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Abstract. In order to study the effects of sectional warping to bend-twist coupling characteristics for
box spar of wind turbine blade, section stiffness of different regions are calculated with weather
considering warping effect or not, the results show that warping effects differently in different part of
the blade and the length width ratio and thickness of spar cap are two factors that determine impact
degree of warping. Section stiffness of a 5SMW blade box spar considering warping effect are
calculated, bend-twist coupling coefficients are got. The results show that warping effect bend-twist
coupling coefficient of box spar greatly and it should be considered when research the blade
bend-twist coupling.

Introduction

With higher specific strength and specific modulus, composite material becomes popular in wind
turbine blades. Furthermore, the blade exhibits twisting when it subjects a pure bending load due to
the anisotropy of the composite materials. In reference [1,2,3], the results show that the enough
twist-bend coupling can reduce 10% of the fatigue load.

The spar is main component in wind turbine blade and influences the bearing behavior of blade.
Box spar that consists of spar cap and shear web is one of common types in spars. Length of large
modern blades are exceed 100 meter, dimension and ply of spar vary from blade root to blade tip. The
maximum ply thickness of spar cap can reach almost 140 mm[4] and cross sections do not satisfy the
plane hypothesis. So it is necessary to consider warping effect of sections.

The box spar of a 5SMW blade is researched in this paper. Stiffness of different sections are
calculated respectively with classical lamination plate theory which not considering warping effect
and theory which considering warping effect. On this basis, the warping effect to bend-twist coupling
of the spar is further discussed.

The Formula of the Bend- twist Coupling

Static equivalence of the wall stresses with the cross-sectional stress resultants produces the
following equations relating the bending moment, M, and torsion, T, to the bending curvature Ky, and
rate of twist ¢,[5]:
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where, El is the bending stiffness, GJ is the torsional stiffness, and g is the coupling stiffness. Then,
a is defined as a parameter used to descript the level of bend- twist coupling,
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It can be seen from Eq. 2 that sectional stiffness must be calculated before bend- twist coupling is
research.

Beam model of Box Spar

The procedure of box spar beam model establishing based on 3D finite element models is showed
in Fig.1, where XYZ is box spar coordinate system, X is the edgewise direction which lies in the
rotation plane; Y is the flapwise direction which perpendicular to the rotation plane; Z is the pitch axis,
YZ plane is parallel to the web plane. Perpendicular to the pitch shaft, the box spar is divided into
many segments. Each segment can be treated as a beam element.

Fig. 1 Beam model of a box spar

Beam Model Based on Classical Laminate Theory. Constitutive equations for an anisotropic
material can be written as
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where, the quantities A;; are stiffness coefficients specified for laminated composite wall
construction, as given in conference [6]. ¢,and ¢, are axial and contour normal strains, respectively;

7, Is the shear strain.
Assuming that N,=0 and we can got
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where,
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By the definition of torsional moment and bending moment, [7]

T= 2ijpb(h) + 2szfbh(9)
2 2" (5)

M = 2N ®"bh + % Ak,
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Substituting Eq.3 and 4 into Eq.5, we got bending stiffness El, torsional stiffness GJ and coupling
stiffness g,

1 1,3 e
El =Ebh2KM+€h3 e

GJ :%bh2K22+%b2h e (6)
g :%bthM

Beam Model Considering Warping Effect. The displacement at a point of the cross section is
defined as

s=Ar + Nu. (7

where, r is the displacement of the cross section reference point, that is, the nodes of beam element
under the box spar coordinate system. u is node displacement of the section 2D finite element, which
is used to described nodal warping displacement. N is the finite element shape functions used to
describe warping. A is coordinates matrix,

1000 0 -y
A={0 1 0 0 0 x
001y —-x O

With the definition of strain, the strain at a point of the cross section can be expressed as

£=HAw+FNu+HNg—u. 8
z
where,
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According to virtual work principle, equilibrium equations of cross section is defined as [8]:

o%u ou | Oy
G—+(C-C )—+L—-Eu-Ry=0
oz° ( )62 0z v
ITa—u+RTu+Iy/=0 . (9)
0z
a—‘9=TJ9
0z
where, 8 is internal force in the cross section, as shown in Fig. 2.

o=[1, T, T, M, M, M,]", where, Ty, T, are shear forces, T, is axial force; My, M, are
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bending moments, M, is torsional moment ; y represent deformation of the beam,

w=[z, 7, 7, kK, K, &,]',where, r,and r representshear strains; r, is the axial strain; «,,

K, are the curvatures around x and y respectively, x,is the torsion curvatures. G, C, L, E, R, | and
T, are coefficient matrixes.
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where, Q is the material constitutive matrix.
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Fig. 2 Coordination, internal force and strain of section

Solving the Eq. 9 and using the virtual work principle, the cross section compliance matrix can be
computed ast®

