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QUIET AIRFOILS FOR SMALL AND LARGE WIND TURBINES

CROSS-REFERENCE TO RELATED APPLICATIONS
This application claims the benefit of U.S. Non-Provisional Application No. 11/937,183; filed

November 8, 2007, which is incorporated herein by reference in its entirety.

3

CONTRACTUAL ORIGIN
The United States Government has rights in this invention under Contract No. DE-AC36-
08G028308 between the United States Department of Energy and the Alliance for Sustainable

Energy, LLC, the Manager and Operator of the National Renewable Energy Laboratory.

BACKGROUND

There is increasing interest in developing wind powered generator systems in which electricity
produced by a single wind powered generator or a group of wind powered generators can be
supplied to utility power grids. A conventional wind turbine for generating electric power
includes two or more turbine blades or vanes connected to a central hub. The hub rotates about a
horizontal axis and is connected to a shaft that drives an electric power generator. Wind turbines
operate at either a constant rotational speed despite changes in wind velocity or at variable
rotational speeds that are proportional to the wind velocity. Peak power at high wind speeds is
usually controlled through ‘stall regulation or through the use of variable pitch turbine blades.

The portion of the turbine blade closest to the hub is called the root of the blade, and the portion
of the turbine blade farthest from the hub is called the tip of the blade. A cross-section of a
turbine blade taken perpendicular to the imaginary line connecting the blade's root to the blade's
tip is generally referred to as an-airfoil. Theoretically, each turbine blade includes an infinite
number of airfoils along the imaginary line. However, a blade's shape is more practicélly defined
in reference to a finite number of the airfoil shapes. In this regard, the geometric shape of an
airfoil is usually expressed in tabular form in which the x, y coordinates of both the upper and

lower surfaces of the airfoil at a given cross-section of the blade are measured with respect to the
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chord line, which is an imaginary line connecting the leading edge of the airfoil and the trailing
edge of the airfoil. Both x and y coordinates are expressed as fractions of the chord length.

Another important parameter of an airfoil is its thickness. The thickness of an airfoil refers to the
maximum distance between the airfoil's upper surface and the airfoil's lower surface and is
generally provided as a fraction of the airfoil's chord length. For example, a fourteen percent
thick airfoil has a maximum thicknéss (i.e., a maximum distance between the airfoil's upper
surface and the airfoil's lower surface) that is fourteen percent of the airfoil's chord length. The
chord length of an airfoil or cross-section of a turbine blade will typically become larger if the
length of the blade increases and will typically become smaller if the length of the blade becomes
smaller. Therefore, a table of coordinates for the geometry of the upper and lower surfaces of an
airfoil remain valid for blades of different lengths because the coordinates are dimensionless and

are provided as percentages of the chord length of the airfoil.

Another important parameter for every airfoil or blade cross:section is its operating Reynolds
number. The Reynolds number of an airfoil at a particular radial station is dimensionless and is
defined by the following equation: R=cV/v where “R” is the Reynolds number, “c” is the chord
length of the airfoil, “V” is the flow velocity relative to the blade at the corresponding radial
point on the blade, and “v” is the kinematic viscosity of the air. Physically, the Reynolds number
can be thought of as the ratio of the inertial force to the viscous force of air flow around a turbine
blade. Viscous force is proportional to the shearing stress in the air flow divided by the rate of
shearing strain, and inertial force is proportional to the product of the mass of the air flow
multiplied by its acceleration. In practice, airfoil performance characteristics are expressed as a
function of the airfoil's Reynolds number. As the length of a blade decreases, the blade's
Reynolds number tends to decrease. For a particular airfoil along the blade span, a small
Reynolds number indicates that viscous forces predominate while a large Reynolds number

indicates that inertial forces predominate.
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Conversion of wind powér into electrical power is accomplished in most wind powered systems
by connecting a Wind-driven turbine to the shaft that drives an electric generator. An important
concern for the wind power industry is mitigating rotor noise. Airfoil induced noise can be
caused by a number of operating conditions or design characteristics including noise caused by
inflow turbulence interaction with the leading edge of the blade or airfoil, noise associated with
airfoil thickness effects, airfoil generated laminar separation bubbles, and noise generated by
boundary layer interaction with the trailing edge of the blade or airfoil. Many consider the noise
associated with the trailing edge to be the most significant. Aerodynamic noise sources can be
obstacles to commercialization of both large and small wind turbines, and when these noise
sources are not taken into account it is difficult to obtain a balance between airfoil performance

and noise mitigation. In general, good airfoil performance and low noise coincide.

However, to date, airfoil designers have primarily concentrated on achieving good performance
characteristics with their airfoil design with little or no consideration given to reducing noise.
Significantly, the design process.of airfoils for small machines or wind turbines, with Reynolds
numbers on the order of 500,000, is quite different from the design of airfoils for very large
machines or wind turbines, with Reynolds numbers on the order of 4,000,000 or'larger. For
small wind turbines, performance degradation énd noise from laminar separation bubbies is of
greater concern, but most best practice airfoil design was performed for larger machines and then
simply transferred to the small machines which can result in reduced overall performance and

increased noise.

Another concern for of wind turbine designers is providing a desired stiffness of the blades.
Thick blade root airfoils are typically desirable for greater blade stiffness and high natural
frequency placement. Blade stiffness increases in proportion to the airfoil thickness squared.
Blades with a thick inboard region are more stable against buckling and a thick inBoard region
also reduces material requirements. However, airfoil drag increases with airfoil thickness along

with an increase in the airfoil’s sensitivity to roughness, which increases as the blade get coated
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with dirt, bugs, and other airborne contaminants. Additionally, greater airfoil thickness results in

greater air displacement and associated noise.

Hence, there remains a need for families of improved airfoils to shape and condition the local
airflow around blades for more efficient operation and wind power conversion to mechanical or
electric power. Preferably, such airfoil families would be suitable for use with small and large
wind turbines and would provide a desirable balance between the need for a quiet and stiff blade
that also provides high performance, e.g., provide a desired balance between blade thickness,

noise control, and airfoil performance.

'SUMMARY

Thick airfoil fémilies are provided with desirable aerodynamic performance with minimal airfoil

‘induced noise. The airfoil families are suitable for a variety of wind turbine designs and are

particularly well-suited for use with horizontal axis wind turbines (HAWTSs) with constant or
variable speed using pitch and/or stall control. In exemplary embodiments, a first family of three
thick airfoils is provided for use with small wind turbines and second family of three thick
airfoils is provided for use with very large machines, e.g., an airfoil defined for each of three
blade radial stations or blade portions defined along the length of a blade. Each of the families is
designed to provide a high maximum lift coefficient (or high lift), to exhibit docile stalls, to be

relatively insensitive to roughness, and to achieve a low profile drag.

More specifically, the first airfoil family in one embodiment includes a 15 percent thick tip
airfoil, an 18 percent thick outboard airfoil, and a 21 percent thick root airfoil that are aesigned
for use with wind turbines having a blades of about 0.5 to 5 meters in length. The airfoils of the
first family are designed to have maximum lift coefficients of about 1.0, 1.1, and 1.2 at Reynolds
numbers of about 400,000; 400,000, and 250,000, respectively and are designed to have low
noise generated by boundary layer, trailing edge interactior;, and from laminar separation bubbles

and minimal sensitivity to roughness. The second airfoil family in one embodiment has airfoils
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designed for use with large wind turbines with blades of about 15 to 30 meters in length and
designed to minimize noise generated by boundary layer, trailing edge interaction. The three
airfoils of the second family include: a 21 percent thick airfoil for use at the 0.75 blade radial
station designed to have a maximum lift coefficient of about 1.6 at a Reynolds number of about

4,000,000 and over; an 18 percent thick airfoil for use at the 0.90 blade radial station designed to

have a maximum lift coefficient of about 1.5 at a Reynolds number of about 3,500,000 and over;

and a 15 percent thick airfoil for use at the 1.0 blade radial station designed to have a maximum
lift coefficient of about 1.4 at a Reynolds number of about 2,500,000 and over (note, the
positioning of the airfoils may vary widely from the exemplary stations provided such as plus or

minus ten percent).

BRIEF DESCRIPTION OF THE DRAWINGS

Fig. 1 is a perspective view of a horizontal axis wind turbine (HAWT) having three blades that

may each include the airfoils or airfoil families;

Fig. 2 is an isometric view of one of the turbine blades of the turbine of Fig. 1 illustrating a
family of airfoils used to define a configuration of the blade, with the airfoils shown with dashed

lines in the root, outboard, and tip portions of the blade;

Fig. 3 is an airfoil or cross-section of a blade, such as the blades of the turbine in Fig. 1
illustrating flow of air along the upper or suction side of the airfoil and along the lower or

pressure side of the airfoil;

Fig. 4 is another view of the airfoil of Fig. 3 showing a region of laminar air flow and a region of

turbulent flow prior to a transition to full or more full turbulent flow at maximum lift;
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Fig. 5 is a graph of a lift/drag polar for an exemplary primary airfoil for large blades, such as that

might be used in a large blade implementation of the turbine of Fig. 1;

Fig. 6 illustrates a pressure distribution of Point A of Fig. 5 for an exemplary primary or midspan

airfoil,;

Fig. 7 illustrates a pressure distribution of Point B of Fig. 5 for an exemplary primary airfoil for a

large blade airfoil family;

Fig. 8 is a cross-sectional view of a root or inboard airfoil of a large blade airfoil family, such as

may be used to define a blade of the turbine of Fig. 1;

Fig. 9 is a cross-sectional view of an intermediary, midspan, or outboard airfoil of the exemplary

large blade airfoil family;
Fig. 10 is a cross-sectional view of a tip region airfoil of the exemplary large blade airfoil family;

Fig. 11 is a graph of a lift/drag polar for an exemplary primary or outboard airfoil for small

blades, such as that might be used in a small blade implementation of the turbine of Fig. 1;

Fig. 12 illustrates a pressure distribution of Point A of Fig. 11 for an exemplary primary airfoil

for small blades;

Fig. 13 illustrates a pressure distribution of Point B of Fig. 11 for an exemplary primary airfoil

for a small blade airfoil family;

Fig. 14 is a cross-sectional view of a primary or outboard airfoil of a small blade (e.g., 0.5 to 5

meter blade length) airfoil family, such as may be used to define a blade of the turbine of Fig. 1;
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Fig. 15 is a cross-sectional view of a tip region airfoil of the exemplary small blade airfoil family;

and

Fig. 16 is a cross-sectional view of a root or inboard airfoil of the exemplary small blade airfoil

family.

DESCRIPTION

The following describes airfoils for use with small and large turbines, and the airfoils address the
desire for quiet or reduced noise turbine blades while also addressing the demand for thick blades
with high performance characteristics such as by providing less drag and less sensitivity to

roughness. The following description begins with a general description of wind turbines and

. turbine blades and then, proceeds to more specific descriptions of two exemplary airfoil families.

One of these families is particularly well-suited to small wind turbines with blades less than
about 5 meters in length while the other family of airfoils is better suited for large turbines such

as those over 20 meters in blade length and turbines with blade lengths up to about 50 meters.

An exemplary upwind horizontal axis wind turbine 20 (HAWT) having rotor blades 22 using the
airfoils described herein is illustrated in Figure 1. Each of the blades 22 of the wind turbine 20
has a leading edge 23 and is connected to a hub 24. The hub 24 is mounted on a rotatable
horizontal shaft 25 that defines a horizontal axis 26 of rotation. The wind turbine 20 and shaft 25
rotate about the horizontal axis 26 of rotation when the wind striking the blades 22 is sufficiently
strong. Each blade 22 includes, and is defined by, an infinite number of cross-sections or
airfoils, including the example airfoils 27, 28, 29 shown in Figure 2, with each airfoil being
perpendicular to the imaginary line L on the blade 22 that extends radially outward from the axis
26 through the tip 38 of the blade 22. The shape, contour, and length of the blades 22 determine,
in large part, the efficiency aﬁd power production capabilities of the wind turbine 20, and the

particularly advantageous parameters of the blades 22 described below form one portion of the
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concepts described herein. One feature of the airfoils is that the airfoils are designed to be thick

but also quiet as will also be discussed in more detail below.

