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ABSTRACT 

The primary goal  of the WindPACT Blade System Design Study (BSDS) was 
investigation and evaluation of design and manufacturing issues for wind 
turbine blades in the one to ten megawatt  size range.   The init ial  project task 
was to assess the fundamental  physical  and manufacturing issues that  govern 
and constrain large blades and entails  three basic elements:  1)  a parametric 
scaling study to assess blade structure using current  technology, 2) an economic 
study of the cost  to manufacture,  transport ,  and instal l  large blades,  and 3) 
identification of promising innovative design approaches that  show potential  
for overcoming fundamental  physical  and manufacturing constraints.  

This report  discusses several  innovative design approaches and their  potential  
for blade cost  reduction. During this effort  we reviewed methods for optimizing 
the blade cross-section to improve structural  and manufacturing characterist ics.   
We also analyzed and compared a number of composite materials  and evaluated 
their  relative merits  for use in large wind turbine blades in the range from 30 
meters to 70 meters.   The results have been summarized in dimensional and 
non-dimensional format to aid in interpretation.  These results  build upon earl ier  
parametric and blade cost  studies,  which were used as a guide for the 
innovative design approaches explored here.  
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1.0 ANALYSIS APPROACH 

1.1 Goals and Objectives 

The primary goal  of the WindPACT Blade System Design Study (BSDS) was investigation 
and evaluation of design and manufacturing issues for wind turbine blades in the one to  
ten megawatt  size range.   The results of  the ini t ial  engineering study [1] wil l  guide design 
specificat ions and prel iminary engineering for candidate blades in the range of 30 to 70 
meters in length.   Subsequent efforts wil l  generate detai led recommendations for sub-
scale and sub-structure test ing that  wil l  help determine the feasibil i ty of innovations and 
provide data for  detai led design in fol low-on contracts.  

The init ial  project  task was to assess the fundamental  physical  and manufacturing issues 
that  govern and constrain large blades.  The issues and constraints phase of the project  
entai ls  three basic elements:  1)  a parametric scaling study to assess blade structure using 
current technology [1],  2)  an economic study of the cost to manufacture,  transport ,  and 
instal l  large blades [2],  and 3) identif ication of promising innovative design approaches 
that show potential  for  overcoming fundamental physical  and manufacturing constraints  
(documented in this report).  

This report  discusses several  innovative design approaches and their  potential  for blade 
cost  reduction.  During this effort  we reviewed methods for optimizing the blade cross-
section to improve structural  and manufacturing characterist ics.   We also analyzed and 
compared a number of composite materials  and evaluated their  relat ive merits  for use in 
large wind turbine blades in the range from 30 meters to 70 meters.   The results have 
been summarized in dimensional and non-dimensional format to aid in interpretat ion.  
These results  build upon earl ier  parametric and blade cost  studies [1,2],  which were used 
as a guide for the innovative design approaches explored here.  

1.2 Summary of Parametric Study Results 

The large blade parametric review [1] estimated peak power output,  annual energy 
capture,  design bending moments,  blade laminate weight ,  and t ip deflection for megawatt  
scale wind turbines with rotors of 62,  83,  104, 125, and 146 meters in diameter.  The 
annual energy production for each rotor size was evaluated as a function of t ip speed at  
60,  65,  and 70 m/s,  which brackets the operating range of typical  commercial  wind 
turbines.   

The NREL S821 was selected as the baseline airfoil  used in the aerodynamic scaling 
study.  A series of scaled airfoil  versions were developed and analyzed.   The maximum 
thickness-to-chord rat io ( t /c)  was modified in increments of approximately 5%, start ing at  
24% for the S821 and ending with an extreme design case of 60% t/c.  

Blade design loads were est imated using two simplified methods:  parked under extreme 
winds and an operating gust  condition.   The first  model calculated the extreme loads with 
the turbine in the parked condit ion in accordance with IEC Class I  design 
recommendations.   The second calculat ion method est imated blade spanwise loading 
under high wind gust  condit ions.  Both load est imation approaches provided similar  
results with regards to the blade design loads.  
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Structural  analyses of three representative blades (“baseline”,  “thicker”,  and “thickest”)  
were performed at  representat ive spanwise stat ions.  The blade construction was assumed 
to be a stressed shell ,  which was composed of four primary components:  a low pressure 
shell  on the downwind side,  a high pressure shell  on the upwind side,  and two shear webs 
bonded between the two shells.  The properties of the blade cross-sections were computed 
at  several  stat ions,  which were used to est imate stress and deflection using standard two-
dimensional  beam theory.  

In the blade range from 30 to 70 meters the blade weight grew as the cube of the length 
for al l  three cross-sections studied.    The economic performance of the blades is  inversely 
related to the specific weight ,  defined as the blade weight  divided by capture area 
(kg/m2),  which more than doubled over the same range.   

Increased airfoil  section thickness appears to be a key tool in l imiting blade weight and 
cost  growth with scale.  Thickened and truncated trai l ing edges in the inboard region 
provide strong, posit ive effects on blade structural  performance.   From the thin to 
thickest  blade distr ibution the specific weight was reduced by 15%, due to increased 
structural  performance.  

1.3 Summary of Cost Study Results 

The cost  study [2] reviewed cri t ical  fabrication and transportat ion constraints as a 
function of blade length.   The cost  of  large wind turbine blades was est imated using an 
analytical  model that  was applied to each of the three blade sizes (30 m, 50 m and 70 m).   
The cost  est imation approach assumed that  currently available technology would be used 
and included materials ,  labor,  development,  facil i t ies,  and transportat ion costs .   Laminate 
requirements obtained from the structural model were used to develop a bi ll  of  materials  
and manufacturing task l ist .   Blade development costs  included engineering design and 
documentation, fabricat ion of tooling and prototypes,  and the cost  of  static ,  fat igue,  and 
operational f ield test ing.    

Facil i t ies costs were calculated based upon the size of the rotor blades using 
manufacturing plant  layouts developed specifically for each size.  Each of the three 
potential  manufacturing facili t ies was sized to provide a constant annual rated power 
production (approximately 650 to 700 MW per year).   

The costs of transportat ion were developed assuming overland trucking.   The cost  study 
considered several  different  manufacturing plant  locations  in the Northeast ,  Southwest,  
and Western United States and estimated the cost  for trucking the blades to a number of 
wind sites.   The study also identified potential  constraints for  movement of  large blades 
on public roadways.  

The results of the large blade cost  study indicate that  blade materials  become a greater  
proportion of total  blade cost ,  while the percentage of labor cost  is  decreased as blade 
size grows.  Blade development costs were found to increase substantial ly with scale as a 
result  of the higher prototype costs  and the shorter production runs over which to 
amortize development costs.   Transportat ion costs decreased as a percentage of total  cost  
because total  blade cost  increased; however,  size and weight l imits were found to 
constrain shipment of blades larger than 50 meters and strongly influence transport  costs  
of blades above that  length.  
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The results of the large blade cost  study indicate that  overall  blade cost  scales at  a rate 
less than the growth in the weight.   This was due primarily to a lower rate of growth for 
est imated manufacturing labor costs.   Many of the cost  categories were found to be 
proportional  to blade area,  rather than material  volume.  Even with a somewhat more 
favorable scaling trend,  the blade cost  share as a percentage of the total  turbine instal led 
cost  can be expected to nearly double when the blade size increases from 30 to 70 meters.  
The large blade cost  study also suggested that  blade cost  reduction efforts should focus 
on reducing material  cost and lowering manufacturing labor requirements.  Cost  
reductions in those areas were found to have the strongest  impact on overall  blade cost.  

1.4 Blade Planform Definition 

The innovative approaches evaluation assumed a reference blade length of 50 meters.  The 
blade planform characterist ics were as shown in Table 1.1 and Figure 1.1.  The wind 
turbine was assumed to have a conventional ,  three bladed rotor with the blades mounted 
at  the root to a central  hub.  

