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a source to capture recovery of flow due to inflow from around the turbine is
described. Methods for providing configurations of a VAWT array based on
a desired attribute of the array, using a low-order model when the array is
subject to physical constraints are also described.
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METHODS AND SYSTEMS FOR COMPARING
VERTICAL AXIS TURBINE ARRAYS AND PROVIDING
CONFIGURATIONS THEREOF

CROSS REFERENCE TO RELATED APPLICATIONS
[0001] The present application claims priority to U.S. Provisional Patent Application No.
61/523,164 filed on August 12, 2011, which is incorporated herein by reference in its

entirety.

FIELD
[0002] The present disclosure relates to wind turbines. In particular, it relates to a method

for siting wind turbines.

SUMMARY
[0003] According to a first aspect of the disclosure, a computer-implemented method for
providing low-order potential flow elements for a vertical axis turbine is described, the low-
order potential flow elements usable for configuring an array of vertical axis turbines. The
method comprises executing, using one or more computer systems, executable instructions
to perform at least the steps of receiving acquired flow data around a selected vertical axis
turbine; assigning one or more variables, each to a set of potential flow elements, the one or
more variables representing potential flow around the selected vertical axis turbine;
receiving and applying a fitness function configured to evaluate a matching of acquired
flow data around the selected vertical axis turbine with potential flow data given by the one
or more variables representing potential flow around the selected vertical axis turbine,
according to one or more set thresholds, the set thresholds each being associated to a
particular region around the vertical axis turbine; and applying an algorithm to the one or
more variables, the algorithm configured to output values for each of the one or more

variables which match the acquired flow data around the sclected vertical axis turbine
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according to the fitness function, thus providing values for each of the one or more

potential flow elements representing potential flow around the selected vertical axis turbine.

[0004] According to a second aspect of the disclosure, a computer-implemented method of
configuring an array of vertical axis turbines for an array site is described. The method
comprises executing, using one or more computer systems, executable instructions to
perform at least the steps of receiving input data corresponding to potential flow around one
or more of a selected vertical axis turbine; receiving one or more input variables, the one or
more input variables representing at least one of a parameter of the array site, a constraint
of the array site, and a parameter of the vertical axis turbine; receiving input concerning a
number of vertical axis turbines to be configured in the array; receiving input concerning
one or more of a desired attribute of a configured array site; receiving input of a fitness
function, the fitness function configured to rank configurations of array sites within one or
more constraints of the array site, according to one or more set thresholds, the thresholds
being set according to a desired attribute of a configured array site; and applying an
algorithm to the one or more variables, the algorithm configured to output data
corresponding to locations of vertical axis turbines which provide the one or more of a

desired attribute of the array of vertical axis turbines.

[0005] According to third aspect of the disclosure, a further method for configuring an
array of vertical axis turbines for a turbine array site is described. The method comprises
selecting a type of vertical axis turbine to be used in the array; providing an array of the
selected type of vertical axis turbines; providing one or more potential flow elements
representing potential flow around the selected type of vertical axis turbine; selecting one
or more input variables, the one or more input variables representing at least one of a
parameter of the array site, and a constraint of the turbine array site, a parameter of the
vertical axis turbine; selecting a number of vertical axis turbines to be placed in the array;
selecting a number of vertical axis turbines to be placed in the array site; designing a fitness
function configured to rank configurations of a plurality of vertical axis turbine arrays

within one or more constraints of the array site, according to one or more set thresholds, the
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thresholds being set according to one or more of a desired attribute of a configured array
site; inputting into an algorithm values for one or more potential flow elements representing
potential flow around the selected type of vertical axis turbine, the one or more input
variables, and the number of vertical axis turbines to be placed in the array site, wherein the
algorithm is configured to provide geometric data corresponding to locations of vertical
axis turbines which provide a desired power output of the array of vertical axis turbines;
and configuring the array of the selected type of vertical axis turbines according to the

geometric data thus obtained.

[0006] According to a fourth aspect of the disclosure, a further method for configuring an
array of vertical axis turbines for an array site is described. The method comprises
executing, using one or more computer systems, executable instructions to perform at least
the steps of: receiving acquired flow data around a selected vertical axis turbine assigning
one or more variables, cach to a set of potential flow elements, the one or more variables
representing potential flow around the selected vertical axis turbine; receiving and applying
a fitness function configured to evaluate a matching of acquired flow data around the
selected vertical axis turbine with potential flow data given by the one or more variables
representing potential flow around the selected vertical axis turbine, according to one or
more set thresholds, the set thresholds each being associated to a particular region around
the vertical axis turbine; applying a first algorithm to the one or more variables, the first
algorithm configured to output values for each of the one or more variables which match
the acquired flow data around the selected vertical axis turbine according to the fitness
function, thus providing values for each of the one or more potential flow elements
representing potential flow around the selected vertical axis turbine; receiving the provided
values for each of the one or more potential flow elements representing potential flow
around the selected vertical axis turbine; receiving one or more further input variables, the
one or more further input variables representing at least one of a parameter of the array site,
a constraint of the array site, and a parameter of the vertical axis turbine; receiving input
concerning a number of vertical axis turbines to be configured in the array; receiving input

concerning one or more of a desired attribute of a configured array site; receiving input of a
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fitness function, the fitness function configured to rank configurations of array sites within
one or more constraints of the array site, according to one or more set thresholds, the
thresholds being set according to a desired attribute of a configured array site; and applying
an algorithm to the one or more variables, the algorithm configured to output data
corresponding to locations of vertical axis turbines which provide the one or more of a

desired attribute of the array of vertical axis turbines.

[0007] According to a fifth aspect of the disclosure, a V-shaped arrangement of turbines is
described. The V-shaped arrangement of turbines comprises at least three pairs of turbines,
wherein: the V-shaped arrangement is adapted to be oriented such that a prevalent
crosswind enters the opening of the V-shaped arrangement and such that the prevalent
crosswind direction is substantially parallel to the axis bisecting the V-shape; each turbine
in a pair of turbines is proximate to the other turbine in the pair and non-proximate to other
turbines in the array; the vertex of the V-Shaped arrangement comprises a clockwise
rotating turbine from which a first arm of the V-shaped arrangement extends in a first
direction, and a counterclockwise rotating turbine, proximate to the clockwise rotating
turbine, from which a second arm of the V-shaped arrangement extends; turbines
comprised in the first arm extending in the first direction are clockwise rotating turbines;
and turbines comprised in the second arm extending in the second direction are clockwise

rotating turbines.

[0008] The present disclosure provides various methods, which in some embodiments can
be used in conjunction. A first method according to embodiments herein described can be
used to model flow around a vertical axis wind turbine (herein also referred to by the
acronym "VAWT") using, for example, potential flow elements including a vortex to
capture the rotation of the turbine, a dipole to capture a blockage effect of the turbine, a
sink to capture the extracted energy from the wind by the turbine, and a source to capture
the recovery of the flow due to inflow from around the turbines. These elements can be
combined in different numbers or with different constraints in order to generate a model

that is fit to different data sets and that can optimize for computational speed or for



WO 2013/025568 PCT/US2012/050482

accuracy. A second method provides configurations of a VAWT array based on a desired
attribute of the array, using a low-order model when the array is subject to physical
constraints. The physical constraints on the array can include, but are not limited to discrete
locations at which the turbines can be placed, minimal or maximal spacing between
turbines, a range and predominance of incoming wind directions, topography of the array

site, and number and chirality of turbines.

[0009] The details of one or more embodiments of the disclosure are set forth in the
accompanying drawings and the description below. Other features, objects, and advantages

will be apparent from the description and drawings, and from the claims.

BRIEF DESCRIPTION OF DRAWINGS
[0010] The accompanying drawings, which are incorporated into and constitute a part of
this specification, illustrate one or more embodiments of the present disclosure and,
together with the description of example embodiments, serve to explain the principles and

implementations of the disclosure.

[0011] FIG. 1 shows a schematic of field array according to some embodiments. Open
circles represent possible positions for turbines. Solid circles represent counter-clockwise
rotating turbine locations for experimental data acquisition; solid squares represent
clockwise rotating turbine locations for experimental data acquisition. Dashed lines indicate
a centerline of the array. All dimensions are in English units. North is towards the top of the

FIG. 1.

[0012] FIG. 2A shows a plot of experimental turbine velocity data. x indicates the
horizontal (easterly) position, in turbine diameters. y indicates the vertical (northerly)
position, in turbine diameters. Black circles represent counter-clockwise rotating turbine

locations, black squares represented clockwise rotating turbine locations. The numbers next

to each turbine are the values of uj, that is the velocity of the incoming wind, normalized to

that of the first turbine in the array. The gray squares represent the locations of the

centerline data measurements.
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[0013] FIG. 2B shows a plot of experimental centerline velocity data.

[0014] FIGS. 3A-B shows plots from CFD convergence tests for a WINDSPIRE® turbine
geometry. Time, forces, and grid cell size are non-dimensionalized to the parameters of the
system. In FIG. 3A, the solid lines indicate the force on a blade in the x-direction as a
function of time. The value of h increases in the direction of the black arrow with the values
h=127*10% h=635*10" h=3.18 * 107, h = 1.58*107, and h = 7.94*10™*. The
dashed lines indicate the time values at which the forces were evaluated for the plot on the
right. In FIG. 3B, solid lines indicate force on a blade in the x-direction as a function of h.
As indicated in FIG. 3A, (a) indicates values at time t =1, (b) indicates values at t = 2, (¢)
indicates values at t = 3, (d) indicates values at time t =4, and (¢) indicates values at time t

=5.

[0015] FIG. 4 shows a contour plot of vorticity from CFD simulation output for a single
WINDSPIRE® turbine. The turbine is located at (0,0). The scale of vorticity is such that
light gray indicates a small magnitude vorticity and dark gray indicates a higher magnitude
vorticity. The inner rectangle indicates the boundary of the fine grid level. This frame of the

flow was taken at non-dimensional time, t =10.

[0016] FIG. 5 shows a plot representing an analysis of cross-wind velocity into turbines.
Here the bold lines represent the turbine blades, the dots mark the points at which the flow
was analyzed (in actual tests, number was much larger), the solid arrows indicate the vector
flow field at each point, and the dashed arrows indicate the component of the vector flow

field “into” the turbine. The average of the magnitudes of the dashed arrows would define

the flow velocity into the turbine, uj.

[0017] FIG. 6 shows a plot representing averaged, thinned CFD velocity vector field for a
single WINDSPIRE® turbine. The solid lines indicate the blades of the turbine, the light
gray, boxed vector field indicates the region of the flow designated as the wake region and

the black vector field indicates the region of the flow designated as the surrounding region.
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[0018] FIGS. 7A-C show a comparison of velocity flow field for WINDSPIRE® CFD
simulation and fitted model. Black solid line indicates the x-component of the simulated
flow, black dotted line indicates the x-component of the modeled flow. Gray solid line
indicates the y-component of the simulated flow, gray dotted line indicates the y-
component of the modeled flow. All velocities have been normalized to the incoming

velocity to the turbine in the simulated flow.

[0019] FIG. 7A shows a plot wherein each point on the plot represents the average of the

respective flows over a cross-section of the entire field at the indicated x-position.

[0020] FIG. 7B shows a plot wherein each point on the plot represents the average of the
respective flows over a cross-section of the band immediately in front of and behind the

turbine at the indicated x-position.

[0021] FIG. 7C shows a plot wherein each point on the plot represents the value of the

respective flow evaluated along the centerline at the indicated x-position.

[0022] FIGS. 8A-B show plots wherein velocity is normalized to the value measured
experimentally immediately before the first turbine in the array. FIG. 8A shows a plot
representing an array centerline velocity profile for a 30x30 array as computed by a
potential flow model optimized for computational speed. The solid line is the velocity as
computed from the model, the squares are the measurements taken on the 3x3 array. FIG.
8B shows a plot representing an array centerline velocity profile for a 9x9 array as
computed by potential flow models optimized for computational speed or for physical
accuracy. The solid line is the velocity as computed by the model optimized for
computational speed, the dashed line is the velocity computed by the model optimized for
physical accuracy. The squares are the experimental measurements from the 3x3 turbine

array.

[0023] FIGS. 9A-B show plots representing empirical determination of scaling laws from
experimental data. Velocity is normalized to the value measured experimentally

immediately before the first turbine in the array. In FIG. 9A, solid lines are centerline flow
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profiles array sizes (normalized to array diagonal length) increasing in direction of arrow:
3x3, 4x4, 5x5, 7x7, 8x8, and 9x9. Dashed lines mark 1 array length upstream (a), 1 turbine
diameter upstream (b), 1 turbine diameter downstream (c), and 1 array length downstream
(d). FIG. 9B shows evaluation of the centerline velocities at the points marked by the

dashed lines in FIG. 9A for cach array size and associated linear fits.

[0024] FIG. 10 shows a schematic of a predicted array for a single flow direction using the
method for providing a low order potential flow model and the method for providing a
configuration of VAWT according the present disclosure. The solid circles represent a
counter-clockwise rotating turbine, solid squares represent a clock-wise rotating turbine, the
dots represent the possible locations at which the turbines can placed, and the arrow

indicates the prevalent wind direction for this example.

[0025] FIG. 11 shows a diagram showing performance of array optimized for single flow
direction over a range of flow directions according to methods herein described. Gray dots
represent counter-clockwise rotating turbines, while black dots represent clockwise rotating
turbines. The circumferential axis is the angle in degrees from which the flow is coming.
The radial axis is the value of C, .4, attained by the array when the flow is in the specified
direction. The solid line represents the Savitzky-Golay filtered data using a polynomial of

order 2 and a window size of 11 data points.

