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Abstract

In this article, we present a time-varying formulation of the curled wake model that

we implemented in FAST.Farm. The curled wake model, originally developed for

steady-state conditions, is used to produce realistic wake profiles behind a wind tur-

bine in yawed (or skewed) conditions. We begin by introducing the key elements of

the FAST.Farm framework. Then, after briefly summarizing the original wake dynam-

ics formulation of FAST.Farm based on a polar wake profile, we present the new

time-varying formulation of the curled wake model, compare the two, and highlight

the differences with the original curled wake model. After discussing some imple-

mentation details, we present different applications with increasing levels of com-

plexity: single turbine with uniform and turbulent inflow, fixed and transient yaw, and

multiple turbines. We verify our results using the original FAST.Farm implementation

and large-eddy simulations. The results with the new curled wake model are

improved compared to the original implementation, as they include cross-flow veloci-

ties and wake asymmetry. Yet, large-eddy simulation results show a more pro-

nounced lateral convection of the wake and a stronger concentration of vorticity at

the top vortex. The new curled wake implementation in FAST.Farm should enable

the calculation of not only generator power but also wind turbine structural loads for

applications involving intentional or unintentional skewed flow and wind-farm con-

trol involving wake steering.
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1 | INTRODUCTION

Capturing the wake aerodynamics behind yawed wind turbines has become increasingly important as wind turbines are densely packed in wind

farms and wake-steering control strategies through intentional yaw misalignment are being implemented.1,2 Earlier development of skewed* rotor

aerodynamics focused on the determination of the induced velocities at the rotor plane. The lifting disk model of Glauert3 and the vortex model

of Coleman4 form the basis of the yaw (or skewed flow) corrections used in most blade element momentum codes. The vortex model of Coleman

uses a rigid vortex cylinder representation of the wake. It has been extended in the past5 to obtain the velocity field at the rotor, near-wake, and

*In this paper, the term “skewed” is used to include both yawed and titled configurations.
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induction zone.6 But the model cannot represent the far wake accurately. Indeed, the wake vorticity surface will not stay rigid; it will change shape

due to its self-induced velocity, and it will diffuse downstream. Advanced models have recently been developed to account for time variation of

the vorticity surface shape,7 leading to improved formulations.

Modeling8–11 and experimental12–15 campaigns investigating the wake of yawed wind turbines have noted two characteristics: (1) in planes

downwind of the rotor and normal to the freestream, two zones of strong and opposite vorticity are observed at the top and bottom of the wake;

(2) the wake curls up and forms a “curled wake” (also referred to as “kidney shape”). The first observation is a direct consequence of the tangen-

tial vorticity coming in and out of the planes normal to the freestream, because for the most part, the wake vorticity is parallel to the rotor plane.

Such aspect is already accounted for in rigid vorticity-based models.5 The second observation is a consequence of the vorticity transport caused

by induced velocities in the cross-flow directions.

Based on these observations, several models have been devised to compute time-averaged wake dynamics in yawed conditions using the col-

lection of vortices shed from the rotor plane.9–11,16 In this work, we focus on the curled wake model.11,17 In the curled wake model, a simplified

version of the Reynolds-averaged Navier–Stokes equations are solved numerically, and the cross-flow-induced velocities are determined using a

distribution of infinite vortex lines. A vortex cylinder approach could similarly be used to obtained the cross-flow velocities.18

In this work, we extend the curled wake model by including a time-varying formulation. This new formulation is incorporated into the

midfidelity engineering tool FAST.Farm19 to compute the time-dependent spatially filtered wake of wind farms with turbines that experience

skewed flow. FAST.Farm is a midfidelity multiphysics engineering tool for predicting the power performance and structural loads of wind turbines

within a wind farm.20 The use of FAST.Farm facilitates the incorporation of quasi-steady models, such as the curled wake model, into a time-

varying formulation, because FAST.Farm uses a mixed Eulerian–Lagrangian formulation. In this formulation, the wake dynamics are computed in a

quasi-steady meandering frame of reference and convected downstream in a fashion similar to the dynamic wake meandering model.21 A better

representation of the wake dynamics in skewed-flow conditions is expected to lead to improved estimations of wind turbine loads.20

We begin this article by introducing the key elements of the FAST.Farm framework. Then, after briefly summarizing the original wake dynam-

ics formulation of FAST.Farm, we present the new time-varying formulation of the curled wake model and compare the two. We also examine dif-

ferences between the original model and the new time-varying curled wake model. After discussing some implementation details, we present

different applications with increasing levels of complexity, and we verify our results using the original FAST.Farm implementation and large-eddy

simulations.

2 | FORMULATIONS

We have implemented an unsteady version of the curled wake model within the FAST.Farm framework. FAST.Farm already accounts for the

Lagrangian convection of the flow quantities, which greatly simplifies the implementation. We begin by providing an introduction to the theory

behind FAST.Farm. Then, we provide the formulations of the original wake model and the newly implemented unsteady curled wake model. We

discuss implementation details in Section 2.4.

2.1 | Principles of FAST.Farm

In this section, we provide a brief overview of FAST.Farm. The reader is referred to the documentation in Jonkman and Shaler19 for additional

details on the theory and usage of FAST.Farm.

2.1.1 | Overview of FAST.Farm modules

FAST.Farm is an open source solver for wind farm simulations developed by the National Renewable Energy Laboratory (NREL). The tool is based

on the dynamic wake meandering model21 but includes advanced corrections. FAST.Farm comprises three main modules: OpenFAST (and its sub-

modules), WakeDynamics, and the Ambient Wind and Array Effects (AWAE) module. The modules are illustrated in Figure 1.

An instance of the OpenFAST and WakeDynamics modules is invoked for each turbine, whereas AWAE is used at the wind farm level. The

three modules are wrapped together within the FAST.Farm glue code. We briefly describe the modules below.

• OpenFAST performs the full aero-hydro-servo-elastic simulation of the turbine. OpenFAST receives the inflow from AWAE; the inflow con-

sists of turbulence and wakes from neighboring turbines.

• The WakeDynamics module solves for the wake of a given turbine. To achieve this, the wake is discretized into a finite number of wake deficit

planes, which are convected using an inflow velocity provided by AWAE. The flow dynamics (diffusion, expansion) are obtained by solving the

BRANLARD ET AL. 45
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thin shear layer approximation of the Navier–Stokes equation in the meandering frame of reference with closure accounted for via an eddy vis-

cosity model. The initial wake deficits are determined using an actuator disk model in which the loads are obtained by the azimuthal averaging

of the blade loads computed by the OpenFAST module. We will discuss the WakeDynamics module in more details in the subsequent para-

graphs, as it is the main component that is modified to include the curled wake model.

