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This study introduces an airfoil-based refinement technique to enhance the Actuator Disk Model (ADM) for
improved wind turbine aerodynamic load prediction and structural simulation in conjunction with Large Eddy
Simulations of the wind flow. While ADM offers higher computational efficiency than the more detailed but
resource-intensive Actuator Line Model (ALM), it traditionally lacks the resolution needed to capture the
localized blade forces accurately. To address this limitation, we introduce a refinement technique that uses
airfoil-specific data and employs interpolation-based grid point refinement, achieving ALM-comparable accuracy
while preserving ADM'’s efficiency. Unlike conventional ADM that provides only rotor-disk averaged forces, our
synthetic method tracks transient aerodynamic load variations over multiple blade revolutions, allowing us to
calculate the distributions of maximum and minimum loads during typical cycles. Applied to the NREL 5 MW
reference turbine, our enhanced ADM accurately predicts key aerodynamic parameters (angle of attack, axial
velocity, lift, drag, axial and tangential forces along the blades) as well as structural responses (blade tip
deflection, maximum stress, and stress concentration). Our results show that the tip deflection ranges from 2.33m
(3.69 % of blade length) to 4.28m (6.79 %), with maximum stress concentration occurring near the blade root.
This research demonstrates that a refined synthetic ADM approach can serve as a computationally efficient
alternative for both aerodynamic analysis and structural simulation of wind turbine blades subjected to realistic
wind fields.

1. Introduction growth trajectory is evidenced by wind energy’s unprecedented instal-
lation rates across both developed and emerging economies, with China,
the United States, and European nations leading substantial capacity

additions that are transforming their energy landscapes [4]. The versa-

1.1. Background

Wind energy represents a cornerstone of sustainable power genera-
tion, offering a renewable and efficient solution to tackle the challenges
of climate change and energy security [1]. Modern wind technology has
evolved dramatically, with turbine capacities expanding from hundreds
of kilowatts to multi-megawatt systems exceeding 15 MW for offshore
applications, dramatically improving cost-effectiveness and energy
capture [2]. As a naturally replenishing resource with minimal carbon
footprint during operation, wind power has emerged as one of the most
economically viable alternatives to fossil fuels, with global capacity
expanding exponentially over the past decade [3]. This remarkable
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tility of this technology enables deployment across diverse geographical
contexts-from offshore installations harnessing powerful marine winds
to distributed small-scale turbines serving remote communities. Beyond
environmental benefits, wind energy contributes significantly to eco-
nomic development through job creation, reduced energy import
dependence, and price stability unaffected by fuel market volatilities [5,
6]. As energy systems worldwide undergo transformation toward
greater sustainability, the continued advancement and integration of
wind energy represent critical components in achieving both national
energy policies and international climate commitments [7].
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Accurately determining wind forces acting on turbine blades is
essential for enhancing efficiency and maintaining structural durability.
These forces depend critically upon the inflow wind fields characterized
by turbulent flow structures and variability occurring at multiple spatial
and temporal scales. Large Eddy Simulations (LES) of wind fields can
capture much of this variability in a realistic fashion [8]. Among the
computational approaches employed to represent the wind turbines in
LES, the Actuator Disk Model and Actuator Line Model stand out as
significant methodologies [9]. These techniques simulate wind-blade
interactions with varying degrees of sophistication and computational
demands, providing engineers with critical insights into turbine aero-
dynamics. The ADM represents turbine rotors as a permeable disk
applying spatially uniform force across the rotor disk area. Its compu-
tational efficiency and straightforward implementation make it ideal for
extensive simulations where precise blade geometry is less important
[10,11]. This approach works particularly well when analyzing general
wake patterns and flow fields rather than specific blade-level phenom-
ena [12]. A limitation of ADM is that it does not provide detailed in-
formation about blade loading at various positions along the blade [13].

