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Aerodynamic Interference of Vertical Axis Wind Turbines
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and
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The laminar flowfield and performance of clusters of two-dimensional vertical axis wind turbines are analyzed
by idealizing the rotors as momentum sources. The flowfield dominated by the pressure field of the operating
turbines is determined by solving the incompressible Navier-Stokes equations and mutual interference is
observed to be elliptic in nature. Physical positioning of the turbines with respect to each other significantly
affects the aerodynamic performance of the turbines. Several cases are examined starting with one pair of
turbines to a cluster as big as 21 turbines. From the two-dimensional cases presented here, it is concluded that
downwind turbine performance can be improved by judiciously cheosing the angular relative orientation of the
turbines. Qualitative analysis of the laminar flowfield is conducted with the help of streamlines and pressure
contours. Performance comparisons of the turbines are made with a stand-alone turbine operating under similar
flow conditions. This investigation lays the groundwork for the optimization of a wind farm.

Nomenclature
B = number of blades
C,C, = sectional lift and drag coefficients, respectively
C, = power coefficient of the turbine,

= (T, - w)/[V2pV3(2RH)]
CPAV = average power produced by a turbine in a cluster,
=xVC,/N
CPSA = power coefficient of a (single) stand-alone turbine in
uniform flow
= turbine blade chord
= turbine spacing (nondimensional radial distance
between turbines)
é,,65,é, = unit vectors in the cylindrical coordinate system r, 6,
and z, respectively

c
d

f = resultant aerodynamic force on the blade

H  =turbine height (H = 1, for two-dimensional rotors)

i,J,k = unit vectors in the Cartesian coordinate system X,
Y, and Z, respectively

M = local Mach number

N = number of turbines in a cluster

o = center of turbine

P = static pressure

R = radius of the turbine

Re = Reynolds number

Re,. = Reynolds number based on blade chord and tip
velocity, = (wRcp)/pn

r,0,z = cylindrical coordinate system attached to the blade

S.Sy = time-averaged source terms at a grid point

s,Sp = time-dependent source terms at a grid point

S.S, = source terms in the momentum equations
(discretized)

Sy, 8, = source terms in the momentum equations
(differential)

T, = torque generated at the center of the turbine
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¢ = coordinate on the time axis

u = component of V,, in the x direction

Voo = freestream wind velocity

y = component of Vj, in the y direction

Vas = absolute velocity of the wind with respect to the
inertial system fixed at the center of the turbine

v, = component of Vy, in the r direction

v; = relative radial velocity of wind observed from the
noninertial reference frame fixed to the blades

Vi = relative velocity of wind observed from the
noninertial reference frame fixed to the blades

Vg = component of V, in the 6§ direction

Vi = relative tangential velocity of wind observed from

the noninertial reference frame fixed to the blades
X,Y,Z = inertial reference frame attached to the center of the
turbine O where X is parallel to the freestream wind

@ = blade angle of attack with respect to the relative
wind velocity Vg

o = rate of change of angle of attack

A = tip-speed ratio, = (wR)/V,

o = density of air

" = viscosity of air

g = solidity of the turbine, = (BC)/(2R)

) = rotational velocity of the turbine

I. Introduction

OWER production by wind turbines is a viable alternative

to fossil fuel dependency. An increased acceptance of this
fact is evidenced by enormous worldwide research in the last
decade. While the Third World countries have the greatest
potential for wind power through stand-alone units, the tech-
nologically advanced countries consider the wind farm—a
cluster of wind turbines at a given location—an attractive
means for harnessing wind power on a large scale.

In the United States, California is leading in wind farm
activity. It appears that in the absence of the federal energy tax
credit laws, only efficient and economically viable wind farms
will survive. Therefore, a wind farm owner has to maximize
the benefits of his resource—the wind.

Having chosen an energy potential site using wind siting
techniques, a wind farm owner’s main concern is to optimize
the overall performance of the wind farm by determining the
turbines’ best physical locations. Efficient land use and the
wind farm’s economy are directly dependent on the mutual
spacing and the pattern in which wind turbines are placed.
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From an aerodynamic point of view this conclusion arises
from two sources: 1) blockage and energy removal effects
produced by the wind turbines in the freestream wind, and 2)
mutual interference of the turbines and the resulting wake
mixing and power degradation along the downwind turbines.

In order to understand these effects better, it is necessary to
study the flowfield in and around a wind farm both on a near-
and far-wake scale. For this reason an analytical model of a
wind farm is presented here.