[0026] FIGS. 12A-B show plots comparing centerline velocities for an 8x8 turbine pair
array as predicted by experimental and CFD derived models. The solid line indicates the
experimentally derived model and the dashed line indicates the CFD derived model

assuming each turbine is only affected by the wake of the turbine directly upstream.

[0027] FIG. 12A shows a plot of the entirety of the data described above with reference to
FIGS. 12A-B. FIG. 12B shows a plot of a close up of the data described above with
reference to FIGS. 12A-B to show details of fit.

[0028] FIGS. 13A-B show plots representing empirical determination of scaling laws from

CFD data. Velocity is normalized to the value incoming to the first turbine in the array. In
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FIG. 13A, solid lines indicate centerline flow profiles for (in direction of arrow) 3x3, 5x5,
7x7, 9x9 (black), 15x15, 20x20, 30x30, 50x50, 75x75, and 100x100 arrays normalized to
array diagonal length. Dashed lines mark 1 array length upstream (a), 1 turbine diameter
upstream (b), 1 turbine diameter downstream (c), and 1 array length downstream (d). FIG.
13B shows evaluation of the centerline velocities at the points marked by the dashed lines

in FIG. 13A for cach array size and associated linear fits.

[0029] FIG. 14 shows a plot comparing C, 4+, values for square arrays of counter-rotating

turbine pairs using a CFD model.

[0030] FIG. 15 shows diagram of the performance of array optimized according to
methods herein described for single flow direction over a range of flow directions. The
circumferential axis is the angle in degrees from which the flow is coming. The radial axis
1s the value of C, ., attained by the array when the flow is in the specified direction. The
solid line indicates the values computed using turbine pair models, the dashed line indicates
value computed using single turbine models. The black turbines are clockwise rotating, the

gray turbines are counter-clockwise rotating

[0031] FIG. 16A shows a diagram showing C, ., as a function of incoming wind
direction for a counter-rotating turbine pair. Solid circles represent counter-clockwise

rotating turbines; solid squares represent clockwise rotating turbines.

[0032] FIG. 16B shows a diagram showing C,u+’ as a function of incoming wind
direction for a co-rotating turbine pair of counter-clockwise rotating turbines. Solid circles

represent counter-clockwise rotating turbines.

[0033] FIG. 17 shows a flow diagram comprising steps for performing the method of
providing a low-order potential flow model of a vertical axis wind turbine (VAWT)

according to embodiments of the disclosure.



WO 2013/025568 PCT/US2012/050482

[0034] FIG. 18 shows a flow diagram comprising steps for performing the method of
configuring an array of vertical axis wind turbines (VAWTSs) for an array site according to

embodiments of the disclosure.

[0035] FIG. 19 shows a schematic illustrating qsnk. Arrow (20) indicates an incoming
cross-wind approaching a wind turbine (22) at a first velocity and exiting at a second
velocity (arrow (21)) which is lower than the first velocity as a result of energy taken out by

the turbine (22).

[0036] FIGS. 20A-B shows schematic illustrations of a "blockage effect” or "dipole"
(represented by u) on two turbines (10). The schematic illustrations of FIGS. 20A-B show
a view from above (aerial view) the turbines (10) looking down. FIG. 20A shows an
example of a lower value of u wherein less blockage is observed as indicated by (11),

compared to FIG. 20B which shows a higher value of p and has a larger meandering of

flow indicated by (12).

[0037] FIG. 21 shows a schematic illustrating recovery (q or qsource) Of wind flow as it
passes through wind turbines (3). The arrows coming from above array (2) represent wind
that comes from above the array rather than cross-winds (1). This can be referred to as
turbulence and serves a source of energy separate from the main cross-winds and can allow
for a recovery of wind speed between turbines (3). In FIG. 21, the X's indicate geometric
positions between wind turbines (3) and the plot below the turbines (3) indicates a variation
in U (free-stream velocity) as a function of geometric position due to recovery (Qsource)-
FIG. 21 shows a general and approximate trend for change in U as a function of geometric
position in an array due to recovery, however, it iS not a quantitative or exact

representation.

[0038] FIGS. 22A-B show schematics of exemplary computer systems that can be used to
carry out computer-implemented methods according to the disclosure. FIG. 22A shows a
computer system (30) which can be used to carry out computer-implemented methods in

some embodiments. FIG. 22B shows a computer system (31) comprising a memory (32), a

10
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processor (33), a communications interface (34) and an interconnection arrangement (35)
coupling the memory, processor and the communications interface. In FIG. 22B, the
memory can be encoded with instructions for executing one or more steps of the methods

of the disclosure.

[0039] FIGS. 23A-B show schematics of exemplary computer systems that can be used to
carry out computer-implemented methods according to the disclosure. FIG. 23A shows a
single computer which can be used to carry out computer-implemented methods described
herein. FIG. 23B shows a schematic of a computer system wherein the computer-

implemented method herein described is carried out on multiple computers in parallel.

DETAILED DESCRIPTION
[0040] Numerical modeling of vertical axis wind turbines (VAWTSs) has typically focused
on a detailed modeling of individual wind turbines for use in optimization of turbine
design. Models that fall into this category include the actuator-disk model [8], the
momentum model [10], the cascade model, and the vortex model [7]. Some more recently
developed models are hybrids of these methods, for example, the momentum-vortex model
[2]. One model has been developed which attempts to capture an overall behavior of

turbines using a minimal number of variables, the potential flow model developed by

Whittlesey et al. [15].

[0041] The potential flow model of Whittlesey et al. [15] consisted of a uniform flow with
a dipole and a point vortex superimposed to represent one VAWT. The point vortex was
used in order to account for the rotation caused by the turbine and the dipole (aligned along
the x-axis) was used to account for the blockage due to the presence of the turbine in the

flow.

[0042] Transcribed to the notation used in the present disclosure, the equations describing

the flow elements in Whittlesey et al. [15] were given by:

11
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(1)
)

)

[0043] where U, refers to the free-stream flow speed, I is the strength of the point vortex,
u 1is the strength of the dipole, 7, ,j are the unit vectors in the x,y directions, respectively, and
z=x + iy (x and y are real numbers.) In order to model an array of K turbines, the potential

flow elements were simply summed:

SEAN (4)

[0044] where z; corresponds to the location of the Ath turbine. As for a single turbine,
equation 3 can be used to compute the velocity field. To account for the velocity deficit in

the wakes of the turbines, velocity-deficit curves [6] were applied:

©)

[0045] where u* is the resulting velocity vector after accounting for wake effects and &£,(z)
is a spatial function representing the deficit: a normal probability density function (PDF) in
the lateral direction and a beta PDF in the downstream direction. Accounting for the wake

in this manner implies that u* is no longer a solution to the potential flow equations.

[0046] This model was least-squares matched to a small set of velocity vectors taken in the
vicinity of a functioning VAWT. Thus, for a given U, I' and ¢ can be found. The
completed model was used to numerically evaluate an arrangement of turbines designed to

mimic the swimming patterns of fish schools that is closely spaced counter rotating pairs of

12
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VAWTs. Arrangements of turbines were compared by considering an array performance
coefficient and a power density parameter. The array performance coefficient was defined

to be:

(6)

[0047] where Pj, 1s the power output from a single isolated turbine and P, 1s the average
single turbine power output when the turbine is in an array (assuming that all turbines in the

array are homogeneous). The power density parameter was defined as:

N )

[0048] where P,ay, Aarray are the total power and land area of the array, respectively, A 1s

the land area of an isolated turbine, and K is the number of turbines.

[0049] It was found that for some spacings between turbines, the Cyp of the arrays
comprising closely spaced counter-rotating pairs of turbines was greater than unity (i.c. the
output from the array of K turbines was more than would be expected from K isolated
turbines). A streamline analysis indicated that stream-tube contraction between pairs of
counter-rotating turbines and the concomitant flow acceleration are primarily responsible
for the improvements in the expected power output. Further, a comparison of the power
density of operative horizontal axis wind turbines (herein also referred to as the acronym
"HAWT") arrays to VAWT arrays indicate an order of magnitude better power output per
unit land area. Dabiri [S] experimentally demonstrated the improved performance of pairs
of VAWTs over isolated VAWTSs and confirmed using a small array of 6 turbines, that the
power density performance of the array was 6-9 times better than that of modern HAWT

farms.

13
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[0050] According to embodiments of the present disclosure, a method for modeling low-
order potential flow of a vertical axis turbine is described. In particular in some
embodiments the vertical axis turbine is a vertical axis wind turbine (herein referred to as a
"VAWT"). In other embodiments, the vertical axis turbine is an underwater turbine. While
various embodiments are described herein with reference to VAWTs, a skilled person will
understand how to adapt embodiments described with reference to VAWTs to
embodiments using vertical axis underwater turbines, which are also within the scope of the
present disclosure. For example, descriptions and examples herein with reference to a wind
direction and/or source can be considered as being analogous, in some embodiments, to a

direction and/or source of water current.

[0051] A low-order potential flow model of a VAWT according to some embodiments can
allow for potential flow around a VAWT to be represented by a small set of numerical

values, for example 3 to 4 numerical values.

[0052] In particular, embodiments of the present disclosure, allow for the potential flow
around a VAWT to be represented by a "blockage" effect (herein also referred to as a
"dipole" and represented by ), rotational motion (herein also referred to as a "vortex" and

represented by I'), an energy sink (herein represented as "q" or "qsink'") and an energy source

(herein also referred to as "turbulence” and represented as "q" or "qsource)-

[0053] The "blockage" or (u) effect can be described as being analogous to water flowing
around a rock in a stream and is shown schematically in FIGS. 20A-B. For example, with a
low value of u, a small amount of blockage is observed (11) in proximity to the turbine
(10), while with a high value of u, a big meandering of flow would be observed (12) in
proximity to the turbine (10).

[0054] The rotational motion (I') can be described in line with the rotation of the VAWT.

For example, if I' is very small, there would be very little rotational motion.

[0055] As shown schematically in FIG 19, q, and in particular qgyux, can be described by

considering that the velocity of wind flow into a wind farm is greater than the velocity that

14
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goes out based on the energy being taken out of the flow by the turbine. Therefore, an
incoming wind velocity (20) can be greater than the velocity (21) of the wind after passing
through one or more turbines (22). This loss in velocity of the wind can be represented by

(sink-

[0056] In a wind farm, wind can be coming across a wind farm but can also be coming
from above (herein also referred to as "turbulence"), and this can be described by qsource.
Therefore, qsource can provide additional energy into a flow from turbulence and can lead to
a recovery of wind velocity through the wind farm. A contribution of energy to an array of
turbines by way of turbulence is shown schematically in FIG. 21. In FIG. 21, U represents
the velocity of a crosswind as it travels through various positions (X) with respect to an
array of turbines (3) and wind from above the array (turbulence) is indicated with curvy
arrows (2). FIG. 21 schematically shows a crosswind (1) velocity decreasing after passing
through a first turbine and then increasing before reaching the next turbine, which is

referred to as "recovery” and can be attributed to the turbulence.

[0057] According to embodiments herein described, Qsource 1S @ parameter, which can
become more relevant in embodiments in which an arrangement of turbines rather than a

single turbine is being considered.

[0058] According to some embodiments herein described, a potential flow model around a
selected VAWT can be provided by first determining which numbers corresponding to p,
I', Qsink> and Qsource» can be attached to a given flow and then using an optimization, for
example a local optimization (e.g. a genetic algorithm) to find which values for these
parameters will give the best match either simulated or experimental data representing wind

flow around the selected VAWT.

[0059] According to further embodiments of the disclosure, the potential flow model for a
given VAWT can be used to provide arrays based on a desired attribute of the array, for
example, maximizing power output per unit land area of the array, minimizing

environmental impact, or minimizing acoustic, radar, or visual impacts. In these
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embodiments, a local optimization can be used (e.g. a genetic algorithm) to predict a
geometrical arrangement of turbines, which optimize (at least locally) the power output of

the array.

[0060] The term "potential flow" as used herein refers to a possibly nonsteady,
multidimensional flow of a fluid having a substantially irrotational velocity field and being
substantially frictionless. Potential flow can be used to describe a velocity field as a
gradient of a scalar function (e.g. velocity potential). For example, potential flow can be
used to describe an outer flow field for airfoils such as a wing or a blade (e.g. of a turbine),
water waves, electroosmotic flow, and ground water flow. One feature of potential flow is
that the combined effect of a plurality of flows due to a corresponding plurality of objects
in the flow (e.g. VAWTSs) can be calculated by a mathematical addition of the independent
flows created by each individual object. Therefore, in embodiments, where flow is
simulated, simulating potential flow can reduce a computational cost of simulating the flow

around multiple objects (e.g. VAWTS).

[0061] The term "potential flow eclement" as used herein refers to a parameter used to
represent potential flow around an object. For example, a dipole u, can be added to a
potential flow expression in order to describe a velocity field moving around an object and
the dipole term can be referred to as a "potential flow element". Potential flow elements can
be used, for example, in a generation of a flow field and can include one or more a vortex

I', a dipole u, a source qsource, and a sink qsink.

[0062] The term "fitness function” as used herein is refers to a mathematical expression,
which selects a best element or best set of elements with respect to some criteria from some
set of available alternative elements. For example, a fitness function can be used to
determine how close one or more solutions are to achieving a set goal, for example, by
assigning a score to each of the one or more solutions, the score being indicative of how
close the one or more solutions are to achieving a set goal. The set goal can be, for

example, a matching with a set value (e.g. a numerical value). For example, the solutions
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can be ranked from best to worst based on their fitness values as calculated by the fitness

function.