The hub 24 of the wind turbine 20, as mentioned above, is typically mounted on a rotatable shaf;
25, which is itself connected either directly or through a power transmission mechanism (not
shown) to drive the electric generator (not shown) located in the nacelle 30. The rotation of the
blades 22, hub 24, and shaft 25 about the axis 26 causes the electric generator (riot shown)
located in the nacelle 30 to generate electric energy or power, which can be transmitted to a
utility or power grid (not shown) or to an electric energy storage facility or device (not shown).
The nacelle 30 is usually supported by a tower 31 so that the blades 22 extend into the wind and
clear the ground during .rotation. The general design of the hub 24, the nacelle 30, the tower 31,
and the electric generator positioned within the nacelle 30 are well known to persons having
ordinary skill in this art. Hence, no further discussion of these componénts of the wind turbine

system 20 is required for purposes of describing the airfoils.

Each blade 22 of the wind turbine 20 comprises three distinctive portions as illustrated in Figure
2: (i) the tip portion or region 32, which includes the portion of the blade 22 that is most distant
from the axis 26; (ii) the root portion or region 34, which includes the portion of the blade 22 that
is closest to the axis 26; and (iii) the outboard portion or mid-span region 36, which includes the
portions of the blade 22 between the tip region 32 and the root region 34. The root region 34 of
the blade 22 generally extends radially outward from the axis 26 to a point on the blade 22 that is
approximately fifty percent (50%) of the distance from the axis 26 to the tip 38 of the blade 22.
The outboard region 36 of a blade 22 generally extends radially outward from the root region 34
to a point on the blade 22 that is approximately eighty (80%) to ninety percent (90%) of the
distance from the axis 26 to the tip 38. Finally, the tip region 32 extends radially outward from
fhe outboard region 36 of blade 22 to the tip 38. For the previously given example airfoils 27,
28, 29, the airfoil 27 is located in the root region 34 of the blade 22, the airfoil 28 is located in

the outboard or midspan region 36 of the blade 22, and the airfoil 29 is located in the tip region
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32 of the blade 22. In the following discussion, the airfoils 27, 28, 29 may be considered an
airfoil family having three airfoils, e.g., a root airfoil, an outboard airfoil, and a tip airfoil.
Exemplary locations of each of the three airfoils are provided in terms of blade radial stations,
e.g., the distance from the inboard edge or end of the blade to the airfoil measured along the

longitudinal axis of the blade divided by the length of the blade.

Each of the airfoils 27, 28, 29 has a leading edge 33 and a trailing edge 35. Also, as mentioned
above, each airfoil has a maximum thickness that is expressed conventionally as a percent (%) of
the chord 48 length, which is the straight-line distance between the leading edge 33 and the
trailing edge 35. In other words, the maximum thickﬁess is understood to be the ratio of L to C
expressed as a percent, where C is the length of the chord 48 and L is the length of the longest
line 48" between the upper surface 43 and. the lower surface 44 that is perpendicular to the chord
48 For example, an airfoil that has a max1rnum thickness of 21% is one in which the length L of

the longest perpendicular line 48" is 21% of the length C of the chord 48.

As discussed above, the >shape, contour, and l_ength of the airfoils of a blade 22 are determining
factors in the efficiency and power production capabilities of the wind turbine 20. The shape of a
blade 22 is preferably, but not necessarily, defined by a minimum of three airfoils or an airfoil
family of the blade 22, one airfoil (for example, airfoil 27) located in the root region 34 of the
blade 22, one airfoil (for example, airfoil 28) located in the mid-span region 36 of the blade 22,
and one airfoil (for example, airfoil 29) located in the tip region 32 of the blade 22. The shapes
of the airfoils (not illustrated specifically) located between the root region 34 airfoil 27 and the
mid-span region 36 airfoil 28 form preferably smooth transitions between the defining airfoils
27, 28 and can be determined by interpolation between the shapes of the two defining airfoils 27,
28, as is well known to persons having ordinary skill in this art. Similarly, the shapes of the
airfoils (not illustrated specifically) located between the mid-span region 36 airfoil 28 and the

tip-region 32 airfoil 29 form preferably smooth transitions between the defining airfoils 28, 29

.and can be determined by an interpolation between the shapes of the two defining airfoils 28, 29.
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An important characteristic of any conventional wind turbine blade is its ability to create lift,
which imparts force components to the blades 22 that cause the blades 22 of a wind turbine to
rotate about the axis 26. Since a wind turbine blade includes and is defined by its multiple
airfoils, the concept of lift of a turbine blade can be discussed by reference to one of the blade's
airfoils, recognizing that lift at any particular airfoil in the blade depends on the particular
geometric characteristics of such airfoil and that the lift of the entire blade is an integration of the
lifts of all the airfoils in the blade. Referring to Figure 3, when a flowing stream of air A
encounters the leading edge 45 of an example airfoil 42 (which may be representative of one of
the airfoils 27, 28, or 29) of a turbine blade 22, part 37 of the air flow A passes above the airfoil
42 and flows along the upper surface or suction side 43 of the airfoil 42, while part 39 of the air
flow A passes below the airfoil 42 and flows along the lower surface or pressure side 44 of the
airfoil 42. The upper part 37 of air flow A and the lower part 39 of airflow A recombine at the
trailing edge 46 of the airfoil 42. The air 37 flowing along the upper surface 43 of the airfoil 42
will travel at a higher average velocity than the air 39 flowing along the lower surface 44 of the
airfoil 42 causing a lower pressure on the upper surface 43 of the airfoil 42 than the pressure on
the lower surface 44 of the airfoil 42 according to Bernoulli's Principle. The difference in

pressure against the upper surface 43 and the lower surface 44 of the airfoil 42 creates a lift force,

~ as indicated by the vector 47 in-the force vector diagram in Figure 3, which has both a torque

component 55 and a thrust component 57. The lift force components acting on blades 22 in a

wind turbine 20 cause the blades 22, the hub 24, and the shaft 25 to rotate about the axis 26.

The magnitude of an airfoil's lift is dependent on many factors, including the velocity of the air
flow A incident on the airfoil, the shape and contour of the airfoil, and the airfoil's angle of
attack. The angle of attack of an airfoil varies and is defined as the angle between the imaginary
straight line or chord line extending from the airfoil's leading edge to the airfoil's trailing edge
and a specific vector. The vector is the resultant vector created as a combination of the airfoil's

rotational speed vector, wind speed vector, and blade induced velocity vectors. For example, for

10
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the airfoil 42 shown in Figure 3, the angle of attack a is the angle between a straight-line

extension 48' of the chord line 48 and the resultant flow vector 49.

The resultant flow vector 49 is indicative of the speed and direction of the air flow A in the x-y
plane at the leading edge 45 of the airfoil 42 and is a result of the combination of: (i) the |
rotational speed vector wr, which is indicative of the rotational speed of the blade 22 that
contains the airfoil 42; (ii) the swirl vector, which is induced by the wake of the turbine 20 andAis
in the same direction as the rotational speed vector «r; (iii) the wind speed vector 50; and (iv) the
blade induced velocity vector 51 , which is in a direction opposite the wind speed vector 50 and is
also induced by the wake of the turbine 20 containing the airfoil 42. For any given blade 22, an
airfoil 29 in the tip region 32 of the blade 22 will have a higher rotational speed than an airfoil 27
in the root region 34 or in the outboard region 36 of the same blade 22. Likewise, an airfoil 28 in
the outboard region 36 of a blade 22 will have a higher rotational speed than an airfoil in the root

region 34 of the same blade 22.

In a stall regulated wind turbine, the angular speed of the wind turbine is held constant, despite

an increase or decrease in wind speed so that concomitantly, the rotational velocity of a particular

airfoil 35 also remains constant. As a result, the angle of attack o for airfoils 42 in a stall -

regulated wind turbine increases automatically as the wind speed and the resulting flow vector 49
increase in magnitudé. In a variable speed wind turbine, the angular velocity of the wind turbine .
increases proportionately as the wind speed increases so that the rotational speed of an airfoil 42
in the rotating blade 22 also increases in proportion to wind speed increases. Therefore, the
resulting flow vector 49 increases such that the angle of attack a for airfoils in the variable speed
wind turbine remains constant, despite changes in wind speed. The lift force vector 47 is
perpendicular to the resultant flow vector 49 and contains a torque component 55 and a thrust.
component 57. The torque component 55 is the most important of these components, since the
torque component 55 is the primary contributor to the generation of power by the wind turbine

20. A drag vector 59 may reduce the torque component 55 of the lift force vector 47 and create

11
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the net force vector 61. In addition, the drag vector 59 may add to the thrust component 57 of the

lift force vector 47, depending on the orientation of the airfoil 42.

The lift coefficient of an airfoil is a convention adopted to allow all of the factors of an airfoil's
shape to be summed up in a non-dimensional figure. A lift coefficient of .1.5 indicates more
lifting effect of an airfoil than a lift coefficient of 1.0. A lift coefficient of zero indicates no
lifting effect at all. The lift coefficient does not have any dimensions and is a dimensionless
number used for rotor performance prediction and comparison purposes. An airfoil's liﬂ

coefficient is proportional to the airfoil's angle of attack up to the point of stall of the airfoil.

As previously mentioned above, one unique feature of the airfoils 42 is that they are designed to
be quiet (i.e., have low noise) and to be largely insensitive to roughness effects, which is caused
when the blades 22 become soiled with accumulated insects, airborne pbllutants, and other
particles that impact and stick to the blade 22. Roughness on an airfoil reduces the maximum lift
coefficient of the airfoil and, as a result, the amount of electric power or energy 'produced by the
wind turbine system 20. More specifically, a general performance characteristic for each of the
airfoils 42 is that it gxhibits a maximum lift coefficient cl,max that is relatively insensitive to

roughness effects.:

The ability of the airfoils 42 to have a maximum lift coefficient that is largely insensitive to
roughness effects is accomplished through geometric tailoring of the airfoil shapes to force a
transition from laminar flow to turbulent flow on the upper surfaces of the airfoils 42 (i.e., on the
suction side of the airfoils) as the maximum lift coefficient is approached and, more speciﬁcally,
by ensuring that the transitions from laminar flow to turbulent flow on the upper surfaces of the
airfoils 42 occurs very near the leading edge 45 of the airfoil 42 (i.e., such that all or nearly all of
the blade experiences turbulent flow) just prior to the airfoil 42 reaching its maximum lift

coefficient, as will now be discussed in more detail.

12
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The flow of air around an airfoil is either laminar, turbulent, or separated. Whether laminar flow
of air or turbulent flow of air occurs at a given point on an airfoil depends on, among other
things, the airfoil's shape, the airfoil's angle of attack, the airfoil's surface roughness, the speed of
the air flow along the surfaces of the airfoil, and the density and viscosity of the air. In laminar
flow of air along surfaces of an airfoil, the air moves in a very smooth fashion, creating layers of
air sliding past the airfoil's surfaces. The lowest air laminas or layers close to the surface of the
airfoil are moving noticeably faster than the free stream. Each air lamina or layer slides smoothly
over the adjecent air lamina. The distinct sheets or laminas continue until an outermost lamina is
reached which is moving at almost the speed of the external flow. The laminar layers nearest the
airfoil's surfaces move fast in comparison to the laminar layers farthest away from the airfoil's
surfaces. The smooth movement of the laminar layers nearest the airfoil's surfaces reduces
friction effects on the airfoil's surfaces. In addition, there is little, if any, movement of air-across

or from one laminar layer to another.

In a turbulent flow of air along an airfoil, there is not a tidy system of sliding layers as is typical
in laminar flow. Rather, air particles move with a great amount of freedom, up, down, forward
as well as in the general direction of the air flow from the leading edge 45 of the airfoil 42 to the
trailing edge 46 of the airfoil 42. A turbulent flow of air along an airfoil can undesirably increase
the friction effects on the airfoil's surfaces, thereby reducing the lift coefficient for the airfoil and
increasing the airfoil's drag. For many conventional airfoils, the flow of air along the airfoil's
upper surface is laminar near the leading edge of the airfoil and turbulent near the trailing edge of
the airfoil. Referring to Figure 4, the air flow A for the example airfoil 42 is laminar along the
upper surface 43 near the leading edge 45 and turbulent along the upper surface 43 neﬁr the
trailing edge 46. The transition from laminar flow to turbulent flow occurs through a Aseparation
bubble 52, which lies along the upper surface 43 of the airfoil 42 with the turbulerit flow 53
extending from the transition bubble 52 to the trailing edge 46 of the airfoil 42. The transition
bubble 52 is an area of circulating, air (as indicated by the arrow C) on the upper surface 43 of

the airfoil 42. A similar flow pattern is found on the airfoil’s lower surface or pressure surface.
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Most conventional airfoils operate with the position of the transition bubble on the upper surfaée
of the airfoil well aft of the leading edge of the airfoil at all angles of attack. Therefore, the air
flow 37 along the upper surface 43 of the airfoil between the leading edge 45 of the airfoil and
the transition bubble 52 is intended to be primarily laminar. Roughness on the upper surface 43
of the airfoil will result in the transition from laminar to turbulent flow to move closer to the
leading edge 45, thereby reducing the lift coefficient of the airfoil. The airfoils may also contain
a separation bubble located on the lower surface of the airfoil such as, for example, the
separationv bubble 52' located on the lower surface 44 of the airfoil 42 which creates turbulent
flow 53' on the lower surface 44 of the airfoil 42. Separation bubbles on the lower surface of an
airfoil are not generally significant with regard to the airfoil's roughness sensitivity, since usually
about two-thirds of an airfoil's lift comes from the suction side or upper surface side of the

airfoil.

