
where U is the conservative variable vector and F, G and Hazor

are flux vectors in the x,y and z directions, respectively. Thezos
term labeled AD on the right-hand side represents artificialzoe
dissipation (Delorme et al) 2018). The body-force sourcezn
term, f, is added to Eq.(T)) if the ALM approach is chosen. Thea
equations are solved on either structured Cartesian grids orzi2
body-fitted curvilinear grids. 213
214
Spatial discretization of the governing equations (Eq.(I))) forzis
implicit LES is performed using 4th-order accurate Summationare
- By - Parts (SBP) (Strand| |1994) finite difference operators. Anai7
8" _order AD operator from |[Mattsson et al.[ (2004) is used for
interior points, with a 4" _order boundary closure. Time inte-zis
gration is performed via the 4”-order Runge-Kutta method. s
220
2.1.1. Grid Stretching 221
MIRACLES code features both structured Cartesian andaz
body-fitted curvilinear grid options. To enable grid refinementees
near a solid body or point of interest (say, for instance, the
location of actuator lines), analytic grid stretching is utilized
(Harlow and Welch, 1965} Delorme} [2013). LES computations
are performed in computational space (&,17,(), rather than®*
physical space (x, y, z). 225

226

The grid-stretching expression used is shown below:

N=wamw—nr% @)
D=1+ (exp(=y) - 1)(x % 3)
- ()
) A
Y =Ymin+ 1+ %)(x Y (6)
2= Zmin + 1+ %)(x Y (7227

228
where y controls the strength of clustering, ¢ controls the loca-zs
tion of stretching, L is the length of the domain in the stretchingzs

3

direction, and Xy, Ymin and z,; 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 & space is
presented):

a 0 o€
9" % ox 3
2 2 2 2
P ¢ a0 o
oxr  0&r Ox 0& 0x2

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 fine 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
[T} 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 flows having rotors.

2.2.1. Calculation of Forcing Terms

The steps involved in the calculation of the source terms are

shown in Algorithm To calculate the force terms, first, the

flow velocity is extracted along the span of the rotor blade

(Churchfield et al., 2017; |Forsting and Troldborg, 2020) and the

local station-wise velocity is computed as (Troldborg, 2009):
Vrel =

2 4+ (Qr - Vy)? (10)

where Q is the angular velocity, V, is the axial velocity and Vjy
is the tangential velocity.

And the flow angle between V,,; and the rotor plane is:

Ve
Qr — Ve

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

¢ = tan”!

D

a = ¢—y; v = 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:
1
fop = (L, D) = 5pV,c (Crer, Cpep) (13)

where:

C1. = Ci(a,Re) and Cp = Cp(a, Re) (14)

and e; and ep are unit vectors in the direction of lift and drag.
Crand Cp 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 2020).

231 to do this. The first and the most common one is a three-
222 dimensional Gaussian regularization kernel (7,):

2
1 d
Ne(d) = —= exp [— —) ] (15)
en: € L

Algorithm 1: Actuator Line Model (ALM) 23 where, d = Ix — se is the distance be-

Result: Compute source terms using ALM 24 tween the grid point and the i actuator point; s is the coordi-
1 while ¢ < 7,5 do 255 nate of each station along the actuator line; e; is the unit vector;
2 PR 2 and € is the spreading radius that adjusts the concentra-
3 for i < 1 to n_blades do 27 tion of regularized load.
4 Rotate blade to the new position; 28 ) ] o
5 for j — 1 to n_radial_sections do 230 Hence, the regularized load per unit volume is given as:
6 Sample local in-flow velocity: Nytutes

R
Vier = 42 + (Qr — Vp)* (For a turbine); f(x) = Z( K £0(s)ne (Ix — seil) ds (16)
7 Compute local angle of attack: i=1

