WO 2022/035759 PCT/US2021/045216

CONFIGURABLE MULTI-PURPOSE CROSS-FLOW WIND TURBINE WITH
PERFORMANCE ENHANCEMENTS

CROSS-REFERENCE TO RELATED APPLICATION(S)

[0001] This application claims benefit of U.S. Provisional Application No.
63/063,955, filed August 10, 2020, which is incorporated herein by reference in its

entirety.

FIELD OF THE DISCLOSURE

[0002] The present disclosure relates to the field of renewable energy, and more
specifically wind turbines designed for cross-flow or transverse-axial flow

applications.

BACKGROUND

[0003] Wind turbines can be readily deployed at specific locations where power
generated from the wind turbines may be used directly at the site of deployment,
directed into a power grid, or stored in energy storage systems. The wind turbine may
also contribute to a local micro-grid, serving more than one facility. As such, wind

power generation represents a desirable alternative energy source in many situations.

[0004] However, conventional wind turbines suffer from inefficiencies and low
power situations. In particular, conventional drag-based wind turbines suffer from
inefficiencies cause when wind impinges returning blades. Such conventional drag-

based wind turbines also are known for self-starting problems.

[0005] As such, an improved wind turbine would be desirable.

BRIEF DESCRIPTION OF THE DRAWINGS

[0006] The present disclosure may be better understood, and its numerous features
and advantages made apparent to those skilled in the art by referencing the
accompanying drawings. It should be noted that the drawings are provided in order to

assist in the understanding of the invention and are not intended to be limiting to what
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is specifically illustrated within each drawing. The present invention may be used in a

variety of configurations utilizing the same operating principles as described herein.
[0007] FIG. 11is a partial cross section view illustrating an example wind turbine.

[0008] FIG. 2 is a cross section view illustrating an example configuration of a wind

turbine rotor.
[0009] FIG. 3 is a cross section view of an example wind turbine rotor assembly.
[0010] FIG. 4 is a cross section view of the example wind turbine rotor assembly.

[0011] FIG. 5 is an isometric three-dimensional view of an example wind turbine

rotor configuration illustrated relative to the axle.
[0012] FIG. 6 1is a cross sectional drawing of an example wind turbine rotor.

[0013] FIG. 7 is a cross sectional drawing of an example wind turbine rotor using

four primary blades and four secondary blades.

[0014] FIG. 8 is a cross sectional drawing of an example wind turbine rotor using

four primary blades and eight secondary blades.

[0015] FIG. 9, FIG. 10, and FIG. 11 includes illustrations of example wind turbine

systems.

[0016] FIG. 12, FIG. 13, FIG. 14, FIG. 15, FIG. 16, FIG. 17, FIG. 18, FIG. 19, FIG.
20, and FIG. 21 include illustrations of example wind turbine systems including

augmenters.

[0017] The use of the same reference symbols in different drawings indicates similar

or identical items.

DETAILED DESCRIPTION

[0018] In an example, a wind turbine uses primary and secondary blades that interact
with each other to enhance the performance of the wind turbine during rotation. The
enhanced performance is accomplished by positioning secondary blades within the

primary blades to further concentrate and convert the force of the wind that flows over
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the convex and concave surfaces of both the primary and secondary blades into useful

energy.

[0019] A drag-based, cross-flow configuration is described, wherein an example rotor
design is utilized to enhance the performance (or power output) of the wind turbine.
The performance increase is achieved by configuring the rotor with a plurality of
primary blades (or scoops) around an axis, for example, defined by a rotating shaft,
and then further positioning an additional set of secondary blades in between the
primary blades wherein the position and shape (or configuration) of the secondary
blades adds to both the capture of additional energy from wind directly, while also

redirecting additional wind force into the primary blade set.

[0020] Herein, the terms “blades™ and “scoops™ may be used interchangeably during
the description. Generally, the parts of a wind turbine that interact directly with the
wind are referred to as blades. The blades of a typical utility scale wind turbine are of
a foil or lift-based design. The blades of a drag-based wind turbine are generally more
in the shape of a scoop, but may also be generally also referred to as blades. The term
“rotor” refers to a complete set of blades surrounding an axis and optionally, attached

to a central shaft or axle defining the axis.

[0021] The term “configuration™ may be used to describe the overall shape, size,
curvature, depth, and angle of an individual primary or secondary blade. The same
term of configuration may also be used to describe a complete rotor, wherein the
configuration of the rotor describes the complete rotor, comprising the individual sets
of primary and secondary blades, each with their own configurations, surrounding or

attached to a central shaft or axle.

[0022] FIG. 1 represents a partial cross section of an example wind turbine. The
partial cross section view is provided to illustrate an operating principle of the wind
turbine. The wind turbine can be in a vertical or horizontal orientations. In FIG. 1, the
partial cross section is illustrated with the wind direction coming towards it
horizontally from right. Further indicators in FIG. 1 show the resulting wind paths as
the wind interacts with and rotates the wind turbine. For clarity, the wind interaction

1s 1llustrated in dotted lines and the direction of rotation is illustrated in a hashed line.
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[0023] In this view, and at this angle, a primary blade 101A is illustrated in a position
in which the concave surface is mostly facing the wind and is receiving the force of
the wind in order to rotate the axle 103. The axle rotation is counterclockwise in this

view.

[0024] Another primary blade 101B is illustrated in its position relative to the axle
during this point of rotation. While in this position, the primary blade 101B is
illustrated acting upon the primary blade 101 A by redirecting airflow that passes over

the primary blade 101B into the primary blade 101A.

[0025] A secondary blade 102A adds additional wind capture surface area to the rotor
and also interacts with the primary blades (101A, 101B) preceding it and following it

to yield a positive effect for increased efficiency.

[0026] As the wind flows across the top of primary blade 101B, it is channeled
partially into secondary blade 102A, which adds to rotational torque, and also into
primary blade 101 A, which further contributes to rotational torque. In this method, the
bypass air that flows around each blade is utilized for a positive effect by
concentrating wind energy into adjacent blades, while still allowing a portion of wind

to flow through the rotor.

[0027] The secondary blade 102A further contributes though its positioning and
configuration (or shape and angle relative to the axle) by enabling the acceleration of
air flow based on the incoming wind to be redirected and slightly compressed

between the primary and secondary blades of the rotor.

[0028] During rotation, both the primary blades and secondary blades perform
alternating roles in contributing to the overall torque transmitted to the axle through
direct wind force, and through redirection into other blades. This effect is referred to

as “continuous cycle,” as described in further detail using the accompanying FIG. 2.

[0029] FIG. 2 illustrates a cross section view of an example rotor. The wind is again
illustrated coming in from the right, and the rotor is illustrated with three primary
blades 201 A, 201B, 201C, and three secondary blades, 202A, 202B, 202C.
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[0030] While in rotation, this rotor configuration forms a continuous cycle of wind
interaction that provides multiple benefits. As described previously, both the primary
and secondary blades serve to provide rotational torque to the axle, while also

concentrating wind flow into the blades adjacent to or nearly adjacent to them.

[0031] The wind flow into the rotor is both captured by each individual blade
(primary and secondary blades) to transmit direct torque to the axle, and also
redirected into adjacent blades. This effect further increases the amount of torque that

each blade within the rotor can contribute to the rotation of the axle.

[0032] While FIG. 2 illustrates the rotor at a specific angle relative to a specific wind
direction, benefits of the described rotor are not limited to any specific rotation angle

or incoming wind direction, for example, as is further illustrated in FIG. 4.

[0033] An additional benefit realized from the example rotor configurations described
herein is a reduction in what is commonly referred to as “return drag” when

increasing the number of blades in a cross-flow wind turbine.

