
Renewable Energy 215 (2023) 118894

A
0

a

b

A

o
m
i
w
g
o
G

h
R

Contents lists available at ScienceDirect

Renewable Energy

journal homepage: www.elsevier.com/locate/renene

The influence of yawmisalignment on turbine power output fluctuations and
unsteady aerodynamic loads within wind farms
Emmanuvel Joseph Aju a, Devesh Kumar b, Melissa Leffingwell a, Mario A. Rotea a, Yaqing Jin a,∗

Center for Wind Energy and Department of Mechanical Engineering, The University of Texas at Dallas, Richardson, TX, 75080, United States of America
Center for Wind Energy and Department of Electrical and Computer Engineering, The University of Texas at Dallas, Richardson, TX, 75080, United States of
merica

A R T I C L E I N F O

Keywords:
Wind farm
Yaw misalignment
Power output fluctuations
Unsteady aerodynamic loads

A B S T R A C T

Systematic wind tunnel experiments were performed to quantify the power output fluctuations and unsteady
aerodynamic loads of modeled wind farms with 3 rows and 3 columns across various yaw angles. Time-resolved
particle image velocimetry (PIV) was applied to characterize the flow statistics, while the power output and
aerodynamic loads on the turbine tower were measured by a data logger and force cell at high temporal
resolution. Results showed that the growth of the yaw misalignment angle mitigates the turbine power output
fluctuation. However, this can increase the power fluctuations of downstream turbines. Measurements of the
aerodynamic loads on the turbine tower revealed that the growth of the yaw angle significantly increased
the fatigue loading in the side-force direction across all frequency components. At the same time, such
impact was less distinctive for the thrust force. The dominating unsteady aerodynamic loads are always in
the direction perpendicular to the rotor surface. Flow statistics demonstrated that yaw misalignment could
effectively increase mean wake velocity, and integral time scale and reduce the turbulence intensity. Finally,
theoretical models based on the coupling between turbine properties and local incoming flow statistics were
derived to reveal the evolution of turbine power fluctuations and unsteady aerodynamic loads in the wake
flow across various yaw misalignment.
1. Introduction

Wind energy has been, and continues to be, an expanding renewable
energy source in the United States of America, which has multiplied its
installed capacity more than six times during the last decade [1]. The
power output of individual turbines within a wind farm is highly influ-
enced by the velocity deficit induced by their upstream counterparts,
where a downstream turbine in the wake produces 40% to 60% less
power compared to the upstream counterpart with stream-wise spacing
of 5 to 7 times rotor diameters between two turbines. [2–4].

Wake steering has proven to be effective in increasing the power
utput of a wind farm. Wake steering can be achieved by the yaw
isalignment between incoming flow and upstream turbines, which
nduces reduced power output on these units but higher rotor effective
ind speeds for the downstream turbines. Early experimental investi-
ations on horizontal axis wind turbine wakes and the visualization
f wake deflection associated with yaw misalignment were done by
rant et al. [5] and Grant and Parking [6]. They compared the wake

deflection of turbines with two and three blades under yaw misalign-
ment and showed that the wake skew angle for the three-bladed turbine
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is higher than the two-blade counterpart. Medici and Alfredsson [7],
Fleming et al. [8] and Jimenez et al. [9] illustrated that yaw mis-
alignment can effectively increase the wake flow velocities. Several
theoretical, numerical, and experimental studies have been conducted
in the last few years to describe the influence of yaw misalignment
on wake development and turbine performance, including: (i) wake
stream-wise velocity deficit exhibits a kidney-shaped cross-section due
to the effect of counter-rotating vortex pair (CVP) [10–15]. (ii) Ground
interactions with the CVP causes the yawed turbine wakes to displace
either in the positive or negative vertical directions depending on the
yaw orientation.[10,15] (iii) The growth of the yaw angle gradually
deflects the wake flow and produces an asymmetric velocity deficit
about the rotor center-line. [10] (iv) Yaw misalignment alters both
coefficients of power (𝐶𝑝) [16,17] and thrust (𝐶𝑇 ) [16,18]. Recently,
Bartl et al. [19] experimentally investigated the effect of incoming
turbulence and shear on the wake of a yawed turbine and confirmed
the above-mentioned phenomena. Computationally inexpensive, simple
analytical models can be used to evaluate the effectiveness of yaw con-
trol for wake velocity distributions. Shapiro et al. [14] modeled yawed
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turbine wake by assuming the rotor as a lifting surface. Bastankah
and Porté-Agel [10] utilized experimental data to decompose Reynolds-
averaged Navier–Stokes equations, based on which they developed a
realistic analytical model to predict both span-wise and stream-wise
wake velocities.

Inspired by the effectiveness of yaw misalignment for modulating
the wake flow as mentioned above, recent efforts have focused on
applying yaw misalignment to increase the power output across wind
farms. Howland et al. [20] conducted field tests in Alberta, Canada.
They found that wake steering decreased the intermittent power gen-
eration and the standard deviation of the wind farm power generation
reduced to a maximum of 72%. Campagnalo et al. [21] experimentally
investigated the impact of yaw misalignment on three turbines in a
wind tunnel. They found that yawing the front row by 20◦ and the
second row by 16◦ improved the total farm power production by
15%. A very recent study by Zong and Portè-Agel [22] experimentally
investigated the effect of yaw misalignment on 3 turbines separated
by five times rotor diameters in a single column. They showed that a
maximum power improvement of 5.4% was achieved when turbines in
the first and second rows are yawed in the same direction. Gebraad
et al. [23] developed a parametric model for predicting the power
production of wind farms with yaw misaligned turbines. The model was
named Flow Redirection and Induction in steady state (FLORIS), This
model incorporates the effect of yaw misalignment on the deflection of
the turbine wake and also the wind speed deficit in the wake. Schreiber
et al. [24] utilized a SCADA (Supervisory control and data acquisition)
data collected for 12 months from Wind-park in Dornum, Germany
and generated a model with the help of FLORIS. They demonstrated
that at low wind speeds optimizing the yaw angles could increase the
power output by a maximum of 17%. In addition to experiments and
modeling, Gebraad et al. [25] applied computational fluid dynamics
to study the effect of yaw misalignment on power production of two
aligned NREL 5 MW turbines via Large Eddy Simulation (LES). They
illustrated that when the front turbine was yawed from 0◦ to 40◦, the
power increment in the second row was more than the power loss in
the first row, and the maximum power increase occurred when the
front turbine yawed at 25◦. Additional work by the same group [26]
reported that applying yaw misalignment may simultaneously increase
power generation and reduce aerodynamic loads with optimized yaw
angles. Waipao et al. [27] utilized Reynolds-averaged Navier–Stokes
equations (RANS) to simulate the impact of yaw misalignment on two
inline National Renewable Energy Laboratory (NREL) 5 MW turbines.
By applying yaw misalignment of 15◦ and 30◦, they showed that the
total power increased by 15% and 17% respectively. Ciri et al. [28]
performed large-eddy simulations (LES) to evaluate yaw control for a
three-turbine cascade. Using two different turbine sizes (NREL 5 MW
reference turbine and Vestas V27, with 126 m and 27 m rotor diam-
eters, respectively), the authors showed that a larger rotor diameter
induces larger wake deflection, thus achieving higher power improve-
ments. Power was maximized in the LES simulation using coordinated
extremum seeking control [29].

