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Abstract

This report presents the results of a study of various wind turbine blade design
parameters as a function of blade length in the range from 30 meters to 70
meters. The results have been summarized in dimensional and non-dimensional
formats to aid in interpretation. The parametric review estimated peak power
and annual energy capture for megawatt scale wind turbines with rotors of 62,
83, 104, 125, and 146 meters in diameter. The baseline “thin” distribution
represents conventional airfoils used in large wind turbine blades. The
“thicker” and “thickest” distributions utilize airfoils that have significantly
increased thickness to improve structural performance and reduce weight. An
aerodynamic scaling effort was undertaken in parallel with the structural
analysis work to evaluate the effect of extreme thickness on aerodynamic
characteristics. 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. Larger blades may require higher tip speeds combined
with reduced blade solidity to limit growth of design loads. A slender blade can
be used to reduce extreme design loads when the rotor is parked, but requires a
higher tip speed.
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SUMMARY

This report presents the results of a study of various wind turbine blade design
parameters as a function of blade length in the range from 30 meters to 70
meters. The results have been summarized in dimensional and non-dimensional
formats to aid in interpretation.

The parametric review estimated peak power and annual energy capture for
megawatt scale wind turbines with rotors of 62, 83, 104, 125, and 146 metersin
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. The analysis assumed a Rayleigh wind
distribution and did not include losses due to availability, arrays, air density
variation, blade soiling, control systems, or electrical distribution

The baseline “thin” distribution represents conventional airfoils used in large
wind turbine blades. The “thicker” and “thickest” distributions utilize airfoils
that have significantly increased thickness to improve structural performance
and reduce weight. The blade cross-section structural characteristics were
estimated at five spanwise locations (15%, 25%, 45%, 65%, and 85% of radius).
The blade construction was assumed to be a stressed shell.

The aerodynamic properties of the thick airfoils assumed in the structural
analysis were not available from the literature. As a result it was necessary to
estimate the aerodynamic characteristics of the thick airfoil sections. An
aerodynamic scaling effort was undertaken in parallel with the structural
analysis work to evaluate the effect of extreme thickness on aerodynamic
characteristics.

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 ratio (t/c) was modified in increments of
approximately 5%, starting at 24% for the S821 and ending with an extreme
design case of 60% t/c.

In the blade range from 30 to 70 meters the blade weight grew as the cube of
the length for all 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/m?), which more than doubled over the same
range. A number of design changes will be required to limit cost growth. No
one technology can stop weight growth, but it can be limited by a number of
design approaches.

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. From the thin to thickest blade distribution the specific weight
was reduced by 15%, due to increased structural performance.
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The results show a beneficial influence of trailing-edge thickness on the lift-
curve slope as well as the maximum lift coefficient on high thickness airfoil
sections. The problem with thick (t/c > 26%) airfoils is that their lift
performance is sensitive to changes in the boundary layer location (i.e. the lift
at fixed angle of attack decreases as a result of a forward shift in transition due
to surface fouling). This sensitivity to premature transition is reduced by
increasing trailing edge thickness.

Larger blades may require higher tip speeds combined with reduced blade
solidity to limit growth of design loads. A slender blade can be used to reduce
extreme design loads when the rotor is parked, but requires a higher tip speed.
Noise issues become a concern with higher tip speeds. Blade tip speed can
strongly impact peak power. Increasing tip speed was found to exhibit a
relatively weak, but positive influence on annual energy capture.
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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
megawatt size range. The results of the initial engineering study will guide design
specifications and preliminary engineering for candidate blades in the range of 30 to 70
meters in length. Subsequent efforts will generate detailed recommendations for sub-
scale and sub-structure testing that will help determine the feasibility of innovations and
provide data for detailed design in follow-on contracts.

The initial project task, described in this report, was to assess the fundamental physical
and manufacturing issues that govern and constrain large blades. The Issues and
Constraints phase of the project entails three basic elements: 1) a Parametric Scaling
Study to assess blade structure using current technology, 2)a Current Fabrication
Technology evaluation of the cost to manufacture, transport, and install large blades, and
3) identification of promising Innovative Design Approaches that show potential for
overcoming fundamental physical and manufacturing constraints.

This report discusses the approach used to perform the parametric scaling study and the
results obtained from that work. During this effort we reviewed critical issues and design
constraints as a function of blade length 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 form the baseline for the upcoming assessment of blade cost
and have been used to guide our review of potential innovative design approaches.

1.2 Blade Planform Definition

The parametric study reviewed five blade sizes ranging from 30 meters to 70 meters in
length. The blade planform characteristics were defined non-dimensionally as a function
of the rotor radius, as shown in Table 1.1 and Figure 1.1 and scaled to match each blade
length in the study list.

Table 1.1 Non-Dimensional Blade Planform Definition
Radius Chord Twist
Ratio Ratio (deq)
5% 5.2% 29.5
15% 7.8% 19.5
25% 8.6% 13.0
35% 7.6% 8.8
45% 6.6% 6.2
55% 5.7% 4.4
65% 4.9% 3.1
75% 4.0% 1.9
85% 3.2% 0.8
95% 2.4% 0.0

11
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Figure 1.1  Drawing of Non-Dimensional Blade Planform

The wind turbine was assumed to have a conventional, three bladed rotor with the blades
mounted at the root to a central hub. The size of rotor hub was estimated to increase
linearly with blade length (Table 1.2).

