RESEARCH ARTICLE | SEPTEMBER 04 2024

Power output fluctuations and unsteady aerodynamic loads
of a scaled wind turbine subjected to periodically oscillating
wind environments @©

Emmanuvel Joseph Aju @ ; Pengyao Gong © ; Devesh Kumar @ ; Mario A. Rotea @ ; Yaqing Jin & ©

’ '.) Check for updates ‘

J. Renewable Sustainable Energy 16, 053301 (2024)
https://doi.org/10.1063/5.0219853

@ B

View Export
Online  Citation

L®)
-
©

9

o)
)
S
()
| -
()

o

Y
o
©
| -
-
-
@)

ﬁ

Sustainable Energy

Special Topics Open

for Submissions

Learn More

AIP
!/_‘_ Publishing

0€:/v'8) ¥Z0Z 49qUIanoN 0Z


https://pubs.aip.org/aip/jrse/article/16/5/053301/3311194/Power-output-fluctuations-and-unsteady-aerodynamic
https://pubs.aip.org/aip/jrse/article/16/5/053301/3311194/Power-output-fluctuations-and-unsteady-aerodynamic?pdfCoverIconEvent=cite
javascript:;
https://orcid.org/0000-0002-4476-3056
javascript:;
https://orcid.org/0000-0002-9372-298X
javascript:;
https://orcid.org/0000-0001-8804-2800
javascript:;
https://orcid.org/0000-0002-4239-0591
javascript:;
https://orcid.org/0000-0002-7747-041X
https://crossmark.crossref.org/dialog/?doi=10.1063/5.0219853&domain=pdf&date_stamp=2024-09-04
https://doi.org/10.1063/5.0219853
https://e-11492.adzerk.net/r?e=_dXRtX3NvdXJjZT1wZGYtZG93bmxvYWRzJnV0bV9tZWRpdW09YmFubmVyJnV0bV9jYW1wYWlnbj1IQV9TVCtPcGVuK2ZvcitTdWJzK0dlbmVyaWNfUERGXzIwMjQifQ&s=owaZ1qPiIVJ_ZI0ENRVX5nN8aDU

Journal of Renewable

and Sustainable Energy ARTICLE

pubs.aip.org/aip/rse

Power output fluctuations and unsteady
aerodynamic loads of a scaled wind turbine
subjected to periodically oscillating wind
environments @

Cite as: J. Renewable Sustainable Energy 16, 053301 (2024); doi: 10.1063/5.0219853 @ 1 @
Submitted: 20 May 2024 - Accepted: 18 August 2024 - (Il
Published online: 4 September 2024 View Online Export Citation CrossMark

Emmanuvel Joseph Aju,' (%) Pengyao Gong,' (¥) Devesh Kumar,” (1) Mario A. Rotea,’ (%¥) and Yaging Jin"®

AFFILIATIONS

ICenter for Wind Energy and Department of Mechanical Engineering, The University of Texas at Dallas, Richardson,
Texas 75080, USA

“Center for Wind Energy and Department of Electrical and Computer Engineering, The University of Texas at Dallas,
Richardson, Texas 75080, USA

2 Author to whom correspondence should be addressed: yaging. jin@utdallas.edu

ABSTRACT

Wind tunnel experiments were performed to quantify the coupling mechanisms between incoming wind flows, power output fluctuations,
and unsteady tower aerodynamic loads of a model wind turbine under periodically oscillating wind environments across various yaw
misalignment angles. A high-resolution load cell and a data logger at high temporal resolution were applied to quantify the aerodynamic
loads and power output, and time-resolved particle image velocimetry system was used to characterize incoming and wake flow statistics.
Results showed that due to the inertia of the turbine rotor, the time series of power output exhibits a distinctive phase lag compared to the
incoming periodically oscillating wind flow, whereas the phase lag between unsteady aerodynamic loads and incoming winds was negligible.
Reduced-order models based on the coupling between turbine properties and incoming periodic flow characteristics were derived to predict
the fluctuation intensity of turbine power output and the associated phase lag, which exhibited reasonable agreement with experiments. Flow
statistics demonstrated that under periodically oscillating wind environments, the growth of yaw misalignment could effectively mitigate the
overall flow fluctuation in the wake region and significantly enhance the stream-wise wake velocity cross correlation intensities downstream
of the turbine hub location.
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I. INTRODUCTION

In the past decade, the utilization of wind energy has increased
more than six times, making it one of the most accessible and rapidly
advancing renewable energy sources in the United States." Abrupt fluc-
tuations in wind speed can significantly amplify power output varia-
tions and the fatigue loading experienced by wind turbines.” " Extreme
loads in gust events can also lead to significant and occasionally cata-
strophic damage to the turbine, such as tower strike,” in addition to
fatigue failure from dynamic loads.

The formation of eddies in the atmospheric boundary layer is
influenced by the local pressure gradients and near-ground friction.
Interaction between eddies varying in size and strength may result in
sudden acceleration or deceleration of wind velocities, or “gusts.”
Additionally, certain climatic factors such as frontal activity, steep

