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The paper investigates the use of vortex methods in the computation of important flows
for wind turbine aerodynamics. These flows are characterised by inflow velocity unsteadiness,
spatial variations and non-zero spanwise component. First, computational vortex methods are
shown to match analytical solutions on simple geometries. Second, these geometries will be
studied to reveal the effects of these flows on airfoil aerodynamics: unsteady damping and load
reduction when subjected to side slip or spanwise inflow velocity variations. Finally, vortex
methods will be compared with traditional BEM methods in full wind turbine configurations
under real operating inflows such as shear, yaw and turbulence which are characterised by
unsteadiness and three-dimensional effects. Vortex methods allow quantifying the error of
BEM methods for these conditions.

Nomenclature
AR = Aspect ratio
Cr,Cp, Cpy = Lift, drag and moment coefficients
Cr, = Slope of the Cr, vs. a curve
Cr,, = (g in steady state
Cs = Span coeflicient
Cr,Cn = In and out-of-plane force coefficients
Cp, = Thrust coefficient of the rotor
Cp, = Power coefficient of the rotor
R = Rotor radius
r = Radial coordinate
r* = Non-dimensional radial coordinate
t = Non-dimensional time
Us = Wind speed
U, = Relative incoming velocity with respect to the airfoil
a = Angle of attack
aro = Angle of attack at which C;, =0
Y = Shear coefficient
0 = Azimuthal angle
A = Wavelength of the incoming velocity along the span
A = Side slip angle in airfoils
W = Kiissner function
¥ = Yaw angle
1) = Wagner function
& = Vorticity
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I. Introduction
ERoDYNAMIC effects such as unsteadiness and three-dimensional effects are currently gaining importance in wind
turbine analysis. The need for their consideration has been strengthen by the increasing length and flexibility of the
blades [1]], floating platforms, complex terrains and new control strategies that exploit the interaction between wind
turbines and upstream wakes [2]]. As a consequence, computational methods need to be upgraded or new ones need to
be created. Currently, Blade Element Momentum (BEM), vortex methods, Unsteady Reynolds-Averaged Navier-Stokes
(URANS) and Actuator Line - Large Eddy Simulation (AL-LES) are the available fidelities [3].

BEM theory is widely employed [4] and constitutes the standard method for industry [5]. It uses two-dimensional
steady airfoil data to compute wind turbine performance under the hypothesis of steady flow and independent two-
dimensional blade sections [6]. In the present article, any aerodynamic phenomenon that implies interaction between
blade sections is considered to experience a “three-dimensional effect” and any phenomenon with variations in time
is called an “unsteady effect”. However, in practice, empirical corrections are typically applied to approximate wind
turbine behaviour under these conditions [7, |8]]. These corrections are created from higher fidelity methods or from
experiments and are usually not sufficiently general to capture the full range of possible turbine dynamics [9, [10].

Vortex methods [[11} [12] are less commonly used in the computation of wind turbine aerodynamics. In general, they
assume inviscid and incompressible flow implying that no effects associated with viscosity (friction drag and separation)
or compressibility can be accounted for. Some authors have overcome these restrictions [13}[14] but they have not been
dealt with in this paper that focus on primary effects.

Other methods such as URANS or blade-resolved LES are able to overcome the drawbacks of both BEM (unsteadiness
and three-dimensional effects) and vortex (viscosity and compressibility) methods [[10} [15,[16]]. However, they are still
not computationally efficient enough to support aerodynamic analysis at the design phase.

Unsteady and three-dimensional effects appear naturally in wind turbine aerodynamics under real operating incoming
flows. Unsteadiness appears at different characteristic frequencies in different flows: at the rotation frequency in shear
and yaw and associated to the wind spectrum in turbulence. Spanwise flow occurs in cases of yaw and to a lesser extent
in turbulence. Finally, spanwise variations appear in shear (large wavelength) and turbulent (shorter wave lengths) flows.
Concurrently, these effects appear also in airfoil aerodynamics. Traditionally, gusts have been employed as an example
of unsteadiness. Moreover, side slip cases generate spanwise flow and spanwise-varying incoming velocity cases give
rise to three-dimensional flow.

Airfoils represent a simple geometry that sometimes accepts analytical solutions constituting a valuable source
of information for code validation. Specifically, small perturbation theory [17] has been used to characterise the
unsteady behaviour of two dimensional airfoils and lifting-line theory [[12] has been used to analyse three-dimensional
effects. These are vortex theories that can be automatically extended to complex geometries through a computational
implementation which is usually very efficient [12]]. In particular, the present paper uses panel methods on thin airfoils
known as Unsteady Vortex Lattice Method (UVLM).

In this paper, vortex methods will be used to improve the understanding of wind turbine aerodynamics and the
limitations of BEM methods under these flows. First, section [E includes the description of these methods. Afterwards,
the main aerodynamic features of these flows will be studied on basic geometries for validation and to provide a
systematic analysis of unsteady and three-dimensional effects (section [[T). Finally, the aecrodynamics of a reference
10MW wind turbine rotor under realistic operation flows (yaw, shear and turbulence) will be computed with vortex and
BEM methods for comparison (section [[V).