Table 1.1 Blade Planform Summary  

Radius Radius Chord Chord Twist
Ratio (m) Ratio (m) (deg)
5% 2.600 5.2% 2.690 29.5
15% 7.800 7.8% 4.030 19.5
25% 13.000 8.6% 4.472 13.0
35% 18.200 7.6% 3.939 8.8
45% 23.400 6.6% 3.452 6.2
55% 28.600 5.7% 2.986 4.4
65% 33.800 4.9% 2.534 3.1
75% 39.000 4.0% 2.092 1.9
85% 44.200 3.2% 1.659 0.8
95% 49.400 2.4% 1.233 0.0  

 
Figure 1.1 Blade Planform Drawing 

1.5 Blade Design Loads 

Blade extreme wind design loads were est imated in accordance with IEC Class I  
recommendations and are provided in Table 1.2.   The analysis method assumed the wind 
speed was 70 m/s at  the rotor hub and wind shear increased with hub height according to 
a power law.  Standard air  density and an IEC recommended part ial  load factor of 1.35 
were assumed in the analysis.   Blade aerodynamic forces were generated using the f lat  
plate drag coefficient  for the proper Reynolds number.  
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Table 1.2 Blade Extreme Wind Design  Bending Moments 

Rotor Bending Rotor Bending
Station Moment Station Moment

(%) (kNm) (%) (kNm)
0.0% 20198 50.0% 3640
10.0% 15763 60.0% 2118
20.0% 11738 70.0% 1067
30.0% 8380 80.0% 415
40.0% 5704 90.0% 90  

1.6 Blade Structural Design 

Structural  analyses of three blade sizes were performed at  representative spanwise 
stat ions.  The propert ies of the blade cross-sections were computed using standard two-
dimensional  beam theory.   The blade construction was assumed to be a stressed shell ,  
which was composed of four primary components:  a low pressure (LP) shell  on the 
downwind side,  a  high pressure (HP) shell  on the upwind side,  and two shear webs 
bonded between the two shells  as shown in Figure 1.2.     

 

Figure 1.2 Schematic of Blade Construction 
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2.0 STRUCTURALLY OPTIMIZED  
BLADE CROSS-SECTIONS 

2.1 Evaluation of Section Characteristics 

The innovative sub-system design task was organized such that  blade structural  
manufacturing design issues were used to ini t iate the blade development process.   The 
baseline blade planform and thickness distr ibution were modified in the inboard blade 
region to optimize structural material  placement and blade strength.   The result ing 
structurally optimized thickness distr ibution is  presented and discussed in the following 
chapter (Chapter 3 – Structurally Optimized Blade Thickness).   However,  during this 
effort  i t  became apparent that  the cross-sectional  shape of the S821and i ts derivatives 
were poor in terms of structural  efficiency.   This is because chordwise posit ion of 
maximum thickness for the upper surface does not correspond with the maximum 
thickness posit ion of the lower surface.   Realization of this problem led to an evaluation 
of the structural  effectiveness of other potential  inboard cross-sectional shapes.    

A total  of six different blade section shapes were compared based on their  aerodynamic 
propert ies and structural  characterist ics:  DU97-W-300, S821-30,  FFA-W3-301,  LS(1)-
0421Mod-30, NACA63-430, Hybrid-30.0-1.7.   These various section shapes are plotted 
graphically in Figure 2.1 for  comparison purposes.   The first  plot  exaggerates the vert ical  
scale to provide a better  comparison between airfoils ,  while the second plot  shows all  the 
airfoils in true scale.  
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Figure 2.1 Comparison of Root Section Shapes (t/c = 0.30) 

The wind energy group at  Delft  University of Technology designed the DU97-W-300 
airfoil  [3].   This airfoil  was specifically designed for wind turbine blades.   I t  has a blunt 
trai l ing edge (t t e /c = 0.0174) and a maximum thickness-to-chord ratio (t /c)  of  0.30.  
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The S821-30 was developed earl ier  during this effort  by scaling-up the thickness 
distr ibution of the S821 [4] from its  t /c = 0.24 to t /c = 0.30 while leaving the camber 
distr ibution unchanged.  This airfoil  has a sharp trail ing edge.    

The FFA-W3-301 is one of the most popular root section shapes [5].   I t  has a t /c = 0.30 
and a blunt trail ing edge (t t e /c = 0.0183).  

The LS(1)-0421Mod-30 is  a scaled-up version of the LS(1)-0421Mod airfoil  [6].   I ts  
camber distr ibution is unchanged but the new airfoil  has a t /c=0.30.   Also i t  has a blunt  
trai l ing edge with a t t e /c  = 0.0129 (unchanged from the baseline airfoi l) .  

The NACA63-430 airfoil  has a t /c  = 0.30 and a sharp trai l ing edge [7].    

The Hybrid-30.0-1.7 is  a  proof-of-concept airfoi l  combining the upper surface of the 
S821-30 and a scaled-up lower surface of the LS(1)-0421Mod.  The result ing sectional 
shape is a f irst  at tempt in the structurally driven design process.   I t  was not purposefully 
designed for aerodynamic performance and could l ikely be improved with additional 
effort .   The Hybrid section has a t /c = 0.30 and a t t e /c  = 0.0167.  The goal was to achieve 
a more efficient  structural  shape than the S821 and DU97-W-300 without losing too much 
of the desirable reduced aerodynamic sensit ivity to surface roughness of the NREL S-type 
and Delft  DU-type airfoils .   Figure 2.2 compares the S821-30, LS(1)-0421Mod-30, and 
the Hybrid airfoi l .  
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Figure 2.2 Comparison of Base and Hybrid Section Shapes 
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Table 2.1 presents an overview of the structural  and aerodynamic characterist ics of these 
airfoils.   The parameter h is the overall  height  of the airfoil  and is  equal  to the maximum 
surface height minus the minimum surface height over the full  chord of the section.   For 
al l  airfoils ,  except the S821-30, h is  nearly identical  to t ,  which is the section height at  a  
part icular chordwise location.   The structural  quanti t ies presented in Table 2.1 are the 
non-dimensional sectional  or profi le area,  ydx∫ /(hc),  and the non-dimensional sectional 

moment of inert ia,  y2∫ dx /(ch2 / 2) .   The former provides a measure of blade volume 

whereas the lat ter  provides a measure of the bending st iffness of a thin-skin structure.    

Table 2.1 Comparison of Several Alternative Blade Section Characteristics 

 DU97-W-300 
 S821-30 
Cross-Sect ion  FFA-W3-301 
Designat ion  LS(1)-0421Mod-30 
 NACA63-430 
 Hybr id-30-1.7 
 

t /c  .30 .30 .30 .30 .30 .30 

h/c .300 .307 .301 .300 .300 .300  

ydx∫ /(hc) .587 .566 .605 .659 .602 .665  

y2∫ dx /(ch2 / 2)  .453 .438 .475 .542 .486 .541  

c l ma x @ Re = 2 .3  ×  10 6  ( f ree)  1.725 1.784*  2 .003*  1 .619*  1 .704 1.653*  

αc l ma x (deg) 13.5 16.0*  16.0*  16.0*  13.0 16.0*  

c l ma x @ Re = 2 .3  ×  10 6  ( f ixed) 1.481 1.470 1.431 1.272*  1 .145*  1 .317* 