II. Previous Investigations

The importance of wind turbines in multiple machine arrays
has long been recognized, and an extensive amount of research
has been conducted. This research can be broadly classified
into 1) field tests of full scale turbines, 2) experimental wind-
tunnel studies, and 3) analytical model studies.

A. Field Tests

Field tests have increased our basic understanding and
statistics of wind turbine performance. Yet, regardless of the
number of turbines, field tests have posed difficulties because
of terrain effects. The data obtained through different mea-
suring techniques show poor correlation with the observed
result.! Field tests are also subject to the stochastic nature of
wind and changing meteorlogical situations, making repetition
of the observation improbable if not impossible. Besides, be-
cause field tests can be conducted only after the wind farm has
been constructed, they are of no help in the design stage of the
wind farm.

B. Experimental Studies

Extensive wind-tunnel studies have been conducted to anal-
yze the wake of a single turbine,>* as well as two or three
turbines.’-® Using wind simulators (gauze), wind farms with 50
or more machines have also been analyzed.®!' These experi-
ments yielded fairly reliable information regarding power pro-
duction capabilities of the turbine/turbine clusters under in-
vestigation. However, wake data and their interpretation have
not been very fruitful except to get gross characteristics of the
turbine wake.

This failure of the experiments to profile the actual nature
of the turbine wakes can be attributed in part to the following
reasons:

1) Blockage offered by a wind turbine to the flow is not
clear and may be beyond the acceptable level for the tunnel
cross section,

2) Turbulence in the incoming flow seriously affects the
results.®

3) Air speeds in the low-turbulence wind tunnels are not
greater than the design wind speed at full scale. This results in
model Reynolds numbers being lower than those of the proto-
type, thus losing dynamic similarity between the model and
the full scale. Just how the wake is affected by this difference
in Reynolds number is not clear, however.

4) In the case of model array studies (using wire gauzes as
simulators), geometric similarity is also abandoned owing to
the small size of each component in the array’; thus, the
scaling problem is made even more acute.

All of these reasons reflect the strong dependency on analy-
tical methods of analyzing wind turbine interference until such
time as a low-turbulence variable-density facility is available
for properly simulating dynamically similar turbine flow.

C. Analytical Model Studies

Several methods have been used to study the overall perfor-
mance and characteristics of stand-alone vertical axis wind
turbines. A brief and essential comparison of the important
methods is given in Ref. 12. The discussion here will be re-
stricted to methods used for wind turbine array modeling
only.
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1. Boundary-Layer Theories

Analytical modeling of arrays using the planetary,
boundary-layer concept was first initiated by Templin'® with
the objective of obtaining the overall power output of large
arrays. Subsequently, Crafoord,'* Newman," Bragg and
Schmidt,!¢ Taylor,!” and Best!® modified this approach with
varying degrees of approximations and successfully predicted
the overall performance of the arrays.

The boundary-layer approach is a macroscopic approach in
which the drag-generating wind turbines are considered as
uniformly smeared roughness elements inside the boundary
layer. As a consequence, an individual turbine’s geometric and
dynamic characteristics and the mutual interference of tur-
bines are neglected. More recently, Liu et al.'® have improved
the boundary-layer approach using hydrostatic approximation
to the three-dimensional boundary-layer equation, wherein
they have considered the individual turbine’s characteristics
via actuator disk theory and axial interference factors. How-
ever, they have considered the velocity defect in the axial
direction only.

Boundary-layer approximation of the flow through a wind
turbine treats the flow as parabolic in at least one coordinate
direction, while the actual flow is elliptic in all three coordi-
nate directions. Although this approximation is justifiable for
evaluation of macroscopic properties such as overall power
output of the array of turbines, the approach as such does not
shed light on the wake interacting region between the wind
turbines. This is mainly because the wake region of a wind
turbine cluster is characterized by the strong mutual (elliptic)
interference induced by the operation of rotors and the turbu-
lent viscous interchange of momentum between the wake and
the main stream flow, in addition to other reasons such as the
presence of the pressure gradient in the flowfield.

