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On the wind turbine blade
loads from an aeroelastic
simulation and their transfer to
a three-dimensional finite
element model of the blade

Louis-Charles Forcier' and Simon Joncas'

Abstract

This paper first presents a description of the different load types to which a wind turbine blade is
subjected. Analytical equations are derived to express blade loads from operation parameters of the
wind turbine (rotor and nacelle velocities and accelerations; pitch, coning, tilt and azimuth angles;
blade mass properties; turbine geometry). This allows a better understanding of the contribution of
each of these parameters to the total load on a blade. A difficulty arises for transferring the loads
computed by an aeroelastic model (a one-dimensional model of the blade) to a three-dimensional
finite element model of the blade. A method is proposed for that purpose. It consists in applying the
aerodynamic loads using RBE3 elements and applying gravitational and inertial loads as volume
forces. Finally, an example of this method used for the design of a 10 kW wind turbine blade is
presented.
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Introduction

Aeroelastic simulations are frequently used for the design and analysis of wind turbines. Tools like
FAST (Jonkman and Buhl Jr. 2005), GH Bladed (Bossanyi 2003), HAWC2 (Larsen and Hansen 2007) or
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PHATAS, a module of FOCUSG6 (Knowledge Centre WMC 2012; Lindenburg 2005), allow the simulation
of the fully coupled dynamic behavior of the wind turbine. Three methods are mostly used to model the
structural behavior of the deformable blades: multibody dynamics (a series of rigid bodies linked with
springs); beam finite element; and modal superposition (the blade deflection is a weighted sum of its first
modal shapes).

The Elastodyn module of FAST uses modal superposition with the first two flapwise and the first
edgewise modes. The blade deformation is then given by 3 parameters (generalized coordinates that are
scaling factors for each mode shape). Torsion is not taken into account. GH Bladed also uses this method
with up to 6 modes in each blade directions. Like FAST (using the Elastodyn module), no torsional
degrees of freedom are modeled. Both software work under the small perturbation assumption for the
blade deformation. However, in FAST, the loads are computed on the deformed shape of the blade,
allowing the modeling of some nonlinear effects (Jonkman 2003; Wilson et al. 1999).

HAWC?2 uses a combination of beam finite elements and multibody dynamics. Blades can be modeled
with several bodies made of Timoshenko beam finite elements allowing the modeling of all the couplings
between the different modes of deformation. This method also takes into account the nonlinear behavior
of the blade even if linear models are used for the beam elements. When using the Beamdyn module
of FAST, the blades are modeled using geometric nonlinear beam finite elements. These elements use a
Timoshenko beam formulation and have capabilities to model all possible couplings between the different
modes of deformation (Wang et al. 2017).

All these methods are based on beam theory and need to evaluate the different cross section properties
along the blade length. Tools for that purpose include PreComp (Bir 2005), VABS (Yu et al. 2002),
CROSTAB (Lindenburg and de Winkel 2005b), FAROB, a module of FOCUS6 (Lindenburg and
de Winkel 2005b) and BECAS (Blasques 2012). These software packages, excluding VABS and BECAS,
use Euler-Bernoulli beam theory and shear flow analysis of thin-walled beams to compute axial, bending
and torsion section moduli as well as coupling terms between these modes of deformation. VABS and
BECAS uses the Timoshenko beam theory so they also include shear deformation due to shear forces.
For a review of some of these different software packages, see the article by Chen et al. (2010).

Another tool for blade cross-section properties calculations is BPE (Malcolm and Laird 2007), which
use a shell or solid finite element model. A set of unit loads is applied to the blade tip and section
properties are computed from the analysis of nodal displacement at different cross-section along the
blade length.

Once the internal loads have been computed at different blade sections during the aeroelastic
simulation, the section modulus can be used to compute strains and stresses in these cross sections.
Unfortunately, this method gives good results only in regions away from the blade attachment and when
cross section shape variations are small (Chen et al. 2010), which is not the case at the blade root and
near the maximum chord region. It is also possible to evaluate the buckling load of a cross-section or of
a panel in a cross-section, but these methods are less accurate than with three-dimensional finite element
models (Lindenburg and de Winkel 2005a).

Three dimensional finite element models (using shell or solid elements) can give a more precise strain
and stress field on the blade but these models can be included in aeroelastic simulations only at a very
prohibitive computational cost. For an example of aeroelastic simulation using shell model of the blade
and computation fluid dynamics, see the articles by Bazilevs et al. (2011a,b).
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A trade-off between efficient aeroelastic simulations and high precision strain, stress and buckling
evaluation of the blade is to use the aeroelastic simulation to identify the critical load cases and reproduce
them on a three-dimensional finite element model. However, the transfer from one dimensional beam load
to three-dimensional models is not straightforward.

If the load case to analyze is when the blade is at rest or if the gravitational and inertial forces are
negligible, only aerodynamic loads have to be applied to the model. A way of doing that is to apply a
concentrated force at the nearest node from each blade element center corresponding to the aerodynamic
force at this blade element (see for example a report by Griffith and Ashwill (2011)). Another way is to
try to reproduce the pressure field on the blade surface using the blade airfoil properties and the angles of
attack computed by the aerodynamic analysis tool (see for example the work of Knill (2005) and Caous
et al. (2018)).

If gravitational loads have to be considered in the analysis, it is easy to apply them as volume loads
in the finite element model. One just has to compute the gravity vector direction according to the blade
orientation in space.

Inertial loads on the blade can be calculated from the blade acceleration relative to an inertial
coordinate system and from the blade mass distribution (see for example the work of Lillo (2011)).

Another approach is to use the total load computed by the aeroelastic solver (including aerodynamic,
gravitational and inertial) as internal loads given at specific locations along the blade length. The external
load distribution that generates this internal load distribution can then be computed and applied to the
shell finite element model as point or distributed loads as discussed in the section beginning at page 14.