As illustrated above, most of the efforts so far have focused on the
impact of yaw misalignment in wind farms for enhancing the mean
power output. The Levelized Cost of Energy (LCOE) of any wind farm
is determined not only by energy production but also influenced by
the stability of power output and maintenance of turbine structures.
The wake deflection alters the turbulence statistics of flow (e.g., tur-
bulence intensity, integral time scale, flow velocity spectra) impinging
on downstream turbines and therefore their power output fluctuations.
Moreover, the variation of wake flow direction and fluctuation inten-
sities can highly impact the fatigue loading on downstream turbines,
which is critical for the lifespan of turbines and their maintenance
cost [30–34]. Indeed, for a 1.5 MW turbine, a 15% to 20% fatigue
load reduction can reduce the LCOE by approximately 2.2% [35]. The
understanding of fatigue loading on turbines will allow comprehensive
2

evaluations of the impact of wake steering control on the LCOE of
the wind farm, and therefore determine the optimal yaw misalignment
angle of individual turbines within the wind farm.

This investigation focuses on the fundamental coupling mechanism
between wake flows, power output fluctuations, and unsteady aerody-
namic loads on turbines with a wind farm under yaw misalignment.
Systematic wind tunnel experiments with model turbines were per-
formed to quantify the unsteady power outputs, thrust, and side forces
on each row of turbines with various yaw misalignment angles. Fur-
thermore, a reduced-order physical model based on the local incoming
flow statistics and turbine properties was implemented to highlight the
dominating factors for modulating the fluctuations of turbine power
output and aerodynamic loads. To the best of the authors’ knowledge,
this is the first study that provides a comprehensive analysis of the
power and wind load fluctuations for turbines within a wind farm
under yaw misalignment with integrated experimental campaigns and
modeling. This work is important for filling the current knowledge
gap of predicting and controlling the power output stability as well
as turbine fatigue loading when applying wake steering at a wind
farm. The manuscript is organized as follows: Section 2 describes the
experimental setup; Section 3 illustrates the results and discussions;
conclusions are summarized in Section 4. An Appendix with the
nomenclature used in the paper is also included.

2. Experimental setup

Wind tunnel experiments with two wind farm layouts, aligned
and staggered, were performed to investigate the influence of yaw
misalignment on turbine power output, aerodynamic load, and wake
statistics. Model wind turbines with a yaw mechanism were placed on
the bottom wall of the Boundary Layer and Subsonic Tunnel (BLAST)
at the University of Texas at Dallas. The test section of BLAST is 2.1 m
high, 2.8 m wide, and 30 m long. More details of the wind tunnel are
provided in recent works [36–38]. To develop the turbulent boundary
layer (TBL) for this study, roughness elements composed of cylindrical
blocks with 2.5 cm diameter and 3 cm height were placed on the
bottom surface of the test section (Fig. 1a). The rotation speed of the
fan of BLAST was fixed at 120RPM; this led to the mean velocity of
incoming flow at the hub height of the turbine as 𝑈ℎ𝑢𝑏 = 7 m s−1, and
the turbulence intensity as 𝐼𝑢 = 𝜎𝑢∕𝑈ℎ𝑢𝑏 = 9%. Here, 𝜎𝑢 denotes the
standard deviation of the stream-wise velocity. Details of the boundary
layer flow statistics are illustrated in Fig. 2.

The horizontal-axis wind turbines were designed based on the model
from Bastankah et al. [39] and manufactured from the Stratasys F370
3D printer at the University of Texas at Dallas. All modeled turbines
share the same rotor diameter of 𝑑𝑇 = 200 mm and the hub height 𝑧ℎ𝑢𝑏 =
200 mm, leading to a Reynolds number of 𝑅𝑒 = 𝑈ℎ𝑢𝑏𝑑𝑇 ∕𝜈 = 1.43 × 105;
here 𝜈 is the kinematic viscosity of air. The turbine tower was made
from M10 threaded rod. Details of the turbine blade geometry across
various sections are provided in Bastankah et al. [39] . DCX16L Maxxon
motors with a diameter of 16 mm attached with a 1 Ohm resistance
were used as the loading to control the rotating speed of all the
turbines. This led to tip-speed-ratio of 𝜆 = 𝜋𝜔𝑑𝑇 ∕𝑈ℎ𝑢𝑏 ≈ 4 with power
coefficient of 𝐶𝑝 = 0.35 and thrust coefficient of 𝐶𝑇 = 0.8 respectively
in the free stream condition. Two wind farm layouts composed of these
model turbines with three rows and three columns were tested in this
work. The aligned layout had a stream-wise distance of 5𝑑𝑇 between
each turbine row and a side-wise distance of 4𝑑𝑇 between each turbine
column (Fig. 1b, (d); the staggered layout shared the same stream-
wise and side-wise distances between turbines but alternate rows were
staggered by 2𝑑𝑇 (Fig. 1c, e). This led to the blockage ratio of the
wind farm as 0.53% based on the rotor sweeping area and wind tunnel
cross-section, which produced negligible blockage effects. In this work,
special attention was focused on the influence of yaw misalignment on
turbine performance. Here, the yaw angle of the first row turbines was
changed from 𝜓𝑟𝑜𝑤1 ∈ [0◦, 45◦] with a step of 𝛥𝜓 = 5◦, while that of

◦ ◦
the second row was adjusted ranging from 𝜓𝑟𝑜𝑤2 ∈ [−30 , 30 ] with
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Fig. 1. (a) Schematic of the experimental setup illustrating the PIV system and the bottom wall roughness; (b) the photograph of aligned wind farm layout; (c) the photograph
of staggered wind farm layout; (d) and (e) show the schematics of aligned and staggered layout respectively, where 𝑑𝑇 is the turbine diameter.
Fig. 2. Statistics of incoming turbulent boundary layer flow. (a) time-averaged ve-
ocity 𝑈∕𝑈ℎ𝑢𝑏; (b) stream-wise turbulence intensity 𝜎𝑢∕𝑈ℎ𝑢𝑏. The vertical distances are
ormalized by the turbine hub height 𝑧ℎ𝑢𝑏.
3

Table 1
Summary of parameters for the experiment.
Description Symbol Quantity Unit

Turbine diameter 𝑑𝑇 200 mm
Turbine hub height 𝑧ℎ𝑢𝑏 200 mm
Mean incoming velocity at hub height 𝑈ℎ𝑢𝑏 7 m/s
Turbulence intensity at hub height 𝐼𝑢 9 %
Reynolds number 𝑅𝑒 1.43 × 105 –
Coefficient of power 𝐶𝑝 0.35 –
Coefficient of thrust 𝐶𝑇 0.8 –
Tip speed ratio 𝜆 4 –
Yaw angle of first row turbine 𝜓𝑟𝑜𝑤1 [0–45] degree
Yaw angle of second row turbine 𝜓𝑟𝑜𝑤2 [−30–30] degree