2. Wake Superposition Theories

This approach, initially proposed by Lissaman,”’ was
derived from jet-mixing theories. Existing wake decay data of
circular jets immersed in a uniform flow were correlated to
wind turbine wakes to model the interacting wakes of wind
turbines. The fundamental assumptions in this technique are
that the velocity profiles in the wake region are self-similar
and that the velocity incident on successive rows in an array
would decay progressively, leading to similar power decay.
Also, the wake radius of one turbine assumed to grow in a
geometric fashion is linearly superposed to model the interact-
ing wakes of the array of turbines. Sforza®! and Vermeulen?
subsequently improved this method by using semiempirical
descriptions of the flowfield of a single turbine’s wake (based
on experiments) instead of the original data from circular jets
immersed in uniform flow.

The real interaction between wind turbines is more complex
than linear addition of wakes would permit. Also, linear su-
perposition of velocity defects restrains the momentum deficit
in the turbine wake (because of the extraction of power by a
wind turbine) to be conserved, whereas the real flowfield is
complicated by the viscous momentum diffusion between the
wake and the outer main flow. Although this approach recog-
nizes individual turbines, it has limitations as far as the near-
wake region modeling is concerned. For wake interaction
studies, this technique has been discouraging as reported by
Alfredsson et al.®

3. Momentum Theories

A different approach is taken by Pershing? to analyze the
slipstream interference between windmills in a closely spaced
array by taking into consideration the stream tube interference
of the upwind rotor on the downwind rotor based on classical
actuator disk theory. A similar approach is taken by Loth and
McCoy?* to determine the performance limit of infinite actua-
tors in series.

In momentum theories it is assumed that the wake of a
turbine is fully developed before it interferes with the down-
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wind rotor; thus, no upstream influence is considered. Since
the momentum theories are basically one-dimensional ap-
proaches developed to give first-cut information about the
overall limiting performance, they are not suitable for wake
interference analysis.

Before proceeding to the next theory, it is important to note
here that the aforementioned array performance theories ei-
ther did not consider the individual characteristics of the tur-
bines or treated them as those of horizontal axis wind turbines
idealized as actuator disks. This brings us to the next theory,
the free-vortex approach, which is the only theory that can
analyze the mutual interference of two vertical axis wind tur-
bines with prediction capabilities for both near and far wake.

4. Free-Vortex Theories

The free-vortex wake models initiated by Fanucci and Wal-
ters? and improved by Strickland et al.? are very accurate and
suitable for wake prediction of vertical axis wind turbines. The
only aerodynamic model that analyzed the interference of two
Darrieus-type wind turbines is the work of Schatzle et al.?6
They used the vortex/lifting line theory of Strickland et al.}
and investigated the detailed wake structure of two Darrieus
wind turbines with a tower-to-tower separation distance of 1.5
rotor diameters. The model was very accurate in that it consid-
ered the mutual interference of three-dimensional turbines in
contrast to all previous research. Their research concluded
that the downwind turbine power decrement is a strong (di-
rectly proportional) function of the tip-speed ratio and in-
duced flow angularities and not so strong a function of the
velocity defect itself when the line of turbine centers was not
coincident with the ambient wind direction.

The model, however; had some limitations: 1) It required
that the tower-to-tower separation distances be small to obtain
meaningful results, and 2) the computer run times were pro-
hibitively high.

D. Summary of Previous Analytical Investigations

Boundary-layer models use a macroscopic approach and are
useful for predicting the overall power output of a turbine
cluster. However, boundary-layer approximation treats the
flow as parabolic in &t least one coordinate direction, whereas
the flow through the wind turbine is elliptic in all directions. In
general, the individual turbine characteristics are not consid-
ered. When they are, only the horizontal axis wind turbines
with axial momentum defect are considered. The angular mo-
mentum induced is neglected in the analysis.

Wake superposition theories assume that the wakes of indi-
vidual turbines are linearly superposable for modeling the
wake interaction. This distorts the true elliptic nature of the
flow through a wind turbine cluster due to neglect of mutual
interference.

Because momentum theories wére one-dimensional in na-
ture, their very purpose was to determine the gross overall
power output of the turbine array, which they did well. They
are not, however, suitable for wake prediction of turbines and
certainly not wake interference. ‘

Free-vortex theory has been successful but is limited in
scope to situations of small tower-to-tower distances and
hence is not suitable for tower-to-tower distance optimization
and wind farm study. Besides, the computational cost has
been prohibitively high.

