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Abstract: Wind farm optimization is pivotal in maximizing energy output, reducing costs, and
minimizing environmental impact. This study comprehensively explores wind farm behavior under
varying wind conditions and yaw angles to achieve these objectives. The primary motivation is
to optimize wind farm performance and efficiency through proper yaw adjustment in response to
wind speed changes. A computational investigation using a three-by-three wind turbine array was
conducted, employing large eddy simulation (LES) to evaluate wind farm performance. Nine LES
cases were considered, incorporating three wind speeds (7.3 ms~!, 10.4 ms~!, and 4.3 ms~!) and
three yaw angles (30°, 20°, and 0°), with nearly constant turbulence intensity (TT) at 12.0%. The
impact of wind speed and yaw angles on wake characteristics and power outputs were analyzed.
The findings reveal that wind speed has limited influence on wake characteristics and power outputs,
except for lower wind speeds at a yaw angle of 20 degrees. These results contribute to understanding
wind farm performance optimization, aiding in developing strategies to enhance energy extraction

while minimizing costs and environmental implications.
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1. Introduction

With more initiatives worldwide towards greener energy to mitigate climate change,
wind energy has been a leading source. The Intergovernmental Panel on Climate Change
(IPCC) special report 15 [1] stated that renewable energy needs to increase from 20% in
2018 to 67% in 2050 to limit global temperature rise to 1.5 °C. More wind farms are being
built onshore and offshore to reach that goal. However, proper optimization (i.e., design,
operation, control, and grid integration) is still a concern under different conditions of wind
farms and the turbulent atmospheric boundary layer (ABL). This is due to the complex
interactions between the wind farms and the ABL, whose flow properties are greatly
affected by surface roughness, thermal effects, different forcing parameters, among others.

In a wind farm, upstream turbines affect the downstream ones as they extract energy
from the upcoming wind while enhancing the turbulence levels and reducing the wind
speed in the flow. This phenomenon is known as the wake effect or wake loss, and it
can cause a decrease in the overall power output of the wind farm. There are several
ways to improve the annual energy production (AEP) of a wind farm, such as pitch and
torque control, layout optimization, tilt, and yaw misalignment of wind turbines [2—4].
Wake steering becomes essential, especially when turbines are placed closely, since sparse
installations increase costs, particularly cabling. In wake steering, by trading off the power
of the upstream turbines, a higher net power of a wind farm is achieved. Wake steering
also reduces the fluctuation of wind energy, improving its reliability within the larger
power grid. Prior studies [2-5] have demonstrated that the degree of wake deflection
increases as the flow travels further downstream. The amount of deflection is dictated
by the yaw misalignment, the wind speed and direction, the incoming turbulence level,
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the thermal stability, the thrust coefficient, and other factors (i.e., turbine parameters,
surface roughness).

Inflow conditions such as wind speeds, turbulence intensity, and yaw angles affect
the flow properties inside the wind farm, thus influencing the power output and the flow-
induced dynamic loads of every turbine [6]. Furthermore, the unsteady oscillations of
the wake (also known as wake meandering) by eddies larger than the turbine diameter
also have important implications for the performance and reliability of wind turbines in
a wind farm [7,8]. Under the influences of the different environmental conditions, the
turbines experience leading-edge erosion; this affects the aerodynamics and AEP of the
wind farm [9,10]. Understanding turbine wake aerodynamics in diverse incoming flow
conditions is crucial to enhancing wind farm design, maximizing power output, and mini-
mizing maintenance costs. Several methods are available, including analytical modeling,
computational fluid dynamics (CFD), wind-tunnel experiments, and field experiments to
study the multi-scale interactions between wind turbines and the atmospheric boundary
layer. The experimental and numerical studies [11-13] of single-turbine wakes have shown
that the velocity deficit profiles usually have a two-dimensional axisymmetric Gaussian
distribution maximum located at hub height in the near wake region. This characteristic of
the velocity deficit profiles augments the turbulent mixing of the incoming flow and the
wake. When a wind turbine experiences yawed conditions, counter-rotating vortices form
in the turbine’s wake, which can interact with the atmospheric boundary layer and cause
the wake to take on a kidney shape [14]. The velocity and turbulence levels distribution are
thus impacted by the yaw misalignments in all directions [15,16]. The wake characteristics
of a yawed flow have been studied using various theoretical and computational models,
such as mass and momentum conservation [5], Reynolds-averaged Navier—Stokes (RANS)
equations with vortex theory [16], and others [17,18].