[0063] The term "genetic algorithm” as used herein refers to a search heuristic which is
designed to mimic the process of evolution and typically comprises use of a genetic
representation of a solution domain and a fitness function to evaluate the solution domain.
For example, a fitness function can be defined over a genetic representation and can be set
to measure the quality of a represented solution. In initial steps of a genetic algorithm, a
number of individual solutions are can be randomly generated to form an initial population
or can be "seeded" in areas where optimal solutions are likely to be found or have been
previously found through results of genetic algorithm, experimental results, simulated

results, a physical limitation, a calculation, or an educated guess.

[0064] The term "free stream velocity" as used herein refers to the velocity of undisturbed
fluid flow (either real or modeled). For example, if a gust of wind moves towards a turbine
array, before it reaches the array, it can be considered to be moving at "free stream
velocity”. As another example, wind movement to either side of a turbine array that is

unaffected by the array can also be considered to be moving at "free stream velocity".

[0065] The term "low-order” as used herein can be used to describe a computational model,
which represents a physical system using a minimal or relatively low number of variables,
for example compared to a simulated model. For example, a low-order computational
model can allow computations involving the model to be more rapidly evaluated compared
to a higher order model such as a simulated model. A low-order model generally describes
the physical system in less detail than a higher order model, focusing instead on generating

a more global, bird’s-eye, view of the physical system.

[0066] The term "optimization" as used herein refers an optimization which is directed to a
desired effect, for example, power output of a turbine array or power output within one or
more constraints of a system for which the optimization is being performed (e.g.

configurations of turbines). Such constraints can vary and can be defined by a user and
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therefore, any given optimization can be considered as an optimization according to user
input. Therefore an "optimization" as herein described is a relative term, which can vary
depending on, for example, constraints of the system. Further, the optimizations herein

described refer to local optimizations.

[0067] The term "local optimization" as used herein refers to an optimal solution to a
problem or equation with respect to a neighboring set of solutions to the same problem or

equation.

[0068] According to the present disclosure, a method is provided for modeling potential
flow of turbines, which can in some embodiments be computationally simple. In some
embodiments, the method can be used in a further method for providing arrangements of a
large number of turbines which can be computed relatively quickly and allow for
examination of multiple configurations of turbines as well as different flow directions into
the array in order to find a desired arrangement of the turbines based on a desired attribute

of the turbine array.

[0069] The method for providing a low-order potential flow model of a vertical axis wind
turbine comprises adopting one or more of a selected VAWT unit to serve as a model. In
some embodiments, a single VAWT can serve as the model. In other embodiments, a pair
of VAWTSs can serve as the model. In these embodiments, the pair of VAWTSs can be co-
rotating VAWTs or counter-rotating VAWTSs. According to further embodiments, various
combinations of a single turbine, a pair of co-rotating turbines, and a pair of counter-

rotating turbines can be used together.

[0070] The method further comprises assigning a variable to one or more potential flow
clements to represent potential flow around the selected VAWT. Potential flow elements
can include, for example, rotational (I'), a blockage effect (u), energy taken in by the
VAWT (q or gsink), and turbulence (q or qsource). The number of potential flow elements to
be used in representing potential flow around a selected VAWT can depend on whether it is

desired to obtain values for the potential flow elements with a higher computational speed
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or whether it is desired to obtain set of values which can more accurately represent the
turbine. Further, in connection with using these values to obtain aconfigurations of turbines
in an array according to embodiments herein described. Eliminating a potential flow
element can decrease the accuracy of the algorithm and increase computational speed.
Adding potential flow elements can increase the accuracy of the algorithm and decrease
computational speed. Therefore, the number and type of potential flow eclements can

depend on a desired balance between speed and accuracy of the computation.

[0071] In some embodiments, a potential flow element can be included or excluded based
on an expected contribution of the potential flow element. For example, if potential flow
elements which are expected to have a value close to zero can be excluded to decrease
computation time with substantially a same accuracy as can be obtained by including the
potential flow element. For example, if an array site is expected to have little or no
turbulence, then qsouce can be excluded to decrease computational time. As a further
example, if an array site is expected to a high level of turbulence, gsource can be included to

obtain higher accuracy, and in some embodiments, more than one qseurce can be included.

[0072] In potential flow models according to some embodiments herein described, the
complex potentials (F) and complex velocities (W=dF/dz) of each element can be estimated

with the following equations.

[0073] Uniform Flow:

(8)

[0074] Vortex:
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[0075] Dipole:
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(10)
[0076] Source/Sink:
9}
' (11)

[0077] In this notation, I" represents the strength of a vortex, u represents the strength of a
dipole, g represents the strength of a source if positive and the strength of a sink if negative,
z is the point in the complex plane at which the flow is being evaluated (z = x + iy, where
x,y € R), and z; is the location in the complex plane of the element being evaluated. In
embodiments where multiple elements are present, the corresponding F and W can be

summed. Once W has been computed, the velocity flow field u can be represented by:

. D T :v'"}“l" S SR
3= REH L - WY

(12)

[0078] Here 7 and j represent the unit vectors in the x and y directions, respectively, and

R,J are the real and imaginary component operators, respectively.

[0079] The method herein described further comprises designing a fitness function

adapted to allow a matching of acquired flow data around the selected VAWT unit with
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potential flow data given by the one or more variables representing potential flow around
the selected VAWT, within one or more set thresholds, the set thresholds being associated

to a particular region around the VAWT.

[0080] The method herein described further comprises applying an algorithm to the one or
more variables, the algorithm configured to output numerical values for each of the one or
more variables which match the acquired flow data around the selected VAWT unit
according to the designed fitness function, thus providing numerical values for each of the
one or more potential flow elements representing potential flow around the selected

VAWT.

[0081] By way of example and not of limitation, a method for modeling potential flow of a

VAWT cross-section according to some embodiments is now described.

[0082] In order to generate a model, a number of each type of element, a position of each
element, and a strength of each element in a potential flow can be optimized such that a
resulting flow field designated herein as "u,uq.", matches as closely as possible to original

or "acquired" data.

[0083] In some embodiments, the acquired data is experimental data, herein designated

"W.y,". In other embodiments the acquired data is simulated data, herein designated "u;,".

[0084] For example, in order to acquire experimental data, a particular type of VAWT
and number of VAWTS in array can be arranged on a desired array site to form a turbine
array. The particular type of turbine selected can vary in height, diameter, chirality, and cut
in wind speeds, for example. The turbines can be arranged, for example, according to
constraints of the array site, such as size of the array site, topology of the array site, and
available positions in which the turbines can mounted and/or based on constraints of the

VAWT, such as diameter of the turbine, and number of turbines.

[0085] In particular, constraints on a system can be input into a computation as bounds

on a variable space over which the optimization algorithm is performed. For example, if it
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was desired to contain the array within a plot of land of known dimension, but the turbines
can be anywhere within that plot of land, the algorithm can take the positions of the
turbines as variables and the possible range of positions (e.g. based on the size of the

available plot of land) can be set as limits on which values the variable can attain.

[0086] Similarly, constraints such as size of the array site, available positions in which
the turbines can be mounted, number of turbines, chirality of turbines, and diameter of
turbines, which can be considered as limits in the physical system (e.g. having little or no

flexibility) can be input into the optimization algorithm as bounds on respective variables.

[0087] Constraints on a physical system, which are considered to be flexible, can be put
into the optimization as modifiers of the fitness function. For example, if there is a hill near
the center of the land plot available, and turbines can be placed behind the hill with respect
to a certain wind direction, a fitness function can be designed such that if a turbine position
was behind the hill, the evaluated incoming wind velocity would be modified by some set

amount to account for the wind blockage from the hill.

[0088] In some embodiments, a three-dimensional nature of the flow (e.g. due to
topography) can be accounted for, for example, by stacking a plurality of two dimensional

models, one on top of another and passing information from one layer to another.

[0089] According to embodiments herein described, turbines can arranged as a series of
single turbines, as pairs of turbines (either co-rotating or counter-rotating), or in another
group of turbines that are spaced closely enough that non-linear fluid flow interactions can
be substantial. Non-linear fluid flow interactions can be considered to be substantial if the
flow around each turbine in a group of turbines, when added together, does not provide a
desired level of accuracy (e.g. a "non-linear interaction") in physically representing the
flow around the group of turbines. This can be due to influences between proximate

turbines.

[0090] For example, by analogy, a first rock in a stream can provide a first flow pattern

and second rock far downstream from the first rock can provide a second flow pattern
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which can be similar to the first pattern and thus both flow patterns can be represented by a
same model. If the first rock and the second rock are closer together (e.g. one rock
immediately behind or in front of another), the flow around each rock can be altered. For
example, at least part of the flow directly behind the first rock will not be seen by the
second rock; therefore, in this example, adding the models for each individual rock can
considered as not accurately representing the two rocks. Therefore, the farther apart the two
rocks, the more accurately the two rocks can be represented by a model which adds two

individual models.

[0091] In some embodiments, potential flow elements can be provided for a single
turbine or a group of proximate turbines (e.g. to account for non-linear interactions between
proximate turbines). In some embodiments the groups of proximate turbines are a pair of
co-rotating turbines, a pair of counter-rotating turbines, and/or another group of turbines
rotating in various respective directions. According to some embodiment, an increase in the
number of turbines can lead to an increase in computational time. Therefore, in
embodiments where shorter computational times are desired, a lesser number of turbines in

the group can be used.

[0092] FIG. 1 shows a schematic of an exemplary turbine array, which can be used for
obtaining experimental data. In particular, FIG. 1 shows an array with eighteen turbines,
nine counter-clockwise rotating and nine clockwise rotating. As would be understood by a

skilled person, various other arrangements can be used.

[0093] In order to obtain experimental data from a turbine array, measurements can be
obtained for parameters of a turbine including but not limited to electrical power generated
by each turbine, turbine rotational speed, turbine aecrodynamic torque, turbine acoustic
signature, and turbine radar cross-section. Each of these parameters, either alone or in
combination, can be used to match acquired experimental data with potential flow data

given by one or more variables representing potential flow around the turbine.
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[0094] According to some embodiments herein described, a selection of one or more
parameters of a turbine for which to obtain measurements can be based on which attributes
of a configuration of turbines is desired to be optimized and/or compared with other
configurations of turbines. For example, power output measurements can be used to
provide a power-output optimized configuration of turbines and/or to compare
configurations of turbines based on the power output of each configuration, and an acoustic
output measurement can be used, for example, to optimize for a quieter configuration of
turbines and/or to compare configurations of turbines based on acoustic output of each

configuration.

[0095] According to a further embodiment, the measurements of parameters of the turbine

can be used to design a more realistic fitness function.

[0096] In a further embodiment, the measurements can be used to provide a database of
potential flow elements in connection with various physical aspects of a turbine (e.g.
rotational speed, cross section, blade number, blade diameter, and/or height). For example,
the potential flow elements in connection with various physical aspects of a turbine can be
provided according to methods herein described. In these embodiments, physical aspects of
a selected turbine to be placed in an array can be compared to the database and potential
flow elements which can be used to represent flow around the selected turbine can be

directly matched to turbine based on its physical aspects.

[0097] In some embodiments, the electrical power generated by each turbine can be
monitored in real-time and recorded, for example using power meters. In these
embodiments, power meters can be connected to a central data logger. Various other
methods for obtaining experimental data from a turbine array are identifiable by a skilled

person.

[0098] In some embodiments a meteorological tower can be used to collect experimental
data from a turbine array. The data obtained in this way can be used to estimate the wind

speeds within the array, for example, along the centerline of the array.
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[0099] In these embodiments, a single meteorological tower can be used or a plurality of
meteorological towers can be used. For example a plurality of meteorological towers can be
placed at a plurality of positions throughout the array to obtain measurements. As another
example, a single meteorological tower can be moved from a first position to a series of
subsequent positions after obtaining measurements at the first position and each subsequent
position and can continue to be moved in this way until measurements at any desired
locations is obtained. Data from one or more meteorological towers can also be recorded

using a datalogger.

[00100] Experimental data can be obtained over a period of time ranging from minutes to
years, depending on the inherent variability of the wind at a particular site as would be
understood by a skilled person. For example, the more variable the wind is at a particular
site, the longer it can take to obtain which can be used to represent the potential flow
clements with a desired level of accuracy. An exemplary method for obtaining

experimental data is shown in Example 1.

[00101] According to some embodiments, in relating the power output of a turbine (P)
obtained experimentally to flow conditions, it can be estimated that P « u"3 where u | 18 the

flow directed into the turbine (i.e. parallel to the free-stream direction).

[00102] As previously mentioned, in some embodiments the acquired data is simulated
data. In these embodiments, simulated data can be obtained through various simulations,
including but not limited to CFD simulations, Monte-Carlo simulations, molecular
dynamics simulations, and equation-free simulations. These simulations, and other
simulations identifiable by a skilled person, can have varying degrees of speed and
accuracy. Therefore, a selection of one of these simulations to be used according to
embodiments of the present disclosure, can be based on whether it is desired to have a
higher speed simulation or whether it is desired to have a simulation which can provide a

higher accuracy.
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[00103] In these embodiments, a flow field around the VAWTSs can be obtained by two-
dimensional simulations of at least one of a single VAWT cross-section, a pair of co-
rotating turbines, and a pair of counter-rotating turbines. For a more complete flow field
around the VAWT, simulations of the single VAWT cross-section, the pair of co-rotating
turbines, and the pair of counter-rotating turbines can all three be obtained. For example, in
embodiments where accuracy is more important, all three simulations can be obtained. In
embodiments where a short time is important, simulation of a single VAWT cross-section

can be used.

[00104] In some embodiments, for simulation of one or more VAWT cross-sections, an

arbitrary geometry and convergence conditions can be defined.

[00105] For example, in embodiments where CFD simulations are used an immersed-
boundary Navier-Stokes solver can be used to compute a two-dimensional flow around
arbitrarily defined geometries. In some embodiments, the geometry can be made to
resemble cross-sections of the turbines used for experimental data such that two related sets

of acquired data are obtained.