• The AWAE module handles wind and array effects. It loads a turbulent background flow over the entire wind farm, using a higher resolution

near the turbines for increased accuracy of the aeroelastic response. AWAE receives the position and wake deficits of each wake plane from

each turbine and merges these wake deficits together and with the background flow. From this, AWAE can compute the inflow velocities

requested by the two other modules. AWAE provides the local inflow velocities for all the turbines handled by the different instances of Open-

FAST. AWAE computes the convection velocity of the wake planes using a characteristic volume surrounding the wake planes.

In the following sections, we focus on the modeling aspects that are different between the original formulation in FAST.Farm and the new

curled wake formulation. Most of the differences concern the equations solved in the meandering frame of reference, and therefore in the

WakeDynamics module. The implementation changes related to the AWAE module are given in Section 2.4.

2.1.2 | Wake planes, skew angle, and meandering frame of reference

We illustrate the notion of wake planes in Figure 2.

The WakeDynamics module stores a set of planes, each of them containing the wake velocity deficit at the location of the plane. Each wake

plane is attributed a local coordinate system (x̂p,i, ŷp,i, ẑp,i) and a center position (pi), where i is the plane index, and the overhat symbol indicates

unit vectors (without this symbol, the coordinate axis is implied). The planes keep their initial orientation and coordinate system throughout the

simulation. During a time step, the velocity deficits carried by each plane evolve according to the fluid dynamics equations given in subsequent

sections, and the position of each wake is updated by convecting them with a local velocity, Vc,i , computed by AWAE in a characteristic volume

surrounding the wake plane. At the end of a time step, a new plane (with index i¼0) is introduced at the actuator disk position and the existing

F IGURE 1 Main modules of FAST.Farm, functionalities, and data flow

F IGURE 2 Wake planes in the global frame, as used in the module WakeDynamics

46 BRANLARD ET AL.
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planes are re-indexed. To account for the slow variation of the rotor induction, the WakeDynamics module introduces a time filter on most of its

inputs,19 which we will further note using an overbar. We will discuss this time filter in Section 3.5.

The plane coordinate system is defined as follows†: The unit vector x̂p,0 is set to the time-filtered value of the actuator disk normal (x̂d). The

vector ŷp,0 is defined such that it is contained in the global horizontal plane formed by the vectors x̂g and ŷg (see the left of Figure 3), and ẑp,0 is

defined so as to complete the orthonormal basis. The initial plane frame is then

x̂p,0 ¼ x̂d, xtemp ¼ x̂d�ðx̂d � ẑg Þ̂zg , ŷp,0 ¼Rzðπ=2Þxtemp=jjxtempjj, ẑp,0 ¼ x̂p,0� ŷp,0 ð1Þ

where Rzðπ=2Þ is the transformation that performs a rotation around the zg axis by an angle π=2; x̂d is the time-filtered value of the instantaneous

rotor-disk normal vector, xd; and xtemp is an intermediate variable.

The inflow velocity at the disk, Vw , and the normal to the disk are used to define the skew coordinate system ðxs, ys, zsÞ, the skew angle, χs,

and the skew azimuthal angle, ψ s. In a case with yaw and no tilt, the skew angle is the absolute value of the yaw angle, and ψ s ¼0 or ψ s ¼ π,

depending on the sign of the yaw angle. In a case with tilt and no yaw, the skew angle is the absolute value of the tilt angle, and ψ s ¼�π=2. In the

general case, Figure 3 is used to define the skewed coordinate system and variables. The vector x̂s is set to x̂d. The vector ŷs is set in the plane

formed by the wind speed and the disk normal, and the vector ẑs follows to form an orthonormal basis.

We define the meandering frame of reference as the frame in which all the wake planes are aligned such that the vectors of their respective

frames are collinear. The planes in the global frame shown in Figure 2 are plotted in the corresponding meandering frame in Figure 4. The frame is

simply noted with the coordinates x, y, z, without subscript.

In this frame the wake planes do not meander, and they only convect along the x̂ direction. The projection of the convection velocity of each

plane in the axial direction is UiðpiÞ¼Vc,i �xp,i. In Figure 4, the wake planes at a given time t and at the next time step (tþdt) are shown, illustrating

the re-indexing that occurs at the end of each time step (plane 0 becomes plane 1, carrying over its orientation and wake deficit, and so forth for

†We note that FAST.Farm does not support a coordinate system where the disk normal is vertical.

F IGURE 3 Definition of the wake plane and skew coordinate systems. These systems are determined for the initial plane (i¼0). The subscript
0 is dropped on the figure

F IGURE 4 Wake planes in the meandering frame, as used in the module WakeDynamics. The meandering frame is such that all the wake
planes frame are parallel and the wake centerline collapses to a straight line. The green solid lines are the plane locations at time t and the dashed
green lines are the plane locations at tþdt

BRANLARD ET AL. 47
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other indices). The indexing algorithm discards planes above a given index to limit the memory impact. In the following description, we will tempo-

rarily drop the index notation and use a continuous formulation before reintroducing it in Section 2.4.

We write UðxÞ the convection velocity of each plane along the x coordinate of the meandering frame (x is the axial position of a wake plane

expressed in a continuous way). The velocity field in the meandering frame of the wake of an isolated turbine (as is the case for the

WakeDynamics module) is assumed to comprise the sum of the local convection velocity and a wake deficit contribution:

u¼UþΔu, v¼VþΔv, w¼WþΔw, ð2Þ

where u, v, and w are the total velocity. The cross-flow velocities V and W are used by WakeDynamics to convect the planes; however, in the

meandering frame, they are assumed to be zero. We now proceed to describe the original FAST.Farm and new curled wake formulations. The

main differences between the formulations lie in the flow equations, the eddy viscosity model, and the initial wake deficit. The convection and

time filtering are identical in both models.

2.2 | Original FAST.Farm formulation

Key elements of the FAST.Farm formulation are given below. The reader is referred to the FAST.Farm manual19 for additional details.

2.2.1 | Flow equations

The original WakeDynamics formulation uses polar coordinates. The evolution of the wake deficits in the meandering frame of reference is

obtained by solving the thin shear-layer approximation of the Reynolds-averaged Navier–Stokes equations under quasi-steady-state conditions

and axisymmetric coordinates and by using an eddy viscosity formulation for the turbulence closure. From the axisymmetric assumption, the vari-

ables in each plane are stored along a radial line denoted with the coordinate r. The flow equations solved are the momentum and conservation

of mass equations:

∂u
∂t

uþu
∂u
∂x

þur
∂u
∂r

¼1
r
∂

∂r
rνT

∂u
∂r

� �
ð3Þ

∂u
∂x

þ1
r
∂ðrurÞ
∂r

¼0 ð4Þ

where ur is the radial velocity and νT is the turbulent eddy viscosity, defined in Section 2.2.2. We have written the equations using a Eulerian for-

mulation to ease the comparison with the curled wake formulation. We note that in the FAST.Farm manual, the equations are written in a

Lagrangian formulation, and, under the quasi-steady assumption, the total derivative is reduced to only convection. We discuss the link between

the Eulerian and Lagrangian formulations in Section 2.4. The equations are solved jointly using a second-order accurate implicit Crank–Nicolson

scheme and second-order accurate central differences for the spatial derivatives.