the same step; this resulted in 130 yaw misalignment combinations
for both aligned and staggered layouts (the third-row turbine was
not yawed in this work). The yaw mechanism for each turbine was
designed using Actobotics SG-12 series gearbox and was controlled
using Arduino Mega and Laboratory Virtual Instrument Engineering
Workbench (LabVIEW). More details of this mechanism can be found
in Kumar et al. [40]. Table 1 summarizes the main parameters for our
experiments.
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Fig. 3. Mean wind farm power output normalized by the base case, 𝑃𝑓𝑎𝑟𝑚∕𝑃𝑓𝑎𝑟𝑚,0 across various turbines yaw angles for (a) aligned layout and (b) staggered layout, where 𝜓𝑟𝑜𝑤1
and 𝜓𝑟𝑜𝑤2 are the yaw angles of first and second rows respectively.
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The instantaneous turbine power output was inferred by the voltage
of DC motors measured directly via a USB-6210 data logger from
National Instruments. For each experiment, the voltage was sampled at
a frequency of 10 kHz for a period of 60 s. In addition, we investigated
the unsteady aerodynamic loads on the tower, which is an essential
part of the turbine with 30% of the turbine’s net cost, where any
damage to the tower may impact all the other parts located on top
of that [30]. The measurements of wind loading were achieved by
n ATI Industrial Automation high-resolution force sensor connected
o the turbine tower. The sensor was embedded within the bottom
oughness to avoid any disturbance in the wake development. During
ach experiment, the instantaneous wind loads including thrust (the
orce aligned with the incoming flow direction) and side force (the
orce perpendicular to the incoming flow direction) were captured at a
requency of 1k Hz for periods of 60 s. The uncertainty of the sensor
as less than 1.2%. In this work, the measurements of aerodynamic
oads ranged within 𝜓𝑟𝑜𝑤1 ∈ [0◦, 30◦] and 𝜓𝑟𝑜𝑤2 ∈ [−30◦, 30◦]. The
ncoming turbulent boundary layer and wake statistics downstream of
he first-row turbine at 𝜓𝑟𝑜𝑤1 = 0◦, 10◦, 0◦ and 30◦ were characterized
y a time-resolved particle image velocimetry (PIV) system from TSI.
high-speed Phantom VEO440 camera with 4 MP resolution was used
o create a field of view (FOV) of 400 mm × 200 mm to investigate
he mean and unsteady wake flows. The FOV in the turbine wake
egion was parallel to the bottom wall and located within a stream-
ise distances of 𝑥∕𝑑𝑇 ∈ [3.2, 5.2] and side-wise distance of 𝑦∕𝑑𝑇 ∈
−0.5, 0.5], where the coordinate system was defined with the origin
oincident with the rotor center. The FOV for the incoming boundary
ayer flow has the same size as those within the turbine wake region
ut is perpendicular to the bottom wall. The FOV was illuminated by
1 mm thick laser sheet generated from a 30 mJ/pulse laser, where
irflow was seeded by 15 μm-diameter soap bubbles from the TSI bubble
enerator. The soap bubbles were well mixed by the recirculating wind
unnel before each experiment. For each experiment, 6000 image pairs
ere collected at a frequency of 150 Hz. These image pairs were
hen processed using the Insight4G software package from TSI with a
ulti-pass scheme. The final interrogation window size was 32 × 32
ixels with 50% overlap, resulting in a final vector grid spacing 𝛥𝑥 =
𝑦 = 2.4 mm. The overall uncertainty of the identified seeding particle
ocations was ∼0.1 pixel; this led to the uncertainty of flow velocity
easurement of ∼1.4% given the bulk particle displacement of 7 pixels
etween two successive images.

. Result and discussion

In this section, we discuss in detail the distinctive influences of
urbine yaw misalignment on the power output, aerodynamic loads,
nd wake statistics within the model wind farms. Special attention will
ocus on downstream turbine power output fluctuations and unsteady
ind loads with both experimental measurements and modeling.
4

Fig. 4. Normalized power output of individual turbines, 𝑃∕𝑃0 for representative cases.
0 is the power of the first-row turbine at 𝜓𝑟𝑜𝑤1 = 0◦, where 𝜓𝑟𝑜𝑤1 and 𝜓𝑟𝑜𝑤2 are the
aw angles of the first and second rows respectively.

.1. Layout-dependent wind farm power output

First, the time-averaged wind farm power output 𝑃𝑓𝑎𝑟𝑚 for the
ligned layout normalized by the base case (i.e., 𝜓𝑟𝑜𝑤1 = 𝜓𝑟𝑜𝑤2 = 0◦),
𝑓𝑎𝑟𝑚,0, is shown in Fig. 3a. The results indicate that wind farm power
output is effectively modulated by the variation of turbine yaw angles
in both the first and second rows. Specifically, with 𝜓𝑟𝑜𝑤2 fixed at 0◦,
𝑃𝑓𝑎𝑟𝑚 gradually increased with 𝜓𝑟𝑜𝑤1 and reached the local maximum
of 𝑃𝑓𝑎𝑟𝑚∕𝑃𝑓𝑎𝑟𝑚,0 = 1.05 at 𝜓𝑟𝑜𝑤1 = 25◦, and then rapidly decreased with
further growth of 𝜓𝑟𝑜𝑤1. As pointed out by previous studies [10,22], the
yaw misalignment decreases the power output of the upstream turbine.
However, the wake deflection allows higher wind speed impinging
the downstream counterparts and therefore increases 𝑃𝑓𝑎𝑟𝑚 across the
entire wind farm. This phenomenon is more clearly presented in Fig. 4
via the mean power of turbines in each row normalized by that of
the first-row turbine at 𝜓𝑟𝑜𝑤1 = 0◦. Compared to the base case, at
𝜓𝑟𝑜𝑤1 = 30◦ and 𝜓𝑟𝑜𝑤2 = 0◦, the power of the first-row turbine decreased
by 20%, while that of the second row increased by approximately
100%. The variation of turbine yaw angle in the second row allows
further optimization of 𝑃𝑓𝑎𝑟𝑚. Overall, with 𝜓𝑟𝑜𝑤2 the same sign of 𝜓𝑟𝑜𝑤1
(i.e., turbines in the first two rows yawing at the same orientation), the
effective wind velocity impinging the third-row turbine significantly in-
creased compared to cases only yawing first-row turbine, which results
in the growth of 𝑃𝑓𝑎𝑟𝑚. In such circumstances, the maximum 𝑃𝑓𝑎𝑟𝑚 was
achieved at 𝜓𝑟𝑜𝑤1 = 30◦ and 𝜓𝑟𝑜𝑤2 = 20◦ with 𝑃𝑓𝑎𝑟𝑚∕𝑃𝑓𝑎𝑟𝑚,0 = 1.085.
This phenomenon is similar to what was reported in recent wind tunnel
studies [22,41]. On the other hand, cases with 𝜓𝑟𝑜𝑤1 > 0 and 𝜓𝑟𝑜𝑤2 < 0
led to the cancellation of wake deflection effects produced by turbines
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Fig. 5. (a) Power spectra, 𝛷𝑝, of first-row turbine across various yaw misalignment angles. The subplot shows the spectrum of incoming turbulent flow. (b) Standard deviation of
power output normalized by the base case 𝜎𝑃 ∕𝜎𝑃0 of the first-row turbine, where 𝜓𝑟𝑜𝑤1 is the yaw angles of the first row.
Fig. 6. Power spectra, 𝛷𝑝, of second-row turbine across various yaw misalignment angles under (a) 𝜓𝑟𝑜𝑤1 = 0◦; (b) 𝜓𝑟𝑜𝑤1 = 10◦; (c) 𝜓𝑟𝑜𝑤1 = 20◦; (d) 𝜓𝑟𝑜𝑤1 = 30◦, where 𝜓𝑟𝑜𝑤1 and
𝑟𝑜𝑤2 are the yaw angles of first and second rows respectively.
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n first and second rows, where the power output of third-row turbine
esulted to be even lower compared to the base case.
Compared to the wind farm with the aligned layout, the effective-