The proposed approach of this paper is to use the operation parameters of the wind turbine (rotor
and nacelle rotational speed and acceleration, blade azimuth, blade pitch, rotor coning and rotor tilt) to
characterize the inertial loads on the blade. This facilitates the inclusion of these loads in a finite element
model as volume loads. In doing so, the mass distribution of the blade around its longitudinal axis is
taken into account and a change in the design that affects the blade mass distribution is also taken into
account in the applied loads.

The objectives of this paper are twofold. First, it is to derive analytical expressions for the gravitational
and inertial load distribution on a wind turbine blade from the blade mass distribution and the turbine
operation parameters. This will allow (1) the separation of the total load obtained from aeroelastic
simulation in its different types and; (2) the understanding of the influence of different wind turbine
operating parameters on blade loads. The second objective is to develop a tool to reproduce the loads
from an aeroelastic simulation on a three-dimensional finite element model of the wind turbine blade by
separating the different load types.

The next section will discuss the different types of loads on a wind turbine blade and the approach
used to evaluate them. An expression for the distribution of each type of load on the blade will then be
presented with the resulting forces and moments at the blades root. Next, a methodology will be presented
to apply all these loads on a three-dimensional finite element model of a wind turbine blade, and finally,
an example of this methodology will be applied on a 10 kW wind turbine.

Loads on a wind turbine blade and methodology

For a given particle P of mass m on the blade, the Newton’s second law can be written as

Foero + Fgrav +R = map/q (D
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where Foero, Fgray and ap,g are respectively the aerodynamic force vector, the gravitational force
vector and the acceleration of point P relative to an inertial coordinate system. Vector R is the reaction
force due to the blade deformation. Note that the damping forces are neglected.

If we want to perform a static analysis of the blade, we can rewrite the Newton’s second law as

Faero + Fg'ra,'u + Finer + R =0 (2)

where the inertial loads are
Finer = _maP/G (3)

It is then possible to apply aerodynamic, gravitational and inertial loads on a static model of the blade
to evaluate the displacement, strain and stress fields for a dynamic load case.

The wind turbine model that allows the computation of the different loads has seven coordinate systems
as shown in Figure 1. The origin of the blade coordinate system (-3) is located at blade root and is fixed
to the blade (pitches with the blade). The z axis is parallel to the blade’s longitudinal axis (and pointing
towards blade tip) and the z axis is parallel to the blade tip chord line (and pointing towards leading
edge). A positive pitch 6 (leading edge goes upwind) is a rotation of the blade around its negative z
axis. In the finite element model of the blade presented later, the global coordinate system is the blade
coordinate system.

The cone coordinate system (-.) is identical to the blade coordinate system but does not pitch with the
blade. It is aligned with the blade coordinate system when 6 = 0.

The origin of the hub coordinate system (-,) is located at the intersection of the rotor axis of rotation
and the blade longitudinal axis. It rotates with the rotor. The z axis is parallel to the blade’s longitudinal
axis projection in the rotor plane and the y axis is normal to the rotor plane. The rotor turns clockwise
(around positive y axis) when looking from upwind.

The tilt coordinate system (-;) is fixed to the nacelle and tilted. It is the same as the hub coordinate
system when the azimuth angle ¥ = 0 (blade pointing upward).

The nacelle coordinate system (-,,) is fixed to the nacelle, but not tilted. The z axis is pointing upward
and the y axis is normal to the rotor plane (if v = 0) and is pointing downwind (assuming no yaw error).
The origin of this coordinate system passes through the tower axis.

The tower top coordinate system (-r) is fixed to the tower top. It is the same as the nacelle coordinate
system when the yaw angle is zero.

Finally, the ground coordinate system (-¢) is an inertial coordinate system. Its origin is located at the
intersection of the tower’s longitudinal axis and the ground level. The = and y axis of this coordinate
system are aligned to the x and y axis of the tower top coordinate system respectively.

Here, all wind turbine components, except for the tower and the blades, are considered to
be rigid. If r; Jis Vijis &5/is Wi and o /i are respectively the position, velocity, acceleration,
angular velocity and angular acceleration of point j (or origin of coordinate system j) relative
to the coordinate system i, we can establish the following relations between coordinate systems:
Wn/T = [0707‘/\]2’ /T = [OaO’A]Z’ Ti/n = [07 _LTLT?O}tT’ Wh/t = [07970]2:’ Qp/t = [OanO]Z’
ren = 1[0,0,74])2, wye = 10,0, ar, oy = 0,0, f)]. The indices after the vectors show in which
coordinate system the vector components are expressed. All other position, velocity and acceleration
vectors between two adjacent coordinate system in the kinematic chain (blade, cone, hub, tilt, nacelle,
tower top, ground coordinate systems) are zero vectors. A and A are respectively the nacelle yaw velocity
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Figure 1. Coordinate systems used in the wind turbine model.
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and acceleration, 2 and €2 are respectively the rotor rotational velocity and acceleration, 6 and 6 are
respectively the blade pitch angular velocity and acceleration, 7, is the hub radius (distance between
blade root and the rotor axis parallel to blade axis), L, is the distance between the origin of the hub
coordinate system and the nacelle yaw axis normal to the rotor axis and + is the rotor tilt angle.

To the relations between coordinate systems stated above, we have to add the tower top motion relative
to the ground. Vectors wr,q, ar/q and ar ¢ are not null when the tower is flexible.

The transformation matrices from one coordinate system to another are:

Cop —So 0

Pyc= 156 co O 4)
0 0 1
10 0

Pc/h =10 Cp SB (5)
_0 —Sp  Cp

Cy 0 — Sy
P,,=[0 1 0 (6)
Sw 0 Cy

1 0 0
Pijp= 1[0 ¢ —s4 @)
0 s, ¢

where 6, 3, ¥ and +y are respectively the pitch, rotor coning, blade azimuth and rotor tilt angles. ¢; = cos i
and s; = sinz.