αc l ma x (deg) 14.0 15.5 12.25 16.0*  16.0*  16.0*  

∆cl ma x due to roughness 0.244 0.314 0.572 0.347 0.559 0.336  

(cl /cd)ma x @ Re = 2 .3  ×  10 6  ( f ree )  120.9 110.7 117.3 109.2 136.0 103.1  

c l ( L / D ) ma x   1.562 1.332 1.601 1.198 1.418 1.204  

(cl /cd)ma x @ Re  = 2 .3  ×  10 6  ( f ixed)  66.8 62.2 64.2 37.3 35.7 50.7  

c l ( L / D ) ma x   1.285 1.171 1.273 0.752 0.641 1.038  

∆(cl/cd)ma x due  to  roughness 54.1 48.5 53.1 71.9 100.3 52.4  

cd mi n  @ Re = 2 .3  ×  106 0.00941 0.00952 0.00923 0.00740 0.00761  0 .00795  

( count s)  94.1 95.2 92.3 74.0 76.1 79.5  
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The aerodynamic characterist ics are predicted using the viscous-inviscid interaction 
method MSES[8].   We have some concerns regarding the accuracy of this type of 
methodology for these thick airfoils.   However,  al l  airfoils are analyzed in an identical  
manner and as such the results  presented here provide a reasonable way to compare the 
section characterist ics.   Future efforts  should focus on validating these results  using more 
complete methods (Reynolds-averaged Navier Stokes) and/or wind tunnel  test ing.   In 
Table 2.1 the most  important aerodynamic performance results are summarized.   The 
detai led results are presented in Figures 2.3 and 2.4.   For purposes of this analysis the 
free transi t ion case corresponds to clean blade surfaces,  while the f ixed transit ion case 
would represent soiled or contaminated surfaces.  The fixed transit ion was specified near 
the leading edge at  x/c = 0.02 on the upper surface and x/c = 0.05 on the lower surface.  
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Figure 2.3 Comparison of Lift Curves (Free and Fixed Transition) 

The results show the Hybrid-30.0-1.7 to be structural ly most efficient  whereas the DU97-
W-300 airfoil  is aerodynamically most efficient  with transit ion fixed.  Figures 2.5 to 2.8 
present the tradeoffs between structural  efficiency and aerodynamic performance.  These 
plots show that  the Hybrid airfoil  provides a reasonable compromise in aerodynamic and 
structural  characterist ics for use in large rotor blades.    

Note that  we do not claim this section shape to be optimal and undoubtedly i ts 
aerodynamic performance characteristics can be improved without too much loss in 
structural eff iciency.  The Hybrid used here was believed to be a reasonable candidate 
that  could be used to assess the potential  for more optimal sections in this  study.  
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Figure 2.4 Comparison of Lift-to-Drag Curves (Free and Fixed Transition) 

 

Figure 2.5 Diagram Comparing Structural (Sectional Area) and Aerodynamic 
Characteristics (Maximum Lift Coefficient)   
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Figure 2.6 Diagram Comparing Structural (Sectional Moment of Inertia) and 
Aerodynamic Characteristics (Maximum Lift Coefficient)   

 
Figure 2.7 Diagram Comparing Structural (Sectional Area) and Aerodynamic 

Characteristics (Maximum Lift-to-Drag Ratio) 
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Figure 2.8 Diagram Comparing Structural (Sectional Moment of Inertia) and 
Aerodynamic Characteristics (Maximum Lift-to-Drag Ratio)   

2.2 Selection of a Candidate Hybrid Section 

During our review of the sect ion properties we determined that  a hybrid section shape 
would best  meet the project  structural  and manufacturing design goals.   This shape was 
pieced together using the upper surface shape of the S821-30 and the lower surface shape 
of the LS(1)-0421Mod-30 (Figures 2.2 and 2.9) and has an overall  thickness rat io of 27%.  
The shape of the hybrid has much improved structural  characterist ics,  while preserving 
reasonable aerodynamic performance.   There was no attempt made to design a fully 
optimized airfoil ,  rather the hybrid was generated to quickly identify and evaluate the 
importance of section shape on blade structural  efficiency,  material  weight,  and 
manufacturing cost.   

 

Figure 2.9 Comparison of S821-30 and Hybrid Airfoil Sections 
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3.0 STRUCTURALLY OPTIMIZED  
BLADE THICKNESS 

3.1 Constant Spar Cap Concept 

The basic concept for creating the structurally optimized blade was to provide a constant  
thickness spar cap for most of the inboard blade.   We used the selected candidate hybrid 
section at  stat ion 55% r/R to size the spar cap,  and then increased the section thickness 
ratio ( t /c)  to meet the increasing flapwise design bending moment going inward, without 
changing the spar cap width or thickness.   This approach to simplifying and improving 
the blade design had been suggested by the slow change of spar cap area in the ini t ial  
s tudies of the thickest of the parametric blade variat ions.    

The constant spar cap concept offers both structural  and manufacturing benefi ts .   In 
particular,  the el imination of laminate ply drops along the length will  increase spar cap 
fat igue strength.  The negative effect  of  ply drops has been documented in the l i terature 
[9] and has a negative effect  on the fat igue l ife curve.  For this study we did not directly 
account for the benefits  of fat igue strength improvement in our calculat ions and further 
weight savings can be expected beyond those est imated here.  

In addit ion to improved fat igue l ifetime,  the long run of constant  spar cap reduces the 
need to cut  materials  to width,  thereby reducing scrap material  and labor.   Simplif ication 
of the spar cap lay-up could also be expected to save some labor in the kitt ing and 
material  placement operations.  Again the benefits  to manufacturing were not directly 
calculated in this phase of work, but they are believed to be real  and economically  
significant.  

3.2 Structural Optimization Methodology 

The init ial  blade thickness distr ibution was derived from the earl ier  parametric study[1].   
In this  effort  we defined a baseline distr ibution,  a high thickness/sharp trail ing edge 
distr ibution, and a distr ibution that based upon the structurally improved hybrid airfoil .   
Thickness of the hybrid airfoil  was increased as necessary at  inboard stat ions by 
truncating the trai l ing edge sections shown in Figure 3.1.  The nomenclature for the airfoil  
series is Hybrid-t t-zz,  where t t  is the airfoil  thickness and zz is  the trai l ing edge 
thickness as a percentage of chord.  

This phase of the effort  defined a new thickness distr ibution,  structurally optimized by 
applying the constant spar cap concept (Table 3.1).   The candidate hybrid section was 
chosen as the primary airfoil  for stat ion 55 (55% r/R).  This blade stat ion used a 27% 
thick hybrid section described in Section 2.2.   The thickness rat io was then calculated at  
s tat ions 45,  35,  25, and 15 using the design bending moment and the f ixed spar cap 
geometry.  
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Table 3.1 Blade Planform and Thickness Distributions 

Baseline Thick Sharp Hybrid Truncated
Station Thickness Thickness Thickness Thickness Thickness Thickness
Number Ratio (mm) Ratio (mm) Ratio (mm)

5 100.00% 2690 100.00% 2690 100.00% 2690
15 42.00% 1693 62.00% 2499 63.00% 2539
25 28.00% 1252 48.00% 2147 48.50% 2169
35 24.00% 945 40.00% 1576 41.20% 1623
45 23.00% 794 33.00% 1139 33.60% 1160
55 22.00% 657 26.00% 776 27.00% 806
65 21.00% 532 21.00% 532 21.00% 532
75 20.00% 418 20.00% 418 20.00% 418
85 19.00% 315 19.00% 315 19.00% 315
95 18.00% 222 18.00% 222 18.00% 222  

Init ial ly the hybrid section was scaled to 30% t/c by geometric (x-y) scaling.   To generate 
higher thickness rat ios the section was progressively truncated by removing chord from 
the trai l ing edge.   This formed sections with large flat  t rai l ing edges that  provided 
improved structural  efficiency.  A 35% t/c base truncated airfoil  was geometrically scaled 
to provide the stat ion 45 airfoil ,  while a 40% t/c base was used at  stat ion 35,  and a 45% 
t/c base was used at  stat ions 25 and 15.  