2.2.2 | Eddy viscosity model

The eddy viscosity is computed at each coordinate of a wake plane as the sum of contributions from ambient turbulence and the wake shear layer:

νTðx, rÞ¼ maxðνambðxÞ, νmin Þþνshrðx, rÞ ð5Þ

where we introduced a minimum viscosity term on the ambient viscosity inspired by the curled wake model,11 and the different terms are

expressed as

νmin ¼10�4D�Uw ð6Þ

νambðxÞ¼ FambðxÞkambTIamb
�Uw

D
2

ð7Þ

48 BRANLARD ET AL.
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νshrðx, rÞ¼ FshrðxÞkshr max l ∗ 2ðxÞ ∂uðx, rÞ
∂r

����
����, l ∗ ðxÞumin ðxÞ

� �
ð8Þ

The terms F • are filters that depend on the downstream distance, the terms k • are user scaling factors, l ∗ is a characteristic length scale of

the wake size (taken as the rotor radius or computed based on the wake deficit), TIamb is the time-filtered ambient turbulence intensity, �Uw is the

time-filtered disk average wind velocity normal to the actuator disk, D is the time-filtered rotor diameter velocity (changing due to elastic motion

of the blades), and umin is the minimum axial velocity at the current wake plane.

2.2.3 | Initial wake deficit

The first wake plane is emitted at the rotor location, and the initial wake deficit is set based on the time-filtered thrust coefficient (Ct), obtained

using the azimuthal average of the thrust force over the different blades. The total thrust coefficient, CT , is obtained by integrating the local thrust

coefficient, Ct, with an appropriate radial weighting. Under low-thrust conditions (CT <24=25), the initial induced velocity of the wake planes is

Δuðx¼0, rwÞ¼��UrelCNW�aðrÞ, �aðrÞ¼1
2

1�
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1�CtðrÞ

q� �
, rw ¼ rw r, �aðrÞð Þ ð9Þ

where r and rw are the radii along the same streamline at the rotor and the wake, respectively, �Urel is the time-filtered rotor-disk-averaged relative

wind speed (“relative” because it contains rotor elastic motion), CNW is a tuning constant for the near wake (with a default value of CNW ¼1:8),

and �aðrÞ is the radially dependent induction, which is derived from Ct, and Ct is bounded to an upper value of 24/25. Strip theory‡ and conserva-

tion of mass are used to relate the radii r and rw using �aðrÞ and assuming that rw is the end radius that would be obtained from strip theory. The

induced velocity under mid- to high-thrust conditions is the topic of previous work.23

2.3 | Curled wake formulation

2.3.1 | Flow equations

The curled wake model is not axisymmetric, and a Cartesian coordinate system is used to describe the flow equations. Each plane comprises a reg-

ular grid of points in the yp and zp directions (see Figure 5). Only the momentum equation for the u component is solved for. Neglecting the pres-

sure gradient, and in the absence of body force, it is approximated as

‡In this work, we use the term strip theory to refer to the 2D momentum theory with independence of annuli.22

F IGURE 5 Schematic of Cartesian wake planes introducing the relevant notations for the curled wake formulation (left) and the resulting
spanwise vectors from the curled wake model (right)

BRANLARD ET AL. 49
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∂u
∂t

þu
∂u
∂x

þv
∂u
∂y

þw
∂u
∂z

¼ ∂

∂y
νT

∂u
∂y

� �
þ ∂

∂z
νT

∂u
∂z

� �
ð10Þ

where νt is provided in Section 2.3.2. The right-hand side is an approximation of the divergence of the stress tensor. To obtain this term, we write

feddy the divergence of the stress sensor, develop its expression, and perform some approximations as follows:

feddy ¼ ∂

∂xj
νT

∂uj
∂x

þ ∂u
∂xj

� 	� �
¼ νTr2uþ2

∂u
∂x

∂νT
∂x

þ ∂v
∂x

þ ∂u
∂y

� �
∂νT
∂y

þ ∂u
∂z

þ ∂w
∂x

� �
∂νT
∂z

≈
∂

∂y
νT

∂u
∂y

� �
þ ∂

∂z
νT

∂u
∂z

� �
ð11Þ

where the first equality is the definition of the divergence of the stress sensor (using implied summation on the index j and the eddy viscosity νT),

the second equality uses the continuity equation and the definition of the Laplacian (r2), and the last approximation assumes that the gradients

along x are negligible. The approximation of feddy is used in the right-hand side of Equation (10). The curled wake model includes v and w compo-

nents that are not obtained using continuity but are obtained based on the initial wake-induced velocity (see Section 2.3.3). An optional exponen-

tial decay is implemented on these components.24 Details on the numerical implementation are provided in Section 2.4.

2.3.2 | Eddy viscosity model

In the curled wake formulation, the eddy viscosity νT is computed as the sum of the shear layer and ambient contributions, similar to Equation (5).

The main difference is that it has to be computed on the Cartesian grid using Cartesian coordinates. Equation (7) is unchanged, but Equation (8) is

modified as follows:

νshrðx, y, zÞ¼ FshrðxÞkshr max l ∗ 2ðxÞ ∂uðx, y, zÞ
∂r

����
����þ 1

r
∂uðx, y, zÞ

∂θ

����
����

� �
, l ∗ ðxÞumin ðxÞ

� �
ð12Þ

where the polar gradients are computed from the Cartesian variables as

∂u
∂r

ðx, y, zÞ¼ ∂u
∂y

ðx, y, zÞy
r
þ ∂u

∂z
ðx, y, zÞz

r
ð13Þ

∂u
∂θ

ðx, y, zÞ¼� ∂u
∂y

ðx, y, zÞzþ ∂u
∂z

ðx, y, zÞy ð14Þ

with r¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffi
y2þ z2

p
, ∂u
∂r ¼0, and ∂u

∂θ¼0 when r¼0. The total eddy viscosity is eventually given by

νtðx, y, zÞ¼ maxfνambðxÞ, νmingþkcurlνshrðx, y, zÞ ð15Þ

where kcurl is a scaling factor introduced so that the curled wake model and the original formulation display similar diffusion without the need to

recalibrate kshr constants of FAST.Farm.17 The adjusted eddy viscosity is used to compensate for the missing terms in the equations, in particular,

the lack of continuity.17 We discuss and tune the constant kcurl in Section 3.1, where we found that values between 1.4 and 3 gave satisfactory

results.

