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Abstract

Mitigating wake effects between wind turbines is crucial for enhancing the overall output
power of offshore wind farms. Therefore, optimizing turbine spacing and layout under
turbulent conditions is essential. This study employs the NREL-5 MW wind turbine
model to investigate the efficiency of a 3 × 3 wind farm. This research focuses on the
influence of turbine spacing and layout on wake field distribution and output power
characteristics under different turbulence intensities. A key innovation is the application of
entropy production theory to quantify energy dissipation and wake recovery, providing a
deeper understanding of the underlying mechanisms in energy losses. This research also
introduces fatigue analysis based on the Damage Equivalent Load (DEL) method, revealing
that staggered layouts significantly reduce cyclic loads and extend turbine lifespan. The
results indicate that modifying the layout is a more effective strategy for enhancing the
total power output of the wind farm, which proves to be more effective than altering the
turbulence intensity. Specifically, staggered layout I (with a downstream stagger of 1.0 rotor
diameter (D)) increases total output power by 28.76% (to 36.84 MW) and causes a 16.38%
surge in power when the spacing increases to 5D. Expanding the wind turbine spacing
mitigates wake interaction, resulting in a dramatic 59.84% power recovery for downstream
wind turbines. The wind turbine’s lifespan is extended as a result of fatigue loads on the
root bending moment being substantially reduced by the staggered layout, which alters the
wake structure and stress distribution. The entropy production analysis shows that regions
with high entropy production are primarily concentrated near the rotor and within the
wake shear layer. The energy dissipation is substantially reduced in the case of staggered
layout. These findings provide valuable guidance for the aerodynamic optimization and
long-term operation design of large-scale wind farms, contributing to improved energy
efficiency and reduced maintenance costs.

Keywords: wind farm; wake effect; turbulence environment; wind turbine fatigue; entropy
production theory
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1. Introduction
Declining global fossil fuel reserves are accelerating the development of new energy

sources [1]. The ongoing energy transition depends heavily on advancements in renewable
energy technologies [2,3]. Among these, wind power has attracted increasing attention
because of its cleanliness, abundant resources, and high level of technological maturity [4].
However, the aerodynamic interaction between upstream and downstream wind turbines,
known as the wake effect, can lead to substantial power losses and increased structural
loads on downstream units. As the number of wind turbines increases and the overall
layout becomes denser, wake flows tend to overlap and accumulate, intensifying flow
disturbances across the wind farm. Consequently, as wind farms continue to expand in
scale and turbine spacing becomes more complex, wake interference has emerged as a
critical factor limiting overall energy efficiency and operational reliability. Under turbulent
wind cases, the wake characteristics become even more complicated, making it essential
to optimize turbine spacing and layout in a scientific and rational manner to enhance the
overall performance of the wind farm.

Altering the positions of wind turbines within a farm can allow downstream turbines
to potentially avoid the wake regions of upstream turbines. This reduces the wind farm’s
overall wake effect and improves its wind energy utilization efficiency. Sun et al. [5] com-
pared the wake characteristics of two typical turbine layout schemes under complex terrain
conditions using radar measurement technology. They found substantial wind velocity
attenuation in the downstream region of the turbines and a positive correlation between
terrain complexity and the nonlinear characteristics of the wake structure. Based on wind
tunnel experiments, Su et al. [6] detailed the power performance of vertical-axis wind tur-
bines under various transverse and longitudinal arrangements. Their results indicated that
optimizing the turbine array configuration could enhance the average power coefficient
even further. Daaou et al. [7] proposed and simulated the relationship between unit spacing
and the wake effect between wind turbine units. Gonzalez-Rodriguez et al. [8] presented
a global optimization method for wind farms to increase annual energy production, opti-
mizing farm siting and layout considering factors like seabed characteristics, depth, and
cable costs, assuming unlimited farm size and turbine number. Sahebzadeh et al. [9] used
high-precision simulation software to study the aerodynamic effects between adjacent wind
turbines. They quantitatively analyzed how installation locations influence the overall
power output of the array. Zhang et al. [10] developing a novel wake control strategy
that effectively mitigates wake effects through intelligent rotor coordination. Their study
demonstrated that by optimizing the operational parameters of dual rotors, substantial
wake steering can be achieved, reducing velocity deficits in the downstream region by
up to 23% compared to conventional single-rotor configurations. Fu et al. [11] used large
eddy simulation with an actuator line model (LES-ALM) to study the wake effects and
aerodynamic performance of three NREL-5 MW offshore wind turbines. They analyzed
different layouts and spacings, finding that spacing substantially impacts downstream
turbines more than middle ones, and that bilateral turbulent inflow leads to more stable
performance. The study provides insights for optimizing wind farm layouts to minimize
wake losses. Wang et al. [12] used LES coupled with the actuator disk model to study the
effects of three turbine array layouts-aligned, laterally staggered, and vertically staggered
with 40 turbines arranged in 10 rows-on a wind farm’s power output and wake effects. The
study analyzed flow field characteristics, turbulence intensity, and wake recovery distance
under the different layouts. It highlighted the critical role of the hub height difference in
enhancing performance within the vertically staggered layout.

The turbulence intensity significantly impacts the dynamic characteristics and aerody-
namic loads of wind farm units. The higher turbulence intensity can reduce power deficit
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caused by wakes, which allows for more compact turbine layouts that save space and
resources. Liu et al. [13] employed a LES coupling method to NREL-5 MW wind turbine
model in different turbulent environments with varying wind turbine spacings. The results
showed that, when the spacing is less than 5.1D, an increase in inflow turbulence intensity
led to a steady rise in output power density. However, when the spacing exceeded 5.1D,
the output power density first increased and then decreased. Yue et al. [14] proposed an
active, narrow-band, synthetic, random flow generation method using large eddy simu-
lation to generate inflow turbulence in real time at the turbine inlet. The results showed
that turbulence significantly affects the aerodynamic characteristics of wind turbines by
altering the wake velocity distribution and enhancing fluctuating wind energy at specific
frequencies. Cao et al. [15] developed a multi-objective optimization framework based on
NSGA-II that integrates a 3D turbulence intensity model and a 2D Gaussian wake model.
This framework optimizes wind farm layouts by considering both power output and tur-
bulence intensity. Evaluations across three distinct scenarios demonstrated its effectiveness:
under single direction wind, the maximum turbulence intensity was reduced by 20.4%;
under multi-directional winds, it was reduced by 2% compared to a prior single objective
benchmark; and when applied to a real-world wind farm, a reduction of 8.1% was achieved
alongside a 0.8% increase in total power. Furthermore, the method significantly reduced
the operational time under high-turbulence conditions by up to 71%, without compromis-
ing power generation. Thus, the method effectively mitigates fatigue loads and extends
turbine service life. Wang et al. [16] conducted a case study of the Hexi Corridor in Gansu
province. Using a combination of experimental and numerical methods, they predicted
the impact of the corridor’s long topography on wind power generation. They found that
the atmospheric boundary layer in this terrain exhibits very large-scale motions (VLSMs)
and large-scale motions (LSMs), which the standard IEC Kaimal spectrum cannot describe.
Consequently, they proposed a new wind spectrum model tailored for corridor topography,
called the IECK-HX model. This model more accurately describes wind patterns in the
Gansu province.

