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Abstract: Wind turbine blades are essential parts of wind energy systems and are frequently exposed
to harsh environmental elements, such as strong winds, turbulence, and corrosive atmospheric
elements. Over time, these circumstances may result in serious harm to blades, such as delamination
and erosion, which may negatively affect the wind turbine’s functionality and durability. Accurate
prediction of various types of damage is crucial to improve the toughness and lifespan of wind turbine
blades and to maximize the overall effectiveness of wind energy systems. This article presents a novel
computational fluid dynamics (CFDs)-based method for analyzing the distribution of wall shear
stress on turbine blades, aimed at publicizing the yearly maintenance procedure. The investigation
results from the CFDs, when compared with the current situation in a wind turbine farm in Thailand,
confirmed that our wall shear stress modeling accurately predicted wind turbine damage. A maxi-
mum wall shear stress level higher than 5.00 Pa in the case of PA 90◦, incoming air velocity 10.00 m/s,
and 15 rpm was the main contribution to presenting the erosion and delamination from current drone
inspection in wind turbine farms. In conclusion, these findings demonstrated the potential of using
CFDs to predict wind turbine blade delamination and erosion, thereby significantly contributing to
the development of specific and accurate yearly preventive maintenance. The proposed CFDs-based
approach should serve as a sustainability tool for local human development, benefiting wind turbine
engineers and operating technicians by providing them with a deeper understanding of the local
flow conditions and wall shear stress distribution along wind turbine blades. This enables them to
make informed decisions regarding blade design and maintenance.

Keywords: wind turbines; wall shear stress; delamination; erosion; sustainability

1. Introduction

The issue of wind turbine farms is regular maintenance to ensure efficiency during
operation. A proper yearly maintenance schedule will reduce the gap in power generation
performance. However, for a developed country that cannot produce its commercial wind
turbines, such as Thailand, it may be difficult to establish efficient maintenance planning,
even if the manufacturer’s instructions are followed, considering the specific geographical
conditions, blade shape complexity, and wind behavior. Human development is pivotal
for the sustainability of specific knowledge for wind turbine farms, aiming to reduce
reliance on external knowledge that cannot be applied locally. Hence, this article is initiated
under this condition, building on previous research as follows. The exploration of a
rotating turbine in terms of experimental tests and numerical simulations is challenging.
Information from energy extraction in wind turbines is imperative to improve the operation
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and lifetime of wind turbines [1,2]. Our literature review indicated, starting from 2016,
that CFDs have been used to simulate the aerodynamics of a full-scale horizontal axis
wind turbine, providing valuable information on the flow conditions and aerodynamic
performance [3]. The investigation showed that dimensional scaling significantly impacts
wind turbine performance. It is essential to consider its effects when designing wind
turbine blades [4]. The CFD results showed the angle of attack significantly impacts the
wind turbine’s aerodynamic performance, affecting the lift and drag forces [5]. One study
analyzed a variable twist blade for horizontal axis wind turbines based on numerical
simulation with Reynolds-averaged Navier–Stokes equations using the k-ω shear stress
transport turbulence model coupled with one-way fluid–structure interaction [6]. Another
simulation study using the force distribution information showed significant fluctuations
on the blades [7]. The characteristics and modeling of the wake for multiple aligned
turbines based on numerical simulation indicated that spacing significantly affects the
superposition model’s performance [8]. The prediction results from mean velocity and
turbulent kinetic energy showed that significant improvement can be achieved compared
to baseline cases [9]. The pitching motion effects along with high reduced frequencies and
a deep dynamic stall condition were investigated using a large eddy simulation approach.
The prediction results of the lift, drag, and moment coefficients were in good agreement
with the available experimental data and other numerical results in the literature [10]. The
effects of blade surface roughness on wind turbine performance were tested using three
rotors that were designed using the NACA4415, S801, and S810 airfoils. The numerical
evaluation confirmed that the roughened blades had performance deterioration within the
range 2.9–8.6% for a torque-based control strategy [11]. MATLAB Simulink was used to
examine the functional modeling of weather vane behavior, leading to the estimation of
yawing error and evaluation of the corresponding power reduction [12].

For an understanding of the experiment, a more concentrated and super-large-scale
particle image velocimetry (SLS-PIV) of a utility-scale wind turbine has been used to
provide important insights into the flow conditions around the turbine [13]. Additional
techniques measured the incoming flow parameters in real time and with high accuracy,
allowing for a detailed understanding of the flow conditions at the blade scale. This realistic
information can inform maintenance and repair strategies, ensuring the wind turbine
operates optimally for its lifespan [14]. The interaction between a small stand-alone wind
turbine nacelle and a tower has been studied using field measurements, with the results
indicating distortion with low power spectrum frequencies [15]. The effect of boundary
proximity and blockage has been examined experimentally, with the results showing
that the benefits of the blockage and speed in power extraction were offset by the wake
prolongation [16]. A wind tunnel study was adapted to compare the turbulence in the
wakes of an actuator disc and a model wind turbine using higher-order statistics. The
researchers concluded that the turbine generated specific turbulence characteristics that
dominated the ambient turbulence and had strong features of isotropic turbulence [17]. The
diagonal inflow has been measured using ultrasonic anemometers for velocity, a three-cup
type anemometer, and the wind vane, respectively. The measurement results indicated that
the maximum power coefficients corresponded to the tip ratio and pitch angle [18]. Next,
the relationship between the incoming flow field and the turbine power fluctuations was
explored using the particle image velocimetry technique. It demonstrates that all incoming
aerodynamic characteristics are critical for wind turbine performance [19]. Hence, from the
literature review, most research papers identified factors such as confirming local incoming
conditions, wind turbine geometry, and the terrain that affected turbine operation and
performance. All these factors were also recognized as sources of failure and damage to the
wind turbine [20,21].

