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Abstract 

The  objectives  of  this  work  were to develop  conceptual  structural  designs for an adaptive  (bend-twist 
coupled)  blade,  to  evaluate  candidate  design  concepts,  to  identify  constraints  and/or  concerns  for 
manufacturing,  load  paths, and stress  concentrations, to develop  estimates  of  structural  performance  and 
costs,  and  to  select  a  single  configuration  as  showing  the  greatest  potential for success  in  manufacturing, 
strength and durability. 

This  report  summarizes  the  work  performed  on  this  project,  including  the  approach  taken,  configurations 
and  materials  considered, and the  computational  methodology  used.  The  work  presented  includes: 

0 Candidate  fiber  orientations and fabric  architectures for adaptive  blade  manufacture  are  identified 
and  assessed  on  the basis of estimated static strength,  stiffness,  and  fabrication  costs. 

0 A parametric  study is performed for potential  blade  structural  arrangements.  Each  configuration  is 
evaluated  on  the  basis of estimated  manufacturing  cost  and  magnitude  of  bend-twist  coupling 
achieved. 
Based  on  the  parametric  study  results,  a  single  configuration is selected for hrther evaluation. A 
complete  blade  model  is  developed  and  assessed  on  the  basis  of  estimated  manufacturing  cost  and 
bend-twist  behavior  under  steady  loading. 
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1. Technical  Approach 

1 .I Overview 

The objectives  of this work  were to develop  conceptual  structural  designs for an  adaptive  (bend-twist 
coupled)  blade,  to  evaluate  candidate  design  concepts,  to  identify  constraints  and/or  concerns for 
manufacturing,  load  paths, and stress  concentrations, to develop  estimates  of  structural  performance and 
costs,  and  to  select  a  single  configuration as showing  the  greatest  potential for success  in  manufacturing, 
strength and durability. 

This report summarizes  the  work  performed  on  this  project,  including  the  approach  taken,  configurations 
and  materials  considered, and the  computational  methodology  used. The work  presented  includes: 

0 Candidate  fiber  orientations and fabric  architectures for adaptive blade manufacture  are  identified 
and assessed  on  the  basis of estimated  static  strength,  stiffness,  and  fabrication  costs. 

0 A parametric  study  is  performed for potential  blade  structural  arrangements.  Each  configuration is 
evaluated  on  the  basis  of  estimated  manufacturing  cost and magnitude  of  bend-twist  coupling 
achieved. 

0 Based  on  the  parametric  study  results,  a  single  configuration  is  selected for further  evaluation. A 
complete  blade  model  is  developed  and  assessed  on  the  basis of estimated  manufacturing  cost and 
bend-twist  behavior  under  steady  loading. That design  is  presently  being  evaluated via aeroelastic 
simulations  under  the  WindPACT  Rotor  System  Design  Study.' 

Based on  the  results  and  conclusions  from  this  work,  recommendations  are  made for follow-on  work 
concerning  adaptive  blades. 

1.2 Approach 

The  blade  design  used for this project  was  selected to be  consistent  with  the  WindPACT  Blade  System 
Design  Study and Rotor  System  Design  Study. The baseline  blade  assumes  a 1.5 MW rotor constructed 
of  all-fiberglass  prepreg  laminate  with  no  twist  coupling.  As  many of the  adaptive  blades  designs 
incorporate  a  carbon / fiberglass  hybrid  fiber  arrangement,  a  secondary  baseline  design was developed  with 
all-fiberglass prepreg skins  and  a  carbon / fiberglass hybrid spar,  again  with  no  bend-twist  coupling. 

