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Abstract. Wind energy is a sustainable source of power that has a much lower environmental
impact than conventional energy sources. One of the important stages in developing the modern
wind turbines is studying the dynamic behavior of the flexible blades. In this article, a finite
element beam model of a 150 kW horizontal axis wind turbine blade is presented. The beam
elements of the present model are linear with 14 DOF and arbitrary cross sections that consider
rotational velocity, shear center, warping and gyroscopic effects, stiffening due to the rotation,
and all the couplings. In the present model, the cross-sectional properties along each element are
variable that decreases number of the needed elements, size of the model and hence the analyses
running time. By using the present model, natural frequencies, mode shapes and frequency and
transient responses of the blade are extracted. The modal properties are compared with another
finite element beam code BModes, and with a shell finite element model of the same blade in
ABAQUS. The blade frequency and transient responses in the flap and edge directions under a
turbulent wind loading are also compared with ABAQUS. Furthermore, the effects of the
rotational speed and pitch angle on the blade modal properties are studied.

Keywords: wind turbine blade, finite element, modal analysis, transient response, BModes.
1. Introduction

There are many articles focusing on dynamic modeling and predicting modal properties or
dynamic response of the wind turbine blades and in many cases, the blades have been modeled as
a beam. Different methods have been used by different authors, including assumed modes, finite
element, lumped mass and analytical methods. Arrigan et al. [1] investigated flap-wise vibration
control of wind turbine blades by a single degree of freedom model with assumed mode methods
approach. Zhao et al. [2] presented a new multi-body modeling methodology using a cardanic
joint beam element. Kallesoe [3] derived equation of motion for a rotor blade, including gravity,
pitch and rotor speed effects. Dynamic analysis of horizontal axis wind turbine was carried out by
Wang et al. [4] using thin walled beam theory. Lee et al. [5] presented a method for structural
dynamic modeling using multi-flexible-body method. Harte et al. [6] used one DOF assumed
mode method for modeling the blades, and used spring and dampers for modeling the tower
flexibility. Kessentini et al. [7] developed a mathematical model of a wind turbine using
Euler-Bernoulli beam approximation and investigated modal and dynamic responses of the
turbine. Murtagh et al. [8] analyzed vibrations of tower and blades of a horizontal axis wind turbine
subjected to rotationally sampled wind loading. Park et al. [9] employed constrained multi-body
technique to derive equations of motion for a rotating wind-turbine blade. A mathematical model
of the wind turbine equipped with active controllers was formulated by Staino et al. [10] using an
Euler-Lagrangian approach. Hamdi et al. [11] studied analytical and numerical dynamics of a
horizontal axis wind turbine blade subjected to different types of loadings by Euler’s
configuration.

In all the mentioned articles and many others, a non-verified model of a wind turbine blade
has been used or developed for modal or dynamic investigations. By using a wind turbine blade
model with no verification the investigation results are called into question. Hence, presenting a
verified and precise model can decrease the uncertainties of further investigations on the wind
turbines. There are some specific codes for dynamic analysis of wind turbines like FAST, Bladed,
Flex5 and DHAT [12]. The mentioned codes, need the modal data to create a multi DOF model
using the assumed-modes method. Modal data should be provided by finite element codes like
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BModes [13]. BModes was primarily developed by the National Renewable Energy Laboratory
(NREL) to provide coupled mode shapes for FAST. This code is based on a 15 DOF beam element
with three internal and two boundary nodes and is widely used. The current study aims at
developing a precise model of a horizontal axis wind turbine blade with linear beam elements and
14 DOF. The beam element considers rotational velocity, shear center, warping and gyroscopic
effects, stiffening due to the rotation, and all the couplings. One of the major concerns of the
present study is to decrease the size of the model and hence the analysis running time without
affecting the accuracy of the results by modeling the beam element with variable cross sectional
properties, which is the main difference between the proposed model and other blade models and
codes like BModes. Using the proposed model, a 150 kW horizontal axis wind turbine blade is
modeled and the modal characteristics and the frequency and transient dynamic responses under
a turbulent wind loading are extracted. Then, the modal results are compared with BModes and
with a 3D model of the same blade with shell elements in ABAQUS and because the BModes
cannot carry out more analysis, frequency and transient dynamic responses are only compared
with ABAQUS. Furthermore, the effects of the rotational speed and pitch angle on the modal
properties of the blade are studied. Because in this study, we focus on comparing the accuracy of
the developed beam model with a more complicated and precise shell model in ABAQUS, the
blade material is assumed to be isotropic to eliminate errors due to using equivalent composite
properties provided by some codes like PreComp [14] or NuMAD [15], however, the model can
consider such equivalencies. Supposing the blade is a thin walled-beam the transverse shear effect
is neglected [16].