I1. Computational methods
This section describes the very basic theory behind two methods that will be used further on and their implementations.
Each of them is a state-of-the-art representative of some of the fidelities described in section[lt BEM and vortex methods.



A. Blade Element Momentum
BEM theory [6] is based on the connection of two theories. The momentum theory treats, initially, the rotor as a
porous disc. The mass conservation equation of this system can be written as

PAUs = pAqUy = pA,, U, (L

where U, Uy and U,, are the flow velocities infinitely upstream of the rotor, at the rotor plane and in the wake,
respectively. The traditional definition of the induction a is used

Ug = Ux(1 - a). 2)
Moreover, the force on the porous disc can be related to the momentum loss of the flow across the disc
(P = PAG = (Us = Uy)pAaUs(1 = a), 3)

where p, and p,; are the pressure immediately upstream and downstream the rotor, A is the rotor area and p is the fluid
density. The flow pressures and velocities are also related by the Bernoulli equation that should be applied separately
upstream and downstream the rotor
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Epro + Poo = EpUﬁ +pl, (4a)
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szvzv +poo = EpUtzi +pd, (4b)

where p is the flow pressure infinitely away from the rotor. Equations (T)), (Z), (3) and (@) can be combined to obtain
the velocity in the wake
Uy =1 -2a0)Us. (%)

Under the assumption of independent radial sections of the rotor, the momentum theory described above can be
applied separately to each radial annulus such that it can be related with the second theory that BEM methods use, the
rotor blade theory. This theory defines the aerodynamic forces in each annulus of the rotor (6L and § D) based on
the local velocity (U, ) and the two-dimensional aerodynamic data known beforehand (Cr, and Cp), which is usually
obtained from wind tunnel measurements of computational methods

1
oLcos¢ +oDsing = szch(CL cos ¢ + Cp sin ¢)or, (6)

where ¢ represents variations along the radial coordinate r, L and D are, respectively, the airfoil lift and drag forces with
associated non-dimensional coefficients Cr, and Cp, ¢ is the flow angle, U, is the relative velocity, N is the number of
blades and c is the section chord. The combination of the two previous theories and the appropriate geometrical re-
lationships between velocities give rise to a system of equations that can be iteratively solved to obtain velocities and forces.

There are some further details needed to complete the method such as the angular momentum equation [6]. Moreover,
important three-dimensional and unsteady effects are missing, forcing this method to use semi-empirical corrections
[[L8]] for rotation, tip and root ends and wake deviation effects. Usually, these corrections are adjusted for the most
simple cases leading to miscalculations in the most complex ones [[10] such as unsteady inflow or large yaw angles.
Efficiency is the main advantage of this method.

OpenFAST is the open-source [[19] version of FAST (Fatigue, Aerodynamics, Structures and Turbulence) [20, [21]]
which is the aeroelastic code for horizontal-axis wind turbines of the National Renewable Energy Laboratory (NREL). It
uses a BEM model for the steady aerodynamics with different corrections [6] and options for the unsteady behaviour.
For the structural dynamics it provides linear and non-linear theories.

B. Vortex methods
Vortex methods are based on the inviscid and incompressible flow equations [[12} 22]
V-u=0 in Q
(u—-upa,) - n=0 at 0Q @)

u=U, as |x]|—> oo,



where u is the flow velocity (whose value is Uy, infinitely far away from the solid surfaces), n is the normal vector to
the solid surfaces, Q c R3 is the fluid domain with Q; solid boundaries.

However, equation (/) can be reformulated using the relationship between velocity and vorticity (£ = V X u) and
applying Green’s theorem. The advantage of writing the equations based on the vorticity becomes obvious considering
that the vorticity will be generated in the boundary layer of solid surfaces [22]], shed to the flow at the trailing edge and
convected downstream giving rise to the wake. Thus, only the 2D vorticity field should be solved in solid surfaces and
wakes under the following boundary conditions

(u—-upa,) n=0 at 0Q, (8a)
Aplaa, =0 at 0Q,, (8b)
u=U, as |x|—> o, (8¢)

where, now, 0Q includes solid 0€Q; and wake 0(2,, boundaries. First, the non-penetration condition between the flow
and the solid surfaces is provided by Equation (). Second, Equation (8b) assures that the wake does not carry any
load. Finally, Equation enforces the boundary condition at infinity.

The wake convection admits two modelling fidelities. If the vorticity is convected by the inflow velocity, the wake is
said to be “prescribed” because its shape can be known in advance. However, if the vorticity is convected by the inflow
velocity plus the velocity induced by the rest of the vorticity, it is named “free wake”. The first approximation is much
more computationally efficient [23]].