As previously discussed, the lift coefficient for an airfoil increases as its angle of attack
increases. Therefore, for most conventional airfoils, as the airfoil's angle of attack increases, the
airfoil's lift coefficient increases and approaches the airfoil's maximum lift coefficient. Since
roughness on the airfoil's upper surface will cause turbulent air flow along the upper surface of
the airfoil, an airfoil that normally has laminar flow in this upper surface region may suffer from
turbulent air flow in this upper surface region created by the surface roughness. The turbulent air
flow will decrease the airfoil's lift coefficient, thereby making the maximum lift coefficient of the

airfoil sensitive to roughness on the airfoil's upper surface.

The airfoils are designed so that the transitioh bubble 52 located on the upper surface 43 of the
airfoil moves toward the leading edge of the airfoil just prior to the airfoil obtaining its maximum
lift coefficient as the airfoil's angle of attack increases, thereby minimizing the effects of
roughness on the maximum lift coefficient of the airfoil. The movement and change in size of

the transition bubble 52 along the top surface of the airfoil toward the leading edge of the airfoil
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is a result of changes in pressure distributed along the top surface of the airfoil. In the example
airfoil 42 illustrated in Figure 4, the transition bubble 52 positioned on the upper surface 43 will
move rapidly toward the leading edge 45 of the airfoil 42 as the airfoil's 42 maximum lift
coefficient is approached. Therefore, there is no laminar flow of air along the top surface 43 of
the airfoil 42 just prior to the airfoil 42 reaching its maximum lift coefficient. As a result, a
maximum lift coefficient for the airfoil 42 is obtained that is relatively insensitive to roughness
effects when compared to conventional airfoils. Since the flow of air along the upper surface 43
of the airfoil 42 at high angles of attack is already turbulent dﬁe to the shifting of the position of
the transition bubble 50 on the upper surface 43 of the airfoil 42, roughness on the upper surface
43 of the airfoil 42 cannot increase the turbulence of the airflow along the upper surface 43 of the
airfoil 42 significantly. The separation bubble 52' located on the lower surface 44 of the airfoil
42 may move slightly aft toward the trailing edge 46 of the airfoil 42, as previously discussed
above, but the movement of the separation bubble 52' does not significantly effect fhe roughness
sensitivity of the airfoil 42. Note, the blades 22 can be made of fiberglass, wood, a suitable
composite material or any other material that can withstand the forces and environmental

conditions encountered.

Building on this general understanding of wind turbines, blades, and airfoil families, a detailed
discussion is provided for the selection and configuration of a representative family of airfoils for
large wind turbines, i.e., blade lengths between about 20 and 50 meters, and of a representative
family of airfoils for small wind turbines, i.c., blade lengths between about 0.5 and 5 meters. The
airfoil families both include three airfoils which are positioned along the length of the blade at
blade radial stations but in some cases, may be thought of as root, outboard, and tip region
airfoils useful for defining a wind turbine blade (with interpolation between the airfoils and
extension inboard and outboard from the root and tip airfoil, respectively, defining the other
portions of the blade). As will become clear, the airfoil families were selected to control or even
minimize the thickness of the boundary layer on the suction side of the large and small blades,

which significantly reduces noise generated by the blades during operation. Further, the airfoils
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were selected utilizing high Reynolds numbers and with high maximum lift coefficients. Yet
further, the airfoils are selected such that blades constructed using the airfoils are less sensitive to
roughness because the airfoils provide a transition from laminar flow to turbulent flow over all or

nearly all of the blade’s suction surfaces at or just before the maximum lift coefficient.
Airfoil Family Example for Large Wind Turbine Blades

A family of quiet, thick, natural-iaminar-ﬂow airfoils, labeled the S830, S831, and S832 in some
of the following figures and tables, was designed by the inventors for blades about 20 to 50
meters in length. The airfoils are particularly well-suited for use with variable speed/variable
pitch, horizontal-axis wind turbines. Exemplary objectives achieved in designing the airfoil
family include high maximum lift, relative insensitivity to roughness, and low profile drag. The
airfoils also exhibit docile stalls and provide desirable characteristics with regards to pitchihg

moment and airfoil thicknesses (e.g., stiffness).

The aerodynamic noise produced by wind-turbine blades is generated primarily by the outboard
portion of the blades, where the flow velocity is highest. This is due to the local flow velocity.
being proportional to the radius and the noise increasing by the fifth power of the flow velocity.
The inventors also understood that the lift (i.e., lift coefficient times blade chord) produced by
the outboard portion of the blade could be constrained to alleviate the noise. Accordingly, a
decreasing, as opposed to increasing outboard, maximum lift coefficient is specified for the outer
quarter of the blade in the airfoil families. In addition, the airfoils are configured such that
thickness decreases rapidly toward the blade tip to reduce drag and the noise due to thickness.

Specifications for the airfoils are shown in Table I.
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TABLE I- LARGE BLADE AIRFOIL DESIGN SPECIFICATIONS

Blade radial station (plus/minus 10% or 0.10) 0.75 0.90 1.00
Parameter Objective/Constraint

Reynolds number, R 40x106 (3.5x106 {2.5x106
Maximum lift coefficient, cl,max 1.60 1.50 1.40
Lower limit of low drag, lift coefficient range, cl,11  [0.80 0.70 0.60
Upper limit of low drag, lift coefficient range, cl,ul |1.40 1.30 1.20
Zero-lift pitching-moment coefficient, cm,0 >-0.15

Airfoil thickness, t/c 21% 18% 15%

The family includes three airfoils, e.g., a primary, an intermediate, and a tip airfoil,
corresponding to the 0.75, 0.90, and 1.00 blade radial stations, respectively, which may vary by at
least about plus or minus 10 percent (e.g., the primary airfoil may be positioned at a station
ranging from 0.65 to 0.85, the intermediate airfoil may be positioned at a station ranging from
0.80 to 1.00 or nearly 1.00, and the tip airfoil may be positioned at a station ranging from 0.9 to
1.00). An additional airfoil may be used for a root airfoil, i.e., an airfoil with a radial blade

station less than about 0.50, or the primary airfoil may be extended inward from the 0.75 blade

radial station. If a root airfoil is added to the family, it should be selected to have a suitable

thickness, maximum lift coefﬁciem, and Reynolds number for a large blade and for use with the

other airfoils specified for this large blade family.

Two significant objectives are evident from the specifications in Table I. The first objective is to
achieve high maximum lift coefficients. Related to this objective is the desire that the maximum
lift coefficients not decrease significantly with transition fixed near the leading edge on both
surfaces. In addition, the aiffoils preferably exhibit docile stall characteristics. The second
objective is to obtain low profile drag coefficients over the specified ranges of lift coefficients.
Additionally, the inventors imposed two major constraints on the design of these airfoils. First,

the zero-lift pitching-moment coefficient was selected to be no more negative than -0.15.
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Second, the airfoil thicknesses were set to equal those specified in Table I. As can be seen from

the specifications, the Reynolds numbers and airfoil thicknesses are higher for large blades.

Figure 5 illustrates a lift/drag polar that meets the design objectives for the primary airfoil. The
polars for the intermediate and tip airfoils should be qualitatively similar. The desired airfoil
shape can be traced to the pressure distributions that occur at the various points in Figure 5.
Point A is the lower limit of the low-drag, lift-coefficient range. The lift coefficient at point A is
lower than the objective specified in Table I. The difference is intended as a margin against such
contingencies as manufacturing tolerances (e.g., variance is éxpected by the inventors from
specific airfoil coordinates provided in this application such as 0 to 60 thousandths of an inch for
larger blades and 0 to 40 thousandths of an inch for small blades with less variance over the
outboard half of the blade such as near the tip), operational deviations, three-dimensional effects,
and inaccuracies in the theoretical method. A similar margin is also desirable at the upper limit
of the low-drag range, point B, although this margin is constrained by the proximity of the upper
limit to the maximum lift coefficient. The profile drag coefficient at point B is not as low as at
point A, unlike the polars of many laminar-flow airfoils where the drag coefficient within the
laminar bucket is nearly constant. This characteristic is related to the mitigation of drag-
producing and noise-producing laminar separation bubbles on the upper surface. The small
increase in profile drag coefficient with increasing lift coefficient is relatively inconsequential
because the ratio of the profile drag to the total drag of the wind-turbine blade decreases with

increasing lift coefficient.

The profile drag coefficient increases very rapidly outside the low-drag .range because boundary
layer transition moves quickly toward the leading edge with increasing (or decreasing) lift

coefficient. This feature results in a leading edge that produces a suction peak at higher lift

~ coefficients, which ensures that transition on the upper surface will occur very near the leading

edge. Thus, the maximum lift coefficient, point C, occurs with turbulent flow along the entire or

nearly the entire upper surface and, therefore, should be relatively insensitive to roughness at the
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leading edge. Because the large thickness of the primary airfoil allows a wider low-drag range to

be achieved than specified, the lower limit of the low drag range should be below point A.

From the preceding discussion, the pressure distributions along the polar can be deduced. The
predicted pressure distribution at point A for the primary airfoil are shown in Figure 6. Again,
the pressure distributions for the other airfoils should be qualitatively similar. To achieve low
drag, a favorable pressure gradient is desirable along the upper surface to about 35-percent chord.
Aft of this point, a short region having a shallow, adverse pressure gradient ("transition ramp")
promotes the efficient transition from laminar to turbulent flow. The transition ramp is followed
by a nearly linear pressure recovery. The pressure recovery begins farther forward than dictated
by transition-free minimum-drag requirements to decrease the boundary-layer thickness and
increase the skin-friction coefficient at the trailing edge with transition fixed, which reduces the
noise due to the interaction between the turbulent boundary layer and the trailing edge, which is
the primary airfoil dependent noise source for large wind turbines. Thus, the specific pressure
recovery employed represents a compromise made by the inventors between maximum lift, drag,
pitching moment, stall characteristics, and noise. The steep, adverse pressure gradient aft of
about 90-percent chord is a "separation ramp," which confines turbulent separation to a small
region near the trailing edge. By constraining the movement of the separation point at high
angles of attack, high lift coefficients can be achieved with little drag penalty. This feature has

the added benefit of initiating docile stall characteristics.

A favorable pressure gradient is desirable along the lower surface to about 40-percent chord to
achieve low drag. The specific pressure gradients employed along the forward portion of the
lower surface increase the loading in the leading-edge region while maintaining low drag at the
lower lift coefficients. The forward loading serves to balance, with respect to the pitching-
moment constraint, the aft loading, both of which contribute to the achievement of a high
maximum lift coefficient and low profile-drag coefficients. This region is followed by a curved

transition ramp and then, a concave pressure recovery, which exhibits lower drag and has less
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tendency to separate than the corresponding linear or convex pressure recovery. The pressure
recovery preferably begins relatively far forward to alleviate separation at lower lift coefficients,
especially with transition fixed near the leading edge. The amounts of pressure recovery on the
upper and lower surfaces are determined by the airfoil-thickness and pitching-moment

constraints.

Figure 7 illustrates the predicted pressure distribution at point B of Figure 5. No suction spike
exists at the leading edge. Instead, a rounded peak occurs just aft of the leading edge. Transition
is essentially imminent over the entire forward portion of the upper surface. This feature allows
a wider low-drag range to be achieved and higher lift coefficients to be reached without
significant separation. It also causes transition to move very quickly toward the leading edge
with increasing lift coefficient, which leads to the roughness insensitivity of the maximum lift
coefficient. Mitigation of laminar separation bubbles, especially on the upper surface, was
increasingly emphasized with increasing blade radial station, because of the increasing flow

velocity and decreasing Reynolds number, to eliminate this possible noise source.