An analysis of the structural  properties was performed at  each stat ion.   The required 
section thickness was determined by i teration unti l  the required flapwise moment 
capabil i ty was obtained assuming IEC Class 1 extreme wind loads.   A trai l ing edge 
spline,  consist ing of unidirectional  fiber located near the trail ing edge,  was incorporated 
into the flat  trai l ing edge panel.   The size of the trai l ing edge spline was adjusted as 
required to meet  the edgewise bending moment requirement.    
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Figure 3.1 Comparison of Thick-Sharp and Hybrid Truncated Sections 
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The final  structurally optimized (hybrid-truncated) thickness distr ibution was nearly 
identical  to the thickest  ( thick-sharp) distribution evaluated in the parametric study 
(Figures 3.2 and 3.3),  al though that was not due to conscious efforts  to make the two 
distr ibutions match.  The close match between the two distr ibutions was coincidental  and 
an unexpected result .   If  the blade was optimized for a different  design load distr ibution 
the results would change.   For example,  optimizing the blade for an IEC Class II  wind 
si te ( instead of Class I)  would reduce design bending moment requirements and section 
thickness for the inboard stat ions.  
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Figure 3.2 Comparison of Non-Dimensional Blade Thickness Distributions  
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Figure 3.3 Comparison of Dimensional Blade Thickness Distributions  

3.3 Results 

The blade weight,  spar cap weight,  and spar cap material  cost  were calculated for E-glass 
material ,  using the same material  propert ies and costs as were used in the cost  
comparison study [2].   The 50m baseline blade with truncated hybrid sections was found 
to have a blade shell  weight of 9872 kg (21,718 lbs) ,  some 213 kg (469 lbs)  less than the 
thick-sharp E-glass design.   The reduction of spar cap weight was 401 kg (882 lbs),  but  
some of that  was offset  by materials  needed to create the f lat  trai l ing edge panel.   The 
computed spar cap cost  was $20,704, $1,676 (about 7%) less than the $22,380 est imated 
for the thick-sharp blade.  Some of that  savings would be given back to the aft  panel .   I t  
should be emphasized that  this exercise was only a first  look at  the possible effect  of 
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t runcation.   More rigorous tradeoff of degree of truncation versus weight and cost  should 
give better results.   The primary purpose of this  analysis  was to provide an init ial  
indication of the level  of  improvement that  might be possible and to thereby provide a 
basis to decide if  further work is warranted. 

3.4 Further Evolution 

In performing the structural  calculations,  i t  was found that  the aft  panel trai l ing edge 
spline was only a few mill imeters thick,  and fairly constant in thickness.   If  the trail ing 
edge flat  was made smaller ,  the spline thickness could be increased so the aft  panel  balsa 
core assumed in the section analysis wouldn’t  be necessary.  This would save some cost ,  
and a narrower trail ing edge might also benefi t  power production.  By choosing a suitable 
width profi le,  the trai l ing edge spline thickness could be held constant .   This would seem 
to be a nearly ideal  application for zebrawood, which has both high st iffness-to-weight,  
excellent  fat igue characterist ics,  and good damping propert ies.  Zebrawood (described in 
Section 5.5) offers a simple,  low cost  option in this flat  panel applicat ion.  
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4.0 PERFORMANCE IMPLICATIONS 
OF BLADE CROSS-SECTIONS 

4.1 Performance of Baseline Sections 

The l if t  and drag propert ies of the baseline S821-xx cross-sections were computed using 
MSES [8] for both free and fixed transit ion cases.   Performance in the free transit ion case 
wil l  be representative of clean blades,  while the f ixed transit ion case approximates the 
results  expected from blades that are soiled and have significant leading edge roughness.   

Turbine power curves and annual  energy est imates were developed using a performance 
model.   The rotor aerodynamic performance was calculated using blade element 
momentum theory (PROP code).   The turbine was assumed to have a rotor diameter of 102 
meters,  a rated power of 3 MW, and active power regulation.   I t  was further assumed that  
the turbine operated with a f ixed t ip speed of 70 m/s.  Standard air  density was assumed 
(1.225 kg/m3) and wind speed was assumed to be constant across the rotor disc.   Annual 
energy calculations assumed a Rayleigh wind speed distr ibution and 100% availabil i ty.  
Drivetrain performance losses were modeled assuming the gearbox and generator 
efficiencies provided in Tables 4.1 and 4.2.  

Table 4.1 Assumed Gearbox Efficiency  

Load Gearbox
(MW) Efficiency
0.0 1.0%
0.1 70.0%
0.2 80.0%
0.5 89.0%
0.9 94.0%
1.4 96.0%
1.8 97.0%
2.3 98.0%
3.0 98.0%  

Table 4.2 Assumed Generator Efficiency  

Load Generator
(MW) Efficiency
0.0 1.0%
0.3 83.5%
0.7 90.0%
1.4 91.5%
2.1 91.5%
2.8 91.0%
3.0 91.0%  

Power curves for the baseline rotor thickness distr ibution and NREL type airfoils  were 
calculated first  and are shown in Figure 4.1.   The calculations included both free and 
fixed transi t ion, representing clean and soiled condit ions respectively.   Energy capture 
for several  pitch angles and average wind speeds are summarized in Table 4.3,  assuming a 
Rayleigh wind distribution and 100% turbine availabili ty.  
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Figure 4.1 Baseline Performance Comparison for Free and Fixed Transition  

Table 4.3 Baseline Energy Capture for Several Pitch Settings 

 
 

4.2 Performance of Thick Sections With Sharp Trailing Edges 

The next analysis evaluated the performance of a rotor using thick sections,  which had 
sharp trai l ing edges and were not truncated.   Sections were scaled from the baseline S821 
airfoi l  to match the thick-sharp distr ibution summarized in Table 3.1.  Lift  and drag 
characterist ics were calculated for the sections using MSES for both free (clean) and 
fixed (soiled) transit ion and are thus directly comparable to the baseline aerodynamic 
propert ies.  

A comparison between the power curves for the baseline and the thick-sharp sections is  
provided in Figures 4.2 and 4.3.   These plots show that  there is relat ively l i t t le  
performance loss for the thick distr ibution when the blades are clean (free transit ion),  but  
rather large losses in performance when the blades are soiled (f ixed transi t ion).   Annual 
energy capture for the thick-sharp sections is summarized in Table 4.4.   An energy 
capture comparison between the baseline and the thick-sharp rotor is provided in Table 
4.5.   Losses for the thick section blades ranged between 1.2% to 2.2% for clean blades 
(free transit ion) and 4.7% to 7.0% for soiled (f ixed transi tion) conditions.   
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Figure 4.2 Comparison Between Thick-Sharp and Baseline Performance  

Assuming Free Transition  
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Figure 4.3 Comparison Between Thick-Sharp and Baseline Performance  

Assuming Fixed Transition  

Table 4.4 Thick-Sharp Section Energy Capture for Several Pitch Settings 
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Table 4.5 Thick-Sharp Energy Capture Comparison to Baseline 

 Wind          -2° Pitch          -1° Pitch          0° Pitch 
Speed Free Fixed Free Fixed Free Fixed 
(m/s) (MWh) (MWh) (MWh) (MWh) (MWh) (MWh) 
5.5 -1.77% -6.19% -1.90% -6.41% -2.24% -7.03% 
6.0 -1.55% -5.66% -1.66% -5.81% -1.95% -6.35% 
6.5 -1.36% -5.17% -1.47% -5.27% -1.71% -5.74% 
7.0 -1.21% -4.72% -1.30% -4.79% -1.51% -5.21%  

4.3 Performance of Hybrid Truncated Sections 

The final  analysis est imated rotor performance using hybrid sections that had been 
truncated at  the trai l ing edge as shown in Figure 3.2.    Lift  and drag characterist ics were 
calculated using MSES for both free and fixed transit ion,  as was done for both the 
baseline and thick-sharp sections.  