Conversely, ALM depicts blades as segmented force vectors arranged
along the blade length. This approach delivers a more detailed aero-
dynamic representation, successfully reproducing sophisticated flow
features including root and tip vortices [13,14]. ALM is a proven tech-
nique especially when precise prediction of blade loading is required,
such as during irregular inflow conditions or aeroelastic investigations
[14]. Its capability to accurately model more detailed force distributions
makes it a preferred methodology for researchers conducting detailed
blade-level simulation studies [15].

This study introduces an interpolation-based refinement technique
designed to improve the resolution of the ADM, enabling it to produce
predictions for both aerodynamic parameters (angle of attack, axial
velocity, drag, lift, axial and tangential forces) and structural parameters
(tip deflection, and maximum stress concentration) that closely align
with those of the more detailed ALM while preserving its computational
efficiency. By enhancing ADM’s accuracy, this synthetic approach al-
lows for a better representation of aerodynamic forces acting on the
composite blades of wind turbine without significantly increasing
computational costs.

While simulating the structural behavior of wind turbines using the
load data from our airfoil-based synthetic ADM approach, it is important
to note that composite blades, being highly flexible, are among the most
critical components of the wind farm. These blades endure complex
loading conditions, including aerodynamic forces, gravity, and centrif-
ugal forces, making accurate modeling essential for reliable perfor-
mance predictions [16]. Therefore, understanding the underlying
mechanism of the deformation and blade failure is vital to optimize
structural design and enhance long-term durability [17]. As an alter-
native to analytical solutions and experimental observations, Finite
Element Analysis (FEA), due to its convenience and rapidity, has been
widely used to analyze the eigenfrequencies and tip deflections of
blades, and predict their deformation and stress-strain distribution with
good accuracy. Larsen et al. [18] utilized an nonlinear structural solvers
to study the effects of blade tip deflection on its stability, and simulated
results reveal that large blade deflections can change the effective rotor
area, thereby altering the blade and turbine loading. In addition, a nu-
merical model proposed by Mazarbhuiya et al. [19] employed to analyze
the effect of blade thickness on the power coefficient and tip speed ratio
at low wind speed, and their work found that the wind speed determines
the selection of blade thickness. More specifically, we prefer to select a
thicker blade when the low wind speed conditions emerge. Subse-
quently, nonlinear modeling is proposed to analyze the effect of material
strength on blade deformation [20]. The results suggest that the incre-
ment of the blade strength can remarkably improve blade performance
and optimize blade selection. In practice, the wind blades would expe-
rience damage and delamination failure under extreme loading, which
would reduce the load-carrying capacity of the laminates. Therefore,
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some researchers turn to the investigation on delamination damage and
failure induced by pre-existing defects and degradation. The effects of
various wind velocities on damage evolution of the blade skin, shear
web and adhesive layer are investigated by Liu et al. [21]. Moreover, a
wind blade with the length of 52.3 m is established by Chen et al. [22],
and their simulated results reveal that the delamination between spar
cap and shear web yields the blade collapse. The full-scale test of turbine
blade with the length of 34 m is conducted to investigate crack initiation
and propagation of trailing edge, and the effect of bulking on trailing
edge failure is highlighted [23]. Recently, Li et al. [21] proposed a new
method to predict the damage process of blade spar cap, and the local
material degradation induced by pre-existing defects is also studied.
Such results suggest that the delamination evolves from intralaminar to
interlaminar, thereby transforming the local failure into global failure.
However, the existing research on the delamination of wind turbine
blades mainly focuses on damage and failure of blade under static load,
and the effect of transient wind force on the blade performance remains
unanswered. More specifically, how to accurately apply the wind force
on the blade is challenging, since it varies along blade length and
loading times.

1.2. Novelty and research gap

The novelties and contributions of this work can be summarized as
follows.

e ADM offers computational efficiency but lacks resolution in
capturing localized blade forces, while ALM provides higher accu-
racy at a greater computational expense. Few studies have attempted
to bridge this gap by enhancing ADM’s resolution while preserving
its efficiency.