ess of yaw misalignment was significantly suppressed for turbines with
he staggered layout as illustrated in Fig. 3b. Here, the distribution
f 𝑃𝑓𝑎𝑟𝑚∕𝑃𝑓𝑎𝑟𝑚,0 was approximately symmetric about 𝜓𝑟𝑜𝑤2 = 0, and
aximum farm power increment was achieved at 𝜓𝑟𝑜𝑤1 = 15◦ and
2 = 0◦ with 2.5% growth compared to the base case. It is worth
oting that for the wind farm with the staggered layout, the wake
roduced by the first-row turbine had minor influence on the second-
ow counterpart and directly impinged on the third-row turbines. This
esulted in the doubled stream-wise transport distance of wake flow
ompared to aligned cases, where its footprint was weakened and
herefore had much less impact on downstream turbine performance.
onsidering that yaw misalignment was implemented to increase the
ind farm power output, our following discussions for turbine power
utput fluctuations, aerodynamic loads, and wake statistics will focus
n the wind farm with the aligned layout.

.2. Power output fluctuations

Different from the mean power output which is governed by the
ocal averaged incoming wind speed, the power fluctuations of tur-
ines are influenced by more factors including turbulence intensity
nd integral time scales. In this work, we will characterize the turbine
ower output fluctuations in each row. First, Fig. 5(a) illustrates the
pectra of instantaneous power outputs across various 𝜓𝑟𝑜𝑤1 for the
first-row turbine. Overall, all the 𝛷 exhibited similar decaying trend
5

𝑃 v
regardless of yaw angles, indicating that the scales of power output
fluctuations is non-sensitive to yaw misalignment but dominated by
the incoming turbulence. Indeed, the spectrum of incoming flow in
the subplot of Fig. 5a shows that the inertial sub-range of turbulence
started at 𝑓𝑑𝑇 ∕𝑈ℎ𝑢𝑏 ≈ 0.08; this corresponds to the distinct power-low
ecay with 𝛷𝑃 ∝ 𝑓−5∕3−2 (marked with dashed yellow line) as reported
n previous studies for turbines without yaw misalignment [42–44].
eanwhile, the overall magnitude of 𝛷𝑃 gradually decreased with the
rowth of the yaw misalignment angle across all frequency ranges. This
henomenon is more clearly reflected by the standard deviations of
ower output 𝜎𝑃 normalized by the base case 𝜎𝑃0 in Fig. 5b, where
𝑃 decays with 𝜓𝑟𝑜𝑤1 at a rate of 𝜎𝑃 ∕𝜎𝑃0 ≈ cos2(𝜓) and followed a
imilar trend to that of mean power output as reported by previous
tudies [28].
Comparatively, yawing produced more impacts on power fluctua-

ions for the second-row turbine (Fig. 6). In particular, for 𝜓𝑟𝑜𝑤1 ≥ 10◦,
the growth of 𝜓𝑟𝑜𝑤2 resulted in clear decrease of 𝛷𝑃 across all frequency
ranges. The variation of 𝜎𝑃 for second-row turbine across different
𝜓𝑟𝑜𝑤1 and 𝜓𝑟𝑜𝑤2 are summarized in Fig. 7a. Overall, with the growth of
𝜓𝑟𝑜𝑤1, 𝜎𝑃 of second-row turbine presented a distinctive increase; this
trend indicated that yaw misalignment of upstream turbines produced
both higher mean and unsteady power outputs of downstream coun-
terparts. On the other hand, at a fixed 𝜓𝑟𝑜𝑤1, the maximum of 𝜎𝑃 was
achieved at small |𝜓𝑟𝑜𝑤2|. Interestingly, with the growth of 𝜓𝑟𝑜𝑤1, the
local maximum of 𝜎𝑃 gradually shifted towards negative 𝜓𝑟𝑜𝑤2. This can
e accounted to the span-wise components of wind flows impinging on
econd-row turbines due to wake steering, which altered the local mean
elocity directions and will be further explained in the flow statistics.
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Fig. 7. Normalized standard deviation of power fluctuation 𝜎𝑃 ∕𝜎𝑃0 across various yaw angles for (a) second-row and (b) third-row turbines, where 𝜓𝑟𝑜𝑤1 and 𝜓𝑟𝑜𝑤2 are the yaw
ngles of first and second rows respectively.
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inally, the distribution of 𝜎𝑃 for the third-row turbine is exhibited in
ig. 7b. Overall, compared to that of the second-row counterpart, the
ower output fluctuations of the third-row turbine were not sensitive
o both 𝜓𝑟𝑜𝑤1 and 𝜓𝑟𝑜𝑤2, except a local maximum at 𝜓𝑟𝑜𝑤1 → 30◦ and
𝑟𝑜𝑤2 → 30◦. Following discussions about the coupling between wake
tatistics and power fluctuations will mostly focus on the second-row
urbines.

.3. Unsteady aerodynamic loads

The influence of yaw misalignment on unsteady aerodynamic loads
cting on the first-row turbine tower was first characterized via the
pectra of instantaneous wind forces as illustrated in Fig. 8. With
he growth of 𝜓𝑟𝑜𝑤1, the magnitude of 𝛷𝑇 for the first-row turbine
radually decreased (Fig. 8a); this is more clearly reflected via the
tandard deviation of thrust loads shown in the subplot of Fig. 8a,
here 𝜎𝑇 reduced ∼25% compared to the base case. Note that all the
pectra of the first-row turbine presented similar trends, where 𝛷𝑇
xhibited faster decay at 𝑓𝑑𝑇 ∕𝑈ℎ𝑢𝑏 ≥ 0.08 due to the modulation of
urbulent flows as discussed in Fig. 5a. Compared to unsteady thrust
oads, yaw misalignment induced much stronger impacts on side-force
luctuations. A monotonic upward shift of 𝛷𝐿 with the growth of
urbine yaw angle is clearly observed in Fig. 8b, where the standard
eviation of side-force 𝜎𝐿 increased approximately 120% at 𝜓𝑟𝑜𝑤1 = 30◦

ompared to the base case (see the subplot). Note that the overall
agnitude of 𝛷𝐿 is much smaller compared to the corresponding 𝛷𝑇 .
o further analyze the coupling between unsteady thrust and side force,
he joint probability density function (PDF) of instantaneous unsteady
erodynamic load coefficients, 𝐶𝑇 ′ = 2(𝑇 (𝑡) − 𝑇̄ )∕(𝜌𝐴𝑈2

ℎ𝑢𝑏) and 𝐶𝐿′ =
(𝐿(𝑡) − 𝐿̄)∕(𝜌𝐴𝑈2

ℎ𝑢𝑏), are presented in Fig. 9. Here, 𝑇 (𝑡) and 𝐿(𝑡) are
nstantaneous thrust and side-force at time 𝑡, whereas 𝑇̄ and 𝐿̄ are the
ean thrust and side-force. In general, the unsteady aerodynamic loads
xhibited two-dimensional Gaussian-style distribution; this is further
alidated with the fitting as

(𝐶𝑇 ′ , 𝐶𝐿′ ) = (2𝜋)−1|𝛴|

− 1
2 𝑒𝑥𝑝(−1

2
𝐹 𝑇 (𝛴)−1𝐹 ) (1)

here 𝛴 = 𝑐𝑜𝑣(𝐶𝑇 ′ , 𝐶𝐿′ ) is the co-variance matrix of unsteady thrust

and lift coefficients and 𝐹 =
[𝐶𝑇 ′

𝐶𝐿′

]

is the force coefficients vector. A

sample of the fitted joint PDF based on Eq. (1) is shown in Fig. 9e
for 𝜓𝑟𝑜𝑤1 = 30◦, which well agrees with the measured result in
Fig. 9d. Moreover, the dominating load fluctuations were always in
the direction perpendicular to the rotor surface (marked as dashed red
lines), and the force fluctuation intensity in this direction gradually
decreased with the growth of the yaw angle. The results highlighted
that the increase of side-force fluctuations with yaw angle is mostly
attributed to the shifting of force fluctuation orientations.