Thus, most of the analytical models dlscussed so far served
their intended purpose very well, that is, an overall assessment
of the gross power production potential of an array of tur-
binies. As far as individual characteristics are concerned, as
discussed previously, they all had their advantages and defi-
ciencies. Among the deficiencies, mutual interference of wind
turbines in a cluster was not considered in detail, and no
qualitative measure of the interference was established. This
resedarch attempts to fill in this deficiency by comparing indi-
vidual turbine performance as a stand-alone and in a cluster.
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II. Aerodynamic Model

Rajagopalan and Fanucci'? developed a finite-difference
model using computational fluid dynamics for representing
the action of a single two-dimensional Darrieus turbine in
inviscid, incompressible flow. In this formulation, the spin-
ning blades are idealized as point momentum sources thereby
avoiding the computation of blade flow. The technique has
been further extended to laminar flowfield by Rajagopalan.?’
In their analysis the flowfield is assumed to be steady. Their
investigations illustrated that while the true flowfield of a
Darrieus rotor is unsteady, a time-averaged solution repre-
sents the flowfield in sufficient detail once a steady-state rota-
tional velocity is reached by the rotor blades. For the present
study, the same framework is used with necessary modifica-
tions to include muitiple turbines. Since the steady incom-
pressible Navier-Stokes equations are elliptic in nature, this
method is suitable for aerodynamic interference study. In
addition, the computational cost of calculating the flowfield
and performance of the turbines using this procedure, as it is
presented here, depends mainly on the number of finite-differ-
ence grid points and is only a very weak function of the
number of turbines.

The modeling of the laminar flowfield of the turbine cluster
can be conveniently considered under two separate subhead-
ings, namely, the flowfield modeling and the aerodynamic
modeling of turbines.

A. Flowfield Modeling

The numerical procedure is based on Patankar’s ‘‘SIM-
PLER” algorithm.?® After assuming that the flowfield is
steady, the laminar, incompressible, Navier-Stokes equations
governing the two-dimensional array of turbines placed in a
Cartesian coordinate system are

Mass:
6u 6‘v
— =0 1
ax 1
X momentum:
du du Pu  u ap
ZovE) ==+ +8; 2
p<u ax ay> "(axZ 6y2> x @
y momentum:
v v *v ap
N LT G Lis; 3
”<“ ox " ay) “(axz o > wty O

where u is the / component of velocity, v is the j component of
velocity, p is the static pressure, p is the flow viscosity, and S
and §; are the time-averaged source terms per unit cell volume
around a grid point due to the turbines to be discussed next.
Even though turbulence plays an important role in turbine
performance, only laminar flow is considered in this initial
analysis.

The conservation of mass and momentum equations (the
Navier-Stokes equations) are solved using a finite-difference
approach. The Cartesian computational domain is subdivided
into control volumes by a series of grid lines orthogonal to the
i and j coordinate directions. The size of the control volumes
is decided based on the accuracy required in the region. Ac-
cordingly, the wake and the immediate vicinity of the turbines
have a very fine mesh.

The flowfield is determined by solving for the primitive
variables p, u, and V directly from the mass and momentum
conservation equations. These flow equations, written in
conservation form, are discretized using a control volume
approach, and the resulting elliptic equations are solved by a
line-by-line method combining the tridiagonal matrix al-

gorithm and the Gauss-Seidel method. Upwind differencing is
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used for interpolating the variables # and v at the control
volume faces. Details of the method are found in Ref. 28.

B. Aerodynamic Modeling of Turbines

The vertical axis wind turbine blades as they revolve, in
addition to other things, deflect and decelerate and/or acceler-
ate the flow. In other words, they primarily change the vector
momentum of the fluid. The local momentum of the fluid is
changed due to the forces generated by the rotating blades.
Thus, a logical place to incorporate the action of the blades in
the governing equations of the fluid flow is through the source
terms of the momentum equations, namely, Sy and S; or
through their counterpart Sy and Sy (the integrated form of §;
and §;) the source terms in the momentum equations. For a
time-accurate calculation, the source terms in functional nota-
tion can be written as

SX = Sx(clacd ,O[,d, VabsywsR ,B,I,c ,p,[l,,Re yMaB)
Sy = Sy(clvcd 20,0 Vaps, w0, R 0,t,¢ ,p,#,Re‘ ’M,B)

where C;and C, are airfoil characteristics of the turbine blade,
« is the angle of attack made by the turbine blade to the
relative velocity vector, ¢ is the time rate of change of « as the
blade moves through a revolution, V,, is the absolute velocity
of the fluid at the instantaneous blade location (R, 6,t), w is
the angular velocity of the rotor, c¢ is the chord of the blade,
and B is the number of blades.