To our best knowledge, no previous research has analyzed the
transient variation of aerodynamic loads during turbine blade rev-
olutions using ADM. Existing ADM studies typically report time-
averaged force values, leaving the detailed time-dependent evolu-
tion of loads across multiple revolutions unexplored. Our research
introduces a novel approach to track maximum and minimum force
variations over consecutive blade revolutions.

Although some studies have examined transient aerodynamic loads
in wind turbines, most research continues to emphasize time-
averaged load distributions for structural simulations. Limited
research exists using ADM to study transient aerodynamic force
variations across multiple blade revolutions. We develop a refined
ADM approach that interpolates load data to achieve ALM-
comparable accuracy, enabling realistic structural simulations at a
reduced computational cost.

2. Numerical details

In this study, we have employed a LES code combined with the
Lagrangian scale-dependent dynamic method [24] to model turbulence
in the atmospheric boundary layer. Although detailed documentation of
the computational methodology can be found in previous publications
[24-27], our analysis specifically focused on two major components: the
framework for atmospheric simulation (discussed in subsection 2.1) and
the wind turbine representation (covered in subsection 2.2).

2.1. Atmospheric boundary layer (ABL) modeling

The numerical simulation utilizes a LES algorithm that solves the
incompressible and filtered N-S equations in a neutrally stratified at-
mosphere driven by pressure gradient forcing [28]:

6iui =0 (1)
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where, p*, u;, and p denote, respectively, the modified pressure term, the
filtered velocity component, and the real pressure. Also, 1/3 7y (the
trace of the subgrid-scale stress tensor), 1/2 puju; (kinetic energy), and
ridj =2 (cA)? |S|S;j (the deviatoric component of the subgrid-scale stress
tensor) [24] are appeared in Equation (2). Viscous influences are
considered insignificant within this formulation due to the flow’s high
Reynolds number characteristics. %" (mean pressure gradient) is
imposed to maintain the flow consistency.

The bottom boundary condition employs an aerodynamic surface
roughness parameter of zo = 5 x 10~*H, which corresponds to 0.5 m.
The influence of wind turbines is modeled via a resistive drag force
(denoted in the term f;) that counteracts the pressure-gradient-driven
flow. In Equations (1) and (2), repeated indices follow the Einstein
summation convention, with the pressure gradient forcing operating
exclusively along x; (the streamwise axis). It should be mentioned that
the velocity components and coordinate system are expressed as: wall-
normal (w,2), spanwise (v,y), and streamwise (u,x).

The simulation domain implements periodic boundary conditions
along both horizontal axes (x and y). The computational region rises
1000 m in height (H) and spans roughly 3142 m across both horizontal
dimensions (L). Numerical resolution is achieved through a grid struc-
ture comprising 192 x 192 x 97 points, with horizontal grid spacing of
Ax = Ay = 16.4 m and vertical spacing of Az = 10.4 m. The Kolmogorov
length scale () at the hub height is estimated to be approximately 1 mm,
and the ratios of the grid spacings to the Kolmogorov scale are A/n ~
16400 (x/y) and ~10300 (z). These values confirm that the mesh lies
well within the LES regime, where energy-containing eddies are
resolved and small-scale dissipation is modeled through the subgrid-
scale formulation.

The entirety of LES simulations maintains uniform dimensional
boundary layer height (H), and pressure gradient (%), although actual
atmospheric boundary layers would naturally modify their vertical
extent in response to the roughness of the lower boundary. The effective
surface roughness is being altered by the presence of the wind turbines
[26]. Also, computational limitations prevent dynamic adjustment of
domain height, and roughness variations influence the bulk flow ve-

locity in relation to the velocity scale u, = ,/‘%‘;’ %’ To compensate for

these differences, results at the domain’s upper boundary will be typi-
cally normalized by the mean velocity at the top of the domain (U).
While an alternative strategy could involve implementing adjustable
pressure gradients to ensure consistent mean velocities across different
simulations, the post-processing normalization technique delivers
comparable outcomes with significantly reduced complexity.