pressure gradients, or convective weather are linked to the creation of
gusts.” Typically, major temporal and spatial events such as cyclones
produce the most violent wind gusts.”” One aspect that unites the
many different definitions of wind gusts found in the literature is the
mention of “spontaneous” variations in wind speed.” According to
Branlard,'” gust is a wind speed variation within a short period of
time. The author also conveyed that acceleration of wind speed, posi-
tive gust, and deceleration of wind speed, negative gust, both can cause
a sharp increase in loads on turbines. Similar to this, a gust is defined
as a brief change in wind speed that can be distinguished by its rising
time, magnitude, and duration in the IEC 61400-1 turbine safety stan-
dard."" Tt is worth noting that in addition to gust winds formed by
atmospheric dynamics, the operation conditions of wind turbines may
also produce equivalent periodically oscillating inflows impinging on
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their rotors. For instance, floating offshore wind turbines encounter
periodically oscillating inflow episodes when observed from the tur-
bine’s frame of reference due to their pitching motions.””'* In addi-
tion, onshore horizontal axis wind turbines under dynamic yawing
could have comparable aerodynamic loads to a stationary wind turbine
when subjected to periodically oscillating inflow. Such wind gusts
impact power output stability and can result in structural damage to
turbine components.lmg The identification, description, and assess-
ment of the interaction mechanisms between unsteady incoming
winds, turbine power output fluctuations, and aerodynamic loads dur-
ing periodically oscillating inflows have the potential to reduce
expenses associated with operations and maintenance, mitigate system
risks through ongoing monitoring, establish early warning systems for
potential malfunctions, and facilitate the creation of control systems to
mitigate unwanted dynamics'” due to the aforementioned interactions.

Most studies on the interactions between turbine performance
and unsteady incoming flows have primarily concentrated on scenar-
ios where the turbine rotor is perpendicular to the wind direction.
Recently, there has been a growing focus on turbines operating under
yaw misalignment due to their potential to enhance the overall power
output of an entire wind farm. Yaw misalignment between the flow
direction and the upstream turbines can be accomplished with wake
steering, which results in lower power output on these units but higher
overall velocities for the downstream turbines. Early experimental
studies on horizontal axis wind turbine wake and visualization of wake
deflection due to yaw misalignment were conducted by Grant et al.”’
and Grant and Parking.”' They demonstrated that the wake skew angle
for the three-blade turbine is greater than that for the two-blade equiv-
alent by examining the wake deflection of turbines with two and three
blades under yaw misalignment. In the past 5 years, a number of theo-
retical, computational, and experimental investigations have been car-
ried out to analyze the impact of yaw misalignment on wake
development and turbine performance. These studies have drawn the
following conclusions: (i) The influence of the counter-rotating vortex
pair (CVP) causes the wake stream-wise velocity deficit to have a
kidney-shaped cross section.”” *” (i) Depending on how the ground
interacts with the CVP, the yawed turbine wakes will migrate in either
a vertically upward or downward direction.”””” (iii) The wake flow is
gradually redirected as the yaw angle increases, creating an asymmetric
velocity deficit with respect to the rotor centerline.” (iv) Yaw misalign-
ment affects both power coefficient (Cp)zg’” and thrust coefficient
(Cr).”*" The aforementioned phenomena were proven recently by
Bartl et al.”' by an experimental investigation of the impact of incom-
ing turbulence and shear on the wake of a yawed turbine. Analytical
models that are straightforward and computationally affordable can be
used to assess how well yaw control affects wake velocity distributions.
Shapiro et al.”® modeled the wake of a yawed turbine by utilizing a lift-
ing surface assumption for the rotor. Bastankhah and Porté-Agel”” cre-
ated a realistic analytical model to forecast both span-wise and stream-
wise wake velocities utilizing the decomposition of Reynolds-averaged
Navier-Stokes equations with experimental data.

Despite the progress made to understand the impact of periodi-
cally oscillating wind environments on the performance and fatigue
loading of wind turbines, the underlying physics of the coupling mech-
anisms between time-varying incoming wind speed, instantaneous tur-
bine power output, and unsteady aerodynamic loads remains obscure.
In particular, predictive models that allow to quantify wind turbine
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performance and unsteady loading under various periodically oscillat-
ing wind amplitudes, frequencies, and turbine yaw angles are currently
lacking, which is a precursor to optimizing the turbine design across
various flow environments and operation conditions. Motivated by
this challenge, this study focuses on how wake flows, power output
fluctuations, and unsteady aerodynamic loads on turbines under yaw
misalignment in the presence of periodically oscillating inflow winds
are fundamentally coupled. Systematic wind tunnel tests were carried
out with a model turbine to quantify the unsteady power outputs,
thrust loads on the turbine tower, and wake flow statistics with various
yaw misalignment angles, incoming periodically oscillating wind mag-
nitudes, and frequencies. Furthermore, a computationally efficient
reduced-order physical model was built based on local incoming flow
dynamics and turbine parameters to emphasize the dominant elements
affecting the variations of turbine power output and aerodynamic
loads. To the best of the authors” knowledge, this is the first study pro-
viding a comprehensive analysis of the power and wind load fluctua-
tions for a turbine under yaw misalignment and periodically
oscillating inflows with integrated experimental campaigns and model-
ing. This work is important for filling the current knowledge gap of pre-
dicting and controlling the power output stability as well as turbine
fatigue loading when applying wake steering in the presence of periodi-
cally oscillating winds. The manuscript is organized as follows: Sec. I1
describes the experimental setup; Sec. I1I illustrates the results, discus-
sion, and modeling; and conclusions are summarized in Sec. I'V.

Il. EXPERIMENTAL SETUP

Wind tunnel experiments were performed to investigate the
influence of periodically oscillating winds on turbine power output,
aerodynamic load, and wake statistics under yaw misalignment. A
model wind turbine with a yaw mechanism was placed on the bottom
wall of the Boundary Layer and Subsonic Tunnel (BLAST) at the
University of Texas at Dallas. The boundary layer 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 the study by Aju et al.”