To date, anti-erosion techniques using carbon nanotubes and graphene nano-additives
have shown significant improvement [22]. The possibility of developing new anti-erosion
coatings for wind turbine blade surface protection based on nanoengineered polymers is
explored. It has been demonstrated that graphene and hybrid (graphene/silica) reinforced
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polymer coatings can provide better erosion protection with lifetimes up to 13 times longer
than non-reinforced polyurethanes [23]. Notably, the leading edge of the wind turbine
is the most erosion-prone area as the edge is subjected to high pressure and shear force,
which induce erosion, corrosion, and layer delamination [24,25].

The wind turbine is an extremely complex design, with several airfoil sections and
twisted blades that make repair difficult. Furthermore, generating a 3D simulation model
is difficult without 3D laser scanning or drone inspection. For these reasons, wind turbine
engineers need to minimize the risk of damage as much as possible. One efficient preventive
maintenance measure is crucial, despite the advanced nanomaterial technology. Wall shear
stress is a critical factor in causing damage [26,27], as it can lead to corrosion, delamination,
and erosion. The distribution of wall shear stress along the blade surface is an important
parameter to consider when predicting damage and developing strategies to enhance
blade durability. Previous literature reviews primarily explain the numerical technique,
sources of damage, and prevention of damage using nano-material coatings, but they still
lack information regarding the force acting on the wall of the turbine blade related to the
incoming and operational conditions [5,20–22,26,27]. In the current study, a computational
fluid dynamics (CFDs) simulation is employed to analyze the wall shear stress distribution
on a full-scale horizontal axis wind turbine blade. The simulation considers various
operational scenarios, including different local wind speeds, realistic pitch angles, and
transition turbulence models. The simulation findings are then compared to experimental
data from Thailand’s Lamthakhong Wind Turbine Farm located at Nakhon Ratchasima
Province Northeast Thailand, which is operated by the Electricity Generating Authority of
Thailand (EGAT), to ensure the correctness and reliability of the CFDs methodology. The
gap between standardization and best practice protocols for preventive maintenance may
be improved through computational fluid dynamics-based prediction of wall shear stress.
The end result will be a recommendation to the wind turbine maintenance staff to evaluate
the technique using actual data. Nonetheless, this maintenance schedule has been extended
to include another wind farm site, as well as EGAT’s internal human development strategy
for sustainability.

2. Wind Turbine Geometry

In this study, the blade of a wind turbine is quite intricate, integrating various types of
high-fidelity designed airfoils from the manufacturer. The FARO Laser Scanner Focus3D
was utilized to perform high-precision laser scanning of a wind turbine. The resolution
of the scanning process was determined by the point cloud density, which was specified
as 250,000 points per second, with an accuracy of ±2 mm. The resulting point cloud
from 15 scanning locations was sufficiently dense to generate a highly accurate 3D model
of the wind turbine, as shown in Figure 1. Several parameters were compared to those
provided by wind turbine engineers to ensure that the 3D model of the wind turbine
generated from the laser scanning process accurately represented the realistic structure.
The results showed that the generated geometry agreed with the original engineering
drawings. The detailed drawings of the wind turbine provided by the manufacturer are
considered intellectual property, and thus cannot be shown in more detail in this study.
However, the high-precision 3D laser scanning technology used in this study has been
widely utilized in various fields and is an effective tool for generating accurate 3D models
of complex structures [28,29]. The next section will discuss the mathematical model for
fluid dynamics analysis, as well as data accuracy justification, based on statistical analysis
and wall shear stress interpretation.
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Figure 1. Three-dimensional high-precision geometry of finished surface. (a) FARO Laser Scanner 
Focus3D with 15 locations for scanning; (b) full model of raw point cloud data; (c) 3D-CAD model. 
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particularly considering the specific terrain of the Lamthakhong Wind Farm. The general 
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Figure 1. Three-dimensional high-precision geometry of finished surface. (a) FARO Laser Scanner
Focus3D with 15 locations for scanning; (b) full model of raw point cloud data; (c) 3D-CAD model.