Since the operational regime of a vertical axis wind turbine
is well within the acceptable range of Mach rnumbers for
incompressible flow, S, and S, are not considered functions of
M, the local Mach number of the flow. Even though the
complete Navier-Stokes equations are solved everywhere in
the flowfield, the dependence of Sy and S, on p and Re are
considered only implicitly through the airfoil sectional charac-
teristics C; and Cy in this analysis. The influence of & is of
importance when dynamic stall is considered but is neglected
for this investigation. However, these are not restrictions and
can be included in the analysis where they are considered
important. Thus, the source terms after time averaging reduce
to

SX = SX(C[’Cdsa, VabsywaR ,oatac’p:B)

Sy = Sy(Cthaa’ Vabs:@,R ,0,t,c,p,B)

The true flowfield of a vertical dxis wind turbine is unsymmet-
rical and unsteady. However, a time-averaged solution répre-
sents the flowfield in sufficient detail and yields accurate
performance characteristics. Accordingly, S, and S, used in
this analysis are time-averaged momentum sources due to the
motion of the turbine blades.

Following a procedure illustrated in Ref. 12, and with the
help of Fig. 1, forces due to lift and drag in the blade-fixed r
and 6 directions, respectively, are

= (¢ x D)(pV2/2)(C, cosa + C, sina) 4)
= (¢ X D(pV2%/2)C; sina + C, cosa) (5)
where ¢ X 1 is the area of unit span of blade and pV2/2 is the

dynamic pressure seen by the blades.
From the velocity diagram in Fig. 1 it can be seen that

v/ = V) sina 6)
v§ = — Vg cOSQ 7
where v, and v, are the relative velocity components seen by

the blade-fixed (r, 6) coordinate system. Using the relations in
Eqgs. (6) and (7), angle of attack « is eliminated from the force
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equations, Eqgs. (4) and (5), to yield
Sy =c(Via/2 (= Cvg + Cgv!) (3)
sp=c(Viea/2)Cpy} + Cgv§) ®)

Each blade of a turbine passes through a series of grid
points, and associated with each one is a control volume. As
the blade goes through a complete revolution, its path makes
a full circle or 2= radians in angular measure. Thus, if RAf is
the arc length intersected by a specific control volume associ-
ated with a grid point, then (A8/27) is the fraction of the time
spent by the blade within this control volume in one given
revolution. If there are B number of blades in a turbine, then
the fraction of the time spent by all the blades collectively
within a control volume will be equal to (BA6/2x). Thus,
multiplying Eqgs. (8) and (9) by this fraction gives the time-av-
eraged forces in the blade-fixed r and 8 directions, respec-
tively, as

S, = (coVia/2D(BAI/27)(~ Cj + Cv?) (10)
Sp = (coVia/ 2(BAG/2T)Civ! + Cv§) (11)

Resolving these forces in the inertial coordinate directions x
and y, respectively, using the relation

Sy =S, cos@ — S sinf (12)
S, =8, sinf + S; cosf (13)

yields the required momentum sources to be subtracted at a
grid point.

Each turbine in the cluster has associated with it a circle
denoting its blade path and a series of grid points along the
circles. The source terms S, and S, are evaluated at all of these
grid points, and they are grid specific. They are evaluated for
each iteration until there is a mass and momentum balance in
the entire flowfield. The relative velocity components v, and
v; are evaluated from the relations

v/ = Vaps - &
Vg’ = Vabs'ég_wR

The sectional aerodynamic coefficients are evaluated as a
function of local Reynolds number based on ¥V, and section
chord from a table containing a complete variation of C; vs a
and Cy vs « for the entire range of o = 0-360 deg. Thus, this
procedure allows for the turbines to be aerodynamically and
geometrically different in characteristics while operating at
different rotational speeds with complete freedom in the
choice of their location in the flowfield. Since the governing
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partial differential equations are elliptic and the discretized
equations are solved simultaneously, mutual aerodynamic in-
terference of the turbines is considered completely.

In closing, it is important to mention that although the
present method considers the geometric characteristics of the
turbine blades for the evaluation of the point momentum
sources that represent the action of the turbine blades, the
actual geometry of the blades does not affect the flow directly
through the conventional no-slip body boundary condition. In
other words, blade boundary layer is not computed as part of
the solution.