The primary airfoil, which corresponds to the 0.75 blade radial station, is designated the “S830.”
The intermediate and tip airfoils, the “S831” and the “S832,” which correspond to the 0.90 and
1.00 blade radial stations, respectively, were derived from the S830 airfoil to increase the
aerodynamié and geometric compatibilities of the three airfoils. The airfoil shapes are shown in
figures 8, 9, and 10 and the coordinates are contained in tables II, III, and IV. The S830 airfoil
thickness is 21-percent chord; the S831 airfoil thickness is 18-perceﬁt chord; and the S832 airfoil
thickness is 15-percent chord. Generally, the section characteristics are predicted for Reynolds
numbers of 1x106 to 9x106. Analysis computations were. performéd with transition free using
transition mode 3, with transition fixed at 2-percent chord on the upper surface and 5;percent
chord on the lower surface using transition mode 1, and "rough" uéing transition mode 9, which

simulates distributed roughness due to, for example, leading-edge contamination by water drops
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or insects. Because the free-stream Mach number for all relevant wind-turbine operating

conditions remains below 0.3, all results are incompressible.
The S830 Airfoil

Referring to Figure 8, airfoil 154 (i.e., the S830 airfoil) is shown as it was designed in accordance
with this description. The airfoil 154 may be considered a representative example of airfoil 27 in
the root region 34 of a blade 22, as was illustrated in FIG. 2, but more typically, the airfoil 154 is
located preferably on a blade 22 at blade radial station 0.75 (or in the blade radial station range of ‘
0.65 to 0.85), i.e.,ata distance away from the axis of rotation 26 that is approximately seventy-
five percent (75%) of the length of the blade 22. The airfoil 154 has specific geometric tailoring
to achieve a maximum lift coefficient of 1.6 for a design Reynolds number of about 4,000,000.
The example airfoil 154 includes the upper surface 155 and the lower surface 156 extending
between the leading edge 158 and the trailing edge 160. The chord line 162 is formed between
the leading edge 158 and the trailing edge 160. The airfoil 154 is designed to be the inner most
or inboard airfoil of the large blade airfoil family. The airfoil 54 also has a maximum thickness

of approximately twenty-one percent (21%) of the length of the chord 162.

The specific example shape or contour of the airfoil 154 according to this description is given in
Table II below in the form of dimensionless coordinates x/c and y/c, so that they define the airfoil
shape and contour, regardless of whatevef the overall size or chord length c of the airfoil may be.
The dimensionless x/c values are ratios of respective distances x between the leading edge 158
and respective reference points on the chord line 162 to the length c¢ of the chord 162. The
dimensionles§ y/c values are ratios of respective heights y from the chord line 162 to respective
points either on the upper surface 155 or the lower surface 156 of the airfoil 154. In one part of
Table 11, corresponding y/c coordinate values are given for respective x/c coordinate values to
define the shape and contours of the upper surface 155 in relation to the chord line 162.

Likewise, in another part of Table I1, corresponding y/c coordinate values are given for respective
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x/c coordinate values to define the shape and contours of the lower surface 156 in relation to the
chord line 62. Therefore, for any particular desired chord length ¢ that may be chosen for an
airfoil 154 with this shape and contour, the respective x and y coordinates for the upper surface
155 and for the lower surface 156 can be determined from the values in Table II to produce the
airfoil 154 with this shape and contour, as will be understood by persons skilled in the art. Note
that due to the high curvature or camber of the airfoil 154, the chord line 162 falls partially
outside the airfoil 154. Therefore, some of the y/c coordinates for the lower surface in Table II
are negative for the portion of the lower surface 156 of the airfoil 154 that is below the chord line
162, while others of the y/c coordinates for the lower surface in Table II are positive for the

portion of the lower surface 156 of the airfoil 154 that is above the chord line 162.
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TABLE II - S830 AIRFOIL COORDINATES

. Upper Surface Lower Surface
x/c y/c x/c ylc

(:00006 000112

00321 01040

01104 2127 0.00004 0.00084
0343 03307 00041 -00254
04015 04540 ‘ 00138 -00406
06101 054 : 00288 - -00560
08576 074l o318 -01192
11413 08253 - 02942 -01794
14580 . %406 05165 -02385
18042 10474 07932 -03013
21762 . 1144 11146 -03674
2599 1262 147% -04351
29810 19% | 18687 05030
34048 13417 287 -05701 -
38383 13653 : 27253 -06393
4854 B3R 31589 -07002
41434 1339 35873 -07334
S2084 1962 40193 -0T288
6764 134 44621 -06859
61431 11592 416 -06086 -
66042 10703 5971 -049%4
10550 0975 , 59018 -03645
0% 08657 64307 0282
79053 07559 69724 -01029
3243 06449 ‘ WAIRYS 00013
36518 05352 : R 14141 00775
979 04283 35314 onR
92504 [1922) 89755 01296
%4908 021719 93491 01083
96343 01245 96391 o721
9854 00533 %97} 00357
99621 00120 %611 00096
100000 00000 100000 00000
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Regarding pressure distributions for the S830 airfoil, the transition location was defined, for
analylsis purposes, as the end of the laminar boundary layer whether due to natural transition or
laminar separation. Transition is normally confirmed in experiments, however, by the detection
of an attached turbulent boundary layer. Thus, for conditions that result in relatively long
laminar separation bubbles (low lift coefficients for the upper surface, high lift coefficients for
the lower surface, and low Reynolds numbers), the apparent agreement between the theoretical
and experimental transition locations was poor. However, the difference between the predicted
and measured transition locations represent's the length of the laminar separation bubble (from
laminar separation to turbulent reattachment). Accordingly, for conditions that result in shorter
laminar separation bubbles (high lift coefficients for the upper surface, low lift coefficients for
the l)v;/er surface, and high Reynolds numbers), the apparent agfeement between theory and
experiment improves.

The Inventors determined variation of turbulent -boundary-layer separation location with lift
coefficient for the S830 airfoil, and determined that a small, trailing-edge separation is predicted
on the upper surface at all lift coefficients. This separation, which is caused by the separation
ramp, generally increases in length with transition fixed and rough. Separation is predicted on
the lower surface at lift coefficients below the operating range for the intended application but
such |separation usually has little effect on the section characteristics. Regarding section
characteristics and Reynolds number effects, an empirical criterion was applied to computed
results, and this criterion assumed that the maximum lift coefficient is reached if the drag
coefficient of the upper surface is greater than 0.01920, which is based on correlations with
results for Reynolds numbers from 1x106 to 9x106. Thus, the maximum lift coefficient for the
design Reynolds number of 4.0 x 106 is estimated to be 1.60, which meets the design objective.
Based on the variation of the upper surface separation location with lift coefficient, the stall
characteristics are expected to be docile for the S830 airfoil. Low profile-drag coefficients are

predicted over the range of lift coefficients from 0.27 to 1.33. Thus, the lower limit of the low-

drag, lift-coefficient range is below the design objective of cl,1l = 0.80, although the upper limit

of theI low-drag range is also below the design objective of cl,ul = 1.40, primarily to meet other,
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more
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important goals. The zero-lift pitching-moment coefficient is predicted to be -0.18, which
ds the design constraint of cm,0> -0.15. Because of boundary layer displacement effects
ccounted for in the present analysis, the pitching-moment coefficient is generally over

cted by about 20 percent. Therefore, the actual zero-lift pitching-moment coefficient should

be about -0.15, which satisfies the design constraint.

Regarding the effect of roughness on the section characteristics of the S830 airfoil, the maximum

lift ¢

oefficient for the design Reynolds number of 4.0x106 is unaffected by fixing transition

because transition on the upper surface is predicted to occur forward of 2-percent chord at the

maxi

mum lift coefficient. For the rough condition, the maximum lift coefficient for the design

Reynplds number is estimated to be 1.57, a reduction of 2 percent from that with transition free.

Thus :

this design goal has been satisfied, and the effect of roughness on the maximum lift

coefficient decreases with increasing Reynolds number. Of course, the drag coefficients are

adversely affected by the roughness.

The S831 Airfoil

Referring to Figure 9, an example airfoil 172 (i.e., the S831 airfoil) is shown as designed in

accordance with this description. The airfoil 172 may be useful for exemplary airfoil 28 for an

outbaard region 36 or at least as an intermediary airfoil in an airfoil family defining a blade (such

as a
prefe
0.80

large blade) 22 of Figure 2. More specifically, the airfoil 172 illustrated in Figure 9 is
rably located on a blade 22 at blade radial station 0.90 (or in a blade radial station range of

to 1.0), i.e., at a distance away from the axis of rotation 26 that is approximately ninety

percent (90%) of the length of the blade 22. The airfoil 172 has specific geometric tailoring to

achieve a maximum lift coefficient at about 1.5 for a Reynolds number in a range between
3,500,000 or larger.
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The airfoil 172 includes the upper surface 174 and the lower surface 176 with the leading edge
178 and the trailing edge 180. The chord line 182 is formed between the leading edge 178 and
the trailing edge 180. The airfoil 172 also has a maximum thickness of approximately eighteen

percent (18%) of the length of the chord 182.

The specific shape or contour of the airfoil 172 is given in Table III in the form of dimensionless
coordinates in the same manner as explained above for the S830 airfoil. Briefly, though, the x/c
values represent locations on the chord line 182 in relation to the.leading edge 178. The y/c

values represent heights from the chord line 182 to points either on the upper surface 174 or the

lower surface 176 of the airfoil 172. The x/c and y/c values are given for both the upper surface

174 and the lower surface 176 of the airfoil 172 in Table III in a similar manner as explained
abovslz for Table II.
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TABLE IIl - S831 AIRFOIL COORDINATES

Upper Surface Lower Surface
de ye x/c ylc
000004 000088 0.00004 000080
0036 o077 00017 -00155
Q049 01168 110073 SR 177,
1307 ol ~ 00080 -00281
00606 03319 0134 -00340
w333 [\ ey 00280 -00458
048 05655 00966 -00795
00031 06828 (1749, -01170
sl om7s 4525 -01480
1212 0077 07229 -017%6
18776 10113 | 10441 02131
D608 11064 14105 -0479
6663 11912 18146 00831
30899 12638 2509 03171
kv 1326 b7, -03485
9728 13659 3199 03752
“m 13017 36859 -03951
48707 9% 41855 04054
5137 137%9 46850 -04013
5150 1349 51847 -03767
61871 12640 56361 -03326
66185 1707 61838 02718
0 10608 : 66924 -01993
74609 0934 | TI9% -01226
78632 0116 76865 00492
2460 06318 81639 00118
[635 05544 8130 00530
8% o327 90193 00707
9180 03167 93666 00663
94659 008 96429 00489
96834 01157 9416 00263
98514 o8l 99606 o077
99614 00105 | 100000 00000
100000 00000
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Regarding pressure distributions for the S831 airfoil, the variations of transition and separation

locat

ons with lift coefficient for the S831 airfoil were determined and a small, trailing-edge

separation is predicted on the upper surface- at all lift coefficients. This separation, which is

caused by the separation ramp, generally increases in length with transition fixed and rough.

Regarding section characteristics and Reynolds number effects, using the previously described

criterion, the maximum lift coefficient for the design Reynolds number of 3.5x106 was estimated

to be| 1.50, which meets the design objective. The stall characteristics are expected to be docile,

which meets the design goal. Low drag coefficients are predicted over the range of lift

coefficients from 0.50 to 1.23. Thus, the lower limit of the low-drag range is below the design

objective of cl,11=0.70, although the upper limit is also below the design objective of cl,11=1.30,

primarily to meet other important goals. The zero-lift pitching-moment coefficient is predicted

to bel -0.17, which exceeds the design constraint of cm,0 > -0.15, although the actual zero-lift

pitching-moment coefficient should be about -0.14, which satisfies the constraint. Regarding the

effect of roﬁghness on the section characteristics for the S831 airfoil, the maximum lift

coefficient for the design Reynolds number of 3.5x106 is unaffected by fixing transition because

trans

lift ¢

ition on the upper surface is predicted to occur forward of 2-percent chord at the maximum

vefficient. For the rough condition, the maximum lift coefficient for the design Reynolds

number is estimated to be 1.48, a reduction of 1 percent from that with transition free. Thus, the

design requirement has been satisfied. The effect, of roughness on the maximum lift coefficient

generally decreases with increasing Reynolds number. Again, the drag coefficients are, of

course, adversely affected by the roughness.

