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Abstract

The study presents a unique technique to deterthmetatic response of wind turbine (WT) blade.ARinite element (FE)
beam model of WT blade is developed using thin-edalbeam theory coupled with PreComp tool used topte cross-
sectional stiffness with elastic coupling effedsrealistic 9.2 m long, WT blade is developed usthifferent aerofoils with
fourth order polynomial variation for twisting aegbf blade span. Three different aerfoil sectiof®EN S818, NREL S825,
and NACA 2412 are employed in the current study. Waidation, the results of 1D model developechgsMATLAB are
compared with that of 3D WT blade model which iglgred in ANSYS using NUMAD..
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1. Introduction

An in-depth understanding of the static respsngeWT blades becomes necessary to design themerdighter WT blades
effectively. Since blades are the primary compomeftthe WT, the design of blades is a challengask. El Chazly,1993
proposed a complete 3D geometric and structuraleinotl the blade using bending triangular platetéinélements for the
determination of the maximum stresses and deflestibat would be produced due to aerodynamic |Igadm the rotor blade.
Locke and Valencia, 2003 developed a FE model teraene the static and buckling phenomena of theelb@e and carbon
hybrid design of blade. Vo and Lee, 2007 developadbdel, applicable to thin-walled uniform box beaubjected to a different
boundary and loading conditions. Using 1D finitereént, the effects of fiber angle, stacking seqgegand boundary conditions
are studied. Liu and Ren, 2011 studied the vibnatiad stability of WT blades modelled as thin-waleosed beams, using
extended Galerkein method based on variational pstia analysis. Bayoumy et al., 2013 formulatecbatinuum-based 3D FE
model to investigate the transient response ofethstic WT blade having taper and twist into act¢oéernandez et al., 2018
studied the distribution of local and global stfssain of the WT blade under the action of aer@dyit loads. In the present
work, the 1D FE thin-walled beam model for WT blasienodeled using. MATLAB and results are compaséti the 3D model
developed in ANSYS for the static response.



126 Sharma et al./ International Journal of Engineeriiggience and Technology, Vol. 13, No. 1, 202119$-130

2. Mathematical For mulation

To derive the 1D thin wall beam model following cdimate systems are used: (i) x, y, z global cowmidi system, (i) n, s, z
local coordinate system. The above coordinate systee related to the angle of rotatbbas shown in Figure 1.
The displacement field applied to the wholetoanis expressed as (Vo and Lee, 2007):

u(s, z) =U (2)siné(s) -V (z) cosd(s) — D(2)q(s)
V(s,2) =U (2) cosf(s) +V (z2)sind(s) + D(2)r (s) Q)
W(s,2) =W(2) ~U'(2)X(s) V' (2) Y(s) ~ P(D)e9)

Figure 1. Coordinates system of thin walled beam

Where, U, V, W are the displacements of a point, in & z directions, respectively. The warping ftino (o) is expressed as:

Ws) = J‘{r(s) ';((S))} 2)

as§ (S)ds 2A

Deformations at any p0|nt on profile are givaniérms of mid-surface displacement by:
u(s,z,n) =u(s, 2

v(s,z,n) =V(s, 2) - nw (3)

<=

w(s, z,n) = W(s, 2) - nm
0z
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The strain field based on small deformation thés given by:

£, = &5+ ks
£, =&, + 1k, (@)
ysz=y32+ nksz

where, €, €,, y, are mid-surface strains argl, x,, k,, are mid-surface curvatures. Assuming that, tlsssection of thin-
walled beam does not deform in its plane, igg.and k¥, are neglected.
Thus, the resulting strains are;

£, =& +(x+nsind)k, +(y—ncosd)k, +(w—-ngk,
F
=ln+— K 5
ySZ ( 21_) SZ ( )

where &, is axial strain,K, and ky are biaxial curvatures ik & y directions, respectivelyk ,& K., are warping curvatures and
twisting curvatures in beams and expressed as:

=W )

k =-V"

k,=-Uu" ©)
k,=-¢'

k,=2¢ |

By using the variational principle, the weakrfois obtained as;
0= (N,ON'—M,dU"~M,&V"~M ,3p"+2M , g+qV +tdU )dz @)
where,

N, = jAazdsdn )
M, =jAaZ(x+ nsin@)dsdn
M, :J'Aaz(y—ncose)dsdn > (8)

M, = jAaz(w— ng)dsdn

M :j o (n+i)dsdn
T A Y4 21_ )

Therefore, by using the constitutive equationdorresponding material and equation (8), thedestrain relations are obtained
as:

N,] [En E. Es Eu Egslle
Ivly E22 E23 E24 E25 ky
Mx = E33 E34 E35 kx (9)
Mw E44 E45 kw
M,| |sym Ess || K.,
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where, [g] is the stiffness matrix depended on geometricraaterial properties.