_ . More subtleties about computing and projecting the source
=t 1 Ve F turb ; 240 p g proj g
¢ = tan (Qr—Ve )ﬁ oratur 1'ne) 21 terms onto the CFD grid and how they vary between a turbine
8 Lgok—ug t?bk;: t)o gdCCL’ %"( Re) 22 and a propeller can be found in (2020).
L=, ke)and Lp = Cpla, Re);
? Compute lift andldra;z; forces: 23 2.3. ALM for Turbine Towers
10 Dfizslzri;éfe, flgic;siéo n‘iglli‘IE:ngerLi;l'ngg ) 24 In order to include the presence of towers in the simulation at
) ’ 25 a reduced cost, actuator lines are used. This is, however, not
d Fo By, F. 1n (2020); 2 exactly the same as having a tower represented using a fine
u den 27 body-fitted grid and having a no-slip boundary condition. The
12 en

2s most prominent difference is the reduced magnitude of the
13 end 249 stagnation pressure in front of the tower when ALM is used
250 (Churchfield et al.l 2015} [Santoni et al.} 2017} Kleusberg et al.}
251 [2017b). However, it is still capable of initiating the breakdown
22 of the tip vortices.

253

s« A constant value is used for the coefficient of drag; in order to
255 mimic the fluctuating forces from a cylinder experiencing von
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Karman vortex shedding, a fluctuating lift coefficient is used,sos
following the method used by [Sarlak et al.| (2015)), as shownaos

below: 305
306

Cp=12 (17)307

308

Cy = A sinnft) + B (18)™

where f = 0.2U /D,y is the shedding frequency, D, is the
local diameter of the tower, A = 0.3 is the root mean square
of lift coefficient at Re ~ 10° and B is a random parameter
(op = £0.25C) added to the lift harmonic in order to resolve
the unsteady nature of lift.

3. Filtered ALM for Coarse-grid ALM

Although ALM allows us to have grids that are coarser than
body-fitted grids, it is still computationally expensive when
multiple rotors (such as in quadcopters or farms of wind tur-
bines, for instance) need to be simulated. In actuator methods,
a grid spacing (A) of A = €/2.8 (where € is the spreading radius
onto which the source term is projected) or higher is preferred
in order to smoothly distribute the forcing term onto more than
two grid points, so as to avoid oscillations. Hence, while main-
taining this constraint, a smaller € (similar to the optimal value
of e = 0.25 - ¢ (Martinez-Tossas et al., 2017)), where c is the lo-
cal chord length) would mean many more grid points than for a
bigger value of €. Hence, it is desirable to go for a coarser-than-
optimal value of the spreading function, €, and hence a coarser
grid.

3.1. Problems with Coarse-grid ALM

However, prior works (Stevens et al., [2018) have shown that
even though a coarser spreading radius (i.e., a value for €/c that
is higher than 0.25, while still maintaining €/A = 2.8) results in
good predictions of downstream flow in terms of wakes in wind
farms, the blade torque and power generation were too high,
sometimes even exceeding the Betz limit (Martinez-Tossas and
Meneveau, [2019). 310
311
The reason is that, as shown in Figure [2] a wider spreadingsr
radius results in thicker, weaker tip vortices, which inducess's
lower velocities, hence changing the effective angle of attacks
in the neighbouring blade sections and overpredicting torques's
and power. This is especially pronounced at the blade tip orss
regions in the blade where the lift coefficient or chord variess
significantly (Martinez-Tossas and Meneveau, 2019). 318

3.2. Filtered-ALM (F-ALM)

To fix the overprediction of lift while using ALM on coarse
grids, several tip corrections can be used (Jha et al.||2014; |Shen:
et al., 2005; Zhong et al., 2019; [Forsting. et al., 2019, [2020).s1s
But former ones were mostly based on empirical correctionsaz
or fits, which may or may not work well depending on thes
blade. However, recently |Martinez-Tossas and Meneveausz:

5

(2019) added on to the work of [Dag| (2017) and |Dag and
Sgrensen| (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 |T).