In the present article, the UVLM method will be used [24]. It assumes low thickness-to-chord ratio to further
simplify the surfaces as zero-thickness. It discretises the equations and uses Biot-Savart law for the computation of
induced velocities
Fj 4 dl k X Fik

4r 15 7|3

uindij = ’ (9)
where uing;; is the induced velocity on point i by the vortex j which is composed by four segments indexed by k with
length dl and strength I.

After solving the vorticity fields, the velocity can be reconstructed and the forces can be computed. The steady and
unsteady forces will be computed with the Kutta-Joukowsky theorem and the unsteady term in the unsteady Bernoulli
equation, respectively,

aTy
F; =pFuixdli+pE -dl;. (10)

In this case, depending on the wake convection fidelity chosen, the wake is convected via either one of the following
two conditions

Ax = U, - At Prescribed wake (11a)
Ax = (U + Uing) - At Free wake (11b)

SHARPy stands for Simulation of High Aspect Ratio Planes in Python [25] and it is an aeroelastic code developed
by the authors in collaboration with the team in Imperial College London [26l 27]. The aerodynamics are captured
with an UVLM [24] that accounts for three-dimensional and unsteady effects but neglects viscosity, compressibility
and body thickness. The aerodynamic solver includes steady (through horseshoe or discretised wake) and unsteady
(with prescribed or free wake) solutions. The structural dynamics are described through the geometrically exact beam
theory (GEBT) that is able to account for the six degrees of freedom of each section as well as for the anisotropy of
composite materials giving rise to a non-linear beam model [28]]. Moreover, multibody features are simulated though
joints implemented as Lagrange multipliers constraints using the formulation of Ref. [29].

III. Airfoil aerodynamics
The objective of this section is twofold. First, analytical solutions for simple airfoil geometries under complex
inflow conditions will be used to validate the aerodynamic computations of SHARPy. Second, these unsteady



and three-dimensional inflows will be systematically analysed with SHARPy to explain how they affect the airfoil
performance. It reveals key features of the unsteady and three-dimensional flows that will be useful to understand how
these scenarios influence wind turbine rotor aerodynamics in section[[V]and the suitability of vortex and BEM methods
to simulate it.

A. 2D Unsteadiness

Unsteadiness in wind turbine aerodynamics originates from a variety of sources such as aeroelastic couplings, wind
fluctuations, separation or transition. BEM methods account for unsteadiness through dynamic wake models [3]] and
unsteady airfoil aerodynamics [[7]. Vortex methods can inherently account for it and it has traditionally been studied
through gust response [17] at first level. A suitable scale to measure the unsteady effects is the convective time scale
which is generated using the airfoil semi-chord and the relative velocity

t-U,
= , 12
o2 (12)

where t* is the non-dimensional time, 7 is time, U, is the relative velocity to the airfoil and c is the airfoil chord.

1. Validation

Small perturbation theory [17]] provides the analytical lift response of 2D airfoils to different types of gusts. A
Kiissner gust is a sudden step in the vertical component of the inflow that is convected by the incoming wind velocity
along the airfoil generating the following time history of the lift coefficient

Cp (") = 2nAa (0 (1), (13)

where Cy. is the lift coefficient, #* is the non dimensional time, A« is the change in angle of attack and y is the Kiissner
function. On the other hand, a Wagner gust is a sudden change in the incoming velocity that applies to the whole flow
field at the same time. This generates the following response

Cr (1) = 2mAasca(t"), (14)

where Cy, is the lift coefficient, #* is the non dimensional time, Aas./4 is the change in angle of attack measured at 3/4
of the chord and ¢ is the Wagner function.

The airfoil model based on thin-airfoil theory constitutes a linear dynamical system whose frequency response can
be computed and approximated with a state-space representation of the system through rational function approximation.
In this context, the Kiissner and Wagner functions are obtained from the system response to a step in the incoming
velocity or the airfoil pitch, respectively. In the present work, 10 states were enough to reach convergence and thus, this
approximation of the system was used.

For the validation (Fig. [T) both Kiissner and Wagner gusts have been computed for a flat plate at initially zero angle
of attack and a gust step of 0.1 °. SHARPy reproduces the behaviour accurately for both gusts with an error below
1% after the noise in the first time steps. The noise is associated to the computation of the unsteady force (I0) which
requires the approximation of the time derivative of the circulation which is infinite in the analytical solution.

The upwind discretisation of the wake convection equation with a first order approximation imposes a maximum
CFL of one. Due to the numerical discretisation of the wake it is automatically assured in the wake region. However, it
has to be enforced in the vorticity shedding step making the last bounded panel equal to the first wake panel in the flow
direction [30]. Moreover, the implementation of the unsteady Kutta condition that provides the best results is setting the
vorticity of the first wake panel equal to the vorticity in the last bounded panel at the previous time step [31].

2. Analysis
The computation of gusts on airfoils is the first step towards the characterisation of unsteady effects on full rotor
configurations. For that reason, it is interesting to compute continuous varying velocity inflows. With that objective,
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Fig.1 Kiissner and Wagner gusts over an airfoil

a convolution integral can be applied to generate an analytical solution for continuous turbulence [[17]] based on the
previous solution for Kiissner gusts (13)

o
d
Cp (t") = 2ma (O (") + 27TJ d—az//(t* —T1)dT, (15)
o+ AT
where Cp, is the lift coefficient, #* is the non dimensional time, « is the angle of attack and ¢ is the Kiissner function.