To perform the simulation, we have used LESGO (https://lesgo.me.jh
u.edu/) which is an open source computational fluid dynamics (CFD)
solver developed by the Turbulence Research Group at Johns Hopkins
University (JHU) for simulating turbulent flows, particularly in atmo-
spheric boundary layers and wind farm environments. It employs a
pseudo-spectral method in two spatial directions, while the third di-
rection is handled using a finite-difference approach. This hybrid
scheme allows for efficient calculations with high numerical accuracy,
making it well-suited for large-scale turbulence simulations. Time evo-
lution of the governing equations is handled using the Adams-Bashforth
scheme, which provides a balance between accuracy and computational
efficiency. To model small-scale turbulence, LESGO incorporates
subgrid-scale (SGS) models, including the standard Smagorinsky model
with a fixed coefficient and a scale-dependent dynamic model. These
models help represent the effects of unresolved turbulence, which are
crucial in different types of flows. A key numerical consideration in
LESGO is the resolution balance between spectral and finite-difference
directions. Since spectral methods resolve turbulence more efficiently
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than finite-difference approaches, an optimized resolution ratio is
necessary to ensure consistency in turbulence statistics. Through nu-
merical analysis, it has been found that using a finer resolution in the
finite-difference direction compared to the spectral directions improves
the accuracy of Reynolds stress predictions [29].

2.2. Turbine modeling

In this study, we have simulated a single wind turbine using the
Actuator Disk Model and compared its results with a high-fidelity
Actuator Line Model approach from the literature. Numerical
modeling plays a critical role in understanding wind turbine aero-
dynamics, and both ADM and ALM provide valuable insights at different
levels of accuracy and computational cost [29-31]. As we have already
discussed, the ADM simplifies turbines as stationary disks, offering ef-
ficiency for large-scale wake studies but lacks blade-level detail. In
contrast, the ALM captures detailed blade aerodynamics and wake dy-
namics, though at a much higher computational cost [30,31].

In the actuator disk model (ADM), each turbine’s interaction with
the flow is represented by a spatially distributed thrust force, defined as
[30]:

Fo= — %CTp(ug)zAT )

The thrust coefficient C;. is defined with respect to the disk velocity,
rather than traditional formulations based on upstream velocity [30].
The quantity u} denotes the velocity averaged across the rotor disk,
which is temporally filtered using a first-order exponential smoothing
function. Ar is the rotor’s total swept area. To ensure numerical stability,
particularly within the pseudo-spectral solver, a Gaussian-filtered indi-
cator function is employed to smoothly distribute the thrust force across
the computational grid. The instantaneous power extracted by the tur-
bine is computed as the product of the applied thrust force and the
filtered disk-averaged velocity [30]:

P=Ful=— %CTp (})’Ar &)

Additional details on the implementation methodology of the actu-
ator disk model can be found in prior studies [29-31].

In this study, we first simulate a single turbine using ADM, capturing
its wake characteristics and flow interactions. Then, we incorporate
airfoil data to compute aerodynamic loads, allowing a direct comparison
between ADM and prior ALM predictions available in the literature for
the same turbine. This comparison helps assess the trade-offs between
computational efficiency and accuracy in predicting aerodynamic load
and structural response. The results provide insights into optimizing
wind turbine modeling approaches for both standalone turbines and
larger wind farm simulations.

2.3. Simulation setup

2.3.1. Wind turbine simulation

The computational domain used in this study is designed to accu-
rately capture the dynamics of wind turbine wake interactions while
ensuring sufficient spatial resolution. The domain dimensions are 24D
x 8D x 24D in the streamwise (x), vertical (z), and spanwise (y) di-
rections, respectively, where D represents the rotor diameter (Fig. 1(a)).
The turbine, representing as the actuator disk, is positioned at 4D
downstream from the inlet boundary and centered laterally within the
domain. The wake length has been calculated (will be discussed later)
and the downstream length of 20D is long enough to avoid any wake
effects.