A comparison between the power curves for the baseline,  thick-sharp, and hybrid 
truncated sections is  provided in Figures 4.4 and 4.5.   These plots show that  there is 
relat ively l i t t le  performance difference between the three distr ibutions when the blades 
are clean (free transi t ion).   The hybrid truncated blades also minimized losses in 
performance when the blades are soiled (f ixed transi t ion) as compared against  the thick-
sharp sections.   Annual energy capture for the hybrid truncated sections is  summarized in 
Table 4.6.   An energy capture comparison between the hybrid truncated and the baseline 
rotor is provided in Table 4.7.   Losses for the thick section blades ranged between 1.5% 
to 2.8% for clean blades (free transit ion) and 2.5% to 3.7% for soiled (fixed transi t ion) 
condit ions.    
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Figure 4.4 Comparison Between Hybrid Truncated, Thick-Sharp ,and Baseline 
Performance Assuming Free Transition  
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Figure 4.5 Comparison Between Hybrid Truncated, Thick-Sharp ,and Baseline 
Performance  Assuming Fixed Transition  

Table 4.6 Hybrid Truncated Section Energy Capture for Several Pitch Settings 

 

Table 4.7 Hybrid Truncated Energy Capture Comparison to Baseline Section 

 
 

Energy capture comparisons between the hybrid truncated rotor and the thick-sharp 
design (Table 4.8),  showed small  losses in the clean condit ion,  which were offset  by 
significant  gains in the soiled condition.   Since large wind turbine blades are difficult  to 
clean,  they will  operate most of the t ime with some degree of surface fouling.   Therefore 
the hybrid truncated rotor appears to have a performance advantage over the thick-sharp 
design.   
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Table 4.8 Hybrid Truncated Energy Capture Comparison to Thick-Sharp Section 
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5.0 IMPACT OF ALTERNATIVE MATERIALS  

5.1 Blade Materials Evaluation Methodology 

The basic concept for evaluating interest ing candidate materials  for wind turbine blade 
use was to compare their  weight and cost  performance when used as the spar cap material .  
This was done at  the 50 meter blade size,  using the thickest  of the blade thickness 
distr ibutions from the preceding parametric variat ion work. In Section 3.0 we examined 
the effects of  a constant  width spar cap and compared that  against  the baseline design.  
The baseline structural  design has a spar cap that  goes from 15% to 45% of chord,  and is  
twice as thick at  i ts center as at  i ts  edges, as was used in the parametric study.  The 
thickness of the spar cap was adjusted to match the same design flapwise loading 
distr ibution,  at  a strain appropriate to each material ,  and a trai l ing edge spline was added 
as required to meet twice the edgewise deadweight bending moment at  a design fatigue 
strain of 0.125%.   

Evaluation of section propert ies was performed at  s tations 85, 65,  45,  25, and 15, with a 
circular tube of spar cap material  at  stat ion 5 taken to represent the basic root  laminate,  
before root buildup.  Total  blade shell  weight and spar cap weights were computed based 
on these stat ion section properties.   The root tube was assumed to be composed of spar 
cap material  for the weight calculations.   While the trai l ing edge spline was taken to be 
of the same material  as the spar  caps for the overall  weight calculations,  i t  was a minor 
fract ion of blade weight,  and wasn’t included in the spar cap weight  and cost  
calculations.   This provides a clean focus on just  the primary impact on spar cap and root 
structure.    

Note that  the costs ci ted are only the material  costs ,  and do not include a labor 
component.   While labor costs are certainly significant,  and may vary from material  to 
material ,  assessing those differences accurately was judged to be outside the scope of this  
phase of the study.   The relat ive impact of labor and material  costs was previously 
evaluated and is documented in Reference 2.  

The materials  selected for comparative evaluation were E-glass,  large tow carbon fiber,  
S-glass,  and a wood/epoxy/carbon hybrid studied previously in SBIR-sponsored research 
by Gougeon Brothers.  Inc.  (GBI) [10].   In order to make these results  more comparable to 
the recent Global Energy Concepts (GEC) study of glass and carbon [11],  the composit ion 
and properties of the spar cap materials were matched to ones used by GEC.  Since there 
were a number of variat ions of glass and carbon presented,  i t  was necessary to choose 
which to use in this  work.    

Our choice was also guided by a desire to make selections that  were close to the 
preceding parametric study,  and to the material  properties typically used by TPI in i ts  
blade design work.   This lead to the selection of a 40% fiber volume fraction, with 80% 
of the unidirectional f iber al igned along the span,  as the baseline for the al l  f iberglass 
and carbon/glass hybrid constructions.   The properties for the wood/epoxy/carbon hybrid 
were those of the most heavily carbon augmented material  investigated in the Gougeon 
SBIR work.   For reference purposes we have included summary tables obtained from a 
reference handbook [12] for a variety of laminate types  and composite reinforcing 
materials  (Tables 5.1 and 5.2).   Among the laminates compared in Figure 5.1,  only glass 
provides both low cost  and high st iffness.  
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Table 5.1 Properties of Different Laminates (Reference 10) 

 
Table 5.2 Properties of Glass Laminates (Reference 10) 
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5.2 E-glass 
E-glass is  the dominant reinforcement f iber for current  wind blade production.   As ci ted 
in the GEC study, E-glass laminate modulus along the blade axis was assumed to be 27.1 
GPa (3.93 msi) ,  and specific gravity was taken as 1.75.   These values are appropriate for 
a 40% fiber volume fraction with 80% of the fibers oriented in the spanwise direction.   
The remaining 20% of the f iber is  al igned at   ±45 degrees.   Material  cost  was taken to be 
$4.18/kg ($1.90/lb),  based on the GEC value.  

Using the baseline blade geometry at  a 0.45% design strain,  the E-glass spar blade was 
found to have a total  shell  weight of 12,033 kg (26,473 lbs) ,  with 7,710 kg (16,961 lbs) in 
the spar caps (Table 5.3).  At the current  est imated price of $4.18/kg ($1.90/lb) ,  the spar 
cap materials  cost  would be $32,226. With the thick blade geometry,  the E-glass spar 
blade was found to have a total  shell  weight of 10,085 kg (22,187 lbs) ,  with 5342 kg 
(11,753 lbs)  in the spar caps,  for a spar cap materials  cost  of $22,331.  These weight and 
cost  f igures provide the reference for the other materials  to compare against ,  s ince this 
material  selection,  with i ts associated propert ies and costs,  has been t ied to current  
industry practice,  within the l imits  of these generic blade designs.  

Table 5.3 E-glass Blade Summary 

 Baseline Blade Thick-Sharp Blade 
Weight Weight Cost Weight Weight Cost 
(kg) (lb) ($) (kg) (lb) ($) 

Spar Cap 7,710 16,961 32,226$  5,342 11,753 22,331 $    
Skin 4,323 9,512 18,073$  4,743 10,434 19,825 $    
Total Shell 12,033 26,473 50,299$  10,085 22,187 42,156 $     

5.3 S-glass 

5.3.1 Design Strain 

S-glass is  a magnesium aluminosil icate with higher alumina content than the more 
commonly used E-glass.   S-glass has a higher f iber modulus of 85.5 GPa (12.4 msi) ,  
versus 72.4 GPa (10.5 msi) ,  an increase of just over 18%.  I ts  f iber tensile strength is  
4600 MPa (670 ksi)  versus 3,450 MPa (500 ksi)  for E-glass,  an increase of over 33% [13].   
I ts  fat igue strength is  also increased.   I t  is  used in applications where a combination of 
high tensile strength and high strain to fai lure are needed,  such as helicopter  rotor blades.   
From a technical s tandpoint,  i t  is  an interest ing material  for the wind turbine rotor blade 
application,  but  relatively low volume usage has kept i ts  price high,  so i t  has not been a 
mainstream wind turbine rotor material .   However,  wind turbine blade manufacture is now 
a high enough volume market,  that  i t  was decided to see what S-glass might have to offer,  
particularly if  that  market power could drive i ts  prices toward E-glass levels.  

The fact  that  S-glass is  not  a mainstream wind turbine material  has meant that  i t  is  not  
included in the extensive Montana State University database for f iberglass (and now 
carbon).   A carefully controlled comparison to E-glass for the compression l imit  strain 
taken to govern the current  design study therefore does not exist .   In communication with 
John Mandell ,  who leads the MSU materials  test  work,  i t  was suggested that  the same 
compression l imit  strain as that  for E-glass be used.   This was done,  even though data 
from the Owens Corning web si te showed over a factor of two greater specific 
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compression strength (2909 vs 1187) for S-2 fiber versus E-glass,  because factors such as 
fabric architecture and manufacturing process are known to have a dominant effect  on 
compression strength propert ies.   There is also the fact that  deflection already l imits 
some blade designs,  so a higher material  strain might not  be of much practical  impact.   
The fully factored design l imit  s train was thus taken to be 0.45%, as derived in the 
Global Energy Concepts report [11].  