3. Mathematical Formulation

From the previous literature review, many research papers suggested that the SST
k-ω turbulence model provides more accurate predictions for near-wall aerodynamic
variables. In addition, some options have been implemented to increase the wall accuracy
for the wall shear stress calculation. The first one included in the current study is the
turbulence transition on the wall. This option remains open when the low wind speed and
marginalization between laminar and turbulence, aligning with the local wind speed, are
marginally low in some seasons. Therefore, it is appropriate to include this option in the
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study, particularly considering the specific terrain of the Lamthakhong Wind Farm. The
general governing and transport equation can be described as

∇ ·
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U
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= 0 (1)
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All the turbulence model constants in Equations (1)–(4) can be found in [30,31] where

ρ is the air density,
→
U is the velocity vector, P is the pressure, k is the turbulence kinetic

energy, µt is the turbulence viscosity, and ω is the specific dissipation rate. An important
aspect in this investigation was the high levels of wall shear stress that can cause wear and
damage to the blades. Consequently, managing wall shear stress is an important aspect of
preventive maintenance to ensure that wind turbines are operating optimally. The equation
representing this is

τw = µ
du
dz

(5)

where τw is the wall shear stress, the rate of change of velocity u with respect to distance is
the velocity gradient on the wall and µ is the dynamic viscosity. From Equation (5), the key
contributing variable is velocity, which is related to the incoming air speed in this situation.
We chose wall shear stress to predict wind turbine damage. Based on this assumption, it is
not a direct variable to estimate flow-induced erosion and delamination directly, but it is an
appropriate way to utilize the incoming wind speed from the WindSCADA system.

Transport Equations for Transition SST Model

Two additional transport equations, one for the intermittency factor and one for the
momentum-thickness Reynolds number, defined for the transition onset criteria were
coupled in the transition SST model. In addition, the empirical correlation from Langtry
and Menter was developed to include standard bypass transitions and flows in low and
freestream turbulence environments. The transport equation of the intermittency factor (γ)
is rewritten as

∂(ρUjγ)

∂xj
= Γγ1 − Eγ1 + Γγ2 − Eγ2 +

∂

∂xj

[(
µ +

µt

σγ

)
∂γ

∂xj

]
(6)

The transition sources (Γγ1,Eγ1) are defined as

Γγ1 = Ca1FlengthρS[γFonset]
Cγ3 (7)

Eγ1 = Ce1Γγ1γ (8)

The strain rate magnitude is defined by S, while the term Flength is an empirical
correlation which determines the length of transition regions. The constant Ca1 is set to 2,
while the constant Ce1 is close to 1. The source from destruction or relaminarization term
(Γγ2, Eγ2) is defined as

Γγ2 = Ca2ρΩγFturb (9)

Eγ2 = Ce2Γγ2γ (10)
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where Ω is the vorticity magnitude. The following functions control the transition onset:

ReV =
ρy2S

µ
(11)

RT =
ρk
µω

(12)

Fonset 1 =
ReV

2.193Reθc
(13)

Fonset 2 = min(max(Fonset 1, F4
onset 1), 2.0) (14)

Fonset 3 = max(1 −
(

RT
2.5

)3
, 0) (15)

Fonset = max(Fonset 2 − Fonset 3, 0) (16)

Fturb = e−(
RT
4 )

4

(17)

The term y is the wall distance and Reθc is the critical Reynolds number, which is a
starting point where the intermittency factor begins to increase within the boundary layer
upstream of the transition momentum thickness Reynolds number (R̃eθt). In particular,
the correlations of Flength and Reθc are dependent on R̃eθt. The constant terms for the
intermittency factor equation are

Ca1 = 2; Ce1 = 1; Ca2 = 0.06; Ce2 = 50; Cγ3 = 0.5; σγ = 1.0 (18)

The transition momentum thickness Reynolds number (Reθt) is included in the trans-
port equation as

∂
(

ρUjR̃eθt

)
∂xj

= Γθt +
∂

∂xj

[
2(µ + µt)

∂R̃eθt
∂xj

]
(19)

The source term is defined as

Γθt =
0.03(ρU)2

500µ

[
Reθt − R̃eθt

]
[1.0 − Fθt] (20)

Fθt = min

(
max

(
Fwakee(−

y
δ )

4
)

, 1.0 −
(

γ − 1/50
1.0 − 1/50

)2
, 1.0

)
(21)

δ =
375ΩyR̃eθtµ

ρU2 (22)

Fwake = e−(
ρωy2

µ
1

1E+5 )
2

(23)

In addition, the transition SST k-ω model contains a modification for separation-
induced transition as defined by

γsep = min
(

2max
[(

Rev

3.235Reθc

)
− 1, 0

]
e−(

RT
20 )

4

, 2
)

Fθt (24)

γe f f = max (γ, γsep) (25)
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Hence, all relation equations and turbulence parameters of the transition SST k-ω are
included in the transition model, which interact with the SST k-ω turbulence model by
modification of the k-equation, as

∂

∂xi
(ρkui) =

∂

∂xj

(
(µ + σkµt)

∂k
∂xj

)
+ γe f f G̃k − min

(
max

(
γe f f , 0.1

)
, 1.0

)
Yk (26)

∂
(
ρujω

)
∂xj

= α
Pk
νt

− Dω + Cdω +
∂

∂xj

[
(µ + ρkµt)

∂ω

∂xj

]
(27)

where Gk and Yk are the original production and destruction terms, respectively, for the
SST model. More detailed information of the above model formulation can be found in
the literature [31]. To perform numerical results of the laminar and transitional boundary
layers correctly, the normalized wall distance (y+) of the mesh must be close to one. If
y+ is greater than 5, then the location of the transition onset may move upstream, along
with an increase in y+. The mean flow, turbulence, and transition equations should use the
bounded, second-order, upwind-based discretization to achieve solution convergence, as
recommended by ANSYS Fluent.