The horizontal-axis wind turbine was designed based on the
model from Bastankhah and Porté-Agel”” and manufactured from the
Stratasys F370 3D printer at the University of Texas at Dallas. The tur-
bine has a rotor diameter of dr = 200 mm, and the hub height is
Znuy = 200 mm. The turbine tower was made from a M10 threaded
rod. Details of the turbine blade geometry across various sections are
provided in the study by Bastankhah and Porté-Agel”” and are not
duplicate here for brief. A DCX16L Maxon motor was used as the gen-
erator with a diameter of 16 mm, which was attached with a 1 ohm
resistance as the load to control the rotating speed of the turbine. This
led to a rotational speed of Q ~ 1760RPM, which in turn produces a
tip-speed ratio of A= QR/Uy ~ 4, with a power coefficient of
C, = 0.35, and a thrust coefficient of C; = 0.8 in the free-stream con-
dition. The implementation of constant resistance led to the variation
of turbine rotation speeds as a function of incoming wind velocities.
For the DCX16L Maxon motor, the rotational speed of the generator
is proportional to the generator voltage, where the generator torque, 7,
is proportional to the current of the generator.”” Hence, with a con-
stant resistance, the torque of the generator is proportional to the rota-
tional velocity of the generator, i.e.,, T o< Q. Similar turbine properties
were used in other experimental works with miniature wind tur-
bines.”** The yaw mechanism for the turbine was engineered utilizing
Actobotics SG-12 series gearbox and operated through Arduino Mega
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FIG. 1. (a) Schematic of the experimental setup. (b) Photograph of the particle image velocimetry (PIV) measurement inside the wind tunnel. (c) Selected time series of mea-
sured incoming fluctuating wind velocities as a function of phase angle, ¢, and the corresponding sinusoidal fitting at frame yaw amplitude of A = 60° and frequency of
f = 1Hz; (d) is the same as (c) but at frame yaw amplitude of A = 90°. (e) A representative time series of stream-wise velocity for frame yaw amplitude of A = 60° and fre-

quency of f = 1 Hz at two span-wise locations, as a function of phase angle, ¢.

and the Laboratory Virtual Instrument Engineering Workbench
(LabVIEW). Additional information regarding the yaw control mecha-
nism can be found in the publication by Kumar et al.”” The periodi-
cally oscillating inflow was produced using a mesh affixed to a wooden
frame with dimensions of 5dr in width and 5d7 in height. It was
placed inside BLAST 5dr upstream of the turbine [Figs. 1(a) and 1(b)].
We used a 5202 series yellow jacket DC motor from Servo-City to yaw
the frame about its midsection to generate periodically oscillating
wind, and the frame yaw angles were controlled to behave as sinusoidal
variations in the form of 0 = A sin(2xft). In this work, three yaw fre-
quencies f = 0.6, 0.8, and 1Hz, and two frame yaw amplitudes
A =60° and 60°, were investigated in the wind tunnel tests. This yaw
frame system produced sinusoidal wind velocity fluctuations at the
location of the model turbine, as shown in Figs. 1(c) and 1(d), where
the local incoming wind can be fitted in the form of u(t)
= Uy + Uy sin(2xft) and Uy = 4.6 £ 0.1 m s ! is the mean incoming
flow velocity at the turbine hub. Figure 1(e) shows a representative
periodic incoming flow at two different positions along the span: at the
edge of the turbine rotor and at the center of the turbine rotor. In gen-
eral, it is evident that the generated periodic incoming flow has rela-
tively similar amplitude and phase in both span-wise locations, and
similar phenomenon was observed under all incoming flow conditions.
The periodic incoming wind frequencies are scaled using the

corresponding non-dimensional flow fluctuation frequency, quantified
ask = % = 0.16,0.21, and 0.27, whereas the flow fluctuation inten-
sities %2 are summarized in Table I. These periodically oscillating fre-
quencies, when scaled up based on the ratio of rotational velocities, are
on the order of 3-min time periods. This is comparable to the time
periods observed in utility-scale turbines experiencing periodically
oscillating inflow, such as those affected by wake meandering of an
upstream turbine,”® dynamic yaw control,”” and floating offshore wind
turbines.”*

It is important to note that the turbine is not a scaled-down ver-
sion of a reference turbine but is specifically designed for high efficiency

TABLE |I. Consecutive flow fluctuation intensity Us/Up as a function of frame yaw
frequency and amplitudes.

Frame yaw

frequency f (Hz)
Frame yaw
amplitude A (°) 0.6 0.8 1
60 0.16 0.14 0.11
90 0.24 0.21 0.18
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at low Reynolds numbers in the wind tunnel. The scaling of model tur-
bine to utility scale turbines can be done using scaling factors and non-
dimensional numbers.”” The length scaling factor can be defined as ratio
of characteristic lengths, n; = dr /Dy, where Dy is the diameter of the
utility scale turbine. The time scaling factor can be defined as
ny = ty/Tr, where Ty is the characteristic time of the utility scale tur-
bine, whereas frequency scaling factor is inverse of time scaling factor.