[0034] As illustrated in FIG. 3, the example rotor configurations provide additional
benefits beyond the continuous cycle of wind concentration into the blades acting
upon the axle during rotation. The example rotor configurations provide a shielding
effect that reduces return drag for the portion of the cross-flow wind turbine rotor that
is returning back into the wind during rotation. The effect of return drag in
conventional cross flow wind turbine is a well-known limiting factor in the

performance characteristics of such wind turbines.

[0035] For a better understanding of the return drag reduction benefit, it may be
beneficial at this point to briefly describe some problems associated with increasing
the number of blades on a Savonius style wind turbine. It has been found that
increasing the number of blades in a Savonius based wind turbine can lower the
performance. While this may seem counterintuitive, it is easily explained. If a
number of primary blades is increased, for example, from three to six, then the inner
points of the blades (the points of the blades closest to the axle) would be directed
more directly towards the axle to accommodate the space required for the additional

blades. In this case, any intended effect of increased performance though the addition
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of more blades may be reduced or negated for various reasons. For example, the
incoming wind may be substantially blocked on each blade by the next blade in front
of it, relative to the incoming wind direction. Additionally, the return drag on the rotor
may be increased disproportionately when compared to any positive effect expected
from the addition of more blades of the same configuration. Furthermore, since the
wind is channeled more inwardly toward the center axle point, the effective

conversion of the cross flowing wind into useful rotational torque is reduced.

[0036] Embodiments of the present wind turbine and rotor provide a solution to
enable the addition of more blades to a cross flow wind turbine rotor that provides a
beneficial increase in performance while reducing the negative effects of return drag.
By using alternating blade profile configurations around the axle, the problems
discussed above can be converted into a beneficial effect. FIG. 3 illustrates a rotor
configuration using six blades (3 primary and 3 secondary blades). The primary and

secondary blade sets are configured differently in order to enhance performance.

[0037] Specifically indicated in FIG. 3 is the interaction between the turbine rotor and
the incoming wind on the return side of rotation back into the wind, particularly for
secondary blade 302B, primary blade 301C, and secondary blade 302C. The view of
the incoming wind direction into the rotor is indicated by a hashed line pointing
directly towards the center point of the axle of the rotor. Also illustrated in FIG. 3 are
additional indicators, “Wind Direction Into Rotation” and “Wind Direction Against
Rotation”, which are illustrated in dotted lines to illustrate the wind flow into the

rotor, at points above and below the center point of wind directly towards the axle.

[0038] In this view, secondary blade 302B is most directly facing and rotating into the
incoming wind. The wind pattern is displaced approximately in front of secondary
blade 302B relative to the incoming wind. The displaced wind pattern is illustrated in
dotted line arrows above and below the text indicating “Displaced Wind”. The
secondary blade 302B displaces a portion of the wind to flow up into the wind turbine
rotor, most directly into primary blade 301B, wherein a portion the exhaust wind from
primary blade 301B acts upon primary blade 301A, further contributing to rotational
torque. As is further illustrated, the secondary blade 302B displaces another portion
wind outward from the center of rotation. The effect of this rotor configuration

provides a shielding effect to primary blade 301C, which is following secondary blade
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302B around the axis of rotation. Additionally, in this position relative to the
illustrated wind angle, the secondary blade 302C which follows the primary blade
301C is completely shielded by primary blade 301C.

[0039] As the wind turbine rotor continues around its axis of rotation, each of the
primary and secondary blades perform functions of transmitting torque to the axle,

augmenting adjacent blades, and shielding following blades.

[0040] To further illustrate a primary functionality and benefit of the embodiments,
FIG. 4 is provided, in which the rotor configuration illustrated in FIG. 3 is rotated at
60 degrees counterclockwise around a central axis, for example, an axle (303 or 403)

relative to the angle illustrated in FIG. 3.

[0041] In FIG. 4, the wind is illustrated coming toward the wind turbine rotor in a
direction substantially from the right as illustrated in FIG. 3. In the angle of rotation
of the rotor depicted in FIG. 4, the secondary blades are now moved into the position

of the primary blades relative to the wind and axle (303, 403) as illustrated in FIG. 3.

[0042] As is illustrated in FIG. 4, the beneficial wind concentration effect continues
to occur during this angle of rotation. When viewing at this angle, the secondary blade
402B is most directly facing into incoming wind. As the wind flows across the top of
secondary blade 402B, it is concentrated into primary blade 401B. As the wind flows
under secondary blade 402B, in this position, there is additional wind concentration
upward and into the concave surface of secondary blade 402B, which is assisted by
the displaced wind indicated from proximate primary blade 401C. In this
configuration, and in this position, another portion of the wind that passes through
blades 402B and blades 401C will exhaust past the rotor axle and contribute to a
downward force on primary blade 401 A. This is indicated in FIG.4 by the hashed
arrow line and label of “Exhaust Wind™ above primary blade 401A.

[0043] Another benefit is the beneficial use of exhaust wind. The rotor configuration
illustrated in FIG. 4 enables some exhaust wind to flow out of the side of the wind
turbine rotor facing away from the incoming wind in such a way that the exhaust wind
further contributes to a downward force which contributes to rotational torque

transmitted by the rotor assembly to the axle.
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[0044] The angles, curvatures, relative sizes, and positioning of the primary and
secondary blades represented in FIGs. 1-4 are intended to impart an understanding of
the basic operating principles and benefits of embodiments of the turbine and rotor.
The angles, curvatures, shapes, relative sizes, and positioning of the primary and
secondary blades may be modified for various configurations of a rotor to achieve the

same benefits.

[0045] An additional benefit is evident when comparing FIG. 4 to FIG. 3. As is
apparent from the alternative angle illustrated in FIG. 4, during rotation, the
distribution of wind forces driving the rotation of the axle remains relatively
consistent throughout each rotation due to the continuous cycle of the contribution of
the primary and secondary blades to the overall and combined force transmitted to the
axle during rotation. The use of primary and secondary blades on a wind turbine rotor
enables a more stabilized transmission of torque to the axle over that of a typical cross

flow wind turbine rotor.

[0046] For example, a two or three blade, drag-based wind turbine rotor, such as in a
typical Savonius style configuration may experience uneven or intermittent pulses of
torque transmitted to the axle from the rotor during operation. This uneven torque can
result in vibration and noise, which can limit the potential applications of use or sites
of deployment for such designs. These forces also contribute to mechanical fatigue on
the rotor and related parts and may also contribute to inefficiencies when coupled to
charge controllers or grid tie inverters due to the fact that the torque applied to an
attached generator or alternator fluctuates as the effective surface area of such a rotor
facing the wind increases and decreases during points of rotation. This is especially

notable in two-blade, drag-based Savonius style wind turbine rotors.

[0047] Additionally, in a two-blade rotor configuration, self-starting problems may
occur. If a two-blade cross flow rotor is positioned in a resting point relative to a
future incoming wind angle that is substantially parallel to the incoming wind, a
greater amount of wind may be required to force the rotor into a rotation speed to
provide any useful energy or work, which further contributes to an overall loss of

efficiency during operation.
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[0048] As discussed above, the common approach of adding more blades of the same
configuration can negatively impact performance by increasing return drag towards
the wind at a higher proportion than the effective useful drag added from the same

blades when they are being acted upon by the wind to rotate the axle.

[0049] In embodiments of the present rotor and blades, the addition of the secondary
blades with a different configuration relative to that of the primary blades reduces the
negative (or detrimental) effects of adding more primary blades of the same
configuration by utilizing the aerodynamic benefits provided through the addition of
secondary blades of a different configuration that augment the performance of the

rotor rather than detracting from it.

[0050] The utility and benefit of the primary and secondary wind turbine blades
comprising a wind turbine rotor having a beneficial aerodynamic effect has so far
been described using two-dimensional cross-sectional views of a center point of one
possible configuration of primary and secondary blades. In another example, a three-
dimensional view of a rotor configuration using the advantageous methods described
is provided in FIG. 5.