Continuous turbulence has been analysed on an airfoil whose characteristics (twist 8 = 4.52°, pitch 6, = 0°, chord
¢ = 3.41 m, blade velocity wr = 72.92 m/s and inflow velocity U, = 10.5 m/s) have been obtained from the spanwise
position »/R=0.75 of the AVATAR wind turbine that will be described in section The turbulence has been
introduced in the system though the incoming wind velocity (Us,) which will generate a change in the angle of attack
according to the geometric relationships in Figure [2a] specifically

Uy + AU,

a + Aa = arctan
wr

) -B-6,. (16)
The time series of the inflow velocity has been obtained from the hub height probe of a turbulent field generated
according to IEC-KAI level A with Turbsim [32]].

Fig. [2b]shows a good agreement between SHARPy and the analytical solution (Eq. (I3])). Moreover, the importance
of unsteadiness is revealed through the comparison between the previous solutions and the steady approximation. The
unsteady signal is smoother and slightly delayed with respect to the steady approximation. This effects highlights the
importance of having an adequate unsteady model to capture the flow unsteadiness in rotor aerodynamics (section [[V.E).
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Fig.2 Turbulent inflow on an airfoil

3. Unsteady time scale
The airfoil response to gusts also provides valuable information to evaluate whether a certain phenomenon will trigger
the unsteadiness or can be approximated by the quasi-steady behaviour. As illustrated in Figure[I] after non-dimensional



time around 15, the airfoil response to unsteadiness is very close to the steady state (difference below 10%). Any
phenomenon with characteristic time below 15 will have an important interaction with aerodynamic unsteadiness. Some
characteristic time scales on the AVATAR wind turbine can therefore be converted into the time scale of equation (I2)
to check if they fall in the unsteady region.

The blade-passing frequency (that would be characteristic of shear loads) of the AVATAR wind turbine is between
10 and 100 non-dimensional time units. The first flap wise natural frequency is between 5 and 50 [33]]. And, finally, the
wind spectrum based on IEC has characteristic time steps larger than 20. This shows that the most important unsteady
aerodynamic effects are more likely to be originated by the aeroelastic coupling rather than the wind fluctuations in this
case.

B. Spanwise flow

Wind turbine blades are always subjected to spanwise flow due to the variations in loading along the span. In the
root region, the dominant source of spanwise flow is separation and is usually corrected in BEM methods. Spanwise
flow is usually not addressed in the tip region where the behaviour is dominated by the tip-loss correction [6]]. In yawed
rotors, spanwise flow is of primary importance and cannot be tackled by the previous corrections, thus, it has to be
further corrected by engineering approximations [8,134]. On the other hand, vortex methods can inherently account for
this effect. While this effect will be very complex in the 3D wind turbine configuration (section [[V)) a first investigation
to the problem can be done through flying wings under side slip.

1. Validation

Lifting-line theory [[12] provides the lift and drag coefficient of elliptic wings under no side slip for a certain aspect
ratio AR. The extension of this theory for oblique wings [35] generates an analytical solution of the lift on wings under
oblique inflow. In this case, an elliptic wing will be used for validation

Cr \/————; n ﬁn/\\/““g -
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8 cos(A)a yl( M%l) R VS

sin A

My

a7)
+

i (ln&/Rl 1 —yl2 —(1=2k)—csc A(In|1 +sinA| = (1 —sinA)In|cos A|)|,

where C is the lift coefficient, A is the side slip, « in the angle of attack, y; is the spanwise coordinate projected on the
flow direction with 4?; associated aspect ratio and k is the straight axis location as a function of the chord.

The lift estimation of SHARPy agrees very well with the theoretical solution (Eq. (I7)) in value and maximum
position (Fig. [3a). A small difference occurs between both estimations towards the wing edges (Fig. [3b), which can be
explained from the lack of chordwise information in the lifting line model.
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Fig. 3 Sectional lift on an elliptic wing with oblique inflow (45°)

Numerically, the bounded panels in the UVLM have to be placed parallel to the incoming flow to get the most
accurate results.



2. Analysis

The effect of yaw on wings will be analysed through two variables: the maximum lift coefficient Cf ;4 and its
position along the span y(Cr,qx)/b Where b is the semi-span. As pointed out by the validation case, the maximum lift
coefficient decreases and displaces out of the mid position. Figure 4 shows how this effect is stronger the larger the yaw
angle. Moreover, it shows the weak effect of the aspect ratio on the maximum lift coefficient decay and how the smaller
the aspect ratio the quicker the displacement of the maximum position with the yaw angle. It is important to capture this
effect because it will appear in wind turbines under yaw (section [[V.D). Furthermore, it will be complemented by the
advancing/retreating and the skew wake three-dimensional effects.
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Fig. 4 Side slip effect on section lift coefficient value and position

C. Spanwise variations of the inflow velocity

In cases of inflow turbulence there are spanwise variations of the incoming velocity that will, consequently, generate
spanwise varying loads. This scenario is against the fundamental hypothesis of BEM methods and is usually ignored.
Vortex methods can inherently account for this effect and will be used to systematically study these cases on airfoil
geometries before computing the full wind turbine configuration. In section [[V.E]this will be seen to have a huge effect
for uncorrelated inflows on large rotors.