5.3.2 Material Cost 

To keep cost  values as comparable as possible to the GEC study, i t  was necessary to 
establish material  cost  on a similar  basis.   Pricing information from the Owens Corning 
web site indicated a current price range of $20 -  $26 per kg for heavy tow carbon, and the 
GEC price for sti tched biax or triax fabric of  $23.30 per kg  ($10.57/lb) was found to fal l  
in the middle of  that  range.   This was taken as indication that  the web site range of $13 -  
$18 per kg for S-glass would be similarly current and comparable,  and the middle of 
range price of $15.40 ($7.00/lb) was taken as the est imated current price for st i tched biax 
or tr iax S-glass fabric.   The price for woven E-glass uni was cited by GEC to be $3.60 per 
kg,  versus $4.50/kg for the sti tched material ,  so the cost reduction of $0.90/kg ($0.41/lb) 
was applied, resulting in an estimated price of $14.50/kg ($6.59/lb) woven unidirectional 
S-glass fabric.   Using a 67% mix of woven uni with 33% sti tched tr iax gives the 0.8 uni 
fraction chosen for this  comparison work,  with a result ing est imated current  material  cost  
of  $10.43/kg ($4.74/lb),  using the GEC value for epoxy cost.   This compares to the 
est imated E-glass material  cost  of $4.18/kg ($1.90/lb),  clearly showing the dramatic 
impact of the current  high cost  of S-glass f iber.  

5.3.3 Discussion of Results 

Using the thick blade geometry and a 0.45% design strain,  the S-glass spar blade was 
found to have a total  shell  weight of 8527 kg (18,759 lbs),  with 4380 (9635 lbs) in the 
spar caps.   At the current  est imated price of $10.43/kg ($4.74/lb),  the spar cap materials 
cost  would be $45,659.  While the weight is  certainly better  than E-glass,  the price is  not 
competi t ive,  given current  fiber pricing.   This is  where market  economics are fel t .   The 
process of making S-glass is quite similar  to that  of E-glass,  but  since circuit  boards 
created a big market  for E-glass in the early years,  i t  was there that  the high volume 
economies f irst  occurred. Structural  applications have also usually used E-glass (due to 
cost) ,  even though S-glass has superior mechanical  properties.   As an indication of what 
might be possible,  the spar cap cost  for an S-glass blade at  E-glass prices was computed 
to be $18,310.   This is the lowest  spar cap cost  of the materials  considered here.   I t  may 
be worth the wind turbine industry investigating if  i t  can create a sufficient market to 
drive down S-glass prices.  This would be somewhat akin to how increased volume is  
currently driving down carbon prices,  but the very low cost  of  mature E-glass production 
hints that  the mature cost  for S-glass may lie well  below that  for carbon, due to the 
different  materials and processes used.   This deserves further investigation,  but  that  is  
beyond the scope of this phase of the current project .  

5.4 Carbon/E-glass Hybrid 
Price reductions for large tow carbon fiber have brought i t  into the range where i t  is  now 
a candidate for primary wind turbine blade structure.   As characterized in the GEC study, 
i ts  modulus along the blade axis was taken to be 66.2 GPa (9.60 msi) ,  and the specific 
gravity was assumed to be 1.52.   This is  for a 40% fiber volume fraction with 80% of the 
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f ibers oriented in the spanwise direction.  The remaining 20% of the f iber is E-glass 
al igned in the ±45 degree directions.   Material  cost  was taken to be $11.70 per kg 
($5.31/lb),  based on the GEC value for current large tow carbon fiber.   A second spar cap 
cost  was computed using $8.69 per kg ($3.95/lb) as the potential  cost of  larger tow, next 
generation carbon fiber spar cap material .  

Using the thick blade geometry at  a  0.34% design strain,  the carbon/E-glass hybrid spar 
blade was found to have a total  shell  weight of 7,300 kg (16,060 lbs),  with 2895 kg 
(6,369 lbs) in the spar caps.   These are the lowest  weight values for any of the material  
systems studied.   At the current est imated price of $11.68 per kg ($5.31/lb),  the spar cap 
materials cost  would be $33,813.  At the target price for next generation large tow carbon 
fiber of $8.69 per kg ($3.95/lb) ,  the spar cap materials  cost would drop to $25,177.  

5.5 Carbon / Wood / E-glass Hybrid 

5.5.1 Design Strain  

Zebrawood is  a convenient name used to refer  to the inclusion of carbon fiber between 
the layers of epoxy laminated Douglas f ir ,  the regular black l ines suggesting the “zebra” 
term.  This concept makes dual  use of the epoxy, to both bond the veneer and wet the 
carbon, so the weight and cost  increments are not much beyond that  for just  the carbon 
fabric.   Fir and carbon were known to have similar  working strains,  so this material  
received considerable study as a cost-effective way to get  higher strength and st iffness 
wherever a wood/epoxy blade might need i t .   Further,  i t  was thought that  the fir  could 
provide a measure of damage tolerance,  and protection from external  impact,  which is  
often a concern for al l  carbon structures.  

Results  from the SBIR funded study by Gougeon Brothers Inc.  [10] included both stat ic 
and fat igue test ing and were used as the basis for est imating a compression design strain 
for this material .   The material  selection portion of this s tudy included both stat ic and 
fat igue screening tests  of 11 types of carbon fabric.   At the t ime of this work in the late 
1980’s,  carbon was much more expensive than i t  is  now, so the fabric selected then to 
maximize the property improvements per unit  cost  would not necessari ly yield the best  
results  today.   

For the purposes of exploring the impact of carbon augmented wood/epoxy laminate in 
the current context,  the heaviest  fabric tested at  that  t ime, Techniweave 12K, was 
selected.   I t  is entirely possible that  even heavier fabrics would be a more cost-effective 
choice today,  but  this is  the heaviest  reinforcement for which data is  available.   The 
Techniweave 12K reinforced Douglas f ir  was found to have a bulk modulus along the 
grain of 27.5 GPa (3.99 msi) ,  and a weight of  47.03 lbs/f t3 ,  for a specific gravity of 
0.754.   The average compression strength was found to be 141 MPa (20.5 ksi) ,  which 
gives a typical  failure strain of 0.514%. 

To compute a design strain,  four separate factors were applied in the same fashion as was 
done for commercial  wood/epoxy blade design.   The specific factors used to account for 
variabil i ty (1.145),  moisture (1.274),  temperature (1 .1),  and size effect (1.122),  resulted 
in a compression design strength of 87 MPa (11,350 psi) ,  and strain of 0.285%.  Each of 
these could be debated to some extent  due to the l imited data,  but  moisture and size 
effects,  in part icular,  required the exercise of engineering judgement.   For instance,  the 
reduction of strength of wood/epoxy with moisture has been studied in some depth,  but no 
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data for zebrawood exists.   Should the known correction be applied to the whole strength 
of the specimens,  or  only the part  due to the wood?  The conservative choice of applying 
i t  to the whole strength was made,  but  this may overstate the strength reduction.  
Similarly,  the known size effect  correction for wood laminate in compression was 
applied, even though the consistent propert ies of the carbon may reduce the size effect  
correction.    