The computational domain consists of 192 x 192 x 97 grid points in
the streamwise, spanwise, and vertical directions, ensuring adequate
resolution for resolving turbulence structures while maintaining
computational efficiency. The detailed grid resolution study can be
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Fig. 1. Various aspects of the computational domain and wake characteristics in the simulation. (a) schematic of the computational domain, highlighting the turbine
location and domain dimensions in the streamwise, spanwise, and vertical directions. (b) the instantaneous streamwise velocity field in the x-y plane, where a distinct
low-velocity region forms behind the turbine due to wake effects. (c) corresponding vorticity field, revealing the shear layers and turbulence structures generated by
the wake. (d) the instantaneous streamwise velocity field in the x-z plane, capturing the vertical development of the wake and its interaction with the atmospheric
boundary layer. (e) the instantaneous streamwise velocity field in the y-z plane (f) the time-averaged streamwise velocity field, providing a clearer view of the wake

deficit and its gradual recovery due to turbulence mixing. The domains in these figures are zoomed for a better visualization.

found in our previous literature [30]. A uniform grid spacing is used in
all the horizontal directions (x, y), with a smaller grid spacing applied in
the vertical (z) direction to better capture the boundary layer effects. A
fully developed atmospheric turbulent boundary layer is imposed at the
inlet without the use of a precursor run. Turbulence is generated inter-
nally by the interaction of the flow with the rough bottom surface and
the imposed pressure gradient, following the well-established approach
for ABL simulations. As we have already mentioned, a streamwise mean
pressure gradient is applied to drive the flow, and periodic boundary
conditions are implemented in both horizontal directions. The bottom
boundary utilizes an equilibrium wall stress model with a roughness
length of zp = 5 x 10~*H. This setup allows the flow to naturally evolve
into a turbulent boundary layer over time, ensuring realistic inflow
turbulence characteristics.

The wake characteristics of the actuator disk model are analyzed
using velocity and vorticity fields (Fig. 1(b) and (c)). The instantaneous
streamwise velocity field (Fig. 1(b)) shows the velocity distribution in
the x-y plane, where the wake of the turbine is clearly visible as a low-
velocity region extending downstream. The gradual increase in velocity
further downstream indicates wake recovery due to turbulent mixing.
Meanwhile, the vorticity field (Fig. 1(c)) highlights the presence of
coherent vortex structures generated by the wind turbine wake. The
vorticity contours reveal the shear layers between the high-speed inflow
and the low-speed wake, where turbulence intensifies as coherent
structures break down into smaller eddies [31]. At hub height, we es-
timate the streamwise turbulence intensity of approximately 15 % as the
ratio of the root mean square of streamwise velocity fluctuations to the
mean streamwise velocity. We also estimate the integral length scale of
approximately 1.8D using spatial autocorrelation [32]. These properties
are not prescribed at the inlet but arise naturally through the flow
physics, making the current approach well-suited for investigating wind
turbine behavior in realistic boundary layer conditions. To further
analyze the wake structure, Fig. 1(d) presents the instantaneous velocity
field in the x-z plane, capturing the wake evolution in the vertical di-
rection. The figure demonstrates a distinct low-velocity region down-
stream of the turbine, where the wake is influenced by the turbulence in
the atmospheric boundary layer. The interface between the wake and
the outer flow is characterized by strong shear, leading to turbulence
generation and wake recovery at further downstream distances. Addi-
tionally, Fig. 1(f) illustrates the time-averaged streamwise velocity field,
which provides a clearer picture of the wake structure by filtering out
instantaneous fluctuations. The wake deficit is most prominent near the
turbine, and as the flow progresses downstream, wake recovery becomes
evident due to turbulent mixing. The average wake length estimated
based on the time-averaged velocity fields is approximately 10D. From
the time average velocity profile, it is observed that the region of sig-
nificant velocity deficit persists until approximately x/H = 1.7. The
wake length estimation was based on the recovery of streamwise ve-
locity to freestream values in the velocity field. Since the length of the
wake is approximately 10D, we have extended the domain up to 20D
after the turbine to avoid any wake effect. Fig. 1(e) shows the instan-
taneous streamwise velocity on a cross-sectional plane at the location of
the turbine x/H = 0.5. The circular region represents the turbine disk
area. A localized velocity deficit is observed within this area, consistent
with the expected turbine-induced momentum extraction. Outside the
rotor area, the streamwise velocity returns to freestream conditions.