Algorithm 2: Filtered - Actuator Line Model

Result: Compute source terms using F-ALM
1 whilet < t¢,,;, do

2 t=t+dt;
3 for i < 1to 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 inflow velocity from (¢ — 1):
u (z;5€) =
o dG"\(Z Voe\ o
_z,wlc,; IE (/;’< )4,1(:’17\;) (é — ez ) /e )d: :
7 Add velocity correction to sampled inflow
velocity: @ (x;) =
o .. Lopt . LES 5
l(ﬁz +|il_\ (.,,'. €’ ): uy ((,‘, € H(]
Sampled Q Am;\;fl»
8 Use corrected inflow velacity to compute
angle of attack: ¢ = tan™! (Qrv‘"vﬁ)(
9 Look-up tables to find Cy, Cp:
CL = CL(G’,RE) and CD = CD((Z,RE);
10 Compute lift and drag forces:
fp = (L, D) = 3pV;,c (Cre. Cpep);
11 Distribute forces onto LES grid: See
F,, F,, F;in|Stanly|(2020);
12 end
13 end
14 end

Following Martinez-Tossas and Meneveau| (2019), in baseline
ALM, we sample the fluid velocity, i1 (x;), at the ith actuator
point, X; = (x;,y;,2;); this velocity is used to evaluate the lo-
cal ALM force from tabulated lift and drag coefficients. For an
infinite-span wing, the bound vorticity from the application of
the ALM forces does not affect the sampled velocity. However,
for a finite wing, the local velocity is affected by the induced
velocity, u, (z,-; €LES )(; Hence, an approximation to the unper-
turbed incoming velotity, Uy (X;), is given by:

U (xi) = (%) —uy (2 €55)( (19)

_, =

Sampled Induc

where i, k and j are unit vectors in the directions of U, (X;), the
blade span and the direction perpendicular to both (in the lift
direction), respectively.
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the forcing term.
342

343

The real blade, which usually has a chord length smaller than""
the filter/kernal scale, €/£5 , will induce more concentrated shed””
vortices and induced velocity corrections, especially near the’*
tip. Previous studies (Martinez-Tossas et al.,[2017) have shown*"’
that a good representation of the flow for a real airfoil can be**
obtained using an optimal filter/kernel size, €’ ~ 0.25¢ (where™
c is the chord length). Therefore, we seek the velocity (denoted
as 1 (x;)) that would have occurred had we used, in the LES,
a kernel scale, €°”'. This velocity can be obtained by adding to

U.. (x;) (see Eq.(T9)) the velocity perturbation corresponding to
eort-

A -
Sampled

—_—

Auy(Moflel)

a(x) = 8(x) + [uy (zi:€7) — (Ei;e“”)](j (20)

where U, (x;) = G (x;) —uy (zi; €LES )(-j, as shown in Eq..
——

N— —— -
Sampled ( Inducfd

Thus, the difference Au, = uy(z;;€?)(— u, (zi;el‘ ) can
be considered as the subfilter velocity madel to be added to
the LES-sampled velocity. The corrected velocity, @ (x;) (its
magnitude and, importantly, its direction with modified angle
of attack), can then be used in the determination of lift and
drag coefficients as well as the direction of the applied ALM
forces. The lift is applied perpendicular to @ (x;), the corrected
inflow velocity at each radial section, whereas the drag force is
parallel (Martinez-Tossas and Meneveau, 2019).

ES

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

1 d6(h)
”y(Zi’Ek)__j(w U (z) dz; 47T(Zi_zj)

1- e—(Zi_Zj)z/Eiz )(de

21
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where u, is the velocity perturbation evaluated at the current
actuator point (i) using the k™ € value, where k can be the LES
value or the optimal value of the spreading function. Ucs(z;)
is the corrected inflow velocity at the current actuator point
(i) from the previous time step; G(z;) = %C(Zj)Ugo(Zj)CL(Zj) is
evaluated at all the other actuator points (j) on the same line
along which the integration is to be performed. For a more
detailed and complete description of the numerical integration
of this equation, interested readers are encouraged to refer
to Section 5 in the work by Martinez-Tossas and Meneveau
(2019).