IV. Results

The specific objectives of this research are to determine
computationally 1) the extent of mutual interference of verti-
cal axis wind turbines placed in a uniform upstream flow, 2) if
there are any angular relative orientations of the turbines that
maximize the power production of the turbines, and 3) if the
conclusions of the preceding two items can be used advanta-
geously in arranging larger clusters of turbines. To this end,
several specific exercises were conducted and their results are
reported here.

The. computational setup has freedom to vary all aerody-
namic and geometric characteristics of the turbines collectively
as well as individually in a manner suitable for parametric
optimization. However, for all cases reported here the tur-
bines were assumed to have the same geometric and aerody-
namic characteristics. All of the turbines were two-bladed and
have a four-unit diameter with a solidity (Bc/2R) of 0.075.
NACAOQ015 was used for blade sectional characteristics and
the table look-up for o = 0-360 deg was interpolated for local
Reynolds number based on V,, and ¢. However, the local
Reynolds number based on the relative velocity seen by the
blades varies as a function of the azimuthal position given by
0. Hence, a fixed Reynolds number based on the linear rota-
tional velocity of the blade tip (wR) and the blade chord ¢,
namely, Re. = wRcp/u (chosen to be 1.5 x 109, was used for
identifying the operational conditions in the figure legends.

A fine mesh was used in the immediate vicinity of the
turbines such that on the average there are about 30 grid
points in the blade path of every turbine. All force and power
computations. are integrated for these grid points. If f is the
resultant aerodynamic force felt by the blades, then

=58, + 566,
T,=YXRxf
C, = {T, - w/[V2pV3RH)]}

where the summation is taken over all the grid points men-
tioned earlier.
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Fig. 2 Performance of stand-alone turbine.
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The power coefficient C, of a stand-alone turbine was com-
puted for several tip-speed ratios (A = wR / V) on a 150 X 150
grid covering a physical region of 596 X 596 diam. Both the
physical size and the computational grid structure were chosen
from knowledge gained in previous research.?’ From the C, vs
A variation given in Fig. 2, a tip-speed ratio of 5, based on the
peak power production, was chosen as the rotational speed of
all of the turbines in clusters discussed here. The number of
grid points and the physical computational domain were cho-
sen to be adequate for larger clusters and is maintained for all
cases including a stand-alone turbine reported here for reasons
of comparison.

The first cluster to be considered is the simple case of a pair
of identical turbines operating at a tip speed A = 5. The blade
path is seen as two circles in Fig. 3. The rim-to-rim distance
along the line connecting the centers d and the angle # made by
this line to the freestream wind in the direction of the Carte-
sian x axis are varied. The turbines are numbered using matrix
notation representing row-column elements. Accordingly, the
two turbine cluster turbines are named 11 and 12. Figure 4
compares the performance of the two turbines for a distance
d = 6 turbine diameters for several angles. When the angle is
0 deg, the two turbines are aligned with the freestream, and
turbine 12 is completely in the wake of turbine 11. For the
two-dimensional situation studied here, the power output of
turbine 12 is significantly low when 6 = 0 deg. In other words,
if two turbines are placed one behind the other in line with the
freestream wind and are forced to operate at a given rotational
velocity as is done in this analysis, the second turbine requires
power to operate rather than being able to extract power from
the wind.

It is well known that wake overlap adversely affects the
performance of the downwind turbine. However, the ill ef-

Two Turbine Orientation

d = inner rim spacing measured in turbine diameters

8 = angle between free stream and the line connecting
turbine centers

Fig.3 Turbine cluster nomenclature.
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fects of the interference is not limited to the downwind turbine
alone. As is seen in Fig. 4, the lowest level of power produc-
tion for both the turbines is when there is any overlap and is
in the range of — 6 to 6 deg for this specific example. Com-
pared to the nondimensional power produced by a single
stand-alone turbine = 0.4388, both the turbines in the cluster
produce more power outside of the wake overlap angles for
this separation: distance. Also, in this non-wake-overlap re-
gion, due to the mutual aerodynamic interference and the
induced flow angularity, the downwind turbine produces
slightly more power than the upstream turbine. It is observed
that the nature of the curve is roughly symmetric, about 8 =0
deg. In the same figure, the total output of both the mutually
interacting turbines is compared with that of twice the power
output of a single stand-alone turbine operating under the
same conditions. Except for a narrow range of 6 around § = 0
deg the overall power output of the mutually interacting tur-
bines is greater. When no wake overlap is present, two tur-
bines operating under certain preferred angular orientations
could output a net power higher than the combined output of
two stand-alone turbines; this is further confirmed in Fig. 5
where the nondimensional distance between the two turbines is
varied from 1 through 6 for certain angles and the results are
cross plotted. The angular orientation range of — 90 to — 60
deg (or the symmetric range of 60-90 deg) appears to be the
most favorable range where the combined power coefficient
for the two turbine cluster system is more than twice the single
turbine power coefficient. It is to be noted here that these
results generally show a trend that two turbines operating
under certain favorable angular orientations, outside of wake
overlap regions, produce more combined power than two
independent turbines. Exactly what orientation range is best
depends on all the characteristics of the turbines such as the
radius, the rotational velocity, the airfoils used for the blades,
etc. Thus, the qualitative results may vary significantly for
turbines with different characteristics.