The instantaneous turbine power output was inferred by the volt-
age of the DC motor measured directly via a USB-6210 datalogger from
National Instruments. For each experiment, the voltage was sampled at
a frequency of 1kHz with 50 incoming wind velocity fluctuation cycles.
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.”” The measurements of wind loading were achieved by an ATI
high-resolution six-axis load cell connected to the turbine tower. During
each experiment, the measurement of instantaneous thrust loads (the
force aligned with the incoming flow direction) was synchronized with
the turbine power output measurement, and the uncertainty of the load
cell was less than 1.2%. Complementary time-resolved particle image
velocimetry (PIV) measurements were performed to characterize the
turbine wake flow dynamics. A high-speed Phantom VEO440 camera
with 4 MP resolution was used to create a field of view (FOV) of
442 x 276 mm” to investigate the mean and unsteady wake flows. The
FOV in the turbine wake region was parallel to the bottom wall and
located within a stream-wise distance of x/dy € [2.5,4.7] and a side-
wise distance of y/dr € [—0.5,0.5], where the coordinate system was
defined with the origin coincident with the rotor center. The FOV was
illuminated by a 1-mm-thick laser sheet generated from a 30 mJ/pulse
laser, where airflow was seeded by 15-um-diameter soap bubbles from
the TSI bubble generator. The soap bubbles were well mixed by the
recirculating wind tunnel before each experiment. For each experiment,
4000 image pairs were collected, which included 100 image pairs per
cycle of periodically oscillating wind by changing the camera capturing
frequency. These image pairs were then processed using the Insight4G
software package from TSI with a multipass scheme. The final interroga-
tion window size was 32 x 32 pixels with 50 % overlap, resulting in a
final vector grid spacing Ax = Ay = 2.4 mm. The overall uncertainty
of the identified seeding particle locations was ~0.1 pixel; this led to the
uncertainty of flow velocity measurement of ~1.4% given the bulk parti-
cle displacement of 7 pixels between two successive images.

I1l. RESULT, DISCUSSION, AND MODELING

In this section, we discuss in detail the distinctive variation of tur-
bine power output, aecrodynamic loads, and wake statistics under vari-
ous incoming periodically oscillating flow conditions and yaw
misalignment angles. Special attention will be paid to turbine power
output fluctuations and unsteady wind loads with both experimental
measurements and modeling. The fluctuations of all the variables are
calculated based on the mean values of the time series, without filtering
out the inflow periodicity.

A. Unsteady power output

This section is dedicated to formulating a theoretical framework
that utilizes measured incoming periodically oscillating flow as an input
parameter in order to forecast the unsteady power and aerodynamic
loads of the turbine during periodically oscillating wind episodes and
under yaw misalignment. First, a representative time series of turbine
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power output P(t) /P, superimposed with instantaneous incoming wind
velocities u(t) is shown in Fig. 2. Here, Py is the mean power output of
the turbine with no yaw misalignment (i.e., iy = 0°). Due to the presence
of periodically oscillating wind, P(t) exhibited quasi-sinusoidal temporal
variations regardless of turbine yaw angles 1. The periodic measured
data exhibits high-frequency oscillations due to the turbulence generated
by the presence of gust frame. The incoming flow itself produced by the
wind tunnel has negligible turbulence intensity of I, ~ 0.1%. It is worth
noting that the time series of P(t) demonstrated a distinct phase-delay
A¢ with respect to u(t) across all investigated conditions, where the local
maximum of P(t) during each cycle appeared when u(t) decreased close
to its mean value. This phase-shift delay is due to the wind turbine
dynamics. Thus, to quantify this problem, we need to consider the effects
of turbine rotor inertia. The dynamic inflow effect is not considered for
the miniature turbine because the characteristic timescale for dynamic
inflow effects given by Mancini et al.*' as 7, ~ dﬁ) ~ 0.04 s is approxi-
mately two orders of magnitude smaller than the time scales of the peri-
odically oscillating inflow considered in this study. Therefore, since the
periodic inflow changes at a much slower rate compared to the turbine’s
characteristic timescale for dynamic inflow, the turbine’s rotational iner-
tia is expected to have a more dominant effect than the dynamic inflow
effects for the current experimental study. It may be assumed that the
rate of change of kinetic energy of the rotor is equal to the difference of
the instantaneous wind power entering the rotor and the instantaneous
power generated P(t) leaving the rotor."” Then, the energy balance of the
system can be expressed in the form of

dE,q(t) Cp cos®pAu(t)
=—P(t) + ———,
dt 2
1Q(t)° (1
Emt(t) = ) 5

P(t) = (1)Q(1),

where E,, is the rotational kinetic energy, I is the rotor moment of iner-
tia determined based on the three-dimensional (3D) CAD model from
SolidWorks, Q is the rotational velocity, 7 is the electrical torque, and
Cp is the time averaged power coefficient. With the inputs of incoming
velocity properties such as wind flow fluctuation amplitude, frequency,
and mean velocity, Eq. (1) allows to determine the time-series of
unsteady power output P(f) across various periodically oscillating
winds and turbine yaw angles, and the numerical solutions of P(t)
based on this model are superimposed as red lines in Fig. 2. In general,
both the magnitude and phase of the modeled P(t) exhibited a consis-
tent alignment with the experimental results. In particular, the predic-
tion of P(t) via Eq. (1) outperformed significantly when compared to
“naive” estimation in the form of Py (t) = Cp cos’ypAu?(t), which
exhibited significant overestimation and phase shifting with respect to
the measured data as shown in Fig. 2. This highlighted the impacts of
turbine rotor inertia on modulating its response to periodically oscillat-
ing winds and mitigating power output fluctuations. The intensity of
unsteady turbine power output was then characterized by its standard
deviations, op, across all investigated cases, as summarized in Fig. 3.
Overall, the magnitudes of non-dimensional power fluctuations ap/Py
increased with the growth of flow fluctuation intensity Uy /Uy, whereas
they exhibited a decreasing trend with the growth of yaw angle. The dis-
tribution of ap/Py was also compared with the predictions from Eq. (1)
and the “naive” estimation, where distinctive overestimations of power
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FIG. 2. The normalized measured, naive, and modeled unsteady power output, P/P, as a function of phase angle, ¢, for selected cases. (a) ¥ = 0°, Us/Uy = 0.11, and
k =0.27; (b) Y = 15°, Ua /Uy = 0.11, and k = 0.27; (c) ¥ = 0°, Ua/Up = 0.18, and k = 0.27; and (d) y = 15°, Us/Uy = 0.18, and k = 0.27.

output fluctuations were observed based on the “naive” estimation. The
matching between experimental data and this reduced-order model fur-
ther validated its capability for analyzing unsteady turbine power out-
puts within periodically oscillating winds.