Several  candidate  design  concepts  were  evaluated.  Considerations  include  potential  loads  reduction,  power 
performance,  static  and  dynamic  stability,  structural  efficiency,  manufacturability and estimated 
fabrication  costs.  For  each  design  considered,  preliminary  structural  calculations  were  performed to size 
the  required  blade  structure.  The  general  process  used was to: 

0 Develop  a  standardized  loading  that  represents peak flapwise  bending  conditions. 
0 Estimate the design  strains  (static  compression and tension) for the  composite  materials  proposed 

0 Construct  an ANSYS model  of  a  representative  blade  section  using  the  NuMAD interfa~e.~ 
0 Use  the ANSYS model  to  determine  the  schedule of plies  required  to  sustain  peak  structural  loads. 
0 Evaluate  the  resulting  mass,  stiffness,  and  extent  of  flap-twist  coupling. 
0 Consult  with  manufacturers to identify  candidate  fabrication  methods,  estimate  production  costs, 

using  micromechanics  and  classical  lamination  theory. 

and  identify  potential  difficulties  in  fabrication  and/or  obtaining  structural  robustness. 
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To  evaluate  candidate  materials  and  structural  layouts,  a  parametric  study  was  performed  using  a  constant 
cross-section  shape  that is representative  of  blade  at  the maximum chord location (25% span).  Based  on 
the  parametric  study  results,  a  complete  blade  design  was  developed for a  selected  structural  configuration. 

1.3 Concepts Investigated 

Two basic  material  types  were  evaluated  for  providing  the  bend-twist  coupling.  The  first is a  stitched 
hybrid  fabric  with  carbon  fibers  oriented  at  a +20° angle  (relative  to  the  roll  warp  direction) and fiberglass 
fibers at a  second  orientation  angle.  For  fabric  stability  and  handling,  a  small  amount  of  stabilizing  fiber  is 
assumed  to  be  included  in  a  third  direction. The second  material  considered is a  carbon  preform 
constructed  from  non-continuous  carbon  fibers  with  a  high  degree of orientation.  With  these  materials,  the 
following  structural  arrangements  were  investigated. 

1.3.1 Biased Skin with Conventional Unbiased Spar Caps 

In  this  approach  the  skin  provides  the  bend-twist  coupling. The unbiased  (fiberglass  or  hybrid  carbon / 
fiberglass)  spar  caps  provide  the  majority  of  the  flapwise  bending  strength,  but  are  intended  to  be  relatively 
compliant  in  twisting.  The 20" carbon  fibers in the  biased  skin  begin  and  end  at  the  leading and trailing 
edges  of  the  blade,  leading to critical  strains  at  those  locations. In a  detailed  design,  it is expected  that  the 
carbon  fibers  would  be  curtailed  before  reaching  the  trailing  and  leading  edges to ameliorate  this  condition. 
However, for the  present  evaluation  the  biased  skin  is  assumed to continue  for  the  full  chordwise  extent. 

1.3.2 Conventional Triaxial Skins with Biased Box Spar Caps 

In this approach  the  flapwise  bending  strength and the  bend-twist  coupling  are  both  supplied  by  the 
relatively  thick  spar  caps,  whereas  the  skins  are  made  from  conventional  triaxial  fiberglass  material.  In 
traditional  blade  design,  the  fibers at the  upper  and  lower  caps  of  this  spar  are  primarily  uniaxial  while  the 
remaining  skins  are  made  up  of  a  minimal  number  of  triaxial  plies.  In this type  of  design,  the  spar 
contributes  most of the  flapwise  stiffness,  but  it  contributes  only  about 50% of the  torsional  stiffness. 
Therefore,  making  a  spar  torsionally soft does  not  necessarily  lead  to  an  overall  torsionally soft blade,  and 
it  may  be  necessary  to  modify  the  skin  layup  to  achieve  the  desired  amount  of  bend-twist  coupling. 

1.3.3 Biased Skins and Biased Spar Caps 

This  design  combines  the  two  approaches  above,  with  both  the  skins and the  spar  caps  contributing  to  the 
bend-twist  coupling. 



2. Candidate  Composite Materials 

2.1 Stitched Hybrid  Fabric 

The  initial  fabric  architecture  considered  in this study  consisted of carbon  fibers  at  a  +20"  angle, and 
fiberglass fibers  at  -70" angle. For fabric stability  and  handling,  it  was  assumed  that  a  small  amount of 
stabilizing  fiber  would  be  included  in a third  direction. 

