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ABSTRACT

The goal of the 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. A series of analysis tasks were completed in
support of the design effort. We began with a parametric scaling study to assess
blade structure using current technology. This was followed by an economic
study of the cost to manufacture, transport and install large blades.
Subsequently we identified several innovative design approaches that showed
potential for overcoming fundamental physical and manufacturing constraints.
The final stage of the project was used to develop several preliminary 50m
blade designs.

The key design impacts identified in this study are: 1) blade cross-sections, 2)
alternative materials, 3) IEC design class, and 4) root attachment. The results
show that thick blade cross-sections can provide a large reduction in blade
weight, while maintaining high aerodynamic performance. Increasing blade
thickness for inboard sections is a key method for improving structural
efficiency and reducing blade weight. Carbon/glass hybrid blades were found to
provide good improvements in blade weight, stiffness, and deflection when
used in the main structural elements of the blade. The addition of carbon
resulted in modest cost increases and provided significant benefits, particularly
with respect to deflection. The change in design loads between IEC classes is
quite significant. Optimized blades should be designed for each IEC design
class. A significant portion of blade weight is related to the root buildup and
metal hardware for typical root attachment designs. The results show that
increasing the number of blade fasteners has a positive effect on total weight,
because it reduces the required root laminate thickness.
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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 initial engineering study [1] guided design
specifications and preliminary engineering for candidate blades in the range of 30 to 70
meters in length. That initial 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 entailed three basic elements: 1) a parametric scaling study to assess
blade structure trends for current technology [1], 2) a study of the cost to manufacture,
transport, and install large blades [2], and 3) identification of promising innovative
design approaches that show potential for moving beyond current physical and
manufacturing constraints [3].

Subsequent work pursued the most promising avenues of advancement with preliminary
blade designs for a 50m blade length. The first preliminary design approach used a
fiberglass skin and fiberglass structural spar, while the second used a hybrid carbon/glass
spar. Both designs sought to improve structural efficiency by tailoring the thickness of
the blade cross-sections to simplify construction of the interior structural members.
Inboard the blades used high thickness “flatback” inboard airfoils, while the outboard
airfoil thickness was solved for the precise thickness and shape to yield the least complex
and costly internal blade structure.

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 tip 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 tip speed at
60, 65, and 70 m/s, which brackets the operating range of typical commercial wind
turbines.

Blade design loads were estimated 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 condition in accordance with [EC Class I design
recommendations. The second calculation method estimated blade spanwise loading
under high wind gust conditions. Both load estimation approaches provided similar
results with regards to the blade design loads.

Structural analyses of three representative blades (“baseline”, “thicker”, and “thickest”)
were performed at representative spanwise stations. 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 stations, which was used to estimate stress and deflection using standard two-
dimensional beam theory.



In the range from 30 to 70 meters the blade weight grew as the cube of the length for all
three representative blades studied. The economic performance of the blades is inversely
related to the specific weight, which is defined as the blade weight divided by capture
area (kg/m?). Economics trends were negative over the range of blade diameter studied
here; specific weight more than doubled over the analysis range.

Increased airfoil section thickness appears to be a key tool in limiting blade weight and
cost growth with scale. Thickened and truncated trailing edges in the inboard region
provide strong, positive effects on blade structural performance. For a given rotor
radius, in moving from the thin to thickest blade distribution the specific weight was
reduced by 15%, due to increased structural performance.

1.3 Summary of Cost Study Results

The cost study [2] reviewed critical fabrication and transportation constraints as a
function of blade length. The cost of large wind turbine blades was estimated using an
analytical model that was applied to each of the three blade sizes (30 m, 50 m and 70 m).
The cost estimation approach assumed that currently available technology would be used
and included materials, labor, development, facilities, and transportation costs. Laminate
requirements obtained from the structural model were used to develop a bill of materials
and manufacturing task list.

This study included important cost categories beyond materials and labor. Blade
development costs included engineering design and documentation, fabrication of tooling
and prototypes, and the cost of static, fatigue, and operational field testing. Facilities
costs were calculated based upon the size of the rotor blades using manufacturing plant
layouts developed specifically for each size. The costs of transportation were estimated
assuming overland trucking from several different manufacturing locations. 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 substantially with scale as a
result of the higher prototype costs and the shorter production runs over which to
amortize development costs. Transportation costs decreased as a percentage of total cost
because total blade cost increased; however, size and weight limits were found to
constrain shipment of blades larger than 50 meters and strongly influence transport costs
of blades above that length.