In order to gain a deeper comprehension of the phase shifting
between u(t) and P(t) within periodically oscillating flows observed in
Fig. 2, the reduced-order model from Eq. (1) can be reorganized in the
following format as

u(t) = Uy + Uy, sin(27ft),
1
T2

a1,
dt t;

Cp cos”YpAu(t), @

where #; = 12 s the inertial timescale. The steady-state analytical solu-
tion of Eq. (2) can be expressed in the following format:

P(t) = G+ G sin(2zft + ¢,) LG sin(4nft + ¢,)
(amf2 + )2 7 (1622 4 1)1V
sin(6nft + ¢5)
C4 1/2°
(36m2f212 + 1)

where the coefficients C;-Cy of each term and associated phase lags

¢1-¢; are

(©)

C 2y pAU, 302
C = p cos’ iy pAU, (Ug + A)
2 2
2 2
C2 _ 3Cp COSzlﬁpAUA Ug + % (4)
Cp cos’ypAU,U3 Cp cos’ypAU3
G=-my - GET
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FIG. 3. Comparison of measured, naive, and modeled normalized standard deviation of power output, ap/P,, as a function of yaw angle, i across all investigated case.
(a) Ua/Uy = 0.16, and k = 0.16; (b) Ua/Up = 0.14, and k = 0.21; (c) Ua/Up = 0.11, and k = 0.27; (d) Ua/Up = 0.24, and k = 0.16; () Ua/Up = 0.21, and k = 0.21;

(f) Ua/Up = 0.18, and k = 0.27.

and

¢, = —tan"'(2nft;) ¢, =tan”! (ﬁ) ¢; = —tan"! (67ft;).
(5)

Considering that Uy is much lower than Uy, the coefficients of
high-order harmonic terms, i.e., C5 and Cy, are much smaller than C;.
As a first-order approximation, the phase lag A¢ between u(t) and
P(t) can be estimated as ¢, i.e.,

Ap = —¢, = tan™' 21ft;). (6)

Figure 4 depicts the comparison of phase lag A¢ predicted by Eq. (6)
and those obtained from numerically solving Eq. (1). A¢ from experi-
mental measurements averaged across all yaw angles and flow fluctua-
tion amplitudes under a given k are also included. Overall, the
analytical solution with first-order approximation agrees well with
numerical solutions and the measured phase lag. Results from this ana-
lytical model highlighted that for a turbine operating in periodically
oscillating wind environments, the phase lag between power output

1.6+
£
S T N S ——
ES14 ¢ ___----9°°
Y -
<
§ Meas
127 o Numerical
- - tan~1(27 ft;)
0.15 0.2 0.25

k

FIG. 4. Phase lag A¢ between power output P(t) and incoming flow u(t) as a
function of non-dimensional flow fluctuation frequency k obtained from measured
time series, numerical solutions of Eq. (1), and the first-order approximation by Eq.
(6). The experimental data are averaged across all yaw angles and flow fluctuation
amplitudes under a given k, where the error bar represents standard deviation
across yaw angles and flow fluctuation amplitudes.
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and incoming wind flow increases with the growth of turbine inertial
timescale and wind fluctuation frequency, whereas the turbine yaw
angle and flow fluctuation intensity have a minor influence on phase
lag.

B. Unsteady aerodynamic loads on turbine tower

In a manner akin to the fluctuations of power outputs, the
unsteady aerodynamic loads of the turbine under periodically oscillat-
ing winds were first characterized via the representative time series of
the normalized thrust loads Fy/Fro as depicted in Fig. 5. Similar to
P(t), Fr(t) exhibited sinusoidal variations across time, and the mean

a)

3

— Fr/Fr,(Meas)

— — u(m/s)
AN 0 Wk L O

— Fr/Fr,(Mod)

- -
% 1 ‘i ““ | ‘{} v| | )1
Lk il

0.6 i
0 27 4w 6w 8w 10w
¢

OO0+
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thrust force decreased with the growth of the yaw angle. It is worth
noting that, in contrast to power output fluctuations, which exhibited
a consistent phase delay with the instantaneous incoming wind speed
u(t), the phase difference between Fr(t) and u(t) is negligible; this
indicates that the fluctuations of aerodynamic loads on turbine towers
in periodically oscillating winds are non-sensitive to the inertia effect
of the rotor. Indeed, this phenomenon can be interpreted by inspecting
the sensitivity of thrust coefficient Cr as a function of the instanta-
neous turbine tip speed ratio A(t) = Q(#)R/u(t), where R is the rotor
radius. Figure 5 illustrates the representative time series of 4(t) super-
imposed with u(t). Overall, due to the rotor inertia effect and associ-
ated phase delay between Q(t) and u(t), A(¢) changes with time from

—~6 - 5
5NN A
£4)0(00(
1.8
1.6

27 4m 6w 8w 107w

T e

27 4m 6w 8w 107w

FIG. 5. The normalized measured and modeled unsteady thrust force, Fr/Fr,, as a function of phase angle, ¢, for selected cases. (a) ¥ = 0°, Us/Up = 0.14, and k = 0.21;
(b) ¥ = 15°, Ua/Uy = 0.14, and k = 0.21; (c) y = 0°, Ua /Uy = 0.21, and k = 0.21; and (d) y» = 15°, Ua/Uy = 0.21, and k = 0.21.
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3.2 to 5. Within this range of /(#), the variation of turbine thrust coef-
ficient is less than 4% (i.e, Cr = 0.77 % 0.3) according to the rotor
aerodynamic design.”’ Therefore, due to the low sensitivity of Cr to
A(t), the bulk wind loads acting on the turbine are mostly governed by
the instantaneous incoming flow speed, and the phase delay between
u(t) and Fy(t) is negligible.