The layout of wind turbines affects the distribution of turbulence intensity within a
wind farm. Turbulence intensity is one of the most critical factors that exacerbate fatigue
loads on wind turbines. An unreasonable layout can substantially increase turbulence
intensity, substantially shortening the design life of turbines and increasing operational and
maintenance costs. Liu et al. [17] used a computational fluid dynamics coupling method
to simulate a 4.5 MW wind turbine with different yaw angles, turbulence intensities, and
inter-turbine distances. Their results suggest that the wake recovery effect is optimal when
the yaw angle is between 30◦ and 40◦, effectively reducing the equivalent fatigue load on
downstream turbines. Increased turbulence intensity significantly elevates fatigue loads,
and turbine spacing exerts a complex, nonlinear influence on load distribution. In addition
to the aforementioned research on static yaw strategies, dynamic yaw control has also
received significant attention in recent years due to its ability to actively regulate wake
turbulence. Zhang et al. [18] further investigated the complex aerodynamic behavior of
twin-rotor floating wind turbines, analyzing the effects of combined platform rotation
and pitch motions on aerodynamic loading and wake recovery characteristics, providing
valuable insights for floating wind farm design. Lin et al. [19] used a LES coupled with
an aeroelastic solver to study the dynamic yaw control of an array of eight NREL-5 MW
wind turbines. The study revealed that periodically yawing the leading turbine at 0.01 Hz
(the resonant frequency) maximized wake oscillation and increased the array’s total power
output by 5%. However, increasing the yaw frequency also resulted in a substantial increase
in root flutter and fatigue loads on the yaw bearings.
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Traditional wake analysis can effectively quantify total energy deficit in a wake. How-
ever, this method has limitations when it comes to revealing the internal mechanisms of
energy dissipation and the spatial distribution characteristics. Entropy generation analysis
is a thermodynamic approach used to quantify irreversibilities and energy losses within a
flow field. In the context of wind farms, it evaluates how kinetic energy from the wind is
degraded into less useful forms such as viscous dissipation, turbulence mixing, and thermal
diffusion. In wake assessment, this method provides a deeper physical understanding
of how and where energy degradation occurs behind wind turbines. Unlike traditional
momentum, entropy generation analysis directly measures the thermodynamic inefficiency
of wake interactions, turbulence, and flow recovery. Therefore, it helps identify regions
of high energy loss, optimize turbine spacing and arrangement, and improve the overall
aerodynamic and energetic efficiency of wind farms. Wang et al. [20] used computational
fluid dynamics (CFD) methods to simulate the aerodynamic performance and wake char-
acteristics of offshore wind turbines at different pitch angles and frequencies. The study
investigated the periodic fluctuations in aerodynamic loads induced by pitch motion, the
distribution of entropy production, and the evolution patterns of horseshoe vortices. Song
et al. [21] used numerical simulations and entropy production theory to study the hydro-
dynamic performance and energy deficit characteristics of the Archimedes screw turbine
with nine different blade angles. The study examined the manner in which blade angle
influences power, thrust, self-starting capability, and wake entropy production distribution
under both axial and yaw flow conditions.

Despite significant progress in various areas, there are still notable research gaps.
Firstly, many studies focus on the analysis of single factors, such as those that examine
only the impact of turbine layout on output power or the effects of turbulence intensity on
wake recovery. Few studies systematically analyze how the interaction between layout and
turbulence intensity affects the overall performance of wind farms and turbine lifespan.
This is particularly true in conditions of higher turbulence intensity, where the optimization
of wind farm layouts has not received sufficient attention, and existing research has failed
to adequately reveal the complexity of the interaction between turbulence intensity and
turbine layout. Secondly, traditional research methods mainly rely on classical approaches
such as momentum and energy conservation to analyze wake effects and output power.
However, entropy production theory, an emerging fluid dynamics method, remains un-
derutilized in wind energy research, especially in wake effect analysis. The application of
entropy production theory to quantify energy loss under different layouts has not been
sufficiently explored.

This study addresses a gap in the existing literature by proposing a novel analytical
approach that combines entropy production theory with the DEL method to systematically
investigate the coupled effects of turbine layout, turbulence intensity, and wake effects. By
analyzing the output power and wake characteristics of square, diamond, and staggered
layouts under varying turbulence intensities, this study not only uncover the mechanisms
through which layout optimization and turbulence intensity influence wind farm output
power, but also provide a deeper analysis of energy loss and wake recovery under different
layouts using entropy production theory. Specifically, Section 2 introduces the numerical
methods, including momentum theory, the Dynamic Wake Meandering (DWM) wake
model, and FAST.Farm framework, along with validation of the turbulent wind field and
grid independence. Section 3 details the case setup, including wind farm models and
simulation parameters for square, diamond, and staggered layouts under various spacing
and turbulence conditions. Section 4 presents a comprehensive analysis of power output
and wake characteristics under different layouts, and employs entropy production theory
to elucidate the underlying mechanisms of irreversible energy dissipation. Finally, the
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conclusion summarizes the key findings and their implications for wind farm optimization.
This study demonstrates that staggered layouts can significantly reduce turbine fatigue
damage and improve overall wind farm efficiency, thereby filling the gap in the systematic
analysis of the interaction between layout and turbulence intensity in existing research.

2. Numerical Methods and Validation
2.1. Numerical Method
2.1.1. Momentum Theory and the Betz Limit

Momentum theory [22] is a commonly applied approach for estimating the induced
velocity in wind turbine rotors. According to aerodynamic principles, the aerodynamic
loads acting on the rotor are proportional to the square of the incoming wind velocity.
Meanwhile, energy conversion efficiency is reflected by the degree to which the wind
velocity is attenuated downstream. This energy conversion mechanism, which is based
on the conservation of momentum and energy, provides the theoretical foundation for
designing and analyzing the performance of wind turbines. In this idealization, the wind
turbine is represented as a stationary actuator disk that exerts a uniform thrust on the flow,
reducing its velocity downstream. The following assumptions are made: (1) the flow is
steady, uniform, and incompressible; (2) the rotor is modeled as an ideal actuator disk
with negligible frictional losses; and (3) the thrust is uniformly distributed over the disk
surface, with a finite static pressure jump across the disk and equal static pressures in the
far upstream and far downstream regions.

The ideal output power P of the wind turbine is as follows:

P = TUd = 2ρAdU3
∞α (1 − α)2 (1)

The dimensionless thrust coefficient CT is as follows:

CT =
T

1
2 ρAdU2

∞
= 4α(1 − α) (2)

The dimensionless power coefficient CP is as follows:

Cp =
P

1
2 ρAdU3

∞
= 4α (1 − α)2 (3)

where α is the wind turbine axial induction factor. T is the thrust provided by the rotor. ρ

is the air density(kg/m3). A∞, Ad, and Aw represent the rotor areas (m2) at the upstream,
rotor disk, and downstream planes, respectively, while U∞, Ud, and Uw represent the
corresponding wind velocities (m/s).

When α = 1/3, the wind energy utilization coefficient is maximized, yielding the
highest conversion rate, Cp,max, also known as the Bates limit [23].

2.1.2. Dynamic Wake Meandering Wake Model

To model the evolution of wakes in the wind farm, this study employs the DWM
model, which accounts for the lateral deflection and recovery of wind turbine wakes due to
atmospheric turbulence and shear. This model is essential for understanding how wake
effects change over time and space within a wind farm. The key assumptions of the
model include the wake’s initial alignment with the wind direction, the lateral meandering
caused by turbulence, and the wake’s recovery due to shear effects in the atmospheric
boundary layer.

The DWM model considers four aspects of the wake: deflection, meandering, deficit
evolution, and merging. When the wind turbine is not yawing, the wake exhibits good
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symmetry in expansion. The wake centerline does not oscillate randomly, maintaining a
stable axis. The central wake wind velocity substantially decreases and gradually recovers
downstream. The velocity deficit profile usually follows a Gaussian distribution or a
similar model. Assuming that the radial gradient of wind velocity deficit is substantially
greater than the axial gradient and that the wake is approximately symmetric about the
centerline, the pressure term in the Navier–Stokes (N-S) equations [24] can be neglected.
Using thin shear layer theory, the N-S equations can be approximated, yielding the axial
momentum equation:

rVx
∂Vx

∂x
+ rVr

∂Vx

∂r
= vt

∂Vx

∂r
+ rvt

∂2Vx

∂r2 + r
∂vt

∂r
∂Vx

∂r
(4)

Vr + r
∂Vr

∂r
+ r

∂Vx

∂x
= 0 (5)

The wake model is simplified into Equations (4) and (5), which represent the lateral
displacement and recovery due to turbulence and shear, respectively. The DWM model is
solved iteratively within FAST.Farm, where the wake dynamics influence the turbine loads
and the resulting output power. The wake meandering and recovery are calculated over
time using the numerical methods provided by the FAST.Farm framework, incorporating
turbulence and shear layer effects. These interactions allow for accurate predictions of
turbine performance in a wind farm setting.