Table 1.2 Turbine Rotor Characteristics

Blade Hub Rotor Rotor
Length | Radius | Diameter | Diameter
(m) (m) (m) (ft)

30 1.0 62 203
40 1.5 83 272
50 2.0 104 341
60 2.5 125 410
70 3.0 146 479

1.3 Performance Model

The parametric study used a non-dimensional performance model to estimate turbine
performance. The model assumed constant non-dimensional rotor performance, which is
provided in Table 1.3. The blades were assumed to operate at constant speed and pitch
angle, with peak power output limited only by aerodynamic stall. Modeling the
performance of the thicker and thickest airfoils was not within the scope of this work, but
additional studies may be performed in later efforts.

The performance model was used to calculate turbine rotational speed and power
performance characteristics over a range of blade tip speeds from 60 to 70 m/s, which
brackets the operating range of typical commercial wind turbines (Table 1.4).

Drivetrain performance losses were included in the performance model. The basic turbine
rating was fixed for each turbine based upon the peak power generated at a tip speed of
70 m/s. The gearbox rating was increased by a 1.5 service factor, while the generator was
assumed to have a 1.15 service factor (Table 1.5). The gearbox efficiency was determined
from the load factor (rotor power / gearbox rating) assuming the values provided in Table
1.6. The generator efficiency was determined from the load factor (gearbox power /
generator rating) assuming the values provided in Table 1.7. A set of example power
curves for the 30 meter blade case is presented in Figure 1.2.

12



Table 1.3

Table 1.4

Table 1.5

Non-Dimensional Rotor Performance

Tip Power | Thrust
Speed | Coeff. | Coeff.
Ratio Cp Ct
18.00 | 0.128 | 1.217
15.00 | 0.311 | 1.098
13.00 | 0.403 | 1.019
12.00 | 0.443 | 0.979
11.00 | 0.479 | 0.940
10.00 | 0.506 | 0.896
9.00 0.516 | 0.842
8.00 0.505 | 0.774
7.50 0.489 | 0.733
7.00 0.472 | 0.692
6.50 0.449 | 0.646
6.00 0.429 | 0.603
5.50 0.387 [ 0.532
5.00 0.288 | 0.416
4.50 0.207 | 0.327
4.25 0.175 | 0.292
4.00 0.147 | 0.260
3.75 0.123 | 0.233
3.50 0.102 | 0.209

Turbine Rotational Speeds

Blade Rotor Speed

Length 60 m/s 65 m/s 70 m/s
(m) (rpm) (rpm) (rpm)
30 18.5 20.0 21.6
40 13.8 15.0 16.1
50 11.0 11.9 12.9
60 9.2 9.9 10.7
70 7.8 8.5 9.2

Turbine Component Power Ratings

Blade Basic Gearbox | Generator

Length Rating Rating Rating
(m) (MW) (MW) (MW)
30 1.4 2.1 1.6
40 2.5 3.8 2.9
50 4.0 6.0 4.6
60 5.6 8.4 6.4
70 7.6 11.4 8.7
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Table 1.6 Non-Dimensional Gearbox Efficiency

Load Gearbox
Factor | Efficiency
0.0% 1.0%
2.5% 70.0%
5.0% 80.0%

10.0% 89.0%
20.0% 94.0%
30.0% 96.0%
40.0% 97.0%
50.0% 98.0%
100.0% 98.0%

Table 1.7 Non-Dimensional Generator Efficiency
Load Generator
Factor Efficiency
0.0% 1.0%
10.0% 83.5%
20.0% 90.0%
40.0% 91.5%
60.0% 91.5%
80.0% 91.0%
100.0% 89.5%
1.6
1.4' ,¢¢¢¢¢A¢¢¢¢¢v'<
1.2
1.0 A
Power
Output 0.8 -
(MW)
0.6 1

—— 70 m/s
—A— 65 m/s

0.4 1

0.2 - —— 60 m/s

0.0 2RRRRREEE -2 T T
0 5 10 15 20

Wind Speed (m/s)

Figure 1.2 30 Meter Blade Power Curves for Various Tip Speeds
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1.4 Blade Thickness Definition

Blade section structural properties were estimated for three spanwise thickness
distributions (Table 1.8 and Figure 1.3). The baseline, or “thin”, distribution represents
conventional airfoils used in large wind turbine blades. The “thicker” and “thickest”
distributions utilize airfoils that have significantly increased thickness to improve
structural performance and reduce weight. All blades evaluated in the study used the
same non-dimensional chord and twist distributions.

Table 1.8 Non-Dimensional Blade Thickness Distribution
Radius Thickness Ratio (t/c)
Ratio Baseline Thicker Thickest
5% 100% 100% 100%
15% 42% 52% 62%
25% 28% 38% 48%
35% 24% 32% 40%
45% 23% 27% 33%
55% 22% 24% 26%
65% 21% 21% 21%
75% 20% 20% 20%
85% 19% 19% 19%
95% 18% 18% 18%

Aerodynamic data for airfoils with thickness ratios in excess of 30% are not available in
the literature. For that reason, the lift and drag characteristics of these airfoils were
estimated as part of the parametric study to quantify the effect of increased thickness on
airfoil performance characteristics.

1800

1600

1400 -

Blade 1200 -
Thickness 1000
(mm) 800 -
600 -

400 A

200 -

0

0 2 4 6 8 10 12 14 16 18 20 22 24 26 28 30
Blade Station (m)

Figure 1.3 30 Meter Blade Thickness as Function of Radial Station
for Three Thickness Variations

1.5 Blade Structural Scaling
The blade cross-section structural characteristics were estimated at five spanwise

locations (15%, 25%, 45%, 65%, and 85% of radius). The baseline “thin” blade sections
were based upon the ERS-100 reference blade [1] and scaled to match the proper chord

15



length for 30 meter, 50 meter, and 70 meter blade sizes. In addition, blade sections for
each of the three blade lengths were evaluated using three blade thickness distributions.
Blade sections were scaled linearly (XY scaling) to achieve the specified thickness ratios
(see Table 1.8) for each of the three thickness distributions evaluated in the structural
analysis (Figures 1.4, 1.5, and 1.6).