2.3.2. Structural simulation

The wind turbine blade used in this study corresponds to the NREL 5
MW reference turbine and is discretized into shell elements for structural
analysis (Fig. 2(a)-(c)). The blade was designed by the National
Renewable Energy Laboratory (NREL) and has a rotor diameter of 126m
and height of 90m [33]. The blade consists of aerodynamic skins and
shear webs, which provide structural integrity and stiffness to withstand
aerodynamic and gravitational forces. The blade root is fixed, while lift
and drag forces act on the blade, with lift directed along the y-axis and
drag along the -z axis.

The blade skin follows a sandwich composite structure comprising
three distinct material layers (Fig. 2(d)). The outer layers consist of
carbon-epoxy laminate (2.8 mm thick) and glass-vinyl ester laminate
(11.2 mm thick), while the core is composed of PVC foam (150 mm
thick). The fiber orientations within the glass-vinyl ester laminate are
optimized for structural performance, incorporating 0°, —45°, 45°, and
90° fiber angles, with each layer having a thickness of 1.4 mm. This
layered arrangement enhances the blade’s ability to withstand torsion,
compression, and shear forces under operational conditions [33-35].

The detailed material properties, structural characteristics and
aerodynamic properties of the NREL 5 MW wind turbine blade are
summarized in Tables 1 and 2. The carbon-epoxy and glass-vinyl ester
laminates are modeled as transversely isotropic materials, ensuring
realistic structural responses under aerodynamic loading [36]. Along the
blade span, there are varying DUxx and NACA 64 airfoils. In this study,
delamination failure is not considered, as the primary focus is on the
aerodynamic loads and structural response under normal operating
conditions.

3. Determining aerodynamic load using airfoil data

The Actuator Disk Model is commonly used in large-scale wind farm
simulations due to its computational efficiency. However, a key limi-
tation of ADM is its uniform force distribution, which does not represent
the actual aerodynamic loading on the turbine blades. This uniform
forcing neglects spanwise variations in chord length, twist angle, angle
of attack, and resulting aerodynamic forces-factors that significantly
influence turbine loading under realistic flow conditions. To improve
the accuracy of ADM while maintaining computational feasibility, we
have assumed a line passing through the flow field instead of an actuator
disk. Then we introduced an interpolation-based refinement strategy
that increases the number of grid points along that line. This interpo-
lated grid enhances spatial resolution and enables the incorporation of
airfoil-based aerodynamic forces. Instead of applying uniform thrust, we
compute lift and drag forces at each interpolated point using local flow
conditions and airfoil-specific characteristics, such as pitch angle and
angle of attack. The lift and drag coefficients are retrieved from airfoil
data tables based on the NREL 5 MW turbine design. These forces are
then resolved into normal and tangential components. This modification
allows for a more physically representative force distribution, while
remaining significantly less computationally expensive than actuator
line or blade-resolved models. The details of the airfoil data imple-
mentation, along with a step-by-step description and flowchart (Fig. 3),
are provided in the following part of this section.