2. Blade modeling
2.1. Blade properties

General properties of the blade are presented in Table 1, and the main profiles and 3D shell
model are shown in Fig. 1. Table Al in Appendix Al presents the properties of the blade sections
made of four NREL air foils. Fig. 2 shows the normalized cross section of Airfoil S815 (the first
airfoil). The shear webs are located on 20 % and 50 % of the blade chord length from the leading
edge. The thickness of the blade skin and the shear webs decrease along the length of the blade.
To create the airfoil splines, we have written a code in MATLAB that receives normalized
coordinates of airfoils, distance to the rotor axis, chord and twist in each section and generates
point coordinates to be imported to SolidWorks to create splines for the airfoils. We used ANSYS
to estimate the cross-sectional properties presented in Table A2. In the table, the shear center and
the centroid coordinates are with respect to the pitch center located on 25 % of the chord length
(see Fig. 2), and the area moments of inertia are with respect to the centroid coordinates of each
section. We assume that the pitch and shear centers are coincident and the beam cross section is
rigid in its plane but is subjected to torsional warping. The coordinate system of the blade section
is shown in Fig. 2. The general displacement of any arbitrary point on the blade cross section can
be described as follows [17]:

Ulx,y,z) =u-— (y+ey)v’— (z+e)w' +9Y0’, )
V(ix,y,z) =v—(z+e,)0, 2
W, y,z) =w+ (v +e,)0, (©)

where u, v and w, are rigid body translations of the section in the x, y and z directions and 0 is
the rigid body rotation about the shear center axis parallel to x direction, e, and e, are the

coordinates of the shear center and 1 is the warping function normalized with respect to the shear
center.
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Fig. 1. Wind turbine blade sections Fig. 2. The blade cross section and the coordinate system

Table 1. General properties of the blade

Property Value
Material Fiber-glass
Length 11.5m
Density 1800 kg/m?
Mass 406 kg
Center of mass from root 4.03 m
Modulus of elasticity 18 GPa
Root joint material Aluminum
Hub radius 0.3 m
Root joint mass 4522 kg

2.2. The strain energy

Longitudinal strain is given by:

U N 1 <6V)2 N 1 <6W>2 4
&= 5% T2 \ox 2\ox /"’

Substituting Eqs. (1)-(3) into (4), the strain function is derived as follows:
e=u—(y+ ey)v” —(Z+e)w" +y0" —eyv’ —e;w’ )

+0.5(v' — (z+€,)0" — e,0)? + 0.5(w' + (y + €,)0" + ej’,H)Z.

Because displacement in x direction (u) is dependent on v and w, a new variable (s) which is
the arc length stretch of the element is defined as follows:

s’ =¢e(—ey,—e,) =u —eyv' —ew + 050" — e,6)? + 0.5(w' + eJ’,Q)z, (6)

thus:

u' =s"+ev +ew — 051 —e0)*—0.5(w + eJ’,Q)Z, @)
X

u=s+ J- [eJ’,v’ +ew — 05" —e,0)? —0.5(w' + 63,19)2] dn. 8)
0

After some manipulation u has the form:
u=s+ev +ew +D(xt), 9

where:
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X
D(x,t) = J- [eyv” +e,w" — 050 —e,0)?—05(w' + e&@)z] dn. (10)
0

Substituting Eq. (9) into Eq. (1), one obtains:
U=s—yv' —zw' +¢ 68’ + D(x). (11)
Substituting Egs. (2), (3) and (9) into Eq. (4), the longitudinal strain can be written as:

&=s—(y+ ey)v” —(z+e)w" + 90" + 050" — (z+e,)0' —e,0)?

+05(w' + (v +¢€,)0" + e,0)" — 0.5(v' — e,0)? — 0.5(w’ + €6)". (12)
Neglecting non-linear terms, strain along x direction becomes:

& =5 — (y + ey)v” —(z+e )w" +y0". (13)
Substituting Egs. (2), (3), (11) into the shear strain equations, one obtains:

Yy = (g—lfj —(z+ ez)> 0' —e,0, (14)

Vaz = (‘;—f+ (y+ey)>9’ + 56, (15)

Vxz = 0. (16)
The elastic strain energy is given by:

= %fff(Es,% + Gy + Gyi,) dv, (17)

where E and G are the modules of elasticity and shear modules, respectively. Substituting
Eqgs. (12)-(15) into Eq. (17), the potential energy is derived as follows:

T (LT

o ) (18)

2 2
+G (@_(Z-I-GZ))G —ef| +G <E+(y+ey)>9 + e,0 dv,

where dv is the differential of the element volume. Ignoring higher orders of e, and e, and
defining:

L, =ﬂ-zsz, Iz=ffy2dA, L, =ffysz, I‘=J- P2dA, 19)

in which I, I, I, are the area moments of inertia and I' is the warping constant. Considering the
following equalities [20]:

ffl/)dA=0, ffyl/)dA=0, ffﬂ/}dA:O, ff%d/l=0, ﬂ.??—fdA=0, (20)
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and integrating over the cross section area, the potential energy can be written as:

Miotar = Hgp + g,

21

where I1 5 is the potential energy of an Euler-Bernoulli beam and Il - is the potential energy due

to the shear center effect as follows:
I _ 1 ! E(A 12 I "2 I "2 21 "o Fguz G *912 d
B =5 0{( P+ LY+ Lw"? + 20,0 "w" + )+ GJ*6'*} dx,
1 l
Mg, = Efo E(-24(e,v"s" + e,w"s') + GJ"*0'%) dx,

in which J* and J** are the Saint-Venant’s torsion constant given by:

5 —ﬂ( ¥_) 2 (Z”"w)z)dA,
**_2ﬂ ¢)dA+A(ey+ezz)

2.3. The kinetic energy
Considering the rotational speed of the beam in y and z directions as follows:
=0 Q, Q.
The velocity vector is given by:
V=i 4 Bxiy
where 7+ is the new position of an arbitrary point p after deflection:

7y =[x, y,2]" + [U,V, W],

Substituting Eq. (28) into Eq. (27) and using Egs. (2), (3) and (11) one obtains:

1. . ,
s— EDz(x)—yﬁS’—ZWS’ +yY06'+D,

V= +Qy(z +w+ (y + ey)G) -Q,(y+v—(z+¢,)0)
|1'7—(z+ez)9+Qz(x+s—yv’—zw’+1p0’+D(x)),
tv’v+ y+e,)0—Q,(x+s—yv' —zw' +1 8’ + D(x)),

y y

in which:
X X )
D, = f [e,v" +e,w"]dn, D, = f [(v’ —e;0)* + (W' +e;0) ]dn_
0 0
The kinetic energy is given by:
1 N
r=Lo [ 77
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where p is density per unit volume. Substituting Eq. (29) into Eq. (31) and integrating over the
cross section area and ignoring non-linear terms, the kinetic energy can be written as:

Ttotal = TE.B + Twarp + Tsc + Trot + Tsc—rot + Twarp—rot: (32)

where Tg g is the kinetic energy of an Euler-Bernoulli beam, T,y qp, Tsc and Ty, are the kinetic
energies due to the warping and shear center effects and the rotational speed, respectively, Tse—or
is the kinetic energy due to the simultaneous effects of the shear center and the rotational speed
and T,y qrp—rot 1S the kinetic energy due to the simultaneous effects of the warping and rotational
speed, as follows:

l
Tpp = O.5pf (A2 + 02+ W) + (I, + 1,)0% + (Lw'? + I,v'? + 2L,,v"Ww) }dx, (33)
0

l
Tror = 0.5pf {20, (AW + ws — sw) — L' + L,(v'6 —v'0)
0
1, (W' — '8 — ")) + 20,(AGev — v$ + 59) + L (w'0 —'6)
+ 1,0 + 1, (v'6 — 06 + W')) +02(I, + Aw?) + Q2(I, + Av?)

34
+(02 + 02)(Ax? + As? + 2Axs + Lw'* + L,v'® + 2L,,v'w") Y
~20,0, (I, + Awv) + 2 (I, = 1,)2,Q, + 1,,(03 — 02)) 0

l l
+(1,92 + 1,02 + 21,,0,0,)0%}dx — 0.5p(Q2 + 02) f ( f A ndn> (v'? + w'?)dx,
0 x
l
Twarp = 0.5p f ro’? dx, (35)
0
l
Twarp—rot = 0.5p f (Q2 +2)(ro'?) dx, (36)
0
l
Tse = 0.5p f A{(e2 + e2)0? + 2(e,wb — e,v0) + 25D, + D#}dx, (37
0
l
Tec,or = 0.5p j A {(dey +Q,e,) 0% + 20, (wDy — gD, ) + 20, (~v, Dy + B,D;)
0
+ (02 + 02)(D? + 2xD, + 2sDy) + 2(Qye, + Q,e,) (56 — x0 — s6 + Q,wb (38)

l l
—Q,v0 + 6D, — 6D, )}dx + 0.5p(Q2 + Qg)J 2 (J Andn) (—e,v'0 + e,w'0)dx.
0 x

2.4. Finite elements discretization

In order to derive the finite element matrices, a displacement field should be assumed. The
nodal vector of seven local displacement parameters is defined as:

g=[svwbo,0,06,06], (39)
in which:
0, =-w', 6,=v"

A liner interpolation is considered for the axial displacement, and a cubic Hermitian function
for the lateral deflection and torsion:
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s = quS' v= quv' w = quW' 0= NGqB' (40)
where:

Ny=[1-¢ 0 & 0], Ny=[fi Ufa f3 —lfa]
Nwz[f1 =lfy f3 —lfal, Ng = [9x1 9’:1 Oz 99’:2]T,

qGs=I[s1 Ox S2 0], qy=1[v1 Oa v2 0], @1

qw=[w1 Oy W2 020", qg=[01 6y 6x2 6]",

in which:

fi=1-38+ 28 f= =284, f,= 3828 fi= —£48, §=7 @)
Using the Lagrange’s equation, given by:

d (0T oT oI

E(a—%)—a—%‘l‘a—%: Qi (43)

and Eq. (44) the differential equation of motion can be written as follows:

Mi+C*q+Kq=F, (44)

where M and K are the mass and stiffness matrices, F is the force vector due to the blade rotational
speed, and:

C*=D+C, (45)

in which, C is the damping matrix and D is a matrix due to the rotational effects. Substituting
Eq. (40) into Eq. (22), (23) and Eq. (33)-(38) and using the Lagrange’s equation, all mass, stiffness
and rotational effect matrices of the single and coupled DOFs are derived and presented in
Appendix A2.