As the wake moves downstream, it undergoes several changes. One of these changes
is the growth of the wake in both lateral and vertical directions, which is due to the
entrainment of the outer flow. Another change in the wake as it moves downstream is the
increase in the value of the streamwise velocity component until it eventually recovers to
the same value as the surrounding flow [19]. Several studies [6,20,21] have shown that the
turbulence intensity level strongly influences the wake recovery rate in the incoming flow.
Elevated turbulence levels in the incoming flow lead to better mixing of the wake region
with the atmospheric boundary layer. This momentum exchange helps the breakdown of
large vortices into smaller ones leading to a faster wake recovery [22]. Higher turbulence
levels expedite the faster wake recovery, thus affecting the performances of downstream
turbines in wind farms.

When wind flows through a wind turbine, it experiences a change in velocity and
pressure as it passes over the rotor blades. This phenomenon causes the wind to separate
into layers: the wake region behind the turbine and the atmospheric boundary layer above
it. Slower wind speeds and higher turbulence characterize the wake region, where most
of the energy extraction occurs. As the wake region moves downstream, it mixes with
the surrounding atmospheric layer and creates a shear layer with a significant velocity
gradient. Due to the non-uniform logarithmic velocity profile, a non-axisymmetric shear
layer is formed, particularly pronounced at the top edge of the turbine. As a result, there is
a higher production of turbulent kinetic energy at the upper edge of the wake, leading to
an amplification of turbulence levels in that region [12,13,23-26]. The turbulence intensity
in the wake zone typically has a double Gaussian profile with two peaks at the edges of the
wake [20,27]. The transition between near-wake and far-wake occurs from the maxima of
the turbulence levels forward, and then turbulence intensity decreases monotonically with
downstream distance.

Numerous variables, such as the unpredictability of the local wind speed and the
transport properties of turbulence in the wake, affect the best turbine configuration in
every wind farm architecture. The biggest factor contributing to the decline in wind farm
efficiency is variability in wind speed [28]. After accurately assessing the wind speed
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variations by appropriate methods (for more details, see [29-32]), their subsequent effects
on the aerodynamic characteristics need to be studied. The wake characteristics under
high wind speeds while estimating the wind conditions by proper model [33] are also very
crucial. How the turbulent wake flow structures within the wind farms under full-wake
and partial-wake conditions affect the power output under different wind speeds and yaw
angles is underexplored. Most studies [4,34] investigated the performance of wind farms
just by changing the layout or yaw angles on a single wind speed mainly by reduced-order
models. They found that layout and wake steering are complementary to maximize AEP
and minimize wake losses. Field studies are not entirely conclusive when the wake steering
effects on the performance of wind turbines are analyzed [35,36]. There have been some
studies [37,38] on the effects of steering at variable wind speeds with a few turbines in a
row. Howland et al. [37] showed improved power maximization with a row of six turbines
at a fixed yaw angle of 20°. Simley et al. [38] found the effectiveness of wake steering in
improving energy production was observed for wind speeds ranging from 4-12 m/s with
two turbines, except for 6-8 m/s due to higher wind direction variability and power loss
from yaw misalignment, while its efficacy for wind speeds between 12-14 m/s remains
uncertain due to insufficient data.

To the authors’ knowledge, no rigorous studies have been conducted on the combined
effect of yaw angle and wind speed on the wind farm'’s performance and wake physics.
Since the performance of wind farms can be significantly affected by the yaw angle and
wind speed, understanding these effects is crucial for designing and operating wind farms
effectively. Therefore, finding the optimal combination of yaw angle and wind speed is
crucial for maximizing wind farms’ power output and efficiency. The paper is structured as
follows: Section 2 comprehensively explains the numerical details employed in the study.
In Section 3, the wind farm flow statistics are presented and thoroughly discussed. Finally,
Section 4 offers a concise summary of the entire analysis.