2.3.3 | Initial wake deficit

The axial component of the initial wake (Δu at x¼0) is obtained using Equation (9). In the curled wake formulation, cross-flow components are

present, unlike in the original formulation (other than δur , which is derived from continuity). The cross-flow components are obtained as the sum

of induced velocities coming from the wake swirl and the curled wake.

Δv¼ΔvcurlþΔvswirl, Δw¼ΔwcurlþΔwswirl ð16Þ

The notations used for the velocities defined in plane are given in Figure 5. We obtain the tangential swirl-induced velocity from strip theory:

50 BRANLARD ET AL.
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uswirl
ψ ðrwÞ¼CNWCqðrÞ

�Urel

4 1� �aðrÞ½ � , rw ¼ rw r, �aðrÞð Þ ð17Þ

where the relationship between r and rw is the same as that used in Equation (9), Cq is the time-filtered and azimuthally averaged local torque

coefficient, and Equation (17) is valid up to thrust coefficients CtðrÞ¼24=25 (where �aðrÞ¼0:4). For high thrust coefficients (CT > 1:1), the swirl is

disabled (uswirl
ψ ðrwÞ¼0). The swirl-induced velocities are directly obtained by projecting the tangential velocity:

Δvswirlðy, zÞ¼ uswirlψ ðrÞz
r
, Δwswirlðy, zÞ¼�uswirlψ ðrÞy

r
ð18Þ

The curled-wake-induced velocities are obtained similarly to the original curled wake formulation.11 In the original curled wake formulation,

the curled vortices are along x̂w , whereas they are placed along x̂p in the FAST.Farm formulation. This choice was made for convenience and is

expected to have limited influence on the results for moderate yaw angles. In the general context of FAST.Farm, both yaw and tilt will skew the

wake. Each plane is attributed a skewed coordinate system at initialization based on the skew angle formed between the average wind at the

rotor disk and the normal to the disk. In the original curled wake model, infinite vortices are distributed along the vertical (ψ s ¼0) to obtain cross-

flow components for a rotor in yaw. In the general case, the infinite vortices are titled based on the azimuthal angle ψ s such that they are passing

through the rotor plane at the locations y0 ¼�zs sinψ s and z0 ¼ zs cosψ s in the plane coordinate system, with zs � ½�R;R�, and R¼D=2 is the fil-

tered rotor radius (see Figure 5). The induced velocity in the first wake plane is then obtained from the Biot–Savart law as

Δvcurlðy, zÞ¼
ðR

�R

Vσðy�y0, z� z0Þ Γzs
R

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
R2� zs2

p dzs, Δwcurlðy, zÞ¼
ðR

�R

Wσðy�y0, z� z0Þ Γzs
R

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
R2� zs2

p dzs ð19Þ

where the regularized kernels of the Biot–Savart law are given by:

Vσðy, zÞ¼ �z
2πr2

1�e�r2=σ2
h i

, Wσðy, zÞ¼ y
2πr2

1�e�r2=σ2
h i

ð20Þ

The regularization parameter, σ, is chosen as σ¼0:2D. The circulation is computed as16,17

Γ¼D
2
�UrelCT sinχs cosχs ð21Þ

where χs is the time-filtered skew angle. The numerical integration used in Equation (19) is performed using the midpoint rule based on a number

of points specified by the user (100 points by default).11 In the FAST.Farm implementation, a decay is introduced on the velocities obtained, as

discussed in the following section.

2.4 | Implementation details

To implement the curled wake algorithm described in Section 2.3, several changes had to be introduced to the WakeDynamics and AWAE mod-

ules and to the OpenFAST wrapper.

2.4.1 | OpenFAST wrapper

The changes to the OpenFAST wrapper are as follows:

• The actuator disk torque coefficient, CqðrÞ, is now computed together with the thrust coefficient, CtðrÞ, and passed to WakeDynamics to com-

pute the swirl-induced velocities (see Equation (17)).

• The instantaneous skew angle, χs, and skew azimuthal angle, ψ s, are computed and passed to WakeDynamics to compute the skew coordinate

system (see Figure 3).
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2.4.2 | AWAE module

The changes to the AWAE module are as follows:

• Previously, the module took as inputs the induced velocities at each wake location in polar coordinates (Δu and Δur ) and on radial lines. The

module now receives the induced velocities in Cartesian coordinates (Δu, Δv, Δw) and on 2D planes (in the y–z directions). This update applies

to both the curled wake and polar formulations.

• The internal algorithms of AWAE that merge wakes and interpolate the full velocity fields (made of wakes and background flows) at requested

locations were adapted to use the new Cartesian inputs. To introduce these changes, we compute the coordinate systems of each plane

(xp, yp, zp) according to Equation (1), and we introduce a 2D interpolation algorithm to interpolate quantities between two 2D planes.

• We introduced a new option to AWAE to remove the wake deficits that are transverse to the local ambient flow direction from the calculation

of the wake plane meandering velocities that are an output of AWAE. That is, the contribution of the velocity deficits across the plane

(Δu, Δv, Δw) that is transverse to the local flow is neglected when calculating the spatial average of the disturbed (ambient plus wakes) wind

velocity across the plane, which is used to meander the plane. By default, this option is active with the curled wake model, and inactive other-

wise. This feature avoids a double counting of the convection in the transverse direction because the curled wake algorithm in WakeDynamics

already accounts for this convection. For the original polar formulation, the transverse component of the deficit is important for capturing

deflection of the wake from a rotor that is skewed relative to the inflow.

2.4.3 | WakeDynamics module

The changes to the WakeDynamics module are as follows:

• We changed the outputs of WakeDynamics such that the module always returns velocities in Cartesian coordinates and on 2D planes, thereby

matching the new input convention of AWAE discussed above. This update applies to both the curled wake and polar formulations. The main

change affects the polar formulation, where the axisymmetric velocities ΔuðrÞ and ΔurðrÞ are projected onto Cartesian values

(Δuðy, zÞ, Δvðy, zÞ, Δwðy, zÞ) as follows:

Δuðy, zÞ¼ΔuðrÞ, Δvðy, zÞ¼ΔurðrÞyr , Δwðy, zÞ¼ΔurðrÞzr ð22Þ

where r¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffi
y2þ z2

p
, and the cross-flow components are zero when r¼0. In the curled wake formulation, the Cartesian coordinates on the Car-

tesian planes are already the main variables. Additional outputs were added to FAST.Farm to write to disk the different information stored in

each wake plane, such as velocity deficit and eddy viscosity.