The 8832 Airfoil

Referring to Figure 10, an example airfoil 192 (i.e., the S832 airfoil) is shown as designed in

accordance with this description. The airfoil 192 may be useful for exemplary airfoil 29 for a tip

region 32. More specifically, the airfoil 192 illustrated in Figure 10 is located preferably on a

blade|22 at a blade radial station of 1.00 (or between about 0.9 and 1.00, i.e., at a distance away
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from|the axis of rotation 26 that is approximately 100 percent (100%) of the length of the blade

22

The airfoil 192 has specific geometric tailoring to achieve a maximum lift coefficient of

approximately 1.4 for a Reynolds number of approximately 2,500,000. The airfoil 192 includes

the upper surface 194 and the lower surface 196 with the leading edge 198 and the trailing edge

200.

The chord line 202 is formed between the leading edge 198 and the trailing edge 200. The

airfoil 192 is designed for the tip region 32 of blades for large blades (such as those greater the

20 mieters in length and often greater than 40 meters in length). The airfoil 192 also has a

maximum thickness of approximately fifteen percent (15%) for the length of the chord 202.

The s'peciﬁc shape or contour of the airfoil 192 is given in Table IV in the form of dimensionless

coordinates in the same manner as explained above for the S830 airfoil. Briefly, though, the x/c

values represent locations on the length of chord line 202 in relation to the leading edge 198.

The y/c values represent heights from the chord line 202 to points either on the upper surface 194

or th

¢ lower surface 196 of the airfoil 1‘92. The x/c and y/c values are given for both the upper

surface 194 and the lower surface 196 of the airfoil 192 in Table IV in a similar manner as

explaiined above for Table II.
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TABLE ]V - 5832 AIRFOIL COORDINATES

Upper Surface Lower Surface
x/c y/c x/c y/c
0.00000 000028 000010 0.00126
o001t 00150 00026 -00194
00328 00973 00053 -00252
01071 01942 000%4 -00303
24 03000 00150 -00353
0830 M102 00188 -00380
05831 05217 00298 -00448
08228 06320 01074 -00728
11007 0B - wsn -00958
14137 08415 (190" -01088
17583 09376 07510 -01192
21310 1025 10825 -01295
25274 11037 14628 -01404
29436 11701 18846 0152
33147 12233 48 -01649
3}]6] 12614 287 -01779
469 C1284 33371 -01907
47106 12830 62 -02025
SI577 1259 43959 -0212
6040 1219 49317 -(2188
69480 11436 634 -02208
H882 10544 59843 -02158
ory 00486 6911 00005
T34% 08312 82 -01745
Tj642 07079 74555 -013%4
31614 05839 795090 -00991
85352 04638 8334 -00585
878 03517 SRR -00234
9'1858 02488 90980 00013
94539 01576 94089 00144
%6785 00839 %613 00169
98514 00333 98476 00118
9%19 00069 99616 00041

100000 00000 100000 00000
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Regarding transition and separation locations for the S832 airfoil, the variations of transition and
separation locations with lift coefficient were determined, and a small, trailing-edge separation is
predicted on the upper surface at almost all lift coefficients. This separation, which is caused by
the separation ramp, generally increases in length with transitiofl fixed and rough. The section
characteristics of the S832 airfoil were tabulated and using the previously described criterion, the
maximum lift coefficient for the design Reynolds number of 2.5x106 is estimated to be 1.40,
which meets the design objective. The stall characteristics are expected to be docile, which
meets the design goal. Low drag coefficients are predicted over the range of lift coefficients
from{0.52 to 1.12. Thus, the lower limit of the low-drag range is below the design objective of
cL1l = 0.60, although the upper limit is also beiow the design objective of cl,ul = 1.20, primarily
to meet other, more important goals. The zero-lift pitching-moment coefficient is predicted to be
-0.12] which satisfies the design constraint. The actual zero-lift pitching-moment coefficient
should be about -0.10. Regarding the effect of roughness on the section characteristics of the
S832 airfoil, the maximum lift coefficient for thé design Reynolds number of 2.5 x 106 is
unaffected by fixing transition because transition on the upper surface is predicted to occur
forward of 2-percent chord at the maximum lift coefficient. The maximum lift coefficient for the
design Reynolds number is also unaffected by the rough condition. Thus, the design requirement
has been satisfied. The effect of roughness on the maximum lift coefficient generally decreases

with increasing Reynolds number and the drag coefficients are, of course, adversely affected by

the rqughness.

As cdan be seen from the above discussion, a family of quiet, thick, natural-laminar-flow airfoils,
i.e., the S830, S831, and S832 airfoils, is provided for 40 to 50 meter-diameter (and other large

blade| turbines such as those with 20 to 50 meter blades), variable-speed/variable-pitch,

horizontal-axis wind turbines. The airfoil family has been analyzed theoretically by the
inventors, and it was determined that two primary objectives of high maximum lift coefficients,

relatil/ely insensitive to leading-edge roughness, and low pfoﬁle-drag coefficients are achieved
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with [the airfoils defined above and particularly by the coordinates of Tables II, IlI, and IV
(which, as explained above, may . vary due to manufacturing tolerances and manufacturing
limitations, e.g., variances of up to 60 thousandths of an inch may be expected (especially in the
root region) and these variances are considered to be part of the defining coordinates and the
concepts described herein are believed to be broad enough to cover deviations of these
magnitudes from the airfoil coordinates provided in this description). The airfoils in this large
blade family should exhibit docile stall characteristics during operation. Additionally, the

constraints on the zero-lift pitching-moment coefficient and the airfoil thicknesses are believed

satisfied.
Airfoil Family Example for Small (0.5 to 5'meter) Wind Turbine Blades

A family of quiet, thick, natmal-lamiﬁm—ﬂow airfoils, labeled the S833, S834, and S835 in some
of the following figures and tables, was designed by the inventors for blades about 0.5 to 5
meters in length. The airfoils are particularly well-suited for use with variable speed/variable
pitch, constant speed/stall regulated, horizontal-axis wind turbines. Exemplary objectives
achieved in designing the airfoil family include high maximum lift, relative insensitivity to
roughness, and lox'v profile drag. The airfoils also exhibit docile stalls and provide desirable

characteristics with regards to pitching moment and airfoil thicknesses (e.g., stiffness).

As discussed with reference to the airfoil family for large blades, the aerodynamic noise
produced by wind-turbine blades is generated primarily by the outboard portion of the blades,
where the flow velocity is highest. Research suggests that the lift (i.e., lift coefficient times blade
chord) produced by the outboard portion of the blade should be constrained to alleviate the noise.
Accordingly, a decreasing, as opposed to increasing outboard, maximum lift coefficient ié
speciiﬁed for this family of airfoils. In addition, the airfoil thickness is selected to decrease
towadd the blade tip to reduce the noise due to thickness. The small blade airfoil family
specifications are contained in Table V. The family consists of three airfoils, primary, tip, and

root, lcorresponding to the 0.75, 0.95, and 0.40 blade radial stations, respectively (again, plus or
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minus 10 percent or 0.1 to provide station ranges of 0.65 to 0.85, 0.85 to 1.00, and 0.30 to 0.50

for the three airfoils).

TABLE V - SMALL BLADE AIRFOIL FAMILY DESIGN SPECIFICATIONS

Blade radial station (plus/minus 0.1 or 10 percent) |0.75 0.95 0.40

Parameter Objective/Constraint

Reynolds number, R 0.40x106 |0.40x106 [0.25x 106
Maximum lift coefficient, cl,max 1.10 1.00 1.20

Lower limit of low-drag, lift-coefficient range, cl,ll |0.30 0.20 0.40

Upper limit of low-drag, lift-coefficient range, clul |0.90 0.80 1.00

Zeroslift pitching-moment coefficient, cm,0 >-0.15

Airfoil thickness, t/c 18% 15% 21%

Two |objectives are evident from these specifications. The first objective is to achieve high

maximum lift coefficients. A requirement related to this objective is that the maximum lift

coeff]
surfac

is to

cients not decrease significantly with transition fixed near the leading edge on both
es. In addition, the airfoils should exhibit docile stall characteristics. The second objective

obtain low profile-drag coefficients over the specified ranges of lift coefficients.

Additionally, the inventors placed two constraints on the design of these airfoils. First, the zero-

lift p
airfoi

skille

tching-moment coefficient was selected to be no more negative than -0.15. Second, the

| thicknesses were set or established as shown in Table V. As will be understood by those

desig

Figur

d in the art, the Reynolds numbers are lower than typically utilized in small blade airfoil
ns.
e 11 illustrates a drag polar that meets the goals for the primary or outboard airfoil. The

polars for the tip and root airfoils should be qualitatively similar. The desired airfoil shape can

be tralced to the pressure distributions that occur at the various points in Figure 11. Point A is the
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lowel limit of the low-drag, lift-coefficient range. The lift coefficient at point A is lower than the
objectivé specified in Table V. The difference is intended as a margin against such contingencies
as maﬂufacturing tolerances (which may be less than those experienced with larger blades such
as 40 thousandths of an inch or less but, again, are considered included in the coordinate
specifications of Tables VI, VII, and VIII), operational deviations, three-dimensional effects, and
inaccuracies in the theoretical method. A similar margin is also desirable at the upper limit of the
low-drag range, point B, although this margin is constrained by the proximity of thevubper limit -

to the maximum lift coefficient.

The ;i)roﬁle-drag coefficient at point B is not as low as at point A, unlike the polars of many
laminar-flow airfoils where the drag coefficient within the laminar bucket is nearly constant This
characteristic is related to the mitigation of drag- and noise-producing laminar separation bubbles
on the upper surface. The small increase in profile-drag coefficient with increasing lift
coefficient is relatively inconsequential because the ratio of the profile drag to the total drag éf
the wind-turbine blade decreases with increasing lift coefficient. The profile-drag coefficient
increases very rapidly outside the low-drag range because boundary-layer transition moves
quickly toward the leading edge with increasing (or decreasing) lift coefficient. This feature
results in a leading edge that produces a suction peak at higher lift coefficients, which ensures
that transition on the upper surface will occur very near the leading edge. Thus, the maximum
lift coefficient, point C, occurs with turbulent flow along the entire upper surface and, therefore,
should be relatively insensitive to roughness at the leading edge. Note that, because the large
thickness of the primary airfoil allows a wider low-drég range to be achieved than specified, the

lower limit of the low-drag range should be below point A.

From| the preceding discussion, the pressure distributions aldng the polar can be deduced. The
pressure distribution at point A for the primary airfoil is predicted by the inventors to be as
shown in Figure 12. The pressure distributions for the tip and root airfoils should be

qualitatively similar. To achieve low drag, a favorable pressure gradient is desirable along the
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upper

press

flow.

surface to about 50-percent chord. Aft of this point, a region having a shallow, adverse
ure gradient ("transition ramp") promotes the efficient transition from laminar to turbulent

The curved transition ramp is followed by a convex pressure recovery, which further

alleviates laminar separation bubbles. The pressure recovery begins farther forward than dictated

by tr.

incre:

noise

noise

comp

steep

confi

move

ansition-free minimum-drag requirements to decrease the boundary-layer thickness and
ase the skin-friction coefficient at the trailing edge with transition fixed, which reduces the
due to the interaction between the turbulent boundary layer and the trailing edge, a primary
source for wind turbines. Thus, the specific pressure recovery employed represents a
romise between maximum'lift,drag, pitching moment, stall characteristics, and noise. The
adverse pressure gradient aft of about 90-percent chord is a "separation ramp,” which
nes turbulent separation to a small region near the trailing edge. By constraining the

ment of the separation point at high angles of attack, high lift coefficients can be achieved

with | little drag penalty. This feature has the ‘added benefit of initiating docile stall
characteristics.
A moderately adverse pressure gradient is desirable along the lower surface to about 60-percent

chord

to achieve low drag and alleviate laminar separation bubbles. This region is followed by a

curved transition ramp and then a concave pressure recovery, which exhibits lower drag and has

less t

_endency to separate than the corresponding linear or convex pressure recovery. The

pressure recovery begins farther forward than dictated by transition-free minimum-drag

requi

the 1

deters

At pc
exists

is ess

a wi

rements to alleviate separation at lower lift coefficients, especially with transition fixed near
cading edge. The amounts of pressure recovery on the upper and lower surfaces are

mined by the airfoil-thickness and pitching-moment constraints.

int B, the pressure distribution should appear as shown in Figure 13. No suction spike
at the leading edge. Instead, a rounded peak occurs just aft of the leading edge. Transition
entially imminent over the entire forward portion of the upper surface. This feature allows

der low-drag range to be achieved and higher lift coefficients to be reached without
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significant separation. It also causes transition to move very quickly toward the leading edge
with increasing lift coefficient, which leads to the roughness insensitivity of the maximum lift
coefficient. Mitigation of laminar separation bubbles, especially on the upper surface, was
increasingly emphasized in the family of airfoils for small blades with increasing blade radial
station, because of the increasing flow velocity, to eliminate or at least control this possible noise
source. Given the pressure distributions previously discussed, the design of the airfoils involves

the inverse problem of transforming the pressure distributions into airfoil shapes.