2. Numerical Methods
2.1. Governing Equations and LES Framework

For the current study, a neutral atmospheric boundary layer formulation of the filtered
Navier-Stokes equations with the continuity equation, neglecting the Coriolis force, has
been considered.

du; | ujl; op 0T~

j ax] - axi + ax] + FU (1)
ou;
Frl 0. )

where ﬂi (or u, v, w) is the filtered or resolved velocity at the filter width (A) and x; (or x, y,
z) is the Cartesian coordinates in the i-direction, with i = 1, 2, or 3, corresponding to the

~k
streamwise, vertical or spanwise directions, respectively. The modified pressure term, p
(for more details, see [39]), is defined as follows.
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Sjj is the subgrid-scale (SGS) stress tensor, vt is the

= \/(251]51]) is the
strain-rate magnitude, p is the fluid density (constant), ¢ is time, and lei is the body force.
The SGS terms are parametrized with the Lagrangian-averaged scale-dependent (LASD)
model [39]. The LASD model dynamically calculates the local Smagorinsky coefficient

Csa at every grid point. It allows for a better representation of turbulence structures and
their interactions with the resolved flow features. Due to the current study’s focus on very

Here, Tij = ZVTSi]‘ = 2(CSAA)2

~

eddy viscosity, g,«j =05 (ajﬂi+aiﬂj) is the resolved strain rate, |S
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high Reynolds number flows, where viscosity is minimal at the resolved scales, and the
wall layer is modeled, the molecular viscous factor is not taken into consideration. A local
similarity model [40] is used to calculate the shear stresses at the surface in Equation (4).

2

_ _ 2
Tw(x,2) = =[x/ [In(dy/2) /yo]]® [ﬂl(x,dy/Z,Z) + ﬂs(x,dy/Z,ZJ @)

Here, x is the von-Karman constant (=0.4), and T, is the kinematic stress at the wall.
Here, tilde (™) and bar (™) denote the filtering operation at the grid scale A and the test-filter
scale A, respectively, usually o = 2.

The equations are discretized using a structured, staggered, finite-volume formulation
with a second-order central differencing scheme. The code employs a second-order Adams—
Bashforth on the convective terms and the stress terms. A fractional-step method is used to
uncouple the pressure and flow fields from the momentum and the continuity equation.
This method yields a pressure Poisson equation which is solved by a multigrid solver
called HYPRE [41]. The code is fully parallelized via Message Passing Interface (MPI). The
code employs a concurrent recycling inflow domain which saves time and storage to run
simulations. Periodic boundary conditions (BCs) in the horizontal directions (recycling
domain) and inflow-outflow boundary conditions in the streamwise direction with zero
pressure gradient (test domain) are used. The no-slip boundary condition at the wall and

stress-free boundary condition at the top (i.e., 37”2” =0,i=1,3,and 222 = 0) are enforced.

2.2. Time-Adaptive Wind-Turbine Model

The thrust force of the turbine has been modeled with the classical actuator disk
method [42].

IN-"Z- = fo(x) * fo(x) * Cp (5)
) 211/2
i) = 3o(u) 3 1= ()] ©
1 (x—xc)2
fe(x) = - 2716 -2 ()

Here, the f,(x) is the elliptical distribution of the volume forces over the swept area,
where R is the radius of the rotor. A Gaussian kernel f, (x) has been employed to smooth the
point force over the streamwise direction, o is the smoothing width, and x, is the coordinate
of the turbine center. Since the freestream U is not readily known in multi-turbine wind
farms, Uj is the average velocity at the rotor disk. From the actuator disk model based on
momentum theory, U, Uy, and induction factor a are related by

Uy

o = 1o (8)

Since U, has been replaced by Uy, Cr was substituted by C/. according to

Cr

1_a? ©)

/
T
A temporal moving average was applied on U, over a time window of T using a

first-order relaxation method (or exponential smoothing). This provides an extra cushion
against the numerical instability of the LES code.

(udT)"+1 = ell" + (1—¢) (udT)" (10)
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CT1aT (1)

2.3. Yaw Implementation

Yaw misalignment was implemented based on [5]. In the presence of yaw, the thrust
force was replaced as follows.

f= CT%pA(uooCOSG)Z (12)

Then the thrust force was projected into the Cartesian coordinates with the x-component
and the z-component being the following.

fx = fcosf = CT%pA(Uoocosf))zcosB (13)

1
fo = fsin = CTEpA(UOOCOSG)Zsin() (14)
The thrust force was then incorporated into the respective momentum equation.