[00106] A grid size and time step can be selected to allow convergence of the flow. A grid
size and time step can be selected, for example, such that given basic physical properties of
a simulated fluid and simulated flow conditions, a same flow solution is found for smaller
values of the grid size and time step. This example can be considered to be a converged
solution and can indicate that the simulated flow is being adequately tracked from one grid

cell and time step to the next grid cell and time step.

[00107] In some embodiments, the Courant-Friedrichs-Lewy (CFL) condition can be used

to determine the numeric stability of the simulation and is defined to be

“?‘jf;.““}:. . 57 R ﬁi’k (13)

[00108] where U is represents a non-dimensional velocity (maximum velocity of the

turbine/ incoming free stream velocity), Af represents a non-dimensional time step
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(dimensional time x incoming free stream velocity/ diameter of the turbines), and 4
represents a non-dimensional grid cell size (dimensional size/ turbine diameter). For the
simulation to be numerically stable, for example such that errors in the simulated system do
not grow exponentially, it is can be set that CFL < 0.7. In some embodiments, absolute

values of Af and /% can be varied so that the CFL < 0.7 ratio will hold.

[00109] In an exemplary embodiment, the simulations are run at CFL = 0.25 varying

absolute values of At and 4 (See e.g. Example 2).

[00110] In some embodiments, maximum dimensional velocity of a system can be
conservatively taken to be the free-stream velocity plus the tip velocity of the rotating
turbines plus a margin of error of around 0.5 m/s. In order to analyze convergence, the

forces on one of the blades of the turbine can be examined over time.

[00111] In order to limit computational time, simulations can be run with more than one
grid level. For example two or more grid levels can be used wherein a fine grid is used

close to the turbine and a coarse grid is used over an entire simulated domain.

[00112] A fine grid can be used over relatively short distances, for example, in front of and
to cither side of the turbine and relatively long distances downstream of the turbine as these
arcas can be most affected by the turbine (See e.g. FIG. 6). For example, in some
embodiments a fine grid can be used over approximately 0.5 D, D representing a turbine
diameter, in front of and to either side of the turbine and approximately 5 D downstream

from the turbine.

[00113] A coarse grid can be substantially larger, covering areas outside those described
above with respect to the fine grid. For example, the coarse grid can be just over
approximately 3.5 D upstream, approximately 1.5 D to either side of the turbine and
approximately 8 D downstream. Other variations are identifiable by a skilled person and
can depend on factors such velocity of cross winds and/or computational factors such as

time and/or accuracy of the simulations. For example, if the flow is simulated for higher
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velocity cross winds, the fine grid can be extended further downstream than for a flow

which is simulated for a lower velocity cross wind.

[00114] A matching of experimental data to provide a model of potential flow is now

described by way of example.

[00115] In some embodiments a model can be evaluated and compared to other models by
a root-mean-square difference between the experimental data points and corresponding
model data points. In these embodiments, the fitness function of the genetic algorithm can

be set to minimize this RMS difference.

[00116] In some embodiments, centerline data velocities are matched. The centerline
velocity can be used can be used to describe the velocity profile of a VAWT array. In
particular, the velocity profile can indicate how velocity of a cross wind changes as a
function of position throughout the VAWT array. , For example, the velocity profile can
show how the velocities drop as the array progresses (which can be considered a significant
characteristic of the array. Therefore, the centerline velocity can be used as a method to
evaluate and compare a plurality of VAWT arrays having different configurations.
Experimentally acquired centerline velocities can be obtained, for example, from

meteorological tower measurements as herein described.

[00117] In some embodiments, in matching experimental turbine velocity data, which can
be taken to be the cube root of the measured power data, a line of data points can be taken
perpendicular to the free-stream flow direction and spanning from one edge of a turbine to
another. The component of potential flow perpendicular to this line (parallel to the free-
stream direction) can then be determined at each of the test points and averaged in order to
determine the flow velocity into each turbine as a single number, u, see for example, FIG.

S.

[00118] Secveral embodiments of the disclosure allow a reduction of a number of variables

for modeling a turbine. For example, in some embodiments, models estimate that there is a
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vortex and a dipole at the center of each turbine and thus a total number of vortices and

dipoles is equivalent to the number of turbines included in the array.

[00119] The sinks can either be "free-floating", for example, a position optimized within a
small box centered on a turbine or "fixed", for example, a position either predetermined or
determined by modeled flow. A selection of the sinks to be either free-floating or fixed can
be based on whether it is desired to have a model with greater physical accuracy, in which
case free-floating sinks can be used, or a model which can be calculated with higher

computational speed and can thus be provided in less time, in which case the sink can be
fixed.

[00120] The sources can either be modeled as fixed, free-floating (e.g. within a same range
as a sink) or as a source field over an entire array comprising sources of equal strength
placed in a regular grid. Here again, a selection of the sources to be free-floating, fixed, or
as a source field over an entire array can be based on whether it is desired to have a model
with greater physical accuracy or a model, which can be provided in less time. Once again,
the free-floating sources can provide a model with higher accuracy while using either a
fixed source or a source filed over an entire array, can provide a model in less time.
Between a fixed source and source over an entire array, the fixed source can provide a
model with higher accuracy while the source over an entire array can provide a model in

less time.

[00121] As already described herein, a vortex element can be used to model, physically, a
rotational component introduced to the flow by a rotating turbine, a dipole element can be
used to account for "blockage" effects of the turbine, a sink can be used to account for an
extraction of energy from the wind by the turbine, and a source can be used to simulate

flow recovery due to entrainment of free stream flow in wake.

[00122] In some embodiments, a source ficld can be used to simulate inflow of air from
above the turbine array [4] rather than a single source. In these embodiments, a uniform

field can be estimated.
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[00123] In some embodiments, a selected location of the sink is approximately 1D-4D
downstream, and more particularly in some embodiments, the sink is located 2D
downstream of each turbine center [1]. The range of 1D—-4D for placement of a sink can be
a suitable placement for a sink according to some embodiments, because there can be a
complex wake region extending over approximately 2—4 diameters downstream of a wind
turbine. The wake in this region can be due to a relaxation of axial and radial pressure
gradients due at least in part to an extraction of energy from turbine, which can cause the
centerline velocity to drop. A minimum centerline velocity can be reached between 1D-2D

downstream, beyond which the velocity begins to recover [1].

[00124] In some embodiments, the model according to embodiments herein described can
be used to predict air flow about larger turbine arrays. In these embodiments, the algorithm
as described herein can be modified to account for linear decreases in a centerline flow
velocity to values below zero for predicted arrays having larger numbers of turbines (See

e.g. FIG. 8).

[00125] In these embodiments, an iteratively defined strength model can be used wherein
strengths of the vortices and sinks for each turbine can be estimated to be proportional to
the incoming velocity raised to a numerical power; that is, if the incoming flow velocity to
turbine j is given by v;, then T; o av,* and ¢ ; < bv; where a,b are some constants of
proportionality and x,y are numerical exponents. Similarly the strength of the dipole for
cach turbine can be estimated to be proportional to the incoming velocity: g & cv;”, where ¢
is some constant of proportionality and z is a numerical exponent. In this example, using
these proportionalities with x, y =3 and z = 2, the four variables of the model are then three

constants of proportionality and the strength of the sources in a field array.

[00126] In these embodiments, the algorithm can use iteration between determining the
strengths of the elements and the flow field velocities, which can be more computationally
intensive than a homogenous strength model. Using iteration as described here can result in

more accurate predictions for larger arrays.
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[00127] A matching of simulated data to provide a model of potential flow is now

described by way of example.

[00128] A first step in matching simulated data can be to average the simulated data over a
simulated time span in order to obtain a time-averaged flow pattern. In some embodiments,

a time-varying potential flow model can be used in place of a time-averaged flow pattern.

[00129] Depending on resolution of the simulated data, a further step in the matching of
simulated data can comprise down sampling the simulated data to a lower spatial resolution
to simplify computations. An exemplary simulated flow field for a single WINDSPIRE®
turbine is shown in FIG. 6.

[00130] In some embodiments, a wake region and surrounding region of the flow field can
be modeled with separate potential flow models. For example, if a single potential flow
model does not provide results having a desired level of accuracy (e.g. as evaluated by an
RMS between the simulated field and the modeled field), then the wake region and

surrounding region can modeled with separate potential flow models.

[00131] In embodiments using simulated turbine data, the number of variables can be

reduced by assuming one vortex and one dipole at the center of each turbine.

[00132] The fitness functions for the surrounding region and the wake region can be
designed differently in order to emphasize different characteristics of the flow. For
example, differences between the simulated and modeled flow velocities downstream,
where another turbine might be placed, can be considered to be more important in terms of
a matching than other regions of the flow. As another example, in some embodiments, it
would be less important to have the simulated data match the modeled flow velocities in
direct proximity to a turbine where another turbine would not be placed. Other features for
modifying a fitness function according to various regions within an array would be

understood and identifiable by a skilled person upon reading the present disclosure.
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[00133] In some embodiments a model can be evaluated and compared to other models by
taking the RMS differences (for each flow direction) between an average at cross sectional

slices of the simulated field and the modeled field.

[00134] According to some embodiments, models based on simulated data, using a vortex
and dipole at the center of each turbine and a plurality of free-floating sources/sinks rather
than a source field and fixed sink provides a better match between the simulated and the

modeled flow field (See ¢.g. Example 6).

[00135] In some embodiments, the variables for which optimization is performed can be
fixed prior to model parameter optimization. Even in some of these embodiments, the
number of variables can still be significant and a grid search algorithm can become
computationally unfeasible as the number of variables increases. Therefore, in some

embodiments a genetic algorithm search can be used locally optimize model parameters.

[00136] Other local optimization algorithms can also be used without departing from the
scope of the present disclosure. The exact structure of the optimization algorithm is not
necessarily relevant to the overall operation of the presented algorithms. Other algorithms
suitable for optimization of model parameters are identifiable by a skilled person, such as
grid-search algorithms, gradient-based algorithms, the surrogate management framework,
and simulated annealing, for example. These algorithms can have varying degrees of speed
and accuracy. Therefore, a sclection of one of these algorithms to be used according to
embodiments of the present disclosure can be based on whether it is desired to have a
higher speed algorithm or whether it is desired to have an algorithm which can provide a

higher accuracy.

[00137] Steps which can be performed in a genetic algorithm are now described, by way
of example and not of limitation, and the following description is adapted from

MATLAB® documentation [13].

[00138] A genectic algorithm can begin by creating a random initial "population”. An

"individual" as used herein, refers to a set of numbers, one number for cach variable of a
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problem. A population then refers to a group of individuals. The algorithm can then create a

sequence of new populations.

[00139] At cach step, the algorithm can use the individuals in a current generation to
create a subsequent population. To create a new population, the algorithm can perform, for
example, the following steps: scoring each member of the current population by computing
its fitness value (using a fitness function written by a user specially adapted for the
optimization); scaling raw fitness scores to convert them into a more usable range of
values; selecting members, called parents, based on their fitness; choosing "elite"
individuals in the current population that have lower fitness; passing elite individuals on to

the next population; and producing children from the parents.

[00140] Children can be produced, for example, either by making random changes to a
single parent, referred to as "mutation” or by combining vector entries of a pair of parents,
referred to as "crossover”. Any current population can be replaced with children to form a

subsequent generation.

[00141] The algorithm can be set to stop when one or more selected stopping criteria are
met. Stopping criteria can include but is not limited to: a number of generations produced, a
limit on an amount of time, a population fitness value being below a set limit, and/or

having no significant change over a set number of generations or amount of time.

[00142] Controllability of the algorithm parameters can depend on the particular software
that used to perform the algorithm. In some embodiments herein described, MATLAB®
Global Optimization Toolbox software is used. In this software, almost all of the algorithm

parameters can be controlled (see online documentation for full details [13]).

[00143] According to some embodiments, the algorithm parameters can be controlled
based on a desired outcome of the algorithm. These parameters include but are not limited
to factors as mutation rate, cross-over rate, elite/parent selection, seeding algorithm,
number of populations and subpopulations to use, and termination conditions. Such factors

can affect the speed and accuracy of the genetic algorithm optimization. Adjustments to
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these parameters can be made in the modifying the definition of the genetic algorithm. For
example, an algorithm can be seeded in order to input a solution (e.g. a configuration of
turbines) which is known and/or expected to be a good solution (e.g. a configuration of
turbines having one or more of a desired attribute) as a starting point. The parameters used
in the genetic algorithm can determine the method by which the variables are searched over
(e.g. having a method which can have a higher computational speed or having a method
which can provide better accuracy). For example, a higher mutation rate can mean that
there are more jumps from one solution to another rather than small improvements.
Therefore, increasing the mutation rate can help to avoid getting caught in a more locally
optimized solution, rather than a more globally optimized solution. Therefore, there can be
trade-offs in changing each of the genetic algorithm parameters, which can affect how

genetic algorithm progresses.

[00144] In some embodiments, the method providing a low-order potential flow model
according to the present be a computer-implemented method, for example a computer-
implemented method, which can execute, using on more computer systems, executable
instructions to perform one or more of the steps herein described. For example, the steps

can be implemented in hardware, software, firmware or combination thereof.

[00145] Features described as blocks, modules or components can be implemented together
(e.g., in a logic device such as an integrated logic device) or separately (e.g., as separate

connected logic devices).

[00146] The methods according to the disclosure can be performed, at least in part, on a
single computer (See e.g. FIG. 23A) or by parallel processing with two or more computers

as shown schematically in FIG. 23B.