[0051] FIG. 5 illustrates a three-dimensional view of an embodiment with three
primary blades (501A, 501B, 501C) and three secondary blades (502A, 502B, 502C)

illustrated positioned relative to axle or shaft 503.

[0052] The blades, including the primary blades (501 A, 501B, 501C) and the
secondary blades (502A, 502B, 502C), can be secured together or to the axle to rotate
around the axle in fixed relative positions. For example, the blades can be secured to
end caps that are secured to the axle. In another example, the blades can be secure to
each other using structural bars, struts, trusses, or the like. In a further example, the
blades can be secured to the axle using a hub and optional bars, struts, trusses, or the

like.

[0053] While a specific dimensional relationship between the blades, rotor, and axle
is illustrated in the drawing, the particular configuration is not limited to any specific

size or configuration. More than one rotor may be attached to a longer axle or shaft,
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wherein each attached rotor contributes to the overall power output potential of the

shaft.

[0054] The specific rotor configurations, as well as its individual possible blade
configurations as illustrated in FIG. 2, FIG. 3, FIG. 4, and FIG. 5 are provided to
illustrate specific benefits, wherein the relationship between alternating primary and
secondary blades enables a more efficient use of available wind energy for

transmission into torque from the rotor to the axle than similar designs in practice.

[0055] The enhanced performance can in part be derived from the utilization of both
surfaces of each of the primary and secondary blades for both directly transmitting
wind energy directly to the axle and redirecting wind energy that is not captured

directly (or overflow/exhaust wind) into adjacent blades.

[0056] As has also been previously described and illustrated in FIG. 4, additional
performance and efficiency benefits can be realized through configuration and
positioning of the primary and secondary blades to encourage exhaust or bypass air
through a wind turbine rotor, where the exhaust air from the rotor provides a further
beneficial effect to overall torque transmitted from the rotor to the axle. The beneficial
effect of the continuous cycle method described herein, which utilizes primary and
secondary blades in an advantageous wind turbine rotor configuration, is not limited

to the specific rotor and blade configurations illustrated in FIG. 1 through FIG. 5.

[0057] Many variations of the wind turbine rotor are envisaged. In the example
embodiments illustrated, a rotor configuration using three primary blades and three
secondary blades has been used. The example rotor configuration that has been
illustrated is not intended to be considered as limiting to any specific number of
blades, rotor size, or specific blade size or geometry in order to achieve the benefits of
the enhanced performance. For example, a wind turbine rotor using two primary
blades and two secondary blades may significantly increase the performance of a
drag-based cross-flow wind turbine using only two primary blades. Accordingly, a
wind turbine rotor using two primary blades, and two or more secondary blades
between the primary blades may provide further benefit. In another example, a wind

turbine rotor using four primary blades and four secondary blades may also be used.

-10 -
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[0058] Multiple secondary blades may be used within a given set of primary blades.
For example, a rotor with four primary blades may include two or more secondary

blades spaced between the primary blades and achieve the benefits. Accordingly, for
example, a rotor with three primary blades and nine secondary blades (wherein three

secondary blades are positioned between each primary blade) may also be used.

[0059] In another example, a rotor with five, six, or seven or more primary blades
with interacting secondary blades may also be utilized in a configuration that is

advantageous.

[0060] Embodiments provide improved performance for transverse-axial or crossflow
wind turbine applications, particularly drag-based wind turbines. Embodiments may
be used beneficially in either horizontal or vertical axis applications. Embodiments
include a wind turbine rotor that is highly configurable and well suited to multiple

applications of use.

[0061] FIG. 6 is provided to illustrate the configurable nature of a described wind
turbine rotor, using the example of a rotor with three primary blades and three
secondary blades. Each of the three primary blades is indicated as 601. Each of the
secondary blades is indicated as 611. Additional indicators illustrate the geometric
points that define an example embodiment of the rotor design to illustrate methods of
the configurable nature of rotor design. Because the example design provides three
primary and three secondary blades, the geometric indicators are triangular. Designs
including more than three primary or secondary blades would result in other

polygonal geometric indicators.

[0062] The outer circumference points of the primary blades 601 are found at the
vertices of the dotted line triangle 602. The inner circumference points of the primary
blades 601 are found at the vertices of the dotted line triangle 603. The outer
circumference points of the secondary blades 611 are found at the vertices of the
dotted line triangle 612. The inner circumference points of the secondary blades 611

are found at the vertices of the dotted line triangle 613.

[0063] Apex points can define both the shape and curvature of each set of primary

and secondary blades. The apex points for the primary blades 601 are illustrated in

211 -



WO 2022/035759 PCT/US2021/045216

this embodiment at the vertices of the hashed line triangle 604. The apex points for
the secondary blades 611 are illustrated in this embodiment at the vertices of the

hashed line triangle 614.

[0064] By varying either the size or angle of the indicated circumference points 602,
603, 612, 613, and apex points 604 and 614, the configuration of the rotor can be
adjusted to enable different performance characteristics that provide benefits to suit
the deployment type or specific wind conditions at the site of deployment. For
example, if deployed in a transverse-axial flow horizontal axis configuration on a
building rooftop facing a prevailing wind direction, the rotor configuration may be
designed to utilize the airflow that is concentrated and accelerated over a building
rooftop. In this type of deployment multiple rotors may be advantageously used along
a common axle, and each may receive concentrated wind from an upward direction as

natural result of wind flowing across the top of the structure.

[0065] In a vertical axis (or Vawt) configuration, multiple rotors may also be used
along a common axle or shaft. The benefits are available in both vertical or horizontal
deployments of the wind turbine rotor or rotors. As has been discussed, the curvature,
size, length, width, depth, and relative angle of each blade or scoop may vary to

achieve the desired effect.

[0066] For example, in one embodiment, the rotational diameter of a single rotor may
be designated at one meter. Using FIG. 6 as an example and in particular to describe
the set of primary blades 601 indicated, each of the inner circumference points of each
of the primary blades do not point directly to the axle. In an example, the inner
circumference points are positioned at a point in a range that is 5% to 50% from the
center of the rotor along the radius of the rotor. For example, the inner circumference
points can be positioned at a point in a range that is 10% to 40% or 20% to 30% from
the center of rotor along the radius of the rotor to the outer diameter. In an example,
the inner circumference points of primary blades 601 can be positioned at
approximately 25% from the center axis of rotation along the radius. The inner
circumference points of each primary blade 601 are directed (when projected along a
tangent to the primary blade at the inner circumference point) away from the axle and
towards another primary blade as illustrated in FIG. 6 by the inner circumference

points 603.

-12 -
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[0067] The length of each primary blade 601 as illustrated FIG. 6, wherein the length
is defined by the distance along the primary blade 601 between the outer
circumference points 602 and the inner circumference points 603, is in a range of 40%
to 80% of the rotor diameter. For example, the length is in a range that is 45% to 75%
or 50% to 60% of the rotor diameter. The length of the primary blades can be

approximately 55% of the overall diameter using the example provided.

[0068] The curvature depth of each primary blade, defined as the shortest distance
from the apex point 604 to a straight line extending between the outer circumference
points 602 and the inner circumference points 603, is in a range of 10% to 60% of the
length of the primary blade. For example, the curvature depth can be in a range that is
15% to 40% or 20% to 35% of the length of the primary blade. The curvature depth
can be approximately 25% of the length of each primary blade.

[0069] Using this configuration of primary blades 601, a portion of the wind that
travels across both the concave and convex surfaces of the primary blades 601,
wherein the point of rotation of the outer edge 602 of a primary blade 601 is facing

substantially into the wind, is directed into the next primary blade.