3. Modal analysis

After deriving the bam element matrices, we used MATLAB to write a code to compute all
the matrices for the 150 kW wind turbine blade and assemble them. It should be mentioned that
in the beam element model, the blade skin and the shear web thickness vary along the length of
the blade, while in ABAQUS the blade is divided into 13 sections with constant thickness (see
Table Al in Appendix A1), thus the blade mass properties in ABAQUS and the code would not
be the same. To solve the problem, cross-sectional properties of the MATLAB code are updated
by multiplying correction coefficients. Table 2 presents the six first natural frequencies of the
clamped blade computed by ABAQUS, the present model and BModes, and compares the results.
Since all the modes are coupled, each mode shape includes flap, edge, longitudinal and torsional
deflections. The flap and the edge directions are parallel to z and y axis, respectively.
Longitudinal and torsional deflections are small, but the torsional deflection is more important
because it changes the blade twist angle and affects the aerodynamic forces. Major deflections
occur in the flap and edge directions. The blade stiffness in the flap direction is lower than the
edge direction (see Table A2 in Appendix A1) so it has more contributions in the first six mode
shapes. Only in the second and fifth mode shapes, edge deflection is dominant. According to the
table, the predictions of the present model are in good agreement with ABAQUS and more precise
than BModes. Fig. 3 shows the first six mode shapes of the blade in ABAQUS. By selecting a
path of nodes along the length of the blade in ABAQUS the bending mode shapes have been
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extracted and depicted in Fig. 4 and compared with the mode shapes computed by the present
model. The ABAQUS model has 8800 quadratic shell elements, and the current model has
13 elements. Fig. 5 compares the bending mode shapes differences of the present model and
BModes with ABAQUS (BModes has 50 elements). As seen in Fig. 4 and 5, the proposed model
results are in good agreement with ABAQUS and are relatively better than BModes.

0.5
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Mode 1 Mode 2

O‘MM

L>o 0.5

%q.
-0.5 %o, 0p-066-00:00:0:0:0-0.,,
Q O,
Q, %
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Fig. 3. Blade mode shapes in ABAQUS Fig. 4. Blade bending mode shapes in the
present model and ABAQUS

AN

Table 2. The blade natural frequencies

Mode Dominant Abaqus | Present | Abaqus-present | Bmodes | Abaqus-Bmodes
number mode shape (Hz) (Hz) difference (Hz) difference
1 Flap Ist 2423 2.406 —0.69 % 2.545 5.03 %
2 Edge Ist 5.887 5.910 0.39% 5.972 1.44 %
3 Flap 2nd 7.245 7.266 0.29 % 7.735 6.77 %
4 Flap 3rd 16.23 16.31 0.46 % 17.44 7.45 %
5 Edge 2nd 20.48 20.37 —0.55 % 20.44 —0.17%
6 Flap 4th 28.70 29.11 1.44 % 31.44 9.55%

Fig. 6 shows the torsional mode shapes in BModes and the present model and the average
torsion of each blade cross section in ABAQUS. In the shell model of ABAQUS, distortions of
the blade surfaces make it difficult to extract the torsional mode shapes smoothly, especially
because these mode shapes are very smaller than the dominant modes. Although the mode shapes
are not smooth in some frequencies, differences between all three models are in an acceptable
range. Fig. 7 compares the natural frequency convergence of the proposed model with BModes.
As seen in the figure, the current model rapidly converges, and only seven elements are needed to
decrease the percentage error of the first six frequencies to 1 % of the final values, while BModes
needs more than 18 elements. Using five elements, all frequencies of the present model have less
than 4 % error, and just by one element, the proposed model can predict the first natural frequency
with 2 % error, which is very useful for studies that the first flap vibrations are only considered
[1, 4, 7]. As a conclusion, for a very small number of elements, the current model is much more
accurate than BModes.

3.1. Effect of the rotational speed on the natural frequencies
Due to the rotational effects, the blade natural frequencies depend on the rotor speed. By
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increasing the rotational speed, the blade stiffness and hence the natural frequencies increase.
Eqgs. (A19)-(A33) (see Appendix A2) present stiffness matrices due to the rotational speed, where
0 is the pitch angle (angle between the rotation axis and z axis). Eq. (A19)-(A23) (see
Appendix A2) are only related to the rotational speed, while Eq. (A24) (see Appendix A2) is
related to the simultaneous effect of the rotational speed and the warping, and Eq. (A25)-(A33)
(see Appendix A2) are presenting the simultaneous effects of the rotation and the shear center.

—o—Present Edge e BModes Flap
O Present Flap —e—BModes Edge

oX 10 2
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0.04f Mode 1 Mode 2 . 0.5 X o
0.04 . 1 X
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Fig. 5. Bending mode shapes differences of the Fig. 6. Blade torsional mode shapes in the present
present model and BModes compared with ABAQUS model, BModes and ABAQUS
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Fig. 7. Natural frequencies convergence for the present model and BModes