Three cases of four turbine clusters are analyzed next. A
turbine spacing of 1 diam between any two adjacent turbines
is used henceforth. Figures 6a-6¢ describe the angular orienta-
tion of the turbine rows, 0, 60, and — 90 deg, respectively,
and the streamline pattern of the flow around them. The
legends give the characteristics of the turbines and the power
coefficient C,, of the individual turbines. The average C, of the
turbines is denoted by CPAV and the stand-alone unit power
is given by CPSA. In Fig. 6a, the downwind turbines (12 and
22) are completely in the wake of the upwind turbines (11 and
21). The downwind turbines produce significantly lower
power, and all the turbines produce lower power than a stand-
alone turbine, thereby showing that unfavorable mutual inter-
ference not only affects the downwind turbine but also deteri-
orates the upwind turbine performance. The situation
dramatically improves in Fig. 6b where the turbine rows make

60 deg to the freestream. The CPAV is higher than CPSA and _
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Fig. 6a Streamlines through a four-turbine cluster: 0-deg rows.
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Fig. 6b Streamlines through a four-turbine cluster: 60-deg rows.

@ = 0.075 1192 1222 1252

¥
X = 5.000
1zszr CL - NACA 0015 . — T T 1232
CD-NACA 0015 |- o
TURBINE DIA = 4.000
DOMAIN = (596.0X596.0) DIA 1580
RE. = 1.500000E+06 560
1212 [ e e
g ® s
b L 1540 1540
5 ®
S ol L
© M2 [T T e "2
o
o
-
F4

"z

CPAV = 4. 2E-01
| CPSA= 4.3876E-01
1s2 L T 1152

n32 182 192 1222 1252
STREAMWISE DIRECTION

Fig. 6c Streamlines through a four-turbine cluster: — 90-deg rows.

n32 1162 192 o= 0075
1232 - . . A= 5.000 2
- CL - NACA 0015

CD — NACA 0015
TURBINE DIA = 4,000
DOMAIN = (596.1 0X596 0} DIA
RE. = 1.500000E+!

\ T 2r
.
5

=3
‘J 192

A H 172

1212 |

1192

INLET BOUNDARY

1m72 |

152
1222 1252

1152 -
132 162

1192
STREAMWISE DIRECTION

Fig. 6d  Pressure contours in a four-turbine cluster flowfield: 60-deg
rows.



SEPT.-OCT. 1990

the upwind turbines 11 and 21, under the influence of the
downwind turbines 12 and 22, have lower power output than
CPSA. This further substantiates the earlier finding that cer-
tain preferred orientations may actually enhance the power
production potential of the downwind turbines and the overall
performance of the cluster. Also noteworthy is that the tur-
bine 21, which has only one downwind turbine 22 to influence
it, has a higher C, than turbine 11. In contrast, turbine 22
produces more power, in part attributable to the stream-tube
contraction forced by turbines 11 and 21 and the associated
higher incoming flow velocity. Thus, from an overall stand-
point it appears that the turbines that are in the front row
(turbines 11 and 21) facing the undisturbed incoming wind
generally produce less power in the cluster. In Fig. 6c the
turbine rows make — 90 deg to the horizontal. The CPAV is
the highest in this case, and the individual turbine C, of any
turbine in the cluster is higher than CPSA. This clearly shows
that the interference between the turbines is strongly elliptic.

The incompressible flow through the turbines is dominated
by the pressure field. In Fig. 6d, contours of pressure for the
case of 8 = 60 deg (corresponding to the configuration in Fig.
6b) is given. A strong interaction between the turbines is seen.
Most important are the positive static pressure contours seen
in front of the turbine cluster, denoting the lower flow velocity
entering the turbine. As the levels of positive contours increase
in front of a turbine, less and less power is available in the
flow for that turbine to extract. This is validated by the lower
power produced by turbine 11, as shown in Fig. 6b.