2.4. Case Set-Up

A concurrent precursor method (CPM) was implemented in the in-house code,
WINDA4D [43].

The dimensions for all the cases are depicted in Figure 1a. The grid size in every
direction is 10 m. The wind speeds and the yaw angles are listed in Table 1. The surface
roughness length (o) of all the cases is 0.1 m, the value typically used for the flat terrains
in onshore wind farms. The diameter (D) and hub height (i) of the turbine are 120 m. The
inflow profile from the precursor domain is presented in Figure 1b. All the case profiles are
compared against the log law profile; they match well. In the study, each turbine’s thrust
coefficient Cr (=3/4) was maintained constant across all cases to primarily investigate the
influence of varying wind speeds at different yaw angles.

The flow statistics were collected for over 260 flow-through times. The simulations
were run over 70 flow-through times to ensure they reached a fully turbulent state. The
time window (T) in the time adaptive wind turbine model was 600 s.

Table 1. All the simulation cases of the present study.

ABL Cases Wind Speeds, U; u (ms—1) Yaw Angles, v (°)
case A 7.3;0.412 30
case B 7.3;0.412 20
case C 7.3;0.412 0
case D 10.4; 0.587 30
case E 10.4; 0.587 20
case F 10.4; 0.587 0
case G 4.3;0.243 30
case H 4.3;0.243 20

case I 4.3;0.243 0
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Figure 1. Sketch of the computation domain consisting of a recycling domain and a test domain (a).
Inflow profile from the precursor domain (b).

3. Results and Discussion
3.1. Analysis of the Contours of the Flow Fields and Turbulence Intensity

Figure 2 displays the time-averaged velocity deficit field in the XZ plane at hub height
for all cases, showing how the wake steering affects the deflection of the wake downstream
of the wind farm. The secondary effects of the wake steering cause an additional deflection
of the wake in the downstream direction of the wind farm. When the turbine converts a
portion of the incoming turbulent kinetic energy (TKE) into power output, a low-speed
zone (also known as the wake region) forms behind it. The wake then extends downstream
and widens due to turbulence mixing, allowing the wind to recover before reaching the
next turbine. The momentum exchange between the wake region and the ambient flow
increases with increasing yaw angle. However, the relative exchange does not increase
significantly with increasing speeds, leading to a little mismatch in self-similarity in velocity
deficit profiles (normalized by hub height velocity, Uy,).

The velocity deficit contours reveal a high-speed channel of unperturbed velocity
containing a significant amount of kinetic energy that passes through space between the
columns of the turbine in wind farms for non-yawed cases, as depicted in Figure 2. In
contrast, for yawed cases, this energy is extracted more and more as the flow moves
downstream with an increasing yaw angle. It is worth noting that even with the largest
yaw angles, the lateral wake interactions are minimal to zero. Therefore, the spanwise
distance between turbine columns is sufficient to avoid these interactions.
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Figure 2. Visualization of wake of all the cases at hub height in XZ plane. The diameter normalizes
all the dimensions. The white and maroon lines represent the turbines and the connected centers of
the turbines in a column, respectively.

The turbulence intensity distributions in the XZ plane at hub height for all cases are
presented in Figure 3. The turbulence intensity is the ratio of the standard deviation, oy (or
root mean square) of the local fluctuating velocities to the mean unperturbed velocity at
hub height, Uy, In all the cases, Tl is higher at the wake edges and shear layers due to a
higher production rate of turbulent kinetic energy (TKE) than its dissipation. This rise in
turbulence levels is primarily due to shear layers and momentum flux transfer from the
incoming atmospheric boundary layer into the wake region. The accumulation of TI in
the downstream direction leads to a quick recovery of the wakes and a shortening of the
near-wake lengths.

A dual-peak turbulence distribution is observed, with enhanced shear layers at the
edges of the turbine. Under yawed conditions, this distribution becomes asymmetric, and
the asymmetry increases with increasing yaw angles. This results in an asymmetric wake
recovery, as evident in the velocity-deficit profiles and contour plots.

Compared to non-yawed cases, yawed cases have more added turbulence (turbine-
wake-induced turbulence intensity) downstream. This added turbulence increases wake
width with no significant decrease in velocity deficit downstream.