The blade normalized frequencies versus the rotational speed at zero and 90° pitch angle are
presented in Fig. 8. Here the distance between the rotation axis and the first section of the blade
(hub radius) is 0.3 m. As seen in the figure, angular velocity has a considerable impact on the
natural frequencies. At the nominal rotor speed (6.28 1/s) and zero pitch angle (Fig. 8(a)), natural
frequency of the first mode increases about 12 %. The figure shows that the dominant flap
frequencies increase more than the dominant edge frequencies which can be described by
Eq. (A22) (see Appendix A2) that is the flap stiffness due to the rotational speed. At zero pitch
angle (6 = 0), the second term of the equation becomes zero, while in Eq. (A20) which is the
rotational stiffness in the edge direction, the second term has its maximum value, so stiffness in
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the flap direction has its maximum value while stiffness in the edge direction has its minimum
value, hence the flap frequencies are more sensitive to the speed changes. In Egs. (A20), (A22),
(see Appendix A2) I, and I, are negligible in comparison with:

l
f Andn. (46)

By increasing the pitch angle, frequencies are less sensitive to the rotational speed and as seen
in Fig. 8(b), at nominal rotor speed and 90° pitch angle the first frequency increases about 5 %.
Because the area moment of inertia and hence the stiffness in the edge direction is on average 10
times bigger than inertia in the flap direction, the same increase in the edge and flap stiffness
would have less effect on the edge frequencies. Consequently, in Fig. 8(b), again the flap
frequencies increase more than the edge frequencies, while in Eq. (A20) (see Appendix A2) the
second term has its maximum value. Table 3 presents the percentage differences of the model
results comparing with ABAQUS. According to the table, except for the sixth mode all differences
are less than 1 %.

= 13
ém 1.25 i
© U Mode (1)
22 1,
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NG 15
T Y A
gu_ 11 (3)
o
Z 1.05 (4)/
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. %0
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Fig. 8. Rotor speed effect on the natural frequencies

Table 3. Percentage differences of the present model natural frequencies compared

with ABAQUS at four rotational velocities

90° pitch angle Zero pitch angle
2(r/s) | 5(r/s) | 6.28 (r/s) | 10 (r/s) | 2 (t/s) 5(r/s) | 6.28 (1/s) | 10 (1/s)
0.66% | 0.57% | 0.50% | 0.33% | 0.68% | 0.64 % 0.59% | 0.53%
040% [ 042% | 0.56% | 0.53% | 039% | 0.42% 0.55% | 0.52%
029% [ 029% | 030% | 029% | 029% | 0.29% 030% | 0.30%
042% [ 045% | 047% | 041% | 0.44% | 0.44% 047% | 043 %
0.55% | 052% | 049% | 0.49% | 0.56% | —0.55% | 0.45% | 0.49%
146% | 143% | 150% | 142% | 1.46% | 1.43% 149% | 143 %

Mode number

N[ B |W[N|—
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3.2. Effect of the rotational speed on the mode shapes

The blade mode shapes are also affected by the rotational speed. The first three mode shapes
in three different rotational speeds and zero pitch angle are shown in Fig. 9. According to the
figure, rotational speeds up to 10 r/s have no impact on dominant mode shapes, but non-dominant
mode shapes are slightly affected.

0.1 1.5
Mode 1 (Flap) Mode 1 (Edge)
0.075 1
0.05
0.025 0.5
0 0
0 0.5
-05 d 2
] (0] S 1 . s (2)
. @ 0 = —= —— (4,5,6)
=) ————
e Mode 2 (Flap) 05 Mode 2 (Edge) E 1 SN\ 3)
02—— —Q=0 1 ‘é 2 \
Q0 =6.28 rad/sec s 3 N
=10 rad/sec 0 g 4 ™\
[ ] Mode (1),
a 5 N\
-1
N 5 \
52 Mode 3 (Flap) 5 Mode 3 (Edge) , N
0 2 4 6 8 1012 " 2 4 6 8 10 12 0 10 20 30 40 50 60 70 80 90
Blade Length (m) Blade Length (m) Pitch Angle (deg)
Fig. 9. Blade mode shapes of the present model at Fig. 10. Percentage changes of the blade natural
different rotational speeds frequencies ({0 = 6.28 rad/sec)

3.3. Effect of the pitch angle

In pitch control wind turbines, the blade pitch angle varies with the wind speed and the
rotational velocity that affects the natural frequencies of the blade and the turbine as well. Fig. 10
illustrates percentage changes of the blade natural frequencies from zero to 90° pitch angle at the
nominal rotor speed. According to the figure, the lower mode shapes are more affected by
changing the blade pitch angle. At maximum practical pitch angle (30°), the first frequency has
the most reduction by about 1.2 %. Thus, the effect of the pitch angle on the natural frequencies
in practical pitch angles is negligible. Eqs. (A20), (A22) (see Appendix A2) describe why the flap
dominant frequencies (modes 1, 3, 4 and 6) decrease while the edge dominant frequencies
(modes 2 and 5) increase. By increasing the pitch angle, the second term of Eq. (A20) (see
Appendix A2) decreases, hence the stiffness of the edge direction increases, while the second term
of Eq. (A22) (see Appendix A2) increases and hence the stiffness of the flap direction decreases.
Table 4 presents the percentage differences between the present model and ABAQUS results
which are in an acceptable range.