GEC  worked  with  Saertex USA, LLC to develop  specifications and cost  estimates for a  custom  stitched 
fabric  with  this  architecture.  The  initial cost estimates  assumed  a  total  fabric  areal  weight  of  923 grams 
per  square  meter  (gsm),  with 613 gsm of carbon  fiber  at  +22.5", 300 gsrn of Erglass at -70", 4 gsm of 0" 
E-glass for stabilization,  and 6 gsm of polyester  stitching.  Taking in account  the  density  of  the  fibers, this 
material  has  70%  carbon  content  and 30% fiberglass  content by volume.  Based  on  an  assumed  production 
rate of 325  metric  tons per year, Saetrex quoted this fabric  at  $17.82 / kg, which  reflects  a  relatively  high 
degree  of  processing  efficiency. In practice,  the  Saertex  stitching  process  is  unable to include  non-zero 
angles  smaller  than f 22.5".  However,  this  limitation  was  confirmed  relatively  late  in  this  project and a 
nominal  orientation  angle of 20"  has  been  assumed  for  the  carbon  fibers  for  all  the  analyses  presented. 

Candidate  blade  designs  were  developed  using this initial  stitched  fabric  architecture. The initial  results 
showed  marginal  promise for cost-effective  manufacture  of  adaptive  blades,  particularly for designs  in 
which  the  biased  hybrid  fabric  is  providing  the  primary  structural  strength. This can  be  explained by Table 
4, which  summarizes  the  modulus and strength  estimates  made  by J. Mandell for a 0" / 90" carbon / 
fiberglass  hybrid  laminate  at  varying  rotation  angle^.^ The  table  indicates  that  while  the  compressive  strain 
limits  change  only  modestly  with  rotation  angle,  the  modulus  for  supporting  flapwise  bending  loads (Ex) 
and  the  corresponding  strength  drops  rapidly. 

Table 1. Effect of Rotation Angle on Modulus and Strength (carbon I glass orthotropic laminate) 

Rotation  Compressive  Strain  Limits  Relative 
Failure  Flap  Bending 

(Des.) (GP4  (GP4 @Pa) (X) Mechanism  Strength 
0 69.7  13.7  2.87  0.149  0.90 Carbon  fiber comp. 1 .oo 
10 42.3  12.7  3.14  0.408  0.85  Shear  in  glass  layer  0.57 
20  20.9  10.7  4.12  0.598  0.91  Shear  in  alass  laver  0.30 

Following  these  initial  results,  GEC  investigated  alternative  candidate  architectures for stitched  hybrid 
fabrics. Mechanical  properties  were  calculated  using  spreadsheet  analyses  that  were  checked  against  the 
commercial  CompositePro  code. Some results  of  this  investigation  are  summarized  in  Table 2. For  all 
cases  the  carbon  fiber  content is 75%  by  volume at a  fixed  angle of  20",  and  the  table  indicates  the  strength 
and stiffness at varying  fiberglass  orientation  angles.  The  "relative flap bending  strength"  in  Table  2  uses 
the same baseline  properties  as  Table 1 (carbon / glass  orthotropic  laminate  at  zero  rotation).  The  extent  of 
effective  bend-twist  coupling  is  indicated  by  the  shear-coupling  coefficient, qx,xy, which is a  measure  of  the 
amount  of  shear  strain  generated in the xy plane  per  unit  strain  in  the  x-direction.  Reviewing  the  failure 
mechanisms  listed  in  Table 2, it  is seen  that  transverse  stress  is  the  governing  criterion for nearly  every 
configuration of  biaxial  fabric  considered.  The  best  combination of strength,  stiffness,  and  coupling  occurs 



for the  fabric  with  the  fiberglass  at 0' orientation.  However,  even  for  this  case  the  relative  flap  bending 
strength is only  half  of  that for the  unrotated  orthotropic  fabric. 