2.1.3. Damage Equivalent Load Method

Fatigue damage accumulation is a critical consideration in wind turbine design, par-
ticularly for blade root bending moments, which endure complex cyclic loading patterns
due to turbulent wind effects. The DEL methodology provides an efficient approach to con-
dense variable amplitude loading spectra into a single constant amplitude load value that
produces equivalent fatigue damage over a specified reference period [25]. DEL primarily
employs Palmgren-Miner’s linear cumulative damage theory, processing time-series load
data from FAST.Farm simulations through rainflow counting to extract full load cycles
from the irregular loading history. This algorithm identifies closed hysteresis loops in the
load-time series, effectively decomposing variable amplitude loading into discrete stress
ranges and corresponding cycle counts [26]. According to Miner’s rule, the total damage G
for a load spectrum is calculated as [27]:

G =
k

∑
i=1

ni
Ni

(6)

where ni is the number of cycles at stress range Si, and Ni is the number of cycles to failure
at Si based on the S-N curve of the material.

The DEL is derived by equating the damage from the variable amplitude spectrum to
that of a constant amplitude load over a reference number of cycles Nref:

DEL =

(
∑ ni · Sm

i
Nre f

)1/m

(7)

where reference cycles Nref = 107, representing approximately 20 years of operational life.
m is the material-dependent Wöhler exponent. For composite turbine blades, it is typically
assumed that m = 10 [28].

In this analysis, the primary load components are Flapwise (torque and bending
moments), which significantly influence fatigue at the blade root. The sampling frequency
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for time series data from FAST.Farm simulations is set at 80 Hz, corresponding to a sampling
interval of 0.0125 s, ensuring that the loading history is accurately captured. The S-N curve
used for fatigue life estimation is based on the standard data for Glass Fiber Reinforced
Polymer and Carbon Fiber Reinforced Polymer materials, as defined in IEC 61400-13 [29].
Additionally, the fatigue index m = 10 is chosen, reflecting typical values for composite
materials used in wind turbine blades.

2.1.4. Entropy Generation Theory

Entropy generation is a metric used to quantify the irreversibility of a thermos-fluid
process. This irreversibility is primarily attributed to two processes: fluid viscosity effects
and heat transfer. The balance equation for a single-phase incompressible fluid is as
follows [30]:

ρ

(
∂s
∂t

+ u
∂s
∂x

+ ν
∂s
∂y

+ w
∂s
∂z

)
= diν

(→
q
T

)
+

Φ

T
+

ΦΘ

T2 (8)

where u, v and w are instantaneous velocities, s is entropy per unit mass (J/kg K), T is local
thermodynamic temperature (K), and q is the heat flux (W/m2). Φ and ΦΘ represent the
dissipation functions of the fluid.

According to the RANS approach for turbulent flows, prior to time averaging the
equation all quantities (s, u, v, w) are split into time-mean (s, u, v, w) and fluctuating parts
(s′, u′, v′, w′). The time-averaged equation is as follows:

ρ

[(
∂s
∂t

+ u
∂s
∂x

+ v
∂s
∂y

+ w
∂s
∂z

)
+

(
∂u′s′

∂x
+

∂v′s′

∂y
+

∂w′s′

∂z

)]
= div

(→
q
T

)
+

Φ

T
+

ΦΘ

T2 (9)

where Φ/T represents the time average entropy production rate (EPR) induced by fluid
viscosity effects. ΦΘ/T2 represents the entropy production rate caused by heat transfer.

Assuming the ambient temperature around the wind turbine remains constant, the
entropy production caused by heat transfer and temperature gradients can be neglected.
Therefore, this study sets ΦΘ/T2 = 0. Φ/T consists of two components: entropy production
rate by direct dissipation SPRO,D [W/(m3 K)] and entropy production rate by indirect
dissipation SPRO,D′ [W/(m3 K)].

sPRO,D =
µ

T

[
2

{(
∂u
∂x

)2
+

(
∂v
∂y

)2
+

(
∂w
∂z

)2
}
+

(
∂u
∂y

+
∂v
∂x

)2
+

(
∂u
∂z

+
∂w
∂x

)2
+

(
∂v
∂z

+
∂w
∂y

)2
]

(10)

sPRO,D′ =
µ

T

[
2

{(
∂u′

∂x

)2
+

(
∂v′

∂y

)2
+

(
∂w′

∂z

)2
}
+

(
∂u′

∂y
+

∂v′

∂x

)2
+

(
∂u′

∂z
+

∂w′

∂x

)2
+

(
∂v′

∂z
+

∂w′

∂y

)2
]

(11)

where µ is the effective viscosity [kg/(m s)].
The SST k-ω model was selected for its ability to balance computational efficiency and

accuracy, making it ideal for simulating wind turbine flows. Unlike LES, which resolves
large eddies at a high computational cost, SST k-ω provides accurate boundary layer
predictions while maintaining computational feasibility. It combines the strengths of the
k-ω model near walls and the k-ε model in the free-stream, offering superior performance
in turbulent boundary layers compared to other RANS models like k-ε, which struggle
in near-wall regions. This makes SST k-ω an optimal choice for large-scale wind farm
simulations. According to the SST k-ω turbulence model and the empirical formula, SPRO,D′

can be calculated as follows:

SPRO,D′ =
ρε

T
= 0.09

ρωk
T

(12)
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where ε is turbulent dissipation rate (m2/s3), ω is the turbulent eddy frequency (1/s), 0.09 is
the constant, k is the turbulent kinetic energy (m2/s2).

2.2. Numerical Validation
2.2.1. Introduction to FAST.Farm

FAST.Farm is simulation software designed to predict the power performance and
structural loads of wind turbines within wind farms [31]. Its primary applications are
optimizing power generation and reducing load uncertainty in wind farms. FAST.Farm em-
ploys a unique computational model. This model substantially reduces computational costs
through parallel processing strategies while maintaining sufficient simulation accuracy.
Thus, it can support the demands of the engineering design process [32].

Since the aerodynamic load calculation for wind turbines is performed in AeroDyn
(module within FAST.Farm v3.2.1) in FAST.Farm, a coupled simulation between the two
programs is required to conduct the dynamic analysis of the wind turbine shown in Figure 1.
Wind data generated in TurbSim(from v4.0.2) are input into AeroDyn for calculation. The
computed loads are then imported into FAST.Farm. At the same time, the structural
dynamic characteristic data calculated by FAST.Farm is imported back into AeroDyn to
recalculate the loads [33].

Figure 1. Workflow of the coupled simulation between TurbSim, AeroDyn, and FAST.Farm.

2.2.2. Validation of Turbulent Wind Field

TurbSim is a code that generates random full-field turbulent wind. Dedicated to
atmospheric flow field simulation, it controls the time series of wind velocity vectors
(u, v, w) at points on a two-dimensional, vertical, rectangular grid [34]. To meet the
simulation requirements for the subsequent wind farm size, a turbulent wind field with a
grid height of 175 m, a width of 2500 m, and a turbulence intensity (I) of 15% is generated
by using TurbSim. Spatio-temporal distribution characteristics of this turbulent wind fields
is observed in Figure 2. Compared with the Kaimal spectrum, the wind velocity spectrum
at a height of 90 m is shown in Figure 3. The two wind velocity spectra have similar energy
distributions across most frequencies. This indicates that the wind velocity time history
generated by the TurbSim meets the result of the Kaimal spectrum.
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(a) (b)

Figure 2. Validation of the turbulent wind field generated by TurbSim: (a) Spatio-temporal distri-
bution characteristics of turbulent wind fields; (b) Comparison of wind velocity spectrum between
TurbSim data and the Kaimal spectrum in the case of U = 11.4 m/s and I = 15%.

Figure 3. Description of the computational domain at the square layout.

2.2.3. Grid Sensitivity Analysis

To balance computational accuracy and efficiency, the computational domain in this
study is divided into a high-resolution domain and a low-resolution domain [35], the
specific grid division is shown in Figure 3. The high-resolution domain uses mesh re-
finement for each wind turbine to accurately simulate the flow field and wake around it.
The low-resolution domain encompasses the entire wind farm and focuses on the wake’s
overall evolution and bending phenomena.