We know from kinematics that the expressions of acceleration ap/;, velocity vp/; and position rp/;
of a point P in a coordinate system ¢ when the acceleration ap;, velocity vp,; and position rp,; of this
point in coordinate system j are known are:

apyi =ap/j+aj/;+ 2w/ X Vpyj
T Wi X Wi XTpyj+ Qi X Tpyj )

Vp/i = Vp/jt Vit Wi XTpy;

rp/i =T/t T/

where w;/; and «;,; are respectively the angular velocity and the angular acceleration vectors of
coordinate system j relative to coordinate system 7. Using these equations, and the already stated relations
between the different coordinate systems, from Eq. 3, the inertial force on a mass element P on the blade
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can be expressed as:
Finer = — mwp e X wpye X Tpyp (1- centrifugal, rotor rotation)
—mMQp e X Tpp, (2- inertial, rotor acceleration)
— MWy /T X Wy X ¥p/n (3- centrifugal, nacelle rotation)
— MQy /T X Tp/p (4- inertial, nacelle acceleration)
— 2MWy 7 X Why X Tp/p (5- gyrosc., rotor and nacelle rot.)
— MWpy/e X Wy/e X Tpyp (6- centrifugal, blade pitch rotation)
— MQy/c X Tpyy (7- inertial, blade pitch acceleration)
— 2mWp st X Whe X Ty (8- gyrosc., blade pitching and rotor rot.)
= 2mwy 7 X Wy X Tpy,  (9- gyrosc., blade pitching and nacelle rot.)
— mar,q (10- tower top motion) ©)

- QmwT/G X Vp/b

— 2mwT/G X Wp/e XTp/p

— 2mwr/g X Wyt X Tpyp
— QmwT/G X Wy /T XTp/n
—MWr/g X Wr/Gg XTp/T
—mar/,g XIrp/T

— mapyp

— Qmwb/c X VP/b

— 2mwyp e X Vpyy

= 2mwy, 7 X Vpy

(11- tower top motion)
(12- tower top motion)
(13- tower top motion)
(14- tower top motion)
(15- tower top motion)
(16- tower top motion)
(17- blade deformation)
(18- blade deformation)
(19- blade deformation)
(20- blade deformation)

The first two terms of the equation are the inertial loads due to the rotor rotation. The first one is a
centrifugal force and the second one is due to the angular acceleration. The 3rd and 4th terms represent
the same effects, but due to the nacelle rotation and angular acceleration. The 5th term is the gyroscopic
force due to the combination of rotor and nacelle rotations. Terms 6 to 9 are due to the blade pitch motion
and depend on the blade mass distribution around its longitudinal axis. The 7 following terms are the
effects of the tower top motion due to the tower deformation and the last 4 terms are due to the blade

deformation.

For the development of the next section’s equations, two simplifying hypotheses are made. Firstly,
we consider that all the blade mass is concentrated on its longitudinal axis, so that terms 6 to 9 vanish.
Secondly, the effects of the blade and tower deformation will be neglected. This allows us to more clearly
characterize the effects of wind turbine operation parameters on the inertial loads and as the effect that

terms 10 to 20 vanish.
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With these hypotheses, it is possible to express the inertial load distribution on the blade in terms of
force per unit length as:
Piner = — m/‘-‘-’h/t X Wp/t XTp/p

- m'ah/t XTp/h

—m/w, ) X Wy X Tpyy, (10)

—m'ou,r Xrp),

—2m/ Wy 1 X Wy X Tpyp
where m/ is the mass per unit length of the blade. The vectors expressed in the blade coordinate system
are :

0
Tp/p = 0 (11)
Z+ T
LanBSG
'p/n = _LnTCBCG (12)
Z2+1h + Lnrsg
wpr = QA (13)
wpr = AA, (14)
ah/T = QAh (15)
a,r=AA, (16)
where A, and A,, are unit vectors defined as
—CBSg
Ah = CpCo (17)
—s3

—(sgcycw — €35y)Se — CySwCo
A, = | (sgcycy — €gSy)Co — CySuSe (18)
CBCHCY + S35y

Distribution of loads on the blade and blade root loads

In this section, an analytical expression is given for the loads distribution on the blade for each load type.
Internal loads at blade root are also given as they are often used to compare load cases with each other.
All vector components are expressed in the blade coordinate system.

Load distribution along blade length is defined by p(z) = [ps(2),py(2),p-(2)]" and m(z) =
[m(2), my(2),m(2)]T, which are respectively the applied forces and moments per unit length. The
internal loads are V (z) = [V,(2), V,(2), N(2)]T where V,.(z) and V, (2) are the shear forces and N (z)
is the normal force; and M(z) = [M,(2), My (2), M;(2)]" where M,(z) and M,(z) are the bending
moments and M (z) is the torsional moment.
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Aerodynamic loads

Aerodynamic loads are computed by the aerodynamic routine of the aeroelasticity code using mostly
blade element momentum theory. Aerodynamic forces along blade length are computed in the in-plane
(pin) and out-of-plane directions (p,.+), respectively parallel to the x and y axis of the coned coordinate
system). The radial aerodynamic force is neglected most of the time. The aerodynamic pitching moment
m,, (positive when pitch angle is decreased) is also computed by the aerodynamic solver.

In the blade coordinate system, the aerodynamic force and moment distributions are given by

PinCo — PoutSo

paera(z) = [PinSo +pout09 (19)
0
and
0
maero(z) = 0 (20)
mp

where 6 is the blade pitch angle.
The integration of these loads along blade length allow the computation of the blade root internal loads
as:

L
Vaero(o) :/ paerodz (21)
0
and
L | —ZPy,aero
Maero(o) :/ ZPz,aero dz (22)
0 Mz aero

where L is the length of the blade. Note that these last two equations are still valid for any types of loads.

Depending on the aerodynamic code used, these forces can be distributed forces (per unit length of the
blade) computed at some location. Internal loads at blade root are then computed by numerical integration
of equations 19 and 20 using, for instance, linear interpolation between these locations (Hansen 2008).
Other codes (Jonkman and Buhl Jr. 2005) compute concentrated loads at each aerodynamic blade element
center. Internal loads at blade root can then computed using a summation instead of an integral in
equations 19 and 20.