Thus, owing to this correction procedure, F-ALM allows us to
have a spreading radius (and hence LES grid) that is coarser
than the optimal value (e°”" = 0.25 - ¢) without any overpredic-
tion of lift; this is schematically shown in Figure[3] It should,
however, be noted that F-ALM does not change the shape of the
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-
ity ’felt” by the actuator points so that in the subsequent time
steps, a more accurate angle of attack will be computed at these
points, thereby resulting in a remedy for the overprediction of
lift and hence power and torque.

4. Numerical Implementation

4.1. Serial Implementation

The procedure for implementing the subgrid-scale velocity cor-
rection in the actuator line model mentioned in Section 5 of
Martinez-Tossas and Meneveau| (2019) (also detailed in |Stanly
(2020)) is followed in this work.

4.2. Validation Using Translating Wing 403

The serial version of the F-ALM is validated using the trans-++
lating wing case from Martinez-Tossas and Meneveau| (2019)),40s
as shown in Figures [4] [5] and [6] using the parameters given in¢s
Table[T] It was applied to the test case using the same grid and«’
spreading function (or filter or kernel size) specifications as4s
used by |[Martinez-Tossas and Meneveau|(2019). 409
410
Figure [3] shows the vorticity magnitude of the static wing sim-#"
ulated using the current implementation of F-ALM in MIRA-42
CLES, and Figure [6] shows the spanwise variation of normal-
ized downwash (i.e., induced velocity perpendicular to the in-4'3
flow) predicted by ALM and F-ALM on the same grid (nx =a
ny = nz = 44) and LES filter/kernel size (¢/£5 /¢ = 2), us-ass
ing 200 actuator points. It can be seen in Figure[§ that, just asss
seen in the work of [Martinez-Tossas and Meneveau| (2019)), thesr
current implementation of F-ALM is able to predict a strongerass
downwash than the baseline ALM, hence validating the correct-s1s
ness of implementation. This is due to the fact that the F-ALMazo
is able to mimic the effect of the stronger tip vortices on thes:
same grid (but only at the actuator points) due to the subgridse
velocity model, as mentioned in Section [3.2] Slight variationsazs

7

258

o

Ly

Lz=258S

Computational domain

Figure 4: Translating wing test case from Martinez-Tossas and Meneveau
Martinez-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 [Martinez-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 (e/dx = 2.8) for their explicit LES sim-
ulation — instead of using a finer grid. However, for the NREL
Phase VI case studied in subsequent sections, a finer 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 sufficiently 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}
Dag and Sgrensen, 2020; |Dag, 2017), there are similar issues
where the influence 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 =125x%c 4 m

LES filter/kernel size el =2xc 0.64 m
Optimal filter/kernel size €977 = 0.25 x ¢ 0.08 m

Grid Spacing dx=dy=dz=95 0.2285m
Actuator Points 200

Domain Dimensions Li=L,=L=25x§ 10m

Airfoil Profile NACA 64A17
Angle of Attack @ 6°

Coefficient of Lift C; See Figure 1 1[and Table}4|
Coeflicient of Drag Cp 0.000

Inflow Velocity Us 1 m/s
Reynolds Number Re 25000

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

dimensional quantities

0.06

F-ALM

ALM

F-ALM (Martinez and Meneveau, 2019)
ALM (Martinez and Meneveau, 2019}

0.02

Normalized Downwash, -u /U ...