[0070] The redirection of wind from one primary blade 601 to the next primary blade
601 (receiving primary blade) occurs at point into the receiving primary blade 601
which is in a range from 5% to 65% of the distance from the inner circumference
point of each primary blade relative to length of the blade. For example, the point can
be in range of 15% to 45% or a range of 20% or 40% of the distance from the inner
circumference point of each primary blade relative to length of the blade. The
redirection of the wind from one primary blade into another can be at a point which is
located at approximately 33% or approximately one third of the distance from the

inner circumference point of the receiving blade.

[0071] In the example illustrated in FIG. 6, the apex points 604 of the primary blades
601 are placed in a position which is in a range of 20% to 80% of the length of the
primary blade when measuring from the primary blade inner circumference points
603. For example, the range is 45% to 75%, such as 50% to 70%, or approximately
66% of the length. Such apex points can form a complex radii curvature. In another

example, the apex points 603 may be centered along the length the primary blades
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601 and may form a blade profile or cross section that is either an arc or curve. For
example, the arc or curve can be parabolic, circular, elliptical, hyperbolic, an involute
curve, or a complex curve. The depth of the primary blades, as has been previously
defined, may also be adjusted by moving the apex points 604 outward from length
point of each primary blade 601 as defined by the distance between the outer

circumference points 602 and the inner circumference points 603.

[0072] As has been discussed herein, secondary blades 611 are added. The secondary
blades 611 are placed in between the primary blades 601, and are configured to use a

curvature, size, length, and angle that enhance the performance of the rotor.

[0073] In the example illustrated in FIG. 6, the secondary blades 611 have a length
(measured from the inner circumference point 613 to the outer circumference point
612) that is in the range of 10% to 55% of the overall rotor diameter. For example, the
length can be in a range of 20% to 50%, or a range of 30% to 45% of the overall rotor
diameter. In an example, the secondary blades can have a length of 40% or
approximately two fifths of the overall rotor diameter. The apex points 614 of the
secondary blades can be disposed at a position in a range of 40% to 90% of the length
of the blade from its inner circumference point. For example, the apex points can be
disposed at a position in a range of 45% to 75% or 50% to 60% of the length of the
blade from its inner circumference point. The apex points can be at 50% or
approximately centered within the length of the blade. The length of the secondary
blades can be 20% to 85% of the length of the primary blades. For example, the
length of the secondary blade can be in a range of 40% to 80% or 50% to 75% of the
length of the primary blades. In an example, the length of the secondary blades
relative to the length of the primary blades can be 70%. The inner circumference
points of the secondary blades can be disposed at a position in a range of 45% to 85%
along the radius from the axle to the outer diameter. For example, the inner
circumference points can be disposed at a position 50% to 75% or 55% to 70% along
the radius from the axle to the outer diameter. In an example, the inner circumference
points of the secondary blades can be at distance of 65% along the radius of the rotor
from the center of rotation. The inner circumference points of the secondary blades
are positioned substantially farther away from the axle than the inner circumference

points of the primary blades.
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[0074] In this example illustrated in FIG. 6, the air passing around both the convex
and concave surfaces of the secondary blades 611 is also directed into the adjacent
primary blades, wherein the secondary blades direct the bypass air into an adjacent
primary blade 601 at a point that is in a range of 15% to 50% of the length of the
adjacent primary blade when measured from the outer circumference point 602 of the
adjacent primary blade 601. For example, the point can be in a range of 20% to 45%
or 30% to 40% when measured from the outer circumference point 602 of the primary
blade 601. The point can be at 33% or approximately at one third of the length of the
primary blade 601 when measured from the outer circumference point 602 of the

primary blade 601.

[0075] The space between the concave surfaces of the secondary blades 611 and the
convex surface of the primary blades 601 decreases slightly from the point between
the outer circumference points 612 of the secondary blades 611 and the outer
circumference points 602 of the primary blades 601 relative to the inner
circumference points 613 of the secondary blades 611 and the inner circumference
points 603 of the primary blades 601. The air passing between primary blades 601 and
secondary blades 611 is accelerated and directed into the concave surface of the

adjacent primary blade 601.

[0076] The “Entry Point™ is between the outer circumference point 612 of secondary
blade 611 and near the apex point of primary blade 602. The “Exit Point” is
approximately between the inner circumference point 613 of secondary blade 611 and
the inner circumference point 602 of primary blade 601. The cross-section at the Exit
Point has an area of 65% to 95% of the area of the cross-section at the Entry Point.
For example, the area at the Exit Point can be in a range can be 70% to 90% or 75%
to 85% of the area at the Entry Point. In an example, the area at the Exit Point relative

to the area at the Entry Point can be 80%.

[0077] The rotor configuration depicted in FIG. 7 uses four primary blades and four
secondary blades, all of which have an arc shaped cross section profile. The
embodiment of FIG. 7 provides the benefit of the continuous cycle effect,
demonstrating the configurable nature of the wind turbine rotor. In FIG. 7, four
primary blades (701, 702, 703, 704) and four secondary blades (711, 712, 713, 714)

are illustrated positioned relative to a central axis of rotation.
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[0078] The Primary Outer Blade Framing 705, Primary Inner Blade Framing 706, and
Primary Blade Apex Point Framing 707 illustrate length, depth, and curvature of the
primary blades. Similarly, the Secondary Outer Blade Framing 715, Secondary Inner
Blade Framing 716, and Secondary Blade Apex Point Framing 717 illustrate the
length, depth, and curvature of the secondary blades. The primary and secondary
blades can have similar length, size, curvature, and position to those described in

relation to FIG. 6.

[0079] The Wind Vectors are proximate to dashed lines pointing into the wind turbine
rotor, wherein the wind is coming from the right side relative to the drawing
orientation. In this view, the wind vector lines represent the general path or flow of
the wind as it passes over the convex surface of primary blade 702, and under the

concave surface of secondary blade 711.

[0080] The “Entry Point™ is between the outer framing point of secondary blade 711
and near the apex point of primary blade 702. The “Exit Point™ is approximately
between the inner framing point of secondary blade 711 and the inner framing point
of primary blade 702. In the example used in FIG. 7, the cross-section at the Exit
Point has an area of 65% to 95% of the area of the cross-section at the Entry Point.
For example, the area at the Exit Point can be in a range can be 70% to 90% or 75%
to 85% of the area at the Entry Point. In an example, the area at the “Exit Point™

relative to the area at the Entry Point can be 80%.

[0081] As is illustrated in the drawing, the wind passing over the convex surface of
primary blade 702 and under the concave surface of secondary blade 711 is directed
into the concave surface of primary blade 701. This configuration increases the

amount of wind force directed into primary blade 701.

[0082] As described in relation to FIG. 1, in FIG. 7, the secondary blades 711, 712,
713, and 714 may be configured, via shape, angle, and position to cause an
acceleration effect upon the wind passing into the indicated entry point between
primary blade 702 and secondary blade 711, and the indicated exit point between
primary blade 702 and secondary blade 711.
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[0083] The entry point can be larger than the exit point by approximately ten percent.
The length, or distance from the outer and inner framing points, of the secondary

blades can be approximately fifty percent of the length of the primary blades.

[0084] The relative sizes and positioning of the primary and secondary blades may
vary based on a number of factors. Such factors include the diameter of the rotor,
number of primary and secondary blades, the type of deployment (horizontal or
vertical), and whether or not external shielding or augmentation is utilized in the

deployment.

[0085] While the term “framing™ is used to define the inner and outer points of each
primary and secondary blades with both FIG.7 and FIG. 6, this is not intended to
suggest a limitation to any specific construction methods for the blades surrounding
the rotor. The triangular indicators illustrated in FIG. 6 as primary blade inner
framing, primary blade outer framing, secondary blade inner framing and secondary
blade outer framing are intended to illustrate the relational geometry of each blade in
one possible embodiment wherein the wind turbine rotor comprises three primary
blades and three secondary blades surrounding a central axis of rotation. The
triangular indicators in FIG. 6 labeled as apex points for both the primary and

secondary blades are provided to illustrate the deepest point of each blade.