As we have already mentioned, the actuator disk model requires low
resolution around the turbine disk whereas the actuator line model re-
quires very high resolution along the blades. In our simulation, we have
around 8 grid points in y direction and around 12 grid points in the z
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Table 1 Table 2
Input parameters for composite materials [36]. The blade sections and airfoils of NREL 5 MW wind turbine blade [33,37].
Input parameters Carbon-epoxy Glass-vinyl ester PVC foam Node Position (m) Chord (m) Twist (°) Airfoil
E; (GPa) 139 41 0.25 1 2.87 3.542 13.308 Cylinder 1
E, (GPa) 9 9 0.25 2 5.6 3.854 13.308 Cylinder 1
E3 (GPa) 9 9 0.25 3 8.33 4.167 13.308 Cylinder 2
Shear modulus G (GPa) 5.5 4.1 0.0926 4 11.75 4.557 13.308 DU40_A17
Bulk density, p (kg/ms) 1560 1890 200 5 15.85 4.652 11.48 DU35_A17
Poisson’s ratio, v 0.32 0.3 0.35 6 19.95 4.458 10.162 DU35_A17
. R _ . - 7 24.05 4.249 9.011 DU30_A17
Note t.hat Ey, E; and E3 are Young’s modulus in the x, y and z directions 8 28.15 4.007 7.795 DU25 A17
resPeCtlveIY- 9 32.25 3.748 6.544 DU21 A17
10 36.35 3.502 5.361 DU21_A17
direction on the actuator disk. To mimic the actuator line in ADM setup, 1 40.45 3.256 4.188 NACA_64.618
h idered a line passing through the flow field. Since this line 12 44.35 301 3125 NACA 64.618
we have considered a lin€ passing gh the How field. sinc | 13 48.65 2.764 2319 NACA 64 618
has low resolution, we have performed bi-linear interpolation to in- 14 52.75 2.518 1.526 NACA 64 618
crease the number of grid points. Therefore, in the interpolated grid 15 56.17 2.313 0.863 NACA_64.618
setup, this line has around 200 grid points. In this method, we are not 16 e 2.086 0.37 NACA_64 618
17 61.63 1.419 0.106 NACA_ 64618

resolving the actual blade, rather we use this line to construct a 3D
representation of the blade using the airfoil data. Fig. 4(a) shows the
instantaneous streamwise velocity field in the y-z plane at the location of
the turbine x/H = 0.5, and 4(b) shows the zoomed view of the turbine in

Since the actuator disk is simulated without rotation, to mimic the
real-world scenario and calculate the rotational velocity we have pre-

the flow field. Fig. 4(c)-(d) show the original grids and interpolated
grids on the turbine blade, respectively. Fig. 4(e) shows the 3D view of
the NREL 5 MW wind turbine blade showing different cross-sections and
airfoil types.

scribed a certain angular velocity (w). The velocity triangle at each
radial position provides the relative velocity (U,,;) computed as [38,39]:

Un =/ U2 + (rw — Uy)* ©)
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Where, U and Uy are the axial and tangential velocity components of the
air, o is the rotor angular velocity and r is the local radial position along
the blade.

Once we have the axial and tangential velocity components at the
interpolated grids, we can calculate the local flow angle (&). The flow
angle, determining the inclination of the relative velocity with respect to
the rotor plane, is given by Refs. [38,39]:

—tan-1 u
@ =tan <rco T, ) 6)

The local angle of attack (@) is computed as: @ = @& — y, where y is the
local pitch angle, determined by the twist distribution along the blade
(Fig. 5) and any applied pitch adjustments. The incorporation of airfoil
data begins at the calculation of the local angle of attack («). Prior to this
step, quantities such as the relative velocity and flow angle (@) are
calculated without requiring airfoil-specific inputs. However, to
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Fig. 5. (a) Chord length distribution (b) Twist angle distribution along the blade span for NREL 5 MW wind turbine.