[00147] A software portion of the methods of the present disclosure can comprise a
computer-readable medium which comprises instructions that, when executed, perform, at
least in part, the described methods. In particular, according to some embodiments,

software that is capable of implementing a genetic algorithm can be used, for example,
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MATLAB®, SCILAB®, and Octave. According to some embodiments, the genetic
algorithm can be written by a user, for example using a programming language.
Programming languages suitable for performing the genetic algorithm according to
embodiments herein described include but are not limited to C/C++, Java, Python, and

Fortran.

[00148] In some embodiments, the instructions, when executed, perform at a step of
receiving acquired flow data around a selected VAWT, for example, by receiving input

from a user.

[00149] In some embodiments, the instructions, when executed, perform a step of adopting
one or more of the selected VAWT to serve as a model. The step of adopting one or more

of the selected VAWT can be performed, for example, based on input from the user.

[00150] In some embodiments, the instructions, when executed, perform a step of
assigning one or more variables corresponding to a set of potential flow elements, for
example, a rotational (I') potential flow element, a blockage effect (u) potential flow
clement, a potential flow element representing energy taken in by the VAWT (q or qgink),
and a potential flow element representing turbulence (q or Qsource). In these embodiments,

the variables can be input by a user or can be performed by the software.

[00151] In some embodiments, the instructions, when executed, perform a step applying an
algorithm to the one or more variables. In these embodiments, the algorithm is configured
to output values for each of the one or more variables which match the acquired flow data
around the selected VAWT according to a fitness function to provide values for each of the
one or more potential flow elements representing potential flow around the selected
VAWT. In these embodiments, the fitness function can be input by a user or can be selected

by the software from a plurality of set fitness functions included in the software.

[00152] The computer-readable medium can comprise, for example, a random access

memory (RAM) and/or a read-only memory (ROM).
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[00153] The instructions can be executed by a processor (e.g., a digital signal processor
(DSP), an application specific integrated circuit (ASIC), or a field programmable logic
array (FPGA)).

[00154] By way of example and not of limitation, as shown in FIGS. 22A-B, the methods
of the present disclosure can be implemented in a computer system (30) and more
particularly, can be implemented in computer system (31) comprising a memory (32), a
processor (33), a communications interface (34) and an interconnection arrangement (35)
coupling the memory, processor and the communications interface, wherein the memory is

encoded with instructions for executing one or more steps of the methods of the disclosure.

[00155] The present disclosure allows, in some embodiments, a method for configuring an
array of vertical axis wind turbine (VAWTS) for an array site based on a desired one or
more attributes of the array, for example, based on power generated by the array per unit

land area, an environmental impact, social, acoustic, visual impacts, or radar presence.

[00156] In some embodiments the method of configuring the array can be a computer-
implemented method, for example a computer-implemented method, which can execute,
using on more computer systems, executable instructions to perform the steps herein

described.

[00157] The method comprises providing data corresponding to potential flow around a
selected VAWT. In embodiments wherein the method is computer-implemented, the
method can execute, using on more computer systems, executable instructions to perform a
receiving of input data corresponding to potential flow around the selected VAWT. The
input data, for example, can be from the low order potential flow model according to

embodiments herein described.

[00158] The method further comprises selecting one or more input variables, the one or
more input variables representing at least one of a parameter of the array site, a constraint
of the array site, a parameter of the VAWT, and a constraint of the VAWT. Parameters of

the VAWT can include but are not limited to, diameter, a number of blades, rotational
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speed, and operative incoming wind speeds. Constraints of an array sites can include, but
are not limited to, where the turbines can be positioned, the topography of the array site,
and incoming wind flow directions and predominance. Other constraints of the array site

are identifiable by a skilled person.

[00159] In embodiments wherein the method is computer-implemented, the method can
execute, using on more computer systems, executable instructions to perform a receiving of
the one or more input variables representing the at least one of a parameter of the array site,

a constraint of the array site, a parameter of the VAWT, and a constraint of the VAWT.

[00160] The method further comprises selecting a number of VAWTS to be configured in
the array. In embodiments wherein the method is computer-implemented, the method can
execute, using on more computer systems, executable instructions to perform a receiving
input concerning a number of VAWTs to be configured in the array. The number of
VAWTs to be configured in the array can be selected simply based on a number available

or, for example, based on space available in an array site.

[00161] The method further comprises receiving input concerning one or more of a desired
attribute of a configured array site. In embodiments wherein the method is computer-
implemented, the method can execute, using on more computer systems, executable
instructions to perform a receiving of input concerning one or more of a desired attribute of

a configured array site. For example, the array site can be configured for power output.

[00162] In some embodiments, the method further comprises designing a fitness function
configured to rank configurations of array sites within one or more constraints of the array
site. For example, the fitness function can be designed to evaluate each possible array
configuration with respect to set criteria and from this evaluation a quantified rank of how
good the array performs with respect to these criteria can be generated. As a further
example, the fitness function can rank configurations of each possible array site according
to a threshold determined by a user. A threshold can be set according to a desired attribute

of a configured array site, for example, power output.
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[00163] In other embodiments, the method of configuring the array can be a method based
on recursive manual computations. Such a method can in some embodiments take

substantially longer to perform compared to computer based computations.

[00164] In some embodiments, a fitness function can be written such that the sum of the
wind incoming into each turbine (¥ ~*u ) is maximized. The fitness function can be
described as a set of rules which can be configured to reward one or more attributes of a
system which are considered to be desirable by a user with a high quantified rank and
giving a lower quantified rank to a system having the one or more desirable attributes to a
lesser extent and/or having one or more attributes considered to be undesirable by the user.
Therefore a fitness function can be controlled in order to optimize, at least locally, for a

combination of desired attributes.

[00165] The fitness function, according to some embodiments, can also be described as a
function that takes a position of a turbine in an array as input, operates on that input in a set
manner, and outputs a value, for example, a single number. In these embodiments, the
number, in connection with other numbers or values obtained for a particular configuration
of turbines in an array, can be used to rank the configuration of turbines in the array and
compare to other configurations. Therefore, changing the fitness function from one
optimization of a configuration of turbines to another optimization comprises altering the
operations performed on the input. For example, the fitness function can be set to penalize
(e.g. by subtracting a set amount from the value to be output by the fitness function) a
configuration of turbines which is considered by a user to have a undesired attribute and/or
to reward (e.g. by adding a set amount from the value to be output by the fitness function) a

configuration of turbines which is considered by a user to have a desired attribute.

[00166] In embodiments herein described, a user can select any one of the ranked
configurations, for example, to be used in arranging an array of turbines. The user can
selected a highest ranked configuration, which can be considered to be a locally optimized

configuration, or the user can seclect another configuration among the ranked

38



WO 2013/025568 PCT/US2012/050482

configurations, which can be considered as not being locally optimized. Methods for

arranging turbines in an array will be understood by a skilled person.

[00167] By way of example and not of limitation, if a desired array site is on the side of,
and including the crest of a hill, it can be desired to optimize both for power output of the
turbine array and for keeping turbines off of the crest line in order to reduce visual impact.
In this example, the fitness function, for each possible array, can be set to sum the wind
incoming to each turbine (cubically proportional to power) and can also be set to subtract a
fixed amount for each turbine on the crest line. Depending on what the fixed amount is set
to be subtracted for each turbine on the crest line is, a balance can be found between a high

power output and a minimal visual impact.

[00168] As another non-limiting example, if it were known and/or found that a solid line
of closely-spaced turbines is difficult for birds and bats to avoid while flying, the fitness
function can penalize by a set amount, a configuration of turbines that comprises the solid
line of turbines in comparison to a configuration of turbines that does not comprise the
solid line of turbines. In this example, the fitness function can be set to subtract a fixed
amount for any such the solid line of turbines in an array configuration. In some
embodiments, a configuration of turbines which is penalized in this way, can still be

balanced against another desired feature, such as a low radar profile.

[00169] As further non-limiting example, if it is known and/or found that a certain turbine
configuration provides an acoustical resonance that disproportionally increases the acoustic
signature that turbine configuration, a fitness function can penalize an array which
comprises that configuration within the overall configuration of the array. For example, if a
three-turbine triangular configuration exhibits acoustical resonance that disproportionally
increases the acoustic signature of the three turbines, the fitness function can be designed to
penalize an array having the turbine triangle. In particular, the fitness function can be
designed to penalize the turbine triangle in accordance with the position of the turbine
triangle with respect to a residential area. In particular, the fitness function can be designed

to increase the penalty with a decreasing distance of the turbine triangle from the residential
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area and accordingly decrease the penalty with an increasing distance of the turbine triangle
from the residential area. In this way, the array would be quiet in regions where acoustics

mattered, but can be more power efficient in regions where acoustics did not matter.

[00170] For design of a fitness function for configuring an array of vertical axis wind
turbines (VAWTSs) according to some embodiments, it can be estimated that P o« u” and

the power coefficient, C, can be defined [5] as :

(14)

[00171] where P is the power output of the turbine, p is the air density, A is the area swept
by the rotor (equal to turbine diameter times turbine height), and U is the free-stream wind

speed. Extending this analysis to an array of & turbines yields:
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[00172] Similarly, in order to compare the performance of an array of & turbines to the
performance of % isolated turbines, the normalized coefficient (denoted for simplicity as

C,') according to some embodiments can be considered to be:
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[00173] In embodiments wherein the method is computer-implemented, the method can
execute, using one or more computer systems, executable instructions to perform a
receiving of input of a fitness function configured to rank configurations of array sites
within one or more constraints of the array site, according to one or more set thresholds, the

thresholds being set according to a desired attribute of a configured array site.

[00174] In some embodiments, the method further comprises applying an algorithm to the

one or more variables, the algorithm configured to output data corresponding to locations of
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VAWTs, which provide the one or more of a desired attribute of the array of VAWTSs. In
embodiments wherein the method is computer-implemented, the method can execute, using
one or more computer systems, executable instructions to apply an algorithm to the one or
more variables, the algorithm configured to output data corresponding to locations of

VAWTs which provide the one or more of a desired attribute of the array of VAWT units.

[00175] In some embodiments, in order to provide configurations of turbine arrays based
on a desired one or more attributes of the array, a genetic algorithm which allows for
optimization of variables over integers (e.g rather than over the real numbers) is used, for
example, MATLAB® toolbox GEATBX® [9]. Other algorithms suitable for methods

herein described are identifiable by a skilled person upon reading the present disclosure.

[00176] Configurations of turbine arrays herein described can be provided in consideration

of a single prevalent airflow or in consideration of more than one prevalent airflow.

[00177] In some embodiments, the methods herein described can be used to optimize
configurations of turbines at an array site for which there is more than one primary wind
flow direction. For these embodiments, an array configuration can be ranked by the
optimizing algorithm’s fitness function based on its performance at each of the one or more
primary wind directions. The array that performs the best over all of the one or more
primary wind flow directions can then be ranked the highest. These embodiments can
further take into account an importance of each wind direction. For example, if there are
primary and secondary and/or lower importance incoming wind directions, the relative
importance of each can be incorporated as a weighting of the fitness function. For example,
the performance of the array for the one or more primary wind directions can be set to
influence the ranking of the array to a greater degree than the performance of the array for

the secondary and/or lower importance wind direction.

[00178] In some embodiments, the methods herein described can be used to predict how
larger arrays of turbines will perform, for example, in terms of power output, compared to a

smaller array, the power output of the smaller array being determined either experimentally
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or by simulation. For example, power output of a larger array can be determined based on
the power output of an array having a smaller number of total turbines, but having a same
arrangement of co-rotating or counter-rotating pairs, a same turbine-turbine spacing, and a

same pair-pair spacing.

[00179] In some embodiments, a homogeneous strength model is used in predicting
performance of turbine arrays and in others an iteratively defined strength model is used

(See e.g. Examples 5-8).

[00180] In the homogenous strength model each of the turbines in an array can be assigned
a same value of each of I', pu, and q. In the iteratively defined strength model, each turbine
in the array can be assigned a value of each of T, u, and q according to a respective location

of cach turbine in the array.

[00181] This iteratively defined strength model can be used in embodiments where a higher
accuracy 1s desired. For example, particularly in the case of providing configurations of
turbine arrays comprising more turbines than a number of turbines from which the model is
derived, the iteratively defined strength model can be more accurate (See ¢.g. Example 7).
The homogeneous strength model can be used in embodiments where shorter computation

times are desired.

[00182] In embodiments where it is desired to provide configurations of turbine arrays
comprising a number of turbines which is close to the number of turbines on which the
model is based, there homogeneous model can provide accuracy substantially equivalent to
that of the iteratively defined strength model. In some embodiments, the number of turbines
used in the prediction can be double or triple the number used to develop the homogeneous

strength model.

[00183] In embodiments where I', u, and q are modeled using simulated data, the
homogeneous strength model can be used with substantially the same accuracy as the
iteratively defined strength model (See e.g. Example 8). In embodiments where I', i, and q

are modeled using experimental data, a selection between the iteratively defined strength
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model and homogeneous strength model can be based on a desired computation time, a

desired accuracy level, and/or a compromise between the two.

[00184] In some embodiments, in order to provide shorter computation times, the
iteratively defined strength model can be used in conjunction with an extrapolation to

determine performance of large arrays (See e¢.g. Examples 7-8). For example, the

iteratively defined strength model can be used to predict a set of different array sizes and

the data from each can then be normalized and extrapolated into much larger array sizes.

[00185] By way of example, and not of limitation, a centerline velocity can be calculated
for 3x3 array, a 4x4 array, a 5x5 array, a 6x6 array, a 7x7 array, an 8x8 array, and a 9x9
array using the iteratively defined strength model. The centerline velocities can then be

plotted and fitted to a trend line for extrapolation.