Figure 4 displays the streamwise velocity contours in the YZ plane at 2D and 4D
distances from each turbine of each row for all the cases. Yawed cases generate a pair of
counter-rotating vortices at the top and bottom of the turbine rotor, and these vortices
shift the wakeline away from the center as the wake moves downstream. The vortices
eventually turn into a curled shape at further downstream locations. Although the yaw
angles significantly influence the shape of the vortices, the influence of wind speeds is
insignificant. The curled wake shape becomes more pronounced with increasing yaw
angles, and slightly larger vortices are produced at higher wind speeds. That is why the
wake moves less from the centerline for lower wind speeds, and this behavior is also
evident in Figure 10 further below.
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Figure 3. Turbulence intensity contours of the XZ planes at hub height of all the cases.
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Figure 4. Contour of the streamwise velocity deficits of the YZ plane at two downstream positions

of each row for all the cases. In the labels “xRyD”, x and y represent the row number and the

downstream distance from the same row, respectively.
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Figure 5 shows the turbulence intensity (TI) of the streamwise velocity in the YZ cross-
sectional planes at different downstream positions of the wind farm. The distribution of the
TI also exhibits the evolution of the curled shape phenomenon. In the wake of a turbine, the
entrainment of surrounding fluid causes a significant impact on the TI of the flow. At the
upper edge of the wake, the entrainment of high-momentum fluid from the boundary layer
results in an increase in TI due to increased shear and turbulence generation. Conversely,
at the lower edge of the wake, the entrainment of low-momentum fluid from the boundary
layer leads to a decrease in TI due to reduced shear and turbulence generation.
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Figure 5. Contour of the turbulence intensity of the YZ plane at two downstream positions of each
row for all the cases.

The displacement of the wake in the XY plane of streamwise velocity is observed to
exhibit vertical characteristics, as demonstrated by Figure 6. This displacement is primarily
caused by interactions between counter-rotating vortices, the ground, and the rotation of
the wake, with the most prominent effects being observed under yawed conditions. The
extent of this displacement is directly proportional to the magnitude of the yaw angle. The
direction of the displacement depends on the orientation of the counter-rotating vortices,
which is a function of the sign of the yaw angle. The vertical displacement of the wake is
critical to the overall wake deflection, which is further instrumental in mitigating wake
losses downstream. Wind shear differences in the vertical direction exhibit significant
variation with changing yaw angles but are relatively small with variations in wind speeds
in the wake region. The accelerations at the wake edges are determined to be negligible for
all three wind speeds at any specific yaw angles at any downstream position. Given their
minimal effects on wake recovery, these accelerations’ contributions to turbines’ power
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output are also insignificant. The presence of these accelerations under neutral atmospheric
conditions is primarily attributed to the adjacent upstream wakes in wind farms.

.2
0 4 9 x/p 14 19 24 gy

Figure 6. Contour of the velocity deficits of the XY plane for all the cases.

In a fully developed wake region, the vertical kinetical energy flux brings the high-
speed wind down to the upstream of the turbine at the hub height level. This energy
flux results from the complex interplay of atmospheric turbulence, wake-induced turbu-
lence, and the cumulative growth of the boundary layer due to wake, as illustrated in
Figures 6 and 7. The vertical kinetical energy flux increases as the flow moves downstream,
as evident from the increased turbulence levels and boundary layer growth. The turbulence
intensity profiles and contour plots consistently indicate elevated turbulence levels near
the upper edges of the rotor due to stronger wind shear, which leads to turbulent mixing,
eddy formation, and vortex generation.

3.2. Analysis of the Plots of the Flow Fields and Turbulence Intensity

Figure 8 presents a comparative assessment of the wake width at downstream loca-
tions of 2D and 4D for each row of turbines for all cases studied. The results indicate that the
wake width gradually increases beyond 4D downstream of the third row, contributing to
the expansion of the wind-farm wake. This phenomenon is attributed to the increased tur-
bulence mixing in the downstream flow by mean-wind advection and turbulent transport.
The velocity deficit profiles exhibit a two-dimensional Gaussian axisymmetric behavior for
non-yawed cases, consistent with previous research [12,44]. However, the lateral profiles
of the yawed cases are non-axisymmetric, and the degree of asymmetry increases as the
flow advances downstream and the yaw angle increases. Thus, the wind-farm wake char-
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acteristics are influenced by the yaw angle and the downstream distance, and these factors
significantly affect the wake width and its expansion.