Since the SST k-ω model is a hybrid model, the blending function F1 has been used to
control switching between the k-ω and k-ε models. The k-ω model is well suited near wall
regions, while the result predictions from the k-ε models are good far away from the wall.
Therefore, with near wall treatment for the SST k-ω model, the modified blending function
F1 is activated and is defined as

Rey =
ρy

√
k

µ
(28)

F3 = e−(
Ry
120 )

8

(29)

F1 = max(F1 origin, F3) (30)

where F1 origin is the original blending function from the SST k-ω turbulence model.

4. Solution Method

This section provides details of the numerical approach for the current model. Initially,
boundary and initial conditions are proposed based on site measurements, while statistical
tools are applied to interpret the prediction data. In addition, the grid independence study
is reported and compared. We also validate the simulation results with available data to
ensure that all numerical inputs are accurate. The numerical simulation settings for all
cases are shown in Table 1.

Table 1. ANSYS Fluent numerical setting.

Solution Controls Methods

Pressure–Velocity Coupling Coupled
Flux Type Rhie-Chow
Pressure 2nd Order

Momentum 2nd Order Upwind
Turbulent Kinetic Energy 2nd Order Upwind
Specific Dissipation Rate 2nd Order Upwind

Intermittency 2nd Order Upwind
Momentum Thickness Re 2nd Order Upwind

Residual Monitors Absolute Criteria 10−4

Flow Multigrid F-Cycle
Turbulent Kinetic Energy Multigrid F-Cycle
Specific Dissipation Rate Multigrid F-Cycle

Intermittency Multigrid F-Cycle
Momentum Thickness Re Multigrid F-Cycle
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4.1. Boundary Conditions and Initial Conditions

The wind speed data for the entire year of 2022 from the Lamthakhong wind turbine
were collected using the WindSCADA system. The objective of this research section is
to conduct a statistical analysis to forecast and estimate future wind conditions at the
wind turbine farm. Consequently, in the subsequent sections, we will incorporate essential
statistical data to fulfill this requirement and advance our understanding of wind dynamics
in the region. Therefore, the boxplots of wind speed for all 12 installed wind turbines
are depicted in Figure 2, which shows that the average wind speed in the region was
approximately 5.5 m/s.
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Figure 2. Wind speed at Lamthakhong Wind Farm.

In collaboration with the wind turbine engineering team, three key points of analysis
were carefully identified for this study. These points serve as critical thresholds and are
crucial for understanding the correlation between wind speed and rotor speed. The mini-
mum threshold was established at 2.5 m/s (4 rpm), at which marginal relaminarization
will occur according to Equation (6), creating added complexity in near-wall flow char-
acteristics [32,33], representing the lower limit at which the wind turbine is operational.
The midpoint was set at 5.5 m/s (9 rpm), indicating the average wind speed observed
during the study period. Finally, the maximum threshold was defined at 10.0 m/s (15 rpm),
representing the upper limit beyond which the wind turbine requires protective measures
or must be shut down. Figure 3 illustrates these points, providing a visual representation
of the linear relationship between wind speed and rotor speed for simulation, validation,
and justification purposes.

The computational boundary condition used the rotational periodic to reduce the
computational time and to satisfy our limited computation resources. Figure 4 describes
the domain of the incoming wind speed, the rotational periodic, and the turbine blade
direction. In this study, we used ANSYS Fluent 2023R1 to solve the set of fluid dynamics
system equations, as shown in Equations (1)–(4). Hybrid Initialization was used in the
initial computational solution. With this technique, a collection of recipes and boundary
interpolation methods were used. It solved the Laplace equation to produce a velocity field
that conforms to wind turbine geometries. All other variables such as turbulence properties
were patched based on domain-averaged values [31]. The analysis was run on a system
with high-performance parallel computing using a 16 core Intel Xeon E5-2697@2.70 GHz
with 256 Gb of RAM under 24 h operation per the study case.
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4.2. Wind Turbine Grid Independence Analysis

Data on the wind speed were collected from the WindSCADA system for the entire
year of 2022 (Lamthakhong Wind Turbine Farm, Thailand). The computational grid was
divided into two: a global grid indicating the whole computational domain and a local grid
point on the investigated surface. This study focused on the blade surface to monitor the
grid’s independence. The area-weighted average of a quantity was chosen to validate the
solution convergence independence on the number of the grid. Clearly, the area-weighted
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average is the ratio between summation of the product of the physical variable and the area
to sum of the area.