-0.2 0 0.2
Normalized Wing-span, /S 429

430
431
Figure 6: Spanwise variation of downwash simulated using ALM (green) andas,
F-ALM (blue) using the current implementation (solid lines) in MIRACLES433
as compared to the one from Martinez-Tossas and Meneveau| (dashed
lines). The ability of F-ALM to predict the increased downwash, especially*>*
near the tips (as observed in Martinez-Tossas and Meneveau| (2019)), ensures,g;
correctness of implementation. The variations between the current implemen-
tation and the reference results could be due to the inherent differences between
the numerical schemes in the two codes; regardless of that, the current imple-%7
mentation correctly predicts the increased downwash at the tips. 438

439

440

441

442

443

8

CPUO ¢=m) CPU1

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 [} 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
different 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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Figure 8: Schematic showing the global communicator encompassing three,,,
new communicators, one for each actuator line/blade.

474

gather the required data from across the concerned actuatorass
line into the CPU 0 of that communicator. Then, the F-ALMaus
computation that depends on the neighbouring points aresr
performed in that CPU. Following this, MPI_BCAST is used toszs
broadcast the velocity corrections at each actuator point backazs
onto their respective CPUs and the remaining calculationssso
are done. For a more detailed description of the parallelss:
implementation and its testing, interested readers are referredss:
to read |Stanly| (2020). 483
484

485

Algorithm 3: MPI algorithm for communicating be-
tween actuator points

486

487

1 while ¢t < 1,,;, do 488

2 t=t+dt; 489
3 for i — 1 to n_blades do 490
4 Rotate the blade to the new position; 4
5 MPI_COMM_SPLIT splits COMM_WORLD into 492
separate communicators for each blade; 493

6 Within each new communicator MPI_GATHER 404
data from all points on each line into its CPU 0; ~ *®

7 Perform F-ALM (or any new ALM) calculations 496
that depend on neighbouring points in CPU 0 497

of each new communicator; 498

8 MPI_BCAST the velocity correction from CPU 0 499
to all the CPUs in that communicator; 500

9 Continue with Step 6 of F-ALM as in Algorithm %
(2] from the respective CPUs (these are localised
computations); 503

10 end S04
11 end %0

506

507
508
5. NREL Phase VI Wind Turbine 509
510

Since the advantage of F-ALM compared to ALM shows upsi+
mainly on the blade loads, the NREL Phase VI experiment issi2

9

simulated in this section, since it has experimental blade mea-
surements to compare to. The case is simulated using both
ALM and F-ALM employing the same coarser-than-optimal
spreading radius of €/c = 0.5, on the same LES grid of 15 mil-
lion points constructed using an average €/A = 3.6 (as shown in
Table @), and their differences are studied here. However, this
test case does not have measured experimental wake velocity
profiles, 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 (Churchfield et al., 2017; Jonkman, 2003) are simulated
in this section. The test conditions are shown in Table 2l 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 0] 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, Do,y = 0.5m = 0.1R (to be used in Eq.(T8)). The
structured, stretched (stretching toward the origin) grid created
using the parameters shown in Table [3] is shown in Figure
@ Stretching is limited in the streamwise (Z) direction so as
to have almost equally finely 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 €/c = 0.5, on the same LES grid of 15
million points constructed using an average €/A = 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[IT] The initial cylindrical portion of
the blade is modelled using a constant C; = 0.0and Cp = 0.3,
thereafter a single Cp curve is used for all the stations, as
shown in Figure[T1] The different coefficient of lift curves are
used depending on the location of the actuator point as shown
in Table[dl

Uniform, non-turbulent inflow is used as an inflow boundary
condition, and outflow 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-
tion, a slip boundary condition is imposed on the walls in order
to eliminate the presence of no-slip walls at locations different
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Characteristic Symbol Value
Rotor Radius R 5.029 m
Mean Chord Cnean 0.5475m = 0.1095R
Airfoils S809
Blade Pitch, in Addition to the Twist 1.51°
Number of Blades per Turbine Ny 2

Number of Turbines and Towers 1
Tip-Speed Ratio TSR 5.35
Inflow Velocity U Tmfs
Rotations per Minute RPM 71.9 RPM
Tip Velocity Urer 37.86 m/s
Tip Mach Number Mr, 0.1