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
manufacturing labor costs. Many of the labor cost categories were found to be
proportional to blade length or area, rather than material volume. However, even with a
more favorable scaling trend, the blade cost share as a percentage of the total turbine
installed cost can be expected to nearly double as 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.
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1.4 Innovative Design Study Results

The innovative design study [3] developed metrics to compare the structural and
aerodynamic characteristics of different blade sections. This work indicated that inboard
sections should be weighted more strongly toward structural performance, while outboard
sections are weighted most highly on aerodynamic characteristics. The most direct
method to increase blade section thickness is to scale existing airfoils. In addition to
providing increased structural efficiency, this work showed that the use of specially
designed inboard sections will minimize and potentially eliminate performance losses as
compared to conventional airfoil sections. The innovative design study also documented a
powerful method for designing the blade structure to minimize ply drops and simplify
manufacturing. The concept of designing for simple structures before finalizing the
aerodynamic design has not been widely applied in the wind energy industry heretofore,
but the approach seems increasing appropriate as turbines grow larger.

The innovative design study investigated several material options that could be used to
reduce blade weight. Carbon/glass hybrid provided excellent weight reduction, but
presented some significant challenges for cost and manufacturing. The report
recommended that further study of wood/carbon/glass hybrid (zebrawood) be supported.
This material offers a number of benefits and appears to be cost effective.

Finally the innovative design 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.

1.5 Summary of Preliminary Design Results

The innovative approaches evaluation and preliminary design work assumed a reference
blade length of 50 meters. The baseline blade planform characteristics are as shown in

Table 1.1 and Figure 1.1 (Reynolds No. is at 10 m/s). 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
Station Radius Twist Chord  Thickness Thickness Reynolds
Number Ratio Ratio Number
(deg) (m) (mm)
1 5% 29.5 2.798 2798 100.00% 2.00E+06
2 15% 19.5 4191 2640 63.00% 3.86E+06
3 25% 13.0 4.267 2341 54.87% 5.26E+06
4 35% 8.8 4.097 1756 42.86% 6.51E+06
5 45% 6.2 3.518 1204 34.23% 6.92E+06
6 55% 4.4 2.762 746 27.00% 6.51E+06
7 65% 3.1 2.218 532 24.00% 6.50E+06
8 75% 1.9 1.675 352 21.00% 5.28E+06
9 85% 0.8 1.232 234 19.00% 4.57E+06
10 95% 0.0 0.789 142 18.00% 3.12E+06
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Figure 1.1  Blade Planform Graph

The preliminary blade design was developed assuming IEC Class III extreme wind design
loads (Table 1.2). The analysis method assumed the wind speed was 52.5 m/s at the rotor
hub and wind shear increased with hub height according to a power law. A wind shear
exponent of 0.11, air density of 1.225 kg/m’, and partial load factor of 1.35 were used as
specified in the IEC standard. Blade aerodynamic forces were generated using the flat
plate drag coefficient for the proper Reynolds number.

The preliminary design effort also assumed that the turbine operating parameters and
control system response would maintain the peak operating loads at or below the extreme
loads. This was a key assumption in the blade design and cannot be achieved without
careful design of the turbine and its control system. It was assumed that operating gust
loads could be held to similar levels by appropriate control strategies, with the possible
use of advanced load control techniques such as bend-twist coupling. We believe that
matching the operating loads to the extreme loads is a reasonable design approach that
turbine designers will be able to meet. The edgewise loads were assumed to be
proportional to gravity bending moment, with an appropriate multiplier to account for
torque and fatigue.

Table 1.2 IEC Class Ill Blade Extreme Wind Design Bending Moments
Rotor Bending Rotor Bending
Station Moment Station Moment
(%) (kNm) (%) (kNm)
0% 10407 50% 1652
10% 8010 60% 918
20% 5861 70% 439
30% 4085 80% 160
40% 2691 90% 32

The earlier innovative design study [3] identified substantial weight and cost advantages
for truncated airfoils in the inner part of the rotor blade. For the preliminary design
effort this concept was extended to the generation of a series of “flatback” airfoils whose
thickness and trailing edge flat size could be specified separately. The flatback airfoils
were not simply truncated versions of the reference airfoil; rather the selected trailing
edge thickness was generated by hinging the upper and lower airfoil surfaces about the
leading edge and adding that thickness at the trailing edge. This approach preserved the
airfoil camber distribution, which would have been lost in the process of truncation. The
flatback airfoil design method provided both additional shape flexibility, and more
desirable section aerodynamics. In addition, higher lift outboard airfoil sections were
used to reduce outboard planform area, thereby reducing bending moment to provide
further weight and cost savings.
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Through an iterative procedure, inboard blade thickness was adjusted to match flatwise
moment requirements with a constant, buckling stable structural spar. Flatback width
was adjusted to match edgewise requirements with a constant thickness trailing edge
spline. Specifying blade thickness was an explicit variable provided the design freedom
needed to eliminate ply drops from primary structure inboard of 55% radius station (r/R).
A high lift and lift-to-drag (L/D) airfoil section was chosen for the tip (95%) airfoil to
reduce bending moment through reduced outboard planform area, while an intermediate
lift airfoil was specified at 75% r/R. Both the chord length and design CIl of these
sections were “solved for” to allow the constant thickness spar cap to continue outward,
with only a simple, material-efficient, linear width taper needed to match the flatwise
moment requirements. The result is freedom from spar cap ply drops from root buildup
until near the blade tip.