Table 1 shows the output power of a single NREL-5 MW wind turbine under uniform
wind cases and the wind velocity of 11.4 m/s for three different grid sizes, and the rated
power of the wind turbine is 5.29 MW. The output power comparison ratio represents the
ratio of the calculated results in this study to the rated power of the wind turbine. The
comparison results indicate that the calculation errors for all three mesh sizes fall within the
permissible range. Given the precision of the computational results, subsequent research in
this study will use the Mesh1 as the computational parameter.
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Table 1. Comparison of the output power of the single wind turbine at the different grid sizes.

Low-Resolution
Domain Mesh Size(m)

High-Resolution
Domain Mesh Size(m) Output Power (MW) Output Power

Comparison Ratio (%)

Mesh1 10 5 5.28 99.81
Mesh2 10 10 5.23 98.87
Mesh3 20 10 5.22 98.68

2.2.4. Validation of Single and Multiple Wind Turbines Power Performance

This study performs numerical simulations of the NREL-5 MW wind turbine under
the following four cases: a cut-in wind velocity of 3 m/s, a cut-out wind velocity of 25 m/s,
an inflow wind velocity of 8 m/s (which corresponds to a maximum tip velocity ratio), and
a rated wind velocity of 11.4 m/s. It can be found form Figure 4a that the results of this
study are in good agreement with the design values in Reference [36], both before and after
reaching the rated cases. This study uses measured data [37] from the Horns Rev wind
farm alongside its high-fidelity simulation results [38] to validate the accuracy of predicting
the output power of multiple wind turbines within a wind farm. The comparison results
are shown in Figure 4b. It is found that the output power prediction results for the wind
turbines in this study are slightly lower than those of LES, and the LES results are lower
than those of measured data. Specifically, at T3, these deviations increase to 17.59% and
28.51%, representing the largest observed error. The relatively large deviation at Turbine
3 is mainly attributed to intensified wake interactions and turbulence dissipation in the
downstream region, where the accumulated wake deficits from upstream turbines cause
significant reductions in local inflow velocity and turbulence intensity that are difficult
to reproduce precisely in numerical simulations. It is also evident that this discrepancy
can be attributed to the differences between the software and wind farm utilized in this
study and those referenced in the literature. In addition, this phenomenon emerges due
to the influence of numerous factors on the measured data from the wind farm, including
ambient temperature, humidity, and terrain complexity. It is possible that these factors are
not accurately accounted for in the numerical simulations, resulting in prediction values
that are lower than expected one. Overall, the magnitude and trend of the percentage errors
confirm that the model provides a reliable estimation of multi-turbine power output within
a physically reasonable uncertainty range.

(a) Single wind turbine case (b) Multiple wind turbines case 

Figure 4. Verification of output power for single and multiple wind turbines [36–38].
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3. Optimization of Wind Farm Layout Design
3.1. Numerical Model

The NREL-5 MW wind turbine model, developed by the NREL, is selected for all
turbines within the wind farm [39]. For ease of writing, the upstream wind turbine, mid-
stream wind turbine and downstream wind turbine are abbreviated as UWT, MWT and
DWT, respectively. This study details the parameter settings for the wind farm using the
square layout shown in Figure 5. The 3 × 3 wind farm layout was chosen to systematically
analyze the coupling effects of layout, turbulence intensity, and spacing on wake inter-
actions. This configuration allows for the study of typical wake behavior between rows
and columns, capturing upstream and downstream effects while maintaining manageable
computational costs. The 3 × 3 array serves as a representative unit for examining wake
propagation and recovery dynamics across different turbine configurations. This layout
configuration established three distinct cases based on the inter-turbine spacing parameter.
The spacing between wind turbines in the x and y directions is set to M (M = 3/4/5D,
where D = 126 m, the turbine diameter). The low-resolution computational domain for the
entire wind farm is 4000 m × 2500 m × 300 m. A high-resolution computational domain of
200 m × 200 m × 120 m is defined for each wind turbine. Each wind turbine is enclosed
within its respective high-resolution domain and positioned within the low-resolution
domain to obtain more precise simulation data. The simulation duration for all cases at
this wind farm is 4000 s. Due to the initial operational instability of the wind turbines, the
first 3000 s of data are excluded to ensure the accuracy of the analysis. The turbulent inflow
wind direction is aligned uniformly along the positive x-axis, which is perpendicular to the
wind turbine rotor plane. To investigate the impact of turbulence intensity on the power
output and wake effects of wind farm, four turbulence intensity (I = 0%, 5%, 10% and 15%)
are set for a comparative analysis.

Figure 5. Three-dimensional schematic diagram of a square layout wind farm.

3.2. Wind Farm Layout

To investigate the impact of different layouts on the wind farm’s overall power gen-
eration efficiency and wake effects, square, diamond and staggered layouts are set up, as
shown in Figure 6. The diamond layout uses the first wind turbine (T1) as the reference
point. The wind turbines are spaced at 1.5D, 2D, and 2.5D in both the longitudinal (Lx)
and lateral (Ly) directions (Lx = Ly = 1.5D, 2D, and 2.5D). The square root of 2 times this

reference distance (
√

L2
x +L2

y = 2.12D, 2.83D, 3.54D) defines the actual diagonal spacing
between T1 and the side-rear wind turbines (T2, T3). Building upon the square layout,
two staggered layouts are derived by translating M-DWT laterally in the negative direction:
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staggered layout I shifts the second row by N = 0.1D, 0.5D, and 1.0D; staggered layout II
simultaneously shifts the second and third rows by N = 0.1D (0.2D), 0.3D (0.6D), and 0.5D
(1.0D) to systematically investigate the impact of staggered layouts on wind farm output
power. The present study utilizes twenty-four spacing cases and four turbulence intensity
cases, yielding a total of ninety-six cases.

(a) Square layout (b) Diamond layout

(c) Staggered layout I (d) Staggered layout II

Figure 6. Two-dimensional schematic diagrams of wind farms with various layout.

4. Results and Discussion
4.1. Square Layout Case
4.1.1. Power Performance

The variation in the time-averaged output power of wind turbines in the square layout
with turbulence intensity I and turbine spacing M is shown in Figure 7. When I = 0%
(uniform wind), the time-averaged output power is shown in Figure 7a. UWTs are on
the front row facing the wind and are unaffected by the wake. The time-averaged output
power varies minimally across different spacing configurations. In contrast, M-DWTs
are impacted by the wake generated by UWTs. The inflow wind velocity is substantially
reduced, resulting in markedly lower time-averaged output power compared to UWT. The
difference increases with larger wind turbine spacing. As M increases from 3D to 5D, the
time-averaged output power of MWTs increases by 40.91%, while the output power of
DWTs increases by 59.84%. These results suggest that increasing M can effectively enhance
a wind farm’s output power, with the most significant improvement observed for DWTs.
When M = 5D, the time-averaged output power of the DWTs exceeds that of the MWTs.
As the spacing between the wind turbines increases, the wake merging effects from the
U-MWTs diminish. At the same time, energy replenishment from the free-flowing wind
allows the wake velocity to approach the ambient wind velocity.
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(a) I = 0% (b) I > 0% 

Figure 7. The time-averaged output power of wind turbines in the square layout.

The variation in the time-averaged output power of each wind turbine with turbulence
intensity I changes is shown in Figure 7b. The total output power of the wind farm gradually
increases as turbulence intensifies when I > 0%. The total output power of each row of
three wind turbines also follows the same trend. The wind turbines are affected by the
random characteristics of turbulent wind velocities, resulting in differing power outputs
among the three turbines in the same column.

As shown in Table 2, the time-averaged output power of UWTs is negatively correlated
with I, while total wind farm output power is positively correlated. The higher turbulence
intensity causes greater wind velocity fluctuations within the field, which affects the normal
operation of the UWTs and reduces their output efficiency. The time-averaged output power
of M-DWTs is influenced by natural turbulent wind flow and additional turbulence caused
by the wake of UWTs. The turbulence intensity within the wake zone and accelerates wake
recovery. As turbulence intensity increases, the time-averaged output power of M-DWTs
rises gradually, thereby boosting the total power output of the wind farm. The total output
power of the wind farm reaches its maximum when M = 5D. At this spacing, an increase in
turbulence intensity only yields a limited improvement in total output power. The total
output power of the wind farm only rises by 6.55% when turbulence intensity increases
from 0% to 15%.