T

P P
0z G c L 0z

F.=| P C" E R| P (10)
\Y L™ R" 1|V

where, P and V are coefficient matrixes. Then, stiffness matrix can be expressed as

K —F1'= 36 |, (11)

where, Ky is the flapwise bending stiffness, Kgg is the torsional stiffness, Ky is the coupling
stiffness.
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Twist-bend Coupling Properties of Box Spar

Model Parameters. A schematic of a box spar is depicted in Fig. 3, where the box spar composed
of spar caps and webs, ”H” refers to the height of a box spar, “t” refers to the thickness of a box spar.
The spar cap is made up of uni-directional FRP with 0° ply orientation and shear webs are sandwich
construction with 50mm foam between 3mm double bias material on the outer surfaces. The width of
the box spar is 0.75m. Table 1 describes the breakdown of material usage in the box spar.
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Fig. 3 Box spar

Tab. 1 Layer material properties

Material E,[GPa] E,[GPa] G1,[GPa] Vi)
uni-directional FRP 38.887 9.0 3.6 0.249
double-bias FRP 11.7 11.7 9.77 0.501
foam 0.256 0.256 0.022 0.3

Three box spars with different dimensions are selected from a 5MW blade!®, and are marked as

model A, B and C respectively . Model A locates in the maximum chord station where the thickness
of the spar cap is the maximum, model B locates in transition region of blade root, model C locates in

pneumatic region, the dimensions of three models are list in Table 2.

Tab. 2 Dimensions of spar cap at different section

H [m] t[m] location
model A 1.5 0.0846 the maximum chord station
model B 2.5 0.0376 transition region
model C 0.8 0.060 pneumatic region

Stiffness Calculation of Three Models. The sectional stiffness of three models are calculated
respectively with classical lamination plate theory which not considering warping effect and theory
which considering warping effect. The results are listed in Table 3.

Tab. 3 Stiffness of box spar at different section

no warping effect warping effect
GJ[10°Nm? GJ[10°Nm?
EI[10°Nm?] | ] EI[10°Nm?] | ]
model A 2.51 0.079 2.23 0.074
model B 3.52 0.128 3.49 0.121
model C 0.485 0.036 0.412 0.035

The bending stiffness El and torsional stiffness GJ, as seen in Table 3, decreases with considering
warping effect which include in-plane and out-of-plane warping. Taking the results considering
warping effect as a benchmark, define the deviation between stiffness of the two methods as
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deviation = < —K 210006 (12)

W

where, Ky is the stiffness considering warping effect, K is the stiffness without considering
warping effect.
The deviation between CLT and warping effect are shown in Fig. 4.
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Fig. 4 Deviation of sectional stiffness

As shown in Fig. 4, the difference between two methods is large in model A and C. Also, we found
that the difference between the two methods of model B is small, that is the warping effect can be
ignored. The reason is that the spar cap thickness of model B is small and the height of spar is large.
That is, length width ratio and thickness of spar cap are two factors that affect the results.

Bend-twist Coupling Analysis for Box Spar of a 5SMW Blade.

The spar cap of the 5SMW blade[9] is simplified to a box spar which spar cap is vertical to shear web
and the length width ratio and thickness of spar cap very from blade root to blade tip. The section is
shown in Fig. 3 and material usage in the box spar is list in Table 2. The box spar model of the 5SMW
blade is shown in Fig. 5 C.H. Ong and S.W. Tsai [10] suggested that the optimal fiber orientation
angle to produce maximum bend-twist coupling is approximately 20°. In order to appear maximum
bend-twist coupling in the SMW blade, the uni-directional FRP of spar cap are plied at 20°. The
coupling coefficient of the spar is shown in Fig. 6.
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Fig.5 Box spar of a 5SMW wind turbine blade Fig.6 Coupling coefficient of the box spar

As shown in Fig. 6, we found that warping increases the bend-twist coupling coefficient. The
changes in the coupling coefficient come from the reduction in bending stiffness EI and torsional
stiffness GJ. Furthermore, we found that the variation tendency of coupling coefficients is same with
reference [9]. This is also shown that spar as a main component in blade effect the deformation
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behavior of blade and the bend-twist coupling characteristics of spar determine the bend-twist
coupling characteristics of blade.

Conclusions

In this paper, the stiffness of different sections of a 5SMW blade spar cap are calculated with
considering warping or not and bend-twisting coupling of the 5SMW blade spar cap is calculated. The
following conclusions are drawn.

(1) Warping effects differently in different parts of the blade and has a great effect in the maximum
chord station and airfoils region. The length width ratio and thickness of spar cap are two factors that
determine impact degree of warping effect.

(2) Warping effects bend-twist coupling coefficient of box spar greatly and it should be considered
when research bend-twist coupling characteristics of blades.

(3) Bend-twist coupling characteristics of spar determine the bend-twist coupling characteristics of
blade. The design of bend-twist coupling characteristics of blade can be achieved through designing
the bend-twist coupling characteristics of spar.
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