In the airfoil family for small blades, the primary or outboard airfoil, which corresponds to the
0.75 blade radial station, is designated the S833 airfoil. The tip and root airfoils, the S834 and
S$835| airfoils, which correspond to. the 0.95 and 0.40 blade radial stations, respectively, were
derived from the S833 airfoil to increase the aerodynamic and geometric compatibilities of the
threeiairfoils. Again, the specific blade radial stations may vary by plus or minus-10 percent or
more|(i.e., plus or minus 0.10). The airfoil shapes are shown in F igure 14, 15, and 16 and the
coordinates defining the airfoil configurations are provided in tables VI, VII, and VIII. The S833
airfoil thickness is about 18-percent chord; the S834 airfoil thickness is about 15-percent chord;
and the S835 airfoil thickness is about 21-percent chord.

The S833 Airfoil

Refegring to Figure 14, airfoil 254 (i.e., the S833 airfoil) is shown as it was designed in
accor%lance with this description. The airfoil 254 may be considered a representative example of
airfoil 28 in the outboard or midépan region 36 of a blade 22, as was illustrated in FIG. 2, but
more|typically, the airfoil 254 is located preferably on a blade 22 at a blade radial station of 0.75
(plus|or minus 0.10), i.e., a distance away from the axis of rotation 26 that is approximately
seventy-five percent (75%) of the length of the blade 22. The airfoil 254 has specific geometric
tailoring to achieve a maximum lift cqefﬁcient of about 1.10 for a design Reynolds number of at

least about 400,000.
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The el:xample airfoil 254 includes the upper surface 255 and the lower surface 256 extending
between the leading edge 258 and the trailing edge 260. The chord line 262 is formed between
the leading edge 258 and the trailing edge 260. The airfoil 254 is designed for the outboard or
midspan region 36 of blades between about 0.5 and 5 meters in length. The airfoil 254 also has a
maxi%num thickness of approximately eighteen percent (18%) of the length of the chord 262.

In one embodiment, the specific example shape or contour of the airfoil 254 according to this
description is given in Table VI below in the form of dimensionless coordinates x/c and y/c, so
that t:hey define the airfoil shape and contour, regardless of \;vhatever the overall size or chord
length c of the airfoil. The dimensionless x/c values are ratios of respective distances x between
the leading edge 258 and respective reference points on the chord line 262 to the length c of the
chord 262. The dimensionless y/c values are ratios of respective heights y from the chord line
262 to respectivé points either on the upper surface 255 or the lower surface 256 of the airfoil
254. In one part of Table VI, corresponding y/c coordinate values are given for respective x/c
coordinate values to define the shape and contours of the upper surface 255 in relation to the
chord line 262. Likewise, in another part of Table VI, corresponding y/c coordinate values are
given for respective x/c coordinate values to define the shape and contours of the lower surface
256 in relation to the chord line 262. Therefore, for any particular desired chord length ¢ that may
be chosen for an airfoil 254 with th‘is shape and contour, the respective x and y coordinates for
the upper surface 255 and for the lower surface 256 can be determined from the values in Table
VI to produce the airfoil 254 with this shape and contour, as will be understood by persons
skilled in the art and as discuésed such manufacturing may include folerances, such as up to
about 40 thousandths of an inch (and such tolerances and other manufacturing limitations are

considered within the breadth of the coordinates disclosed in Table VI (and Tables VII and VIII).

Due to the high curvature or camber of the airfoil 254, the chord line 262 falls partially outside
the airfqil 254. Therefore, some of the y/c coordinates for the lower surface in Table VI are

negatiive for the portion of the lower surface 256 of the airfoil 254 that is below the chord line
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262, while others of the y/c coordinates for the lower surface in Table VI are poéitive for the

portic:)n of the lower surface 256 of the airfoil 254 that is-above the chord line 262.
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TABLE VI - S833 AIRFOIL COORDINATES

Upper: Surface A Lower Surface

x/c ylc xfc ylc
000014 000150 ' 000001 000039
00080 00413 - 00027 -00234
0014 00833 - 00051 -00405
009 00645 0516 -01488
s 01509 0143 - -02612
02100 02526 e -(3732
03816 03549 509 -(47%4
05981 s 06610 -05112
08580 0501 09216 -06035
158 - 06370 1219 -(07365
14590 0nes ' 1544 -07%44
18700 07875 19065 -08363
274 03480 ) 2002 -08613
31595 (5364 31695 -08611
36309 09632 ‘ ' 330 -08365
41131 (I ' A0S -0797
46067 0978 46198 -07426
S1005 00685 SI36 -06755
55925 05430 56300 -05952
M0 - 0000 61351 - 05025
65539 08546 6634 -(3971
70140 ™9 7139 -02876
14562 0792 76337 -01883
Y0 A 0634 1A -00889
82683 0549 ' %90 -00152
86234 4678 34 00302
89510 037% QB4 00453
9323 02833 96316 00388
KA 0194 9B 00224
%844 01109 995% 00068
98502 00465 100000 00000
99606 00100 ' :
100000 00000

39



10

15

20

25

WO 2009/062159 PCT/US2008/083000

The section characteristics for the S833 airfoil were predicted for Reynolds numbers of 0.15x106
to 0.70x106. The inventors performed computations with transition free using transition mode 3,
with transition fixed at 2-percent chord on the upper surface and S-percent chord on the lower
surface using transition mode 1, and "rough" using transition mode 9, which simulates distributed
roughness due to, for example, leading-edge contamination by water drops or insects. Because
the free-stream Mach number for all relevant wind-turbine operating conditions remains below

0.3, qll results are incompressible.

Pressure distributions were also analyzed by the inventors for the S833 airfoil at various angles

of attack. The variation of boundary-layer transition location with lift coefficient for the S833
airfoil indicated that the transition location is defined as the end of the laminar boundary layer
whether due to natural transition or laminar separation. Transition is normally confirmed in
experiments, however, by the detection of an attached tﬁrbulent boundary layer. Thus, for
conditions that result in relatively long laminar separation bubbles (low lift coefficients for the
uppet surface, high lift coefficients for the lower surface, and low Reynolds numbers), the
apparent agreement between the theoretical and experimental transition locations is relatively
poor.| In actuality, the difference between the predicted and measured transition locations
represents the length of the laminar separation bubble (from laminar separation to turbulent
reattachment). Accordingly, for conditions that result in shorter laminar separation bubbles (high
lift coefficients for the upper surface, low lift coefficients for the lower surface, and high

Reynolds numbers), the apparent agreement between theory and experiment improves.

The variation of turbulent boundary-layer separation location with lift coefficient for the S833
airfoil was tabulated and a small, trailing-edge separation is predicted on the upper surface at all
lift cojefﬁcients. This separation is caused by the separation ramp. Separation is predicted on the
lowerf surface at lift coefficients in the lower half of the operating range for the intended
application. Such separation usually has little effect on the section characteristics. Regarding
sectitlr: characteristics, the maximum lift coefficient computed is not always realistic and

accordingly, an empirical criterion has been applied by the inventors to the computed results that
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assurLes that the maximum lift coefficient has been reached if the drag coefficient of the upper
surface is greater than 0.01719 (1 x 106/R)1/8, which is based on correlations with results for
Reynoldé numbers from 0.7x106 to 1.5x106 from the Pennsylvania State University Low-Speed,
Low-Turbulence Wind Tunnel. Thus, the maximum lift coefficient for the design Reynolds
number of 0.40x106 is estimated to be 1.10, which meets the design objective. Based on the

variation of the upper-surface separation location with lift coefficient, the stall characteristics are

expected to be docile, which meets the design goal. Low profile-drag coefficients are predicted
over the range of lift coefficients from below 0 to 0.86. Thus, the lower limit of the low-drag,
lift-coefficient range is below the design objective of cl,ll = 0.30, although the upper limit of the
low-drag range is also below the design objective of cl,ul = 0.90, primarily to meet other goals.
The zero-lift pitching-moment coefficient is predicted to. be -0.14, which satisfies the design
constraint. Because of boundary-layer displacement effects not accounted for in the present
analysis, the pitching-moment coefficient is generally over predicted by about 20 percent.

Therefore, the actual zero-lift pitching-moment coefficient should be about-0.12.

Regarding the effect of roughness on the section characteristics of the S833 airfoil, the maximum
lift coefficient for the design.Reynolds number of 0.40 x 106 with transition fixed is estimated to

be 1.11, an increase of 1 percent from that with transition free. For the rough condition, the

maximum lift coefficient for the design Reynolds number is estimated to be 1.13, an increase of
3 percent from that with transition free. Thus, the design requirement has been satisfied. The
effect of roughness on the maximum lift coefficient is nearly constant with Reynolds number.

The dlrag coefficients are, of course, adversely affected by the roughness.
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|
The S834 Airfoil

Referring to Figure 15, airfoil 272 (i.e., the S834 airfoil) is shown as it was designed in

accor
repre
2, but
0.95

dance with the concepts described herein. The airfoil 272 may be considered a
sentative example of airfoil 29 in the tip region 32 of a blade 22, as was illustrated in Figure
more typically, the airfoil 272 is located preferably on a blade 22 at a blade radial station of

plus or minus 0.10 or a range of 0.85 to 1.00), i.e., on a blade 22 at a distance away from

the axis of rotation 26 that is approximately ninety-five percent (95%) of the length of the blade

22.

The airfoil 272 has specific geometric tailoring to achieve a maximum lift coefficient of

about 1.0 for a Reynolds number of about 400,000 or larger. The airfoil 272 includes the upper

surface 274 and the lower surface 276 with the leading edge 278 and the trailing edge 280. The

chord line 282 is formed between the leading edge 278 and the trailing edge 280. The airfoil 272

is designed for the tip region 32 of blades between about 0.5 to 5 meters in length. The airfoil

272 also has a maximum thickness of approximately fifteen percent (15%) of the length of the
chord 282.

Accor ding to one embodiment, the specific shape or contour of the airfoil 272 is given in Table

VIl in the form of dimensionless coordinates in the same manner as explained above for the S833

airfoi

. Briefly, though, the x/c values represent locations on the chord line 282 in relation to the

leading edge 278. The y/c values represent heights from the chord line 282 to points either on

the upper surface 274 or the lower surface 276 of the airfoil 272. The x/c and y/c values are

given

for both the upper surface 274 and the lower surface 276 of the airfoil 272 in Table V1l in a

simildr manner as explained above for Table VI.
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TABLE VII - S834 AIRFOIL COORDINATES

Upper Surface - Lower Surface
x/c ylc x/c _ylc
0.00000 0.00009 0.00025 . -0.00167
00031 .00185 .00063 -.00286
00104 .00375 .00092 -.00356
00139 , .00447 .00610 -.01100
.00812 01297 01637 -.01945
.01966 .02200 03135 - -.02779
.03587 03119 05077 -.03563
05652 .04019 07463 -.04274
.08148 .04879 .10266 -.04895
11050 .05682 13476 -.05414
14337 .06413 17060 - -.05824
17974 .07061 - .20996 -.06119
21930 .07620 25241 -.06300
26160 ' .08080 29766 -.06367
30625 .08437 34519 -.06325
35274 .08686 39461 -.06181
40059 A .08820 44534 -.05943
44927 . 08834 49692 -.05621
49829 .08714 .54874 -.05227
54733 - .08453 .60025 -.04770
.59606 .08071 .65083 -.04259
64386 .07578 69997 -.03702
69034 .06973 74713 -.03111
73517 .06273 79183 -.02494
77797 .05503 .83359 -.01867
81829 .04693 .87225 -.01217
85565 .03870 90787 -.00651
.88950 .03056 93921 -.00253
91941 .02247 _ 96502 -.00033
94548 01465 98421 .00039
96754 .00791 99602 .00024
98482 .00310 1.00000 .00000
.99606 .00061
1.00000 .00000
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Pressure distributions for the S834 airfoil at various angles of attack were tabulated by the

inventors. Based on these calculations, the variations of transition and separation locations with

lift coefficient for the S834 airfoil were determined and a small, trailing-edge separation is

predi

ramp

cted on the upper surface at all lift coefficients. This separation is caused by the separation

Separation is predicted on the lower surface at lift coefficients below the operating range

for the intended application and such separation usually has little effect on the section

characteristics. The section characteristics of the S834 airfoil were also tabulated and using the

previ

ously described criterion, the maximum lift coefficient for the design Reynolds number of

0.40x106 is estimated to be 1.00, which meets the design objective. The stall characteristics are

expected to be docile, which meets the design goal. Low drag coefficients are predicted over the

range of lift coefficients from below 0 to 0.78. Thus, the lower limit of the low-drag range is

below the design objective of cl,11=0.20, although the upper limit is also below the design

objective of cl,ul=0.80, primarily to meet other goals. The zero-lift pitching-moment coefficient

is predicted to be -0.08, which -satisfies the design constraint. The actual zero-lift pitching-

moment coefficient should be about -0.06.