In recent years, researchers have worked anela®d many computation tools to determine thecsiral properties of WT
blade. Among them, PreComp an open access cod®gdedeby NREL Laboratory is chosen for this presgady. For the given
geometry and material properties of the WT bladeCBmp evaluates the cross-sectional stiffnessishaged as input to [Ein
Eq.(9).

Utilizing the equation (5)-(9), the generalisedm of equation of thin-walled composite box beiarobtained, and expressed as:

EW -EU"-EN -E ¢ +2E4 =0

E12Wm -EU V- E,V V- 24¢V + 2E25(0m +1=0 (10)
E13Wm -BU V- Es. - E34¢V + 2E35(0m +9=0

E14Wm + 2E15W” -EU Y- 2E,U - =9 Y- 2E35Vm - E44¢V + 4E55(0” =0

where, g and are applied normal force, tangential force respebti W, U, V and® are not independent variables as they are
fully coupled with each other.

3. FE Formulation

1D displacement based FE method is implememteddam model, considering a combination of twerpblation function i.e.
Lagrange interpolation functiorNjL) and hermite—cubic interpolation functioNC ),
The generalized displacements over each elememrixpressed as:

W:zn:ijjL
i=1

U :Zn:uij“ (11)
i=1

\Y} :Zn:vijH
i=1

<0=§¢,-Nj”

Substituting Eqg. (11) into the governing diffetial equations (10), the FE model for a individelment can be written as;

[Kel{ A} ={fe} (12)

Where [K] = element stiffness matrix AL}= element displacement vector and}f element force vector.
Then finally after assembly of these elementsget global stiffness [{ matrices and which can be written as:

[Ke{A} ={f} (13)
Where, {A} = global displacement vector and {f}= global fereector.

4, Results and Discussion

To study the static response of 1D finite elementeh of WT blade a MATLAB code is prepared, 9.2mdoWNT blade is
constructed with geometric and material propertieshe present study, the external and internahgary, stacking sequence and
material information of WTB (Locke and Valencia,0&). Total span of the blade is separated intcetareas, i.e. root, transition,
and body. In the transition region, non-linear &ioin is considered where cross-sectional shapesfolanms from circular to
aerofoil and in the body region, linear chord véwia through the span is assumed with same aerofods-section in the entire
region (Figure 2). Twist distribution along the dgim of the blade taken in the present studies shiovigure 3. At the tip of the
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blade, the angle of twist is negative, but as weento the root, angle of twist increases with dedé@nt order of variation. The
primary purpose of the shear web is to provide benstiffness. Thus, the shear web is considereidwis running from 1m to
8.2 m of the blade length and is placed at 50 $h@thord length at each station.

These geometric variations and material propeaiegrovided as input to the PreComp which congptlte station wise cross-
sectional stiffness for 1D beam element acrosspiaa of the blade. PreComp divides the blade iresammbers of stations in
which 1D beam element is discretized while soldimpugh FE method.

To have numerical validation for the present atiedy solution and to assess the accuracy of th&\lIDblade miodel. The 3D
model of WT blade is created in NUMAD with the sage®mmetric and material properties as in 1D mddeMAD creates WTB
geometry which is imported to ANSYS where it is med using 3D shell element a shown in Figure 4.

For the analysis, the deformation of blades mmated considering different loading conditionsseca.: load act flapwise at the
tip of the blade, Case 2: load act edgewise atithef the blade, Case 3: loads each of same madmiapplied flapwise at
different location along the blade length for S&B8ofoil as shown in Table 1.
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Table 1. Comparison of the static response of a WT blade

Load_ing 1D Beam Modal 3D Modal Reference_z (Locke and Difference
Condition (ANSYS) Valencia, 2003 ) (%)
Udmm) | Ymm) [ ymm) [ Ymm) | Ymm) [ Ymm)
Case 1 33.41 276.71 36.723 306.76 37.2 30¢ =11
Case 2 78.77 32.90 87.301 36.39 89.6 37.2 =12
Case 3 17.95 140.48 20.031 151.2f - 156 ~10

5. Conclusions

In this paper, a unique method to determinestaéic structural response of realistic WT rotadad is presented. 1D FE thin-
walled beam model of WT blade developed using ttied beam theory coupled with PreComp is studkgftect of different
aerofoil on the structural response of 9.2 m |lagaistic WT rotor blade is analyzed. For numeriadidation, the results from the
1D model developed using MATLAB are compared whhttof 3D model developed using NUMAD and analygedNSYS.
The results are found to be comparable and in ggogement with that of 3D model, which verifiestttiés unique methodology
is suitable to determine the static response of VEffiBiently, fast, and accurately.
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