1
A

∫
τw =

1
A

n

∑
i=1

τw,i|Ai| (31)

where τw,i is the wall shear stress of the grid cell on the blade surface and Ai is the local
grid cell area. Figure 5 demonstrates that the solution converges when the grid number is
between 209,000 and 250,000 cells, with less than a 3% solution change. In this study, we
utilized case 5 for all test cases. The grid independence analysis also revealed that although
the global cell count was higher in cases 1 and 2, the major variable being investigated
still did not converge, with the computation time and resources required being 5–10 times
greater than those in cases 4 and 5. Notably, this suggests that the grid independence study
must be a compromise between the variable of interest and the global flow field.
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In addition, we monitored local variation distribution for greater consistency of grid
independence. The index of uniformity shows the distribution of identified variables over
a surface of interest, while the highest uniformity means the index value is close to 1. On
the other hand, to observe the variation in selected variables, the area-weighted average
is applied to weight the uniformity index. The area-weighted uniformity index (ζa) of a
variable is computed as

ζa = 1 −

n
∑

i=1

[(∣∣ϕi − ϕa
∣∣Ai
)]

2
∣∣ϕa
∣∣ n

∑
i=1

Ai

(32)

where i is the facet index of a surface with n facets and ϕa is the average value of the field
variable over the surface:

ϕa =

n
∑

i=1
ϕi Ai

n
∑

i=1
Ai

(33)

The results presented in Figure 6 demonstrate the precision of the uniformity index
during the grid independence analysis. It is evident that case 5 had the most favorable
variation in uniformity. Considering both the global and local investigations conducted,
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case 5 was selected as the representative case for all subsequent studies in the grid inde-
pendence analysis. This decision was based on the superior performance and consistency
demonstrated by case 5 in terms of achieving grid-independent results. By utilizing case 5
as a reference, further studies and simulations can be conducted with confidence, ensuring
reliable and accurate outcomes. The grid is shown in Figure 7.
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4.3. Validation Study

The study results were compared with measured site data from the EGAT Wind-
SCADA system for computational validation. The performance levels of power outputs are
described in terms of torque, computed using procedures described in the ANSYS Fluent
manual and theory guide [31]. The total torque vector about the rotor axis is calculated by
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summing the elemental cross products of the pressure and viscous force vectors times the
vector

→
r . Equation (34) represents the pressure and viscous torque vector:

→
T(θ) =

→
r ×

→
F p(θ) +

→
r ×

→
F v(θ) (34)

where
→
F p is the pressure force vector,

→
F v is the viscous force vector, and

→
r is the blade

diameter. The validation of measurements compared to the current CFD output is shown
in Figure 8, confirming that the geometry, grid analysis, boundary condition, mathematical
setting, and initial conditions were consistent with actual flow physics.
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5. Results

This investigation aimed to predict realistic wind turbine blades through compu-
tational fluid dynamics based on wall shear stress. The geometry was produced from
high-precision 3D laser scanning. The boundary condition was measured using the Wind-
SCADA system, installed on an EGAT wind turbine farm and validated based on numerical
analysis and field measurements. The investigation results in Figure 8 confirmed that
all our settings represented realistic flow physics and were suitable for highly accurate
interpretation, as discussed in the following section.

5.1. Incoming Wind Speed Distribution and Statistical Analysis

In this study, our objective was to assess the wind distribution at a specific location.
While research papers commonly apply the Weibull distribution to represent incoming
wind speed [11,34], it is essential to consider that wind distribution can vary depending on
specific factors, such as geography, proximity to the equator, sea level, and local terrain.
To address this, we utilized the MINITAB R21 software to test the incoming wind speed
distribution. The Anderson–Darling test was selected as the main parameter to interpret
and validate the distribution shape [35]. Through statistical analysis, the distribution was
plotted, and the goodness of fit was assessed, as presented in Table 2, providing crucial
metrics for evaluating the accuracy and suitability of the distribution model in capturing
the wind behavior at the study location.
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Table 2. Anderson–Darling test data for goodness of fit test.

Distribution TW1 TW2 TW3 TW4 TW5 TW6 TW7 TW8 TW9 TW10 TW11 TW12
Normal 46.33 55.65 27.29 55.47 53.47 50.85 59.50 53.58 57.52 68.42 47.73 76.36
Lognormal 221.86 162.30 128.91 168.41 185.66 154.75 228.87 214.28 193.67 163.35 207.80 151.74
Weibull 36.58 38.36 11.07 20.52 20.86 12.95 36.55 33.52 30.24 18.20 20.59 26.20
Gamma 106.78 79.59 50.70 67.46 76.21 56.12 103.70 101.50 83.47 59.96 85.24 61.62

Based on the Anderson–Darling test for goodness of fit, the statistical analysis reveals
that the incoming airflow distribution across the different states listed in Table 2 is best
represented by the Weibull distribution. This finding aligns with other research studies,
confirming the global trend that the incoming wind distribution at the Lamthakhong Wind
Farm can be represented using a Weibull function [36,37]. The distribution histogram,
depicted in Figure 9, illustrates the results of the statistical analysis for all wind turbine
towers. Understanding and focusing on this distribution pattern is of the utmost importance
for accurate wind forecasting and estimation. This finding will guide future investigations
and prediction scenario analyses specifically tailored to the Lamthakhong Wind Farm,
enabling more precise assessments and predictions of wind behavior in the area.
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5.2. Effect of Transition Turbulence Model

This study investigated wind turbines operating in a 2.5–10 m/s wind speed range.
However, due to the transitional flow regime at low Reynolds numbers, the SST k-ω
turbulence model’s ability to accurately predict performance within this range is uncertain
according to the inclusion in SST k-ω of a destruction and relaminarization term, as shown
in Equations (6)–(30). This additional turbulence mathematical model aims to improve the
characteristic flow mix between turbulence and laminar, which expects good computational
results in a low-speed flow or a high pitch angle (PA). However, to test this hypothesis for
this study, we compared the SST k-ω model with the transition SST model.