Tip Reynolds Number Rerip 1 x10°

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

| Characteristic Symbol Value
Size of Domain LyxL,xL, 48R x 48R x 4.8R
Grid Points per CPU nxcpy X nycpy X NZcpu 25 x25%33
Total Number of CPUs ncpux X nepuy X hcpu;  9X9 X9 =729
Total Grid Points nx X ny X nz 225 x 225 % 297 = 15 x 10°
Strength of Grid Stretching Xx XXy X Xz 3x3x1
Average Grid Size in the Rotor Plane dx X dyXxdz 0.0152R x 0.0152R x 0.0155R
Average Grid Size of the Coarsest Cells dx x dy x dz 0.0353R x 0.0353R x 0.0174R
Number of Actuator Points per Line 50
Spreading Radius € 0.5 X Chrean
Average Rotor Plane Grid Size interms of ¢ A €/3.6

Table 3: Grid parameters used for the NREL Phase VI case (same values are used for both ALM and F-ALM)

10
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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 figure is only for the purpose of illustration; the
actual turbine simulated in this work is a two-bladed turbine.

H/z

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.

——— C_L-1
—— CD
f——— C_L-2
ob———— C_L-3
f——— C_L-4
15— C_L-5
i C_L-6
1} L-7

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

Coefficient-of-Lift Curve

Location of Actuator Points |

Cp-1 < 12.9% Span
CL-2 < 18.9% Span
C,-3 < 24.2% Span
CL—-4 < 29.8% Span
Cp-5 < 35.4% Span
CL—-6 < 41.0% Span
Cp-17 > 41.0% Span

Table 4: Usage of the Cy, curves shown in Figure@based on the spanwise
location of actuator points
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from those in the experiment. The simulation is run for 3 non-ss
dimensional time units (NTUs) El The initial transients disap-
pear after the initial 1 NTU, but the solution for one more NTU®
is computed before averaging is done in the third NTU. This isss
done to ensure that the flow has reached a statistically steadysss
state. Blade loads are also averaged during the third NTU. Ases
time step of 0.001 x % = 0.001 X tor = 1.32 % 1075 is usedser
for this simulation. 568
569
570
5.2. Model Parameter Sensitivity ::
573
To ensure that the solution is separate of the LES grid used ins.
this study, an independent grid study was performed based onszs
the Richardson extrapolation method (ASMEI 2008)). Solutionsszs
of LES/ALM on three grids were computed, as shown in Tablesz

Bl The rule of thumb of having €/A > 2 was maintainedss

for the ”fine” and “medium” grids; while that could not bess
maintained for the “coarse” grid (as we maintained a constantsso
€/c = 0.5 for the spreading radius for all three cases), itssss
solution still did not have any spurious fluctuations and thess
source term was smoothly distributed onto the LES grid. Assss
mentioned earlier in Section [5.1] the simulation was run for 3ss
NTUs and time-averaging was performed in the third NTU. Itsss
should be noted that tests were conducted where averaging wassse
performed for more NTUs, but it did not show any difference inss
the averaged results, presumably because of the non-turbulentsss
inflow condition and because the initial transients alreadysss
left the domain after the first NTU. The time-averaged powersso
predicted using the three LES grids, shown in Table [5] wasss:
used to compute the grid convergence index (GCI) using ase
fixed point iteration of Eq.3 found in |ASME/ (2008) to obtainsss
a GCI of 6% for the "fine” grid, which was then used in thess,
LES/ALM and LES/F-ALM computations mentioned in theses
remainder of this work. 596