Table 2. Combination of 20" Carbon  Fibers with Fiberglass at Varying  Orientation  Angles 

Calculations  were  also  performed  to  assess  the  effect of including a small  amount  of  fiber at a third 
orientation  angle for the  purpose  of  stabilizing  the  fabric  for  handling.  When  fiberglass  properties  were 
assumed for the  stabilizing  fibers,  the  calculations  predicted  matrix  failure  in  that  layer  at a strain  level 
much  lower  than  for  the  primary  carbon  and  fiberglass  layers.  This  illustrated a general  concept 
concerning  the  candidate  materials  under  consideration.  For  the  biaxial  fabrics  listed in Tables 1 and 2,  the 
effective  bend-twist  coupling  is  accompanied  by  relatively  large  strains  in  the  matrix.  However,  stiff  fibers 
such  as  carbon  and  fiberglass do not  accommodate  large  tensile  strains  transverse to the  fibers. As a 
consequence  the  transverse  stress  limit  criterion  governed  most  fabrics  considered,  even  when  the  ply  for 
which  first-ply  failure  was  predicted  carried  virtually  no  load. 

It is possible  that a more  elastic  fiber,  such as polyester,  could  be  used in a stabilizing  third-axis  orientation 
without  initiating  matrix  cracking  under  load.  Another  possibility is that a biaxial  fabric  is  preimpregnated 
immediately  after  stitching,  and  the  B-stage  resin  could  provide  stabilization  of  the  fabric  during  the  cutting 
and  handling  required for blade  manufacture. 

Based  on  the  analyses  above, two stitched  hybrid  fabric  architectures  were  selected  for  evaluation in  the 
parametric analyses of  Section 3.0. Both  fabrics  are 75% carbon  and 25% fiberglass by  volume, and in 
both  cases  the  carbon  fibers  are  at a 20" orientation.  The  fiberglass  orientations  considered  are -70" and 
O", with  the  mechanical  properties  as  shown  in  Tables 1 and 2,  respectively. 

2.2 Oriented Non-Continuous Carbon Fibers 

The  second  material  type  considered  is a carbon  preform  constructed  from  non-continuous  carbon  fibers 
with a high  degree  of  orientation  that  is  under  development  by  the  National  Composites  Center.'  Baseline 
cost  estimates  and  mechanical  properties  for  this "P-4A" perform  in a conventional  (unbiased)  spar cap 
structure  were  estimated  during  the  work of Reference 2.  For  evaluation  in  the  present  work,  GEC  used 
laminate  theory  to  develop  the  mechanical  properties of P-4A in a rotated  orientation.  Characteristic 
strength  (strain)  values  were  estimated  based  on  the  trends  seen  for  the  hybrid  fabrics  considered  above. 
One  potentially  favorable  attribute  of  this  material  is  that  the  orientation  angle and perform  thickness  can 
be tailored in  both  the  chordwise  and  spanwise  directions  with  minimal  additional  processing  costs. 



3. Parametric Study  of  Candidate  Structural Configurations 

A parametric  study  was  performed  using  the  materials  identified in  the  previous  section  in  varying 
structural  arrangements.  For  each  candidate  confiLwration,  a  constant  cross-section  blade  model  was 
developed and analyzed.  Each  design  was  evaluated  on  the basis of estimated  weight,  manufacturing  cost, 
and  magnitude  of  bend-twist  coupling  achieved.  On  the  basis  of this parametric  study,  the  most  promising 
combination of materials  and  structural  arrangement  was  identified and a  full-blade  model  developed. 

3.1 Baseline  Section Structural Definition 

The  baseline  structural  arrangement  was  selected  under  the  work  of  References 1 and 2 as  being 
representative of current  commercial  blade  designs. The primary  structural  member is a  box-spar, with 
webs at 20% and 45% chord and build-up  of  spar cap material  between  the  webs. The exterior  skins and 
internal shear webs  are  both  sandwich  construction  with  triaxial  fiberglass  laminate  separated  by balsa 
core. This arrangement is depicted  in  Figure  1,  where  airfoil  section  used for the  present  calculation (25% 
span station) is shown.  For  the 1.5 MW rotor,  the  blade  section  has  a  chord  of 2.8 m and a maximum 
thickness of 0.84 m. 