In conclusion, the comparison of the wall shear stress weighted average between the
SST k-ω and transition SST turbulence models, as presented in Figure 10, indicates several
substantial differences overall for this study (less than 5% for all cases). However, a slight
distinction was observed at different PA values for all incoming air velocity. This finding
holds particular importance for wind farms operating under high PA conditions and for
the inspection area by maintenance technicians. Physically, the k-ω turbulence model in
CFD methods is the classical turbulence model for studying airfoils. The advantages and
improvements in the computational method proposed in this paper compared with the
previous method still need more validation and verification.
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Incorporating this insight into performance analysis systems is crucial, as it enables
the development of monitoring systems tailored to existing wind farms. By leveraging this
knowledge, these monitoring systems can effectively evaluate and manage the impact of
a high PA on wind turbine performance, optimizing overall operational efficiency, safety,
and yearly preventive maintenance. In addition, the incoming air velocity is the main
parameter that affects the wall shear stress on the turbine blade, as shown in Figure 11.
If we set the maximum contribution of the incoming wind velocity as the baseline and
express the others as a percentage of this value, we find that at a wind speed of 2.5 m/s
and 4 rpm, the contribution is 12–40%, and the maximum wall shear stress occurs at a
PA of 60◦. This approximates the case of an incoming air velocity of 5.5 m/s and 9 rpm,
where the maximum wall shear stress occurs at a PA of 45◦, with a contribution of 70%.
However, the relationship between incoming air velocity and wall shear stress does not
follow a linear trend. This finding is important for wind turbine farms, as it can be used to
estimate wind power and prioritize maintenance schedules to monitor the possibility of
blade delamination. This is a topic that is currently being researched by an EGAT team.
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5.3. Wall Shear Stress Distribution Compared with Current Damage

The difficulty of calculating wind turbine damage is more challenging since it involves
chaotic flow physics, anisotropic composite materials, and structural design. As a result,
this study will present an indirect hypothesis for estimating it using wall shear stress, as
demonstrated in Equation (5). The essential contribution is wind velocity, which we can
obtain via the WindSCADA system. To establish the correctness of this hypothesis, we must
observe the damage at the same region of high wall shear stress. However, the damage
mechanism was not included in this study. The CFD analysis depicted in Figure 12 reveals
that the wall shear stress distribution indicates elevated values at the leading edge of the
wind turbine blade (five times increasing when air velocity 2.50 m/s, 4 rpm increase to
10.00 m/s, 15 rpm), suggesting a higher likelihood of damage in that region compared to
other areas. In this analysis, we focused on a specific case illustrated in Figure 10, where
the turbine blade experienced increased wall shear stress. By comparing the computational
results with the existing damage, we were able to observe a consistent pattern, with
the tip of the blade showing both high wall shear stress and damage. Consequently,
we can conclude that wall shear stress serves as a reliable predictor of blade surface
delamination and associated damage. These results, like the mechanism described in
other research [38–40], give us confidence that all our settings are correct and that we
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have obtained numerical fidelity in the results. Therefore, our simulated results are very
important for the Lamthakhong Wind Farm as they enable the implementation of an
effective preventive maintenance strategy. By utilizing the insights from this research, the
Wind Farm can establish a schedule for planning and make further predictions based on
CFDs simulations to mitigate potential damage.
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Figure 12. Wind turbine damage compared with wall shear stress. (a) PA 90◦, incoming air velocity
2.50 m/s, 4 rpm; (b) PA 90◦, incoming air velocity 5.50 m/s, 9 rpm; (c) PA 90◦, incoming air velocity
10.00 m/s, 15 rpm; (d) current damage on wind turbine blade (2023).
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5.4. Preventive Maintenance Schedule Planning for Delamination and Corrosion

Preventive maintenance schedule planning for delamination and corrosion based on
wall shear stress predicted using CFDs involves leveraging the predictive capabilities of
CFDs simulations to identify critical areas prone to damage. By analyzing the wall shear
stress distribution obtained from CFDs models, regions with elevated wall shear stress
can be identified, indicating potential areas susceptible to delamination and corrosion.
The annual variation in wind patterns can be described, based on the wind data collected
throughout the entire year, as depicted in Figure 13. The analysis revealed that the period
from June to October experiences higher wind speeds and greater fluctuations than in
other months. Therefore, it is advisable to monitor flow-induced delamination damage
before June as a reference point rather than comparing it with observations made after
October when the wind conditions are less severe. This approach facilitates identifying
and assessing delamination occurrences by establishing a baseline during heightened
wind activity.
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Incorporating this information into the maintenance schedule planning would allow
for targeted inspections, maintenance, and protective measures in those high-risk areas.
Proactively addressing these areas with appropriate treatments, coatings, or repairs can
mitigate the detrimental effects of delamination and corrosion, optimizing the lifespan
and performance of the equipment or structure. This approach enables efficient allocation
of resources and minimizes downtime, ensuring the long-term reliability and safety of
the system.