[0086] Similarly, the labels provided in FIG. 7, specifically 705, 706, 707, 715, 716,
and 717 are also intended to facilitate in the understanding of the geometry of this
embodiment using a rotor configuration comprising four primary and four secondary
blades. While it may be advantageous to use the inner and outer points on each of the
primary and secondary blades for structural framing, other structural framing methods
can be envisaged. A variety of methods exist for attaching or securing wind turbine

blades to a central axle or hub.

[0087] FIG. 8 illustrates another example of a rotor configuration in which a rotor
using four primary blades and eight additional blades (e.g., 4 secondary and 4 tertiary
blades). The four primary blades are indicated as 801A, 801B, 801C, and 801D. A set
of secondary blades is indicated using the labels of 811A, 811B, 811C, and 811D. A
set of tertiary blades is indicated using the labels of 821A, 821B, 821C, and 821D.
For the purpose of clarity in the description of FIG.8, the set of tertiary blades may be
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described as “booster blades”. In this rotor configuration, each primary blade has a
length as described above with respect to FIG. 6 or can be approximately 60% of the
rotor diameter, and a blade depth at the center of the arc shaped blade can be as
described above with respect to FIG. 6 or can be approximately 30% of the length of
each primary blade. The secondary blades each have a length as described above with
respect to FIG. 6 or can be approximately 30% of the rotor diameter, and a depth as
described above with respect to FIG. 6 or can be approximately 20% percent of length

of each secondary blade.

[0088] The tertiary blades can be smaller in size than the primary and can be smaller
than the secondary blades. For example, the relative length (from inner circumference
point to outer circumference point along the blade) of the tertiary blades compared to
the overall rotor diameter can be in the range of 10% to 25%. In an example, the
relative length can be in a range of lengths from 12% to 18%, or 14% to 16% of the
rotor diameter. In an example, the relative length of the tertiary blades can be 15%.
The positions of the inner circumference points of the tertiary blades are farther away
from the center axis of the rotor than the primary and secondary blades. For example,
the inner circumference points can be disposed at 70% to 90% along the radius from
the axle or center point to the outer diameter, such as 80% to 95% along the radius.
The depth of the tertiary blades may be in a range of 5% to 25% of the length of the
blade. For example, the depth can be in a range of 8% to 22% or 10% to 20% of the
length of the blade. In an example, the depth can be 15% of the length of the blade.

[0089] In FIG. 8, the wind direction coming towards the wind turbine rotor is
substantially from the right, relative to the drawing orientation. There are three
indicators labeled as Wind Vectors which are proximate to dashed lines pointing
inwards into rotor blade 801 A. One wind vector line is illustrated passing between
primary blade 801B and secondary blade 811B. A second wind vector line is
illustrated passing between secondary blade 811B and booster blade 821B. A third
wind vector line is illustrated passing over booster blade 821B and into primary blade
801A.

[0090] A “Concentrated Wind Area™ is in a position within the concave area of
primary blade 801A, wherein the dashed wind vector lines are pointing substantially

towards that area of the rotor. In this embodiment, the wind turbine rotor may impart

-18 -



WO 2022/035759 PCT/US2021/045216

more torque to the axle or shaft as a result of the concentrated wind flow into the

primary blades made possible from the secondary blades.

[0091] “Deflected Wind” wind flows into the portion of the wind turbine which is
turning back into the wind during rotation. The illustrated direction of rotation is
counterclockwise. In the illustrated position of rotation, booster blade 821C deflects a
portion of the wind upward into the concave area of primary blade 801B, and a
portion of the wind downward towards a partially exposed area of the convex surface
of secondary blade 811C.

[0092] As is further illustrated, secondary blade 811C will also substantially deflect
wind in a downward direction relative to the orientation of FIG. 8. The “downward
direction” is intended to assist in the understanding of the drawing. The downward
direction may also be described as an outward direction, wherein the deflection of the

wind is directed away from the center of rotation.

[0093] Primary blade 801C is substantially blocked from incoming wind due to the
wind deflection that occurs from booster blade 821C, and then further deflected by
secondary blade 811C. As a result, primary blade 801C receives lower back pressure
while turning back into the wind than if implemented on a rotor without the use of

secondary blades or tertiary blades.

[0094] A further notable benefit is that primary blade 801C, while in the illustrated
position of rotation, nearly completely blocks the following booster blade 821D and
the secondary blade 811D from return drag. This demonstrates the previously
described benefit, wherein additional blades that increase the capture of wind and
enhance performance of the wind turbine rotor without adding additional return drag

may be added to a drag-based crossflow wind turbine rotor.

[0095] The blade of the rotor can be coupled to each other or to the shaft or axle using
various structures. For example, the blades can be coupled to end caps that are
coupled to the shaft or axle. In another example, the blades can be attached to the

shaft or axle using separate hubs and struts or bars.

[0096] For example, as illustrated in FIG. 9, the blades 904 of a rotor can be attached
to end caps 906 that couple to the shaft 902. The blades 904 are held in positions that
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are fixed relative to other blades 904 by the end caps 906. While one rotor including a
set of blades coupled to end caps is illustrated, more than one rotor can be coupled to
the shaft 902. Optionally, the shaft 902 can be connected directly to a generator 908,
such as an axial flux generator, or alternatively, can be indirectly connected to a
generator through other mechanisms. For example, the shaft 902 can be coupled to the
generator using a mechanical transmission method, such as chain and sprocket, gears,
a belt and pulley system, friction drive, fluid drive, continuous variable transmission

(CVT), or other methods of transmission.

[0097] In another example illustrated in FIG. 10, blades 1004 or 1006 are attached to
the shaft 1002 using hubs 1008. The blades 1004 or 1006 can be attached to the hubs
directly or using brackets, struts, or trusses. For example, the blades 1004 of a rotor
assembly can each be attached to the shaft 1002 and the blades 1006 of another rotor
assembly can each be attached to the shaft 1002. In an example, the shaft 1002 can be
coupled with a generator 1012 using a chain and sprocket 1014, a belt and pulley

system, or another ratio drive mechanism.

[0098] In a further example illustrated in FIG. 11, blades 1104 of a rotor assembly
can be attached to a generator housing 1006. The generator housing 1106 rotates and
has a shaft 1108 which remains stationary. The shaft 1108 is connected to the top of a
tower 1102.

[0099] In a further example, one or more augmenters can be positioned around the
rotor or rotors. The augmenters can function to gather wind from a greater area,
concentrate wind, or partially block wind. In an example, the augmenters are in a
fixed position relative to the rotor or rotors. While the blades of the rotor rotate
around an axis, shaft, or axle, the augmenters can be fixed relative to the axis, shaft,
or axle. For example, the number of augmenters can be in a range of 1 to 12, such as a

range of 4 to 10 or a range of 6 to 10.

[00100] The augmenters can have a length, for example, measured from a point closest
to the rotor and along the augmenter to a furthest point. In an example, the length of
the augmenter can be in a range of 0.1 to 10 times the diameter of the rotor. For
example, the length of the augmenter can be in a range of 0.5 to 5 times the diameter

of the rotor, such as 0.5 to 2 times the diameter of the rotor.
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[00101] Further, the augmenters can be positioned at an angle relative to a radial
direction extending from the axis or axle. In an example, the angle can be in a range
of 10° to 90°, such as a range of 15° to 70°, a range of 15° to 60°, or a range of 25° to
50°.