1. Validation
Lifting-line theory [22] provides, again, an analytical solution for the steady aerodynamics of finite-span wings
under arbitrary incoming flow based on a spanwise parametrisation complying with the change of variable

y =bcos0, (18)

where b is the semi-span, y is the coordinate along the span and ® is the parameters of the change of variables.

This solution consists of a Fourier series decomposition of the circulation along the airfoil whose coefficients should
be resolved to meet the equilibrium between incoming and induced angles of attack

ad sm(n@)
o @)c( @)ZA sm(n®)+2 nA,

where b is the semi-span, Cy,, is the lift vs. angle of attack curve slope, c is the airfoil chord, a is the angle of attack,
ar is the angle of attack of zero lift and n and A,, are, respectively, the index and coefficients of the Fourier series
expansion.

= a(0) — aro(0), 19)

The validation has been done for a wing of & = 100, with A = 10c¢ in a gust amplitude of 0.01 with respect to the
average incoming velocity. In particular, 500 harmonics of the lifting line have been computed through a least squares
approximation of 1500 sampling points. The difference between the UVLM and the lifting line solution is below 10%

(Fig. ).

2. Analysis
Figure [6] shows an example of the force coefficients variation along the span. The lift average value does not vary
but its peak-to-peak value (indicated with angle brackets (e) from now on) is reduced with respect to the 2D hypothesis.
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Fig. 5 Sectional lift due to spanwise-varying incoming normal velocity on a slender wing (A = 100)

Moreover, average drag appears with a net value above zero. Finally, zero-average moment and spanwise coefficients
appear with small peak-to-peak variations.
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Fig. 6 Spanwise coefficients under spanwise sine varying inflow. o = 4° with Aa=0.2°

The characteristic spatial scales of the phenomena in wind turbines are very wide ranging from the smallest spatial
scale of wind turbulence to the blade length. For this reason, and based on the previous example, this effect will be
systematically studied generating a spanwise distribution of a certain wavelength on a simple airfoil geometry. Figure
and show the influence of the wavelength of the incoming flow on the airfoil coefficients average (e) and peak-to-peak
({®)) values, respectively. In particular, Figs. [7a|and [8a] show the influence of the angle of attack and Figs. [7b|and
the influence of the gust intensity.

On the one hand, the average lift, moment and spanwise coeflicients are zero (not shown). However, Fig. [7|shows an
average non-zero drag coefficient around 100-200 drag counts which is comparable to the usual drag value of airfoils. It
reaches a maximum for wavelengths of the order of ten chords with larger value the larger the gust intensity but almost
unaffected by the average angle of attack.

Finally, Figure [§]shows the variation of the peak-to-peak coefficients. The variation of peak-to-peak lift coefficient
with respect to the equivalent 2D variations is very significant. This reduction is around 40% for inflow wavelength
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Fig. 7 Effect of the inflow spanwise wavelength on the average airfoil drag

equal to 10 times the chord length and around 90% for wavelengths of the order of the chord. However, this effect is not
influenced by the initial angle of attack or the gust intensity. The behaviour of the peak-to-peak drag coefficient is not
well defined as a function of the wavelength because it depends on a balance between the average angle of attack and the
gust intensity. The peak-to-peak moment and spanwise coeflicients reach the maximum for wavelengths of the order of
0.1 chords. These two coefficients are slightly affected by the initial angle of attack but they both increase with the gust
intensity. Their values are small but could be significant for certain airfoils.
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Fig. 8 Effect of the inflow spanwise wavelength on the airfoil coefficients peak-to-peak

IV. Wind turbine rotor aerodynamics

All the effects introduced above occur in wind turbine rotor aerodynamics and can be triggered by different sources.
In this paper, they will be triggered by the inflow wind because it is a traceable method that allows the comparison between
different theories. The following variables will be used in figures and tables: r* = r/R is the non-dimensional radial
coordinate, Cny/dr* and Cr /dr™ are, respectively, the out-of-plane and in-plane force coefficient per unit non-dimensional
span and C,, and C;, are the rotor power and thrust coefficient, respectively. In some graphics their average (e) and
standard deviation (o-(e)) computed along one revolution will be shown. Moreover, some values will be presented relative
to the uniform wind case and will be identified by a A symbol. These variables will be plotted along the radial direction or
along a revolution as a function of the rotor azimuth angle (8) which is considered zero at the top position for the first blade.
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A. Model description

The AVATAR wind turbine is a benchmark case for large offshore wind turbines [36]. Its main characteristics are:
10 MW of nominal power, 102.88 m rotor radius and 137.5 m hub height. In this case, no prebending or presweep are
applied [33]]. The operation point has been chosen at the end of the optimal production region of the power curve,
namely an incoming wind speed of 10.5 m/s and a rotation velocity of 0.945 rad/s which implies a tip-speed ratio of
9.26. At this point, the blade pitch is zero. All simulations have been run with a time step equivalent to an azimuthal
progress of 0.5 ° during 5 revolutions to assure convergence.