Gravitational loads

The gravitational force distribution along the blade is given by
Pgrav (Z) = m/g (23)
where g is the gravitational acceleration vector (||g|| =g~ 9.81 m/s?), whose components are

[0,0, —1]Z" when expressed in the nacelle coordinate system. The force direction then depends on the
orientation of the blade in space, i.e., pitch, azimuth, coning and tilt angles.
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In the blade coordinate system, the gravitational force distribution is given by:

/ (¢ sweo — (cpsy — speycw)s ]
Pyrav(2) =m'g | cyswse + (cgsy — sgeyc)cy (24)
—S8BS8y — CRCHCY

and the internal loads at the blade root are

_cvs\yce — (cgsy — SIQC’YC\y)S@-
Vgrav(0) = mg | cyswse + (cgsy — spcycu)co (25)
—S88S8y — CpCHCw

and
—cySwSg — (CaSy — SBCyCw)Co
Mgra0(0) = Zegmg | cySwcy — (€384 — SgCyCw)So (26)
0

where m and Z., are respectively the total blade mass and the distance between the blade root and the
blade center of gravity:

L
m:/ m'dz 27
0
and
1 (L
Zeg = —/ m’ zdz (28)
m Jo

Assuming that the coning and tilt angles are small, which is the case for most horizontal axis wind
turbine, and that pitch angle is close to zero, which is the case below nominal wind speed, gravity causes
a mostly axial load when the blade is pointing upward and downward and a mostly edgewise load when
the blade is in the horizontal position. If the blade is in the feather position (pitch angle close to 90°), in
the horizontal position, gravity causes a mostly flapwise loading.

Inertial loads due to rotor rotation

This load type is given by the first term of Eq. 10. When loads are expressed in the blade coordinate
system,
—S5850
piner,l(z) = m/QZ(z + Th)cﬂ 53CH (29)
s
and the integration over the blade length gives the following expressions for the internal loads at blade
root:

—S5850
Viner1(0) = sz(ch +7)es | spee (30)
%
and
—S53Co
Miner1(0) = Q*(Io + Zegmry)cs | —sps0 (31)
0
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where I is the blade mass moment of inertia about its root and is given by

L
I, = / m'2%dz (32)
0

Rotor rotation causes a centrifugal traction force that is applied in the blade’s longitudinal axis direction
for a rotor without coning. As the coning angle increase, the out-of-plane component of this inertial
force also increases generating loads that are in the same directions as the aerodynamic loads in normal
operation. However, this phenomenon is reduced by the out-of-plane deflection of the blade.

Inertial loads due to rotor acceleration

This load component is given by the second term of Eq. 10. In the blade coordinate system, these loads
are:

Co
Piner,2 = —m'QUz 4+ 11)cp | 59 (33)
0
and internal loads at blade root are:
. ce
Viner2(0) = —mQ(Zeg + 11)cs | 56 (34)
0
. _80
Miner2(0) = =Q(Io + Zegmrp)cg | co (35)
0

Rotor acceleration and deceleration create in-plane loads only. When the rotor is accelerating, the
resulting inertial load is in the opposite direction of aerodynamic loads in normal operation. When
braking, inertial loads add to aerodynamic loads. Tilt angle has no effect on these loads and a coning
tend to slightly reduce them by a factor cos 3.

Inertial loads due to nacelle rotation

The third term of Eq. 10 gives the loads caused by the rotation of the wind turbine nacelle:

[ (24 1) (2¢%cy sycusg — cysycusg + 05358%59
2 2
_Cﬂsﬁcwc{/s@ — S8CySySWCH — CﬁC,YC\ySq;CQ)

(= + Th)(*QCgC»yS—YC\pCQ + 0585630?1,69 — 83Cy545WSg

5 9 (36)
—CBCLCYSYSe — CSHSSCH + Cy54CuCh)

Piner,3 = *m/ (Z)A2

(z 4+ 74)(+2css8cy5ycw + C%C%CQ‘I’ — c?js% _ ng)

+Lnr(+epcysycw — 55¢3)
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and the internal loads at blade root are:

- 2 2
(Zeg + rh)(22025cvsvc\pse — CyS4CTSg —&2— 3835550
—6585670‘1,83 — SBCySySWCH — CgC,YC\ps\ng)
2
+ Ly (—CaCS 89 — CySySuCH — SCyS4CHSH)
,,,,,,,,,,,,,,,,,, Byt _ .
(Zeg + Th)(72CﬂCVS—YC\ng + cp8pCsCyCo — SpCySySUSH
—CBC%C\I/S\I/SQ - 65858,2),69 + C,YS,YC\I/CQ)
2
+Lp,(—cysySwse + sgcysycwcy + CﬁC,LCg)

Viner,S = *mA2 (37)

(Zeg + 1) (+2c55¢y 8w + ciescy — cs5 — ¢2)

+Lp, (+egeysycw — SBC?Y)

[ —(lo+ mZCgrh)(—Qc%cvsvc\yce + Cgsf;cgycﬁ,ca — S3CySySwSe |

2 2 2
Miners = —A (Io + chgzth)(QcﬁcA,svc\pse — 67876\1;289 + cpspsisg (38)
—CgSgCVC\I,SQ — S8CySySwCH — CﬁC,YC\I;S\I;CQ)

2
__tmZegLn(=CpCi50 — CySySwCh — S3CySyCuSe)

For the sake of simplicity, the analysis of this load type is made for the particular case where the coning,
tilt and pitch angle are zero (§ = v = 8 = 0). To distinguish with the complete solution, the variables are
identified with a star (*) superscript symbol. In that case, the rotation and position vectors are

0
r*P/n - _Lnr (39)
z4+ 1y
and ~
— Sy
Al = 0 40)
Cy

The load distribution is then given by

(z+7h)swew
p;‘kner,B = m/A2 _Lnr (41)
| (z+7n)s%

and the internal loads at root are

(Zeg + 1) SwCw
:ner,3 (0) = mA2 _LHT (42)
(Zeg + Th)s%,

Mg Ly

iner3(0) = A? | (Io +mZegrn)swew (43)
0
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Under these conditions, a rotation of the nacelle in any direction causes a constant negative flapwise
loading and an edgewise loading that depends on the blade azimuth position. The latter is zero when the
blade is in the horizontal and vertical position, reaches a maximum value at azimuth angles of 45° and
225° and a minimum value at azimuth angles of 135° and 315°. An axial force is also created by the
nacelle rotation. This force is always null (when the blade is in the vertical position) or positive, reaching
a maximum value when the blade is in the horizontal position.