Owing to the minor fluctuations of Cr across the A(t), the
unsteady aerodynamic loads of turbine within periodically oscillating
winds can be estimated as a function of instantaneous u(t) and turbine
properties in the form of

2 o
Fy(t) = SPA ) o) (;) cos’¥), %)
where o = 1.5 describes the decaying rate of time-averaged thrust
coefficient Cr with respect to 1, which was determined through
empirical fitting of the measured data. By substituting the incoming
periodically oscillating flow into Eq. (7), the unsteady thrust force can
be estimated, shown as red lines in Fig. 5. Overall, the simple model

allows it to reasonably capture the unsteady aerodynamic loads under
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various wind conditions and yaw misalignments. The good matching
between experimental data and Eq. (7) is further reflected by the com-
parison of the standard deviation of thrust force as summarized in
Fig. 6, where op, decreased with the growth of  due to the smaller
projected rotor swept area and increased with the growth of flow fluc-
tuation intensity owing to the stronger incoming wind velocity
fluctuations.

C. Wake flow statistics

This section aims to assess the impact of yaw misalignment on
various turbulence statistics, including mean velocity, flow unsteadi-
ness, compensated velocity spectra, and wake signal transportation
downstream of a turbine subjected to periodically oscillating incoming
flow. These results are expected to provide insights for analyzing the
performance of downstream turbines in periodically oscillating wind
environments. First, Fig. 7 shows the mean normalized stream-wise
wake velocity, U/ Uy, at hub height with iy = 0°,15°, and 30° at non-
dimensional flow fluctuation frequency of k=0.27 and flow

03 ‘ 03 ‘ )03 ‘
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FIG. 6. Comparison of measured and modeled normalized standard deviation of thrust-force, a¢, /Fro, as a function of yaw angle, v. (a) Ua/Uy = 0.16 and k = 0.16; (b)
Ua/Uy =014 and k = 0.21; (c) Ua /Uy = 0.11 and k = 0.27; (d) Us /Uy = 0.24 and k = 0.16; (e) Uas/Uy = 0.21 and k = 0.21; and (f) Ua/Up = 0.18 and k = 0.27.
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FIG. 7. Normalized mean stream-wise velocity distribution, U/Uj, in the wake of turbine at a non-dimensional flow fluctuation frequency of k= 0.27 and flow fluctuation inten-
sity of Us /Up=0.18 under different yaw misalignment angles y» = (a) 0°, (b) 15°, and (c) 30°. The superimposed streamlines highlight the induced span-wise velocities at high

yaw angles.

fluctuation intensity of Uy /Uy = 0.18. Overall, similar to previous stud-
ies of turbines in the absence of periodically oscillating winds,”**** the
yaw misalignment modulated the mean velocity profile of turbine wake
flow via two aspects. First, the growth of the yaw angle led to a monoto-
nous increase in wake flow deflection from the centerline (y = 0). This
phenomenon can be observed more clearly by examining the superim-
posed streamlines, which revealed a significant span-wise flow with (V
< 0) when / increased to 30° [Fig. 7(c)]. In such a scenario, the wake
impinging on a downstream turbine will no longer be perpendicular to
their rotor surfaces, which is expected to enhance their aerodynamic
loads perpendicular to the incoming wind direction. On the other hand,

yaw misalignment reduces the wake velocity deficit and narrows the
wake width, indicating a stronger effect of wake mixing and flow recov-
ery. This phenomenon is clearly reflected in Fig. 8 with selected trans-
verse profiles of normalized stream-wise velocity deficit, AU/ U, at
various downstream locations, x/dr = 2.6,3.6, and 4.6. In particular,
the span-wise averaged velocity deficit was reduced by approximately
36% at i = 30° in the near-wake region when compared to the base
case, which highlighted the effectiveness of wake steering in enhancing
the mean power output of downstream turbines.

The impact of turbine yaw misalignment in modulating the
unsteady wake flow dynamics within periodically oscillating wind

a) 05 b) 05 ) 05
&~ ~ ~
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= N NS
05 | ‘ | 05 | ‘ 05 ‘ | |
0 02 04 06 0 02 04 06 0 02 04 06
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FIG. 8. Transverse profiles of mean stream-wise velocity deficit, (Uy — U) /Uy, in the wake of the turbine at a non-dimensional flow fluctuation frequency of k=0.27 and flow
fluctuation intensity of Us /Uy=0.18 across different yaw misalignment angles i at (a) x/dr=2.6, (b) x/dr=3.6, and (c) x/dr=4.6.
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FIG. 9. Distribution of flow unsteadiness, I, = a,/Uj, in the wake of turbine at a non-dimensional flow fluctuation frequency of k=0.27 and flow fluctuation intensity of

Ua/Uy=0.18 under different yaw misalignment angles 1 = (a) 0°, (b) 15°, and (c) 30°.