In SHARPy simulations, blades are discretised with 14 elements in the spanwise direction starting from the hub
centre, as shown in Fig. 0] Moreover, the wake length used is equivalent to five rotor revolutions and it convects
downstream based on the external velocity, not accounting for self-induction (prescribed wake). The simulations include
unsteady force contribution through the time-dependent term in the unsteady Bernoulli equation.

The following modifications were performed on the blade geometry (Fig.[9) due to discretisation constraints
associated to the UVLM that were described in section [[ILAl The real blade has been created based on cambered
airfoils. However, due to constraints in the geometry discretisation, the camber could not be properly modelled because
panels needed to be too large near the trailing edge. For that reason, plain airfoils have been employed to build the
computational blade. According to thin airfoil theory [37], the camber has two effects on airfoil behaviour: modifying
the angle of zero lift and the pitch coefficient. To replicate these effects, the twist of the blade has been modified and a
pitching moment has been included. To make the uncambered airfoils generate the same lift as the original cambered
ones at a certain incidence, the pitch has been reduced by an angle equal to the angle of zero lift of the cambered airfoil

o= [ 2 (2) v ()t

Moreover, the constant moment coefficient has been computed as

dx

1
n . z X X
C]\/[C/4 =2,u0—§a/L0 with ,Lt()=J - (—)— and fz(—) =
oc " \cl ¢ c

3y

In the previous equations, the camber line is defined through the x and z coordinates which are parallel and perpendicular
to the airfoil chord c. Moreover, @y is the angle of zero lift, 1 is a coefficient, f| and f, are auxiliary functions and
Cm.,, is the pitching moment coefficient around the quarter chord.

Fig. 9 Blade and wake mesh in SHARPy.

The OpenFAST discretisation includes 51 nodes. The aerodynamic module has been configured to account for
tangential induction and tip and hub losses through the Prandtl model. Furthermore, BEM wake induction model has
been activated (uncoupled wake-skewness option) and airfoil unsteady aerodynamics are simulated through Gonzalez’s
variation of Beddoes-Leishman theory [38]. Dynamic BEM and Pitt and Peters skew wake models have been tested
but not reported here because they predict very large variations in loads along a revolution. This mismatch is already
reported in the theory manual of AeroDyn [39].

B. Steady uniform inflow
The simplest case for wind turbine aerodynamics is the operation at constant rotation speed under steady uniform
incoming wind perpendicular to the rotor plane. In this situation, incoming velocities do not vary azimuthally and,
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thus, neither do blade forces. This is a steady-state situation in a frame of reference rotating with the rotor, typically
the optimum for power production and loading. However, it is not the usual operating state of wind turbines be-
cause incoming flows are not uniform (shear and turbulence), steady (turbulence) or perpendicular to the rotor plane (yaw).

In the case of steady uniform flow (Fig.[I0]and Table[I]), both codes agree quite well in the spanwise variation of
loads. The trends in SHARPy and OpenFAST are very similar agreeing on the mid-span and the tip region, showing the
inherently capability of vortex method to account for tip effects. However, SHARPy predicts lower out-of-plane and
higher in-plane coefficients throughout the span in comparison with OpenFAST. This is related to both the absence of
viscous drag estimation in SHARPy and the geometrical changes described in section[[V.A] that are very sensitive to
small changes in the angle of zero lift. The rotor thrust and power estimation differ in a 6% and a 13%, respectively
(Table [T).

T
—— SHARPy

__03F === OpenFAST

|

. 0.2[

S

Co.1F G _ —— SHARPy 3

e
s === OpenFAST
0.0 I . 1
0.0 0.2 . . . . . . . R 0.8

Fig. 10 Loads along the span direction in steady uniform inflow

Table 1 Loads at »*=0.75 and rotor coefficients in steady uniform inflow

Cn/drt|r=075[=1 Crldril=o7s[=1 Cuml-]1 Cpl-]
SHARPy 0.33 0.040 0.62 0.51
OpenFAST 0.36 0.036 0.66 0.45

C. Shear inflow
Shear is the denomination of the variation of the wind speed with height due to the atmospheric boundary layer. It is
usually approximated by a power law characterised by a certain exponent

U(2) = Un (z/2n) (22)

where U(z) is the wind speed (it takes the value of U}, at hub height), z is the height with respect to the ground and v is
the characteristic exponent of the power law. This velocity gradient will trigger the unsteady, spanwise component and
spanwise variations studied in sections [[IL.A] [[TI.B] and [ITI.C| respectively. The estimation of loads in shear wind is very
important because they are always present, they are large and they appear at rotor and blade-passing frequencies which
can interact with the vibrations of other parts of the system [6].