From the experience gained in two and four turbine clusters,
larger arrays were arranged. For reasons of land economy, the
angular orientation of the turbine rows was maintained at the
lower angle of 60 deg from the favorable 8 range. Nine tur-
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bines are arranged in two patterns in Figs. 7a and 7b. In these
two patterns, no turbine path is directly behind any upwind
turbine path. The turbines at the beginning of rows generally
produce lower power, and the turbines at the end of rows
produce more power. Turbine 21 in Fig. 7b is placed in such a
way that it sees the wind flowing through turbines 11 and 31.
The stream tubes narrow in this region, suggesting an increase
in velocity, and this is substantiated by the higher power
produced by turbine 21 that experiences this increased flow
velocity. A similar behavior is seen for turbines 23 and 33 in
Fig. 7a.

Figures 8a and 8b portray two different 21 turbine clusters.
Unlike the configurations in Fig. 7, turbines are placed to
operate directly behind upwind turbines. Accordingly, turbine
45 is directly behind turbine 22 in Fig. 8a. As was observed in
earlier cases, upwind turbines initially facing the undisturbed
stream have generally lower power output, validating the ear-
lier finding that there is strong mutual interference between
the upwind and downwind turbines. Even though a turbine is
completely immersed in the wake of another turbine, in larger
clusters like this they produce more power than if there are
only two turbines in the cluster with one being placed directly
behind the other (6 = 0 deg case discussed earlier with regard
to Fig. 4). For example, turbine 45 directly behind turbine 22
produces significantly more power (CP45 = 0.1192) than tur-
bine 12 (CP12 = 0.0321) or turbine 22 (CP22 = 0.02641) in a
four-turbine cluster in Fig. 6a as well as turbine 12 for 6§ = 0
deg (C,12<0) in a two-turbine cluster in Fig. 4. A similar
behavior is exhibited in Fig. 8b. A possible reason for this
phenomenon can be traced to the large wake mixing that exists
in larger clusters.

Finally, the computation times for the turbines are com-
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Table 1

Number of turbines

in the flowfield CPU times, s
1 595
4 603
9 612
21 640

pared in Table 1 for the same number of grid points
(150 x 150) on the computer system NAS9160. The computa-
tions done for a turbine are independent of the number of
turbines in the cluster and the CPU times given in the table
strongly indicate that the computation times are only a very
weak function of the number of turbines in a flowfield.

Table 1 gives typical computation time for a converged
flowfield solution after 250 iterations of a given.

V. Conclusions

Using computational fluid dynamic techniques, the laminar
flowfield of clusters of two-dimensional turbines is analyzed.
In this approach, since it uses an elliptic algorithm for solving
the fluid flow equations, interference of turbines is captured
completely. The individual turbines are represented by mo-
mentum sources that functionally account for a complete de-
scription of geometric and aerodynamic characteristics.

Specific conclusions directly related to the results are the
following:

1) Mutual interference is strong and dominates the perfor-
mance of wind turbine clusters.

2) A certain angular range closest to the line connecting the
centers being vertical (facing the wind perpendicularly) is very
favorable for improved performance.

3) Downwind turbines arranged along rows of favorable
angle with no overlap show better performances than a turbine
placed first in the row facing an undisturbed stream.

4) The performance of turbines operating completely in the
wake of other turbines can be improved by judiciously choos-
ing their position such that they see a higher flow velocity due
to the presence of other turbines and associated stream-tube
contraction.

5) The average performance of turbines in advantageously
positioned arrays may be better than the performance of
stand-alone turbines.

6) The method is robust and computationally economical
and is an efficient technique for array performance and wake
analysis.

The research also points out that there is a lot of scope for
future research:

1) Two-dimensional analysis may not account for all of the
three-dimensional pressure relieving effects known in flows
around three-dimensional bodies. Currently, research is under
way to develop a three-dimensional model capable of per-
forming array performance studies in a three-dimensional el-
liptic flowfield.

2) Turbulence plays an important role in wind turbine per-
formance and may be an important factor in the estimation of
array performance. This procedure allows for studying the
effect of turbulence in detail, properly accounting for all
turbulence production due to the action of the turbines.

3) Array performance needs to be studied using multivari-
able parametric optimization techniques while properly ac-
counting for mutual aerodynamic interference.
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