The final discussion with the wind turbine engineering staff at the Wind Farm resulted
in the design and description of an appropriate drone inspection procedure, as outlined
in Figure 14. Our findings reveal that the current drone inspection protocol did not
incorporate the wind data presented in Figure 13 or consider the location of wall shear
stress. Consequently, the inspection protocol begins at the blade tip, considering the highest
wall shear stress, progresses to the leading edge, upper, and lower surfaces, and finally
inspects the trailing edge. The implemented drone inspection procedure has been proven
effective and reliable. This procedure further confirmed the importance of the wall shear
stress distribution in predicting delamination and corrosion. In addition, the wall shear
stress observed in the blade region serves as a valuable input for developing preventive
maintenance procedures that align well with the drone inspection process. As a result,
this research has yielded successful outcomes with practical implications for real-world
applications, as well as sustainability in developing a specific yearly maintenance protocol
and strategies for human development in future investigation projects at Lamthakhong
Wind Turbine Farm.
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In 2024, with a focus on enhancing human and social sustainability, we have broad-
ened our exploration of wind behavior at Thailand’s Lamthakhong Wind Turbine Farm in
Nakhon Ratchasima Province. Following the successful implementation of a new technique
and receiving favorable feedback from inspection specialists, we have utilized surface
wind speed data from the Thai methodological department to expand our discoveries, as
depicted in Figure 15. Initially, our observation efforts commenced in Southern Thailand
to track the fluctuation in wind speed over time. However, certain data points were lost
during the monsoon day. Our analysis indicated significant variation in the peak surface
wind speeds based on location, with the distribution of wind speeds remaining consis-
tent with a Weibull distribution. Additionally, the coastal regions in Southern Thailand
present favorable conditions for the installation of wind turbine farms. While large-scale
power systems are necessary, medium-sized systems suffice for sustaining agricultural
activities in smaller settlements. The distinctive characteristics of coastal areas, coupled
with significant fluctuations in wind speed during the monsoon season, influence wind
dynamics that potentially lead to damage to wind turbine systems or coastal beaches [41].
This discovery underscores the importance of prior knowledge in managing wind farms
and lays a foundation for future wind turbine implementations, as well as being valuable
for guiding specific preventive maintenance and inspection protocols. Moreover, engineers
and inspection specialists must possess a comprehensive understanding of local wind
dynamics before employing any particular procedure. Lastly, studies conducted at the
Lamthakhong Wind Turbine Farm highlight the significance of incoming airflow, which is
closely linked to issues like blade delamination and corrosion induced by high wall shear
stress, especially at the blade tip and leading edge. Given the substantial fluctuations in
surface wind speed observed in Southern Thailand, there is a pressing need for stricter
monitoring and the adoption of efficient maintenance techniques.
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6. Conclusions

This study applied a numerical simulation technique to predict the wall shear stress
that induces delamination and erosion on wind turbine blades. The grid independence
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tests both global and local regions to ensure all grid points are presented. The turbulence
model SST k-ω is used, while the transition SST is also used to compare performance. To
enhance further prediction, statistical analysis should be applied to acquire more detail in
the interpretation of the results. The conclusions from the study are

(1) Based on the Anderson–Darling test for goodness of fit, the statistical analysis in-
dicated that the incoming airflow distribution at the Lamthakhong wind farm, as
depicted in Table 2 and Figure 9, is best represented by the Weibull distribution. This
finding aligns with other research, suggesting that the global trend of the Weibull
function applies to the wind distribution for this wind farm. Understanding the char-
acteristics of this distribution is needed for precise wind forecasting, estimation, and
conducting future investigations and scenario analyses specific to the Lamthakhong
Wind Farm. By considering the Weibull distribution, more accurate predictions and
assessments can be made, aiding in optimizing operations and decision-making
processes related to the Wind Farm.

(2) The comparison between the SST k-ω and transition SST turbulence models in
Figure 10 suggests no significant differences for the low pitch angle (PA) case, but
a slight difference was observed at a high pitch angle. This finding is important
for wind farms operating under high-pitch angle conditions and in designing airfoil
shapes that need to account for this effect.

(3) By comparing the computational results with the existing damage in Figure 12d, we
were able to observe a consistent pattern, with the tip of the blade exhibiting both high
wall shear stress and damage. Consequently, we can conclude that wall shear stress
serves as a reliable predictor of blade surface delamination and associated damage.

(4) Our prediction, that wall shear stress varies with inlet velocity as shown in Equation
(5) and Figure 11, suggests that incoming air speed can be used to determine wall
shear stress levels. Therefore, precise data from the WindSCADA system can be used
for the future assessment of wall shear stress levels.

(5) Based on the wind data collected throughout the entire year, as depicted in Figure 13,
it is advisable to conduct monitoring for flow-induced delamination damage prior
to June as a reference point, rather than comparing it with observations made after
October when the wind conditions are less severe. Unique protocols are established
for internal yearly maintenance improvement.