The spectra of instantaneous wind forces acting on the second-
row turbine tower are illustrated in Fig. 10 for selected cases. For the
6

thrust loads, when the yaw angle of the first-row turbine is small,
e.g., at 𝜓𝑟𝑜𝑤1 = 10◦, the decaying of 𝛷𝑇 started at 𝑓𝑑𝑇 ∕𝑈ℎ𝑢𝑏 ≈ 0.2
(Fig. 10a). This indicated that the velocity spectra within the wake flow
are different from those of incoming turbulence. This value gradually
decreased with the growth of 𝜓𝑟𝑜𝑤1 and reached 𝑓𝑑𝑇 ∕𝑈ℎ𝑢𝑏 ≈ 0.1 at
𝜓𝑟𝑜𝑤1 = 30◦ (Fig. 10b). Indeed, the yaw misalignment of the first-
row turbine deflected the wake flow and allowed the downstream
turbine partially be impinged by the background turbulence, where the
decaying trend of 𝛷𝑇 gradually converged to those observed in the
first row. It is worth noting that the delay of power spectra decay at
small 𝜓𝑟𝑜𝑤1 indicates that small-scale vortices are more energetic in
the wake flow at small turbine yaw angles. This conclusion will be
validated by flow measurements as discussed later. The spectra of side-
force fluctuations for second-row turbines are illustrated in Fig. 10c,d.
In general, 𝛷𝐿 presented a similar trend as a function of turbine yaw
angle compared to the first-row counterparts, and the growth of 𝛷𝐿
with 𝜓𝑟𝑜𝑤2 became more distinctive at higher 𝜓𝑟𝑜𝑤1. The side-force
fluctuation intensities for the second-row turbine can be more clearly
reflected by the distribution of 𝜎𝐿 across various 𝜓𝑟𝑜𝑤1 and 𝜓𝑟𝑜𝑤2 as
summarized in Fig. 11a. Overall, for the second-row turbine at any
given 𝜓𝑟𝑜𝑤1, the growth of |𝜓𝑟𝑜𝑤2| led to higher 𝜎𝐿, which corresponds
to the upward shift of 𝛷𝐿 observed in Fig. 10c,d. Also note that
compared to turbine power fluctuations, the distribution of 𝜎𝐿 is less-
sensitive to 𝜓𝑟𝑜𝑤1. This indicated that the impacts of different incoming
flow statistics (e.g., mean velocity and turbulence intensity) due to
yaw misalignment of the first-row turbine may cancel each other out,
and the side-force fatigue loading on a turbine tower within a wind
farm is dominated by its own yaw angles. We will further discuss
this phenomenon with a theoretical model with the wake statistic
measurements. Finally, the distribution of 𝜎𝐿 for the third-row turbine
is illustrated in Fig. 11b, which exhibited negligible difference across
all investigated 𝜓𝑟𝑜𝑤1 and 𝜓𝑟𝑜𝑤2.

3.4. Wake flow statistics

In this section, we will quantify the influence of yaw misalignment
on the mean velocity, turbulence intensity, velocity spectra, and inte-
gral time scales of wake flow. First, Fig. 12 shows mean normalized
stream-wise velocity, 𝑈∕𝑈ℎ𝑢𝑏, downstream of the first-row turbine at
ub height with 𝜓𝑟𝑜𝑤1 = 0◦, 10◦, 20◦ and 30◦. Overall, the yaw misalign-
ment resulted in wake deflection away from the center line (i.e., 𝑦 = 0),
nd this deflection monotonously increased with the yaw angle. At the
ame time, due to the reduced projection area under yaw misalignment,
he wake velocity deficit decreased compared to the base case, which
ed to higher mean velocity impinging on the downstream turbines
nd therefore increased their power output as discussed in Fig. 4. It is
worth noting that yaw misalignment not only provided higher incoming
velocities to the downstream turbine but also altered the wake flow
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Fig. 8. Spectra of (a), 𝛷𝑇 , thrust and (b), 𝛷𝐿, side-force of first row turbines within the wind farm, where 𝜓𝑟𝑜𝑤1 is the yaw angle of first row turbines.
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Fig. 9. Joint probability density function (PDF) of unsteady thrust (𝐶 ′
𝑇 ) and side-

force (𝐶 ′
𝐿) for first-row turbine at (a) 𝜓𝑟𝑜𝑤1 = 0◦; (b)𝜓𝑟𝑜𝑤1 = 10◦; (c) 𝜓𝑟𝑜𝑤1 = 20◦;

(d) 𝜓𝑟𝑜𝑤1 = 30◦. (e) shows the fitting of joint PDF with Eq. (1) for 𝜓𝑟𝑜𝑤1 = 30◦.
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directions; this can be more clearly observed via the superimposed
streamlines, where a non-negligible span-wise flow with 𝑉 < 0 was
generated (see Fig. 12d). In such a scenario, the wake impinging on
the second-row turbines will no longer be perpendicular to their rotor
surfaces at 𝜓𝑟𝑜𝑤2 = 0◦. Moreover, the yaw misalignment angle between
local incoming flow and rotor surface will be larger than |𝜓𝑟𝑜𝑤2| when
𝑟𝑜𝑤2 > 0, and smaller than |𝜓𝑟𝑜𝑤2| when 𝜓𝑟𝑜𝑤2 < 0.
The influence of yaw misalignment on wake fluctuations was first

characterized by the distribution of turbulence intensity 𝐼𝑢 = 𝜎𝑢∕𝑈0
in Fig. 13. Selected transverse profiles of 𝐼𝑢 at various downstream
locations are also illustrated in Fig. 14. Indeed, due to the strong
elocity shear right downstream of turbine tips at 𝜓𝑟𝑜𝑤1 = 0◦, the wake
urbulence intensity presented local peaks at 𝑦∕𝑑𝑇 ± 0.5 and reached
inimal at 𝑦∕𝑑𝑇 = 0. The growth of 𝜓𝑟𝑜𝑤1 gradually deflected the peak
t the leading edge side of the turbine towards the rotor center; in
articular, this peak reached 𝑦 = 0 when 𝜓𝑟𝑜𝑤1 increased to 30◦. On
he other hand, the overall turbulence intensity presented monotonic
ecay with the increase of 𝜓𝑟𝑜𝑤1. Interestingly, despite the smaller 𝐼𝑢
nder higher 𝜓𝑟𝑜𝑤1 at 𝑥∕𝑑𝑇 = 5 (i.e., the location of the second-row
urbine), the second-row turbine presented larger 𝜎𝑃 compared to the
ase case as shown in Fig. 7a. This indicates that the wind velocity
luctuation intensity may not be the dominating factor for determining
urbine power output fluctuations.
To further understand the effect of yaw misalignment on the scales