While the derivation of the 0.285% compression design strain l imit  used well  established 
methods for wood/epoxy blade design, there was a clear question of whether i t  was really 
comparable to the other spar cap materials ,  s ince i t  did not include the usual GL factors.   
This is  not a simple question, since the wood/epoxy calculation includes specific factors 
for moisture and size effect  that  GL does not .   I t  might be argued that  these are covered 
in the 1.5 GL “aging” factor.   On the other hand, GL includes factors for i tems such as 
synthetic material  type and post-curing that  do not direct ly apply to zebrawood.  To 
provide an overall  factor nearer the GL norm, a f inal  design strain was derived by 
treating the wood/epoxy calculations with GL factors that  can be established by 
supporting data,  and then applying the 1.35 general material  factor,  result ing in a 0.211% 
design l imit  strain.   By comparison,  the value for the carbon/glass hybrid material  used 
for this study was 0.34%, which is  over 60% higher al lowable strain.   With further test ing 
of a modern form of carbon/veneer material ,  i t  may be possible to establish significantly 
higher performance.   I t  is known that only a few si tes such as the Texas Gulf  Coast  have 
condit ions that  combine hot-wet to the degree represented by the chosen factors,  so there 
is  buil t  in excess margin for typical  si tes.   For these reasons,  the chosen design strain for 
zebrawood in this study is  viewed as more l ikely conservative than not.  

5.5.2 Material Supply 

A concern about using natural  material  is the available supply of suitable veneer going 
forward,  without relying on old growth Douglas f ir ,  which has been the tradit ional  base 
veneer.   This issue was addressed without complete success by Advanced Blade Mfg.,  
with results  presented in a Sandia report  [14] published in 1999.  The two al ternatives 
considered were new growth f ir  and southern pine.  Both showed promise,  but did not  
achieve performance completely equivalent  to the baseline old growth Douglas fir .  

The new growth fir  results in part icular deserve some discussion.  Strength test ing 
showed a bi-modal character ,  with part  of the data essential ly matching the old growth 
f ir ,  and another part  coming up well  short  of  expected performance.  I t  is  noted in the 
report:  

“  … the veneer had been manufactured from quite small  Douglas f ir  boles (6 
to 10 inch in diameter)  … the use of juvenile wood for production of the 
large veneer sheets  could be a source of the veneer weakness,  since heart  
wood is  weaker than sap wood.   Juvenile wood would also be more 
susceptible to damage during handling since the smaller  logs can be more 
easily bent or excessively shocked by harvesting procedures.  … It  is  
believed that  the weakness of the new growth Douglas f ir  tested was 
representative of the juvenile wood used to produce the veneer.”   

And in the conclusions:  

“  … several  mil ls  were identified that  are currently producing veneer from 
larger “second growth” Douglas f ir  groves (boles 16 – 30+ inch diameter) .   
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I t  is  very probable that  veneer produced from these larger boles will  not  
evidence the same failures as the juvenile wood did in fat igue testing.”   

This is a  reasonable set  of  conclusions given the test  data,  part icularly in view of the fact  
that  part  of  the data was up to historical norms.   While i t  remains to be proven,  i t  is 
reasonable to expect  that  veneer of sufficient  quali ty can be obtained from renewable 
sources to produce zebrawood of equivalent  strength to that  tested in the Gougeon SBIR 
report.  We believe i t  is  also possible to obtain adequate performance,  as compared to the 
previous Gougeon test  work,  using materials that  are cost  effective for mass production 
of large wind turbine blades.  

5.5.3 Material Cost 

The Techniweave 12K material  used in the Gougeon SBIR study had a cited cost  of  
$29.08/lb.   I t  was estimated that  there would be 7.98 lbs of this material  per f t3 ,  along 
with 6.44 lbs of epoxy, and 26.85 lbs of veneer.   The cost  of veneer at  that  t ime was 
$0.39/lb,  and epoxy was $2.30/lb,  for a total  material  cost  per pound of $5.77.  Clearly 
the cost  was dominated by the carbon fabric,  which was by far  the most  expensive 
component.  

The 1999 ABM report  cited new growth f ir  veneer price at  $3.20 a sheet .   Since a veneer 
sheet is  8 to 9 lbs,  this is  $0.36 to $0.40 per pound, consistent with the Gougeon study 
value.  To obtain top quality veneer from larger new growth boles,  let  us assume a price 
escalation to $0.50/lb.    In Reference 11,  GEC reported a current price of $22.90/kg 
($10.39/lb) for large tow carbon fabric,  with a possible reduction to $15.20/kg ($6.90/lb) 
for next generation large tow carbon fabric.   This same study ci tes a price of $4.60/kg 
($2.09/lb) for epoxy.   

To help comparisons with the GEC work, the same values for current large tow carbon 
fabric and epoxy will  be used in the material  cost  calculation for zebrawood in today’s 
market.   By component,  the cost  contributions per pound are $0.29 for veneer,  $0.29 for 
epoxy, and $1.76 for carbon, giving a total  material  cost  per pound of $2.34.  Clearly,  
this cost  is dominated by the carbon component,  which continues to improve, and can 
absorb modest  increases in veneer or epoxy cost  without much impact.   For the near 
future,  one would expect this price to be l ikely to decline,  due to the cost  dominance of 
the carbon component.  

5.5.4 Discussion of Results 

Using the reference blade geometry and a 0.211% design strain,  the zebrawood spar blade 
was found to have spar caps over 2/3 of the airfoil  half  thickness at  the 65% radial  
stat ion,  which puts the innermost material  at  extremely low efficiency levels.   Some 
adjustment of the design via airfoi l ,  spar cap width,  or amount of carbon used locally,  
was necessary.  I t  was decided to make the spar caps 50% wider at  this one stat ion,  going 
from 10% to 55% of chord,  rather than the usual  15% to 45%. With these compromises,  
the zebrawood spar blade shell  weight was computed to be 10,184kg (22,405 lbs) ,  with 
5,785 kg (12,727 lbs) of total  spar cap.   At the est imated current  price of $2.59,  the spar 
cap material  would then cost  $32,927, dropping to $25,447 with next generation large tow 
carbon pricing.  
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5.6 Summary of Alternative Material Results 

Figure 5.1 compares the blade shell  weights for the four spar cap material  choices.   Three 
variat ions are shown for E-glass,  the f irst  for the baseline thickness distr ibution,  the 
second for the thick distr ibution,  and the third for the truncated airfoil  geometry.   These 
are at  the same 0.45% design strain,  as is  S-glass,  with carbon/glass at  0.34%, and 
zebrawood at  0.21% 

It  is  evident that  the thick blade distr ibution provides a large reduction in blade weight,  
with truncation providing only a small  addit ional reduction.   However,  i t  should be kept 
in mind that  the truncated design achieves this even though we have not  include the 
efficiency advantage of the tapered spar cap thickness ( twice as thick in the middle) of 
al l  the other designs.   The zebrawood blade is  similar  in blade shell  weight at  less than 
half the design strain,  indicating suitabil i ty for when low deflect ion is required.  The S-
glass blade achieves a significant reduction in weight below the other three,  and the 
carbon/glass hybrid is  l ighter yet ,  even though it  has lower design strain than the 
f iberglass blade.  

 

Figure 5.1 Shell Weight Comparison for Alternative Spar Cap Materials 
A comparison of spar cap material  costs under the equal loading is  presented in Figure 
5.2.  The thick distribution saves approximately 30% in spar cap material  costs 
compared to the baseline.   For E-glass we assumed no reduction in material  cost  
between current and future t ime periods.   The carbon/glass spar cap cost  is close to 
that  for the baseline (E-glass) blade,  but higher than that  of E-glass with the same 
thickness distr ibution.   With future next generation large tow carbon pricing,  the 
carbon/glass hybrid closes the price gap,  but is  st i l l  somewhat higher.   Cost  for the 
zebrawood material  is quite close to the carbon glass hybrid,  both under current and 
future pricing scenarios.   At current prices,  S-glass is by far  the most expensive,  but  
if  i t  could be reduced to current  E-glass prices by large volume economies of scale,  i t  
would provide the least  expensive material  option under equivalent loading. 