0.3 

0.2 

0.1 

0 3 0.0 

-0.1 

-0.2 

-0.3 

balsa-core skins NREL S818 airfoil 
scaled to 30% Uc / 

forward I I 1 I 
shear web 

0.0 0.2 0.4 0.6 0.8 1 .o 
XlC 

Figure 1. Arrangement of baseline structural model 

Table 3 lists  the  layers  in  the  baseline  structural  shell and describes the  material  contained  in  each. The 
shear  web cores (balsa)  are  assumed to be 1% of airfoil chord (c)  thick,  with  triaxial  skins  of 1.27 m. 
The skins and spar cap are E-glass/epoxy  laminate.  The  triaxial  fabric  is  designated CDB340, and has a 
25%, 25%, and 50% distribution of +45",  -45", and 0" fibers,  respectively.  The  spar cap is composed  of 
alternating  layers of triaxial  and  uniaxial (A260) fabric. This stacking  sequence  results  in spar cap 
laminate  with 70% uniaxial  and 30% off-axis fibers by  weight. 



Table 3. Baseline  Structural-Shell  Definition 

Laver # Thickness Material 
I 1 I Eel coat I 0.51  mm 

2 
triaxial fabric 3 

0.38  mm random  mat 

4 
1.27 mm 

O%-15% c 

28.0  mm balsa 45%-85% c 
28.5 mm spar cap mixture 15%-45% c 
14.0  mm balsa 

5 triaxial  fabric 1.27 mm 

3.2 Material Properties 

Table 5 shows  estimates  of  material  and  production  costs  that  were  developed  for  the  materials  considered. 
These  estimates  are  based  on  the  work of Reference 2 and on  subsequent  conversations  with  manufacturers 
of  composite  materials and structures. 

Table 5 Estimated Cost of Blade Laminate 

I Estimated  Production  Cost ($/kg) I 
Description Finished  Blade Material 

Fiberglass  triaxial  skins 

$20.45  $19.20 NCC P-4A  discontinuous  oriented  carbon 
$17.62 $13.12 Biased  carbon / fiberglass  laminate  (spar  cap  or  skins) 
$15.92 $1  1.42 Unbiased  carbon / fiberglass  hybrid  spar  cap 
$9.28 $4.58 Fiberglass  spar  cap  laminate 
$9.58 $4.78 

Strain-based  values for characteristic  strength  were  derived  at MSU for  the  baseline  E-glass/epoxy 
laminate  using  a  combination  of  test  data  and  laminate  Following  the  approach  described  in 
Reference  2,  material  partial  safety  factors  were  developed  based  on  the  values  specified  by  the 
Germanischer  Lloyd  guidelines.' 

Table 4 summarizes  the  values  for  characteristic  and  design  laminate  strength  that  were  used  to  develop  the 
structural designs for both  the  baseline  blade  and  the  configurations  with  bend-twist  coupling.  With  the 
exception  of  the  P-4A  discontinuous  carbon  preform,  a  prepreg  material  form  was  assumed.  The 
mechanical  properties  assume  fiber  volume  fractions  of vf = 0.45 for all  the  carbon / fiberglass  hybrid 
materials, vf= 0.5 for the  triaxial  fiberglass,  and vf = 0.55 for the P-4A  discontinuous  carbon. 

Table 4 Laminate  Mechanical  Properties  and Strength  Data 
IElastic constants (GPa) vxy Density Char. Strength (%) I Design Strength (46) I 

Tension Comp. 

0.37 
0.48 0.48 
0.51 0.37 
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3.3 Calculation of Blade  Section  Structural  Properties 

Using  the NuMAD interface,  an ANSYS finite-element  model  was  constructed  for  each  configuration 
evaluated.  Each  model  had  the  general  sectional  layout  as  indicated  in  Figure 1. In all  cases  the shear 
webs  were  balsa  core  with  triaxial fiberglass facings.  Each  blade  design also had  balsa-core  skins  with  an 
outer  layer of gel  coat  and  veil  mat. The facings of the  outer  blade  section  skins and the  spar  cap  laminate 
were  modified  per  each  configuration  modeled. 