f wake flow fluctuations, the pre-multiplied stream-wise velocity spec-
ral difference between wake and incoming flows 𝛥(𝜙𝑓 ) = 𝜙𝑓 − 𝜙𝑖𝑛𝑓
t 𝑥∕𝑑𝑇 = 5 is shown in Fig. 15 for various 𝜓𝑟𝑜𝑤1 and span-wise loca-
ions. For the base case, the compensated spectra highlighted energy
ecrease within 𝑓𝑑𝑇 ∕𝑈ℎ𝑢𝑏 ∈ [0.02, 0.1] but distinctive energy increase
t 𝑓𝑑𝑇 ∕𝑈ℎ𝑢𝑏 > 0.1; this corresponds to the ‘high-pass’ filtering effect of
turbine on wake flow statistics as reported in previous studies [36,45].
Note that close to 𝑦 = 0, the ‘high-pass’ filtering effectiveness was
stronger than other span-wise locations, indicating that the wake vortex
scales reached the local minimal near the wake center line. As discussed
in Fig. 12, the yaw misalignment deflected the wake center-line, where
the ‘high-pass’ filtering effect was suppressed at the leading edge side of
the first-row turbine (i.e., 𝑦∕𝑑𝑇 > 0) but strengthened within 𝑦∕𝑑𝑇 < 0.
inally, the evolution of turbulence integral time scale normalized by
hat of incoming flow 𝑇 𝑢∕𝑇 𝑢𝑖𝑛𝑐 , was presented in Fig. 16. Quantification
f the spatial distribution of 𝑇 𝑢 within wake flow is essential for an-
lyzing and predicting downstream turbine power output fluctuations.
ere, 𝑇 𝑢 is computed via the integral of auto-correlation function 𝑟(𝜖)
f local stream-wise velocity as:

𝑇 𝑢 = ∫

∞

0
𝛾(𝜖)𝑑𝜖

(𝜖) = ⟨𝑢′(𝑡)𝑢′(𝑡 − 𝜖)⟩∕𝜎2𝑢

(2)

here 𝜖 is time lag and 𝑢′ is the velocity fluctuation in stream-wise
irection. Here, the integration was evaluated up to 𝑟(𝜖) is smaller

𝑢
han 0.1. For the base case (Fig. 16a), 𝑇 is substantially reduced
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Fig. 10. Spectra of (a-b), 𝛷𝑇 , thrust and (c-d), 𝛷𝐿, side-force of second-row turbines within the wind farm, where 𝜓𝑟𝑜𝑤1 and 𝜓𝑟𝑜𝑤2 are the yaw angles of first and second rows
respectively.

Fig. 11. Standard deviation of side-forces normalized by the base case 𝜎𝐿∕𝜎𝐿0
for (a) second and (b) third-row turbines, where 𝜓𝑟𝑜𝑤1 and 𝜓𝑟𝑜𝑤2 are the yaw angles of first and

second rows respectively.

Fig. 12. Normalized mean stream-wise velocity distribution, 𝑈∕𝑈ℎ𝑢𝑏, in the wake of first-row turbine at 𝜓𝑟𝑜𝑤1 = (a) 0◦, (b) 10◦, (c) 20◦, and (d) 30◦. The superimposed streamlines
highlight the induced span-wise velocities at high yaw angles. Where 𝑥∕𝑑𝑇 and 𝑦∕𝑑𝑇 are the stream-wise and span-wise distances normalized by turbine diameter respectively.
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s

Fig. 13. Turbulence intensity distribution, 𝐼𝑢, in the wake of first-row turbine at 𝜓𝑟𝑜𝑤1 = (a) 0◦, (b) 10◦, (c) 20◦, and (d) 30◦. Where 𝑥∕𝑑𝑇 and 𝑦∕𝑑𝑇 are the stream-wise and
pan-wise distances normalized by turbine diameter respectively.
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Fig. 14. Transverse profiles of the wake turbulence intensity, 𝐼𝑢, across different 𝜓𝑟𝑜𝑤1
at (a) 𝑥∕𝑑𝑇 = 4; (b) 𝑥∕𝑑𝑇 = 4.5; (c) 𝑥∕𝑑𝑇 = 5.

compared to that of incoming flow with 𝑇 𝑢∕𝑇 𝑢𝑖𝑛𝑐 ≈ 0.4 across the FOV.
Note that a local minimum of 𝑇 𝑢 was observed within 𝑥∕𝑑𝑇 ∈ [4.5, 5]
near the wake center-line, which corresponds to the small wake vortex
scales as illustrated in Fig. 15. Interestingly, this local minimal of 𝑇 𝑢
extended towards the upstream direction with the growth of 𝜓𝑟𝑜𝑤1,
indicating that yaw misalignment not only deflected the direction of
wake development but also suppressed large-scale vortices along the
wake center-line.

3.5. Theoretical interpretation of power output fluctuations and unsteady
aerodynamic loads

The experimental measurement has highlighted the significant im-
pact of yaw misalignment on power output fluctuations and unsteady
aerodynamic loads (especially the side-force component) for the
second-row turbine under wake flow. In this section, we will further
investigate these phenomena via reduced-order physical models. Here,
we start with two simplifying assumptions. First, we assume that the
unsteady power output or aerodynamic loads of a turbine are mainly
induced by velocity fluctuations from incoming flow; the impact of
wake dynamics, such as tip vortex shedding is not included in current
work. Second, we assume that for turbines within a wind farm, the local
incoming flow follows the Von Kármán turbulence model [46].

Based on the assumptions, the spectrum of turbine power output
𝛷 (𝑓 ) can be expressed as a function of velocity magnitude, turbulence
9

𝑝

intensity, and integral time scale of incoming wind flow by Tobin 𝑒𝑡.
𝑎𝑙.[47] as:

𝜙𝑝(𝑓 ) =
(3∕2𝐶𝑝𝜌𝐴𝑈2)2
√

1 + (2𝜋𝑓𝑡𝑖)4
4𝜎2𝑢𝑇

𝑢

(1 + 70.8(𝑓𝑇 𝑢)2)5∕6
(3)