Table 2. Time-averaged output power for wind turbines in the square layout (MW).

M I T1 T2 T3 T4 T5 T6 T7 T8 T9 Total

3D

0% 4.85 4.85 4.85 1.32 1.32 1.32 1.27 1.27 1.27 22.32
5% 4.63 4.78 4.65 1.57 1.72 1.51 1.32 1.42 1.31 22.89

10% 4.42 4.67 4.49 1.73 2.03 1.63 1.36 1.56 1.34 23.23
15% 4.23 4.58 4.32 1.91 2.38 1.79 1.44 1.77 1.41 23.83

4D

0% 4.85 4.85 4.85 1.61 1.61 1.61 1.49 1.49 1.49 23.85
5% 4.66 4.78 4.66 1.81 2.00 1.84 1.55 1.67 1.58 24.56

10% 4.52 4.68 4.62 1.91 2.32 1.99 1.58 1.84 1.65 25.10
15% 4.37 4.58 4.51 2.04 2.65 2.16 1.65 2.12 1.77 25.84

5D

0% 4.85 4.85 4.85 1.86 1.86 1.86 2.03 2.03 2.03 26.22
5% 4.67 4.78 4.76 2.08 2.25 2.21 2.09 2.20 2.13 27.17

10% 4.51 4.68 4.68 2.23 2.57 2.46 2.13 2.39 2.26 27.91
15% 4.36 4.58 4.59 2.41 2.89 2.77 2.23 2.63 2.48 28.94
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4.1.2. Wake Characteristic

Wind turbine wakes are complex due to the dynamic interactions between turbine-
induced flow disturbances, turbulence, and wake recovery processes [40]. The main
physical mechanisms contributing to these complex wakes include turbulent mixing, vortex
shedding, shear effects, and wake recovery. As wind passes through the rotor, it induces
turbulence, leading to the formation of turbulent eddies and vortex shedding, which causes
significant energy dissipation near the wind turbine. This turbulence extends downstream,
contributing to the energy deficit within the wake. Additionally, vortex shedding creates
disturbances in the flow field, resulting in fluctuating wind velocities that reduce the energy
available to DWTs. The wake shear layer, formed between the high velocity external flow
and the low velocity wake, plays a crucial role in energy dissipation. The intense mixing
within this shear layer leads to increased entropy production, while facilitating energy
exchange between the wake and surrounding air, which accelerates wake recovery [41].
The efficiency of wake recovery is influenced by turbine spacing and turbulence intensity.
Larger turbine spacing helps reduce the merging of wakes, allowing for faster recovery,
while higher turbulence intensity enhances the energy exchange between the wake and
external flow, speeding up recovery. Finally, when turbines are placed closer together, their
wakes merge, intensifying turbulence and slowing down wake recovery. Using a staggered
layout reduces this effect by shifting turbines laterally, thus mitigating wake merging and
improving recovery efficiency.

Taking the case M = 5D and I = 15% as an example, since the longitudinal spacing
is large enough to avoid the influence of the wake from different rows, the three wind
turbines in the middle row (T2, T5 and T8) are selected for studying their wake deficit and
recovery. To better analyze the changes in the wake, the wake deficit velocity is normalized
using ∆U = Ux − U∞, as shown in Figure 8. Where Ux is the wake wind velocity at distance
xD, U∞ is the inflow wind velocity (U∞ = 11.4 m/s) and ∆U is the velocity deficit. The red
line depicts the wake velocity profile along the y-axis.

 
Figure 8. Normalized velocity deficit of the wind turbine wake in the square layout.

All wind turbines in the row are arranged in series in the case of square layout. The
wake of the UWTs exhibits displacement in the 2D plane under the influence of a turbulent
wind field, demonstrating meandering characteristics. The MWTs are still affected by
the upstream wakes in this spacing, while the DWTs experience severe wake deficits
due to the wake merging effects of the upstream and midstream wakes. Observing the
wake velocity profile reveals a transition from a double Gaussian distribution to a single
Gaussian distribution in the wake deficit distribution of the three wind turbines. A double
Gaussian pattern is evident at 1D, while a single Gaussian pattern is observed at 4D. As
the spacing increases, the measured differences in wake deficit at 4D spacings for different



J. Mar. Sci. Eng. 2025, 13, 2137 15 of 28

wind turbines are as follows: ∆U4/U∞ − ∆U1/U∞ = 0.039, ∆U9/U∞ − ∆U6/U∞ = 0.090
and ∆U14/U∞ − ∆U11/U∞ = 0.103, respectively. These values indicate that, for a given
spacing, wake deficit gradually decreases as the distance to the DWT increases. This
indicates that, for wind turbines located farther downstream, the velocity deficit decreases
over the same spacing interval. This means that wake recovery is more pronounced
with increased longitudinal spacing. This is because the UWT absorbs part of the wind
energy, strengthening the turbulence intensity in the wake region, accelerating energy
exchange with the external flow, and promoting the recovery of wake velocity towards the
free stream.

Furthermore, to comprehensively investigate the characteristics of wind turbine wake,
longitudinal profiles of wake velocity deficit at different wake locations are sliced, as
shown in Figure 9. As the incoming flow is compressed into a high-pressure zone when
passing through the center of the wind turbine hub, the hub center experiences minimal
wind velocity deficit. The wake velocity deficit is primarily concentrated at the blades.
Consequently, at x/D = 1, 6 and 11, the hub center of the longitudinal profile appears
light in color, while the surrounding areas gradually darken. Subsequently, as the wake
develops, the pressure difference drives high-velocity air from the free stream into the
wake region, then it mixes with the low-velocity wake air. This process restores the wake
velocity and reduces velocity deficit. In longitudinal profile views, the lighter color at
the center gradually blends with the surrounding hues, while the surrounding colors
progressively lighten.

 
Figure 9. Longitudinal profile of the wind turbine wake velocity deficit in the square layout.

4.2. Power and Wake Analysis for Diamond Layout Case
4.2.1. Power Performance

In the diamond layout, the middle-row wind turbines (T1, T5, and T9) occupy the same
positions as the middle-row wind turbines (T2, T5, and T8) in the square one. However,
according to the performance data presented in Tables 2 and 3, the time-averaged output
power of these six turbines is nearly identical. This suggests that, with larger longitudinal
spacing, the change in the wind farm layout does not affect the output power of wind
turbines in the same position.
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Table 3. Time-averaged output power for wind turbines in the diamond layout (MW).

M I T1 T2 T3 T4 T5 T6 T7 T8 T9 Total

3D

0% 4.85 4.85 4.85 4.85 1.31 4.85 1.31 1.31 1.26 29.42
5% 4.78 4.74 4.74 4.63 1.71 4.64 1.59 1.55 1.40 29.78

10% 4.68 4.63 4.65 4.43 2.03 4.48 1.79 1.69 1.55 29.91
15% 4.58 4.53 4.56 4.25 2.38 4.31 2.01 1.84 1.76 30.20

4D

0% 4.85 4.85 4.85 4.85 1.60 4.85 1.59 1.59 1.47 30.49
5% 4.78 4.70 4.70 4.72 1.99 4.66 1.80 1.85 1.66 30.85

10% 4.68 4.55 4.58 4.52 2.31 4.60 2.03 1.92 1.83 31.02
15% 4.58 4.42 4.46 4.38 2.65 4.48 2.25 2.06 2.11 31.37

5D

0% 4.85 4.85 4.85 4.85 1.86 4.85 1.86 1.86 2.03 31.84
5% 4.78 4.65 4.65 4.66 2.25 4.74 2.10 2.03 2.19 32.05

10% 4.68 4.46 4.51 4.50 2.57 4.64 2.27 2.13 2.39 32.14
15% 4.58 4.29 4.34 4.34 2.89 4.54 2.48 2.27 2.63 32.36

In the diamond layout, five wind turbines (T1–T4, T6) operate on the windward side
are unaffected by wake effects, and their output power approaching rated capacity. Only
four wind turbines (T5, T7–T9) are affected by wake effects. Compared to the square layout,
the T4 and T6 wind turbines are positioned on the windward side, which reducing the
number of turbines affected by wake by two units. Overall, the total power output results
(Tables 2 and 3) demonstrate that the minimum total output power of the diamond layout
wind farm exceeds the maximum total output power of the square layout. In the case of
I = 0% and M = 3D, the total output power of the diamond layout wind farm increases from
22.32 MW to 29.42 MW. The increase in total output power is the largest at 31.75%, with the
increase mainly concentrated in the T4 and T6 wind turbines. This indicates that the change
in the layout to reduce the number of wind turbines affected by wake can substantially
increase the total output power of the wind farm.