Thickest

Thicker:
Thin

Figure 1.4  Illustration of Blade Sections at 15% Span

Thickest
Thicker
Thin

P

Figure 1.5 Illustration of Blade Sections at 25% Span
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Thickest

—__Thicker
Thin

Figure 1.6  Illustration of Blade Sections at 45% Span

1.6 Blade Structural Analysis

Structural analyses of three representative blades (baseline or “thin”, “thicker”, and
“thickest”) were performed at representative spanwise stations. The evaluation approach
used a beam section analysis methodology that has been successfully applied in previous
blade development projects [2,3,4]. The properties 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 1.7.

High Pressure Shell

Shear Web

Low Pressure Shell

Figure 1.7  Typical Blade Construction

The blade shells were assumed to have e-glass skins. The skins were assumed to
fabricated from DBM fabric, which is a double bias (x45°) material backed with
continuous strand mat. The e-glass skin layers were separated by balsa coring in the aft
panels to provide buckling stability. A structural spar cap composed of uni-directional
(0°) e-glass material was assumed to be located in each shell between the shear webs.

The two shear webs were assumed to be composed of double bias e-glass fabric with balsa

17



coring. The DBM fabric that is the primary skin structure was assumed to increase
linearly in thickness with blade length. It was taken to be 3.05e-5 of the length. For a
50m blade, this would be 1.5mm (.06”). The outside of the skin was assumed to have
.13mm (.005") of gelcoat to provide UV protection, and .38mm (.015") of random mat to
suppress print through of the DBM fabric. The gelcoat and random mat thicknesses were
held constant.

The shear web core thickness was taken to be 3% of the airfoil thickness. This reflects
the fact that the webs of thicker airfoils will have to span a longer top to bottom distance,
and will therefore need a thicker core to resist buckling loads. The shear web skins were
taken to be 5/3 the thickness of the blade skins, a value which was found sufficient to
handle the estimated peak web shear loads. Table 1.9 below summarizes the structural
details assumed for this study.

Table 1.9 Summary of Structural Details

Iltem | Material Placement Tensile Layer Layer Placement

ID No. | Description Description Modulus Width Thickness Behind L.E.

(Msi) (% of chord) (in) (% of chord)
1 Gelcoat Outer Skin 0.50 100% 0.005 0%
2 3/4 0z CSM Outer Skin 1.10 100% 0.015 0%
3 DBM Outer Skin 1.39 100% A) 0%
4 DBM Spar Cap Reinf. 1.39 45% 2/3 of (A) 0%
5 C260/520 Uni Spar Cap (at max) 5.41 30% (B) 15%
6 DBM Spar Cap Reinf. 1.39 45% 2/3 of (A) 0%
7 Balsa Aft Panel 0.02 45% 1% 45%
8 DBM Inner Skin 1.39 100% A) 0%
9 Excess Resin Inside Inner Skin 0.50 100% 0.030 0%
10 Balsa 35% Web Core 0.02 see note 3% of airfoil 35%
11 DBM 35% Web Skin 1.39 see note see note 35%
12 | C260/520 Uni T/E spline @ 95% 5.41 6% © 92%
13 TE Plexus To 2" fwd of TE 0.05 2% fill gap 98%

Notes
(A) thousandths = 1.2 * blade length  50m -> .060"
(B) this value is found by converging to the required flatwise moment at 3,750 ps
(the spar cap is twice as thick at its center as at its edges)
(C) this value is found by converging to the required edgewise moment at 1,250 ps

For 15% Station
The spar cap width is 60% of chord
The spar cap begins at 5% of chord
The spar cap reinforcement ends at 65% chord
For Shear Web
The balsa thickness was 3% of max airfoil thickness
The height was half the section height (so each half reaches center)
Skins (thousandths) = 2* blade length 50m -> 0.100" each skin

In the table above DBM refers to a fabric which is dominated by +/- 45 degree “double
bias” (DB) fibers which has been stabilized by a Continuous Strand Mat (CSM) layer and
has been identified in this work as DBM (Double Bias Mat). The balsa placement at 35%
refers to the location of the shear web for torsion calculations (i.e. the airfoil volume is
broken up into forward and aft cells at 35% of chord).

18



The bonding adhesive used to join the blade shells, called Plexus, is very low modulus,
and so makes an insignificant contribution to flatwise and edgewise bending stiffnesses.
It was not modelled at the forward and web joints to simplify the data cases, and was
included in the aft joint primarily to capture it mass effect aft in the section.

The design strain value (notes B and C) were defaults selected to give the section
property calculations a common basis for comparison. They were selected as typical of
values used in design, rather than being tied to specific material and material factor
choices.

All of the airfoil shaped stations (outboard of station 25% r/R) have the spar cap
beginning at 15% of chord, and extending aft to 45% of chord (See Table 1.9). Station
15% r/R is more of an oval transition shape, and its chord is shortened, so the spar cap
would be too narrow and in an inefficient part of the shape, if the values were not
adjusted.

Spar cap thickness was derived from the imposed load in an iterative fashion. As the foil
thickness increases, the spar cap becomes thinner because the separation between tension
and compression side material increases. Table 1.10 shows the spar cap results for each
of the blade lengths and thickness distribution variations. The percentage thickness
numbers are as a percentage of airfoil thickness.