Each  blade  design  evaluated  was  modeled  within ANSYS as a  cantilevered  beam of 20 meter  length  with 
constant cross-section  dimensions. A tip  load  was  applied, and the  strains  at  the  midspan  evaluated for a 
50-year Class 1 extreme  gust per the  IEC  61400-1  standard.'  Based  on  the  results,  the  thickness  of  the spar 
cap  laminate  was  adjusted  iteratively  until  the  design  strain  levels of Table  4  were  satisfied. The 
convergence  criteria  used  was  that  the  critical  laminate  strain  under  load  must  be  within 0.5% of  the  design 
value.  In  all  cases,  the  compressive  strain  governed  the  structural  designs. 

Once  the  blade  structure  had  been  sized,  the  structural  properties for each  configuration  were  calculated  by 
evaluating  the  displacements at the  mid-span  of  a  cantilevered  beam  under  unit  bending  loads.  Equation  set 
(9)  of Reference  10  was  used,  introducing  the  notation: 

MB = Flapwise  bending  moment  (N-m) 
MT = Torsional  bending  moment  (N-m) 
6 Displacement  in  flapwise  direction  (m) 

= Torsional  displacement  due to MT (rads) 
= Torsional  displacement  due  to MB (rads) 

E1 = Flapwise  bending stifhess (N-m2) 
GJ = Torsional  bending  stiffness  (N-m2) 
a Bend-twist  coupling  coefficient  (non-dimensional) 
L Length of beam from fixed end to  section  under  evaluation  (m) 

Equation set (9) ofReference 10 can  then  be  arranged  as: 

M ,  2 * 6 * $ ,  

The  overall  equivalenr  bend-twist  coupling :equiv (in  units of degrees  twist per meter  span,  per N-m of 
flapwise  bending  mom. nt) can  be  derived by  :arranging  Equation 3 in the  form: 



3.4 Parametric Study Results and Discussion 

Table 6  provides  a  summary  of  the  structural  properties  and  cost  estimates for the  configurations  modeled. 
Unless  specifically  noted  otherwise,  "biased hybrid" materials  have  carbon  fibers  at an orientation of 20" 
and glass  fiber  at  an  orientation  of  -70".  Although  the  weight and cost  are  evaluated on a  unit  span  basis,  it 
is expected  that  similar  trends  would  results  at  other  blade  spanwise  stations  that  incorporate  bend-twist 
coupling. In the  following  discussion  all  numerical  comparisons  will  be  made  relative to the  all-fiberglass 
baseline  (case #1) 

The baseline  carbon / fiberglass  hybrid  design  with  no  coupling  (case #2) has spar caps that  are 35% 
thinner  than  the  all-fiberglass  baseline.  Consequently  the  cost  increase  for  the  carbon / fiberglass  hybrid 
design  is  only  about  1%.  Also,  the  design  strain  (static  compressive)  is  0.63Y0for  the  all-fiberglass  baseline 
and only  0.37% for the  unbiased  hybrid  spar  cap.  As  a  result,  the  hybrid  baseline  blade  would  have 35% 
lower  tip  deflections  under  a  given  bending  load  than  the  all-fiberglass  baseline.  The  conclusion is that for 
a  conventional  blade,  the  carbon / fiberglass  spar  cap  is  competitive  with, and perhaps  superior  to,  the  all- 
fiberglass  baseline  in  terms  of  cost and structural  properties. 

The relative  merit of the  seven  bend-twist  configurations  considered  is  less  clear.  The  configurations  have 
varying  degrees  of  bend-twist  coupling,  but  show  cost  increases  ranging  from  34% to 250%  above  the 
baseline.  For  all  the  cases  with  biased  spar  caps,  significant  cost  increases  result fiom the  need  for 
relatively  thick  spar  cap  laminate. A comparison  of  cases #3 and #4 shows  the  benefit  of  improved  load 
carrying capability of biased spar materials. For  a  spar  cap  constructed  of 20" carbon  with  -70"  fiberglass 
(case #3), the  cost  increase  over  the  baseline  is  195%.  By  shifting  the  fiberglass  to 0" (case #4),  the  cost 
increase  drops  to  76%,  and  the  effective  coupling is increased  35%.  The  configuration  with  fiberglass 
skins and  a  biased  spar  cap  manufactured  from  P-4A  non-continuous  carbon  (case #8) shows  a  cost 
increase  of  68%  over  the  baseline,  but  a  lower  effective  coupling  value  than  configuration #4. 