Rega}ding the effect of roughness on the section characteristics, the maximum lift coefficient for

the d

esign Reynolds number of 0.40x106 is unaffected by fixing transition because transition on

the upper surface is predicted to occur forward of 2-percent chord at the maximum lift

coefficient. For the rough condition, the maximum lift coefficient for the design Reynolds

number is estimated to be 1.02, an increase of 2 percent from that with transition free. Thus, the

design requirement has been satisfied. The effect of roughness on the maximum lift coefficient

is nearly constant with Reynolds number. The drag coefficients are, of course, adversely affected

by th

e roughness.
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I
The S835 Airfoil

Referring to Figure 16, airfoil 292 (i.e., the S835 airfoil) is shown as it was designed in

accordance with the concepts described herein. The airfoil 292 may be considered a

repre

2, bu

sentative example of airfoil 27 in the root region 34 of a blade 22, as was illustrated in FIG.

t more typically, the airfoil 292 is preferably located at a blade radial station of about 0.40

on a blade 22 (or in a station range of 0.30 to 0.50 or plus or minus 0.10), i'.e., at a distance away

from
22.

The

i

i

the axis of rotation 26 that is approximately forty percent (40%) of the length of the blade

airfoil 292 has specific geometric tailoring to achieve a maximum lift coefficient of

approximately 1.20 for a Reynolds number of approximately 250,000. The airfoil 292 includes

the upper surface 294 and the lower surface 296 with the leading edge 298 and the trailing edge

300.

The chord line 302 is formed between the leading edge 298 and the trailing edge 300. The

airfoil 292 is designed for the outboard region 34 of blades between about 0.5 and 5 meters in

length. The airfoil 292 also has a maximum thickness of approximately twenty-one percent

(21%) for the length of the chord 302.

In one embodiment, the specific shape or contour of the airfoil 292 is given in Table VIII in the

form

of dimensionless coordinates in the same manner as explained above for the $S833 airfoil.

Briefly, though, the x/c values represent locations on the length.of chord line 302 in relation to

the leading edge 298. The y/c values represent heights from the chord line 302 to points either

on th

e upper surface 294 or the lower surface 296 of the airfoil 292. The x/c and y/c values are

giveng for both the upper surface 294 and the lower surface 296 of the airfoil 292 in Table VIII in

a similar manner as explained above for Table VI.
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TABLE IV.. $835 AIRFOIL COORDINATES

Upper.l Surface ' Lower Surface

x/c | ylc x/c Yic
0.000!02 00009 00011 000887
0003 87 00638 0253
00026 00397 01577 -03657
00087 00677 02908 -05033
00200 00%47 04631 -06347
00357 020 06721 -07550
. 00537 0141 9182 -08620
01649 02603 11982 -09519
03266 03735 15121 - -10230
0547 (4838 18563 -1073
0 0589 VILVE -10980
10805 06868 2372 -11014
14127 07759 30684 -10829
1797 0849 3527 -10430
21782 0926 39970 -09827
20037 9783 A4381 -09036
30519 10211 . 498 -08081
3517§ 10500 55072 -06993
3 10638 80277 -05811
4225? 10620 64% : -(4582
A9TI4 10448 ' J06P - 03361
4103 10115 : 5764 -02211
9600 09636 80676 -0119
64420 09028 85324 -00393
6117 08310 89582 00127
73644 1503 93260 00343
11953 06631 96201 00332
' 8199 05718 98319 00204 -
8715 04786 99583 00064
9NN 02002
94546l 01950
96719 01097
98447 00455
99593 . 00097
100000 00000
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_ Pressure distributions for the S835 airfoil were determined at various angles of attack, and

transition and separation locations were determined based on these pressure distributions. A
small, trailing-edge separation is predicted on the upper surface at all lift coefficients. This
separation is caused byA the separation ramp. Separation is predicted on the lower surface at all
lift coefficients within the operating range for the intended application. Such separation usually
has little effect on the section characteristics. The section characteristics of the S835 airfoil were
also determined and using the previously described criterion, the maximum lift coefficient for the
design Reynolds number of 0.25x106 is estimated to be 1.04, which does not meet the design
objec;tive of cl,max=1.20, prima_rily’because the objective is incompatible with the other
requirements, especially the combination of large airfoil thickness and low Reynolds number.
The ;fall characteristics are expected to be docile, which meets the design goal. Low drag
coefficients are predicted over the range of lift coefficients from below 0 to 0.94. Thus, the

lower limit of the low-drag range is below the design objective of cl,11=0.40, although the upper

~ limit js also below the design objective of cl,ul=1.00, primarily to meet other goals. The zero-lift

pitching-moment coefﬁcientAis predicted to be -0.14, which satisfies the design constraint. The

actual zero-lift pitching-moment coefficient should be about -0.12.

Regarding the effect of roughness on the section characteristics of the S835 airfoil, the maximum

lift coefficient for the design Reynolds number of 0.25x106 with transition fixed is estimated to
be 1.00, a reduction of 4 percent from that with transition free. For the rough condition, the
maximum lift coefficient for the design Reynolds number is estimated to be 1.03, a reduction of
1 percent from that with tfansition free. Thus, the design requirement has been satisfied. The
effect: of roughness on the maximum lift coefficient is nearly constant with Reynolds number.

The drag coefficients are, of course, adversely affected by the roughness.

Based on the above discussion, it can be seen that the concepts described herein provide a family
of quiet, thick, natural-laminar-flow airfoils, i.e., the S833, S834, and S835. airfoils, for 0.5 to 5

meter; blade-length, variable-speed/variable-pitch, horizontal-axis wind turbines. The inventors
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have
coeff]
have
durin

2€ro-

theoretically analyzed the designs described, and the objectives of high maximum lift
cients, relative insensitivity to leading-edge roughness, and low profile-drag coefficients
generally been achieved. Additionally, the airfoils should exhibit docile stall characteristics
g operation, and the designs of the small blade airfoil family satisfy the constraints on the

ift pitching-moment coefficient and the airfoil thicknesses.

Althqugh the concepts have been described and illustrated with a certain degree of particularity,

it is

understood that the present disclosure has been made only by way of example, and that

numerous changes in the combination and arrangement of parts can be resorted to by those

skilled in the art without departing from the spirit and scope of the description, as hereinafter

claimed.
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WE CLAIM:

1. A blade for large wind turbines rotatable about a horizontal axis, the blade being adapted
for mounting to a hub on the turbines for rotation about said horizontal axis and extending a
distance radially outward from the horizontal axis to a tip, the blade comprising:

a primary span region extending from a point that is approximately sixty-five percent of the
distance radially outward from the horizontal axis to a point that is approximately eighty-five
percent of the distance radially outward from the horizontal axis; and

a primary airfoil in the primary span region, the primary airfoil having a thickness of at least
about twenty-one percent, a Reynolds number of at least about 4,000,000, and a maximum lift
coefficient of about 1.6.

2. The blade of claim 1, wherein the blade has a length in the range of about 20 to 50 meters
as measured from the horizontal axis to the tip.

3. The blade of claim 1, wherein the primary airfoil further comprises:

an upper surface and a lower surface, both of which extend spaced-apart in relation to each other
from a leading edge to a trailing edge; and

a chord line with a length c extending in a straight line between the leading edge and the trailing
edge, said upper surface and said lower surface having shapes and contours expressed by x/c
values and y/c values, wherein the x/c values are dimensionless coordinates that represent
locations on the length of the chord line and the y/c values are dimensionless coordinates that
represent heights from the chord line to points on the upper surface and on the lower surface

substantially as follows:
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Upper Surface Lower Surface
x/c y/c x/c y/c
0.00006 0.00112 0.00004 -0.00084
.00321 01040 .00041 -.00254
01104 02127 .00138 -.00406
.02343 .03307 .00288 -.00560
.04015 .04540 01318 -01192
.06101 .05794 .02942 -.01794
.08576 .07041 05165 -.02385
11413 .08253 .07932 -.03013
.14580 09406 11146 -.03674
.18042 .10474 14756 -.04351
21762 11434 18687 -.05030
25699 12262 22887 -.05701
29810 .12934 27253 -.06393
.34048 13417 31589 -.07002
.38383 13653 .35873 -.07334
- .42854 13632 40193 -.07288
47434 13395 44627 -.06859
.52084 12962 49216 -.06086
56764 12354 53971 -.04984
61431 11592 .59018 -.03645
.66042 .10703 .64307 -.02282
70550 09715 .69724 -.01029
74904 .08657 75132 .00013
79053 .07559 .80381 .00775
.82943 06449 85314 01212
.86518 .05352 .89755 01296
.89719 .04283 93491 .01083
92504 03222 96391 .00721
.94908 .02179 98422 .00357
96943 .01245 99611 .00096
98554 .00533 1.00000 .00000
99621 .00120
1.00000 .00000
4, The blade of claim 1, wherein the primary airfoil is positioned at a blade radial
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5. The blade of claim 1, further comprising:

an intermediate span region extending from a point that is approximately eighty percent of the
distance radially outward from the horizontal axis to a point that is approximately one hundred
percent of the distance radially outward from the horizontal axis; and |

an intermediate airfoil positioned radially outboard from the primary airfoil in the intermediate
span region, the intermediate airfoil having a thickness of at least about eighteen percent, a
Reynolds number of at least about 3,500,000, and a maximum lift coefficient of about 1.5.

6. The blade of claim 5, wherein the intermediate airfoil is positioned at a blade radial
station of about 0.90.

7. The blade of claim 5, wherein the intermediate airfoil further comprises:

an upper surface and a lower surface, both of which extend spaced-apart in relation to each other
from a leading edge to a trailing edge; and

a chord line with a length ¢ extending in a straight line between the leading edge and the trailing
edge, said upper surface and said lower surface having shapes and contours expressed by x/c
values and y/c values, wherein the x/c values are dimensionless coordinates that represent
locations on the length of the chord line and the y/c values are dimensionless coordinates that
represent heights from the chord line to points on the upper surface and on the lower surface

substantially as follows:
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Upper Surface
x/c ylc
0.00004 000088
00036 0277
00449 01168
01307 0201
02606 03319
04333 own
06483 05655
09031 06828
11931 0P75
15212 w077
18776 10113
22608 11064
26003 11912
308%9 12638
35269 13226
39728 13659
4427 13917
48107 13978
53137 13799
S152 13349
61871 12640
66185 11707
0445 10608
TA609 093%
78632 08116
82460 6318
36035 05544
39294 04377
92180 3167
6% 02083
96834 01157
RS54~ 00481
%614 00105
1.00000 00000

52

Lower Surface

x/c

0.00004
00017
00041
00080
00134

02422
04525

10441
14105
18146

2712
3199
36859
41855
46850
SI847
56861
61888
06524
1934
76365
81639
6130
90193
93666
96429
9416

PCT/US2008/083000

ylc

000080
-00155
-00221
-00281
-00340

-00458

-00795

-0170
-01480

-0179
-(2131
-02479
-(2831
-03171
-03485
-03752
-03951
-(404
-(4013
-03767
-03326
02718
-01993
-01226

-00492
00118
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8. The blade of claim 1, further comprising:

a tip span region extending from a point that is approximately ninety percent of the distance
radially outward from the horizontal axis to a point that is approximately one hundred percent of
the distance radially outward from the horizontal axis; and

a tip airfoil positioned radially outboard from the primary airfoil in the tip span region, the tip
airfoil having a thickness of at least about fifteen percent, a Reynolds number of at least about
2,500,000, and a maximum lift coefficient of about 1.4.