597
The number of actuator points along all actuator lines was al-sss
ways kept as 50, based on suggestions from other works in liter-se
ature (Sarlak et al.,|2015} Ravensbergen et al., 2020; [Martinez,so
2017) and based on our own trials, which showed its indepen-soi
dence beyond that value. For the size of the spreading radiussoz
based on the chord length (¢/c), even though the optimal valueses
is 0.25 (Martinez-Tossas et al.,|2017)), since we wanted to com-eos
pare the influence of F-ALM on the solution (which can besos
pronounced, as compared to ALM, if the spreading radius andsos
hence its associated LES grid is coarser), a slightly higher valueso
of €/c = 0.5 is used in this work. The time step used in thissos
work is about one order of magnitude smaller than what othersoes
users typically use for wind turbine simulations, and is goodsto
enough to take care of the compressible nature of the code.st
Smaller time steps were examined, but did not show any no-st

ticeable difference in key parameters. 613
614

615

21 NTU is the time taken for a particle to travel from the inlet to the outlet®'®
of the domain (Sarlak et al.,|2015) 617

12

5.3. Results

5.3.1. Flow field

The instantaneous flow 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
a 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 (Churchfield 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
(Churchfield et al.l 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-fitted
grids. This could be explained by the lower stagnation pressure
(caused by the lower resistance to the flow) induced in front of
the tower by the actuator-line-modelled tower, as compared to
a tower represented using no-slip surfaces (Churchfield et al.,
2015). And as expected, Figure [I2] shows no difference in
the flow field 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
flow field unless the grid is fine 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 [T2]is taken through a plane enclosing
the tower (see YZ plane in Figure [J), and instantaneous and
time-averaged plots of the wake (streamwise velocity (w)
normalized by inflow velocity, w_inf = U,) are shown in
Figures and The blockage caused to the flow 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 profiles available for this
experiment, we quantitatively compare the wake with other
simulations (Ravensbergen et al., [2020), as shown in Figure
[I5] 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 = -24RtoY = +2.4R). The trend of the velocity profile
agrees well with the reference simulation by having a strong
velocity deficit behind the rotor plane (due to the presence of
the turbines that extract energy from the incoming flow); it also
shows the fluctuations in the velocity behind the tower. There
are disagreements in the magnitude of the wake deficit profile,
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 €/A

Power (kW) Refinement Ratio GCI (%) |

1 Coarse 3466008 0.0276 R 1.85 6.675kW - -
Medium 6993756  0.0219 R 233 6.557 kW 1.26 -
3 Fine 13002444 0.0152R 3.60 6.778 kW 1.44 6%

Table 5: Grid independence study

Y

Figure 12: Instantaneous flow structures of the NREL Phase VI wind turbine
are shown using the iso-surface of the Q-Criterion with a value of Q = 35m?s~2
coloured by vorticity magnitude. LES/ALM is on the left and LES/F-ALM on
the right, showing no noticeable difference in flow structures between the two.

our profile is not exactly the same as this simulation, since
it had the tower and nacelle included in the simulation using
a body-fitted grid and a weakly enforced no-slip boundary
condition (whereas we did not model the nacelle and modelled
the tower using an actuator line, as mentioned earlier). The
better representation of the tower and nacelle resulted in an
increased velocity deficit in their simulation, and also resulted
in an increased interaction with the tip vortices from the lower
part of the rotor plane (Churchfield et al., 2015} [Santoni et al
[2017). As seen in other works in literature
2017), the disagreement in the wake deficit between 50% and
the top tip of the rotor is also caused by the lack of a nacelle,
which is most pronounced nearest to the rotor plane (as in the
case shown here, where we investigate at 1D downstream) and
reduces as we move further downstream (about 6D or more).
However, since there are no further simulation or experimental
wake measurements for this case, we could not compare
that. A more detailed study of wind turbine cases with wake
measurements, like the NTNU Blind Tests [2012),
are currently being investigated and will be published in due
course. However, the present simulation captures the expected
trend quite well.

5.3.2. Blade Loads

Next, in order to study the influence of F-ALM and to see
how it differs from ALM for the same LES grid and spreading
radius, we compare the time-averaged measurements at the
blades (or actuator lines). As discussed in Section [3 since
F-ALM corrects the induced velocity at the blades, we compare

13

Figure 13: Instantaneous wake (streamwise velocity (w) normalized by inflow
velocity, w_inf = Us) 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 difference in flow structures between the
two. The flow is from left to right in both images.