[00102]1In an additional example, the augmenters can have a shape, such as straight or
curved. In an example, a curved shape can be parabolic, circular, elliptical,
hyperbolic, an involute curve, or a complex curve. For example, the curve can be an
involute curve or a complex curve. In another example, the curve can be a parabolic

curve. In a further example, the shape can be straight.

[00103]For example, FIG. 12 and FIG. 13 illustrate augmenters 1204 distributed
around a rotor 1202. The augmenters 1204 have a length greater than the diameter of
the rotor 1202, such as 1.2 to 2 times the diameter of the rotor 1202. The augmenters
1204 are disposed at an angle of 45° relative to a radial direction extending from the
axle 1202. As illustrated, the augmenters 1204 are disposed at fixed positions
distributed evenly around the rotor. For example, the four augmenters 1204 are
distributed at 90° offsets around the rotor 1202. In FIG. 12, wind 1206 is illustrated as
entering from a direction relative to the fixed augmenters 1204. Much of the wind is
concentrated into the rotor. FIG. 13 illustrates wind 1306 entering from a different
direction relative to the fixed position of the augmenters 1204. Some of the wind
1306 is concentrated by the augmenters 1204 and some is deflected by the augmenters
1204. A small portion of the wind 1306 may impinge on the rotor at a position in
which the blades are returning. The above-described rotor designs are advantageously
less sensitive to such impingement and more capable of deflecting such impingement

than conventional designs.

[00104] FIG. 14 and FIG. 15 illustrate augmenters 1404 distributed around a rotor
1402. The length of the augmenters 1404 is smaller than the diameter of the rotor
1402. For example, the length can be in a range of 0.5 to 0.95 times the diameter of
the rotor 1402. The augmenters 1404 are disposed at an angle of 45° relative to a
radial direction extending from the axle of the rotor 1402. As illustrated in FIG. 14,
much of the wind 1406 is concentrated into the rotor 1402. When the wind 1506
enters from a different direction relative to the augmenters 1404, for example, as

illustrated in FIG. 15, more of the wind 1506 can be deflected or concentrated by a
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different set of augmenters 1404. Here again, a small portion of the wind 1506 may
impinge on the rotor at a position in which the blades are returning. The above-
described rotor designs are advantageously less sensitive to such impingement and

more capable of deflecting such impingement than conventional designs.

[00105]1FIG. 16 and FIG. 17 illustrate the use of straight augmenters, for example,
augmenters 1604 or 1704. As illustrated in FIG. 16, the augmenters 1604 having a
length smaller than the diameter of the rotor 1602 are distributed evenly around the
rotor 1602. For example, eight augmenters 1604 are distributed around the rotor 1604
and gather more wind 1606 than the rotor 1602 alone and concentrates some of the
wind 1606 into the rotor 1602. In another example, FIG. 17 illustrates larger straight
augmenters 1704 distributed around a rotor 1702. In an example, a length of the
augmenters 1704 can be greater than a diameter of the rotor 1702.

[00106]1In further examples, FIG. 18 and FIG. 19 include eight curved augmenters
1804 distributed around a rotor 1802. Wind 1806 entering a direction as illustrated in
FIG. 18 is concentrated or deflected. Similarly, wind 1906 entering from a different
direction as illustrated in FIG. 19 are concentrated by different augmenters 1804 or

deflected away from the rotor 1802.

[00107]In a further example, a single augmenter or parapet wall of a building can be
used to partially block wind. For example, as illustrated in FIG. 20, an augmenter or
parapet wall 2004 can be disposed to partially block wind approaching a horizontal

rotor 2002 positioned over a horizontal surface 2006. The wind can be blocked from

impinging rotor blades that are moving back into position to receive wind.

[00108]In another example, the single augmenter or parapet wall can be angled to
direct wind into the rotor while blocking wind from impinging the returning side. For
example, FIG. 21 illustrates an angled augmenter 2104 directing wind into a rotor
2102 that is disposed horizontally over a surface 2104, such as the roof of a building.
The augmenter 2104 is disposed at an angle o relative to the surface, such as an angle

in a range of 15° to 80°, a range of 25° to 70°, or a range of 35° to 60°.
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[00109] Embodiments provide various improvements to a drag-based, crossflow wind
turbine rotor design. A primary benefit is a performance increase through the use of

varying configurations of primary and secondary blades within the rotor.

[00110] When using this wind turbine rotor design, many variations are possible. For
example, when used in transverse axial (or cross-flow) horizontal axis configuration,
and if external augmentation is added to either or both of the upper and lower areas

surrounding the wind turbine rotor assembly to further concentrate the wind into the
rotor, the rotor configuration may be adjusted to utilize the force and direction of the

concentrated wind.

[00111] When used in a vertical axis wind turbine application, the rotor may be
configured specifically for wind conditions at the point of deployment. In a free-
standing vertical axis deployment, the advantages and benefits of the continuous cycle

method described herein are realized from all wind angles.

[00112] Various configurations of the wind turbine rotor configuration may be suited
for low, moderate, or high wind conditions with minor adjustments. For example,
embodiments of the wind turbine rotor design presented are not limited to any specific
size. In an embodiment, the parts for a completed rotor assembly may be designed at a
size that allows transport of one or more rotors on a standard shipping pallet. In some

cases, larger or smaller rotor assemblies may be desirable.

[00113] The rotor can be formed from various materials. For example, materials such
as fiberglass, plastic, or aluminum, steel, alloys, textiles, or other materials, or any
combination of such materials may be used for the construction of the rotor and its
blades.

[00114] Various configurations or geometries of the rotor and its individual blades can
be used. For example, the cross-sectional views illustrated in the accompanying
drawings are embodiments of specific aerodynamic improvements using curvatures of
blades along a single axis of each blade. The surfaces of each individual blade may
have curvatures or geometry that varies across multiple axes. For example, if the
surface of each blade is curved along both the X and Y axis, using a generally

rectangular shape, the blade may resemble a form similar to that of a rectangular

_23 -



WO 2022/035759 PCT/US2021/045216

parabolic dish. If a blade surface is curved along a single axis, such as is illustrated in
FIG. 5, sidewalls or end caps may be added to span the areas on either side of the
blade from the outer diameter point to the inner diameter point, while also spanning
the area completely up to the blade curvature. The geometry of the sidewalls may also

be varied.

[00115] The wind turbine can be connected to various mechanical or electrical systems
to transfer mechanical energy to other devices. For example, the wind turbine can be
connected to generators for generating electricity from the mechanical energy
collected from wind. In another example, the wind turbine can be connected to

mechanical systems, such as pumps or momentum storage systems.

[00116]In a first embodiment, a wind turbine rotor includes an axle, a plurality of
primary blades disposed at regular intervals around the axle, and a plurality of
secondary blades disposed around the axle between primary blades of the plurality of
primary blades. Each secondary blade of the plurality of secondary blades is smaller

than each primary blade of the plurality of primary blades.

[00117]In an example of the first embodiment, a length of the each secondary blade is

in a range of 20% to 50% of a diameter of the wind turbine rotor.

[00118]In another example of the first embodiment and the above examples, an apex
point of the each secondary blade is 40% to 90% along the length of the each

secondary blade from an inner circumference point of the each secondary blade.

[00119]1n a further example of the first embodiment and the above examples, a length

of the each secondary blade is 20% to 85% of the length of the each primary blade.

[00120]1In an additional example of the first embodiment and the above examples, an
inner circumference point of the each secondary blade is 45% to 85% along a radius

extending from the axle to the outer diameter.

[00121]In another example of the first embodiment and the above examples, an inner
circumference point of the each secondary blade is further from the axle than an inner

circumference point of the each primary blade.
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[00122]1In a further example of the first embodiment and the above examples, an area
at an exit point between the each secondary blade and the each primary blade is
smaller than an area at an entry point between the each secondary blade and the each

primary blade.