9. The blade of claim 8, wherein the intermediate airfoil is positioned at a blade radial
station of about 1.0.

10.  The blade of claim 8, wherein the intermediate airfoil further comprises:

an upper surface and a lower surface, both of which extend spaced-apart in relation to each other
from a leading edge to a trailing edge; and

a chord line with a length ¢ extending in a straight line between the leading edge and the trailing
edge, said upper surface and said lower surface having shapes and contours expressed by x/c
values and y/c values, wherein the x/c values are dimensionless coordinates that represent
locations on the length of the chord line and the y/c values are dimensionless coordinates that
represent heights from the chord line to points on the upper surface and on the lower surface

substantially as follows:
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Upper Surface Lower Surface
x/c ylc x/c y/c
0.00000 0.00028 000010 £.00126
00011 00150 00026 -00194
00328 00973 00053 -(0252
01071 01942 000%4 -00303
242 03000 00150 -00353
03830 (4102 00183 -00380
05831 0217 00298 -00448
0828 06320 01074 -00728
11007 073% 0577 -00958
14137 08415 M4 -01088
17583 9376 07510 -01192
21310 1025% 10825 -01295
25274 11037 14628 -01404
20436 11701 18846 -01522
33747 1233 245 -01649
38161 12614 2887 -01779
42609 1284 33377 -01907
4106 12830 - 3862 -02025
SI577 1259 43959 -02122
S6040 1219 AR317 -02188
060430 11436 o634 -02208
64882 10544 59843 -(2158
69229 (9486 6911 -02005
T34% 812 : 69R21 -01745
77642 070m 555 -01394
31614 05839 19090 -00991
32 04638 8334 -00585
IR 03517 8BR -00234
91858 (2488 90930 00013
539 01576 94089 00144
6785 00839 %613 00169
98514 00333 98476 00118
9%19 00069 9%16 00041
100000 00000 100000 00000
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11. A blade for small wind turbines that are rotatable about a horizontal axis, the blade being
adapted for mounting to hubs of the turbines for rotation about said horizontal axis and extending
a distance radially outward from the horizontal axis to a tip, the blade comprising:

a primary span region extending from a point that is approximately sixty-five percent of the
distance radially outward from the horizontal axis to a point that is approximately eighty-five
percent of the distance radially outward from the horizontal axis; and

a primary airfoil in the primary span region, the primary airfoil having a thickness of at least
about eighteen percent, a Reynolds number of at least about 400,000, and a maximum lift
coefficient of about 1.1.

12. The blade of claim 11, wherein the blade has a length in the range of about 0.5 to 5
meters as measured from the horizontal axis to the tip.

13.  The blade of claim 11, wherein the primary airfoil further comprises:

an upper surface and a lower surface, both of which extend spaced-apart in relation to each other
from a leading edge to a trailing edge; and

a chord line with a length ¢ extending in a straight line between the leading edge and the trailing
edge, said upper surface and said lower surface having shapes and contours expressed by x/c
values and y/c values, wherein the x/c values are dimensionless coordinates that represent
locations on the length of the chord line and the y/c values are dimensionless coordinates that
represent heights from the chord line to points on the upper surface and on the lower surface

substantially as follows:

55



WO 2009/062159 PCT/US2008/083000

Upper Surface A Lower Surface
x/c y/c x/c ylc

000014 000190 (.00001 00039
00080 00413 00027 -00284
0134 00533 00081 - 00405
00192 00645 0516 -01488
0083 0159 0143 -(2612
02100 0252 02762 -B3732
(3816 3549 4509 04794
05981 U4 06670 -05772
08580 05491 09216 -06035
1158 06370 12149 -07365
14569 07168 19434 -0794
18700 0,5 19065 -08363
274 08430 23002 -08613
2705 0979 28 -08696
3159 (9364 3165 -08611
36309 %632 36379 -(08365
41151 978 A5 -07967
46067 (L 46198 -(7426
S1005 09635 51236 -06755
55925 (9430 56300 -05952
60790 09049 ' 61351 -05025
65539 (187 6634 -03971
10140 om19 7139 -02876
74562 one 76337 -0183
8759 063% 1A -00889
2683 0549 8569 -00152
36284 4678 064 - 003
39510 037% 9B46 00453
9373 2883 96316 00388
HT6A “019%4 K31 0024
96844 01109 9% 00068
98502 00465 100000 00000
99606 00100 -

100000 00000
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14.  The blade of claim 11, wherein the primary airfoil is positioned at a blade radial station of
about 0.75.

15.  The blade of claim 11, further comprising:

a tip span region extending from a point that is approximately eighty-five percent of the distance
radially outward from the horizontal axis to a point that is approximately one hundred percent of
the distance radially outward from the horizontal axis; and

a tip airfoil positioned radially outboard from the primary airfoil in the tip span region, the tip
airfoil having a thickness of at least about fifteen percent, a Reynolds number of at least about
400,000, and a maximum lift coefficient of about 1.0.

16.  The blade of claim 15, Wherein.the intermediate airfoil is positioned at a blade radial
station of about 0.95.

17.  The blade of claim 15, wherein the tip airfoil further comprises:

an upper surface and a lower surface, both of which extend spaced-apart in relation to each other
from a leading edge to a trailing edge; and

a chord line with a length ¢ extending in a straight line between the leading edge and the trailing
edge, said upper surface and said lower surface having shapes and contours expressed by x/c
values and y/c values, wherein the x/c values are dimensionless coordinates that represent
locations on the length of the chord line and the y/c values are dimensionless coordinates that
represent heights from the chord line to points on the upper surface and on the lower surface

substantially as follows:
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Upper Surface Lower Surface
0.00000 0.00009 00025 -0.00167
.00031 00185 .00063. -.00286
00104 00375 00092 -.00356
00139 00447 00610 -01100
00812 01297 01637 -01945
01966 102200 03135 -.02779
03587 03119 05077 -.03563
05652 04019 07463 -.04274
08148 04879 10266 -.04895
11050 05682 13476 -05414
14337 06413 17060 -05824
17974 07061 20996 -.06119
21930 07620 ' 25241 -.06300
26160 .08080 29766 -06367
30625 08437 34519 -.06325
35274 08686 39461 -.06181
140059 08820 44534 -.05943
44927 .08834 49692 -.05621
49829 , 08714 54874 -05227
54733 08453 60025 -.04770
59606 .08071 65083 -.04259
64386 07578 69997 -.03702
69034 06973 74713 -03111
73517 06273 79183 -02494
77797 05503 83359 -.01867
81829 04693 87225 -01217
85565 03870 90787 -.00651
88950 03056 93921 -.00253
91941 02247 96502 -.00033
94548 01465 98421 00039
96754 .00791 99602 00024
98482 00310 1.00000 .00000
99606 .00061
1.00000 .00000
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18.  The blade of claim 11, further comprising:

a root span region extending from the horizontal axis to a point that is approximately fifty
percent of the distance radially outward from the horizontal axis; and

a root airfoil positioned radially inboard from the primary airfoil in the root span region, the root
airfoil having a thickness of at least about twenty-one percent, a Reynolds number of at least
about 250,000, and a maximum lift coefficient of about 1.2.

19.  The blade of claim 18, wherein the root airfoil is positioned at a blade radial station of
about 0.4.

20.  The blade of claim 18, wherein the intermediate airfoil further comprises:

an upper surface and a lower surface, both of which extend spaced-apart in relation to each other
from a leading edge to a trailing edge; and

a chord line with a length ¢ extending in a straight line between the leading edge and the trailing
edge, said upper surface and said lower surface having shapes and contours expressed by x/c
values and y/c values, wherein the x/c values are dimensionless coordinates that represent
locations on the length of the chord line and the y/c values are dimensionless coordinates that
represent heights from the chord line to points on the upper surface and on the lower surface

substantially as follows:
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WO 2009/062159
Upper Surface Lower Surface
x/c ylc x/c ylc

000002 0.00099. 000111 000887
00023 00376 00638 -(2253
00026 00397 0157 -(3657
00087 00677 (02908 -05033
00200 0047 (4631 -06347
00357 020 06721 -07550
00537 01477 1)t -08620
01649 02603 11982 -09519
03266 03735 15121 -10230
05347 04838 18563 -10723
078N 05889 232 - -10980
10805 06868 23N -11014
14127 07759 30684 -10829
17197 B9 35227 -10430
21782 2% 39970 -(9827
20037 09783 A4881 : -09036
30519 102n 498 - 08081
35178 1050 55072 -06993
39966 10638 60277 -05811
4851 10620 654% -(4582
A9T74 10448 J0679 -(3361
4703 A0115 IS -02211
59600 09636 30676 -0119
64420 09028 ' 3534 -00393
0117 08310 30582 00127
oy 07503 93260 00343
7953 06631 96201 00332
819%4 05718 98319 00204
35715 4786 _ 99583 00064
89062 03853 1.00000 00000
9194 02902
94546 01950
%719 01097
98447 00435
X593 00097
100000 00000
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21. A wind turbine that rotates about a horizontal axis, comprising:

a plurality of turbine blades mounted to a hub of the wind turbine for rotation about the
horizontal axis and extending a distance radially outward from the horizontal axis to a tip;

an airfoil family defining crosé-sections of each of the blades, the airfoil family comprising an
inboérd airfoil with a thickness of at least about 21 percent, a tip airfoil proximal to the ‘tip of the
blade with a thickness of at least about 15 percent, and an intermediate airfoil positioned between
the inboard and tip airfoils with a thickness of at least about 18 percent.

22. The wind turbine of ¢laim 21, wherein the turbine blades have a length measured from
the horizontal axis to the tip of at least about 20 meters and wherein each of the blades further
comprises:.

a primary span region extending from a point that is approximately sixty-five percent of the
distance radially outward from the horizontal axis to a point that is approximately eighty-five
percent of the distance radially outward from the horizontal axis, wherein the inboard airfoil is
positioned in the primary span region, the inboard airfoil having a Reynolds number of at least
about 4,000,000 and a maximum lift coetfficient of about 1.6;

an intermediate span region extending from a point that is approximately eighty percent of the
distance radially outward from the horizontal axis to a point that is approximately one hundred
percent of the distance radially outward from the horizontal axis, wherein the intermediate airfoil
is positioned radially outboard from the inboard airfoil in the intermediate span region, the
intermediate airfoil having a Reynolds number of at least about 3,500,000 and a maximum lift
coefficient of about 1.5; and

a tip span region extending from a point that is approximately ninety percent of the distance
radially outward from the horizontal axis to a point that is approximately one hundred percent of
the distance radially outward from the horizontal axis, wherein the tip airfoil is positioned
radially outboard from the intermediate airfoil in the tip span region, the tip airfoil having a

Reynolds number of at least about 2,500,000 and a maximum lift coefficient of about 1.4.
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23.  The wind turbine of claim 21, wherein the turbine blades have a length measured from
the horizontal axis to the tip in the range of about 0.5 meters to about 5 meters and wherein each
of the blades further comprises:

a root span region extending from the horizontal axis to a point that is approximately fifty
percent of the distance radially outward from the horizontal axis, wherein the inboard airfoil is
positioned in the root span region, the inboard airfoil having a Reynolds number of at least about
250,000 and a maximum lift coefficient of about 1.2;

an intermediate span region extending from a point that is approximately sixty-five percent of the
distance radially outward from the horizontal axis to a point that is approximately eighty-five
percent of the distance radially outward from the horizontal axis, wherein the intermediate airfoil
is positioned radially outboard from the inboard airfoil in the intermediate span region, the
intermediate airfoil having a Reynolds number of at least about 400,000 and a maximum lift
coefficient of about 1.1; and

a tip span region extending from a point that is approximately eighty-five percent of the distance
radially outward from the horizontal axis to a point that is approximately one hundred percent of
the distance radially outward from the horizontal axis, wherein the tip airfoil is positioned
radially outboard from the intermediate airfoil in the tip span region, the tip airfoil having a

Reynolds number of at least about 400,000 and a maximum lift coefficient of about 1.0.
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