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a b s t r a c t

Laboratory experiments and numerical simulations were carried out to explore potential advantages of
using alternating rows of 3-bladed and 2-bladed turbines within wind farms. The power output and
turbulence around the units were compared with baseline wind farms composed of 3-bladed turbines.
The experimental setups consisted of two arrays of aligned turbines with streamwise separation of five
and ten rotor diameters d, sharing a spanwise spacing of 2.5d. Complementary Large Eddy Simulations at
full-scale Reynolds number of Rez109 based on d were performed for the 5d setups. Results showed
enhanced mean velocity and reduced turbulence levels in the heterogeneous wind farm as compared
with the baseline in the 5d layout, which may imply lower dynamic loading; however, this was not
reflected in the power fluctuation intensity. A marginal increase in the power of the 3-bladed turbines
was offset by the diminished performance of the 2-bladed turbines. For the 10d cases, the benefits
associated with the heterogeneous farm were negligible due to longer recovery distances. The perfor-
mance of the heterogeneous wind farm did not improve over the baseline case; however, it may offer
potentially lower costs of manufacturing and transportation, among others.

© 2019 Elsevier Ltd. All rights reserved.
1. Introduction

Numerous countries have set goals for significant contribution
from wind energy to their electricity supply in the medium-term
future [1e3]. A recent roadmap developed for 139 countries by
Jacobson et al. [4] envisions that onshore and offshore wind power
will contribute to about 30% of the total energy mix by 2030, pro-
vided that 80% of the total energy conversion is from renewable
energy sources. In the case of onshore installations, optimized ar-
rangements are essential due to the large areas required to deploy
the units.

Wind farm optimization has been approached from various
angles, owing to its multidisciplinary nature. Particular efforts have
ngineering, University of Illi-

rro).
been placed on the development of algorithms for optimizing
spacing and layout [5e7]. Feng and Shen [8] developed a novel
random-search algorithm based on a continuous formulation,
which showed better performance than genetic algorithms.
Chowdhury et al. [9] carried out a comprehensive study involving
various parameters including layout, rotor diameter, number of
turbines, and land area and performed a cost analysis per Kilowatt.
They showed that the use of non-identical wind turbines may
substantially improve the wind-farm power output. Yang et al. [10]
investigated numerically the effects of the streamwise and span-
wise spacing, and found the former to be more effective in
improving power efficiency of turbines. Using Large Eddy Simula-
tions (LES), Meyers and Meneveau [11] proposed an optimum tur-
bine spacing with respect to the land area and turbine costs, and
found it to be significantly larger than conventionally used spacing.
Laboratory experiments by Chamorro et al. [12] showed that
staggering wind turbines may lead to power increases on the order
of 10% with respect to aligned counterparts. Wind turbine size

mailto:lpchamo@illinois.edu
http://crossmark.crossref.org/dialog/?doi=10.1016/j.renene.2019.01.123&domain=pdf
www.sciencedirect.com/science/journal/09601481
http://www.elsevier.com/locate/renene
https://doi.org/10.1016/j.renene.2019.01.123
https://doi.org/10.1016/j.renene.2019.01.123
https://doi.org/10.1016/j.renene.2019.01.123


I. Hayat et al. / Renewable Energy 138 (2019) 764e774 765
heterogeneity has also been considered for power enhancement
[13,14]. Feng and Shen [15] investigated the possibility of using
multiple types of turbines in an offshorewind farm tominimize the
cost of energy.

Another effective, yet less frequently used approach to enhance
wind-farm power is to use different operational points in the tur-
bines. Adaramola & Krogstad [16] studied the performance of
downwind turbines as a function of the yaw angle and tip-speed
ratio of upwind turbines, and the associated wind-farm efficiency.
They showed that by operating the upwind turbines at non-optimal
tip-speed ratio and non-zero yaw angle, the combined power
increased. They demonstrated that the same technique can be used
to reduce wind-turbine spacing, while achieving comparable wind-
farm efficiency. This was consistent with a study by Corten et al.
[17], who concluded that by operating the upwind turbines below
the optimum power coefficient, not only the net wind farm power
increased but the overall axial loading on turbines also decreased.
Our study follows the aforementioned line of approach for wind-
farm power enhancement by introducing alternating rows of 2-
bladed turbines between 3-bladed turbine rows. In addition to
the effect on the wake, the 2-bladed turbines have been shown to
have lower energy costs than the 3-bladed turbines when oper-
ating at higher tip-speed ratios [18]. Furthermore, feasibility of
operation of 2-bladed turbines at higher tip speeds allows for a
reduction in the torque for a given power; this would, in turn,
permit the use of lighter and thus more economical torque-
sensitive components in the drivetrain [19]. These factors may
contribute to further enhance power output and economic viability
of a heterogeneous wind farm composed of 2-bladed and 3-bladed
turbines. However, there are engineering challenges related to 2-
bladed turbines that have restricted their development and adop-
tion in the industry at the same level as their 3-bladed counter-
parts. The most critical challenges include higher levels of noise
associated with the operation at higher tip speeds, and higher fa-
tigue loads on the drive-train [20]. The former is not critical for
offshorewind farms, whereas the latter has beenmitigated inmany
designs with a teeter hinge similar to that used in helicopters [20].