Two material choices were considered for the primary blade structure: E-glass and an E—
glass/carbon hybrid, both with vinylester resin. Two root systems were considered,
internal studs and T-bolts. Studs allow the possibility of saving root weight by using a
higher count of smaller fasteners, so in addition to the case of sixty (60) 30mm fasteners,
which is fairly typical of current large blades, other variations with one hundred twenty
(120) 20mm fasteners were considered. Both meet minimum fastener strength
calculations according to internationally recognized standards [4].

Previous design optimization work [1,2] focused on the weight and cost of the primary
blade structure only (blade skins and spar caps). In the current work, this was extended
to include the double-bias (DB) glass and balsa core used for the blade shell and shear
webs, and other lesser components such as the trailing edge spline, gel coat, surface mat,
shell and web bonding material. As core turned out to be a big cost component, buckling
calculations were used to size the thickness of blade shell and web cores, rather than the
rule of thumb estimates used previously. Additional weight contributions for resin in the
core, and extra DB in the nose, were also added, to create more accurate weight and cost
estimates appropriate for preliminary design.

It was found that the glass/carbon hybrid blade was about a ton lighter than the E-glass
based blade, but the material cost was about $3,300 more. The materials cost of a 60 stud
root was about the same as a 60 T-bolt root, but the stud root weighed almost a ton less.
The 120 stud root was estimated to save nearly half a ton more weight, and about
$1800, with further cost savings possible if a new, lower cost stud is proven to perform
well.
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2.0 PRELIMINARY DESIGN
OF STRUCTURALLY ENHANCED MULTI-MEGAWATT BLADES
DESIGNED FOR EASE OF MANUFACTURING

2.1 Constant Thickness Primary Blade Structure

A primary thrust in creating a structurally optimized blade designed for ease of
manufacturing was to design-in constant thickness for the primary blade structure in both
the flatwise and edgewise directions, because constant thickness offers both structural
and manufacturing benefits. In particular, elimination of laminate ply drops along the
length will increase primary structure fatigue strength. The negative effect of ply drops
has been documented in the literature [5] and has a large detrimental effect on the fatigue
life curve. For this work we did not account for any benefits of fatigue strength
improvement in the design allowables, so further weight and cost savings may be possible
beyond those calculated here.

In addition to improved fatigue life, the long run of constant spar cap reduces the need to
cut its materials, thereby reducing scrap and labor. Simplification of the spar cap lay-up
would also be expected to save labor in the kitting and material placement operations.
For the E-glass preliminary 50m design created in this study, the inboard blade spar cap
was sized at 45.7mm (18”) wide by 2.64mm (1.04”) thick. This is the thickness of twenty
(20) layers of a standard (C-520) unidirectional reinforcement, and could be cut from
91.4mm (36”) or 137mm (54”) wide rolls, or just ordered to width. In the outboard blade,
a linear width taper is used, so that a single diagonal cut provides 100% usable material
on both sides of the cut. These cost benefits to manufacturing were not credited in this
phase of the work, but they are believed to be real and economically significant. Right
from the start, the primary blade structure was designed for efficient manufacturing, with
minimal labor and material costs.

2.2 The “AeroSolve” Design Process

The usual design process specifies the external blade shape first, and solves for the
interior structure required to meet the loads within the given blade shape envelope. To
achieve the advantages of constant thickness primary blade structure, this process must
be inverted, with the structure specified first, and final aerodynamic shape solved for in
subsequent steps. That this would be feasible, and result in an aerodynamically efficient
blade, was not initially apparent. However, early work with thick, truncated inner blade
airfoils gave spar caps without much variation along the span, once their thickness was
adjusted to optimize weight and cost.