Inertial loads due to nacelle acceleration
The fourth term of Eq. 10 gives the load caused by the acceleration of the wind turbine nacelle:

(z 4+ 1h)(sgcyCucy — CySwSe — C3SCo)
+Ly(cycwcy — SgCySwSg)

Pinera = —m/(z)A (z +7h)(SgCyCTS9 — C3SyS0 + CySwCh) (44)
__ _tLap(cycuso +speysuce)
Lprcgeyse

and the internal loads at blade root are:

(Zeg +71)(8gCyCwCo — CySwSH — C3SCo)
+ Ly (cyCuco — SpCy5wS9)

Vinera = —mA (ch + Th)(85c.yc\p89 — CBSySg + C»YS\I/CQ) 45)
_ _tLar(eycuse +speysuce)
Ln’rCBC—yS\I/

—(To +mZegri)(SpcyCuse — €aSySe + CySwCh)
L _TMZegLur(cycuse +speyswee)

Minera = —A (o + MmZegrp)(SaCyCwCo — CySwSe — C35Co) (46)
+mZeg Ly (cycuco — 55CySwSh)

As for the previous case, an example will be given for a turbine with no coning and tilt and with a pitch
angle of 0°. The position and rotation vectors are then the same as stated in the previous section and the
load distribution on the blade is:

. Lycy
Pinera = —m'A | (2 +71)sw @7
Lnrs\I/
X Lyrcy
;'kner,4(0) = —mA (ch + 7"h)s‘ll (48)
Lnrs‘ll
. 7(]—0 +chgTh)5\I/
Mrne7',4(0) =-A mZCgLan‘IJ (49)

0
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In the particular conditions stated above, the nacelle acceleration causes axial, in-plane and out-of-
plane loads that depend on the direction of the acceleration. In-plane forces are zero when the blade is
in the horizontal position and reach their extremum values when the blade is in the vertical position. The
out-of-plane and axial forces are null when the blade is in the vertical position and reach their extremum
values when the blade is in the horizontal position.

Inertial loads due to gyroscopic effect

The last inertial effect, given by the fifth term of Eq. 10 is the gyroscopic load due to the combination of
rotor and nacelle rotations. The distribution of the load along blade length is given by:

—(cpeycu + 5p5y)s0
Piners = —2m'AQ(z + rp)es | (cgeycw + s584)co (50)
—(spcyce — cpsy)

and the forces and bending moments at blade roots are:

—(cpeycu + spsy)se
Viners5(0) = —2mAQ(Z.y +11n)cp | (cgeyco + 5854)co (51
—(spcycw — cpsy)

co
Miner,5(0) = 2AQ(1y + chmrh)(c%c,yc\y + sgcpsy) | se (52)
0

Assuming that the coning and tilt angles are small, gyroscopic effects cause loads that are mostly in
the out-of-plane direction with extreme values reached when the blade is in the vertical position.

Application of loads in a three-dimensional finite element model

As discussed in the introduction, different methods can be used to transfer the loads computed by
aeroelastic simulations to a finite element model. One of them is to apply the complete set of loads
(including aerodynamic, gravitational and inertial loads) at the same time. These loads are often output as
internal load distributions. A step of processing is then necessary to obtain the external load distribution
that results in the given internal load distribution. Once the load distribution is known, the method of
applying them to the finite element model is similar to that of aerodynamic loads presented in the next
subsection.

The approach used in the following sections seperates the different load types, applying the
gravitational and inertial loads as volume loads.

Aerodynamic loads

The aerodynamic load on a wind turbine blade is a complex pressure and friction distribution. In some
situations, knowing the angle of attack and the relative wind speed at a given location, it is possible
to retrieve the pressure and friction distributions from airfoil data and apply them to the finite element
model. However, in other situations, this distribution is not known. Airfoil data (lift, drag and moment
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Figure 2. Method for the application of aerodynamic loads on a shell finite element model. F; represents a
concentrated force or moment and p;, a force or moment per unit length.

coefficients from wind tunnel tests or numerical simulations) are often given only for a small range of
angles of attack (approx. —5° to 15°). They are then extrapolated using empirical relations to cover the
—180° to 180° range with no information about the pressure and friction distributions. There are also
empirical corrections to BEM theory (hub and tip loss factors, Glauert correction for high values of
induction factor, stall delay, dynamic stall, ...) that change aerodynamic lift, drag and moment with no
information on the pressure and friction distribution modifications (Hansen 2008; Ning 2013).

For these reasons, it is difficult to reproduce the exact pressure and friction distributions over the
blade surface. But an efficient approach to apply aerodynamic loads on a shell finite element model of
a wind turbine blade does not have to do it. It is sufficient to assure that the internal force and moment
distributions (beam loads) over the blade are correct, neglecting local load application effects that are not
important for structural design purpose. The stress and strain fields at a given location depend mostly on
the internal loads at that location (result of applied loads outboard of this location) and very little on the
locally applied loads.

Aerodynamic loads could typically be given in two ways : (1) as concentrated forces and moments at
the center of finite length aerodynamic elements or (2) as forces and moments per unit length given at
some locations supposing linear interpolation between them. In both cases there are two forces (in-plane
and out-of-plane) and a pitching moment (around the blade longitudinal axis). When loads are obtained
as the second way, it could be transformed like the first way by dividing the blade in several sections,
interpolating to get the load per unit length at the center of each section and multiplying by the length of
each section to get the total load (see Fig. 2).

