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This paper discusses the development of a consistent methodology for mapping one-
dimensional distributed beam loads to a three-dimensional shell structure. The resultant
force distribution is a linear approximation to the actual aerodynamic pressure distribution
but is sufficient to obtain accurate strain and displacement results. The purpose of the
mapping technique isto apply more realistic wind loads to the shell model of a wind turbine
blade without the need to set up and run expensive computational fluid dynamics or fluid
structure interaction problems. Subsequent buckling and stress analysis reveal how this
approach comparesto other simplified methods of defining the loads.

Nomenclature

fxi = Xcomponent of the force applied to nod# finite element shell model
Y component of the force applied to nad# finite element shell model
X component of force reduced down from distributesspure load
E, Y component of force reduced down from distributesspure load

;n
1

M = moment resulting from distributed pressure load
x; = x-coordinate of finite element node
y; = y-coordinate of finite element node

I. Introduction

uckling load of wind turbine blade panels is an ampnt design load case in the process of windebtisign.

The reader is directed to Ref. 1 for a generabihiction to buckling of shell structures and ReffoR an
example of the blade design process. Although thgnity of the bending load is carried by the spap and shear
web, the blade designer must also be concernedpaitiel buckling that can result when loading tredblskin in
compression. The buckling analysis is often perftrsing a finite element (FE) shell model of thadaturbine
blade. Appropriate loads must be applied to theeaaxf the finite element model.

It is desirable to use the actual aerodynamic fatistribution when performing the buckling analysis
demonstrated in Ref. 3, pressure distributionsinbthfrom CFD (Computational Fluid Dynamics) may used
effectively in buckling analysis. However, the bdadesigner often uses an aeroelastic model of thd blade
which has been reduced down to a simple beam nfodetomputational efficiency. The aerodynamic loagi
typically consists of two forces and a moment agaplat the center of each beam element in the anerdiional
beam. Although these forces may be applied as pmsanis to the FE mesh, a more realistic and camistpproach
distributes the forces among all FE nodes whilenta@iing the overall equivalent force and momestriiution
imparted by the aeroelastic model.
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1. Load Mapping Methodology

The load mapping methodology is illustrated in Fega. Typically, blades are divided into multipleradynamic
elements for computation of forces during the dasiie simulation. Aeroelastic simulation produt¢es forces
and a moment for each blade element, and thess lm@dmapped to the individual nodes of the fipiement
model using the procedure shown below. Equatiohshfbugh (3) define the necessary relationshigs/den the
blade element loadsH{,F,,M} and the nodal loads(x,y) for a group ofN nodes corresponding to the aeroelastic
blade element. The reference locatignyf) is the point about which the aerodynamic momegicgiculated.
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Figure 1. Illustration of load mapping procedure for a blade section.

The solution to the mapping problem is not unigbat is, there are many force distributions wipcbduce the
same resultant sectional loads. Therefore, a oelstiip between the node locatiogy() and f must be assumed.
Equations (4) and (5) define linear spatial disttitns for each force component.

fx,i =a,(yi —yr) + by 4)
fy,i = ay(xi - xr) + by (5)

Solution to the mapping problem is obtained byssititing Egs. (4) and (5) into Egs. (1)-(3). Howevthere
are four unknown coefficients from the spatial wdlttion equations and only three resulting equeioThis
situation can be remedied either by reducing Eptq4 constant rather than linear variation ospitting Eq. (3)
into two equations. The latter approach was takethis work with the assumption that the x-direatiforces
produce zero moment. Equation (6) gives the mdtim of the resulting equations which can be solusihg
linear algebra.
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where
m, = mean(x; — x,)
m, = mean(y; - y,)
Myx = mean((xi - xr)z)
my,, = mean((y; — ¥,)?)

I11. Comparison to Pressure Distribution

The pressure distribution on an airfoil is more ptaw than the results captured by the load mappagnique
previously discussed. Figure 2 illustrates a tylpicassure distribution plot. Pressure distributian various angles
of attack were taken from Ref. 4 and convertedudase forces on the S825 airfoil outline. There tesultant
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section loads §,,F,,M} were fed through the mapping procedure to obtlanmapped version of the surface forces.
The force distributions are compared in Figure Bh@dugh some detail is missing from the mapped itg@dthe
equivalent sectional forces and moment are the santie¢he localized differences should contributey Vigtle to the
overall structural response.
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Figure 2. Pressure distribution of S825 airfoil
near zero degrees angle of attack.*

$825 Pressure Distribution, angle-of-attack = 0 deg 5825 Pressure Distribution, angle-of-aftack = 8 deg
Mapped Nodal Loads (Fx=0.16Fy=0.33 M=0.0623) Mapped Nodal Loads (Fx=0.27 Fy=0.73 M=0.048)
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Figure 3. Comparison of pressure distribution (top) to the equivalent mapped loads using the
technique discussed (bottom) at angle-of-attack a) 0 deg and b) 8 deg

IV. Eigen Buckling Analysis

This section presents the results of linear bugkéinalysis performed on a 1.5MW turbine blade FElehavith
loads applied using three approaches. The firstoagh applies a line of forces to the suction-sugrfspar cap using
only the y-component of the one-dimensional beaaddo The second approach applies the same linerads to
the spar cap and also applies a line of forcebddeading edge using the x-component of the omedsional beam
loads. The third approach utilizes the mapping néple discussed above to apply forces to every mnodee FE
model. The first and second approaches are examplediat a designer may choose to do if a more liracb
mapping technique is not readily available. Thedthapproach requires more initial setup, but mdasely
represents the combined rotor normal, tangential, ldade torsion forces. A goal of this investigatis to learn
about potential advantages of the more realistid lapplication approach. The one-dimensional besadsl are
taken from a FASTsimulation of the “WP 1.5MW Baseline” model at ttated wind speed of 12 m/s.