[00186] In some embodiments, a linear equation can be used to fit the centerline velocities.
In these embodiments, a least squares analysis can be used to estimate the accuracy of such

extrapolation (See ¢.g. Example 7, FIGS. 9A-B).

[00187] In embodiments where I, u, and q are modeled using simulated data,
configurations of large array sizes can be provided relatively quickly. For example,
optimized array configuration for arrays of 100x100 turbines can be calculated in less than

a minute.

[00188] In embodiments where the method of configuring an array is a computer-
implemented method, the method can be performed, for example, on the same computers
and systems described herein with reference to the method of providing a low-order

potential flow model.

[00189] In these embodiments, the instructions, when executed, perform a step of receiving
input data corresponding to potential flow around a selected VAWT. The input data can be,
for example, the values for each of the one or more potential flow elements representing

potential flow around the selected VAWT obtained from the method of providing a low-
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order potential flow model. The data can be input by a user or the software, if used in
conjunction with the computer-implemented method of providing a low-order potential
flow model, the software can be configured to retrieve and receive the data provided in the

method of providing a low-order potential flow model.

[00190] In the computer-implemented method for configuring the array, the instructions,
when executed, perform a step of receiving one or more input variables, for example, input
variables representing a parameter of the array site, a constraint of the array site, a

parameter of the VAWT, and/or a constraint of the VAWT.

[00191] In some embodiments, the instructions, when executed, further perform a step of

receiving input concerning one or more of a desired attribute of a configured array site.

[00192] In some embodiments, the instructions, when executed, further perform a step of
receiving input of a fitness function configured to rank configurations of array sites within
one or more constraints of the array site, according to one or more set thresholds, the

thresholds being set according to a desired attribute of a configured array site (18. 2);

[00193] In some embodiments, the instructions, when executed, further perform a step of
applying an algorithm to the one or more variables (18.3) configured to output data

corresponding to locations of VAWTs which provide the one or more of a desired attribute

of the array of VAWTs

EXAMPLES
[00194] The methods and systems herein disclosed are further illustrated in the following

examples, which are provided by way of illustration and are not intended to be limiting.

Example 1: Obtaining Experimental Data

[00195] Eighteen turbines, nine counter-clockwise rotating and nine clockwise rotating
were arranged in an array of counter-rotating pairs, spaced about 8§ turbine diameters apart
in each direction, as shown schematically in FIG. 1. In this example, the turbines were

modified versions of a commercially available model from WINDSPIRE® Energy Inc.
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Each turbine was 10 m tall, had a diameter of 1.2 m and was connected to a 1200-W
generator. The cut in wind speed of the turbines was 2.8 m s”. The turbine array was
located in Antelope Valley of northern Los Angeles County, California, USA. The site is
desert and the topography is flat for approximately 1.5 kilometers in all directions [5]. FIG.

1 shows a schematic of the field site.

[00196] The electrical power generated by each turbine was monitored in real-time and
recorded at 1 Hz using power meters connected to a central data logger (Campbell
Scientific Inc.). Measurement accuracy was +/- 5%. Additionally, a 10-m meteorological
tower was consecutively placed at each of the gray squares in FIG. 2A. This diagonal
through the array is referred to as the centerline of the array. The tower was left in each
position for approximately 10 days. The accuracy of the 3-component sonic anemometer
(Campbell Scientific Inc., CSAT 3) was +/- 1%. Data from the meteorological tower were
also recorded at 1 Hz using a datalogger (Campbell Scientific). The data was taken over
four months over which time the average wind speed was approximately 7 m/s. Since the
predominant wind direction at this site is from the south-west, the lower left hand corner of
the array as presented in FIG. 1 was taken to be the origin of the coordinate systems as

indicated.

[00197] In relating the power output of the turbine (P) to the flow conditions, it was
estimated that P o« u;° where u is the flow directed into the turbine (i.e. parallel to the free-

stream direction). The measured data is presented in FIG. 2.

Example 2: Obtaining Simulated Data

[00198] In order to obtain a more complete flow field around the VAWTs to which to
match a potential flow model, two-dimensional simulations of a single VAWT cross-
section, a pair of co-rotating turbines, and a pair of counter-rotating turbines were
completed. In this example, CFD simulation were obtained. In particular, the CFD software
FLUIDICA® [12] was used. This software uses an immersed-boundary Navier-Stokes
solver to compute the 2D flow around arbitrarily defined geometries. In this example, the

geometry was made to closely resemble the cross-sections of the turbines used for the
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experimental data, which in this example are WINDSPIRE® turbines. Each turbine
comprises three blades equally spaced to define a diameter of unit dimension, D. The chord
length of each blade was approximately 1/8 D. The blades were approximated as flat plates

at zero angle of attack with respect to the tangent of the defined (virtual) circle.

[00199] Before beginning the simulations, an adequate grid size and time step was
determined to allow convergence of the flow. Five simulations were run using a single,
stationary VAWT cross-section. The Courant-Friedrichs-Lewy (CFL) condition was used
to determine the numeric stability of the simulation and was defined according to equation

13 as described herein.

[00200] For the simulation to be numerically stable, it is typically required in this example
that CFL <0.7. For the WINDSPIRE® geometry [12], all simulations in this example were
run at CFL = 0.25 and the absolute values of Az and # were varied so that this ratio would
hold. The non-dimensional values of h chosen were 1.27 * 107, 6.35 * 107, 3.18 * 107,
1.58 * 107, and 7.94 * 10, The maximum dimensional velocity of the system was
conservatively taken to be the free-stream velocity plus the tip velocity of the rotating
turbines plus a margin of error of around 0.5 m/s. In order to analyze convergence, the
forces on one of the blades of the turbine were examined over time for each of the five
cases. The result for the decomposition of the force parallel to the direction of the free-

stream is given in FIG. 3.

[00201] Based on these results and in order to limit computational time, the simulations

performed in this example were conducted using h =3.18 * 10~

[00202] The final WINDSPIRE® simulations were run with two grid levels — a fine grid
close to the turbine and a coarse grid over the entire simulated domain. The simulated areca
of the fine grid was taken to be 0.5 D in front of and to ecither side of the turbines and 5 D
downstream of the turbines. The coarse grid was substantially larger: just over 3.5 D
upstream, 1.5 D to either side of the turbine and about 8 D downstream. The simulations

were run until the non-dimensional time of t = 10. An example of the flow ficld as
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simulated is given in FIG. 4. In FIG. 4, the free-stream flow is moving in the positive x

direction.

Example 3: Potential Flow Modeling

[00203] The potential flow models were generated from a set of elements including
vortices, dipoles, and sources/sinks. Different numbers and arrangements of these elements
were optimized for each model as described in Examples 4—6. The complex potentials (F)
and the complex velocities (W = dF/dz ) of the potential flow elements were calculated
using equations 811 as already described herein and the velocity flow field u was

calculated with equation 12.

Example 4: Potential Flow Modeling of a VAWT cross-section: General approach

used in Examples 5 and 6

[00204] In order to generate a model, the number of each type of element, the position of
cach element, and the strength of each element in the potential flow was optimized such
that the resulting flow field u,..4; matched as closely as possible the original (acquired)
data, either u.,, (the acquired experimental data) or uy;, (the acquired CFD simulated data).
Even if some of these variables are fixed prior to the model parameter optimization, the
number of variables can still be significant, resulting in a multidimensional optimization
problem. A grid search algorithm rapidly becomes computationally unfeasible in these
examples as the number of variables increases. For this reason, genetic algorithm searches

were used in these examples to perform the model parameter optimizations.

[00205] For these optimizations, the MATLAB® Global Optimization Toolbox software
was used. The following outline, drawn from MATLAB® documentation [13] summarizes

how the genetic algorithm works:

[00206] The algorithm begins by creating a random initial population. An individual is the
set of numbers, one for ecach variable in the problem). A population is a group of

individuals).
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[00207] The algorithm then creates a sequence of new populations. At each step, the
algorithm uses the individuals in the current generation to create the next population. To
create the new population, the algorithm performs the following steps: scoring each
member of the current population by computing its fitness value (using a fitness function
written by the user specifically for the optimization); scaling raw fitness scores to convert
them into a more usable range of values; selecting members, called parents, based on their
fitness; choosing "elite" individuals in the current population that have lower fitness;
passing elite individuals on to the next population; producing children from the parents.
Children are produced either by making random changes to a single parent — mutation — or
by combining the vector entries of a pair of parents — crossover; replacing the current

population with the children to form the next generation.

[00208] The algorithm stops when one of the stopping criteria is met: maximum number
of generations or the time limit has been reached, population fitness value is below some
predetermined limit, or there is no significant change over a predetermined number of

generations or time limit.

[00209] Within the scope of software used in this example, almost all of the algorithm
parameters are controllable (See online documentation for full details [13]). After
examining the performance of some customizations, it was determined that the default

parameters performed comparably and therefore optimizations in Examples 5-6 were run

at default settings. The fitness function, however, was individually written for each

optimization and is discussed in more detail in Examples 5—6. This approach can lead to

non-determinism of the algorithm. Therefore, in these examples, in order to at least
partially compensate for the non-determinism, multiple iterations of each optimization

program were run as a partial check on the answers.

Example 5: Matching Experimental Data

[00210] Ten different potential flow models were optimized and compared. The quality of
cach model was taken to be the root-mean-square difference between the experimental data

points and the corresponding model data points. Thus in this example, the fitness function
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of the genetic algorithm was set to minimize this RMS difference. In matching the
centerline data velocities from the meteorological tower measurements, the models were
analyzed at points corresponding to the experimental test points and directly compared. In
matching the experimental turbine velocity data (which was itself taken to be the cube root
of the measured power data), a line of data points was taken perpendicular to the global
free-stream direction and spanning from one edge of the turbine to the other. The data
points were of adjustable distance from the turbine center, but in this example, the test
points were placed 0.6 turbine diameters in front of the turbine center. The component of
the potential flow perpendicular to this line (parallel to the global free-stream direction)
was then determined at each of the test points and averaged in order to determine the flow

velocity into each turbine as a single number, uy. This analysis is shown in FIG. 5.

[00211] For all models examined, a reduction of the number of variables was possible. All
models in this example estimated that there was a vortex and a dipole at the center of each
turbine. The models used here were cither for a single turbine unit where the parameters of
a single turbine were determined such that repeating that model at each turbine position
yielded the best overall results or for a two-turbine unit where the parameters of a counter-
rotating turbine pair was determined such that repeating that model at each turbine pair
yielded the best overall results. In both cases, the number of vortices and dipoles were

equivalent to the number of turbines included in each unit.

[00212] The sinks were either "free-floating” such that the position was optimized within a
small box centered on the turbine(s) or were "fixed" such that the position was either
predetermined or determined by modeled flow. The sources were either modeled as free-
floating (within the same range as the sinks) or modeled as a source field over the entire
array consisting of sources of equal strength placed in a regular grid (for these
optimizations, the sources were separated by 0.25D in each direction and extended several

D beyond the edges of the array in all directions.)

[00213] Physically, the vortex element models the rotational component introduced to the

flow by the rotating turbine. The dipole accounts for blockage effects of the turbine itself.
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The sinks account for the extraction of energy from the wind by the turbine, while the
sources simulate flow recovery due to entrainment of free stream flow in the wake. Perhaps
more physically realistic than a single source is the application of a source field to simulate
the inflow of air from above the turbine array [4]. For these models, a uniform field was
assumed. In this example, the sink was placed 2D downstream of each turbine center based

on examination of the velocity profile for a single isolated VAWT [1].

[00214] The best performing model in this example using a single turbine unit was
composed of a vortex and dipole at the center of each turbine, a sink 2D downstream of the
turbine center and a source field. This model yielded an RMS difference between all the
data (both centerline and inflow) and the model of 0.66%. If the strengths of the vortex,
dipole and sink are fixed to a single value for the entire array, the model was not able to
directly extend in a reasonable fashion to larger arrays. The predicted flows for the larger
arrays showed apparently linear decreases in the centerline flow velocity to values below
zero. This result is shown in FIG. 8. A modification was therefore made to the algorithm.
The strengths of the vortices and sinks for each turbine were estimated to be proportional to
the cube of the incoming velocity; that is, if the incoming flow velocity to turbine j is given
by vj, then T; o av;’ and ¢; & bv;’ where a,b are some constants of proportionality. Similarly
the strength of the dipole for each turbine was estimated to be proportional to the square of
the incoming velocity: x4 « ¢v, where ¢ is some constant of proportionality. The cubic
proportionality of the vortex was estimated because ideally the vortex captures the rotation
of the turbine which is proportional to the power output of the turbine which is proportional
to the cube of velocity. Similarly, the sink ideally represents the wind power converted to
electricity, which is also proportional to the power output of the turbine and therefore is
also proportional to the cube of velocity. The dipole ideally represents the blockage effect
of the turbine or the drag, which can be taken to be proportional to the square of the
velocity. Using these proportionalities, the four variables of the model are then three
constants of proportionality and the strength of the sources in the field. This process
requires iteration between determining the strengths of the elements and the flow field

velocities. Thus, this model is more computationally intensive than the homogenous
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strength model, however, in this example, it results in more realistic predictions for larger
arrays - the centerline velocities dropped at a non-linear rate rather than a linear rate as
distance from the beginning of the array increased and zero values were not attained. The

RMS over all data points of model 7 was 0.69%.

Example 6: Matching CFD Data
[00215] The first step in the analysis of the CFD data was to average the data over the

simulated time span in order to obtain a time-averaged flow pattern. Although a time-
varying potential flow model can be used, it was believed that the response time of
downstream turbines is longer than that of the short-term flow variations, therefore
allowing the time-averaged flow field to be a good approximation of the flow in the array
for this example. The next step in the analysis was to down sample the CFD data to lower
spatial resolution, because it would have been computationally unfeasible to consider every
grid point used in the CFD analysis in the final optimization. The resulting flow field for a
single WINDSPIRE® turbine is given in FIG. 6 in which the uniform applied flow is

moving in the positive x-direction.