Previous studies on 2-bladed wind turbines have primarily
focused on the performance andwake characteristics of single units
[21,22] and those within arrays of 2-bladed turbines [23]. Muhle
et al. [21] compared the wake of 2- and 3-bladed turbines sharing
the same solidity and the blade aspect ratio, all operating at
maximum power coefficient, CP . Minor differences in the mean
velocity were observed especially in the far wake, but the turbu-
lence intensity was found to be higher for the 2-bladed rotors. A
faster flow recovery in the wake of the 2-bladed turbines was also
reported. Newman [23] carried out a comparative PIV analysis
between arrays of 2- and 3-bladed turbines with aligned configu-
rations operating at identical CP . They suggested that better mo-
mentum recovery downwind the 2-bladed turbines may only be
effective by increasing the power output of the first few rows of an
array. Despite the efforts on characterizing the power and flow
around 2-bladed wind turbines, the potential benefits associated to
alternating 2- with 3-bladed turbines have not been explored. This
fundamental experimental and numerical study aims to contribute
in that direction, where the experiments and simulations were
replicated for both configurations at similar flow conditions. This
study attempts to provide a better insight into the power of tur-
bines operating within heterogeneous wind farms, and to explore
unique flow features within the turbine arrays. The findings of this
investigation may also allow for a more robust incorporation of the
number of blades as an input parameter in various optimization
techniques. The experimental and numerical setups are described
in Section 2; the results and discussion are given in Section 3, and
concluding remarks are provided in Section 4.
2. Setup

The experimental setup and details of the numerical simulations
are described in the following subsections.
2.1. Laboratory experiments

The experiments were performed in the Eiffel-type, boundary-
layer wind tunnel at the Renewable Energy and Turbulent Envi-
ronment group of the University of Illinois at Urbana-Champaign.
The facility has a test section of approximately 6.1m long, 0.91m
wide and 0.45m high. The adjustable ceiling allowed for the
pressure gradient along the test section to be nearly zero during the
experiments. Details of the wind tunnel can be found in Adrian
et al. [24].

Miniature wind turbines with 2 and 3 blades were fabricated at
the University of Illinois Rapid-Prototyping Lab using an Objet Eden
350 machine and were made of PolyJet Vero material. The geom-
etry of the 3-bladed rotors is based on a reference model turbine
from Sandia National Laboratory [25,26]. Similarly, the 2-bladed
rotor was derived from the same reference model. Therefore, the
solidity of the 2-bladed rotors is lower than that of the 3-bladed
counterpart, whereas the aspect ratio and all other blade charac-
teristics are the same. The model turbines share the rotor diameter
d¼ 120mm, the nacelle length dn ¼ 10mm and the hub height
zhub ¼ 125mm. A Precision Microdrive 112-001 Micro Core 12mm
DC motor was used as the loading system (generator), which pro-
vided a rated power of P0z 1W; additional details on the model
turbine can be found in Tobin et al. [27].

The turbines were distributed in two sets. The first one
(henceforth heterogeneous and denoted with the subindex ðÞ3�2)
had alternating rows of 3- and 2-bladed turbines, with the 3-bladed
units in the leading row (see Fig. 1a); whereas the other set
(henceforth baseline case and denoted with the subindex ðÞB), was
composed of only 3-bladed turbines (see Fig. 1b). Each set included
two wind-farm layouts consisting of aligned turbines with
streamwise separations of Sx ¼ Dx=d ¼ 5 and 10 between consec-
utive rows, with a spanwise separation of Sy ¼ Dy=d ¼ 2:5. This
resulted in two arrays of 7� 3 and 4� 3 turbines for each case. An
additional dummy row was placed downwind of the last turbine
row to avoid edge effects. The four layouts were operated at an
incoming hub-height velocity Uhubz 9.3m s�1 resulting in a Rey-
nolds number of Re ¼ Uhubd=nz7:31� 104, and a rotor tip-speed
ratio of l ¼ ud=ð2UhubÞz5, where n is the kinematic viscosity of
the air and u is the angular velocity of the rotor. An active turbu-
lence generator placed at the entrance of the test section was used
to induce incoming turbulence with a well-developed inertial
subrange that spanned two decades. Details of the turbulence
generator can be found in Jin et al. [28]. The turbines were operated
over a roughwall with roughness elements consisting of 5mmhigh
chains laid parallel to the spanwise direction every 0.2m between
consecutive chains [29]; this resulted in an incoming turbulent
boundary layer with a thickness of d=zhubz2:2 and a friction ve-
locity of u�z 0.55m s�1. Ohya [30] and Chamorro et al. [29] used
similar roughness characteristics to study stratified boundary
layers andwind turbinewakes over rough surfaces. Fig. 2 shows the
vertical profiles of the incoming mean velocity U=Uhub, and tur-
bulence intensity I ¼ su=Uhub, where su denotes the standard de-
viation of the streamwise velocity fluctuations, as well as the
integral length scale L=Lhub.

The streamwise velocity measurements were taken using a
constant temperature hotwire anemometer, which was calibrated
against a pitot static probe in the freestream region of the wind
tunnel under very low turbulence (Iz0:1%). Calibrations at the



Fig. 1. a) Basic schematic of the heterogeneous wind farms with 2- and 3-bladed turbines; b) baseline case with 3-bladed turbines; c) measurement locations of the hotwire in the
central plane within turbine rows i and iþ 1.