• The update of states now contains different implementations, whether the curled wake formulation or polar formulation is used. We describe

the former in the following. The velocity deficit of the initial wake plane is set according to Section 2.3.3. The inclusion of swirl velocities is an

option available to the user. WakeDynamics uses a Lagrangian convection of the planes. The wake positions are updated as follows:

dxp
dt

¼UþΔu ð23Þ

where d=dt is the material derivative associated with the convection with the background flow, U:

d
dt

¼ ∂

∂t
þðUþΔuÞ ∂

∂x
ð24Þ

We note that the true material derivative is

D
Dt

¼ ∂

∂t
þðUþΔuÞ ∂

∂
þðVþΔvÞ ∂

∂y
þðWþΔwÞ ∂

∂z
¼ d
dt

þΔu
∂

∂x
þΔv

∂

∂y
þΔw

∂

∂z
ð25Þ

We implement the update of states from time t to tþdt (from time step nt to ntþ1) by updating the states of the plane with index i�1 to the

ones with index plane i. Therefore, the discrete form of Equation (23) is implemented using a first-order forward Euler scheme as
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xp,i½ntþ1� ¼ xp,i�1½nt�þUi�1½nt�Δt ð26Þ

where brackets are used to indicate the time step at which the variable is evaluated. Equation (26) is the same for the polar and curled wake

formulations. Because the background flow in the meandering frame is constant and is laterally uniform, Equation (10) becomes

∂UþΔu
∂t

þðUþΔuÞ ∂ðUþΔuÞ
∂x

þΔv
∂Δu
∂y

þΔw
∂Δu
∂z

¼ ∂

∂y
νT

∂Δu
∂y

� �
þ ∂

∂y
νT

∂Δu
∂z

� �
ð27Þ

Using Equation (24), Equation (27) becomes the following mixed Eulerian–Lagrangian formulation:

dΔu
dt

þΔv
∂Δu
∂y

þΔw
∂Δu
∂z

¼ ∂

∂y
νT

∂Δu
∂y

� �
þ ∂

∂y
νT

∂Δu
∂z

� �
ð28Þ

We discretize Equation (28) using a first-order forward scheme as follows:

Δui½ntþ1� ¼Δui�1½nt�þΔt �Δvi�1½nt� ∂Δui�1½nt�
∂y

�Δwi�1½nt� ∂Δui�1½nt�
∂z

þ feddyi�1 ½nt�
� �

ð29Þ

where feddy is the term on the right-hand side of Equation (27). All the gradients are computed using a central-difference scheme. We use an

optional exponential decay on the cross-flow components of the planes,24 which is implemented as

Δvi½nþ1� ¼Δvi�1½n�e�kvdΔx=D ð30Þ

Δwi½nþ1� ¼Δwi�1½n�e�kvdΔx=D ð31Þ

with Δx¼Unp�1½nt�Δt. The decay is used to reduce the intensity of the vortices and effectively diffuse them downstream. We recommend the

value kvd ¼0:1, which is such that the vortices have decays by 50% of their strength at a downstream distance of 7 rotor diameters, or 7D.

2.5 | Summary of main differences

We conclude this section by listing the main differences between the polar and curled wake formulations in Table 1.

3 | RESULTS

In this section, we verify the implementation of the curled wake formulation by comparing it with the polar formulation and with actuator line and

actuator disk large-eddy simulations (LES). In all cases, we use the NREL 5-MW baseline wind turbine.25 The tilt is set to zero, and the turbine is

rigid and operating at a constant rotational speed, unless mentioned otherwise. All simulations use the calibrated constants kcurl ¼2 (for the eddy

viscosity) and fc ¼0:018 Hz (for the time filter), unless mentioned otherwise.

3.1 | Uniform inflow with aligned rotor

We start the verification of the curled wake formulation by considering a case with steady, uniform inflow. We run a simulation for a uniform

wind of velocity U¼8m/s and a rotor speed of Ω¼12:1 rpm, corresponding to CT ¼0:72 and λ¼6:5. The swirl is not included in these simula-

tions to minimize the differences between the two formulations. We note that cases with uniform inflow are challenging because FAST.Farm was

designed and tuned26 to be used with turbulent simulations where the ambient turbulent effects on the convection and diffusion are the most

important. We compare the wake velocity deficits at three downstream locations, x¼f1, 5, 8gD, in Figure 6.

In this case (without yaw), the two formulations (polar, curl) are expected to return similar results. The main sources of differences are the

numerical scheme, the handling of continuity, and the scaling factor used in the eddy viscosity (see Table 1). The differences in wake shapes

downstream are likely to be attributed to the fact that the curled wake model does not account for continuity, resulting in a different wake expan-

sion. Overall, the agreement appears to be satisfactory in light of the differences in formulations.
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In Figure 6 we obtained a similar diffusion of the wake by tuning the eddy viscosity constant of the curled wake model, obtaining kcurl ¼2.

We performed a sensitivity analysis and found no dependency of this scaling factor on the time step and grid size. As mentioned in Section 2.3.2,

the scaling constant likely comes as a result from the lack of continuity in the curled wake formulation. The velocity gradients obtained at the

wake boundary are smaller in the curled wake formulation, leading to smaller values of νshr before being scaled. The value we obtained is in line

with the tuning constant found in previous studies.17

We repeated this study for different thrust coefficients and computed the relative error between the curl and polar wake deficits at 5D. For

thrust coefficients of 0.4, 0.7, and 0.9, the relative error between the two formulations was 1%, 2.5%, and 6.4%, respectively, using kcurl ¼2. With

kcurl ¼2, the curl formulation diffuses slightly too much for a low value of the thrust coefficient, and not enough for a high value of the thrust

coefficient. The errors are reduced to 0.5%, 2.5%, and 5.1% using values of kcurl of 1.4, 2.0, and 3.0, respectively. We therefore recommend using

these values as a function of the mean thrust coefficient of a given simulation.