We performed a systematic investigation of the possible use of a series of inboard airfoils
whose thickness and trailing edge flat could be independently adjusted to give constant
thickness for both the spar caps that resist flatwise loads, and trailing edge spline that
carries edge bending fatigue loads. This series of airfoil shapes was generated by
combining a low pressure side shape drawn from the thick, high lift inboard NREL
airfoils, and a structurally efficient high pressure side drawn from the LS-1 series
airfoils. Representative shapes are shown in Figure 2.1. They have been named
“flatback” airfoils, because the lift enhancing trailing edge flat doesn’t truncate away
part of the desired airfoil shape, thus giving improved aerodynamic performance,
compared to the simple truncation employed in the earlier work.

14



FB-6500-2000 at 15% Radius FB-4300-0860 at 35% Radius

Q FB-4300-0860

FB-5100-1100 at 25% Radius FB-3500-0560 at 45% Radius

: : FB-5100-1100 : : FB-3500-0560

Figure 21  Representative Flatback Airfoils

An analysis of structural properties was performed at each inboard station. The section
thickness was determined by iterating until the required flatwise moment capability was
obtained for IEC Class III extreme wind loads. The flat trailing edge panel width was
similarly adjusted so that an integral spline, composed of constant thickness reinforcing
material, would provide the edgewise strength to meet the fatigue bending moment
requirement.

For the outboard blade, the high lift NREL S831 airfoil was used to provide the required
disk loading with reduced chord length, thereby reducing outboard blade planform area,
and the blade flatwise bending moments associated with it (Figure 2.2).

Figure 2.2 18% Thick S831 Airfoil for 95% Radius

15



For station 75% r/R, the airfoil was based on the thicker NREL S830 airfoil. Its chord
length was adjusted to allow a linear spar cap width variation between stations 55% and
95% to meet the flatwise moment requirement, and a small adjustment was made to its
camber line to tailor its Cl to the resulting chord length (Figure 2.3).

Figure 2.3 21% Thick S830 Airfoil for 75% Radius

For station 55% r/R, the 27% thick hybrid used for the earlier truncated inboard airfoil
was again used, due to its favorable combination of structural efficiency and good
aerodynamic performance (Figure 2.4).

Figure 2.4 27% Thick Hybrid Airfoil for 55% Radius

2.3 Modifications from Previous Work

The most recent 50m blade preliminary design work was performed to a higher level of
detail than the previous scaling and innovative design investigations [1,2]. This was
done to provide more realistic weight and cost values, as befits a preliminary design.
However, it also means that these values are no longer directly comparable with the
earlier work, so the reader is cautioned against making such comparisons, which may be
misleading.

Several changes were made in the way balsa core is handled. The earlier, simple
estimates of core thickness based purely on panel free span were replaced with buckling
calculations specific to each panel that accounted for both panel free span and curvature.
Balsa was added between the forward edge of the spar caps and the nose, since this panel
got wider with the use of a buckling-stable spar cap. A weight allowance for resin that
fills the cuts that allow the balsa to contour into surface curvature was added.
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Other changes included the addition of a layer of double bias fabric (DB1208) from nose
to the aft edge of the spar cap, to provide additional leading edge strength, and further
stabilize the spar cap, which was about twice as thick as in earlier work [2]. In
recognition of shipping limits, the maximum blade chord was restrained to 4.27m (14”).
Inboard of 15% of span, it was assumed that triangles of fiberglass reinforcement would
be used to increase the spar cap width so it would become a complete circular tube of
composite before reaching the root buildup. For the carbon hybrid blade, it was assumed
that the carbon spar cap would end between station 15% and the root, once the widening
fiberglass had lowered local strains to levels that made dropping out the carbon a less
demanding design issue. This is done to avoid thermal expansion mismatch issues that
might warp the blade root plane.

2.4 Blade Planform and Geometric Data

The preliminary design process started with a baseline planform, which was modified by
solving for certain airfoil dimensions as described in the preceding discussion and
resulted in the final preliminary design planform (Figure 2.5). It is characterized by a
long region of nearly constant width near the maximum chord (sized by ground
transportation constraints), and features a relatively narrow tip due to use of the high lift
outboard airfoils. Beyond those features it looks quite normal, as it should, because it is
designed to the same goals of efficient energy captures as the current generation of
commercial large wind turbine blades. The differences between E—glass and carbon
hybrid spar cap blades are too small to be seen at this scale.

- 50m [164.0'] -
- 52m [170.6'] -
Figure 2.5 AeroSolve Preliminary Blade Planform

The primary geometric characteristics for the 50m aerosolve blades are provided in
tabular form in Table 2.1. Note that the thickness ratio (t/c) and flatback trailing edge
thickness differed slightly between the E-glass and carbon blades, so the values shown
are the average of the two. The inboard airfoil nomenclature is FB for flatback, followed