Fig. 2. Flow characteristics of the incoming turbulent boundary layer for the experi-
ments. a) Normalized mean velocity U=Uhub; b) turbulence intensity su=Uhub, and c)
normalized integral length scale Lu=Lu

hub . The horizontal lines represent the normal-
ized hub height.
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beginning and the end of the experiments ensured that there was
negligible voltage offset of the data acquisition system. The position
of the probewas set with a Velmex traversing unit. The hotwirewas
positioned downwind of each turbine every Dx=d ¼ 1. At each
streamwise location, the velocity measurements were made in the
central plane y ¼ 0 from z ¼ 25mm (z=zhubz0:21) to z ¼ 225mm
(z=zhubz1:88) every Dz ¼ 10mm (z=zhubz0:08) and from z ¼
225mm to z ¼ 305mm (z=zhubz2:54) every Dz ¼ 20mm
(z=zhubz0:17); see Fig. 1c. The hotwire readings were sampled at
10 kHz for measurement periods of 60 s using a Dantec dynamic
system. A room temperature of 23±0:5+C was maintained
throughout the experiments to avoid thermal drift of the voltage
signal of the hotwire anemometer. The instantaneous turbine
voltages were measured from the central turbine in each row, at
10 kHz for a period of 120 s using an USB-1608HS data acquisition
system, where the power was calculated from the voltage and the
terminal resistance (2U) of the generator [27].
2.2. Numerical simulations

The LES of the wind turbine arrays were carried out in the
Integrative Simulations and Computational Fluids Lab at the Ari-
zona State University, to complement thewind-tunnel experiments
at a field-scale Reynolds number of Rez109.
2.2.1. Numerical method
The simulations considered 7� 3 turbine arrays with Sx ¼ Dx=d

¼ 5, Sy ¼ Dx=d ¼ 2.5 corresponding to the experimental setup
described in Section 2.1. The numerical method implements a
variational formulation of the Navier-Stokes (NS) equations
involving Galerkin projection using open-source spectral element
solver Nek5000 [31] in ℙN � ℙN�2 formulation (see Deville et al.
[32] for more details). The domain is partitioned into hexahedral
elements in 3D, and within each element any variable can be
expanded into a series of orthogonal basis functions (Lagrange-
Legendre polynomials) discretized using grid points clustered to-
wards the element boundaries known as Gauss-Lobato-Legendre
(GLL) points, which are the roots of the basis function poly-
nomials. For smooth solutions, an exponential convergence can be
achieved with an increasing order of the polynomials. The current
algorithm in Nek5000 was optimized to achieve perfect scalability
in parallel implementation for up to 1,000,000 processors [31].

For the simulations in neutral atmospheric conditions, the LES
with near-wall modeling was implemented in Nek5000 using the
wall-damped Smagorinsky-based eddy viscosity closure [33], and
shear stress boundary conditions at the bottom ‘wall’ to model the
near-wall logarithmic layer. Fig. 3 illustrates that the time-averaged
streamwise velocity gradient fðzÞ for the spectral element model
[34] is close to the state-of-the-art dynamic model [35], and shows
a consistent trend of a logarithmic layer, i.e., fðzÞz1. See Chatterjee
and Peet [34] for more details regarding the model implementation
and validation.
2.2.2. Actuator line model
The wind turbines are modeled using a state-of-the-art actuator

line (AL) model [36]. There, the blades with the airfoil cross sections
are divided into elements, similar to the Blade Element Momentum
Theory (BEM). The local lift (L) and drag (D) forces experienced by

each element are calculated as ðL; DÞ ¼ 1
2Cðl;dÞðaÞ r V2

rel c wd, where
c and wd are the chord-length and the blade element width. The
local angle of attack, a, is computed from the relative velocity, Vrel,
the streamwise velocity, u (~u in LES), and the pitch angle, g (Fig. 4).
The lift ClðaÞ and drag CdðaÞ coefficients in this study correspond to
the NACA 44xx airfoil series and are taken from wind-tunnel
measurements performed on NACA airfoils at a chord
Re ¼ 6� 106 [37]. The local lift and drag values are used in the



Fig. 4. Actuator line forces obtained at the nodal points of the turbine blades. Vrel is
obtained from the velocity triangle. Ft and Fq are the axial thrust and rotational forces
on the turbine blades due to the lift (L) and drag (D) forces.

Table 1
LES cases for the baseline and heterogeneous configurations, as well as the neutral
ABL precursor. Ne

i is the number of spectral elements in the ith direction, Nxyz is the
total number of grid points used in the computational domain, d is the rotor
diameter, and the hub-height zhub ¼ 1:04d. Similar quantities for a neutral ABL
simulation [34] is provided for comparison.

Case Geometry Ne
x � Ne

y � Ne
z Nxyz

Baseline 20pd� 7:5d� 10d 48� 32� 24 1:22� 107

Heterogeneous 20pd� 7:5d� 10d 48� 32� 24 1:22� 107

Neutral ABL 20pd� 10pd� 10d 30� 20� 24 5:02� 106

Fig. 3. Time averaged normalized streamwise velocity gradient FðzÞ ¼ kðz=u�ÞdU=dz
for the standard Smagorinsky (highly diffusive), the Lagrangian averaged scale-
dependent dynamic Smagorinsky [35] and the current wall damped standard Sma-
gorinsky [34] models in spectral elements for the neutral ABL precursor; k ¼ 0:41 is the
von Karman constant, U is the mean velocity, and u� is the friction velocity of the
turbulent boundary layer.
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computation of the local aerodynamic force f
! ¼ LeL

!þ D eD
�!, where

eL
! and eD

�! are the unit vectors in the direction of the local lift and
drag.