The case  with  biased  skins and a  fiberglass  spar  (case  #5)  is  not  promising,  with  a 90% cost  increase and 
the  lowest  effective  coupling.  This  can  be  attributed to the  mismatch  in  design  strains  between  the  biased 
skin  and  fiberglass  spar  materials.  With  a  design  strain of 0.37%,  the  biased  skin  material  governs  the 
section  design. The fiberglass  material  has  a  design  strain of  0.63%,  but  is  limited  to 0.37% so that  the 
skin  design  strains  are  not  exceeded. As a  result,  a  substantial  amount  of  fiberglass  material is required 
and the  spar  caps are more  than  twice  the  thickness  of  case #l. 

Of  the  configurations  considered,  the  best  combination  of  cost  and  bend-twist  coupling is biased  hybrid 
skins with  an  unbiased  hybrid  spar cap (case #6). The  effective  coupling is less than case #4, but  the  cost 
increase  is  only 34% over  the  baseline.  The  modest  cost  increase is primarily  a  function of good  matching 
between  the  skin and spar  cap  design  strains.  The  unbiased  hybrid  spar  of  case #6 is  nominally  the  same  as 
for  the  non  bend-twist  hybrid  baseline  (case #2). 

Using  the  skins  rather  than  the  spar  cap  structure  to  initiate  the  bend-twist  coupling  has  additional  benefits 
concerning  load  paths  and  stress  concentrations.  It  is  expected  that  the  biased  fibers in the  skins  could  be 
curtailed  prior  to  the  leading  and  trailing  edges  to  avoid  stress / strain  discontinuities  there.  Because  the 
unbiased  spars  would  be  carrying  the  majority  of  the  bending  loads,  the  stress  concentrations  at  the  biased 
skin  drop-offs  should be  modest.  Also,  the  leading  and  trailing  edges  are  near  the  flapwise  elastic  axis so 
curtailing  the  biased  fibers in this  region  should  have  minimal  effect  on  the  coupling  achieved.  By  contrast 
if  a  spar  cap is providing  both  bend-twist  coupling  and  flapwise  bending  strength,  it  would be  much  more 
challenging to avoid  large  stress  concentrations  and  matrix-dominated  load  paths. 
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4. Complete Adaptive Blade Model 

Based  on  the  parametric  analysis  results,  a  configuration  comprised  of  biased  hybrid  skins  with  an 
unbiased  hybrid spar cap (case #6) was selected for constructing  a  structural  model  for  a  complete  adaptive 
blade.  This  design  was  developed  in  conjunction  with  the  WindPACT  Rotor  System  Design  Study.  The 
planform  and  twist  distribution  for  the blade are  listed  in  Table 7. The peak  bending  loads  used  in  the 
initial  design  were  based  on  aeroelastic  simulation  results  from  the  rotor  study  (for  a  carbon  fiberglass 
hybrid  blade  with  no  bend-twist  coupling).  Figure 2 shows  an ANSYS model of the  complete  blade.  For 
reference,  the  turbine  system  power and rotor  speed  curves  are  given in Figure 3. 

I f u l l  blade AA06 Ir: 

APB 18 x102 
13:41:33 
NODAL SOLUTION 
PLOT NO. 1 
STEP=I 
SUB =I 
TIME=l 
SI 
M Y R 4  

(RVF) 
PmerGraphics 

AVFES=A11 
EFACET=I 

DMX =2.35 

SMX =.l95EtQ9 
SMN =-67176 

Figure 2. ANSYS Model of Complete Adaptive Blade 

Table  7. Planform and Mass I Cost Summary for Initial Adaptive Blade Design 
Baseline  Hybrid  Blade  Adaptive  Blade 

Spanwise  Station Chord Twist Unit  Mass Unit  Cost Unit Mass Unit  Cost 
rlR  (m) clR  (m) (Des.) (kglm) ($lm) (kglm) ($lm) 