In the case of wind shear, SHARPy and OpenFAST are found to be in very good agreement (Fig.[TT)), considering
that the differences highlighted in section[[V.BJare still present. Incoming wind speed is larger at the top and smaller at
the bottom positions generating larger and smaller loads respectively (Fig.[TT). This effect generates reduction of the
average coefficients and increase of the standard deviation with varying severity along the radial position (Fig.[I2)) being
stronger close to the tip because of the larger variations of velocity. The average normal and tangential coefficients can
decrease up to a 4 %.

Fig.[I3]summarises the effect of the shear exponent on the integrated rotor coefficients. The larger the shear exponent
the larger the power and thrust variations along a cycle and the larger the decrease with respect to the uniform inflow.
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Fig. 12 Average and standard deviation of loads at different radial positions for shear exponent y=0.3

However, due to the nonlinear wind distribution, at the highest shear exponent the decrease is slightly smaller than in the

previous case.
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D. Yaw inflow

Yaw cases are characterised by the existence of an incidence angle between the incoming wind speed and the rotation
axis of the wind turbine in the horizontal plane. The capability of the methods to capture the effects that occur under
yaw is highly related to their capability to capture the unsteady and spanwise component effects studied in sections |[1I. Al
and Yaw is related with failures in the alignment mechanism and they constitute a crucial concern to estimate the
load envelope of the wind turbine. To date, it has rarely been considered to be relevant to power production estimation.
However, it is gaining importance due to emerging wind farm control strategies. These strategies attempt to voluntarily
operate some wind turbines in yaw to reduce the influence of the wake on the downstream turbines [40].

In the presence of yaw, two effects [34]] differentiate wind turbine aerodynamics from the reference case (section
[[V-B). The first one is the advancing/retreating effect and accounts for the change in angle of attack along a revolution
due to the change in relative orientation between the blade and the inflow. For example, at the top position the blade
rotation is in the same direction as the in-plane component of the incoming wind which increases the angle of attack
with respect to the reference case. This effect generates maximum and minimum loading at § = 0° and 6 = 180° and
will not create a net out-of-plane loading along one complete rotation. This effect is less noticeable near the tip because
the velocity of the blade due to rotation is dominant there. The second effect is known as the skewed wake effect and
accounts for the different distances from the blade to the shed vorticity along a revolution. The blade and the shed
vorticity will be closer when the blade is in the downwind position and further away when it is in the upwind position.
The closer the blade, the larger the induction and thus the lower the loads, thus, minimum and maximum occur at
6 = 90° and 6 = 270° and are stronger near the tips. This effect generates a net yaw moment that tends to orient the
wind turbine perpendicular to the wind.

The advancing/retreating predicts maximum and minimum loading at § = 0° and 6 = 180 ° and it is dominant near
the root. On the other hand, the skewed wake predicts maximum and minimum loading at 8 = 90° and 6 = 270 ° and
it gains importance towards the tip. Fig.[T4]provides an insight into these effects. In the root region (Fig. [T4al), the
maxima and minima are expected to occur at 6 = 0° and 6 = 180 °, which is clearly in the tangential coefficient of both
solvers but not in the normal coefficient whose variations are very small. Near the tips (Fig. [[4D)), the skewed wake
effect is dominant and the maxima and minima are shifted towards 8 = 90° and 6 = 270 °. This effect is well captured
by SHARPy but ignored by OpenFAST.
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Fig. 14 Loads for the case of yaw ¥=30°

Azimuthal variations are further investigated in Fig.[I5] which shows the positions of maxima and minima along a
revolution for different spanwise locations. SHARPy coefficients near the root are close to 8 = 0° or § = 180 ° and
evolve towards 6 = 90° or € = 270 ° near the tips. The largest error from this behaviour happens at the root position of
the normal coefficient which is traditionally not well accounted for by vortex methods. However, OpenFAST predictions
are always very close to 8 = 0° or 6 = 180 ° evidencing the absence of an adequate skewed wake correction.

The effect of different yaw angles in the rotor coefficients is shown in Fig.[T6] There is a good agreement among
the two codes which suggest that there is an important averaging effect along a revolution and that the average values
are well captured by all the codes. They both predict severe thrust and power coeflicient reduction with respect to the
uniform inflow case that can reach 20 % and 30 %, respectively. At the same time, the two codes show an increase in the
variations along a revolution as yaw increases. OpenFAST predicts smaller variations along a revolution but larger

average decrease than SHARPy.