Table 1.10 Non-Dimensional Blade Thickness Distribution

Station Section Thickness Spar Cap Thickness (ins) Spar Cap / Section Thickness (%)

(%) (mm) (ins) baseline thicker thickest baseline thicker thickest
30 meter 85 188 7.40 0.361 4.9%

65 317 12.48 1.011 8.1%

45 473 18.62 1.548 1.234 0.944 8.3% 6.6% 5.1%

25 746 29.37 1.548 1.045 0.779 5.3% 3.6% 2.7%

15 1009 39.72 0.870 0.66 0.521 2.2% 1.7% 1.3%
50 meter 85 315 12.40 0.650 5.2%

65 532 20.94 1.755 8.4%

45 794 31.26 2.639 2.103 1.621 8.4% 6.7% 5.2%

25 1252 49.29 2.631 1.778 1.327 5.3% 3.6% 2.7%

15 1693 66.65 1.477 1.124 0.9 2.2% 1.7% 1.4%
70 meter 85 443 17.44 0.922 5.3%

65 747 29.41 2.493 8.5%

45 1114 43.86 3.706 2.947 2.256 8.4% 6.7% 5.1%

25 1758 69.21 3.693 2.489 1.851 5.3% 3.6% 2.7%

15 2376 93.54 2.039 1.526 1.202 2.2% 1.6% 1.3%

1.7 Blade Design Loads

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 IEC and Germanisher Lloyd Class
| design recommendations (Table 1.11). This method assumed the wind speed was 70 m/s
at the rotor hub and wind shear increased with hub height according to 1/7'" power law
with an exponent of 0.143. Sea level air density was assumed and a partial load factor of
1.35 was included in the analysis. Blade extreme design loads are based on flat plate
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drag coefficients and the different thickness distributions (baseline “thin”, “thicker”, and
“thickest”) were evaluated using the same loads.

The second calculation method estimated blade spanwise |oading under high wind gust
conditions. A blade element momentum model calculated loads at 10 radial locations,
which were integrated to determine the bending moment on the blade. Under this loading
scenario the turbine was considered to be operating at constant speed during a 55 m/s
gust. Both load estimation approaches provided similar results as shown in Figure 1.8.

Table 1.11 30 m Blade Extreme Moment Loading Results

Rotor Radius 310 m
Hub Height 60 m
Blade Azimuth 0 deg Blade Tip Upward
Design Wind Class 1
Hub Height Wind Speed 70.0 m/s
Air Density 1.225 kg/m”"3
Wind Shear 0.14
Load Factor 1.35
Rotor Twist Chord Wind Drag Thrust | Bending
Station Angle Length Speed Coeff. Force Moment
(%) (deq) (m) (m/s) Cd (kN) (KNm)
0% 29.5 1.603 70.0 0.80 308 4240
10% 195 2.403 70.5 1.45 294 3307
20% 13.0 2.666 71.0 1.45 252 2460
30% 8.8 2.348 71.5 1.45 204 1754
40% 6.2 2.058 71.9 1.45 160 1191
50% 4.4 1.780 72.3 1.45 120 757
60% 3.1 1.510 72.8 1.45 86 438
70% 1.9 1.247 73.2 1.45 56 219
80% 0.8 0.989 73.6 1.45 31 83
90% 0.0 0.735 73.9 1.10 11 18
4500
4000 A
3500 A > Extreme Wind
3000 A N - = = Operating Gust
Moment 2500 -
(kN-m) 2000 -
1500 -
1000 -
500 -
0 T T T T
0% 20% 40% 60% 80% 100%

Rotor Radius (%)
Figure 1.8  Comparison of 30m Blade Loads for Two Analysis Approaches
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1.8 Blade Aerodynamic Scaling

The aerodynamic properties of the thick airfoils assumed in the structural analysis were
not available from the literature. Typically, the maximum airfoil thickness to chord ratio
is limited to approximately 24%; e.g., Abbott & Von Doenhoff [5] do not report any
results for airfoils thicker than 24%. Also, the NREL laminar flow airfoil series for
horizontal-axis wind turbines stops at maximum thickness-to-chord ratios of 26%. As
stated by Tangler & Somers [6], maximum thickness ratios greater than 26% were deemed
to have unacceptable aerodynamic performance characteristics.

However, structural analyses for very large blades indicate that thicker airfoils are
necessary to limit the growth in blade structural weight and, hence, blade cost with
increasing turbine size. As aresult it was necessary to estimate the aerodynamic
characteristics of the thick airfoil sections. An aerodynamic scaling effort was undertaken
in parallel with the structural analysis work to evaluate the effect of extreme thickness on
aerodynamic characteristics.

Two programs developed by Morgan at NASA Langley were used to smooth and scale the
airfoil coordinates [6]. The smoothing program utilizes |least-squares polynomials and
least-squares cubic spline techniques to smooth the second derivatives of the z-axis
airfoil coordinates with respect to a transformed x-axis coordinate. The resulting smooth
airfoil coordinates are then determined by solving a tri-diagonal matrix of simultaneous
cubic spline equations relating the z-axis coordinates and their corresponding second
derivatives. A technique for splitting the airfoil z-axis coordinates in its camber
distribution and its thickness distribution is used to define the airfoil shape. Next, the
scaling program uses this information to modify the thickness distribution to a specified
thickness, which is then combined with the original camber distribution to obtain the
scaled-airfoil geometry. The advantage of this methodology is that the scaling process
does not modify the camber distribution, which governs the zero-lift angle of attack, and
the design lift coefficient.