The truncated E-glass blade design uses only a l i t t le  less material  the thick E-glass 
design,  and so is not shown separately.   However,  the constant  width and thickness of 
i ts  spar cap concept could provide savings in labor.   If  credit  for freedom from ply 
drops could be taken, a  substantial  additional saving in weight  and cost  would be 
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realized in blades where fat igue at  ply drops impacts the spar cap design.  
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Figure 5.2 Spar Cap Cost Comparison Under Equal Loading 

Figure 5.3 shows the spar cap material  cost comparison assuming equal strain,  as might 
be the case when deflection l imitat ions require a low design strain irrespective of the 
spar cap material  choice.  The thick distr ibution is adopted as the new baseline in this 
graph,  which reflects early work done at  a 0.375% strain that  matches none of the f inal 
study choices.   Since the cost  values would not be comparable to those in the preceding 
work,  al l  of  the values were normalized by assigning a value of 1.0 to the cost  of the 
thick distr ibution with E-glass spar caps.  
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Figure 5.3 Spar Cap Cost Comparison Under Equal Strain 

The carbon/glass hybrid at  current prices is  similar to the thick distr ibution E-glass cost ,  
with future reductions based on next generation larger tow carbon bringing it  down near 
the thick E-glass spar cap cost .   S-glass is  again the most  expensive using current  prices,  
but  becomes very competi t ive if  i ts  price could be reduced to current E-glass levels.   
Zebrawood equals S-glass even at  E-glass price, and becomes the least  cost  option if  the 
future cost reductions of next  generation large tow carbon material  are achieved.   Clearly,  
the level  of design strain chosen will  have a big impact on how these results compare,  so 
these results  should be regarded as indicative only.   Sti l l ,  the basic conclusion that  
zebrawood may be highly competi t ive where low strain is  required appears to be valid.  
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6.0 IMPACT OF DESIGN CLASS  

6.1 IEC Design Loads 

The International Electrotechnical  Commission (IEC) guidelines for wind turbine safety 
[15] are the primary design standard used in the wind industry.   The IEC guidelines define 
wind si tes according to a reference maximum wind speed and the mean wind speed (based 
upon ten minute averages),  as shown in Table 6.1.    

Table 6.1 IEC Wind Turbine Generator Structural Design Classes 

IEC Wind Turbine Design Class I II III IV
V ref (annual 10 minute maximum, m/s) 50.0 42.5 37.5 30.0
V ave (annual 10 minute mean, m/s) 10.0 8.5 7.5 6.0  

The blade design loads used in this study and in earl ier  work (References 1 and 2) were 
developed assuming IEC Class I  condit ions.   The IEC Class I  load condit ion was selected 
because i t  is  the most structural ly demanding; however,  i t  is  not  necessari ly 
representative of wind plant  si tes being developed currently or in the future.   Most si tes 
recently developed in the U.S.  wil l  fal l  within the IEC Class II  or Class III  designations 
and there is  increasing emphasis on developing wind plants in IEC Class IV si tes.    

The IEC design guidelines st ipulate an extreme gust  wind speed,  which occurs when the 
turbine is  not  operating.   The guidelines also define a number of operating condit ions 
which are also used to calculate design loads.   In this study we assumed that  the turbine 
t ip speed and cut-out wind speed would be adjusted so that  the extreme gust  condit ion 
would be dominant.   This assumption simplif ies the analysis approach and is also a 
reasonable approach to optimizing turbine rotor size and specific power to specific si te 
condit ions.   The blade extreme gust  bending moment distr ibutions calculated for each of 
the IEC load classes are summarized in Table 6.2.  

Table 6.2 Blade Extreme Gust Bending Moment Distribution  

Rotor    Bending Moment
Station Class I Class II Class III Class IV

(%) (kNm) (kNm) (kNm) (kNm)
0% 20198 14593 11361 7271

10% 15763 11389 8867 5675
20% 11738 8481 6603 4226
30% 8380 6055 4714 3017
40% 5704 4121 3208 2053
50% 3640 2630 2047 1310
60% 2118 1530 1191 762
70% 1067 771 600 384
80% 415 300 233 149
90% 90 65 50 32  
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6.2 Impact of IEC Class on Blade Weight 

Structural design calculations were performed for the thick-sharp,  E-glass blade assuming 
the bending moment distr ibutions provided in Table 6.2.  In this analysis  only the spar 
caps and trai l ing edge splines were modified.   No attempt was made to account for 
possible reductions in skin or shear web weights.  There was a significant  reduction in 
blade weight between each IEC Design Class (Table 6.2 and Figure 6.1),  especially 
between Class I  and Class II .    

Table 6.3 Thick-Sharp Blade Shell Weight as a Function of IEC Design Class 

IEC Design Weight Comparison
Class (kg)
Class I 10,085 100%
Class II 8,238 82%
Class III 7,203 71%
Class IV 5,952 59%  
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Figure 6.1 Thick-Sharp Blade Shell Weight as a Function of IEC Design Class 

The impact of design class on blade cost  was also significant.  The change in weight 
between blade designs is  purely due to reductions in the spar cap and trai l ing edge spline,  
with no other blade elements being changed. Therefore the change in material  cost  is  
proport ional  to the change in blade weight.   Thus the relat ive cost  of  a Class III  blade 
will  be about 71% of a Class I  design (Figure 6.2).   

Some interest ing trends were identif ied within the analysis results .  The root region of the 
Class I  blade has an 84% excess edgewise margin,  which was necessary to meet the 
f latwise loading.   This compares to a 9% edgewise margin for the Class IV design case.   
In a sense the f latwise and edgewise design condit ions are more balanced as the wind 
class trends to lower wind speeds.  
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Figure 6.2 Thick-Sharp Blade Relative Material Cost as a Function of IEC Design Class 

The fraction of the section weight contributed by the spar caps is  reduced between Class I  
and Class IV.  For this reason i t  would make sense to narrow the spar cap chordwise 
dimension and get  a small  boost in structural  efficiency from using the deeper part  of the 
section.   Associated with that ,  one can conclude that  the wider efficient s tructural  region 
of the hybrid airfoils  will  be less beneficial  for the lower wind classes.   One might 
choose to make the inner blade a l i t t le thinner,  or  use more conventional airfoils.    

The changes between blades designed for a given IEC Design Class are significant  and 
that may have implications of many sorts on how an “optimized” blade will  be designed.  
While we have not  pursued the detai ls of  where that  leads,  i ts clear the overall  impact on 
weight and total  spar cap required is  quite large,  and that this in turn can affect  many 
other design features.  Selection of the correct  design class is cri t ical  for design of well  
optimized blades.  
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7.0 CONCLUSIONS  

7.1 Structural Design 

The earlier parametric study effort  showed that s ignificant reductions (>15%) in blade 
weight and cost  could be obtained by increasing inboard section thickness.  This work 
shows that an additional  2% reduction in blade weight is  possible by tailoring the inboard 
section shapes to maximize structural  efficiency.  

This study developed and applied several possible metrics for comparing structural  and 
aerodynamic characterist ics of blade sections (Table 2.1).   Our work indicates that  
inboard sections should be weighted more strongly toward structural  performance, while 
outboard sections are weighted most highly on aerodynamic characterist ics.    

This study also documents a potential ly powerful  method for designing the blade 
structure to minimize ply drops and simplify manufacturing.  The concept of designing 
for simple structures before f inalizing the aerodynamic design has not been widely 
applied in the wind energy industry heretofore,  but  the approach seems increasingly  
appropriate as turbines grow larger.  

7.2 Performance 

In addit ion to providing increased structural  efficiency,  this work has shown that  the use 
of special ly designed inboard sections will  minimize and potential ly eliminate 
performance losses as compared to  conventional  airfoil  sections.  

7.3 Materials 

This study investigated several material  options that could be used to reduce blade 
weight.   Carbon/glass hybrid provides excellent  weight reductions,  but  presents some 
challenges for cost  and manufacturing.   Addit ional  effort  should be used to investigate 
the cost  drivers for  S-glass,  which could potential ly provide improved strength with few 
manufacturing changes or r isks.  Further study of wood/carbon/glass hybrid (zebrawood) 
is  warranted,  as this  material  offers a number of benefi ts and appears to be cost  effective.   

7.4 Design Class 

This study investigated the impact of IEC Design Class on the weight and cost  of the 
blades.   The results of the study show that  the design class has a major impact on blade 
weight and cost .   
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