Table 4. Percentage differences of the present model natural frequencies at 6.28 1/s
Pitch angle
15° 30° 45° 60° 75°
026% | 0.11% | 0.07% | 0.15% | 0.35%
0.52% | 0.49% | 0.48% | 0.48 % | 0.52 %
0.32% | 0.33% | 0.33% | 0.33% | 0.33 %
048% | 0.48% | 0.42% | 0.48 % | 0.48 %
0.49% | 0.48% | 0.48% | 0.49% | 0.49 %
1.52% | 148% | 1.48% | 1.48% | 1.48 %

Mode number

N[ |W[(N|—

3784  ©JVE INTERNATIONAL LTD. JOURNAL OF VIBROENGINEERING. NOV 2015, VOLUME 17, ISSUE 7. ISSN 1392-8716



1796. FINITE ELEMENT MODELING OF A WIND TURBINE BLADE.
MOHAMMAD SHEIBANI, ALI AKBAR AKBARI

4. Frequency and transient response

Blade tip deflection is an important consideration in the wind turbine design process. If the
blade deflects too much, significant stress are applied to the blade, and also the blade may hit the
tower. Here we investigate the frequency and transient response of the blade tip by considering
the damping matrix as follows [19]:

C=M(Z

where M and C are mass and damping matrices, &,, w,, M, and ¢,, are damping ratio, natural
frequency, modal mass and mode shape of mode n, respectively. Here the damping ratio is
considered to be 1 % for the first 10 modes.

Point FRFs of the blade tip for the flap and edge directions in zero rotational speed and zero
pitch angle are presented in Fig. 11. In the flap FREF, the first edge frequency is observable and in
the edge FRF the first two flap frequencies are visible. As seen in the figure, there is good
agreement between the results of the present model and ABAQUS.

anwn
i ¢n¢£)M. )

Abaqus
—— Present

Magnitude (m/N)
=
Magnitude (m/N)

0 3 6 9 12 15 18 21 24 27 30 3335 0 3 6 9 12 15 18 21 24 27 30 3335
Frequency (Hz) Frequency (Hz)
Fig. 11. The blade tip point FRFs in the flap and edge directions

One of the important loads acting on the blade is a periodic force due to the blade rotation and
the wind shear. In this section, the transient response of the blade tip under a turbulent wind load
is investigated. The drag force per unit length exerted on the blade is given by:

f(x,t) = 0.5pL.C4V?2, (48)

where L., C; and V are the chord length, the drag coefficient and the wind speed, respectively.
The wind speed function along the length of the blade is given by:

V(x,t) = Vg + Vi ((1 + Hx )a - 1) sin(Qe), (49)

hub

where Hy,p, and Vy,,,;, are the hub height and wind speed at the hub height, x is the blade length
variable, « is the wind shear exponent and () is the blade rotational speed. Table 5 presents the
constant values of Eq. (48)-(49). Fig. 12 shows the turbulent wind speed for 20 seconds at the hub
height taken from Binalood Wind farm in Iran [20], and the wind speed at the blade tip height
(hub height plus the blade length) due to the wind shear and the rotor speed. The wind force is
applied to the model at three nodes. The resultant force from the first element to element 5 is
applied at node 4, resultant force from element 6 to element 9 is applied at node 8 and resultant
force from element 9 to element 13 is applied at node 12. Fig. 13 shows these three resultant forces
resulted from Eq. (48). The time response of the blade tip deflection for 30° of pitch angle is

© JVE INTERNATIONAL LTD. JOURNAL OF VIBROENGINEERING. NOV 2015, VOLUME 17, IsSUE 7. ISSN 1392-8716 3785



1796. FINITE ELEMENT MODELING OF A WIND TURBINE BLADE.
MOHAMMAD SHEIBANI, ALI AKBAR AKBARI

shown in Fig. 14. Fig. 15 and 16 present reaction forces and torques of the blade root joint in the
flap and edge directions. As seen in the figure, the current model accurately predicts the blade tip
displacements and the root forces and torques under the turbulent wind loading.

Table 5. Constant values of Egs. (48)-(49)
P Cq | Hyyp a Q (1/s)
1.05kg/m® | 1.2 | 36 m | 0.2034 | 6.28

1200

1000F,

Wind Speed (m/s)
Wind Force (N)
@

8

6001

400

1‘2 1:1 1‘6 1‘8 20 0 2 4 6 0 12 14 16 18 20

RO 2 4 6 10 g _ 1
Time (sec) Time (sec)
Fig. 12. Wind speed at the hub height and blade tip Fig. 13. Wind loads applying on the blade
B z-
o 8.
8 g
Q % B
T T
S0 Abaqus [
£ —Present % ——Present
goots 5
[

S 001 g -
w

ooosh-d b . I I [

0 2z 4 6 & 10 2 14 16 18 20 %0 2 4 6 & 10 12 14 16 18 20
Time (sec) Time (sec)
Fig. 14. Blade tip displacement in the flap Fig. 15. Reaction forces of the blade root joint
and edge directions at 30° pitch angle in the flap and edge directions at 30° pitch angle

o B

EfF—F—F—F——F—T—F 11— -

5 Present g 4

o =

. e

o 8-10

o ] ] i | | | | | | o | | | | | | | | |

“ 0 2 4 6 8 10 12 14 16 18 20 Y 0 2 4 6 8 10 12 14 16 18 20

Time (sec) Time (sec)