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 ratio was modified in increments of approximately 5%, starting at 24%
for the S821 and ending with an extreme design case of 60% t/c. The resulting airfoil
family is shown in Figure 1.9.

It is important to note that the structural analysis assumed simple XY scaling based upon
an earlier blade design (Reference 1). This method resulted in section shapes that differed
from those developed with an aerodynamically consistent scaling approach (Figure 1.10).
While aerodynamic scaling retains the mean line and camber of the original airfoil during
scaling, the simple XY scaling distorted those characteristics. Although the XY scaling
used in the structural work was different than the aerodynamic scaling used here, it did
not present a problem for this work because we were interested in evaluating the general
trends under varying blade thickness and both of the methods were applied consistently
for each thickness within the separate analyses.
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1.9 Thick Airfoil Properties

The properties of the aerodynamically scaled thick airfoils were determined using the
airfoil analysis method MSES by Drela [7]. This viscous/inviscid interaction method is a
direct extension of the single-element viscous/inviscid methodology employed in the
ISES code [8,9]. The model is capable of predicting transitional bubbles, shock waves,
and flow separation. Boundary-layer transition can be fixed (user defined trip location)
or predicted using a semi-empirical relationship. Different far-field boundary conditions
can be specified including unbounded flow and bounded flow involving solid wall or
free-jet conditions.

Drela and others have extensively validated MSES (Reference 7) and have shown that the
results generated with this airfoil analysis program agree well with experimental data.
Prior success with MSES led to its application for analysis of the aerodynamic
characteristics of various blade sections in the present study. An example streamline grid
surrounding an NREL S821 airfoil is depicted in Figure 1.11. In this solution the
boundary-layer transition location was left free, which represents a natural flow
transition. The displacement body representation used to model the shear layers clearly
depicts the separation in the trailing-edge region.
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2.0 STUDY RESULTS

2.1 Performance Scaling Results

2.1.1 Rotor Performance Scaling

The parametric review estimated maximum rotor power and annual energy capture 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. The analysis assumed a Rayleigh wind distribution and did not
include losses due to availability, arrays, air density variation, blade soiling, control
systems, or electrical distribution. The rotor was assumed to operate at constant speed
and with a fixed pitch angle.

As expected, the results show a strong relationship between rotor tip speed and peak
power output (Figure 2.1, Tables 2.1 and 2.2). For this study power output was limited by
the natural stall characteristics of the rotor. Energy production increased approximately
as the square of the rotor diameter. For a given rotor diameter the turbine peak power
scaled roughly as the cube of the tip speed. Compared with the 5.5 m/s case, specific
energy production increased by approximately 25% and 50% for wind speeds of 6.0 and
6.5 m/s respectively. Specific energy at 70 m/s increased by 11%, 15%, and 18% for each
mean wind speed compared to the 60 m/s case.

70 m/s = 0.0003*D"2.0622

65 m/s = 0.0003*D"1.9976

60 m/s = 0.0003*D"1.969

Peak 5 -
Power
Mw) 41
3 A
2 4
A 70 m/s Tip Speed
1 B 65 m/s Tip Speed
& 60 m/s Tip Speed
0 T T T T
60 80 100 120 140

Rotor Diameter (m)

Figure 21  Peak Power as a Function of Rotor Diameter and Tip Speed
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Table 2.1 Performance as a Function of Rotor Diameter and Tip Speed
Tip Rotor Blade Peak Annual Energy Production
Speed Diameter Length Power (MWh)
(m) (m) (MW) 5.5 6.0 6.5
60 62 30 0.9 1648 2034 2412
60 83 40 15 2965 3646 4324
60 104 50 2.4 4626 5709 6773
60 125 60 35 6716 8285 9824
60 146 70 4.8 9170 11311 13411
65 62 30 1.1 1757 2209 2663
65 83 40 2.0 3151 3960 4775
65 104 50 3.1 4932 6202 7480
65 125 60 4.5 7159 8994 10842
65 146 70 6.1 9772 12276 14797
70 62 30 1.3 1824 2330 2853
70 83 40 25 3269 4177 5114
70 104 50 3.9 5122 6548 8018
70 125 60 5.6 7425 9482 11603
70 146 70 7.7 10132 12937 15827
Table 2.2 Specific Production as a Function of Rotor Diameter and Tip Speed
Tip Rotor Blade Peak Specific Energy Production
Speed Diameter Length Power (MWh/m2)
(m) (m) (W/m2) 5.5 6.0 6.5
60 62 30 298 0.55 0.67 0.80
60 83 40 277 0.55 0.67 0.80
60 104 50 283 0.54 0.67 0.80
60 125 60 285 0.55 0.68 0.80
60 146 70 287 0.55 0.68 0.80
65 62 30 364 0.58 0.73 0.88
65 83 40 370 0.58 0.73 0.88
65 104 50 365 0.58 0.73 0.88
65 125 60 367 0.58 0.73 0.88
65 146 70 364 0.58 0.73 0.88
70 62 30 431 0.60 0.77 0.94
70 83 40 462 0.60 0.77 0.95
70 104 50 459 0.60 0.77 0.94
70 125 60 456 0.61 0.77 0.95
70 146 70 460 0.61 0.77 0.95

The performance data were also plotted as contour plots to provide an alternative view of
the results. Contours of constant energy capture as a function of rotor diameter and tip
speed are provided in Figures 2.2 through 2.4. Again the basic trending shows that annual
energy production increases with tip speed, but less strongly than peak power. The
maximum benefit available from increased tip speed is obtained at higher wind sites,
which have more operational hours at peak power. Increases in peak power will also
require larger and more costly drive components, so these plots do not describe the trends
in cost of energy.
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2.2 Structural Scaling Results