As seen in the introduction, different approaches exist for applying these loads on the shell finite
element model. The preferred method is to use interpolation elements (Nastran’s RBE3). This kind
of element allow the loads applied to a reference node to be transferred on connected nodes with no
stiffening of the structure. One interpolation element is created at each blade section or aerodynamic
element. The reference node (the one where the forces and moments are applied) is located at the center
of the section, on the blade’s longitudinal axis. The connected nodes are all nodes covered by the blade
section or aerodynamic element. Figure 2 shows the aerodynamic load application process.
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Gravitational loads

In the finite element model, where the global coordinate system is the blade coordinate system, gravity
induced loads can easily be accounted for by applying gravity in the g direction. This direction is given
by the unit vector (see Eq. 24):

CySwCg — (C3Sy — SBCyCw)Sh
g === |cysusg + (cpsy — spcyCw)co (53)
9 —S88S~y — CRCHCw

where g = ||g|| ~ 9.81 m/s%.

Inertial loads due to rotor speed and acceleration

Finite element software packages allow the definition of this kind of volume load by defining an axis of
rotation, a point through which this axis pass and rotation speed and acceleration. In this case, the axis of
rotation is the positive y axis of the hub system:

—CBS¢9
Ah = CpCo (54)
—s3
and the point corresponding to the rotor center and through which the axis of rotation passes is
0
n,=1| 0 (55)
—r,

When preparing the FE model, the user just has to define volume loads by specifying an angular speed
2 and acceleration €2 around an axis defined by the unit vector A}, and passing throught point ny,.

Inertial loads due to nacelle speed and acceleration

Here, (as for the centrifugal loads due to rotor speed and acceleration) an axis of rotation, a point through
which this axis passes and a rotation speed and acceleration need to be defined. The axis of rotation is the
positive z axis of the nacelle coordinate system. In the blade coordinate system, the rotation speed and
acceleration vector is
—(sgcycw — €35y)S9 — CySwCo
A, = | (sgcycu — CcgSy)Co — CyST S (56)
CBCHCy t+ S3S~y
The point on the nacelle rotation axis is selected as the intersection point between the rotor axis and the
nacelle rotation axis which is the origin of the nacelle coordinate system. In the blade coordinate system,
this point is
S9Cp
n, = —L,, —cgcy &)
SB + Th/ Lnr
As for the previous case, when preparing the FE model, volume loads have to be defined by specifying
an angular speed A and acceleration A around an axis defined by the unit vector A,, and passing through
point n,,.
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Inertial loads due to gyroscopic effects

The gyroscopic loads are harder to apply in a finite element model as most solvers have no methods
implemented for that purpose. Making the assumption that all the blade mass is concentrated on its
longitudinal axis and neglecting the axial loads (that are small compared to the in-plane and out-of-plane
loads, especially if coning and tilt angles are small), it is possible to make an analogy between gyroscopic
forces and forces due to an angular acceleration. Taking an angular acceleration of magnitude

ag = —2AQcg(cpe ey — 585,) (58)
around the unit vector
co
Ay = [s9 59)
0

and passing through the intersection point between the blade’s longitudinal axis and the rotor axis

0
n,=1| 0 (60)
—Th
This results in a force distribution equal to
0 —Sp
p=m'azAy; x [ [0] —np | = —2m'AQcg(caeyco + spsy)(z+ 1) | co (61)
z 0

which is the same as Eq. 50 except that the axial component is neglected. This gives a practical way to
include gyroscopic loads in the finite element model even if this kind of load is not implemented in the
solver used. The resulting applied load distribution will be close to the real distribution if the coning and
tilt angles are small and if the blade mass is concentrated close to its longitudinal axis.

Application on the WESNet 10 kW wind turbine

To illustrate the method described above, one of the critical load cases of the WESNet 10 kW wind
turbine (Forcier et al. 2013) is studied. This turbine, with its downwind free yaw configuration and its
variable speed rotor, offers a good example as all the load components discussed in this paper are likely
to occur. The turbine and blade characteristics that are necessary to compute the loads are as follows:
m = 28.00 kg, Z., = 0.9100 m, Iy = 47.66 kg'm?, L,,,, = —0.63 m, 7, = 0.28 m, 3 = —3°, v = (°.
Note that since the rotor has a downwind configuration with a downwind coning, the overhang length
and coning angle have negative values.

The studied load case was obtained from a simulation using the NREL’s FAST aeroelastic software
(Jonkman and Buhl Jr. 2005). To conform to the hypotheses of this paper, the blade, tower and shaft
deformation degrees of freedom were disabled during the FAST simulation. This software supposes, as
in this paper, that the blade mass is concentrated on its longitudinal axis.

The example load case arises during an extreme operating gust (IEC 61400-2 design load case 1.3
at rated wind speed of 9.5 m/s). The gust causes an acceleration of the rotor, which causes yawing of
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Table 1. Load case used in the numerical application. z and Az are respectively the blade’s aerodynamic
element center and length. Fr and Fx are respectively the tangential and normal aerodynamic forces on the
element. Fr is in the x direction of the cone coordinate system of this paper and F'y is in the y direction of this
same coordinate system. Mp is the pitching moment, positive when leading edge goes downwind (around z
axis of the blade or cone coordinate system of this paper).