TABLE 1 Differences between the polar and curled wake formulations in WakeDynamics

Feature Polar (FAST.Farm) Curl (FAST.Farm) Curl (original)

Time formulation quasi-steady quasi-steady steady

Equation formulation Eulerian/Lagrangian Eulerian/Lagrangian Eulerian

Frame meandering (x¼ xp) meandering (x¼ xp) global (x¼ xg )

Coordinate system polar Cartesian Cartesian

Plane points radial line 2D grid 2D grid

Continuity equation included not included not included

Eddy viscosity ambient + shear (radial) idem but with ∂u
∂θ and scaling factor constant based on mixing length

Momentum equation shear layer approx. idem but in Cartesian idem

Numerical scheme implicit Crank–Nicolson first-order forward Euler idem

Lagrangian convection U may contain cross-flow U does not contain cross-flow �
Wake lateral convection deflection modela modified deflection modelb +intrinsic intrinsic

Initial deficit axial, based on Ct idem, but with swirl and curl cross-flows idem but no swirl

Curled vortices � distributed along ẑs in x̂p direction distributed along ẑg in x̂w direction

Wake superposition root-sum-square root-sum-square �
Rotor loads blade element momentum blade element momentum Look-up table

Secondary steering � intrinsic intrinsic

Note: “Idem” indicates that the value is the same as the previous column.
aThe lateral deflection depends on the velocity deficit transverse to the local flow.
bThe parameters are adapted to account for the intrinsic convection already present.

F IGURE 6 Wake velocity deficits for a case with uniform inflow and aligned rotor as obtained by the different FAST.Farm formulations. The
relative error, ϵ, between the two curves, is indicated on the figure
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3.2 | Turbulent inflow with aligned rotor

We build on the test case presented in Section 3.1 by adding turbulence to the simulation. FAST.Farm is mostly intended to run cases with turbu-

lent inflow where the wake effectively meanders. The turbulent inflow was generated with TurbSim27 using the Kaimal spectrum, a turbulence

intensity of 13.3%, a power law coefficient of 0.2, and recommended spatial coherence functions. The operating conditions are U¼8:09 m/s and

Ω¼9:16 rpm, corresponding to CT ¼0:80 and λ¼7:43. The nacelle yaw angle is kept at zero, but because of the turbulent inflow, a nonzero skew

angle is present, ranging from 0� to � 12�, therefore activating the cross-flow velocities from the curled wake vortices. The swirl effect is not acti-

vated to minimize the differences between the two formulations. We run 1-h simulation, based on a 1-h long turbulence box, and averaged the

results over the last 3500 s. We plot the time-averaged wake velocity deficits (in the global frame) obtained using the different formulations at

three downstream distances in Figure 7. For these simulations we found that the value kν,curl ¼2:7 was best to match the diffusion of both

formulations.

The conclusions are similar to the ones presented in Section 3.1. The two formulations have a similar diffusion of the wake, but the wakes

from the curled wake formulation expand more, likely due to the lack of continuity.

3.3 | Yawed inflow without swirl

In this section, we perform simulations with a constant yaw angle of 30 deg, under uniform inflow. For consistency with previous results shown in

the literature, we use the test case from Martínez et al11 and the LES actuator disk results from Howland et al.9 For simplicity, the actuator disk

models account only for the axial loads and not the tangential loads. Therefore, the effect of swirl is not included in the LES and FAST.Farm

models. The operating conditions are U¼12 m/s and Ω¼8:4 rpm, corresponding to CT ¼0:55 and λ¼5:2. We present simulation results for the

original curled wake model (stand-alone Python implementation), the FAST.Farm models (“FF Curl” and “FF Polar”), and the LES actuator disk.

The LES and Python models assume a uniform thrust distribution across the rotor, which will introduce differences in the wake deficit profiles

because FAST.Farm uses a more realistic wind turbine model with rotor loading that is not uniform. We present the nondimensional axial velocity

(u=U) and the cross-flow streamlines at different downstream locations behind the rotor in Figure 8.

From a qualitative inspection of the results, the FAST.Farm model appears to capture the underlying physics of a yawed-wake: the wake curls

along the skewed wake axis, and cross-flow components analog to two counter-rotating vortices are present. These flow features are absent in

the polar formulation because no cross-flow velocities are present. Small differences are observed between the stand-alone curl and FAST.Farm

curl formulations, which are attributed to three factors, ordered by decreasing impact: (1) the stand-alone formulation uses a uniform thrust distri-

bution, whereas the FAST.Farm formulation distributes the thrust (and induction) radially; (2) the curled vortices are along x̂p in the FAST.Farm

formulation, whereas they are along x̂w in the stand-alone formulation; (3) the stand-alone formulation uses a different eddy viscosity formulation

(using a uniform eddy viscosity across the plane).

There are visible differences between the LES results and the curled wake results. The LES simulations include the tower and use a uniform

thrust distribution across the rotor. In general, it appears that the LES wake convects further in the skewed direction and the entire wake is trans-

ported, whereas the curled wakes display a lagging “tail” in the center of the wake that is not transported sufficiently fast.

To further illustrate the differences between the models, we plot the wake deficit along the horizontal line z¼0 (corresponding to the hub

height) in Figure 9.

F IGURE 7 Average wake velocity deficits for a case with turbulent inflow and aligned rotor as obtained by the different FAST.Farm
formulations
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The conclusions drawn from Figure 9 are similar to the ones mentioned above. The hub losses present in the FAST.Farm models are clearly

visible on the figure. Though they are a source of the differences, we do not expect the difference in loading distribution to be the main contribu-

tor to the differences observed, as the stand-alone curl model (which has a uniform loading) displays similar behavior to the FAST.Farm curl model.

In general, the engineering models are observed to deflect less (toward negative y) compared to the LES model. The polar model deflects with sim-

ilar proportion as the other engineering models but keeps a symmetric wake deficit shape. Both curl models display asymmetric wake deficits at

8D, consistent with the LES results but with wider wake deficits.

Future improvements of the curled formulation might be possible by, for instance, changing the distribution of the vortex intensities such that

the cross-flow transport is increased. The current distribution is equivalent to the distribution of a single vortex cylinder18 (or constant thrust

coefficient), and improvement might be possible by using a continuous distribution of circulation.28

F IGURE 8 Nondimensional streamwise velocity contours of FAST.Farm curled wake model (FF Curl, left middle) compared to the LES results
of an actuator disk model from Howland et al.9 (left); results from the stand-alone curled wake model (right middle); and results from the FAST.
Farm polar model (right). Streamlines show the cross-flow velocity components

F IGURE 9 Wake deficits from Figure 8 extracted on the horizontal line z¼0 (hub height) at different downstream distances
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3.4 | Yawed inflow with swirl

Here, we use the second test case previously presented for the curled wake model.9,11 The operating conditions are U¼8m/s and Ω¼7:5 rpm,

corresponding to CT ¼0:75 and λ¼6:97. Apart from the change in operating conditions, the main difference with Section 3.3 is that the effect of

swirl is included for all simulations (except for the FAST.Farm polar model), and an actuator-line representation of the rotor is used for the LES

case (and the tower is not included). We present velocity fields from the different formulations at different downstream locations in Figure 10.