Fig. 16. Reaction torques of the blade root joint in the flap and edge directions at 30° pitch angle
5. Conclusions

In the current study, a blade beam finite element model with 14 degrees of freedom and
arbitrary cross section which considers rotational velocity, shear center, warping and gyroscopic
effects, stiffening due to the rotation, and all the couplings has been developed to model a
150 kW horizontal axis wind turbine blade. In the present model, number of the needed blade
elements has been significantly decreased by using the elements with variable cross sectional
properties. The modal result and frequency convergence of the model was compared with
BModes, and the modal, frequency and transient responses compared with a shell finite element
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model in ABAQUS. Moreover, the effects of the rotational speed and pitch angle on the natural
frequencies and the mode shapes were investigated, and the results compared with ABAQUS.
According to the results, the present model has accurately predicted the natural frequencies and
the mode shapes. In addition, it was shown that by using just seven elements, the percentage error
of the present model for the first six natural frequencies decreased to 1 %, while another widely
used finite element code, BModes needed more than 18 elements for the same result. For a very
small number of elements, the present model predictions were much better than BModes, and
using only one element the first natural frequency had only 2 % error. It was seen that the
rotational velocity affected the first frequency more than other modes and increased it about 12 %
at the nominal rotor speed and zero pitch angle. Dominant mode shapes were not sensitive to the
rotational speed, while the non-dominant mode shapes were slightly affected. The pitch angle had
a small effect on the natural frequencies. By increasing the pitch angle, the first natural frequency
decreased about 1.2 % at the nominal rotor speed and 30° of pitch angle. At the next step, point
FRFs of the blade tip for the edge and the flap directions presented. It was shown that the first,
third, fourth and sixth modes in the flap FRF and the second and fifth modes in the edge FRF were
dominant. Then, the transient response of the blade tip deflections and the blade root joint reaction
forces and torques under a turbulent wind load for 30° pitch angle were depicted. Comparing the
modal, frequency and transient results of the model with BModes and ABAQUS, it was shown
that the current model had accurate predictions with less computational cost. Hence, the present
beam model can be a proper alternative for more detailed and complicated 3D models, especially
to facilitate the blade structural design and optimization process in the preliminary design stages,
and can decrease the analyses running time without affecting the accuracy of the results. Since the
model has good predictions with a very small number of elements, it also can be used instead of
other simple models without a great increase in computational cost.
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Appendix
Al.
Table Al. Properties of the blade airfoils
(SEZCF%;I]) Air foil | ¥ (m) | r/R | Chord (m) [Twist (deg) Skm(ﬁfll)‘“ess S:;‘:}rn‘:]fﬁe‘;‘;%;%
A - 0.3 | 0.0254 - - 10 20
B - 0.6 | 0.0508 - - 10 20
C - 12 [0.1017 | [0.787] [5.31] 10 20
D — 1.7 ]0.1441 [1.03] [9.61] 10 20
1 S815 2.2 | 0.1864 1.187 11.62 10 20
2 S815 | 3.54 | 0.3000 1.1 9 9.1625 18.325
3 S814 | 4.72 | 0.4000 1 7.2 8.425 16.85
4 S814 5.8 | 04915 0.9 5.9 7.75 15.5
5 S814 6.8 | 0.5763 0.8 4.9 7.125 14.25
6 S812 7.8 |0.6610 0.7 4.2 6.5 13
7 S812 | 8.85 | 0.7500 0.6 3.5 5.84375 11.6875
8 S812 9.8 | 0.8305 0.52 3 5.25 10.5
9 S813 10.8 | 0.9153 0.45 2.5 4.625 9.25
10 S813 | 11.8 | 1.0000 0.4 2 4 8
*Dimensions in bracket have been interpolated
Table A2. Cross sectional properties of the blade sections
6 6 Warping(Torsional
Section| X (m) |A*10% (m?) Iyy X41 0z X41 O\ zz XJ 0°Lxx X41 0° constant|constant| Y | €z | €y | €z
(m*) | (m%) | (m*) | (m?) (N.m?) | (N.m?) (mm) | (mm) | (mm) | (mm)
A 0.3 16.0 521 0 521 1040 0 1042e-6| O 0 0 0
B 0.6 38.1 1060 0 878 | 1930 |25.4e-9[1725¢-6| 0 0 0 0
C 1.2 40.1 859 | =71.8 | 1700 | 2560 | 581e-9 |1826e-6| 74 | -12 | 40 | -6
D 1.7 41.7 666 | 261 | 2760 | 3430 |1350e-9|1527e-6| 148 | 27 | 66 | -8
1 2.2 43.0 549 | =505 | 3930 | 4480 |2600e-9|1227e-6| 201 | -40 | 78 | -7
2 3.54 36.6 373 —251 | 2910 | 3280 [1620e-9| 898e-6 | 193 | -31 | 78 —6
3 4.72 29.6 209 | —130 | 1960 | 2170 | 894e-9 | 530e-6 | 183 | —16 | 75 5
4 5.8 24.5 137 | =59.5 | 1320 | 1450 | 489e-9 | 355¢-6 | 157 | =10 | 59 6
5 6.8 20.0 87.5 | -24.7 | 853 941 | 251e-9 | 230e-6 | 140 | -8 | 53 6
6 7.8 15.4 43.7 | -29.8 | 489 533 [659e-9| 119e-6 | 131 | 2 | 73 3
7 8.85 11.8 24.1 | -13.7 | 276 300 [25.8e-9| 66e-6 | 113 | -3 61 1
8 9.8 9.15 139 | —6.72 | 162 176 |11.5¢-9[38.7e-6| 98 | 2 | 52 1
9 10.8 6.66 5.18 | -3.53 | 90.5 | 95.7 |5.96e-9|153e-6| 87 4 51 9
10 | 11.8 5.15 3.13 | -1.70 | 553 | 584 [2.86e-9|9.34e-6| 77 4 45 9
*Centroid is located on [cy, CZ]T, the shear center is located on [ey, ez]T
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A2.
l
Mgy = J p(I, + I,)NI Ngdx,
0
l
K, = f AEN'TN! dx,
Ol
M, = f pANI N dx,
0
l
Ko = f GJN,"Nj dx + f ETN,"N§ dx,
0 0
l
M, = f p(ANIN, + I,N;"N})dx,
0
l
K, = j EI,N)"N, dx,
0
l
M, = f p(ANIN,, + I,N,," N, )dx,
0
l
K,, = f EL,,N;'" N, dx,
0
l
My = J pA(e? + e2)NJ Nydx,
0
l
K, = f EL,N,, "Ny dx,
0
l
M = f —pAe,N] N,dx,
0
l
Ky = — f AEe,N;'"N/dx,
0
l
M3, :preyNgTNwdx,
l
K5 = j AEe,NJ"N!dx,
l
cse —prNTN dxq,,,