Figure 7. Contour of the turbulence intensity of the XY plane for all the cases.

Figure 9 compares the lateral turbulence intensity profiles for three rows at two
downstream positions (2D and 4D) in all cases studied. The results show that, after all three
rows, the near-wake region around 2D downstream positions exhibits higher turbulence
levels. The TI experiences variations in both magnitude and spatial distribution as the flow
progresses downstream. Turbulent mixing reduces the turbine-wake-induced turbulence
levels downstream, resulting in a more uniform velocity profile with reduced fluctuations,
particularly in the far downstream region where turbulent structures have dissipated and
mixed with the mean flow. This diffusion and merging of turbulent fluctuations with the
mean flow are responsible for reducing total TI downstream. These findings suggest that
the wind-farm wake characteristics are influenced by turbulent mixing and the downstream
distance, which affects the spatial distribution and magnitude of TI in the wake region.

The wake losses are observed to be nearly identical for all velocities in the non-yawed
cases, as illustrated in Figure 10. This phenomenon is also reflected in the power output
results, as depicted in Figure 14 below. Furthermore, Figure 10 highlights that the wake
deflection is more prominent for higher speeds in the yawed cases. Given the lesser wake
steering for lower speeds, the blockage losses are higher for them. This wake behavior
significantly impacts the power output, particularly for the yaw angle of 20°. The relative
power output experiences a decline for the lower speeds, particularly for speed 4.3 ms~!.
Notably, the difference in the lateral spreads of the wakes for different wind speeds is
insignificant even farther downstream of the turbines, especially for higher wind speeds.
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As the yaw angle reduces, the lateral wake spread becomes more noticeable due to the lesser
mixing of momentum of the wake and undisturbed flow from both above and sideways.
This characteristic of the wake considerably influences the power output of each turbine.
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Figure 8. Comparison of velocity deficits among the rows at two downstream positions for all
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Figure 10. Comparison of the velocity deficits for different yaw angles and wind speeds, at down-

stream, for the three rows. Each row in the figure refers to each row of the wind farm.

The turbulence intensity profiles in the XZ plane at hub height exhibit similar trends
to the velocity deficits, as illustrated in Figures 10 and 11. The wind speed and yaw
angle variations affect the magnitude and location of the maximum TI, influencing wind
turbines and wind farms’ performance and efficiency. The elevated wind speeds displace
the maximum TI away from its original position due to increased mixing and turbulence,
leading to downstream expansion and shift of the wake. The profiles exhibit more deflection
as the wind speeds increase, particularly for the yaw angle of 20°. As the flow convects
further downstream, the difference in the deflection of the profiles becomes more noticeable
with the change in wind speeds at any yaw angle. This wake behavior can more significantly
impact power output when additional turbine rows are placed after the third row, and the
difference in power output can be more pronounced.

The impact of wind speed on the vertical velocity deficits is shown in Figure 12, which
indicates that there is only a weak correlation between these two parameters, except for
the yaw angle of 20°. Typically, weaker shear layers are formed at lower wind speeds,
resulting in less mixing between the wake region and the incoming atmospheric boundary
layer. This wake behavior significantly impacts power output, as illustrated in Figure 14.
However, the effects of this behavior are mitigated in the far wake region by the lateral
transport of the flow.
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Figure 11. Comparison of the turbulence intensity for different yaw angles and wind speeds, at
downstream, for the three rows. Each row in the figure refers to each row of the wind farm.
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Figure 12. Comparison of the vertical profiles of velocity deficits for different yaw angles and wind
speeds, at downstream, for the three rows. Each row in the figure refers to each row of the wind farm.



Energies 2023, 16, 4953

15 0f 19

XxX/D=2
» T T

The results presented in Figure 13 indicate that the vertical turbulence intensity profiles
do not exhibit a significant dependence on wind speed variations for different yaw angles.
However, changes in yaw angles affect the TI profiles at any specific wind speed. Increasing
yaw angles increases turbulence levels, particularly at the turbine edges. Mixing wake
turbulence with lateral turbulence in the far wake region mitigates these effects, leading
to wake recovery. On the other hand, stronger shear introduces more momentum into the
wake, resulting in more eddies and vortices, thereby increasing turbulence intensities when
the shear is stronger.
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Figure 13. Comparison of the vertical profiles of turbulence intensity for different yaw angles and
wind speeds, at downstream, for the three rows. Each row in the figure refers to each row of the
wind farm.