For the results presented in Figure 10, the deflection parameters of FAST.Farm had to be changed so that the polar formulation deflects less§

to match the other models. With the inclusion of swirl, the wake curls more in all simulations and the differences between the three methods are

more pronounced. As before, the stand-alone curl assumes a uniform thrust distribution; therefore, the axial velocity is uniform at the rotor plane,

whereas the other formulations display the usual reduction of axial induction at the rotor center due to important swirl and drag at this location.

We believe this is the main source of the differences between the FAST.Farm and stand-alone curled wake formulations. The curled wake formu-

lations qualitatively capture the flow behavior observed in the LES simulation, but the lateral transport is likely too weak and differences are

observed in the way the deficit concentrates around the top vortex.

To further investigate the differences between the bottom and top vortices, we plot the wake deficits along the vertical line y¼0 in

Figure 11.

We observe differences in the wake deficits at 1D between FAST.Farm and LES that likely originate from differences of loading at the rotor.

At further distances downstream, the curling of the wake due to the swirl leads to a stronger wake deficit at the top of the wake (the concentra-

tion would be at the bottom for a negative yaw angle). This phenomenon is captured by the curl models but is clearly absent for the polar formula-

tion. The FAST.Farm formulation displays wider wake deficits than the LES or stand-alone curl models, but the agreement is deemed satisfactory

given the unavoidable errors introduced by the simplified engineering models.

F IGURE 10 Nondimensional streamwise velocity contours of FAST.Farm curled wake model (middle left) compared to the LES results of an
actuator line model from Howland et al.9 (left), results from the stand-alone curled wake model (middle right) and results from the FAST.Farm
polar formulation (right). The effect of swirl is included. Streamlines show the cross-flow velocity components

§There is an expected dependence on the deflection parameters of the FAST.Farm polar formulation with the thrust coefficient. It is noted that these deflection parameters are not used in the

curled formulation.
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3.5 | Transient response to a yaw step

We continue our verification by looking at a transient yaw event under uniform inflow. The operating conditions are: U¼8m/s and Ω¼7:5 rpm,

corresponding to CT ¼0:67 and λ¼6:5. The rotor is initially aligned with the flow. At t¼300 s, the rotor is yawed from 0� to 30� over the span of

3 s. We use this test case to tune the time filter (mentioned in Section 2.1.2) used by WakeDynamics. The time filter effectively represents the

dynamic inflow (also referred to as dynamic wake) effect,22,29 which represents the time scale for changes of induction/circulation at the rotor to

be propagated downstream, or similarly, the time for the vorticity to be convected downstream.28 In order to tune this time constant, we simu-

lated the transient yaw event under uniform inflow with FAST.Farm and an LES using the actuator line model.30,31 We present snapshots of the

wake axial velocity obtained with FAST.Farm and LES in Figure 12.

As seen from the LES results, a vortex is formed in the wake in the transition region between the uniform wake and the yawed wake as a

result of the sudden yaw step. This vortex is similar to the vortex generated for a sudden pitching of an airfoil.32 FAST.Farm does not have the

necessary physics to fully capture such a phenomenon. We plot a cross section of the wake from LES and FAST.Farm at x¼5D and t¼500 s in

Figure 13. The cross section is indicated with dashed lines in Figure 12.

The results are consistent with the ones presented in Section 3.4.

To quantify the time evolution of the wake, we use an integral measure that compares the velocity field at one downstream plane

(e.g., located at x¼5D) at the end of the simulation (t¼600 s), to the velocity field at the same downstream distance but at earlier times

(t<600 s). We use the mean relative error as a measure, and by definition this error is 0 at the end of the simulation. We do not expect this mea-

sure to be the same for both FAST.Farm and LES; therefore, we scaled it such that all simulations return the same error prior to the transient yaw

event. The time evolution of this measure is shown in Figure 14.

The figures contain three main levels connected by transients: (1) the level prior to the wake reaching a given downstream location (as a result

of the simulation start-up transients), (2) the level corresponding to the converged unyawed wake, (3) the final level corresponding to a converged

yawed wake. We have scaled them such that level 2 is unity and level 3 is zero. The vortex that forms after the yaw step is visible at x¼5D and

F IGURE 11 Wake deficits from Figure 10 extracted on the vertical line y¼0 at different downstream distances

F IGURE 12 Snapshots of axial velocity as obtained by FAST.Farm (left) and LES (right) for a step-yaw event. At t¼370 s the transition
between the uniform and yawed wake is at the middle of the domain. At t¼500 s, the yawed-wake is fully converged
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t¼380 s in Figure 14. The time constant from level 2 to level 3 is relevant for the dynamic wake effect and the constant fc. For this simulation,

we found that a filter frequency of fc ¼0:18 Hz provided results consistent between FAST.Farm and the LES results. This constant is different

from the one recommended in previous work.26 We believe that the previous calibration work missed the appropriate time scale by using an

incomplete range for the calibration and focusing on average quantities (such as the wake position) during turbulent simulations. From our

updated results, we suggest using a time filter that is consistent with the typical time scales used in dynamic inflow models:

τ1 ¼ 1:1
1�1:3minðaavg, 0:5Þ

R
U
, fc ¼2:4

τ1
ð32Þ

where τ1 is the time scale used in the Øye dynamic inflow model,29 and aavg is the average axial induction factor across the rotor disk (in our simu-

lation, aavg ¼0:25).

3.6 | Sinusoidal yaw variations for two aligned turbines

In this section, we use the same test case as the one presented in Section 3.5, but we introduce an additional turbine, 7D downstream. The nacelle

yaw angle of the first wind turbine (T1) is varied sinusoidally after time t¼500 s, with a period of T¼250 s. The rotational speed of the second

turbine (T2) is fixed at Ω¼5:5 rpm throughout the simulation. We compare the power of the turbines obtained using FAST.Farm and LES in

Figure 15.