The reaction force experienced by the fluid from each blade
element is distributed smoothly across the neighboring mesh
points, and the total reaction force is a summation of the forces
from all blade elements of all wind turbines, Nb;tot , given as the
actuator line force in the NS equations:

~FALðx; y; z; tÞ ¼ �
XNb;tot

i¼1

f
!ðxi; yi; zi; tÞ hε

���� r!� ri
!����; (1)

Where r! ¼ ðx; y; zÞ, h
ε
ðdÞ is a Gaussian function in the form of

h
ε
ðdÞ ¼ 1=ε3p3=2exp½ � ðd=εÞ2�, and ε ¼ 2 wd is used in the current

study as suggested in Troldborg [36] and Churchfield et al. [38] for
optimum results. The wind turbine power is calculated from the
aerodynamic torque T experienced by each turbine as:

P ¼ T � U; (2)
where U is the rotational speed of the rotor. The torque is computed
from the azimuthal forces Fq calculated on the blade elements (see

Fig. 4) as T ¼ P
i¼1

Nb;turb

riFq i Dri, where Nb;turb is the number of blade

elements corresponding to a particular turbine. The AL model is
more advanced than the actuator-disk model [39,40] commonly
used in numerical computations of large wind farms, in its capa-
bility to capture the tip vortices being shed in the near-wake
[36,41].

2.2.3. Numerical setup
All wind-farm layouts are driven by a concurrent neutral ABL

precursor simulation (See also [42,43]). The time-dependent inflow
conditions (with the inflow boundary located 2.5d upwind of the
first row of turbines) are obtained from a synchronously-computed
turbulent flow solution at the midplane location of the ABL domain
(x=d ¼ 10p), which is spectrally interpolated to a finerwind turbine
array domain at each time step. A downwind development section
of 30d past the last row of turbines combined with the stabilized
outflow boundary condition [44] are used to prevent numerical
instabilities associated with the exiting of strongly-vortical wake
flows. Table 1 documents the size of the domain, the number of
elements, and the total number of grid points used for the simu-
lations of the wind turbine arrays and the neutral ABL. For an
adequate resolution of wake-blade interactions in the rotor region
and the tip vortices shed by the turbines, the suggested number of
blade elements per rotor radius is approximately 30 [36,38], which
was used in the current study. The background LES grid in the
wind-turbine layouts was accordingly refined to a resolution of
z0:02d in the rotor region in all three directions, while featuring
grid sizes of z0:2d far away from the rotors, similar to the meth-
odology described in Chatterjee and Peet [45]. Neutral ABL grid
does not need a local refinement and thus contains less elements
and grid points.

The simulations considered the same non-dimensional hub-
height, zhub=d ¼ 1:04, and lz5 of the experiments (x 2.1). Note that
y ¼ 0 in the LES corresponds to the central plane containing the
middle column of the turbines similar to the experiments. The
domain had a vertical span coincident with the boundary layer
thickness d=d ¼ 10, and considered symmetric boundary condi-
tions at the top. This resulted in a blockage ratio (ratio of the frontal
area of the turbine rotors in the spanwise cross-section to the cross-
sectional area of the domain) of less than 3:2%. The aerodynamic
roughness length ratio z0=dz4� 10�3 is similar to the experi-
ments. The spanwise extent of the domain was 7:5d, given the
number of turbines and their spanwise separation thatmatched the
experiments, and enforced periodic boundary conditions. The
width of the domain, 0:75d, was sufficient to sustain the turbulence
at Rez109, in line with the analysis of Jimenez and Moin [46]. They
showed that domains wider than 0:5dwould be sufficient to sustain
the turbulence at Re>5;000. This is further corroborated in Fig. 5,
which shows a snapshot of the instantaneous velocity field at the



Fig. 5. Snapshot of the instantaneous streamwise velocity at z=d ¼ 0:25 showing the persistence of turbulent velocity streaks (baseline configuration from the LES data). The white
turbines represent the 3-bladed rotors that are in place of the 2-bladed units in the heterogeneous configuration; whereas black turbines represent the 3-bladed rotors, which did
not change between the heterogeneous and baseline cases.

I. Hayat et al. / Renewable Energy 138 (2019) 764e774768
vertical location z=d ¼ 0:25; there, multiple streaky structures
characteristic of the boundary layer turbulence are visible. The cut-
off of the spectral scales larger than the domain size (here 7:5d in
the spanwise spectrum) was previously shown not to influence the
dynamics of the smaller scales that are resolved [14,47,48], whereas
the resolved scales in the current simulations are in the range that
dominate the wind-turbine power production [45,49,50]

The LES included wind farms corresponding to the baseline and
heterogeneous layouts with Sx ¼ 5. After the statistical stationarity
is achieved in each simulation, snapshots are collected every 10�4

flow-through time (every timestep) for a timespan of 80 flow-
through times for acquiring turbulent statistics. The flow-through
time is defined as Te ¼ 20pd=Ubulk, where Ubulk is the incoming
bulk mean velocity.