[00123]1In an additional example of the first embodiment and the above examples, an
area at an exit point between the each secondary blade and the each primary blade is
between 65% and 90% of an area at an entry point between the each secondary blade

and the each primary blade.

[00124]In another example of the first embodiment and the above examples, an inner
circumference point of the each primary blade is 5% to 50% along a radius from the

axle to the outer diameter.

[00125]1In a further example of the first embodiment and the above examples, a length

of the each primary blade is 40% to 90% of a diameter of the wind turbine rotor.

[00126]1In an additional example of the first embodiment and the above examples, a
curvature depth of the each primary blade is 10% to 60% of the length of the each

primary blade.

[00127]In another example of the first embodiment and the above examples, the wind
turbine rotor further includes a plurality of tertiary blades disposed between the
plurality of primary blades and the plurality of secondary blades. For example, each
tertiary blade of the plurality of tertiary blades is smaller than the each secondary
blade of the plurality of secondary blades. In another example, each tertiary blade of
the plurality of tertiary blades has a relative length of 10% to 25% of a diameter of the
wind turbine rotor. In a further example, each tertiary blade of the plurality of tertiary
blades has a curvature depth of 8% to 22% of a length of the each tertiary blade.

[00128]1n a further example of the first embodiment and the above examples, the axle

of the wind turbine rotor is disposed vertically.

[00129]1In an additional example of the first embodiment and the above examples, the

axle of the wind turbine rotor is disposed horizontally.
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[00130]1In a second embodiment, a wind turbine system for generating electricity
includes an electric generator and a wind turbine rotor. The wind turbine includes an
axle mechanically coupled to the generator, a plurality of primary blades disposed at
regular intervals around the axle, and a plurality of secondary blades disposed around
the axle between primary blades of the plurality of primary blades. Each secondary
blade of the plurality of secondary blades is smaller than each primary blade of the
plurality of primary blades.

[00131]In an example of the second embodiment, the axle is mechanically coupled

directly.

[00132]In another example of the second embodiment and the above examples, the
axle is mechanically coupled using a chain and sprocket, gears, a belt and pulley

system, a friction drive, a fluid drive, or a continuous variable transmission (CVT).

[00133]In a further example of the second embodiment and the above examples, the
wind turbine system further includes a plurality of augmenters disposed in fixed
positions distributed around the wind turbine rotor. For example, an augmenter of the
plurality of augmenters is straight. In another example, an augmenter of the plurality
of augmenters is curved. In a further example, the curved augmenter has a shape
including parabolic, circular, elliptical, hyperbolic, an involute curve, or a complex
curve. In an additional example, an augmenter of the plurality of augmenters is
disposed at an angle relative to aradial direction extending from the axle in a range of
10° to 90°. In another example, an augmenter of the plurality of augmenters has a
length in a range of 0.1 to 10 times a diameter of the wind turbine rotor. For example,

the length is 0.5 to 5 times the diameter of the wind turbine rotor.

[00134]In an example of the second embodiment, a length of the each secondary blade

is in a range of 20% to 50% of a diameter of the wind turbine rotor.

[00135]In another example of the second embodiment and the above examples, an
apex point of the each secondary blade is 40% to 90% along the length of the each

secondary blade from an inner circumference point of the each secondary blade.
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[00136]1In a further example of the second embodiment and the above examples, a
length of the each secondary blade is 20% to 85% of the length of the each primary
blade.

[00137]1In an additional example of the second embodiment and the above examples,
an inner circumference point of the each secondary blade is 45% to 85% along a

radius extending from the axle to the outer diameter.

[00138]In another example of the second embodiment and the above examples, an
inner circumference point of the each secondary blade is further from the axle than an

inner circumference point of the each primary blade.

[00139]1n a further example of the second embodiment and the above examples, an
area at an exit point between the each secondary blade and the each primary blade is
smaller than an area at an entry point between the each secondary blade and the each

primary blade.

[00140]1In an additional example of the second embodiment and the above examples,
an area at an exit point between the each secondary blade and the each primary blade
is between 65% and 90% of an area at an entry point between the each secondary

blade and the each primary blade.

[00141]In another example of the second embodiment and the above examples, an
inner circumference point of the each primary blade is 5% to 50% along a radius from

the axle to the outer diameter.

[00142]1In a further example of the second embodiment and the above examples, a
length of the each primary blade is 40% to 90% of a diameter of the wind turbine

rotor.

[00143]1In an additional example of the second embodiment and the above examples, a
curvature depth of the each primary blade is 10% to 60% of the length of the each
primary blade.

[00144]In another example of the second embodiment and the above examples, the
wind turbine rotor further includes a plurality of tertiary blades disposed between the

plurality of primary blades and the plurality of secondary blades. For example, each
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tertiary blade of the plurality of tertiary blades is smaller than the each secondary
blade of the plurality of secondary blades. In another example, each tertiary blade of
the plurality of tertiary blades has a relative length of 10% to 25% of a diameter of the
wind turbine rotor. In a further example, each tertiary blade of the plurality of tertiary
blades has a curvature depth of 8% to 22% of a length of the each tertiary blade.

[00145]1In a further example of the second embodiment and the above examples, the

axle of the wind turbine rotor is disposed vertically.

[00146]1In an additional example of the second embodiment and the above examples,

the axle of the wind turbine rotor is disposed horizontally.

[00147]In a third embodiment, a method for generating electricity includes installing a
wind turbine system in the path of wind. The wind turbine system includes an electric
generator and a wind turbine rotor, The wind turbine rotor includes an axle
mechanically coupled to the generator, a plurality of primary blades disposed at
regular intervals around the axle, and a plurality of secondary blades disposed around
the axle between primary blades of the plurality of primary blades. Each secondary
blade of the plurality of secondary blades is smaller than each primary blade of the

plurality of primary blades.

[00148]In the foregoing specification, the concepts have been described with
reference to specific embodiments. However, one of ordinary skill in the art
appreciates that various modifications and changes can be made without departing
from the scope of the invention as set forth in the claims below. Accordingly, the
specification and figures are to be regarded in an illustrative rather than a restrictive
sense, and all such modifications are intended to be included within the scope of

invention.

2 ¢ 2 ¢c

[00149] As used herein, the terms “comprises,” “comprising,” “includes,” “including,”
“has,” “having” or any other variation thereof, are intended to cover a non-exclusive
inclusion. For example, a process, method, article, or apparatus that comprises a list
of features is not necessarily limited only to those features but may include other
features not expressly listed or inherent to such process, method, article, or apparatus.

Further, unless expressly stated to the contrary, “or” refers to an inclusive-or and not
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to an exclusive-or. For example, a condition A or B is satisfied by any one of the
following: A is true (or present) and B is false (or not present), A is false (or not

present) and B is true (or present), and both A and B are true (or present).

[00150] Also, the use of “a” or “an” are employed to describe elements and
components described herein. This is done merely for convenience and to give a
general sense of the scope of the invention. This description should be read to include
one or at least one and the singular also includes the plural unless it is obvious that it

1s meant otherwise.

[00151] Benefits, other advantages, and solutions to problems have been described
above with regard to specific embodiments. However, the benefits, advantages,
solutions to problems, and any feature(s) that may cause any benefit, advantage, or
solution to occur or become more pronounced are not to be construed as a critical,

required, or essential feature of any or all the claims.

[00152] After reading the specification, skilled artisans will appreciate that certain
features are, for clarity, described herein in the context of separate embodiments, may
also be provided in combination in a single embodiment. Conversely, various
features that are, for brevity, described in the context of a single embodiment, may
also be provided separately or in any subcombination. Further, references to values

stated in ranges include each and every value within that range.
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WHAT IS CLAIMED IS:

1. A wind turbine rotor comprising:

an axle;

a plurality of primary blades disposed at regular intervals around the axle; and

a plurality of secondary blades disposed around the axle between primary
blades of the plurality of primary blades, each secondary blade of the
plurality of secondary blades being smaller than each primary blade of
the plurality of primary blades.