0.05 1.75 0.055 1.925 10.4 1074 9,965 1074 9,965 
0.07  2.45 0.055 1.925 10.4 182 1,690 182 1,690 
0.25  8.75 0.070  2.450 10.4 81.8 1,000 78.5 1,300 
0.50 17.50 0.056  1.970 2.5 61.6 765 57.3 950 
0.75  26.25 0.043  1.500 0.0 35.5 400 32.5 530 
1 .OO 35.00  0.030  1.064  -0.6  12.5  115  11.2  185 

Totals = 2530  kg  $27,625  2440  kg  $32,945 

Plus  Root  Connection = $32,625  $37,945 



Table 7 lists  the  mass and cost  calculated  at  each  spanwise  station for both  the  baseline  (non-adaptive 
carbon / fiberglass  hybrid) and the  adaptive  blade.  It  was  assumed  that  the  biased  spar  material starts at 
the 25% span  location and that  both  blades  are  of  identical  fiberglass  construction  between 25% span  and 
the  root.  Between 25% and 75% span  the  unit  cost of the  adaptive  blade is 24% to 33% higher  than  the 
baseline  blade.  However,  a  significant  portion  of  the  total  blade  weight  and  cost is located  between  the  root 
and 25% span.  As  a  result,  the  cost for the  complete  adaptive  blade  structure is estimated  as  only 19% 
higher  than  the  baseline  blade.  When $5,000 is  added  to  each  design  for  the  root-connection,  the 
differential  for  the  complete  blade  assembly  is  only 16%. 

Table 8 gives  the  structural  properties for the  adaptive  blade  sections  and also tabulates  the  mean  flapwise 
bending  load and resulting  blade  twist  at  a  schedule  of  wind  speeds.  Significant  bend-twist  coupling is 
achieved  with  this  design.  At 12 d s  wind  speed,  the  mean  change in  twist  angle  is 3.1" and 4. lo, 
respectively, at the 75% span  station  and  the  blade  tip.  Above  rated,  the  blade is pitched  to  feather  for 
power  control  and  the  mean  flapwise  bending  loads  decrease  substantially.  However,  the  blade  will  still 
respond in  an adaptive  way,  such  that  an  increase in bending loads will  result  in  additional  blade  twist  to 
feather. 

The  blade  design  presented  here,  and  derivatives  of  this  design,  are  currently  being  evaluated  via  aeroelastic 
simulations  as  part  of  the WindPACT rotor  study.  Although  these  evaluations  are  not  complete,  the  results 
appear  promising  for  reductions  in  system  loads  and  cost  of  energy. 
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Figure 3. Power and Rotor Speed Curves  for Adaptive Blade Model 
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5.  Conclusions 

A number  of  candidate  fiber  orientations and fabric  architectures for adaptive  blade  manufacture  have  been 
identified  and  assessed  on  the  basis  of  estimated  static  strength,  stiffness, and fabrication  costs. The results 
illustrate  the  difficulty of achieving  good  bend-twist  characteristics  while  maintaining  stiffness and 
strength. 

A parametric  study  was  performed  to  evaluate  candidate  fabric  types and structural  arrangements. The 
results  indicate: 

0 Configurations  that  incorporate  adaptive  materials in  the  spar  cap  provide  the  most  effective 
coupling.  However,  the  cost  premium  resulting  from  the  relatively  low  strength of the  adaptive 
materials is likely to be prohibitive. 

0 Large  cost  increases  were  seen  for  all  designs in  which  there  is  a  significant  mismatch  between  the 
design  strain  values  for  the  skins and spar cap laminate. 

0 The  best  combination  of  effective  coupling  and  cost  was  achieved for the  configuration  comprised 
of  biased  hybrid  skins  with  an  unbiased  hybrid  spar  cap. 

A complete  adaptive  blade  model  was  developed  for  this  configuration.  The  blade  assembly  was  estimated 
to  cost  only 16% more  than  the  baseline  design.  Based  on  a  static  bending-load  evaluation,  a  significant 
amount of bend-twist  coupling  is  achieved  with  this  design.  Results  from  the  initial  aeroelastic  simulations 
performed  under  the  WindPACT  Rotor  System  Design  Study  indicate  that  the  bend-twist  coupling  results 
in a  meaningful  reduction  in  rotor  system  loads. 
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