The incoming turbulent flow characteristics resulting from the
LES of the neutral ABL, namely the mean velocity, the turbulence
intensity and the integral length scale are shown in Fig. 6. These
statistics are on the order of those obtained in the current wind-
tunnel experiments. The LES have been carried out on the Stam-
pede supercomputer of the Texas Advanced Computing Center. The
details of the computational cost for performing the simulations,
including the number of processors, the total number of time steps
and the total computational time in CPU hours for each of the
simulations, are presented in Table 2.
Fig. 6. Flow characteristics of the incoming turbulent boundary layer for the LES. a)
Normalized mean velocity U=Uhub, b) turbulence intensity su=Uhub, and c) normalized
integral length scale Lu=Lu

hub . The horizontal lines represent the normalized hub
height.

Table 2
Computational cost of the LES Simulations. Neutral ABL precursor simulations have been
of 2048 processors among the precursor and wind turbine domains has been done in pr
simulations. Dt e size of the timestep used in the simulations.

Case Processors Time/Timest

Baseline þ precursor 2048 2.75E-01
Heterogeneous þ precursor 2048 2.75E-01
3. Results and discussion

In this section, we inspect the distinctive flow features and
power from the heterogeneous wind farms and discuss potential
benefits over the baseline cases. The differences in the flow are
described via the mean flow statistics, and the spectral decompo-
sition of the flow; whereas the differences in performance char-
acteristics are assessed with the distinctive changes in the turbine
power. For the sake of brevity, the results most relevant to the goal
of this study are presented using either one of the two spacing
scenarios unless there is a difference worth highlighting.

The experimental results involving the statistics and the turbine
power are further complemented using LES data. As shown later,
the similarity of the results obtained with the wind-tunnel exper-
iments at Re � Oð105Þ and with the LES at Re � Oð109Þ gives con-
fidence in the subsequent analysis of the flow physics and the
resulting power performance of the heterogeneous and baseline
layouts.
3.1. Mean flow and turbulence statistics

Basic assessment of the changes induced with the 2-bladed
turbines is first illustrated with the differences of the streamwise
velocity component between the heterogeneous (U3�2) and the
baseline cases (UB) in the central plane y ¼ 0; i.e., DUðx;zÞ=Uhub ¼
ðU3�2 � UBÞ=Uhub. As shown in Fig. 7 for the experimental cases
with Sx ¼ 5 and 10, DUðx; zÞ=Uhub is particularly prominent in the
near wake. Note that for Sx ¼ 5 substantial velocity differences
extend up to the subsequent turbine in the wake of 2-bladed tur-
bines, where DU=Uhub at the hub-height of subsequent turbine is
higher than that at the same position in the wake of 3-bladed
turbines. Spanwise (rotor) averaged values of DU=Uhub along the
hub-height (not shown here) of the subsequent turbine revealed
that this quantity is higher than 0.05 in the wake of the 2-bladed
turbines, whereas it is lower than 0.02 in the wake of the 3-
bladed turbines. However, DU=Uhub is mostly confined in the very
near wake in the case with Sx ¼ 10. In this case, larger spacing al-
lows for better interaction between the wakes and the outer flow.
This suggests that potential benefits associated with the 2-bladed
rotors appears to be within relatively short turbine spacing.

Similarly, the differences on the turbulence intensity between

the two configurations DI ¼ �sgnðs23�2 � s2BÞ
���s23�2 � s2Bj1=2=Uhub in
run currently with the wind turbine simulations in each configuration, the allocation
oportion to their corresponding grid sizes. Nsteps e total number of timesteps in the

ep Dt Nsteps CPU-hours

10�4Te 12� 105 330,000

10�4Te 12� 105 330,000



Fig. 7. Distribution of the mean streamwise velocity difference DU=Uhub ¼ ðU3�2 � UBÞ
=Uhub between the heterogeneous and baseline cases in the vertical plane y ¼ 0 for the
a) Sx ¼ 5, and b) Sx ¼ 10 layouts obtained from the experimental data. The horizontal
dashed lines represent top and bottom tip heights. White turbines represent those
with the 2-bladed rotors.

Fig. 8. Distribution of the turbulence intensity difference DI ¼ �sgnðs23�2 � s2BÞ
���s23�2 �

s2Bj1=2=Uhub between the heterogeneous and baseline cases in the vertical plane y ¼
0 for the Sx ¼ 5 layout obtained from the experiments. White turbines represent those
with the 2-bladed rotors.

Fig. 9. Distribution of the a) mean streamwise velocity difference DU=Uhub ¼ ðU3�2 �
UBÞ=Uhub , and b) turbulence intensity difference
DI ¼ �sgnðs23�2 � s2BÞ

���s23�2 � s2Bj1=2=Uhub between the heterogeneous and baseline
cases in the vertical plane at y ¼ 0 for theSx ¼ 5 layout from the LES data. The hori-
zontal dashed lines indicate the top and bottom tip heights. White turbines represent
those with the 2-bladed rotors.
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the experiments are shown in Fig. 8. Here, s denotes the standard
deviation of the velocity fluctuations. The case for Sx ¼ 5 is shown
in Fig. 8; the other case did not show major differences, and is not
shown for brevity. The figure reveals a non-negligible reduction in
the turbulence levels of the flow impinging the turbines immedi-
ately downwind of the 2-bladed units; this effect persists beyond
the adjacent rows into the wake of the downwind row. The overall
lower turbulence intensity of the heterogeneous wind farm is ex-
pected to result in a lower flow-induced turbulent loading on the
turbines (not taking into account the differences in the dynamic
characteristics of the rotors due to the differences in the inertia).