Here, 𝑡𝑖 = 𝐼𝜔(2𝜏) is the inertial time scale, 𝐼 is the rotor inertia
nd 𝜏 is the electric torque. Due to the yaw misalignment, the wake
elocity profile impinging on the second-row turbine presented distinc-
ive variations along span-wise direction. In this work, all the wake
tatistic parameters (i.e., 𝑈 , 𝜎𝑢, and 𝑇 𝑢) were obtained by the spatial
average across the rotor span of the second-row turbine. In addition, the
yaw misalignment will lead to a significant decrease in power output
fluctuations. This trend can be approximated via 𝜎𝑃 ∕𝜎𝑃𝑜 ≈ cos2 |𝜓|
based on the results from Fig. 5b. In this model, 𝜓 is considered as the
misalignment angle between the directions of the local incoming wind
and that perpendicular to the rotor surface. As discussed in Fig. 12,
due to the yawing of first-row turbines, their wake flows were no
longer parallel to the incoming winds; this factor was considered via the
ratio between local mean stream-wise and span-wise wake velocities
as 𝛼 = 𝑎𝑡𝑎𝑛(−𝑉 ∕𝑈 ). Indeed, our experimental results showed that 𝛼
can be up to 5◦ when 𝜓𝑟𝑜𝑤1 increased to 30◦, which accounted for
the asymmetry of power output fluctuation contours with regard to
𝜓𝑟𝑜𝑤2 = 0◦. By considering the effective yaw misalignment angle as
𝜓𝑟𝑜𝑤2 +𝛼 (see Fig. 17a), we can integrate 𝜎𝑃 ∕𝜎𝑃𝑜 ≈ cos2 |𝜓| into (3) as:

𝜙𝑝(𝑓 ) =
(3∕2𝐶𝑝𝜌𝐴𝑈2 cos(𝜓𝑟𝑜𝑤2 + 𝛼)2)2

√

1 + (2𝜋𝑓𝑡𝑖)4
4𝜎2𝑢𝑇

𝑢

(1 + 70.8(𝑓𝑇 𝑢)2)5∕6
(4)

The integral of Eq. (4) across all frequencies allows us to calculate
the variance of power. The modeled and measured 𝜎𝑃 ∕𝜎𝑃𝑜 for the
second-row turbine across various 𝜓𝑟𝑜𝑤1 and 𝜓𝑟𝑜𝑤2 are presented in
Fig. 18. The comparison is within the range of 𝜓𝑟𝑜𝑤1 ∈ [0◦, 30◦] due
to the range of flow statistics measurement. In general, the model
shows good agreement with the experimental measurements. Indeed,
considering that the growth of 𝜓𝑟𝑜𝑤1 produced higher 𝑈 but lower 𝜎𝑢 in
the wake flow, the overall increasing trend of 𝜎𝑃 with 𝜓𝑟𝑜𝑤1 from both
models and experiments illustrated that the variation of local mean
velocity plays a more important role than that of turbulence intensity
for modulating turbine power output fluctuations. Moreover, the model
succeeded to predict the asymmetric distribution of 𝜎𝑃 with regards
to 𝜓𝑟𝑜𝑤2 at high 𝜓𝑟𝑜𝑤1 regions, which is accounted for the existence of
wake deflection angle 𝛼.

On the other hand, the variation of unsteady aerodynamic loads
behaves as a more complex relationship with turbine yaw angle due
to the coupling between thrust and side-force components. In this
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Fig. 15. Compensated velocity spectra, 𝛥(𝜙𝑓 ), at 𝑥∕𝑑𝑇 = 5 with yaw angles of 𝜓𝑟𝑜𝑤1 = (a) 0◦, (b) 10◦, (c) 20◦, and (d) 30◦. where 𝑦∕𝑑𝑇 are the span-wise distances normalized
by turbine diameter respectively.
Fig. 16. Normalized Integral time scale, 𝑇𝑢 in the wake of first-row turbine at 𝜓𝑟𝑜𝑤1 = (a) 0◦, (b) 10◦, (c) 20◦, and (d) 30◦. Where 𝑥∕𝑑𝑇 and 𝑦∕𝑑𝑇 are the stream-wise and
span-wise distances normalized by turbine diameter respectively.
work, we consider that 𝜎𝐿 of the second-row turbine is dominated by
three factors, namely, the flow fluctuation intensity, the rotor surface
orientation, and the relative angle between local incoming flow and
rotor surface. First, for a turbine under turbulent incoming flow, its in-
stantaneous aerodynamic loads 𝐹𝑎(𝑡) in any direction can be considered
as
𝐹𝑎(𝑡) = 1∕2𝐶𝐹 𝜌𝐴(𝑈 + 𝑢′(𝑡))2

= 1∕2𝐶𝐹 𝜌𝐴(𝑈2 + 2𝑈𝑢′(𝑡) + 𝑢′(𝑡)2)
(5)

where 𝐶𝐹 denotes the aerodynamic load coefficient. Considering that
|𝑈 | ≫ |𝑢′(𝑡)|, as a first-order approximation, the fluctuation term of
𝐹𝑎(𝑡) is dominated by the term of 𝑈𝑢′(𝑡) as

𝜎 ∝ 𝑈𝜎 (6)
10

𝐹 𝑢
Secondly, as discussed in Fig. 9, the joint PDF of unsteady force can
be considered as a 2D Gaussian distribution, where the dominating
force fluctuations are always in the direction perpendicular to the rotor
surface regardless of yaw angles. Therefore, to facilitate the decoupling
of aerodynamic loads, we consider the unsteady wind loads in the
rotated coordinate system 𝑥′ − 𝑦′, where 𝑥′ denotes the direction
perpendicular to the rotor surface and 𝑦′ is the one parallel to the rotor
(Fig. 17a). This leads to

𝑁 ′ = 𝑇 ′ cos𝜓𝑟𝑜𝑤2 + 𝐿′ sin𝜓𝑟𝑜𝑤2
𝑅′ = −𝑇 ′ sin𝜓𝑟𝑜𝑤2 + 𝐿′ cos𝜓𝑟𝑜𝑤2

(7)

Here, 𝑁 ′ is the unsteady rotor normal force and 𝑅′ is the one at the
rotor parallel direction. In such a scenario, the covariance coefficient
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Fig. 17. (a) Schematic of local incoming flow, rotor surface, and rotated coordinate
system for the second-row turbine. (b) Distribution of unsteady normal force coefficient,
𝐶𝑁 ′ , and radial force coefficient, 𝐶𝑅′ , as a function of yaw angle, 𝜓𝑟𝑜𝑤1. 𝛼, is the
ncoming flow direction to second row turbine and 𝜓𝑟𝑜𝑤2 is the yaw angle of second
ow turbine.

etween 𝑁 ′ and 𝑅′ is small and the joint PDF can be determined by
ust using the standard deviation of 𝑁 ′ and 𝑅′ (i.e., 𝜎𝑁 and 𝜎𝑅) as:

𝑓 (𝑁 ′, 𝑅′) = 1
2𝜋𝜎𝑁𝜎𝑅

𝑒𝑥𝑝(−1
2
[(𝑁

′

𝜎𝑁
)2 + (𝑅

′

𝜎𝑅
)2]) (8)

To facilitate the quantification of 𝜎𝑁 and 𝜎𝑅 as a function of yaw mis-
alignment and local incoming turbulent flow, we redefine the unsteady
aerodynamic load coefficients as

𝐶𝑁 ′ (𝜓) =
2𝜎𝑁 (𝜓)
𝜌𝐴𝑈𝜎𝑢

𝐶𝑅′ (𝜓) =
2𝜎𝑅(𝜓)
𝜌𝐴𝑈𝜎𝑢

(9)

ote that this definition is based on the relationship of 𝜎𝐹 ∝ 𝑈𝜎𝑢.
ig. 17b shows the variation of 𝐶𝑁 ′ and 𝐶𝑅′ as a function of the
aw angle from the first-row turbine. As expected, 𝐶𝑁 ′ decreased
ith the growth of 𝜓𝑟𝑜𝑤1, which corresponds to the mitigated force
luctuation intensity in the rotor normal direction as observed from
ig. 9. Meanwhile, 𝐶𝑅′ remained a constant regardless of the yaw angle.
hen, considering the effective yaw angle 𝜓𝑟𝑜𝑤2 + 𝛼 of second row
urbine, its 𝜎𝑁 and 𝜎𝑅 can be approximated as:

𝑁 = 1
2
𝐶𝑁 ′ (|𝜓𝑟𝑜𝑤2 + 𝛼|)𝜌𝐴𝑈𝜎𝑢

𝜎𝑅 = 1
2
𝐶𝑅′ (|𝜓𝑟𝑜𝑤2 + 𝛼|)𝜌𝐴𝑈𝜎𝑢

(10)

where the values of 𝐶𝑁 ′ and 𝐶𝑅′ are obtained via the interpolation from
Fig. 17b.