16



360,

360, T T ”4—————' v
o * - o
/—5270- -~ = 2270—
g E
* 180F 4 “isor
= =
3 =
S 90k 4 T 9o
5 =Y

1 1 1 1
0 0.5 0.45 0.75 0.04 0
r* -]

360 . . . . 360
—~270F 4 =270F
*180f 1 Tisok
= =3
3 =
O 90F 4 $ 90+
T =Y

1
0 0.5 0.75 0.0 0

Fig. 15 Position of maxima and minima of the load coefficients along a revolution for the case of yaw ¥=30 °

—@— SHARPy

0.0004

0.0003
0.0002
S

© 0.0001

0.0000

Fig. 16 Rotor coefficients for different yaw cases

—@— SHARPy

-~ OpenFAST

0.0003

L.0.0002

)

S}
© 0.0001

0.0000

~-@ - OpenFAST

17




E. Turbulent inflow

Finally turbulent wind variations in space and time are considered. They trigger the unsteady and spanwise variation
effects analysed in sections[[II.A] and [[I.C| respectively. The loads generated under this kind of inflow are very relevant
in the estimation of the fatigue life of wind turbines [6]).

Here, turbulence has been generated with TurbSim [32] based on the IEC standard (Edition 3) using the IEC-KAI
method with a NTM turbulence type and three levels of turbulence: A, B and C with approximately 71 = 20 [%],
TI=18[%] and T1 = 16 [%], respectively. It has been generated with a time-step of 0.05 s (equivalent to 2.7 °) with no
shear component.

0.6 ! ! I = T T T
=== OpenFAST

1
90 180 270 360

Fig. 17 Sample of load history along a revolution for a point at r*=0.75 for turbulence level A

When average values along a revolution are considered, SHARPy and OpenFAST predict similar results (Fig. [I7).
In Fig. [T8]the differences along the span shows that both solvers predict a decrease in average out-of-plane and in-plane
coefficients smaller than one percent. However, SHARPYy predicts almost no variation near the tip while OpenFAST
predicts a very strong decay. Moreover, In Figure[I9]both solvers predict a very low thrust and power decrease with
turbulence (<0.4% and < 0.8% respectively).

However, there are very significant differences between both methods when the variations along a revolution are
studied because OpenFAST is not able to account for the interaction between blade sections (section [[TI). As it can be
seen in Figure[I8] the standard deviation of the loads along a revolution predicted by SHARPY is around one order of
magnitude smaller that the prediction of OpenFAST. In the case of rotor coefficients, the difference is smaller due to the
averaging effect, but it is still two times smaller. This highlights the importance of considering the interaction between
blade sections to avoid overestimating the fluctuation of loads.
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V. Concluding remarks

A new implementation of the UVLM has been verified against analytical solutions of unsteady airfoil and lifting-line
theories probing its ability to capture flow unsteadiness and three-dimensional effects. Moreover, they have been used
to show how unsteady aerodynamics smooth and delays the system response with respect to a steady approximation.
However, only phenomena with very short characteristic time (such as flapwise bending) can trigger this unsteadiness.
They have shown how the side slip of the inflow over an airfoil reduces the maximum lift coefficient and displaces it from
the wing mid point. Finally, the reduction of the peak-to-peak lift and the appearance of net drag, moment and spanwise
coefficient has been explained as a function of the wavelength of a sinusoidal inflow velocity varying along the span.

Both OpenFAST and SHARPYy predict reasonable tendencies when accounting for azimuthal variations generated by
shear. SHARPYy predicts smaller variations along a cycle but larger average reduction of the mean thrust and power
coefficients which can add up to 8 % and 4 % for rotor thrust and power, respectively.

In the case of yaw, only vortex methods are able to capture key flow physics for the estimation of the location of
maximum and minimum loading along a cycle. However, significant averaging effect was observed which led to a
good agreement in the estimation of integrated rotor coefficients among the two codes that predict a thrust and power
reduction up to 20 % and 30 %, respectively, with respect to the uniform case.

In the cases of turbulence the average values along a revolution are quite coherent between both solvers: predicting
coherent decay of average in-plane and out-of-plane coeflicients at different blade points. Moreover, the average rotor
coeflicients can reach 0.4% and 0.8% for thrust and power, respectively. However, when the loads variation along a
revolution are studied very important differences appear. First, in-plane and out-of-plane variations along the span
are one order of magnitude smaller in the case of SHARPYy estimation. When this variations are measured in rotor
coeflicients the difference decreases, but OpenFAST still predicts two or three times larger variations than SHARPy.
This discrepancy comes from the fact that OpenFAST assumes independent blade sections while SHARPY is able to
capture spanwise variations as shown for the wing case under spanwise varying inflow velocity.

In conclusion, BEM methods are accurate under simple inflow conditions, however, vortex methods have shown a
good estimation of unsteady behaviour under complex inflow configurations, which are a better representation of the
real operating cases of wind turbines. The present work highlights the need of higher complexity methods to study the
wind turbine rotor loads in detail and the risk of using averaged load coefficients and integrated rotor coefficients that
hide the discrepancies. Moreover, current AL-LES methods for the simulation of wind farms use some assumptions
similar to BEM methods and constitute a field of further investigation for the authors.
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