The LES results for the DU=Uhub and DI are presented in Fig. 9 for
Sx ¼ 5. Similar to the experiments, DU=Uhub exhibited higher
values in the rotor region downwind of the 2-bladed turbines
indicating the higher velocities and weaker wake effects behind
these turbines. The turbulence intensity is also lower downwind of
the 2-bladed turbines, consistent with the experiments. Some dif-
ferences are observed between the simulations and experiments in
the induced turbulence in the wake of the 2-bladed turbines above
the top tip. Additionally, DI for the first (3-bladed) row of turbines
between the heterogeneous and baseline configurations in the LES
are noticeable. These differences are likely caused by the interac-
tion of the upwind flowwith the downwind turbine rows. Indeed, a
wind farm causes a ‘blockage’ effect to the incoming stream [51,52]
that alters the flow patterns right upwind. A supplied turbulent
inflow solution obtained from a precursor ABL without wind tur-
bines in the simulations interacts with this blockage differently for
different wind-farm configurations. This results in slightly different
turbulence intensity between the cases even in the first row of
turbines (with the same rotor), while the flow velocities for the first
row are the same in both configurations. While this phenomenon
might have some effect on the overall ‘wake’ of lower turbulence
intensity in the heterogeneous case above the turbines, the strong
reduction of turbulence intensity behind the 2-bladed turbines as
compared to the 3-bladed turbines is consistent with experiments.
Also, noticeable from the numerical and experimental DI distribu-
tion, and from the velocity deficit, is the streamwise growth of the
region where the differences are pronounced. This observed
growth is a manifestation of the differences of the internal layer
[53] growth between the heterogeneous and baseline layouts.
These results are also understandable when inspecting Figs. 10 and
11, where a quicker velocity recovery downwind of the 2-bladed
turbine rows and a slower growth of the internal layer are
evident. Inspection of the instantaneous velocity magnitude
snapshots shown in Fig. 12 for the heterogeneous and the baseline
layouts allows us to compare the large-scale turbulence motions
induced by the turbine arrays in both cases. It is interesting to note
that both cases depict similar features of the large-scale downdrafts
from a high-speed velocity region associated with the counter-
rotating roller modes observed in VelHulst and Meneaveau [40]
as well as in Peet and Chatterjee [54]. This illustrates that the large-
scale dynamics is essentially similar in both cases, and the down-
draft mechanism [39] still plays an important role in the power
generation, in addition to a streamwise interception of the turbu-
lence by the turbine rotors.
3.2. Velocity spectra

The compensated spectral difference of the streamwise velocity



Fig. 10. Time-averaged streamwise velocity U=Uhub at the central plane, y ¼ 0, for the
first four rows of turbines from the LES data. a) Heterogeneous configuration, b)
baseline. Contours zoomed to 60% of the domain height. White turbines represent
those with the 2-bladed rotors.

Fig. 11. Time-averaged streamwise velocity U=Uhub at the hub-height, z=d ¼ 1:04,
zoomed in for the first four rows of turbines from the LES data. a) Heterogeneous
configuration, b) baseline. White turbines represent those with the 2-bladed rotors.

Fig. 12. Instantaneous snapshots of velocity magnitude contours
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
u2 þ v2 þw2

p
=Uhub ,

with in-plane velocity vectors (v;w) for the second row of the turbines from the LES
data. a) Heterogeneous configuration (second row corresponds to the 2-bladed tur-
bines), b) baseline.
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DðfFuÞ=u2� ¼ ðfFB � fF3�2Þ=u2� , where f is the frequency and F is
the velocity spectrum, between the baseline case and the hetero-
geneous wind farms was calculated to assess the redistribution and
generation of coherent motions. Those along the central plane of
the wind farms (y ¼ 0) at the top tip height and at the hub-height
are shown in Fig. 13 for the Sx ¼ 5 experimental cases. Noticeable
differences resulted within a frequency band fd=Uhub2½10�1;100�;
these motions are in the range of those able to modulate the
structure of instantaneous power of the turbines [50]. As noted in
the wake, the 2-bladed turbines clearly dampened the motions in
that range, which partially extended through the downwind row.

Consistent with the distribution of DI (Fig. 8), relatively minor
differences in the compensated spectra extended to the hub height,
which were contained within a similar range of scales
(fd=Uhub2½10�1; 100�). Note that such effect did not extend to the
downwind row. At the bottom tip height (not shown here), the
compensated spectral difference between the two configurations
resulted practically negligible, which is likely due to strong mod-
ulation of the wall. Complementary insight is obtained with the
compensated velocity spectrum at the hub height in the hetero-
geneous wind farm shown in Fig.14. The dominant frequency range
was contained within fd=Uhub2½10�1;100�, as reported by Jin et al.
[28] and also observed in experiments by Chamorro et al. [55]. In
this range, the spectral energy contribution of the 2-bladed rotors
was clearly lower than the 3-bladed turbines. This illustrates the
effect of the number of blades in filtering the flow.

Fig. 15a illustrates profiles of the compensated spectra (fFu) at
the top-tip height for the heterogeneous and baseline cases. The
spectral peaks varied with the configuration and distance from the
first row. The relatively larger spacing between consecutive helical
vortices in the case of the 2-bladed turbines resulted in weaker
interactions between the tip vortices in the near wake, which are
associated with the onset of large-scale vortex shedding [56]. The



Fig. 13. Contours of the compensated spectral difference of the streamwise velocity
component DðfFuÞ between the heterogeneous wind farm and baseline cases at the
center plane for the Sx ¼ 5 experimental layout. a) Top tip height, b) hub height.