environments was first illustrated by the examination of flow unsteadi-
ness distribution, denoted as I, = g,/ Uy, as depicted in Figs. 9 and
10. At y = 0°, the wake flow unsteadiness exhibits local peaks at
y/dr £0.5 as a result of the significant velocity shear immediately
downstream of the turbine tips shown in Fig. 7, and reaches a mini-
mum at y/dr = 0. The increase in i caused a gradual shift of the peak
of I, toward the rotor center, where the maximum I, was observed
close to y = 0 when y reached 30°. To highlight the role of the turbine
rotor in modulating flow fluctuation intensities within periodically
oscillating winds, the difference in flow unsteadiness between incom-
ing and wake flows, Al, = (6, — 0,0)/Uy, is shown in Fig. 11.
Indeed, outside the wake centerline region, where the local wind flow

dynamics are highly modulated by the rotor hub, the overall wake flow
fluctuation intensity was enhanced compared to that from the incom-
ing periodically oscillating wind, especially in the vicinity of wake flow
edges; this indicated that for wind farms within periodically oscillating
flow environments, the downstream turbines may exhibit even stron-
ger power and aerodynamic load fluctuations compared to their
upstream counterparts. To gain a deeper comprehension of such
unsteady wake flow dynamics, the pre-multiplied spectral difference of
stream-wise velocity, A(Ef) = Ef — E;,f, between the wake and
incoming flows at a normalized downstream distance of x/dr = 4.6 is
depicted in Fig. 12 at various span-wise distances and yaw angles
under k = 0.27 and U, /U, = 0.18. In this context, f represents the

a) 0.5 s | 1b) os] ©) os!
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— =30
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FIG. 10. Transverse profiles of flow unsteadiness, I, = a,/ U, in the wake of the turbine at a non-dimensional flow fluctuation frequency of k= 0.27 and flow fluctuation inten-
sity of Us /Up=0.18 across different yaw misalignment angles i at (a) x/dr=2.6, (b) x/dr=3.6, and (c) x/dr=4.6.
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FIG. 11. Relative flow unsteadiness distribution, Al, = (6, — au0)/Ub, in the wake of turbine at a non-dimensional flow fluctuation frequency of k= 0.27 and flow fluctuation
intensity of U /Upy=0.18 under different yaw misalignment angles v = (a) 0°, (b) 15°, and (c) 30°.

frequency related to turbulence scales, while E represents the spectral
energy density at each frequency. The compensated velocity spectra
[A(Ef)] will assist us in understanding the turbulence scales in the
wake of the turbine under periodically oscillating inflows and yaw mis-
alignment in comparison to incoming wind flows. In general, regard-
less of turbine yaw angle, the wake flow energy was enhanced at high
frequency ranges of fdr /U, > 0.1, which corresponds to the small-
scale turbulent vortices produced by the turbine rotor. With the
growth of turbine yaw angle, the overall intensity of A(Ef) reduced,
and the high-frequency fluctuations in the wake flow shifted toward
the y < 0 regions due to the deflection of wake as discussed in Fig. 8.
Our experimental measurements revealed that yaw misalignment of
the turbine not only decreases the velocity deficits in the wake region
but also mitigates wind velocity fluctuations across a broad range of
frequency components under periodically oscillating wind conditions.

Specifically, at potential downstream turbine locations, x/dr = 4.6,
yaw misalignment from 0° to 30° reduced the span-wise averaged
velocity deficits by 36% and span-wise averaged wind velocity fluctua-
tions by 14%. This suggests that yaw misalignment could enhance the
performance and stability of wind farms by improving conditions for
downstream turbines in periodically oscillating wind environments.

Finally, the correlation strength of wake flow fluctuations along
stream-wise direction across various span-wise positions and turbine
yaw angles was investigated; this helps to reflect the correlation of
unsteady power outputs between upstream and downstream turbines
and provide insights to determine the power output fluctuations over
the entire wind farm under periodically oscillating flows. In this work,
the correlation strength is quantified by the cross-correlations on the
time series of stream-wise velocities at two locations within the wake
flow region:

0.2

fdr/U

FIG. 12. Compensated velocity spectra along the span-wise direction, A(Ef), at a non-dimensional flow fluctuation frequency of k=0.27 and flow fluctuation intensity of

Un/Uy=0.18 under different yaw misalignment angles y» = (a) 0°, (b) 15°, and (c) 30°.
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(thx—2.6d; (1) thx—2.6d7+5x (t + 7))
n(f)‘xzz.édT,xzz.adTMx == o s - = - ®
ux=2.6dr Ou.x=2.6dr+0x

Equation (8) describes the cross correlation coefficient of stream-wise
flow velocity fluctuations at x = 2.6dr and downstream locations
2.6dr + Ox. Representative variation of #(t) under i = 0° along
y = 0 is shown in Fig. 13(a). Regardless of the gap distance dx, with a
specific time delay (At), n reaches the local maximum #,,,, (marked
by the red dashed lines), indicating that the footprint of upwind flow
fluctuations is transported to the downstream location. Overall, with
the growth of gap distance, 7,,,, exhibited monotonous decay; this is
expected to result in the decoupling of up- and downstream turbine
power output fluctuations within periodically oscillating winds. To fur-
ther investigate the evolution of wake velocity correlation strength, the
distribution of 7,,,, as a function of Jx, turbine yaw angle ¥, and
span-wise locations is summarized in Figs. 13(b)-13(d). The results
highlighted that on the trailing edge side of the wake flow region, i.e.,
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y/dr = —0.5 [Fig. 13(b)], the growth of turbine yaw angle led to a
gradual decrease in #,,,,.. Note that yaw misalignment deflected the tur-
bine wake flow toward the rotor trailing edge, and these wake flows,
which contain small-scale turbulent vortices as shown in Fig. 12, are
expected to disturb the wind velocity correlations from the background
periodically oscillating flow. On the other hand, at y = 0 [i.e., wake cen-
terline for the base case, Fig. 13(c)], ., exhibited distinct growth with
¥ due to the mitigation of wake flow impacts in this region induced by
yaw misalignment. Finally, minor variations of #,,,, were observed
downstream of the rotor leading edge at y/dr = 0.5 [Fig. 13(d)], indi-
cating that background periodically oscillating wind flow dominates the
wake velocity transport in this region regardless of .