0

l
fpl N,TN.,dx,

~o

¢z = [ pANIN;dxa,
0
My = f pTNS" N} dx,
l

KIot = —? j pANT N, dx,

lo l
KIot = 0? f p {(J- Andn — IZ> NJTN, + A cos?(6) NvTNv} dx,

0 x

L
Krot = 02 f p{EA sin(ZG)NvTNW—IyzN;TN‘;,}dx,
0
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Krot = 2 f l {p ( f lAr;dn - Iy) N.TN], + Asin?(8) NMT,NW} dx, (A22)
0 X
Kjot = —-Q? fol p (IZ sin?(8) + I, cos?(6) + Iyzsin(ZB)) NI Ngdx, (A23)
Ky¥PTrot = —q2 f lpFNéTNG' dx, (A24)
0
Kgemot = —? flpA(sin(B)ey + cos(8)e,)sin(9)N§ N, dx, (A25)
0
KgeTot = 2 flpA(sin(B)ey + cos(8)e,)sin(0)N§ N,dx, (A26)
Kserot = —2 J lpA NIN; dx, (A27)
0
K350t = —Q? f lpA NIN;, dx, (A28)
0
Kgemot = —2 f lpAN*TN rdx, (A29)
0
Kot = —2 f lpAN*TN *dx, (A30)
0
Kssrot = —2 f lpAN,,T,TN;dx, (A31)
0
Koot = 2 J l( j lpAndn) elN'T Nydx, (A32)
0 X
K35t = —0? fl<flpAndn) e!N'TNydx, (A33)
0 x
DIot = —20co0s(8) flpANSTNvdx, (A34)
0
Dot = —20 j lp(lzsin(e) + 1,,,c05(8))N; " Nydx, (A35)
0
Drot = 20 sin(6) J-lpANSTNWqux, (A36)
0
Do = Zﬂflp (chos(B) + Iyzsin(e)) N, Ngdx, (A37)
DEe-rot — _20 fo l pA (eysin(G) + ezcos(B))NgT N,dx, (A38)
Dot = <sin(9) f lpA N;TN,,dx + cos(9) f lpA NIN;, dx), (A39)
0 0
D3Ot = 2Q) <— f lpA N;"N,dx + f lpA NT N,}‘dx) cos(6), (A40)
0 0
DgETTot = 2Q) ( f lpANJ,TNde - f lpA NIN, dx) sin(8), (A41)
0 0
DseTot = 20 fol pA (eysin(e) + ezcos(B)) N;‘TNgdx, (A42)
D3SOt = 20 f l pA (eysin(e) + ezcos(B)) N:TNydx, (A43)
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D3SOt = Q) (sin(Q) f l pAN;T N, dx + cos(6) f lpAN,fNJ[,dx), (A44)
0 0
Frot = —Q2 flprNsde, (A45)
0

IOt = 2 fo l p (Iyz cos(26) + % (1, - Iy)sin(29)> N} dx, (A46)

TS0t = — fol pA (eysin(e) + ezCOS(H)) xNJ dx, (A47)

F5em0t = — (2 j lpr N;Tdx, (A48)
0

FSe-rot — Q2 f Ax NI, (A49)
0

where F7°¢ and Ty°" are centrifugal force and gyroscopic moment, respectively and
Eq. (A47)-(A49) are forces and moment resulting from the interaction of the shear center effect
and the rotational speed, in which:

X X
N, =f eyNy' dn, Ny, =f e,N,, dn. (A50)
0 0

For all the matrices:
Kpa = Kap, Mpa = Mgy, Cpa = —Cap. (AS1)
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