[00216] FIG. 6 shows a higher density of data points to be matched in the near vicinity of
the turbine. These points have been drawn from the fine CFD grid while all other points
have been drawn from the coarse grid. The color variation of the flow vectors indicates how
the flow field was divided for modeling purposes. After multiple attempts to model the
flow field with a single potential flow model, the results were not satisfactory. Therefore
the wake region and surrounding region of the flow field were modeled with separate
potential flow models, albeit for consistency the same type of model (i.e. same number of
cach type of element) was used for both regions with only the fitness functions changed
appropriately. As with the experimental data, the number of variables was reduced by
assuming one vortex and one dipole at the center of each turbine. Again, "free-floating”
indicates that the positions of the element can be optimized within a small box surrounding

the turbine. In these cases the box extended 1.5D in the upstream (negative x direction) and
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in the directions perpendicular to the flow direction (positive and negative y-directions) and

2D in the downstream direction, where all distances are measured from the turbine center.

[00217] The fitness functions for the surrounding region and the wake region were slightly
different in order to emphasize the different characteristics of the flow deemed important.
Most importantly, any differences between the simulation and modeled flow velocities in
the far downstream (e.g. where another turbine might be placed) were weighted to
contribute more to the overall cost of the tested model than flow velocity differences in
other regions of the flow. The weightings of the fitness functions were also designed to
favor models that underestimated the downstream flow rather than overestimate it, in order

to provide a conservative model.

[00218] The goodness of fit of a model was determined by taking the RMS differences
(for each flow direction) between the average at cross sectional slices of the simulated field
and the modeled ficld. The cross-sectional slices can be across the entire ficld, the band in
front of and behind the turbine, and just the centerline of the system. In this example, the
type of model used for both the experimental modeling which comprised a source field and
fixed sink was not able to provide as good of a match as the source and sink free-floating
cases. The difference in optimal modeling can be due to the discrete nature of the source
field. Although the ideal field would be a continuous, uniform field, with the potential flow
elements in use, only source terms at discrete locations can be used — in this case 0.25 D
spacing in both directions. Although this method would work for the sparse data set taken
experimentally, with the number of data points used in the CFD set, the positions of the
source elements can lie very close to some test points and thus skew the flow. The net result
would be that one disruption in the overall flow (i.c. a single free floating source) would
provide a better fit to the CFD data than many sources each adding a disruption to the

overall flow pattern.

[00219] Models using a vortex and dipole at the center of each turbine and three free-
floating sources/sinks (11 variables for a single turbine, 13 variables for turbine pairs)

provided the overall best fits between the simulated and the modeled flow field in these
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examples and was thus used also in Example 8. A comparison of the average flows at
cross-sectional bands for the simulated and modeled flows is provided in FIG. 7 for the

single turbine.

Example 7: Results of an Experimental Data Model

[00220] In this example, it was estimated that P « ur. The power coefficient, C, was
estimated with equation 14 as described herein. Rather than considering the absolute value
of C,, in these examples, the coefficient was normalized by dividing by the corresponding
coefficient for a single isolated turbine (denoted C,, ;) in order to yield C,’. Extending this
analysis to an array of & turbines provided equation 8, as also described herein. Similarly, in
order to compare the performance of an array of & turbines to the performance of £ isolated
turbines, the normalized coefficient (denoted for simplicity as C,") was estimated with

equation 9, also described herein.

[00221] Cp urrqy” 15 used in this example as the primary means to compare different array

configurations.

[00222] The first application of the experimentally-matched potential flow model was to
examine the flow patterns of a larger version of the same type of array as that tested, i.c. the
same counter-rotating pairs arrangements with the same turbine-turbine spacing and the
same pair-pair spacing, but with a larger number of total turbines. For simplicity, these
arrays are referred to by the number of turbine pairs there are on each side of the array (i.e.
the experimental array is a 3x3 array.) The velocity profile along the centerline through the

array was taken as a characterizer of the arrays.

[00223] As previously mentioned, the homogenous strength model performed well in
matching the experimental data, however when the model was applied to much larger
arrays, the results were deemed unphysical. Namely, the centerline velocity profile
continued to decrease in magnitude from the front to the back of the array, and in very large
arrays would even go negative (as shown in FIG. 8, left.) It is therefore not expected that

the turbines where the flow is negative would continue to rotate with the same speed or
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even in the same direction as those at the front of the array and therefore the model used at
the front of the array is expected not to be the same as that towards the back of the array.
Therefore, the iteratively defined strengths model was developed, in which the strengths of
the vortex, dipole, and sink of each turbine is directly dependent on the wind speed
incoming into the turbine. As mentioned previously, however, this model required iteration
between the strengths of the vortices, dipoles, and sinks and the velocity into each turbine
in order for a converged, equilibrium state to be reached. Furthermore, if the initial guess as
to the incoming flow velocity is too far off of the converged state, the model can become
unstable and diverge from an equilibrium state. These requirements can be limiting in the
size of an array that can be computed via this model. However, for what array sizes were
computed in these examples, the centerline profile appears to be much more intuitively
correct as the centerline velocity decreases at a decreasing rate from the front of the array to
the back. In FIG. 8 (b), the homogenous strength and iteratively defined strength models

are compared for a 9x9 array.

[00224] For arrays larger than 9x9, the iteratively defined strength model proved to be
computationally intensive. It was therefore whether any relationships in the performances
can be determined from the smaller turbine arrays and can allow an extrapolated prediction
of the larger array performance. For this purpose, the iteratively defined strength model was
used to compute the centerline velocity profiles for all square array sizes 3x3 to 9x9. The
results were normalized by the corresponding dimension of the array along the centerline.
Plotting all results yielded FIG. 9A. The dashed lines in FIG. 9A indicates the points at
which specific values were taken from each of the arrays, in particular, one array length in
front of the arrays, one turbine diameter in front of the arrays, one turbine diameter behind
the arrays, and one array length behind the arrays. Because the centerline profiles were
normalized to an array diameter, the relative size of one turbine diameter
upstream/downstream changed for each array size, thus the dashed lines indicating these
points are angled in FIG. 9A. Evaluating each array size at these marked points yielded the
results shown in FIG. 9B and the data are fit with a linear equation. The R” values of the

fits are 0.92, 0.97, 0.94, and 0.86, respectively. A nonlinear fit of the form y = a - be™ was
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also attempted. The fit for the 1 turbine diameter upstream data and the fit for the 1 array
length downstream were somewhat better than for the linear curve: R” values of 0.98 and
0.96 respectively, while the other two curves, the one array length upstream and the one
turbine diameter downstream were essentially not fit, R* values of < .001. In order to

determine the more appropriate curve fit, data for larger arrays can be used.

[00225] From these results, it was observed that the increased incoming velocities with
increasing array size caused the turbines at the front of the array to have higher individual
power outputs. However, since the downstream velocities decrease with increasing array
sizes, it can be concluded that the turbines in the far downstream are operating at a lower
power output. Since the rate of increase in the upstream flows is approximately the same as
the rate of decrease in the downstream flows, it can be estimated that the overall Cpuprqy

will stay relatively constant as the number of turbines in the array is increased.

[00226] Another application of the developed model was to allow optimization of arrays of
turbines. In this example it was desired to optimize the current field setup so that any final
predictions can be experimentally verified. Thus, the optimization in this example was
bounded by requiring 9 clockwise turbines and 9 counter-clockwise turbines be used and
the turbines can only be located at discrete positions as indicated in FIG. 1. For these
optimizations, the independently written genetic algorithms MATLAB® toolbox
GEATBX® [9] was employed because it allowed optimization of variables over the
integers rather than over the real numbers (unlike the MATLAB® Global Optimization
Toolbox). The algorithms used by this software are the same as for the MATLAB® Global
Optimization Toolbox, discussed previously. The fitness function of the optimization was

written such that the sum of the wind incoming into each turbine (3 u 1) was maximized.

[00227] The array was optimized in this example for a single prevalent incoming flow
direction, in this case, the southwest. The optimal arrangement was determined to be a “V”
shape open to the incoming wind direction, as shown in FIG. 10. In this arrangement, a
minimal number of turbines are directly in the wakes of other turbines. Note that all the

counterclockwise turbines are grouped together on one side of the V and all the clockwise
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turbines are located on the other side of the V such that all turbines rotate from the outside
to the inside of the V. Because co-rotating turbines are placed closely together in a line for
this arrangement, it was expected that the airflow would be channeled along the inside and
outside of the lines of turbines in such a way as to move with the turbines rather than
pushing against them. Essentially, vortex sheets of turbines are created on either side of the

V.

[00228] The performance of such an array when the airflow is not in the direction for which
the array has been optimized was also considered. Computing the C, .’ value for the
given array at intervals of 0.007 radians for the entire 360" range of possible incoming flow
directions yielded the C , ey’ verses flow direction curve found in FIG. 11. Note that in
reference to the field array presented in FIG. 1, 0° corresponds to wind incoming from due

north.

[00229] FIG. 11 shows that over a range of incoming flow directions of approximately 30
centered on the incoming flow angle for which the array was optimized, the array
performed about 3.5 times better than the corresponding number of spatially isolated
turbines. Over a range of approximately 90  degrees, centered on the optimized angle, the
array performed at least 3 times better than an isolated array. It is important to note,
however, that in a region spanning approximately 90", centered on the incoming direction
that is 180" from the optimized direction, the array performs worse than an isolated array.
In FIG. 11, the solid line, indicates the computed C, oay” for each angle is very noisy. As
described herein, for the iteratively defined strength model, an initial guess for the
incoming wind can be made and then the strengths of the potential flow elements and the
velocity field can be iterated over. The method by which the program makes an initial
velocity guess and performs the ensuing iteration is non-deterministic. Thus some sharp
variations from one angle to another can be present. The filtered curve presented in FIG. 11
likely can be considered to be a more reasonable approximation of the actual performance
of the array. It is also noted that in a fully deterministic program, the C, 44 curve can be

symmetric about the optimized angle due simply to the geometry of the array.
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[00230] An optimization of the array given a uniform distribution of wind directions can

also be performed.

Example 8: Results of a CFD Data Model

[00231] The first application of the CFD model was to examine the predicted centerline
profile of arrays of counter-rotating turbine pairs to compare the results to the
experimentally based model. The models in these examples were developed for isolated
turbines or turbine pairs with a normalized incoming wind speed. In placing them in an
array, two approaches were taken: the first approach assumed homogeneous turbines
throughout the array, while the second approach calculated the flow in front of a turbine
due only to the wake of the turbine immediately in front of it. These two approaches and

the results of the experimental model for the same sized array are compared in FIG. 12.

[00232] There is minimal computational time difference between the two approaches to the
array evaluation, therefore the second approach, which assumed influence from directly
upstream turbine wakes, was selected for further analysis in this example since it proved to
be a slightly closer match to the experimentally derived model predictions. The
computation time for the CFD model was very rapid — typically even the computations for
arrays as large as 100 x100 turbine pairs took only a few tens of seconds. This is in contrast
to the computation time required by the experimentally derived model which required, in
some examples, tens of minutes to compute arrays as large as 9x9 turbine pairs and it was
not computationally feasible to compute larger arrays. The time difference can be due to the

experimental model’s requirement in some cases for iteration.

[00233] With the ability to compute the larger arrays more rapidly, it was considered if any
velocity trends became apparent between arrays of different sizes. Again, arrays of different
sizes were computed and normalized by the array diameter. Comparisons of the velocities
were then considered at set points along the centerline: 1 array diameter upstream, 1 turbine
diameter upstream, 1 turbine diameter downstream, and 1 array diameter downstream, as

indicated in FIG. 13.
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[00234] Although exponential fits were attempted for this data, linear fits proved to have
far higher R” values than the exponential fits. A summary of the R* values for the linear fits
and the coefficients of the fits for both the experimental and CFD derived models is

provided in the table 1.

[00235] Table 1. Summary of the R? values for the linear fits and the coefficients of the
fits for both the experimental and CFD derived models.
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[00236] It is difficult to tell from these data if the overall C, 4" Will increase or decrease.
However, using the CFD model the computation of C, ./ for large arrays becomes
possible. In this example, arrays of size 3x3, 5x5, 7x7, 9x9, and 15x15 were examined. It
can be seen from FIG. 14 that the value of C, ., decreases exponentially with the size of
the array. The trendline fit was of the form y = a - be™. The coefficients were found to be a
=0.7635, b = -0.5076, and ¢ = 0.1527. The R” value of the fitting was 0.9997. At present it

is unknown if it is possible to extract this information from the centerline trend data only.
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[00237] The CFD model was then also used in a program seeking to optimize a turbine
array subject to the same constraints as the corresponding optimization using the
experimental model. For this optimization, the strengths of the potential flow elements were
taken to be homogenous throughout the array, but the contribution of every element in the
array was computed for each test point. Using the CFD model yielded the same optimized
array as the experimental model. Note that the model units used included 4 clockwise
rotating turbine pairs, 4 counter-clockwise rotating turbine pairs, and 1 clockwise/ counter-
clockwise counter-rotating turbine pair. The computed C, 44, 0f using the CFD model was
1.5903 at the optimized incoming wind direction. The improvement predicted by the CFD
model is therefore about half that predicted by the experimental model. There were also
several other arrangements of turbines that were found to have performance improvements
of very similar magnitude. At present, the discrepancy between the predicted improvements
from the two models is unknown although it is hypothesized that the difference is due to

the inclusion or exclusion of downstream effects.