4.2.2. Wake Characteristic

To compare with the square layout data, the three wind turbines (T1, T5, and T9) in the
middle row in the case of M = 5D and I = 15% is also selected to investigate the wake deficit
and recovery under the diamond one. The longitudinal profile of the wind turbine wake
velocity deficit is shown in Figure 10. The comparison of the time-averaged output power
in Tables 2 and 3 with the longitudinal profiles of wake velocity deficit in Figures 8 and 10
reveals consistent trends. Specifically, the three wind turbines in both the diamond and
square layouts exhibit identical time-averaged output power. They also show the same
wake velocity deficit under identical cases and positions. This indicates that the wind
turbines in different rows do not interfere with each other at this longitudinal spacing.

Figure 10. Normalized velocity deficit of the wind turbine wake in the diamond layout.
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The spacing between rows in the diamond layout is 2.5D, which is less than the 5D
spacing in the square one. As the wake of wind turbines in adjacent rows develops and
propagates to x/D = 3, the middle row of wind turbines at y/D = ±2 will be affected by
the wake of the adjacent rows. The wind velocity profile ∆U/U∞ will change, as shown in
Figure 10. Comparing the wind velocity profile after x/D = 3 shown in Figure 8, the wind
velocity profile ∆U/U∞ remains unchanged at y/D = ±2 with a longitudinal spacing of
5D. This indicates that mutual interference may occur between wind turbines in different
rows when the longitudinal spacing between wind turbines is less than 2.5D. To further
investigate the wake characteristics of wind turbines in the diamond layout, wake velocity
deficit at different wake locations is similarly sliced, as shown in Figure 11. Comparing
with the square one, the distribution of wake velocity deficit across the longitudinal of the
wake velocity profile remains consistent in both layouts. This confirms that wind turbines
in different rows do not interfere with each other at x/D = 3.

 
Figure 11. Longitudinal profile of the wind turbine wake velocity deficit in the diamond layout.

4.3. Staggered Layout Case
4.3.1. Power Performance

This subsection modifies the square layout described earlier by implementing stag-
gered layout for the nine wind turbines within the wind farm, categorized as staggered
layout I and II. The specific layouts are illustrated in Figure 6c,d. The comparison shows
that the UWTs in both staggered layouts are identical to those of the square one. The
difference lies in the layout of the mid-downstream turbines. Furthermore, when staggered
spacing is set to N = 0.1D for both staggered layouts, the MWT arrangements are identi-
cal, differing only in the DWTs. When N = 0.1D, the DWTs in staggered layout I are not
staggered. In contrast, those in staggered layout II are staggered with 0.2D spacing. This
reduces the wake effects of the U-MWTs on the DWTs. However, in the case of small N, the
increase in the time-averaged output power of the downstream turbines is insignificant.
Comparing the total output power data of the wind farm under staggered layouts in Table 4,
the total output power under staggered layout II is slightly greater than I. Additionally,
there is an initial increase followed by a decrease as I and M increase. Specifically, with
M = 5D and I = 15%, the total output power of the wind farm with staggered layout I is
slightly greater than that of staggered layout II. This occurs because as I and M increase,
the UWT wake influence on DWTs progressively diminishes. The output power of the
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DWTs is primarily influenced by the wake of the MWTs. N = 0.2D in the staggered layout I
is greater than N = 0.1D in the staggered layout II. Therefore, the DWTs in the staggered
layout II have a good influence on the MWTs.

Table 4. Time-averaged output power for wind turbines in the staggered layout (MW).

N
M = 3D M = 4D M = 5D

I = 0% I = 5% I = 10% I = 15% I = 0% I = 5% I = 10% I = 15% I = 0% I = 5% I = 10% I = 15%

Staggered
Layout I

0.1D 22.50 23.13 23.49 24.09 24.10 24.88 25.37 26.08 26.50 26.62 27.47 28.61
0.5D 28.10 28.46 28.78 29.20 29.60 30.00 30.42 30.89 33.20 31.42 32.05 32.61
1.0D 35.40 34.84 34.64 34.46 36.50 35.97 35.80 35.62 42.48 36.94 36.96 36.84

Staggered
Layout

II

0.1D 22.80 23.30 23.63 24.20 24.30 25.00 25.44 26.12 26.50 26.69 27.48 28.56
0.3D 26.10 26.43 26.65 27.10 27.40 27.87 28.23 28.73 28.90 29.33 29.88 30.53
0.5D 31.90 31.77 31.77 31.84 32.70 32.56 32.68 32.79 33.30 33.36 33.57 33.68

As N increases, the total output power of the wind farm exhibits a substantial rise.
When M = 5D and I = 15%, under staggered layout I, increasing N from 0.1D to 1.0D raises
the total output power from 28.61 MW to 36.84 MW, representing a 28.76% increase. For
staggered layout II, increasing N from 0.1D to 0.5D resulted in the total output power rising
from 28.56 MW to 33.68 MW representing a 17.93% increase. A comparison of Figure 12a,b
reveals that the two staggered layouts differ only in time-averaged output power of the
M-DWTs. It has been demonstrated that time-averaged output power increases with the
increase in N, and the rate of increase also grows accordingly. The observed increase in
total output power of wind farm with the increasing of N can be attributed primarily to
the reduction in wake effects on M-DWTs that results from a larger N. In turn, this leads
to an enhancement in their time-averaged output power. As demonstrated in Figure 12a,
when N = 1.0D, the time-averaged output power of the MWT approaches that of the UWT.
This phenomenon signifies that the MWT has migrated beyond the core influence zone of
the UWT wake, thereby enabling its time-averaged output power to undergo a recovery
phase. Concurrently, the DWT continues to be influenced by the UWT wake. However,
due to the substantial spacing between the two wind turbines (10D), the wake undergoes
a protracted recovery evolution before reaching the DWT. By this time, wind velocity
has significantly recovered, leading to an increase in the time-averaged output power of
the DWT. As demonstrated in Figure 12b, when the staggered row spacing is 0.5D, the
time-averaged output power of the DWT approaches that of the MWT. This phenomenon
occurs because, at smaller staggered row spacing, the DWT is subjected to the effects of
the wake merging from the U-MWTs. The wake core region demonstrates a substantial
decrease in velocity, resulting in a notable decline in the time-averaged output power of
the DWT. As N increases, the wake trajectory of the MWT gradually deviates from the
center position of the DWT. This phenomenon leads to the DWT gradual departure from
the primary influence zone of the MWT wake, resulting in a steady augmentation in the
time-averaged output power of DWT.

As demonstrated in Table 4, M increases cause a corresponding rise in the total output
power of wind farm in the cases of both staggered layouts. However, this increase is not
statistically substantial. The unique aspect is that when the wind farm adopts staggered
layout I with N = 1.0D and I = 0%, increasing the M from 3D to 4D lead to the total output
power from 35.40 MW to 36.50 MW, only increase of 3.11%. However, as M increases from
4D to 5D, the total output power of the wind farm exhibits a substantial increase, rising
from 36.50 MW to 42.48 MW, an increase of 16.38%.
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(a) Staggered layout I (b) Staggered layout II 

Figure 12. The time-averaged output power of wind turbines under different staggered layouts in
the cases of M = 5D and I = 15%.

As M increases, the difference in time-averaged output power between the U-MWTs
gradually decreases. The primary variation is observed in the time-averaged output power
of the DWTs, which are affected by the wakes of the U-MWTs. As shows in Figure 13a, an
increase in total wind farm output power occurs when M increases from 4D to 5D, primarily
due to a rise in the time-averaged power output of DWTs. Furthermore, a comparison of
the time-averaged output power of wind turbines under different turbulence intensities
in Figure 13b shows that the time-averaged power output of the DWTs is nearly equal
to that of the MWTs and slightly lower than that of the UWTs at I = 0%. This indicates
that, under these cases, the DWTs are nearly unaffected by the wakes of the U-MWTs.
Consequently, the change in M from 4D to 5D substantially increases the total output power
of the wind farm.