IV. CONCLUSION

In this study, wind tunnel experiments were performed to exam-
ine the unsteady power production and aerodynamic loads of a turbine
under successive incoming periodically oscillating flows and various
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0.9 \\

—p=0°
0.6 — =15
—¢) = 30°

1 1.5 2
5$/dT

FIG. 13. (a) Distribution of cross correlation function # () for selected cases under y = 0° at y/dr = 0 at a non-dimensional flow fluctuation frequency of k=0.27 and flow
fluctuation intensity of Us/U,=0.18. (b)~(d) The evolution of maximum correlation coefficient 1,,,,, along stream-wise direction at various span-wise locations and yaw mis-
alignment angles: (b) y /dr = —0.5 (trailing edge), (c) y/dr = 0 (center), and (d) y/dr = 0.5 (leading edge).
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yaw misalignment angles. Overall, stronger turbine power output fluc-
tuation occurs under smaller yaw misalignment angles and larger flow
fluctuation intensities. The experimental results highlighted the dis-
tinctive phase lag between wind velocity fluctuations and unsteady
power output due to the inertia of the turbine rotor. Based on the
coupling between time-varying wind speeds, rotational kinetic
energy, and turbine power output, reduced-order models were
established to elucidate the evolution of power fluctuation intensity
and phase lag. The results revealed that higher phase lag occurs with
the growth of turbine inertial timescale and wind fluctuation fre-
quency. In general, the evolution of unsteady aerodynamic loads on
turbine towers exhibited a similar trend to that of power fluctua-
tions. However, the phase lag between the aerodynamic load and
incoming winds was negligible owing to the low sensitivity of the
thrust load coefficient as a function of the time-varying turbine tip
speed ratio within periodically oscillating winds.

The examination of wake characteristics has demonstrated that
when the turbine yaw misalignment angle increases, the flows can
be notably redirected, leading to enhanced wake velocities and
reduced flow unsteadiness. The operation of turbines in periodically
oscillating wind environments can amplify the wake velocity fluctu-
ation intensity when compared to incoming flow, which brings
potential challenges regarding the enhancement of the unsteady
aerodynamic loads on downstream turbines. Overall, the growth of
the turbine yaw misalignment angle significantly enhances the wake
velocity correlations along the stream-wise direction downstream of
the turbine hub location, whereas such correlations remain nearly
constant downstream of the turbine leading edge. Subsequent
research endeavors to address the challenges posed by the impact of
dynamic inflow effects in the presence of periodically oscillating
inflow through experimental investigations and OpenFAST
simulations.
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APPENDIX: ANALYTICAL SOLUTION OF ENERGY
BALANCE EQUATION

This section presents the process of obtaining the analytical
solution to Eq. (2) by starting from the energy balance equation
[Eq. (1)], as shown below:

dErot (t) CP coszl//pAu3 (t)
= —P(1) ,
dt 2
2 Al
Erot(t) = Iggt) ) ( )

P(t) = t(1)Q(¢).
The inertial timescale is defined as

0

ti=—.
Y

(A2)

By substituting Eq. (A2) in Eq. (Al), we can reorganize the
governing differential equation in the following format:

dp 1 1
— +—P =—Cpcos’ypAu’(t). A3
ar T T 3 CreosvpAun(t) (a3)
The sinusoidal incoming flow is given as follows:
u(t) = Uy + Uy sin(27ft). (A4)

By substituting the sinusoidal incoming flow in Eq. (A3), we
can obtain a linear non-homogeneous differential equation, which
can be solved using integrating factor, I = €'/, The steps are pro-
vided below,

ar 1 1

Z 4 p=
dt+ti 2t;

Multiplying both sides of Eq. (A5) by integrating factor, we obtain

Cp COSZl//pA(UO + Uy sin(2nft))3. (A5)

dapr t/t; t/t;
et/t, & €_P _ e

2 . 3
I : o Cpcos”YpA(Up + Uy sin(2mft))”.  (A6)

The left hand side of the equation can be simplified to obtain

d (Pet/ i) e/t

=T CpeostpA(Uy + Uy sin(2nift))’. (A7)
dt 2t;

By expanding the right hand side and integrating both sides, we
obtain

1/t sin(2nft + ¢,)
(4n2f262 + 1)'/?
t/t; sin(4nft + ¢,)
(162262 +1)"/?
sin(6mft + ¢5)
Gen2f2e +1)/2 7

P(t)e'' = Cyéll + Cye
+ C3€
+ Cyetlt (A8)

By dividing both sides by e/, we obtain
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) sin(2nft + )

(amf2e2 + 1)
sin(6nft + ¢s)

(et 4 1)1

sin(4nft + ¢,)
3
(1672222 4 1)"/?

+ Cse Y/t (A9)

As time, ¢, increases and reaches steady state, the fifth term in
the solution vanishes resolving into the steady state analytical solu-
tion as

sin(4nft + ¢,)
*(en2f2e + 1)

P(f) = G + Cs sin(2zft + 4511)2
(e 1)

sin(67ft + ¢5)

Yaerfre + 1) (A10
where the coefficients are given as
Cp cos?YpAU, 3U3
C1 :—P lﬁp 0 (Ug+_A)7
2 2
2 2
¢, = 3Cecos YpAU, (U§ +ﬂ)7 (Al1)
2 4
Cp cos’ypAU, U3 Cp cos’YpAU;
G = Yy C = ——

The analytical solution yields the power variations of the turbines as
the output, while the parameters of the incoming velocity time
series, such as mean, amplitude, and frequency, serve as inputs to
the analytical solution.
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