3.3. Analysis of the Relative Power Output of Wind Farms

In Figure 14, the power output of turbines within the wind farm is presented, which
has been normalized by the power output of a representative upstream turbine. The power
values have been averaged over time and across the same row of turbines. The analysis
investigates the effect of different yaw angles at various wind speeds on the power output
of the turbines.

The variability in incoming turbulence has been identified as a potential factor con-
tributing to the observed difference in power output between the second and third rows of
wind turbines. This can be attributed to the fact that turbulence can significantly impact
the efficiency of wind turbines by causing unpredictable wind speeds, which can lead to
reduced power output. In all cases considered, the power output of the second row of
turbines was found to be lower than that of the third row. This trend can be explained
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by the relatively slow recovery of wakes behind the first row, which is characterized by
a high-velocity deficit and low turbulence levels, compared to the second row. Beyond
the second row, however, the increased turbulence levels facilitate a faster recovery of
wakes, resulting in greater power generation. These findings highlight the importance of
considering turbulence levels and wake dynamics in optimizing the design and placement
of wind turbines for maximum power generation.

12 T T T T T T
[2] [b]
11 + + 4
1.0 g e 4
09 + + 4
&
Q
08| + + -
0.7} + + E
0.6 @ A 4@ B 1-@ ¢ J
—*=D - - F
-G - H -
0.5 [~ t -t t 1 t t
[d] [¢]
11F =+ + E
1.0 |
09 +
=y
Qs
0.8 | +
0.7} +
0.6 @ A 4@ 0D 1-@ 6 J
&= B -~ E -t H
- C - F -
03 1 31 1

Turbinze Row Turbinze Row Turbinze Row

Figure 14. Relative power output comparisons for the different speeds and yaw-angles. The sub-
figures (a—c) refer to the comparison among three wind speeds at 30°, 20°, and 0° yaw angles,
respectively. The subfigures (d—f) compare three yaw angles at 7.3 ms 1,104 ms™ !, and 4.3 ms~1
wind speeds, respectively.

In the absence of yaw misalignment of turbines, full wake interactions demonstrate
weak dependence on wind speeds. Similarly, partial wake interactions exhibit limited
sensitivity to wind speeds for a yaw angle of 30°. However, when the turbines are yawed
at 20°, partial wake interactions show a slightly stronger dependence on wind speeds,
particularly at lower wind speeds. Notably, at wind speeds of 4.3 ms !, the relative partial
wake interactions are comparatively stronger for lower wind speeds. The downstream
turbines’ gradual decrease in power output indicates that greater momentum extraction
from the fluid flow than entrainment occurs. These wake interactions” impact is evident in
the power output of wind turbines, as depicted in Figure 14.

4. Conclusions

In this study, we performed nine large eddy simulation (LES) cases of the neutrally
stratified atmospheric boundary layer (ABL) flow through a three-by-three wind farm. The
study’s primary purpose was to analyze the effects of the variability of wind speeds at
different yaw angles on the wind farm’s wake characteristics and power output. All the
LESs cases have almost the same turbulence intensity of 12.0% at hub height, and the three
wind speeds are about 7.3 ms~! 104 ms™1, 43 ms™1, and the three yaw angles are 30°,
20°, and 0°. Wind speed variations have little influence in wake characteristics for any yaw
angle, except for the wind speed 4.3 ms~! at the yaw angle of 20°. The wake deflection
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is higher at higher wind speeds and with yawed wind turbines. However, the degree of
wake steering is reduced at lower wind speeds, resulting in increased blockage losses. At
lower wind speeds, the turbulence intensity profiles show reduced deflection, particularly
at the yaw angle of 20 degrees when the wind speed is 4.3 ms~!. As the flow progresses
downstream, the difference in the degree of deflection between the profiles becomes more
apparent, regardless of the yaw angle, due to the varying wind speeds. This wake behavior
significantly affects the power generated, especially when the turbines are yawed. The
power losses are higher for the lower wind speeds, especially for the yaw angle of 20° at
the wind speed of 4.3 ms~!.
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