[00238] How the array would perform when the wind was not incoming from the
optimized direction was considered here again in this example. It was discovered that some
of the potential flow elements in the turbine pair models were very close to lying exactly
between the two turbines. Thus, when the potential flow elements were rotated around this
center in order to account for the wind incoming from different directions, these elements
stayed in approximately the same place and the test points taken to determine the flow into
the turbines came very close to these points. The net result was that the potential flow
computed at these points was unrealistically high or low. Therefore, in order to evaluate the
performance of the array when the test points were between two turbines in a pair (i.c.
when one turbine of a pair was in the wake of the other turbine in the pair), the models were
switched from using the turbine pair models to using the single turbine models. The results
of this analysis are shown in FIG. 15. It is noted that the nonlinear effects captured in the
pair models are important in this example since the C, ., values predicted by the single
turbine models are substantially smaller than those predicted by the pair models in these

examples. This also indicates that for the wind directions at which the pair models could
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not be used, the C,ume’ values are more likely to be an underestimate rather than an
overestimate. Although not as substantial as the increases seen in performance predicted by
the experimental model, nevertheless there is improvement over a range of approximately
60" around the optimization angle and another peak again of approximately 60° width at

the opposite direction of optimized angle.

[00239] As a check on these results, the directional flow analysis around a single co-
rotating pair and a single counter-rotating pair using the single turbine models was
completed. As expected, there was symmetry around the centerline in the counter-rotating
case with the flow into the turbines from the optimized direction being better than the flow
from opposite direction. Similarly, there was an inverted symmetry around the centerline of

co-rotating turbine pair. The plots of these results are given in FIG. 16.

Examples 1-8: Summary

[00240] The examples above show an implementation of embodiments of the low order
potential flow model of the cross-section of a vertical axis wind turbine described herein
which can be used to predict and optimize the power outputs of large arrays of such
turbines. In these examples, the potential flow models have been optimized both for a set of

experimental data and for a set of CFD data.

[00241] The CFD modeling procedure, in particular, can be extended to model turbines of
substantially any geometry. The experimental based model can be extended to model
turbines in any array for which the power output of the turbines is known. In some cases,
knowledge of the velocities within the current array is also known. Furthermore, since the
elements of the potential flow model can have physical interpretations, performances of
arrays with arbitrary turbines can be correlated and predicted, given information on how
that turbine physically compares with known turbines (e.g. more blades can correspond to a

higher dipole value since there can be more flow blockage).

[00242] The two models were used in these examples to empirically determine the scaling

laws for the velocities associated with large arrays of equally spaced counter-rotating pairs
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of turbines. It is predicted that the velocities in front the arrays will increase linearly, while
the velocities behind the arrays will decrease linearly. However, comparison of the C, 4
values computed using the CFD derived model indicates that there will be an exponential

decrease in the value of C, 4y as the number of turbines in the array increases.

[00243] Both models were also used in order to predict an optimal arrangement given the
physical parameters of the field array currently in use and assuming a single prevalent wind
direction. The result from both models was in the form of a large “V’ open to the incoming
wind direction. In this arrangement, a minimal number of turbines are directly in the wakes
of other turbines and it is believed that, in potential flow terms, vortex sheets of turbines are
created on either side of the V in order to effectively channel the incoming wind. The two
models predicted different values for the improvement to performance obtained by this
arrangement over the performance obtained by the same number of spatially isolated
turbines. It is noted that the optimization program used for both programs is readily

modified to allow optimization of arrays with essentially arbitrary physical parameters.

[00244] The examples set forth above are provided to give those of ordinary skill in the art
a complete disclosure and description of how to make and use the embodiments of the
methods and systems for comparing wind turbine arrays and providing configurations
thereof of the disclosure, and are not intended to limit the scope of what the inventors
regard as their disclosure. Modifications of the above-described modes for carrying out the
disclosure can be used by persons of skill in the art, and are intended to be within the scope

of the following claims.

[00245] Modifications of the above-described modes for carrying out the methods and
systems herein disclosed that are obvious to persons of skill in the art are intended to be
within the scope of the following claims. All patents and publications mentioned in the
specification are indicative of the levels of skill of those skilled in the art to which the
disclosure pertains. All references cited in this disclosure are incorporated by reference to
the same extent as if each reference had been incorporated by reference in its entirety

individually.
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[00246] It is to be understood that the disclosure is not limited to particular methods or
systems, which can, of course, vary. It is also to be understood that the terminology used
herein is for the purpose of describing particular embodiments only, and is not intended to
be limiting. As used in this specification and the appended claims, the singular forms "a",
"an", and "the" include plural referents unless the content clearly dictates otherwise. The
term "plurality" includes two or more referents unless the content clearly dictates
otherwise. Unless defined otherwise, all technical and scientific terms used herein have the
same meaning as commonly understood by one of ordinary skill in the art to which the

disclosure pertains.

[00247] A number of embodiments of the disclosure have been described. Nevertheless, it
will be understood that various modifications can be made without departing from the spirit
and scope of the present disclosure. Accordingly, other embodiments are within the scope

of the following claims.
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CLAIMS
What is claimed is:

1. A computer-implemented method for providing low-order potential flow elements for a
vertical axis turbine, the low-order potential flow elements usable for configuring an array

of vertical axis turbines, the method comprising:

executing, using one or more computer systems, executable instructions to perform

at least the steps of
receiving acquired flow data around a selected vertical axis turbine;

assigning one or more variables, each to a set of potential flow elements, the one or

more variables representing potential flow around the selected vertical axis turbine;

receiving and applying a fitness function configured to evaluate a matching of
acquired flow data around the selected vertical axis turbine with potential flow data given
by the one or more variables representing potential flow around the selected vertical axis
turbine, according to one or more set thresholds, the set thresholds each being associated to

a particular region around the vertical axis turbine; and

applying an algorithm to the one or more variables, the algorithm configured to
output values for each of the one or more variables which match the acquired flow data
around the selected vertical axis turbine according to the fitness function, thus providing
values for each of the one or more potential flow elements representing potential flow

around the selected vertical axis turbine.

2. The method according to claim 1, wherein the vertical axis turbine is selected from a

wind turbine and an underwater turbine.

3. The method according to claim 1 or 2, wherein the one or more potential flow elements

is selected from the group consisting of a vortex, a dipole, a sink, and a source.

4. The method according to any one of claims 1-3, wherein the acquired flow data around

the selected vertical axis turbine is computer simulated data.
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5. The method according to claim 4, wherein the computer simulated data is obtained

through computational fluid dynamics (CFD).

6. The method according to any one of claims 1-5, wherein the acquired flow data around
the selected vertical axis turbine is experimental data obtained from one or more vertical

axis turbines.

7. The method according to any one of claims 1-6, wherein the algorithm is selected from
the group consisting of a grid-search algorithm, a genetic algorithm, and a gradient-based

algorithm.

8. The method according to according to any one of claims 1-7, wherein the selected
vertical axis turbine comprises a single vertical axis turbine, two proximate co-rotating

vertical axis turbines, or two proximate counter-rotating vertical axis turbines.

9. A computer-implemented method of configuring an array of vertical axis turbines for an

array site, the method comprising:

executing, using one or more computer systems, executable instructions to perform

at least the steps of

receiving input data corresponding to potential flow around one or more of a

selected vertical axis turbine;

receiving one or more input variables, the one or more input variables representing
at least one of a parameter of the array site, a constraint of the array site, and a parameter of

the vertical axis turbine;

receiving input concerning a number of vertical axis turbines to be configured in the

array,

receiving input concerning one or more of a desired attribute of a configured array

site;
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receiving input of a fitness function, the fitness function configured to rank
configurations of array sites within one or more constraints of the array site, according to
one or more set thresholds, the thresholds being set according to a desired attribute of a

configured array site; and

applying an algorithm to the one or more variables, the algorithm configured to
output data corresponding to locations of vertical axis turbines which provide the one or

more of a desired attribute of the array of vertical axis turbines.

10. The method according to claim 9, wherein the one or more of a desired attribute of the

array of vertical axis turbines is power output.

11. The method according to claim 9 or 10, wherein the algorithm is selected from the
group consisting of a grid-search algorithm, a genetic algorithm, and a gradient-based

algorithm.

12. The method according to any one of claims 9-11, wherein the fitness function is
designed to account for at least one of a physical characteristics of the turbines, a constraint

of the turbine array site, the number of vertical axis turbines, and chirality of turbines.

13. The method according to any one of claims 9-12, wherein the vertical axis turbine is

selected from a wind turbine and an underwater turbine.

14. The method according to any one of claims 9-13, wherein the vertical axis turbine is a
wind turbine and the constraint of the turbine array site comprises at least one of an
incoming wind direction, one or more of an incoming wind speed, topography of the

turbine array site, and turbine positions.

15. A method for configuring an array of vertical axis turbines for a turbine array site, the

method comprising:
selecting a type of vertical axis turbine to be used in the array;

providing an array of the selected type of vertical axis turbines;
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providing one or more potential flow elements representing potential flow around

the selected type of vertical axis turbine;

selecting one or more input variables, the one or more input variables representing
at least one of a parameter of the array site, and a constraint of the turbine array site, a

parameter of the vertical axis turbine;
selecting a number of vertical axis turbines to be placed in the array;
selecting a number of vertical axis turbines to be placed in the array site;

designing a fitness function configured to rank configurations of a plurality of
vertical axis turbine arrays within one or more constraints of the array site, according to one
or more set thresholds, the thresholds being set according to one or more of a desired

attribute of a configured array site;

inputting into an algorithm values for one or more potential flow elements
representing potential flow around the selected type of vertical axis turbine, the one or more
input variables, and the number of vertical axis turbines to be placed in the array site,
wherein the algorithm is configured to provide geometric data corresponding to locations of
vertical axis turbines which provide a desired power output of the array of vertical axis

turbines; and

configuring the array of the selected type of vertical axis turbines according to the

geometric data thus obtained.

16. The method according to claim 15, wherein the one or more of a desired attribute of the

configured array is power output.

17. The method according to claim 15 or 16, wherein the algorithm is selected from the
group consisting of a grid-search algorithm, a genetic algorithm, and a gradient-based

algorithm.

18. The method according to any one of claims 15-17, wherein the vertical axis turbine is

selected from a wind turbine and an underwater turbine.
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19. The method according to any one of claims 15-18, wherein the fitness function is
designed to account for at least one of a physical characteristics of the turbines, a constraint

of the turbine array site, the number of turbines, and chirality of the turbines.

20. The method according to any one of claims 15-19, wherein the vertical axis turbine is a
wind turbine and the constraint of the turbine array site comprises at least one of an
incoming wind direction, one or more of an incoming wind speed, topography of the

turbine array site, and turbine positions.

21. A computer-implemented method of configuring an array of vertical axis turbines for an

array site, the method comprising;:

executing, using one or more computer systems, executable instructions to perform

at least the steps of:
receiving acquired flow data around a selected vertical axis turbine

assigning one or more variables, each to a set of potential flow elements, the one or

more variables representing potential flow around the selected vertical axis turbine;

receiving and applying a fitness function configured to evaluate a matching of
acquired flow data around the selected vertical axis turbine with potential flow data given
by the one or more variables representing potential flow around the selected vertical axis
turbine, according to one or more set thresholds, the set thresholds each being associated to

a particular region around the vertical axis turbine;

applying a first algorithm to the one or more variables, the first algorithm
configured to output values for each of the one or more variables which match the acquired
flow data around the selected vertical axis turbine according to the fitness function, thus
providing values for each of the one or more potential flow elements representing potential

flow around the selected vertical axis turbine;

receiving the provided values for each of the one or more potential flow elements

representing potential flow around the selected vertical axis turbine;
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receiving one or more further input variables, the one or more further input
variables representing at least one of a parameter of the array site, a constraint of the array

site, and a parameter of the vertical axis turbine;

receiving input concerning a number of vertical axis turbines to be configured in the

array;

receiving input concerning one or more of a desired attribute of a configured array
site;

receiving input of a fitness function, the fitness function configured to rank
configurations of array sites within one or more constraints of the array site, according to
one or more set thresholds, the thresholds being set according to a desired attribute of a

configured array site; and

applying an algorithm to the one or more variables, the algorithm configured to
output data corresponding to locations of vertical axis turbines which provide the one or

more of a desired attribute of the array of vertical axis turbines.

22. The method according to claim 21, wherein the first algorithm and the second algorithm
are independently selected from the group consisting of a grid-search algorithm, a genetic

algorithm, and a gradient-based algorithm.

23. The method according to claim 21 or 22, wherein the vertical axis turbine is selected

from a wind turbine and an underwater turbine.

24. A V-shaped arrangement of turbines comprising at least three pairs of turbines,
wherein:

the V-shaped arrangement is adapted to be oriented such that a prevalent crosswind
enters the opening of the V-shaped arrangement and such that the prevalent crosswind

direction is substantially parallel to the axis bisecting the V-shape;

cach turbine in a pair of turbines is proximate to the other turbine in the pair and

non-proximate to other turbines in the array;
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the vertex of the V-Shaped arrangement comprises a clockwise rotating turbine
from which a first arm of the V-shaped arrangement extends in a first direction, and a
counterclockwise rotating turbine, proximate to the clockwise rotating turbine, from which

a second arm of the V-shaped arrangement extends;

turbines comprised in the first arm extending in the first direction are clockwise

rotating turbines; and

turbines comprised in the second arm extending in the second direction are

clockwise rotating turbines.

25. The V-shaped arrangement of turbines according to claim 24, wherein an internal angle

between the first arm and the second arm 1s between 30°—150°.

26. The V-shaped arrangement of turbines according to claim 24, wherein an internal angle

between the first arm and the second arm is approximately 90°.
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