2.2.1 Blade Laminate Weight Scaling

The parametric study evaluated the growth in blade laminate weight with rotor scale for
each of the three thickness distributions. The analysis included the weight of the blade
skins, structural spars, shear webs, and bonding materials. The weight estimate did not
include the weight of the root laminate or the metal root fittings, which are specific to a
given attachment method. The weight scaling trends as the blade volume and follows a
cube law relationship (Figures 2.5 and 2.6 and Table 2.3). The specific weight scales
linearly (cube/square) so larger rotors require increasingly more material per unit of
swept area (Figures 2.7 and 2.8).
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Figure 2.5 Blade Laminate Weight as a Function of Rotor Diameter
Table 2.3  Blade Laminate Weight as a Function of Rotor Diameter
Section Rotor Blade Blade Blade Blade Specific
Type Diameter Length Length Weight Weight Weight
(m) (m) (ft) (ka) (Ibm) (kg/m2)
Baseline 62 30 98 2936 6459 0.97
Baseline 83 40 131 7028 15462 1.30
Baseline 104 50 164 13764 30281 1.62
Baseline 125 60 197 24177 53190 1.97
Baseline 146 70 230 38883 85543 2.32
Thicker 62 30 98 2638 5803 0.87
Thicker 83 40 131 6305 13870 1.17
Thicker 104 50 164 12308 27077 1.45
Thicker 125 60 197 21612 47547 1.76
Thicker 146 70 230 34677 76289 2.07
Thickest 62 30 98 2482 5461 0.82
Thickest 83 40 131 5910 13003 1.09
Thickest 104 50 164 11554 25418 1.36
Thickest 125 60 197 20102 44225 1.64
Thickest 146 70 230 32066 70545 1.92
Thin 62 30 98 2936 6459 0.97
Thicker 104 50 164 12308 27077 1.45
Thickest 146 70 230 32066 70545 1.92

28




Thickest

4000 ——
' ‘ 6000
8000
10000
12000
16000
18000

~~
| o
{ s
| Pt
g [ ], &

0 |
@ ¢ EE:
Q = 9 99989888 =

(= ; S S5 O5656 S
¢ Thicker - O OB 00000 4
s} O NFoooNT Y
" — BN NN NN MM
= I 8
= &
| i
=
=)
-
c
Q
Q
Thin — |
I I I I I
60 80 100 120 140

Rotor Diameter (m)

Figure 26  Contour Plot of Blade Laminate Weight as a Function
of Section Thickness and Rotor Diameter

3.5
Baseline = 0.0147*D"1.0144
3.0 -
Thicker = 0.0137*D”*1.0059
2.5 -
Thickest = 0.014*D"0.9867
Blade 2.0 -
Specific
Weight
(kg/m2) 1.5 -
1.0 -
¢ Baseline
0.5 - ®m Thicker
A Thickest
0.0 T T T T
60 80 100 120 140

Rotor Diameter (m)

Figure 2.7  Blade Specific Weight as a Function of Rotor Diameter

29




Thickest —|
@

t\! ~
— o
<+ £
- ~ ~
T " = 2
— St
% =
@ - - =)
= [
L =
X Thicker — o~ o
o g
= 5]
o~ 1]
— ~ i %
i g
=]
=}
-
c
=]
Q

@

Thin /
I I I I I
60 80 100 120 140

Rotor Diameter (m)
Figure 28  Contour Plot of Blade Specific Weight

2.2.2 Tip Deflection Scaling

Blade tip deflection is another major design factor for large wind turbine blades. Tip
deflection was calculated assuming an IEC Class | extreme wind (70 m/s) design |oad
case for three blade sizes (30, 50, and 70 meters) and three thickness distributions (thin,
thicker, thickest) as shown in Table 2.4 and Figures 2.9 and 2.10. Tip deflection
increased approximately as a linear power of diameter. Specific deflection, defined as
the tip deflection divided by the rotor diameter, increased in the first half of the analysis
range (60 to 100 meters, Figures 2.11 and 2.12), but was roughly constant in the upper
band of the range (100 to 150 meters). Again the influence of airfoil section thickness
was an important factor on the results.

2.2.3 Simplified Economic Scaling

A simplified economic model was used to show basic trends in the cost of the blades.
The energy sales price was assumed to be $5 per MWh. The total cost of the blade was
estimated to be $11 per kg and each rotor was assumed to have three blades. Rotor cost
was repaid by energy sales and used to calculate simple payback in years. The trends
show that payback time more than doubles over the analysis range (Table 2.5 and Figures
2.13, 2.14, and 2.15). This negative economic trend is caused by increased blade weight.
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Table 2.4