Finally, with the joint PDF in the 𝑥′−𝑦′ coordinate system from Eqs.
(8) to (10), the standard deviation of loads in 𝑦 direction (i.e., 𝜎𝐿) is
alculated as:

𝐿 =

√

∫ 𝑓 (𝑁 ′, 𝑅′)(𝑁 ′ sin𝜓𝑟𝑜𝑤2 + 𝑅′ cos𝜓𝑟𝑜𝑤2)2𝑑𝑁 ′𝑑𝑅′ (11)

The modeled 𝜎𝐿 from Eq. (11) normalized by the base case are
ompared with the experimental results in Fig. 19. Note that the case of
𝑟𝑜𝑤2 = 30◦ is not included for comparison because |𝜓𝑟𝑜𝑤2 + 𝛼| can be
arger than 30◦, which is beyond the interpolation range of measured
𝑁 ′ and 𝐶𝑅′ . Overall, the model agrees well with the experimental
esults. Note that for cases under high |𝜓𝑟𝑜𝑤2|, the asymmetric wake
atterns from the leading and trailing edge of the turbine rotor may
ead to an additional disturbance on unsteady aerodynamic loads,
hich can be the reason for overestimation of 𝜎𝐿 from the model. The
odels for both 𝜎𝑃 and 𝜎𝐿 highlighted that 𝜎𝑃 ∝ 𝑈2𝜎𝑢 but 𝜎𝐿 ∝ 𝑈𝜎𝑢.
his explained the phenomenon that for the second-row turbine, 𝜎𝐿 is
ess sensitive to the variation of 𝜓 compared to that of 𝜎 since both
11

𝑟𝑜𝑤1 𝑃 m
ean velocity and turbulence intensity have similar weights to 𝜎𝐿 and
he impacts of these two factors cancel each other out.

. Conclusion

Wind tunnel experiments were performed to investigate the un-
teady power output and aerodynamic load fluctuations of turbines
ithin wind farms under yaw misalignment. A three-row and three-
olumn wind farm consisting of miniature wind turbines was studied
or both aligned and staggered layouts. Results highlighted that yaw
isalignment is much more effective for increasing wind farm power
utput with an aligned layout. The investigation on aligned wind farms
howed that the decaying rates of power output spectra are highly
odulated by the local turbulent incoming flow. Overall, the growth of
aw misalignment reduces turbine power fluctuation intensities. How-
ver, this action can increase the power fluctuations of downstream
urbines due to the higher incoming wind speeds. Measurements of the
nsteady aerodynamic loads on the turbine tower illustrated that yaw
isalignment can significantly increase the side-force fatigue loading
cross all frequencies. In general, the unsteady aerodynamic loads
resent a 2D Gaussian distribution, and the dominating unsteady loads
re always in the direction perpendicular to the rotor surface regardless
f the turbine yaw angle.
The investigation of wake characteristics revealed that with the

rowth turbine yaw angles, the flows can be significantly deflected,
hich results in the increase of wake velocities, integral time scales,
nd a decrease in turbulence intensity. Based on the flow statistics,
educed-order models were established to elucidate the evolution of
ownstream turbine power output fluctuations and unsteady wind
oads. Results revealed that these parameters are dominated by the
oupled impacts of local wind speed and turbulence intensity. Specif-
cally, the variation of wind speed is the governing factor for power
luctuations, while both wind speed and turbulence intensity have
imilar impacts in determining unsteady aerodynamic loads, which
akes the side-force fluctuations not sensitive to upstream turbine yaw
ngles. To sum up, this work revealed the fundamental mechanisms
odulating the power fluctuations and unsteady wind loads on turbines
nder yaw misalignment via combined experimental campaigns and
heoretical modeling. Subsequent work aims to tackle wind farms under
omplex terrains and the fatigue aerodynamic loads on turbine blades.
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Fig. 18. Normalized standard deviation of power fluctuation 𝜎𝑃 ∕𝜎𝑃0 , of second-row turbine. (a) Measured (b) Modeled. Where 𝜓𝑟𝑜𝑤1 and 𝜓𝑟𝑜𝑤2 are the yaw angles of the first and
econd rows respectively.
Fig. 19. Normalized standard deviation of side-force fluctuation 𝜎𝐿∕𝜎𝐿0
, of second-row turbine. (a) Measured (b) Modeled. Where 𝜓𝑟𝑜𝑤1 and 𝜓𝑟𝑜𝑤2 are the yaw angles of the first

and second rows respectively.
Appendix. Nomenclature

𝛼 Incoming Flow Direction to Second Row Turbine
𝜆 Tip Speed Ratio
𝜙𝐿 Power Spectral Density of Side-Force
𝜙𝑃 Power Spectral Density of Power output
𝜙𝑇 Power Spectral Density of Thrust-Force
𝜓𝑟𝑜𝑤1 Yaw angle of first row turbine
𝜓𝑟𝑜𝑤2 Yaw angle of second row turbine
𝜌 Air Density
𝜎𝐿 Standard Deviation of Side-Force
𝜎𝑃 Standard Deviation of Power
𝜎𝑇 Standard Deviation of Thrust-Force
𝜎𝑈 Standard Deviation of Stream-wise Velocity
𝐶 ′
𝐿 Coefficient of Side-Force fluctuations

𝐶𝐿 Coefficient of Side-Force
𝐶 ′
𝑁 Coefficient of Rotor-Normal Force fluctuations

𝐶𝑝 Coefficient of Power
𝐶 ′
𝑅 Coefficient of Rotor-Parallel Force fluctuations

𝐶 ′
𝑇 Coefficient of Thrust fluctuations

𝐶𝑇 Coefficient of Thrust
𝑑𝑇 Turbine Diameter
𝑓 Frequency
𝐹𝑎 Aerodynamic Load
𝐼𝑢 Turbulecne Intensity at hib Height
𝐿 Side-Force of turbine
𝑁 Rotor-Normal Force of turbine
𝑃 Power output of turbine
𝑃𝑓𝑎𝑟𝑚 Power output of wind farm
𝑃𝐷𝐹 Probability Density Function
𝑅 Rotor-Parallel Force of turbine
𝑅𝑒 Reynolds Number
12
𝑇 Thrust Force of turbine
𝑇 𝑢 Integral Time Scale
𝑡𝑖 Inertial Time Scale
𝑈ℎ𝑢𝑏 Mean Incoming Velocity at Hub Height
𝑥 Stream-Wise Distance
𝑦 Span-Wise Distance
𝑧ℎ𝑢𝑏 Turbine Hub Height
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