2. The wind turbine rotor of claim 1, wherein a length of the each secondary

blade is in a range of 20% to 50% of a diameter of the wind turbine rotor.

3. The wind turbine rotor of claim 1 or claim 2, wherein an apex point of the
each secondary blade is 40% to 90% along the length of the each secondary blade

from an inner circumference point of the each secondary blade.

4. The wind turbine rotor of any one of claims 1 to 3, wherein a length of the

each secondary blade is 20% to 85% of the length of the each primary blade.

5. The wind turbine rotor of any one of claims 1 to 4, wherein an inner
circumference point of the each secondary blade is 45% to 85% along a radius

extending from the axle to an outer diameter of the wind turbine rotor.

6. The wind turbine rotor of any one of claims 1 to 5, wherein an inner
circumference point of the each secondary blade is further from the axle than an inner

circumference point of the each primary blade.

7. The wind turbine rotor of any one of claims 1 to 6, wherein an area at an
exit point between the each secondary blade and the each primary blade is smaller
than an area at an entry point between the each secondary blade and the each primary
blade.

8. The wind turbine rotor of any one of claims 1 to 7, wherein an area at an

exit point between the each secondary blade and the each primary blade is between
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65% and 90% of an area at an entry point between the each secondary blade and the
each primary blade.

9. The wind turbine rotor of any one of claims 1 to 8, wherein an inner
circumference point of the each primary blade is 5% to 50% along a radius from the

axle to an outer diameter of the wind turbine rotor.

10. The wind turbine rotor of any one of claims 1 to 9, wherein a length of the

each primary blade is 40% to 90% of a diameter of the wind turbine rotor.

11. The wind turbine rotor of any one of claims 1 to 10, wherein a curvature
depth of the each primary blade is 10% to 60% of the length of the each primary
blade.

12. The wind turbine rotor of any one of claims 1 to 11, further comprising a
plurality of tertiary blades disposed between the plurality of primary blades and the
plurality of secondary blades.

13. The wind turbine rotor of claim 12, wherein each tertiary blade of the
plurality of tertiary blades is smaller than the each secondary blade of the plurality of

secondary blades.

14. The wind turbine rotor of claim 12, wherein each tertiary blade of the
plurality of tertiary blades has a relative length of 10% to 25% of a diameter of the

wind turbine rotor.

15. The wind turbine rotor of claim 12, wherein each tertiary blade of the
plurality of tertiary blades has a curvature depth of 8% to 22% of a length of the each
tertiary blade.

16. The wind turbine rotor of any one of claims 1 to 15, wherein the axle of

the wind turbine rotor is disposed vertically.

17. The wind turbine rotor of any one of claims 1 to 16, wherein the axle of

the wind turbine rotor is disposed horizontally.

231 -



WO 2022/035759 PCT/US2021/045216

18. A wind turbine system for generating electricity, the wind turbine system
comprising;
an electric generator; and
a wind turbine rotor comprising:
an axle mechanically coupled to the generator;
a plurality of primary blades disposed at regular intervals around the
axle; and
a plurality of secondary blades disposed around the axle between
primary blades of the plurality of primary blades, each
secondary blade of the plurality of secondary blades being
smaller than each primary blade of the plurality of primary
blades.

19. The wind turbine system of claim 18, wherein the axle is mechanically

coupled directly.

20. The wind turbine system of claim 18, wherein the axle is mechanically
coupled using a chain and sprocket, gears, a belt and pulley system, a friction drive, a

fluid drive, or a continuous variable transmission (CVT).

21. The wind turbine system of any one of claims 18-20, further comprising a
plurality of augmenters disposed in fixed positions distributed around the wind

turbine rotor.

22. The wind turbine system of claim 21, wherein an augmenter of the

plurality of augmenters is straight.

23. The wind turbine system of claim 21, wherein an augmenter of the

plurality of augmenters is curved.

24. The wind turbine system of claim 23, wherein the curved augmenter has a
shape including parabolic, circular, elliptical, hyperbolic, an involute curve, or a

complex curve.
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25. The wind turbine system of claim 21, wherein an augmenter of the
plurality of augmenters is disposed at an angle relative to a radial direction extending

from the axle in a range of 10° to 90°.

26. The wind turbine system of claim 21, wherein an augmenter of the
plurality of augmenters has a length in a range of 0.1 to 10 times a diameter of the

wind turbine rotor.

27. The wind turbine system of claim 26, wherein the length is 0.5 to 5 times

the diameter of the wind turbine rotor.

28. The wind turbine system of any one of claims 18-27, wherein a length of
the each secondary blade is in a range of 20% to 50% of a diameter of the wind

turbine rotor.

29. The wind turbine system of any one of claims 18-28, wherein an apex
point of the each secondary blade is 40% to 90% along the length of the each

secondary blade from an inner circumference point of the each secondary blade.

30. The wind turbine system of any one of claims 18-29, wherein a length of

the each secondary blade is 20% to 85% of the length of the each primary blade.

31. The wind turbine system of any one of claims 18-30, wherein an inner
circumference point of the each secondary blade is 45% to 85% along a radius

extending from the axle to an outer diameter of the wind turbine rotor.

32. The wind turbine system of any one of claims 18-31, wherein an inner
circumference point of the each secondary blade is further from the axle than an inner

circumference point of the each primary blade.

33. The wind turbine system of any one of claims 18-32, wherein an area at
an exit point between the each secondary blade and the each primary blade is smaller

than an area at an entry point between the each secondary blade and the each primary
blade.
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34. The wind turbine system of any one of claims 18-33, wherein an area at
an exit point between the each secondary blade and the each primary blade is between
65% and 90% of an area at an entry point between the each secondary blade and the

each primary blade.

35. The wind turbine system of any one of claims 18-34, wherein an inner
circumference point of the each primary blade is 5% to 50% along a radius from the

axle to an outer diameter of the wind turbine rotor.

36. The wind turbine system of any one of claims 18-35, wherein a length of

the each primary blade is 40% to 90% of a diameter of the wind turbine rotor.

37. The wind turbine system of any one of claims 18-36, wherein a curvature
depth of the each primary blade is 10% to 60% of the length of the each primary
blade.

38. The wind turbine system of any one of claims 18-37, further comprising a
plurality of tertiary blades disposed between the plurality of primary blades and the
plurality of secondary blades.

39. The wind turbine system of claim 38, wherein each tertiary blade of the
plurality of tertiary blades is smaller than the each secondary blade of the plurality of
secondary blades.

40. The wind turbine system of claim 38, wherein each tertiary blade of the
plurality of tertiary blades has a relative length of 10% to 25% of a diameter of the

wind turbine rotor.

41. The wind turbine system of claim 38, wherein each tertiary blade of the
plurality of tertiary blades has a curvature depth of 8% to 22% of a length of the each
tertiary blade.

42. The wind turbine system of any one of claims 18-41, wherein the axle of

the wind turbine rotor is disposed vertically.
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43. The wind turbine system of any one of claims 18-42, wherein the axle of

the wind turbine rotor is disposed horizontally.

44. A method for generating electricity, the method comprising:
installing a wind turbine system in the path of wind, the wind turbine system
comprising;
an electric generator; and
a wind turbine rotor comprising;
an axle mechanically coupled to the generator;
a plurality of primary blades disposed at regular intervals around the
axle; and
a plurality of secondary blades disposed around the axle between
primary blades of the plurality of primary blades, each
secondary blade of the plurality of secondary blades being
smaller than each primary blade of the plurality of primary
blades.
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