Blade Tip Deflection as a Function of Rotor Diameter

Section Rotor Blade Tip Tip Specific
Type Diameter Length Deflection | Deflection | Deflection
(m) (m) (m) (in) (% Diameter)
Baseline 62 30 5.9 233 9.53%
Baseline 83 40 8.2 321 9.83%
Baseline 104 50 10.6 418 10.20%
Baseline 125 60 12.7 501 10.17%
Baseline 146 70 14.9 586 10.20%
Thicker 62 30 5.2 204 8.36%
Thicker 83 40 7.2 282 8.62%
Thicker 104 50 9.3 366 8.93%
Thicker 125 60 11.2 439 8.92%
Thicker 146 70 13.1 514 8.95%
Thickest 62 30 4.6 182 7.44%
Thickest 83 40 6.4 251 7.67%
Thickest 104 50 8.3 325 7.94%
Thickest 125 60 9.9 391 7.94%
Thickest 146 70 11.7 459 7.98%
Thin 62 30 5.9 233 9.53%
Thicker 104 50 9.3 366 8.93%
Thickest 146 70 11.7 459 7.98%
16
Baseline = 0.0682*D~1.0828
14 A
Thicker = 0.0594*D~1.0843 Pe
12 A
Thickest = 0.0527*D"1.085
10 A
Tip
Deflection 8 -
(m)
6 4
4 4
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2 B Thicker
A Thickest
O T T T
60 100 120 140
Rotor Diameter (m)
Figure 2.9  Blade Tip Deflection as a Function of Rotor Diameter
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Table2.5  Simplified Economic Scaling Parameters
Section Rotor Blade Blade Rotor Energy Rotor
Type Diameter Length Length Cost Sales Payback
(m) (m) (ft) (%) (%) (years)
Baseline 62 30 98 96889 101700 0.95
Baseline 83 40 131 231928 182300 1.27
Baseline 104 50 164 454212 285450 1.59
Baseline 125 60 197 797848 414250 1.93
Baseline 146 70 230 1283143 565550 2.27
Thicker 62 30 98 87045 110450 0.79
Thicker 83 40 131 208055 198000 1.05
Thicker 104 50 164 406148 310100 1.31
Thicker 125 60 197 713206 449700 1.59
Thicker 146 70 230 1144334 613800 1.86
Thickest 62 30 98 81916 116500 0.70
Thickest 83 40 131 195046 208850 0.93
Thickest 104 50 164 381274 327400 1.16
Thickest 125 60 197 663370 474100 1.40
Thickest 146 70 230 1058178 646850 1.64
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2.3 Airfoil Scaling Results

2.3.1 Effect of Thickness on Aerodynamic Performance

The baseline airfoil utilized in the thickness scaling study is the S821 [5] which has a
maximum thickness to chord ratio of 24%. The scope of this work was to provide a
preliminary evaluation of the effect of thickness on airfoil performance. This blade-root
airfoil was designed to have a high maximum lift coefficient which is largely insensitive
to surface-roughness induced premature transition. In Figure 2.16, the lift characteristics
of the S821 airfoil calculated using MSES (Reference 7) are shown at a chord Reynolds
number of 2.30 million and 4.35 million. These Reynolds numbers are representative of
those encountered in the inboard region of large rotors. In all cases the Mach number is
kept constant at 0.1. Mach number effects are not considered significant at these
conditions. Future studies will focus on compressibility effects in more detail.

The effect of contaminated surfaces was investigated by analyzing the airfoil assuming
natural transition as well as fixed transition at x/c = 0.02 on the upper (suction) surface
and x/c = 0.05 on the lower (pressure) surface. As expected, lift is largely unaffected by
changes in the transition location. The most important performance numbers for the S821
are summarized in Table 2.6. Note that the calculations were typically terminated at a =
16°. The lift curves show that maximum lift is reached near this angle but slightly higher
lift coefficients may be achievable for angles in excess of 16°.
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Figure 2.16 Lift Characteristics of $821 Airfoil at Re = 2.30 million
and Re =4.35 million, Free and Fixed Transition
Table 2.6 Aerodynamic Performance Characteristics of the S821 Airfoil
RE = 2.30 MILLION RE = 4.35 MILLION
FREE FIXED FREE FIXED
o (oEs) -2.643 -2.191 -2.743 -2.322
Cig 0.324 0.266 0.337 0.284
Co @ Ci, 0.0080 0.0127 0.0072 0.0114
(CL/Cp)max 100.1 78.7 103.5 92.3
CL @ (CL/Cb)max 0.951 1.349 0.877 1.463
CLyax 1.716 1.692 1.803 1.730
a JOEG) 16.0 15.875 16.0 14.5
max
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The effect of thickness on airfoil lift is depicted in Figures 2.17 and 2.18 for free and
fixed transition, and Re = 2.30 million and 4.35 million, respectively. At the lower
Reynolds number converged steady flow solutions were only achievable for airfoils with
t/c £ 0.40-0.45. At the higher Reynolds number converged steady solutions were
obtained for the entire family given transition free conditions and for airfoils with t/c £
0.45 with transition fixed near the leading edge.

The results show that at transition free conditions airfoil maximum lift coefficient peaks
at t/c = 0.35. However, with transition fixed near the leading edge all airfoils except the
baseline airfoil encounter a drop in maximum lift coefficient. Note that redesigning the
thickened airfoils and/or the addition of vortex generators on the suction surface may
reduce this sensitivity to premature transition.

—o— S821 —e—s821
—0o— S821-30
—o— 5821-35 0 s821-30
—— $821-40 —— S821-35
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Figure 2.17 Thickness Effect on Lift at Re = 2.30 million, Free and Fixed Transition

The effect of thickness on airfoil lift-to-drag ratio is depicted in Figures 2.19 and 2.20,
for free and fixed transition, and Re = 2.30 million 4.35 million, respectively. Airfoil
drag increases with increasing thickness for modest lift coefficients (those less than the
lift coefficient corresponding to the maximum lift-to-drag ratio).
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Figure 2.20 Thickness Effect on L/D at Re = 4.35 million, Free and Fixed Transition

At transition free conditions airfoil lift-to-drag ratio peaks at t/c = 0.30. However, with
transition fixed near the leading edge all airfoils show a large increase in drag with the
baseline airfoil performing better than the thickened airfoils. Again, redesigning the
thickened airfoils and/or the addition of vortex generators on the suction surface may
reduce the drag penalty due to premature transition.