Sandia National Laboratories has produced a NufiAmbdel of the WindPACT 1.5MW blade design.
Composite material stacks and blade geometry afiedeaccording to publicly available literat(if€. The
ANSYS mesh consisting of 5,178 SHELL281 elemen#96b nodes) is shown in Figure 4 with the low-puess
surface facing upward. Each colored area represetiferent composite stack.
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Figure 4. NuM AD-generated model of the WindPACT 1.5MW blade.

After meshing the model, the next step is to abgalist of surface nodes for subsequent applicaifdorces. In
a typical NUMAD model, the elements with sectionminers less than 1000 are skin elements and thdkesagtion
number greater than 1000 are shear web elemergse®tatements are true as long as the sectionensifméve not
been merged and compressed down. The blade skissrmah be chosen by selecting the skin elementbidy
Section ID number attribute (ANSYS command “ESESFS;,,1,999") and then selecting all nodes assatiatth
these elements (“ALLSEL,BELOW,ELEM"). A list of theelected nodes can be generated from the ANSYS Lis
menu or by issuing the command “NLIST,ALL,,, XYZ,N@D

A MATLAB script was written to take the list of ned and apply the forces obtained from the FAST Isitiaun.
The FAST model is configured to output blade elentkata for each AeroDyn element. The script tramsfoforces
normal and tangent to the rotor disk into flapwésel edgewise blade loads. Having defined a sdapivise and
edgewise loads from the one-dimensional beam, themdés are then mapped onto the FEM nodes with the
following steps:

1. Divide the FEM nodes into spanwise groups corredjpgnto each element of the one-dimensional
beam as defined in AeroDyn input file

2. For each group of nodes, use the above load majppaugdure to define forces for each node such that
the resultant forces and moment in the x-y plantimthe original element load.

3. Write an ANSYS batch file that creates the forcesagh node (“lode,[FX | FY],magnitude”)

The second and third loading approaches applithietblade are displayed in Figure 5.

T AN T

a) b)

Figure5. @) Line of forces on suction-surface spar and leading edge. b) Forcesdistributed among all nodes.
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The first step in the eigenvalue buckling analysit run a Static analysis with Prestress Effaatsed on. This
option causes the applied load to modify the stgBmatrix in preparation for the buckling analy$ise next step
is to choose an Eigen Buckling analysis. In thigkwdhe Block Lanczos solver is utilized to find B@ckling
modes.

The results summary lists the load multiplier faclke buckling mode. If the load multiplier is lebsut 1.0 then
the structure is likely to fail under the appliedd. If the load multiplier is greater than 1.0rtlits value indicates
how much the load magnitude can increase beforklibgcensues. Table 1 lists the results summaryafothree
load cases. Mode shapes which appear to be vatiklibg results have been numbered. The other eaplibear to
be spurious buckling solutions (in which a few rodwve large displacements) which may have restited
abrupt changes in shell thickness or other geometrblems within the blade model. Although theuleset
numbers differ, the buckling shapes correlate Wwetlveen the loading approaches. Figures 6 andistriite the
close correspondence of the first two buckling slsaghe load multipliers differ by 1.2% for bottetfirst and
second buckling modes. Load multipliers of modeedtihrough six all differ by less than 1%.

One major difference observed between the two f@adiethods is the number of spurious buckling tssand
the presence of irregularities in some real modpplying loads as a line of forces on the spartesgs to result in
more spurious modes. For the most part, theseamumodes involve trailing edge nodes around maxdcim the
vicinity of material stack changes.

SET Spar Force Line Spar and L.E. Force Lines Nodal Forces
LOAD MULTIPLIER LOAD MULTIPLIER LOAD MULTIPLIER
1 0.75634 1.0741 1.0145
2 0.96211 1.4036 1.3384
3 1.2193 1.7167 (1st) 1.6605
4 1.4811 1.7583 1.7104 (1st)
5 1.6202 1.8807 (2nd) 1.8594
6 1.6908 (1st) 1.9619 (3rd?) 1.8916 (2nd)
7 1.7315 1.9888 1.9824 (3rd)
8 1.8183 2.1684 (4th) 2.1667 (4th)
9 1.9033 2.2161 (5th) 2.2166 (5th)
10 1.9147 (2nd) 2.2662 (6th) 2.2665 (6th)
11 1.9695 (3rd?) 2.3698 (7th) 2.3697 (7th)
12 1.9994 2.4448 (8th) 2.4397 (8th)
13 2.0468 2.4676 (9th) 2.4673 (9th)
14 2.1256 2.5834 (10th) 2.4970
15 2.1838 (4th) 2.6168 2.5605
16 2.2086 2.6643 2.5855 (10th)
17 2.2251 (5th) 2.6937 2.6023
18 2.2732 (6th?) 2.8206 (12th) 2.6297
19 2.3016 2.8516 2.6800 (11th)
20 2.3727 2.9312 2.8215 (12th)