 
(a) spacing (I = 15%, N = 1.0D) (b) turbulence intensity (M = 5D, N = 1.0D) 

Figure 13. The time-averaged output power of wind turbines for different cases.

Similar to the increase in M, the total output power of wind farms under both staggered
layouts shows an improvement as I increases, though the increase is limited. The total
output power of the wind farm increases as I increases in most cases. However, when N is
large, it is observed that the total output power of the wind farm at I = 0% exceeds that
achieved at higher I cases. Figure 13b shows that comparing the time-averaged output
power of wind turbines under different turbulence intensities at M = 5D and N = 1.0D
reveals the following, when I = 0%, the time-averaged output power of each wind turbine
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exceeds that in the case of higher I. The enhanced time-averaged output power of DWTs is
the primary contributor to the increase in the wind farm total output power. When I ̸= 0%,
the difference in time-averaged output power between the U-MWTs is negligible indicating
that the MWTs are nearly unaffected by the upstream wake. Conversely, the wake from
U-MWTs continues to impact DWTs, causing a sharp drop in their time-averaged output
power. This aligns with the pattern observed in the previous analysis, the time-averaged
output power of the DWTs increases as I increases.

4.3.2. Wake Characteristic

Similar to the square layout I, the three middle wind turbines (T2, T5 and T8) in
the case of M = 5D and I = 15% are selected to investigate the wake evolution under
two staggered layouts. Normalized velocity deficit of the wind turbine wake is shown
in Figure 14. In staggered layout I, the MWT experiences only minor influence from the
UWT wake. After traveling a long distance (10D), the UWT wake recovers to 83.81% of the
free-stream velocity by the time it reaches the DWT. Additionally, the time-averaged power
output of the DWT shows a slight decrease due to the influence of the MWT wake.

Figure 14. Normalized velocity deficit of the wind turbine wake in the staggered layout I.

Comparing the wake velocity profile in staggered layout I and square layout, the UWT
wake evolves to the same profile prior to the MWT position. However, in the staggered lay-
out I, the MWT is offset by 1D. The UWT wake fully evolves before reaching the DWT. The
MWT displays a double-Gaussian distribution in its wake velocity profile, while the UWT
wake generates a single-Gaussian distribution between x/D = 6 and x/D = 9. The afore-
mentioned assertion is applicable to the DWT as well. Consequently, in scenarios where
x/D > 5, the wake velocity profile manifests a “triple-Gaussian” distribution state. To inves-
tigate the recovery of wind turbine wakes, the wake velocity deficit differences measured
at 4D spacing for different wind turbines are found to be: ∆U4/U∞ − ∆U1/U∞ = 0.039,
∆U9/U∞ − ∆U6/U∞ = 0.067 and ∆U14/U∞ − ∆U11/U∞ = 0.099, respectively. A compari-
son of the square layout with the UWT wake recovery rate reveals that there is no alteration
in the wake recovery rate. However, the MWT experiences substantially reduced wake
influence from the UWT. This reduced influence leads to diminished turbulence intensity
in its wake zone and consequently slowed wake recovery. Conversely, the DWT encounters
diminished wake influence from both U-MWTs, leading to a modest deceleration of its
wake recovery.

A more thorough examination of the wake velocity deficit slices is depicted in Figure 15,
and the wake velocity deficit slices from the U-MWTs coalesce at x/D = 6, thus indicating
that the MWT remains influenced by the UWT wake. Figure 14 indicates that the separation
of the two slices is attributable to the meandering behavior of the UWT wake at x/D = 7.
Subsequently, as the UWT wake evolves, the slices return to a coalesced state. Comparing
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the wake velocity deficit slices at x/D = 6 reveals that the MWT wake velocity deficit
difference is 0.064. This indicates that the MWT wake velocity deficit is reduced by 13.47%
in staggered layout I compared to the square layout, while the DWT wake velocity deficit
is only reduced by 5.02%. Consequently, the MWT in staggered layout I contributes the
primary portion to the increase in the wind farm total output power.

 
Figure 15. Longitudinal profile of the wind turbine wake velocity deficit in the staggered layout I.

The M-DWTs are more strongly affected by the wake effect in the staggered layout II
than that of the staggered layout I, as illustrated in Figures 14 and 16. This phenomenon
occurs because the UWT wake mixes with the boundary of the MWT wake, creating a
more complex wake region that enlarges the midstream wake zone. DWTs exhibit a similar
trend. The wake velocity profile demonstrates the normal transition from the double-
Gaussian distribution to the single-Gaussian distribution beyond x/D = 5, in contrast to
the staggered layout I, as shown in Figure 16. But the examination of the wake velocity
profile at x/D = 6 indicates that the double-Gaussian distribution is asymmetrical, with
a greater tendency to lean toward the UWT wake direction. With a higher peak value
on this direction than the opposite direction. This phenomenon occurs because the UWT
wake, which has substantially recovered by the time it reaches the MWT, mixes with the
MWT wake. This results in an increase in wake velocity deficit on the MWT direction,
consistent with the result of LES [12]. To investigate the recovery of wind turbine wakes,
the wake velocity deficit differences measured within the 4D spacing for different wind
turbines are found to be: ∆U4/U∞ − ∆U1/U∞ = 0.039, ∆U9U∞ − ∆U6/U∞ = 0.101 and
∆U14/U∞ − ∆U11/U∞ = 0.133, respectively. The findings indicate that the staggered
layout II demonstrates the most rapid wake recovery rate. This phenomenon is attributed
to the UWT wake, which has been observed to enhance the turbulence intensity within the
MWT wake zone. Concurrently, the wake’s influence range is found to be expanded, thus
accelerating the recovery process.

By examining the longitudinal profile of the MWT wake velocity deficit in Figure 17,
it can be observed that the wake from the UWT gradually merges with that of the MWT
as the wake evolves. The wake slice of the MWT undergoes a gradual transition from
circular shape to elliptical shape one, indicative of a shift in its wake toward the positive
y-axis direction. Simultaneously, comparing the longitudinal profile of the DWT wake
velocity deficit reveals that the MWT wake exhibits a meandering trend along the positive
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y-axis direction. As the DWT wake evolves, the final wake gradually develops toward the
direction of the UWT and DWT.

 
Figure 16. Normalized velocity deficit of the wind turbine wake in the staggered layout II.

Figure 17. Longitudinal profile of the wind turbine wake velocity deficit in the staggered layout II.

4.4. Rotor Thrust and Fatigue Load Analysis

Fatigue damage accumulation is a critical consideration in wind turbine design, par-
ticularly for blade root bending moments, which endure complex cyclic loading patterns
due to turbulent wind effects.

Figure 18a presents the normalized results of the time-averaged rotor thrust for
three different layouts in the case of M = 5D and I = 15%, with the thrust of the first
wind turbine in each row used as the baseline value. The trends observed are consistent
with the conclusions drawn from the power and wake analysis. Due to 1D stagger of the
MWTs in staggered layout I, the MWT experiences substantially reduced wake interference
from the UWT, resulting in a substantial increase in its time-averaged rotor thrust (up to
33.53% higher than in the square layout). Notably, in staggered layout I, the MWT exhibits a
higher time-averaged thrust than the UWT, yet the time-averaged output power is slightly
lower. This occurs because the MWT is not fully situated within the core low-velocity
region of the UWT’s wake, but rather within the high-velocity shear layer at the edge of the
upstream wake. The complex turbulent flow field in this region causes a substantial rise
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in the effective angle of attack across portions of the blade, leading to enhanced lift and
corresponding thrust. Additionally, the wake from the UWT greatly enhances turbulence
intensity within the farm. High turbulence intensity causes the inflow wind to the rotor
plane of MWTs to exhibit not only velocity irregularities but also rapid directional shifts
toward high turbulence intensity. This causes the airflow to adhere to the blade surface
earlier, delaying and suppressing flow separation. Consequently, the blades maintain
efficient lift at higher angles of attack, which improves rotor thrust.