2.3.2 Effect of Scaling Approach on Airfoil Performance

One problem that is often encountered in the design of wind turbine blades is
aerodynamic performance of interpolated sections. Typically three to five airfoils are
used as inputs to define the section shapes of a turbine blade. Through interpolation this
input set is expanded by an order of magnitude to provide the section shapes that are used
to manufacture the blade. The question arises how best to interpolate and what is the
effect of this interpolation process on the aerodynamic performance of the generated
sections. Here one example is presented to illustrate this issue. Airfoil station 25%
38%t/c is presented in Figure 2.21. This section is the result of this interpolation
process. Here its aerodynamic performance characteristics are compared against those of
the S821-38. This figure shows the sharp trailing-edge airfoil S821-38 and airfoil 25%
38%t/c with a trailing-edge thickness to chord ratio of 0.014.

The effect of section shape on airfoil lift predicted by MSES is depicted in Figures 2.21.
The results show that straight forward XY interpolation (Station 25%, 38% t/c)changes
the thickness distribution as well as the camber distribution and the lift compared to the
aerodynamic scaling approach (S821-38), which maintained the mean line and airfoil
camber . Maximum lift is unchanged at transition free conditions but the interpolated
airfoil performance is better at transition fixed conditions. Part of this improved
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performance is the result of the blunt trailing edge, as discussed in the next section. The
effect of section shape on airfoil lift-to-drag ratio is depicted in Figures 2.22 and 2.23.
These results show the drag characteristics to be approximately unchanged in the linear

lift range.
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Figure 2.21 Comparison of S821-38 Airfoil and Station 25% 38% t/c Airfoil Obtained
Through XY Scaling
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Figure 2.22 Effect of Airfoil shape on Lift and Lift-to-Drag Ratio
at Re = 4.35 million, Free and Fixed Transition
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Figure 2.23 Effect of Airfoil Shape on Lift-to-Drag Ratio
at Re = 4.35 million, Free and Fixed Transition

2.3.3 Effect of Trailing-Edge Thickness on Aerodynamic Performance

Aerodynamic design dictates the use of sharp trailing edges for subsonic airfoils to
minimize profile drag. However, thick trailing edges reduce the amount of pressure
recovery on the suction side of the airfoil and this may be especially beneficial for thick
airfoils. Another advantage is that sharp trailing edges are difficult to manufacture and
are easily damaged during transportation and blade installation. A limited study was
conducted to evaluate the effect of trailing-edge thickness on the aerodynamic
performance of the S821-38. Figure 2.23 shows the sharp trailing-edge airfoil S821-38
and the modified airfoil ,S821-38-02, with a trailing-edge thickness to chord ratio of 0.02.
The sharp trailing-edge airfoil was modified by adding a linear wedge (x/c = 0, t/c = 0
and x/c =1, t/c = 0.01) to the lower and upper surface. Next the airfoil's thickness
distribution was altered in the same way as explained above to retain the maximum
thickness-to-chord ratio of 0.38.
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Figure 2.23 Comparison of Sharp-Trailing-Edge Airfoil $821-38
and Airfoil $821-38-02 With Trailing-Edge Thickness of 2.0%

The effect of trailing-edge thickness on airfoil lift is depicted in Figures 2.24. The
results show a beneficial influence of trailing-edge thickness on the lift-curve slope as
well as the maximum lift coefficient. In addition the blunt trailing edge airfoil appears to
be less sensitive to loss of laminar flow. The effect of trailing-edge thickness on airfoil
lift-to-drag ratio is depicted in Figures 2.25. Again, the results show a beneficial
influence of trailing-edge thickness on drag for this type of thick airfoil. The effect of
much thicker trailing edges on the lift and drag characteristics will be evaluated later.
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3.0 CONCLUSIONS

3.1 Significant Findings

When going from 30 to 70 meters in blade length, the specific weight in kg/m? of the
baseline blade more than doubled. A number of design changes will be required to
limit weight, and hence, cost growth. No one technology can stop weight growth, but
it can be limited by a number of design approaches.

Increased airfoil section thickness in the inboard rotor region appears to be a key tool
in limiting blade weight and cost growth with scale. From the baseline to thickest
blade distribution the specific weight was reduced by 15%, due to increased structural
performance.

Larger blades may require higher tip speeds combined with reduced blade solidity to
limit growth of design loads. A slender blade can be used to reduce extreme design
loads when the rotor is parked, but requires a higher tip speed. Noise issues become a
concern with higher tip speeds.

Blade tip speed can strongly impact peak power. Tip speed has a weaker, but still
positive influence on annual energy capture.

3.2 Recommendations for Further Study Resulting From This Study

Increased airfoil section thickness may be a key tool in limiting blade weight and cost
growth with scale. The problem with thick (t/c > 26%) airfoils is that their lift
performance is sensitive to changes in the boundary layer location (i.e. the lift at
fixed angle of attack decreases as a result of a forward shift in transition due to
surface fouling). This sensitivity to premature transition is reduced by increasing
trailing edge thickness. Thickened and truncated trailing edges in the inboard region
provide strong, positive effects on blade structural performance.

Calculate truncated airfoil section structural properties.
Evaluate the aerodynamic characteristics of truncated sections.

Increased tip speed and reduced solidity.
Evaluate noise issues for increased tip speed.

Assess performance and loads for lower solidity blades.
Evaluate planform shapes that raise solidity inboard and reduce it outboard.
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