2 [m] Az [m] Fr [N] Fx [N] Mp [N-m]
0.1034 0.207 0.000 0.000 0.243
0.3334 0.253 0.000 0.000 1.097
0.5600 0.200 31.160 13.133 -0.744
0.7600 0.200 40.094 15.693 -0.812
0.9600 0.200 34.318 12.698 -1.126
1.1600 0.200 37.074 12.307 -1.085
1.3600 0.200 41.319 13.582 -0.289
1.5600 0.200 49.033 15.036 0.031
1.7600 0.200 51.525 13.360 -0.275
1.9600 0.200 45.504 9.104 -0.270
2.1600 0.200 38.053 5.495 -0.517
2.3600 0.200 22.920 2.056 -0.601
2.5600 0.200 19.079 0.812 -0.638
2.8100 0.300 12.848 -0.688 -1.116
3.0600 0.200 -0.345 -0.875 -0.768
3.2600 0.200 -5.879 -0.752 -0.730
3.4600 0.200 -7.169 -0.534 -0.639
3.6600 0.200 -0.067 -0.794 -0.495

0 = —2.021° = —0.03527 rad

U = 183.9° = 3.210 rad

Q = 222.1 rpm = 23.26 rad/s

Q = 65.47° /s® = 1.143 rad/s>
A= -71.22°/s = —1.243 rad/s
A = —234.9° /s? = —4.100 rad/s*
g = 9.81 m/s?

the free yaw nacelle. The result is a combination of inertial loads due to rotor speed and acceleration;
nacelle speed and acceleration; and gyroscopic effect due to rotor and nacelle rotation. Table 1 presents
the aerodynamic loads and wind turbine operation parameters for this particular load case.

Taking the information of Table 1 and the mass, inertia and turbine configuration data presented above,
Eq. 21, 22, 25, 26, 30, 31, 34, 35, 37, 38, 45, 46, 51 and 52 can be used to compute loads of all types.
Theses results are presented in Table 2 ("This work" column). Also presented in this table are the internal
forces and moments at root given by the aeroelastic model. Only total loads are presented as FAST does
not output separated load types. A shell finite element model of the blade has been made and loads have
been applied as presented in the section beginning at page 14. The Altair’s Optistruct finite element solver
was used to evaluate all load types separately and then, all together and the total applied loads were output
and presented in Table 2 ("FEM" column). For a description of the FE model, see Forcier et al. (2013).

Reminding that the critical load component is frequently the flapwise bending moment, we will now
focus our attention on it. According to the blade coordinate system used here, this bending moment is M,
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Table 2. Internal forces and moments at blade root. Forces are in N and moments, in N-m. Column "This
work" computed from the equations of section starting on page 8. For the "FAST" column, loads are converted

from FAST blade coordinate system to this work coordinate system: V,, = — RootFyb1l, V,, = RootFxbl,
N = RootFzbl, M, = — RootMybl, M, = RootMxbl, M; = RootMzcl.

Load This work FAST Detailed FEM Diff. 1 Diff. 2 Diff. 3
Vi aero 124.0 - 124.0 124.0 - 0.00 0.00
Vy acro 405.3 - 405.3 405.3 - 0.01 0.01
Naero 0.000 - 0.000 0 - - -
Mz aero -607.2 - -607.2 -607.2 - 0.00 0.00
My, aero 157.5 - 157.5 157.5 - 0.02 0.02
M, qero -8.734 - -8.734 -8.734 - 0.00 0.00
Vi, graw -19.18 - -19.18 -19.18 - -0.02 -0.03
Vy,grav -13.68 - -13.67 -13.67 - 0.04 0.03
Ngrav 2737 - 2737 273.6 - 0.02 0.02
Mz grav 12.44 - 13.87 13.87 - -10.28 -0.01
My, graw -17.45 - -12.34 -12.34 - 41.42 -0.04
My, grav 0.000 - 0.3555 0.3549 - -100.00 0.03
Vi iner 1 -33.22 - -319.0 -318.6 - -89.57 0.13
Vy,iner1 -941.4 - -931.3 -931.4 - 1.08 -0.01
Niner,1 17970 - 17970 17980 - -0.03 -0.03
My inern 1548 - 1645 1644 - -5.83 0.05
My iner1 -54.63 - 20.39 20.29 - -369.26 0.48
M iner,1 0.000 - 32.32 32.27 - -100.00 0.17
Vi iner,2 -38.00 - -38.00 -38.00 - -0.01 -0.01
Vy iner,2 1.341 - 1.372 1.372 - 2.26 0.00
Niner,2 0.000 - -0.6032 -0.6023 - -100.00 0.12
My iner2 -2.205 - -2.267 -2.268 - 2.78 -0.04
My iner2 -62.49 - -62.56 -62.58 - -0.15 -0.03
My, iner,2 0.000 - 0.1946 0.1928 - -100.00 1.14
Ve, iner,3 4.541 - 3.735 3.737 - 21.51 -0.05
Vy iner3 29.76 - 29.98 29.98 - -0.75 0.00
Niner.s 1.805 - 1.760 1.760 - 2.56 0.00
My iner3 -28.95 - -29.20 -29.20 - -0.85 0.01
My iner3 6.762 - 5.863 5.865 - 15.29 -0.03
M iner.3 0.000 - -0.5934 -0.5925 - -100.00 0.08
Vi inerd 78.90 - 79.49 79.49 - 0.74 0.00
Vy imerd -12.34 - -10.20 -10.20 - 20.97 0.01
Niner,a 4912 - 5.060 5.060 - 2.92 0.00
My iner.a 18.23 - 15.85 15.86 - 14.96 -0.09
My inera 76.79 - 77.61 77.62 - -1.07 -0.01
M iner,a 0.000 - -1.107 -1.201 - -100.00 -7.83
Vi iner.s -67.60 - -67.67 -67.62 - -0.03 0.08
Vy iner,s -1916 - -1918 -1916 - -0.02 0.09
Niner,s -100.5 - -100.6 7.290 - -1478.04 -1479.51
My iner,s 3150 - 3147 3151 - -0.02 -0.13
My iners -111.2 - -113.3 -110.0 - 1.06 3.02
M iners 0.000 - 43.42 4277 - -100.00 1.53
Vi total 49.45 49.47 -236.6 -236.1 -0.04 -120.94 0.22
Vy total 2447 2446 -2436 -2435 0.03 0.48 0.05
Niotal 18150 18150 18150 18260 0.03 -0.58 -0.58
M. total 4091 4091 4183 4186 0.00 2.27 -0.08
My total -4.653 -4.626 73.17 76.39 0.58 -106.09 -4.21
M total -8.734 -8.733 65.86 65.06 0.01 -113.42 1.24

Diff. 1: (This work—FAST)/(FAST) x 100
Diff. 2: (This work—FEM)/(FEM) x 100
Diff. 3: (Detailed— FEM)/(FEM) x 100
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and should be negative in normal operation (i.e., when aerodynamic loads are dominant; see Figure 1).
However, one of the critical load cases resulting from the analysis of the WESNet wind turbine (the one
studied in this section) yields a flapwise bending moment that is in the opposite direction (positive value
of M, ). The equations developed in section starting on page 8 are useful to understand this load case.