Figure 14: Time-averaged wake (streamwise velocity (w) normalized by inflow
velocity, w_inf = Us) 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 difference in flow structures between the
two. The flow is from left to right in both images.
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Figure 15: Time-averaged wake velocity deficit (streamwise velocity (w) nor-
malized by inflow velocity, w_inf = Uy ) 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).

the time-averaged (and also averaged between the two blades)
induced velocity at the blades for LES/ALM, as well as LES/F-
ALM, as shown in Figure [6 It can be seen that F-ALM
predicts a stronger downwash (i.e., induced velocity perpendic-
ular to the inflow) than ALM, and hence represents the effect of
a stronger and a more concentrated tip vortex, than ALM on the
same grid. This effect is more pronounced near the tip and root
of the blade, as expected, and shows the significance of F-ALM.

To see how this change in induced velocity affects the blade
loads and hence the power prediction, we compare the time-
averaged chord-wise tangential force coefficient along the
blade, as shown in Figurelﬂl As expected, F-ALM corrects the
force that ALM overpredicted, and this is more significantly
observed at the blade root and tip. The reason why both
simulations gave a massive overshoot in the predicted force
near the root is probably due to the three-dimensional rotational
effects (Banggal 2017; [Branfard, [2017; [Lehmkuhl et al, 20T3)
that are present in the rotor blades, which are not captured well
by actuator simulations since two-dimensional airfoil tables are
used in computing the source terms.

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

ALM F-ALM
6.778 kW  6.06 kW

Experiment
6.0 kW

Table 6: Power produced by NREL Phase VI turbine
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Figure 16: Time-averaged induced velocity measured at the actuator points
along the blade span.
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Figure 17: The time-averaged coefficients 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 are shown as blue squares. In ad-
dition, for comparison, simulation results from 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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5.3.3. Computational Time 719

The average time per time step for computing LES/ALM andr2
LES/F-ALM was checked on 8 CPU cores, as shown in Table[7] 721
It can be seen that F-ALM computation took just an additionalz

1% of time to compute each time step. 723
724

ALM F-ALM 725

3.0098 s 3.039s 726

727
Table 7: Average time per time step for ALM and F-ALM computations 728

729

730

731

6. Conclusions and Future Work rao

733

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

into a high-order, in-house LES code and used it in a several-

hundred-CPU simulation of a wind turbine. The solution of7s
F-ALM was then compared to that of the baseline ALM in

terms of instantaneous and time-averaged flow fields and bladezzz
loads. The effect of the sub-grid model was observed firstss;
in terms of the induced velocity at the blade, with F-ALM7s
predicting stronger induced velocities mainly at the root andiij
tip as expected, and then in the blade loads. It was observed,,,
that F-ALM overpredicted power only by 1%, whereas ALMz..
overpredicted it by 12.96%. However, as expected, the flow™s
field produced by F-ALM did not show any noticeable differ-:::
ence from the flow field produced by ALM. Any deviations,,,
in the wake results observed as compared to other simulationszz
in literature were mainly due to the lack of a nacelle and’®
body-fitted-grid-simulated tower. e

750
751

Future work includes modelling the nacelle, probably using7s:
an actuator disc, and including the tower using the immersed’
boundary method. More elaborate work involving F-ALM and;:
its application to several other wind turbine cases of increas-ss
ing complexity is underway. Enhancing the capability of thes
in-house code to have turbulent inflow (Forsting et al., 2019)::2
is also under consideration. Since F-ALM allows coarser LES. |
grids, it is more suitable for LES simulations having explicitzer
subgrid-scale models (Ciri et al., 2018)), rather than the cur-76
rently used implicit LES; hence, that will also be explored in;:
future works. 765
766
767
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