(a) normalized results of rotor thrust (b) normalized results of rotor torque 

Figure 18. Normalized results of rotor thrust and torque.

Additionally, the normalized DEL at the blade root for wind turbines in the
three different layouts under M = 5D and I = 15% is presented in Figure 18b, normal-
ized against the DEL of the first wind turbine in each row. Due to the wake effects, the
DEL values increase from upstream to DWTs in all layouts, consistent with findings in the
literature [19]. The staggered layouts substantially reduce the DEL, suggesting longer wind
turbine lifespan and lower maintenance costs, with staggered layout I being more effective.
Under normal uniform flow, time-averaged thrust and DEL are typically positively corre-
lated. However, in this work, a negative correlation is observed. This is primarily due to the
stress stiffening effect from high mean thrust, a substantial increase in thrust implies high
average axial loads on the blades, tensioning them like a taut string and increasing their
stiffness. This effect suppresses the blade’s low-frequency flap-wise motion. Research has
shown that higher mean thrust stiffens the turbine blade and leads to lower low-frequency
oscillations and consequently reduces DEL [42,43]. Although gravity-induced bending
fluctuations are superimposed on this mean load, the alternating stress amplitude (key
to DEL calculation) may not increase proportionally, and its relative value might even
decrease. Furthermore, the coherence structures in the incoming flow are disrupted by
the UWT wake, which breaks up the inflow wind into small-scale, anisotropic turbulence.
This reduces large-amplitude, low-frequency fluctuations, replacing them with numerous
small-amplitude, high-frequency fluctuations, leading to a reduction in DEL.

4.5. Wake Entropy Analysis

In addition, the present study employs entropy production theory to analyze wind
turbine wakes, with the objective of investigating energy deficit and recovery. In compari-
son with conventional analytical methodologies, entropy production analysis offers a more
intuitive depiction of the specific locations where energy dissipation occurs within the flow
field of wind farms. Similar to the aforementioned analysis, the three wind turbines in the
middle row (T2, T5, T8) in the cases of M = 5D and I = 15% are selected to conduct entropy
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production rate analysis on the wakes of the wind turbines under three layout configu-
rations. The entropy production rate results ranging from 3000 to 4000 are subjected to
time-averaging processing, with the time-averaged results displayed in Figure 19. Through
the distribution of EPR, it is evident that there is a close spatial relationship between the
high-EPR regions and the wake dissipation areas in the square, staggered layout I, and
staggered layout II.

Figure 19. The distribution of the time-averaged entropy production rate of the wind farm.

In the square layout, the high-EPR regions are primarily concentrated around the
turbine rotors and the core wake region, where the greatest energy loss and entropy
production occur. The energy dissipation in the wake expansion zone is more concentrated,
leading to slower wake recovery in this layout. The high-EPR region extends almost along
the entire wake zone behind the wind turbine. Specifically, for the UWT (T2), the entropy
production exhibits a symmetric distribution, which decreases as the wake propagates
downstream. Due to the mixing of the wake with the external flow, the velocity deficit
decreases and shear weakens, with the entropy production rate dropping from 22.36% to
8.21% from x = 0D to x = 5D. At x = 5D, the wake is influenced by T5, where the entropy
production rate sharply increases to 26.48%, and as the wake propagates to x = 10D, the
entropy production rate decreases to 7.56%. In the downstream wake zone, the entropy
production distribution is similar to the midstream, with a sharp increase to 24.79% at
x = 10D due to the influence of T8, and it decreases to 7.87% as the wake evolves to x = 15D.
These results show a similar trend to the wake deficit analysis, indicating that the mixing
of high velocity external flow with low velocity wake flow and the diffusion effect of
turbulence accelerate the energy exchange between the wake region and the external flow,
leading to a faster reduction in entropy production.

Compared with the square layout, both staggered layout I and staggered layout II
show more dispersed high-EPR regions, suggesting that through proper wind turbine
arrangement, the high energy dissipation zones in the wake core can be reduced, thus
improving energy recovery efficiency. In these layouts, the energy loss in the wake area
gradually decreases, and the wake recovery speed increases. Specifically, compared to T5,
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the overall entropy production rate in the wake area is lower than in the square layout,
and the entropy production distribution loses its symmetry. The side affected more by the
UWT wake shows a significantly larger rate of entropy decay. In staggered layout I, from
x = 5D to x = 10D, the entropy production rate drops from 28.57% to 2.04%. Due to the
smaller N = 0.5D in staggered layout II, the wake recovery is more significantly affected
by wake merging, and the recovery speed is slower. From x = 5D to x = 10D, the average
entropy production rate drops from 26.14% to 2.16%. The decay rate of entropy production
rate under staggered layout I is greater than that of staggered layout II, consistent with the
conclusion reported in Section 4.3.2. In comparison to T8, the wake region in staggered
layout II is similar to that of T5. The difference lies in staggered layout I, where T8, located
downstream in the wind farm and with a larger distance from UWT (10D), experiences
lower turbulence intensity in the wake zone, resulting in relatively less energy loss. Since
the wake has partially recovered in the T5 region, T8’s wake recovery is faster, with lower
EPR values, indicating reduced energy loss. The energy in the wake region is recovered
more rapidly through the mixing of high external flow speed with low-velocity wake fluid,
thereby reducing irreversible energy losses.

5. Conclusions
As the development of wind farms continues to accelerate, there is an increasing

need to optimize wind farm layouts to mitigate wake losses and improve overall energy
efficiency. In this study, a 3 × 3 wind farm model is established to investigate the effects
of layout configuration, turbulence intensity, and turbine spacing on wake evolution and
power performance. To achieve this, numerical simulations are conducted for square,
diamond, and staggered layouts based on the NREL-5 MW wind turbine, using the SST
k-ω turbulence model to capture wake dynamics with high fidelity. In addition, entropy
generation analysis is introduced to reveal the mechanisms of irreversible energy loss from
a thermodynamic perspective, while the evaluation of DEL provides valuable insights into
structural fatigue and load mitigation. The analysis focuses on elucidating the coupled
mechanisms through which layout configurations and wind flow conditions interact to
influence output power and fatigue loading. The key findings and conclusions of this
research are summarized below:

Staggered layout I manifests the most salient optimization effect. In staggered layout
I, with M = 5D, N = 1.0D, I = 15%, the total output power achieves 36.84 MW, marking a
28.76% increase in comparison to the square layout. This enhancement is attributed to the
effective mitigation of the impact of wake merging. Staggered layout I can also substantially
reduce DEL at the blade root by altering load mechanisms, thereby enhancing efficiency
while extending turbine lifespan.

Turbulence intensity exerts a dual influence on wind farm performance. While higher
turbulence intensity (I = 15%) reduces the output power of UWTs by up to 14.65% compared
to uniform flow, it simultaneously enhances wake recovery by promotes energy exchange
between the wake region and the external flow. The wake recovery velocity within 4D
increasing by 20~30%, leading to a 40.2% power increase in M-DWTs. The total output
power rises with increasing I, reaching a maximum of 6.55% above the baseline.

Increasing the wind turbine spacing from 3D to 5D significantly enhances the output
power of the wind farm. In the square layout, the output power of M-DWTs rises by 46.15%
and 66.67%, respectively. In the staggered layout, enlarging M from 3D to 5D results in a
16.38% total power increase, primarily due to the displacement of DWT from the core wake
region. Additionally, wake effect between wind turbine rows becomes negligible when
M ≥ 2.5D, and the wake velocity deficit is reduced by 13.47% when staggered spacing is
set to N = 0.1D, because the MWTs are separated from the upstream wake core zone.
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High entropy production rate regions have been observed to be concentrated in the
vicinity of the rotor and in the wake shear layer. These areas exhibit the most significant
irreversible energy dissipation due to intense turbulent mixing and shear action. The
staggered layout I effectively accelerates the reduction in local entropy production rate,
thereby decreasing overall irreversible energy deficit. This further validates the advantage
of this layout from the perspective of entropy production theory.

The findings offer practical guidance for turbine placement, wake mitigation, and
fatigue load reduction in large-scale wind farms, providing a robust thermodynamic basis
for future optimization.
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