We observe that the power of T1 (and T2) oscillates at twice the frequency of the nacelle oscillation because the aerodynamic loads are

nearly symmetric for positive and negative yaw. Differences in power levels are observed when the nacelle yaws, indicating that the yaw model

of OpenFAST could likely be further improved. The power of the waked turbine shows strong 3p oscillations (where p is the frequency

corresponding to the rotor speed) due to the sampling of the oscillating wake. The amplitude of the oscillations was reduced in the figure by

applying a moving average filter of window length 1 s to help the readability and focus on the oscillations induced by the nacelle yaw. The LES

and FAST.Farm results display different convection times of the wake. For the LES, the steady-state wake hits T2 later than the FAST.Farm

F IGURE 13 Instantaneous axial velocity from FAST.Farm and LES for the yawed wake, at t¼500 s, when the wake has converged

F IGURE 14 Integral measure representing the difference between the fully developed yawed wake and wakes at prior times for simulations
of the transient event going from zero yaw to 30� yaw around t¼300 s. Left: values at x¼1D. Right: values at x¼5D
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simulation, which is likely explained by the slow buildup of the wake and induction in LES, whereas FAST.Farm assumes that the axial induction of

a fully developed wake is present at t¼0. The oscillatory wake hits T2 at approximately the same time (t≈650 s) for both tools. We nevertheless

note that to slightly increase the convection velocity of the wake, we changed the convection parameter of FAST.Farm (C_Meander) to 2.5 from

its default value of 1.9. Ignoring the small time offsets, we observe that the curled wake model captures reasonably well the amplitude of the

power oscillations, whereas the polar model tends to show higher amplitudes. The minimum value for both FAST.Farm models is close to the

steady-state value prior to the oscillatory wake hitting the turbine. For the LES simulation, the minimum power is seen to be greater than the

steady-state value. Complex aerodynamic interactions between the vortices of the wake and the waked turbine are likely at play, which are not

expected to be captured by FAST.Farm. It is nevertheless expected that as the frequency of the nacelle yaw decreases, the minimum power

should reach the steady-state value. Regardless, the new FAST.Farm curl model shows marked improvements over the original FAST.Farm polar

model relative to LES.

3.7 | Yaw sweep for two aligned turbines

In this final section, we simulate a case similar to the one investigated in the work of Fleming et al,33 in which LES simulations were used to study

the effect of wake mitigation control strategies—in particular, using yaw control. We simulate two wind turbines separated by 7D for a time period

of 1 h. We vary the yaw angle of the first turbine while the second turbine remains at a fixed zero-yaw. Both turbines are rigid, the rotational

speed is variable, and the land-based NREL 5-MW controller is used. For the simulation, we generated a turbulence box with TurbSim27 using the

Kaimal spectrum, a mean hub-height wind speed of 8m/s, a turbulence intensity of 11.8%, a power law shear coefficient of 0.1, and

F IGURE 15 Response to a sinusoidal nacelle yaw variation of an upstream turbine (T1) on the downstream turbine (T2) as simulated using
LES and FAST.Farm

F IGURE 16 Power obtained for two turbines when the yaw angle of the first turbine is varied, obtained with the original (polar) and curled

wake (curl) formulations. The percentage difference of the total power compared to the zero-yaw configuration is indicated on the figure
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recommended spatial coherence functions. We plot the time-averaged power from the first and second turbine as function of the yaw angle of

the first turbine on Figure 16.

We observe that the general trends are captured by the models: the power of the first turbine is reduced for increasing yaw angles due to

decreased aerodynamic performances, whereas the opposite occurs for the second turbine, because the wake of the first turbine is deflected

away from the second one. Due to the curled wake shape, an asymmetry is expected when the curled wake model is used. In our simulation, we

observed an asymmetry both for the curled wake and the polar implementations, where more power is obtained for positive yaw angles compared

to negative yaw angles. The trend appears to be consistent with the one observed by Fleming et al,33 but not as pronounced. The results from

Fleming et al. show increased power for positive yaw angles but no gain at negative yaw angles. It is likely that some of the physics at play are not

fully captured by the FAST.Farm model and that the shape of the wake deficit (curled or not) is not the main factor responsible for the

asymmetry.

We believe that the main driver for the variations observed here is the wake convection, but the curling of the wake is likely to have an effect

of second order, which could explain the increased asymmetry observed with the curled wake formulation. The comparison is difficult because

the convection is handled differently in the curled wake and polar formulations. We expect the results to vary based on the turbulence box (turbu-

lence intensity, coherence) and the operating conditions, and based on using different values for the tuning constant of FAST.Farm (wake

meandering constants, wake deflection parameters). A thorough analysis of the effect of secondary steering and calibration using FAST.Farm will

be considered for future work.

4 | CONCLUSION

In this article, we presented a time-varying formulation of the curled wake model that we included into the FAST.Farm framework. We compared

results of the original FAST.Farm formulation with a polar-shaped wake with the new formulation, from which we can highlight the following

conclusions:

• The study led to several improvements to the baseline formulation of FAST.Farm: (1) A minimum eddy viscosity was introduced to improve the

quality of the results when no ambient turbulence is used. (2) Based on the results from the transient yaw event, we obtained a more physical

interpretation of the time-filter value and we have now updated the default value of this parameter. (3) The AWAE module now uses a Carte-

sian implementation, allowing for more versatile wake models in the future. (4) Additional wake outputs were added.

• When comparing the polar and curled wake formulations, small differences were observed in the wake deficits obtained in aligned flows. We

believe that these differences result from a lack of enforcement of continuity and the use of an explicit first-order Euler scheme in the curled

wake model. Future work should therefore focus on improving the numerical scheme and solving the continuity equation together with the

momentum equation, similar to the approach taken in the baseline FAST.Farm wake model. The use of an implicit scheme will also improve the

robustness of the algorithm.

• The curled wake formulation includes cross-flow velocities and a realistic wake deficit shape, which are significant improvements to the axi-

symmetric implementation in conditions with skewed flow. The implementation of the algorithm was verified against LES and a stand-alone

version of the curled wake model used in previous publications. The new time-varying implementation of the curled wake model in FAST.Farm

shows satisfying agreement with LES, and the results were consistent with previous verification studies of the curled wake model in steady

state.

• In spite of the overall agreement, several differences were observed when comparing the curled wake model with the LES results. For the actu-

ator disk results, the lateral convection of the wake center lags in the curled wake model. For the actuator line results, the concentration of

vorticity at the top vortex is not as pronounced with the curled wake model. Both observations seem to point to the cross-flow convection

and therefore the accuracy of the cross-flow velocities. Improvements can likely be obtained by adapting the vorticity distribution based on

the actual circulation distribution at the rotor instead of the integrated thrust coefficient. The present distribution is equivalent to the distribu-

tion of a single vortex cylinder (or constant thrust coefficient) concentrated on one line, and improvement might be possible by using a contin-

uous distribution of vorticity radially and azimuthally. A second step would be to convect the vortices within the plane. The vortices currently

remain unrealistically fixed along a line, but their location should also curl under their self-induced velocities. Such a modification will be con-

sidered in future work.

• The yaw-sweep results indicated that moderate differences were obtained using the curled wake or polar formulation. The curled wake formu-

lation showed increased asymmetry, which is consistent with previously published results using LES. The convection method is likely the first-

order factor influencing the power of downstream turbines; the actual symmetry/asymmetry of the deficit is of second order. Both formula-

tions have a different convection algorithm; therefore, the comparison is not straightforward. Future work should continue to investigate the

secondary steering obtained with FAST.Farm, focusing on the influence of the various meandering and convection parameters.
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