Fig. 14. Compensated velocity spectrum ðfFuÞ from the experiments at the hub height
in the Sx ¼ 5 heterogeneous wind farm along the central plane.

Fig. 16. Streamwise velocity distribution U=Uhub from the experiments obtained in the
central plane of the Sx ¼ 5 layouts. Red and black lines denote the heterogeneous and
baseline cases. , e ðz� zhubÞ=d ¼ 0, △ e ðz� zhubÞ=d ¼ 0:5 , 9 e ðz� zhubÞ=d ¼ 0:83.
(For interpretation of the references to colour in this figure legend, the reader is
referred to the Web version of this article.)

Fig. 17. Streamwise velocity distribution U=Uhub from the LES obtained in the central
plane of the Sx ¼ 5 layouts. Red and black lines denote the heterogeneous and baseline
cases. , e ðz� zhubÞ=d ¼ 0, △ e ðz� zhubÞ=d ¼ 0:5 , 9 e ðz� zhubÞ=d ¼ 0:83. (For
interpretation of the references to colour in this figure legend, the reader is referred to
the Web version of this article.)
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lower solidity of the 2-bladed rotors should result in lower strength
of the shed vortices, similar to what was observed for high-porosity
discs by Medici and Alfredsson [57]. This may be responsible for
relatively larger power fluctuations and fatigue loads on the 3-
bladed units. The particular case at x=d ¼ 16 (or one rotor diam-
eter downwind of the 3rd row) is shown in Fig. 15b. The peak of the
compensated spectrum is observed to be at normalized frequency
of fd=Uhubz0:2, or St ¼ fd=Uhub;localz0:26, where Uhub;local is the
incoming velocity at hub-height seen by the local turbine.

Finally, it is worth describing the mean flow recovery as a first
measure of power output of the wind farms. Fig. 16 illustrates the
distribution of themean streamwise velocity component at the hub
and top-tip heights as well as at a height above the wind farm for
Fig. 15. a) Compensated spectra fFu=u2� for the heterogeneous wind farm and baseline case
line corresponds to the peak frequency at fd=Uhubz0:2.
the Sx ¼ 5 layouts. At hub-height, the baseline case exhibited higher
flow rate recovery, which is likely attributed to the higher turbulent
interaction of the wake and outer flow, as seen in Fig. 13. However,
higher velocity occurred in the heterogeneous wind farm, which is
more important for the overall power output of the wind farm. The
experimental results complemented by the LES data in Fig. 17
depicted similar behavior. Both the hub-height region and above
it show higher velocities in the heterogeneous layout compared to
the base case. Note that distinctive mixing induced different ve-
locity distributions above the farm (Fig. 16). There, the baseline
exhibited larger velocity deficit, suggesting a larger wake expansion
in the baseline. This is consistent with the growth of the internal
layer shown in Fig. 10. Similar observations were made regarding
the differences in the rate of recovery andwake expansion of 2- and
3-bladed turbines by Medici [22].
s obtained from the experimental data; b) same as a) at x=d ¼ 16. The vertical dashed



Fig. 18. a) Mean power of turbines normalized by that of a single turbine with the
same number of blades operating in the background boundary layer turbulent flow
P=Psingle; b) power fluctuation intensity, Ip ¼ sp=P.

Table 3
Total power fluctuation of wind farm obtained from experiments and LES.

Wind farm type Sx Ip;wf

Heterogeneous (exp) 5 0.032
Baseline (exp) 5 0.029
Heterogeneous (LES) 5 0.047
Baseline (LES) 5 0.044
Heterogeneous (exp) 10 0.034
Baseline (exp) 10 0.034
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3.3. Power output

Fig. 18 shows the normalized mean power P=Psingle and power

fluctuation intensity IP ¼ sP=P in the turbines from experiments
and LES. Here, sP denotes the standard deviations of the power
fluctuations and Psinglez0:43Wand 0.58W for the 3- and 2-bladed
turbines (experiments). The bulk power was roughly reached past
the 2nd row in the Sx ¼ 5 cases. Note that in the heterogeneous
wind farm, the 3-bladed turbines appear to perform slightly better
than their counterparts in the baseline case due to the higher
momentum available in the wake of the 2-bladed rotors (Fig. 16).
Consistent with the observations made in section 3.1, there are
minor differences between the two configurations with respect to
mean power performance for the first three rows in the Sx ¼ 10
layout.