(6) The analysis of surface wind speed in Southern Thailand in Figure 15 reveals height-
ened fluctuations influenced by both the monsoon season and coastal geography. As a
result, an effective maintenance protocol capable of accommodating these conditions
is required.

(7) It is crucial to prioritize future enhancements in inspection methods to ensure ongoing
efficiency and effectiveness. These improvements are essential for both the ongoing
research projects in the Lamthakhong Wind Farm and Southern Thailand.
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25. Herring, R.; Domenech, L.; Renau, J.; Šakalytė, A.; Ward, C.; Dyer, K.; Sánchez, F. Assessment of a Wind Turbine Blade Erosion

Lifetime Prediction Model with Industrial Protection Materials and Testing Methods. Coatings 2021, 11, 767. [CrossRef]
26. Obanijesu, E.O. Modeling the H2S contribution to internal corrosion rate of natural gas pipeline. Energy Sources Part A Recovery

Util. Environ. Eff. 2009, 31, 348–363. [CrossRef]
27. Madasamy, P.; Chandramohan, P.; Mukunthan, M.; Krishna Mohan, T.V.; Rangarajan, S.; Uttam, N.; Ramakrishnan, R.; Babulal,

G.; Rani, H.P.; Surendran, P.; et al. Flow accelerated corrosion rate on carbon steel pipe bend by thin layer activation technique
and computational modeling: Under PHWR operating conditions. Eng. Fail. Anal. 2021, 121, 105125. [CrossRef]

https://doi.org/10.1016/j.ecmx.2023.100400
https://doi.org/10.1016/j.enconman.2022.115803
https://doi.org/10.1016/j.enconman.2015.12.084
https://doi.org/10.1016/j.renene.2016.05.059
https://doi.org/10.1016/j.enconman.2018.12.054
https://doi.org/10.1016/j.enconman.2021.114771
https://doi.org/10.1016/j.enconman.2021.114110
https://doi.org/10.1016/j.jweia.2022.105097
https://doi.org/10.1016/j.compfluid.2021.105213
https://doi.org/10.1016/j.jweia.2022.104935
https://doi.org/10.1002/we.2691
https://doi.org/10.1016/j.enconman.2022.115255
https://doi.org/10.1016/j.jweia.2019.104074
https://doi.org/10.1016/j.jweia.2020.104137
https://doi.org/10.1016/j.apenergy.2021.117590
https://doi.org/10.1016/j.oceaneng.2021.108829
https://doi.org/10.1016/j.renene.2021.08.002
https://doi.org/10.1016/j.energy.2021.121692
https://doi.org/10.1016/j.ecmx.2023.100411
https://doi.org/10.1016/j.ecmx.2021.100103
https://doi.org/10.1016/j.ecmx.2022.100239
https://doi.org/10.1177/0967391119848232
https://doi.org/10.3390/coatings11091104
https://doi.org/10.3390/coatings11060681
https://doi.org/10.3390/coatings11070767
https://doi.org/10.1080/15567030701528408
https://doi.org/10.1016/j.engfailanal.2020.105125


Sustainability 2024, 16, 2873 23 of 23

28. Dimitrova, M.; Aminzadeh, A.; Meiabadi, M.S.; Sattarpanah Karganroudi, S.; Taheri, H.; Ibrahim, H. A Survey on Non-Destructive
Smart Inspection of Wind Turbine Blades Based on Industry 4.0 Strategy. Appl. Mech. 2022, 3, 1299–1326. [CrossRef]

29. Castorrini, A.; Ortolani, A.; Campobasso, M.S. Assessing the progression of wind turbine energy yield losses due to blade erosion
by resolving damage geometries from lab tests and field observations. Renew. Energy 2023, 218, 119256. [CrossRef]

30. Menter, F.R.; Langtry, R.B.; Likki, S.R.; Suzen, Y.B.; Huang, P.G.; Völker, S. A correlation-based transition model using local
variables—Part I: Model formulation. J. Turbomach. 2006, 128, 413–422. [CrossRef]

31. Ansys Fluent. ANSYS Fluent Theory Guide (2023R1); ANSYS Inc.: Canonsburg, PA, USA, 2023.
32. Kaewbumrung, M.; Plengsa-Ard, C. Numerical simulation of jet impingement relaminarization using nonlinear eddy viscosity

turbulence models. Eng. Appl. Comput. Fluid Mech. 2023, 17, e2162132. [CrossRef]
33. Kaewbumrung, M.; Plengsa-Ard, C. Relaminarization of jet impingement on a flat plate using separation-induced transition

correction turbulence modeling preliminarily applied in archeological applications. Heliyon 2024, 10, e26040. [CrossRef] [PubMed]
34. Gualtieri, G.; Secci, S. Extrapolating wind speed time series vs. Weibull distribution to assess wind resource to the turbine hub

height: A case study on coastal location in Southern Italy. Renew. Energy 2014, 62, 164–176. [CrossRef]
35. Jung, C.; Schindler, D.; Buchholz, A.; Laible, J. Global gust climate evaluation and its influence on wind turbines. Energies 2017,

10, 1474. [CrossRef]
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