Table 1. Results summary from linear buckling analysis for the two loading methods. Correspondence of

similar buckling mode shapes has been identified.
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Figure 6. First buckling shape for a) spar line-load b) spar & L.E. line-loads and c¢) nodal-loads.
Shapes correlate well, but the spar line-load modé is sensitive to the trailinge edge geometry.
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Figure 7. Second buckling shape for a) spar line-load b) spar & L.E. line-loads and c) nodal-loads.
Shapes correlate well, but the spar line-load modé is sensitive to the trailinge edge geometry.
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V. Non-Linear Buckling Analysis

As linear buckling analyses can be non-conservativenite element analysis using non-linear disptaent was
also performed for a model loaded with point loalis1g the spar and another with linearly distriluteading. For
this analysis, four-node SHELL181 elements wereal wgith half the element edge length of the 8-noHi&EBL281
elements used in the previous analysis. The reguftiodel contained slightly more nodes (18842) tharprevious
model.

The deflected shape was first obtained from a tifmeckling analysis which included pre-stress dffedhe
initial geometry was then perturbed by multiplyiting deflected shape by the appropriate factor hiege a series
of imperfection amplitudes: 10 mm, 20 mm, and 50 .nthe model was then loaded until non-convergence
occurred. The final deformed shapes for the two et®dre shown in Figure 8 and can be seen to bexipmtely
the same. The resulting maximum load multiplierueal for the two loading scenarios and imperfectizes are
shown in Table 2.

Figure 8. Deformed shapes obtained from non-linear analysis of model with spar-loading (left) and distributed loading
(right) for an imperfection size of 20 mm.

Imperfection Spar and L.E. Force Lines Nodal Forces
Size LOAD MULTIPLIER LOAD MULTIPLIER
10 mm 2.08 2.28
20 mm 2.00 2.19
50 mm 1.93 2.17

Table 2. Load multiplier values from non-linear analysis with a series of
imperfection amplitudes.

The results point out two important consideratidrisst, the load multipliers in both cases arehbigthan the
linear buckling analysis predicted which is courtteithe typical non-conservative nature of thesalysmes. This
indicates that the chosen buckled shape and agsdaad may not have been the most realistichisr ilade and
that a higher one should have been chosen insgsand, the effect of distributing the forces oadarger set of
nodes can be seen in the form of higher load nidtipfor the distributed case. Loading at feweinfmoresults in
using higher loads and thus producing out-of-pldefections which agrevate buckling and which ase nealistic
in actual operation.

V1. Conclusion

A technique for mapping one-dimensional beam Idealn low-order aeroelastic simulation has beengmeesd and
a comparison was made between simple line loadsrapgped nodal loads. In eigen buckling analysissiggity to

the trailing edge mesh geometry was observed whénflapwise loads were applied. However, when oadre
applied in both the edge and flap directions, the loads and mapped nodal loads produced veryasim@sults.
The mapped loading approach does appear to shoanefibin non-linear buckling analysis due to theager
sensitivity of non-linear analysis to deformed shaPverall, the calculated buckling load for thlade model is
relatively insensitive to the method of force apation.
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We intend to use analysis such as this to imptbeerealism of the WindPACT 1.5MW finite element disb
The model is a useful demonstration model fortytdicale blades and it will be used in future eises The current
model is representative of the WindPACT concept,dnalyses such as have been performed here poinhéed
for an even more realistic model, e.g. modelingrofper ply transistions and panel designs nearmaxi chord.

In previous blade design studies, spurious bucktimagies such as were observed in this study wererds
infrequently. As turbine blades grow to very lagiees, panel buckling becomes a governing desiagh dase. It is
critical that more time is spent understanding ¢hase of spurious buckling modes in the models.ithually,
sensitivity and uncertainty studies of parameteas govern buckling may prove to be useful.

The aeroelastic loads used in this investigationewier a relatively steady operational case - nbrpuaver
generation. Some design load cases are due téetnaesvironments in which the inertia of the bladé generate
additional forces. Future load mapping techniquesincorporate these effects.

Finally, it will be useful to compare this load ppéng technique to a direct pressure mapping ofrfiibr CFD
pressures. The goal would be to understand whebe E€ssures offer advantages in simulations reabigen what
is available using the simplified approach showreh&he rather meager differences observed in theept work
between line loading and mapped distributed loadinggest that the use of CFD pressures may nat affaige
benefit. Setup and processing of a full rotor CADbem requires extra time and effort compared dmelastic
simulations that use beams and theories such de blament momentum for aerodynamic rotor loadsirEuwork
may determine what the benefits of a high fideGfyD solution may offer over current, simplified apaches.
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