In general, the intensity of the power fluctuations decreased
after the first row, as the large-scale structures in the incoming flow
lose coherence. Past the first row, IP showed a gradual increase for
the Sx ¼ 5 layout, possibly due to better mixing of wake with the
outer flow at downwind locations, whereas equilibrium appeared
to be attained from the second row in the Sx ¼ 10 layout. The LES
data for the Sx ¼ 5 layout showed similar trends. The fluctuations of
2-bladed turbines were in general greater than the 3-bladed tur-
bines. In particular, this difference was significantly larger for the
Sx ¼ 10, possibly due to the pronounced effect of a load imbalance
for the 2-bladed rotors at higher velocities and their lower inertia,
which made themmore susceptible to turbulent loading. However,
from the experimental results, the 3-bladed turbines immediately
downwind of 2-bladed ones showed lower fluctuation intensity
than their counterparts in the baseline case, consistent with a
reduction of turbulence intensity in the wake of the 2-bladed tur-
bines. The differences in intensity appeared minor deep inside the
farm (row 6). Note that this effect was absent in the LES results,
where the turbulence intensity difference between the two con-
figurations occurred mainly above the top tips. The overall power
fluctuation intensity of the wind farm Ip;wf is presented in Table 3,
which was calculated from equation (3) [58] using the experi-
mental and the LES data. It takes into account the non-negligible
covariance of the turbine pairs. The competing effects of the two
rotors, namely the higher Ip of the 2-bladed turbines and the lower
Ip of the 3-bladed counterparts operating in the wake of the 2-
bladed turbines, resulted in Ip;wf for the heterogeneous wind farm
comparable to that of the baseline. The higher Ip;wf for the Sx ¼ 10
layout from the experimental data is consistent with the better
entrainment of the large energetic motions from the outer flow into
the wake. The LES data for the Sx ¼ 5 shows a consistent trend with
the experiments; the heterogeneous wind farms exhibited a
slightly higher overall intensity in the turbine power fluctuations.
The fact that the LES results predict consistently higher values of
both the normalized turbine power and the power fluctuation in-
tensity may be explained by a persistence of a more energetic
turbulence in the outer layer of the incoming ABL at field scale,
which is also noted in Fig. 6.
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To inspect the structure of the power fluctuations and the effects
of the incoming turbulence structure, selected spectra of the power
output (Fp) are illustrated together with the spectra of the
incoming velocity (Fu) at the hub-height in Fig. 19, for the Sx ¼ 5
heterogeneous wind farm. In Fig. 19a, the approach velocity to the
first row exhibits higher spectral energy content in the large-scale
motions as compared with that of the second row; whereas the
trend is opposite for the intermediate and smaller scales. Note that
for the flow approaching to the turbines in the second row, the
inertial subrange resulted shorter and started at a higher frequency.
The change in the flow structure had a direct influence on the
structure of power fluctuations. This is consistent with previous
studies by Tobin et al. [59], where the modulation of turbine power
by the incoming hub-height velocity was established. They re-
ported a tuning-free transfer function Gðf Þff�2 for the interme-
diate frequencies, which accounts for the non-linear response of
the turbine power to the flow defined as Fp ¼ Gðf ÞFu. The spectra

of power in Fig. 19 follow this trend, with a power law decay of f�2

and f�5=3�2 in a frequency range below and within inertial sub-
range. Corresponding to the structure of the incoming flow, the
region of the power spectrum with f�5=3�2 power law decay is
shifted to higher frequencies for the second rowwith respect to the
first row. Furthermore, the spectral content of the power of the
second rowwas reduced at comparatively low frequency due to the
dampening of the large scale motions by the first row. Comparison
of the spectra between the fifth and sixth rows in Fig. 19b shows an
increase in the spectral energy content of power output across all
scales for the sixth row (2-bladed turbine), consistent with the
slightly higher levels of energy content in the approach flow to the
sixth row compared with the fifth row.

4. Conclusions

The power and wake characteristics of the heterogeneous wind



Fig. 19. Spectra of the turbine power fluctuations obtained from the experiments for the Sx ¼ 5 heterogeneous wind farm. a) First and second rows, b) fifth and sixth rows. Spectra
of the approach hub-height velocity at 1d upwind of each turbine are included for reference.
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farms with alternating rows of 3-bladed and 2-bladed turbines
were investigated and compared with those of a baseline model
farm composed of all 3-bladed turbines considering two layouts.
Overall, the experiments and the LES depict similar trends in the
mean flow characteristics, turbulent statistics and wind turbine
power. Some quantitative discrepancies that are observed between
the experiments and simulations can be attributed to the differ-
ences in the Reynolds number, the incoming boundary layer char-
acteristics, and the ratio of the hub-height to the boundary layer
thickness zhub=d. Assessment of the impact of each effect deserves
attention in a future work.

The heterogeneous layout with Sx ¼ 5 exhibited enhancedmean
velocity in the wakes and possibly lower flow-induced turbulent
loadings on the downwind turbines due to lower turbulence levels.
The spectral analysis shed light on the differences of the two types
of rotors. Despite that the presence of 2-bladed turbines may have
benefits associated to lower turbulent loading, such effects were
not clearly translated in power fluctuation intensity, indicating a
dominant role of the structural characteristics of the rotors in
determining the power fluctuations. A marginal increase in the
power output of the 3-bladed turbines operating in the higher
momentum wake of the 2-bladed units, was offset by the dimin-
ished performance of the 2-bladed turbines. The potential benefits
associated with the heterogeneous wind farm for the Sx ¼ 10 layout
were negligible due to the longer recovery distances resulting in
uncoupled behavior of consecutive turbine rows.

Despite that the power performance of the heterogeneous wind
farm did not improve over the baseline, it may offer investment
advantages. One immediate economic advantage is the lower costs
of manufacturing and transportation associated with the 2-bladed
rotors. A previous feasibility study reported that for offshore wind
farms under certain operating conditions, 2-bladed turbines have
lower energy cost than the 3-bladed units [18]. Furthermore,
implementing load-reduction techniques like teetering hub to
mitigate the effect of load imbalance on the 2-bladed rotor is ex-
pected to further improve the power performance of the hetero-
geneous configuration by reducing the higher inherent fluctuations
of the 2-bladed rotors.
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