First, we can observe that the aerodynamic flapwise bending moment is effectively in the normal
direction. The dominant load types in this load case are the inertial loads due to rotor rotation (M iner,1)
and to the gyroscopic effects due to a combination of rotor and nacelle rotations (M3 iner,5), the latter
being the most important. This analysis gives insight about some solutions to reduce the loads associated
with this load case. The installation of a damping system to reduce the nacelle rotation speed would
reduce the gyroscopic loads. Another solution could be to limit the rotation speed of the rotor. Finally,
looking at Equation 31, we can conclude that a reduction of the coning angle would reduce the flapwise
bending moment due to rotor rotation. Nevertheless we have to take into account that the blade is not
perfectly rigid so that the blade will deform and this could slightly change the conclusion drawn from an
analysis with rigid blades.

When comparing the total load values of this work with values output by the FAST aeroelastic solver
(Table 2), all differences are within a margin of 0.05 % except for the difference in M, value. This is
probably caused by a rounding error of the azimuth angle (for that angle, sine computation amplifies the
error). However, when comparing the root load values obtained from the equations of section starting
on page 8 with the summed loads at root in the finite element model, some load types and directions
show an important difference. This is due to the fact that, in the finite element model, blade mass is not
concentrated on its longitudinal axis. The values obtained from the finite element model are more precise
because they take into account the real mass distribution of the blade. This causes loads on blade that
are slightly different than what is predicted by the equations of section starting on page 8 and by an
aeroelastic solver that suppose that blade mass is concentrated on its longitudinal axis. These differences
are noticed in the edgewise loads and torsional moment. On the other hand, the error in flapwise loads
and axial force (that are the critical loads) is minimal.

To get the same values as those obtained in the finite element model, it is possible to recompute the
equations of section starting on page 8 by using a different form of Equation 10 where the blade mass is
not supposed to be concentrated on its longitudinal axis:

finer = — pwp e X Wpe X Tp/p

— PO/t XTp/p

— PWn T X Wp/T X TpP/p (62)

— POy T X TP/

= 2pWp)T X Whjt X Tp/p
where p is the material density and f,,., is the inertial force per unit volume at a given infinitesimal
point on the blade. When using the position vector rp/, = [x,y, z]” instead of rp/, = [0,0, 2]” and
integrating over the surface of each cross section, the distribution of force and moment per unit length of
the blade can be expressed in function of each cross section’s mass per unit length (m'), center of gravity
(z¢g and y.4) and mass moment of inertia per unit length (7., ¢, and i,,). After that, integration over

blade length gives internal loads at root that are functions of blade’s mass (m), center of gravity (X,
Y.y and Z,4) and mass moment of inertia (I, Iy, I, Iy, I, and I;;).
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Blade root internal loads computed this way for the example wind turbine are reported in table 2
("Detailed" column) and show really small differences when compared to the finite element model values.
The only noticeable difference is for the axial load caused by the gyroscopic effect (IVy iner,5) but that
difference is normal since the axial force is not taken into account by the method of applying this type of
load in the finite element model as explained earlier. This confirms that the differences observed between
values computed using equations of section starting on page 8 and the finite element model values are due
to the different blade mass distribution in both models. One of the advantages of the proposed method is
that the inertial loads are applied correctly using the real mass distribution of the blade.

Conclusion

One of the objectives of this paper was to propose a method to study the contributions of different load
types in the total load on a wind turbine blade computed during an aeroelastic simulation. This has been
done by developing analytical equations allowing the computation of the values of the different load
types as a function of the wind turbine operation parameters (speed and acceleration of the rotor and the
nacelle; azimuth and pitch angles), geometry (tilt and coning angle; rotor hub radius; distance between
the tower axis and the rotor plane) and blade mass parameters. This set of equations could also be useful
to determine the effects of some geometric and operation parameters on the wind turbine blade loads,
especially at the preliminary stages of the design process.

The second objective was to describe a method to take the loads computed by an aeroelastic simulation
and apply them to a three-dimensional finite element model of a blade. The proposed method consists
in applying the aerodynamic loads using RBE3 elements and applying gravitational and inertial loads
as volume forces. All the axes and points of rotation and acceleration are defined in order to apply the
different inertial load types.

The advantages of this method are:

o The applied inertial loads take into account the real blade mass distribution around its longitudinal
axis (with an exception for the gyroscopic load).

e A modification of the blade design that results in a change of its mass properties is directly
accounted for in the applied loads of the finite element model. This is particularly useful for a
finite element model using structural optimization: inertial and gravitational loads are automatically
adjusted according to the blade mass properties during the optimization process.

e Itis possible to apply a different safety factor on different load types if the standard used prescribes
1t.

e It is possible to study the effects of the wind turbine’s geometric characteristics and operating
conditions without the necessity of simulating a particular situation in an aeroelastic simulation.

All the methods and equations proposed in this paper are based on the hypothesis that the blade and
the tower are rigid. Consequently, they are well designed for use in the preliminary stages of the design
process, if the tower and the blades are considered rigid in the aeroelastic simulation. This allows the
designer to get a first set of loads to start the design with minimal information about the blade mass.

However, even when modeling the blade and tower flexibility, the proposed equations could yield
useful information for the understanding of the effects of the different load types on the total blade load.
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