compute local angle of attack (a), we introduce geometric blade infor-
mation by subtracting the local pitch angle (y), which is obtained from
the twist distribution of the NREL 5 MW reference turbine. Once the
angle of attack is determined, we retrieve the corresponding lift (C;) and
drag (Cp) coefficients from tabulated airfoil data at each radial location.
These coefficients are functions of angle of attack (a), and are specific to
the blade section’s airfoil type. Using the angle of attack, the local lift
(F1) and drag (Fp) forces per unit area are computed as [38,39]:

1 Bc

F=3 prelz—ﬂrCLeL )
1 Bc

Fp =5 pUps—Coeo ®)

Where p is the air density, c is the local chord length, B is the number of
blades, C; and Cp are the lift and drag coefficients, respectively which
depend on the angle of attack. The local lift and drag coefficients are
computed from the NREL 5 MW data table for each specific airfoil.
Normally, tip and root corrections are multiplied with lift and drag
forces. For simplification, we have not considered any tip or root cor-
rections in this study. Finally, the local normal (Fy) and tangential (Fy)
components per unit area are obtained as [38,39]:

Fy =F;cos@ + Fp sin® )

Fy,=F, sing — Fp cos® (10)

This airfoil-based actuator disk model offers a more physically
realistic representation of wind turbine aerodynamics while preserving
the efficiency of ADM. Although it does not resolve full blade geometry,
it enables airfoil-informed loading distributions to be captured effec-
tively. For better understanding, a flow chart illustrating the step-by-
step implementation of this method has been shown at Fig. 3. After
calculating all these parameters following the described method, we will
compare our results with ALM from the literature in the next section.

4. Results and discussions
4.1. Comparisons to actuator line model

The performance of the synthetic Actuator Disk Model with airfoil
data was assessed by comparing its results with the Actuator Line Model
from the literature [29,38,39], focusing on angle of attack, aerodynamic
load distribution, and velocity profiles along the blades. Given that a
prescribed angular velocity is used, the blades are assumed to begin their
rotation at t = 0 and complete a full cycle at t = T. For convenience, we

assume that at t = 0, the blade is positioned at the top of the rotor disk.
However, this choice is arbitrary, as any location on the disk could be
selected as the reference starting position for the blade’s revolution. The
primary objective of this study is to calculate the transient aerodynamic
loadings at different blade positions during complete revolutions,
compare them against ALM results from the literature, and utilize these
load distributions for structural simulations. The profiles (Fig. 6)
compared with ALM in this section are extracted from the blade position
at t = 0 over multiple rotational cycles. These profiles feature three key
representations: the average line, which denotes the mean values across
multiple cycles, and the maximum and minimum variation lines, which
illustrate the range of fluctuations observed within these cycles. This
comparison serves to evaluate the accuracy of ADM in predicting
aerodynamic forces while maintaining computational efficiency. It is
important to acknowledge that the comparison between ADM with
airfoil data and ALM from the literature is not perfectly exact due to
differences in inflow conditions [29,38]. In our current LES, an atmo-
spheric boundary layer is used as the inflow, whereas the ALM results
from the literature were obtained under uniform inflow conditions [29].
As a result, rather than focusing on a direct numerical comparison, we
emphasize the trends and overall magnitudes of the different parameters
to assess the consistency between the models.

Fig. 6(a) represents the radial variation of the angle of attack (a)
along the blade span. The ADM-predicted values show a strong agree-
ment with ALM results. One interesting observation is that the angle of
attack variation along the blade span using ALM always falls in between
our maximum and minimum variation lines. The slight variations be-
tween ADM and ALM suggest that unsteady flow conditions introduce
local deviations, yet the overall trend remains consistent with ALM
predictions. A slight discrepancy in the trend is observed near the blade
tip region (r/R > 0.8), which can be attributed to the absence of a tip
correction factor in ADM. The average angle of attack variation from
ALM in this region is less than 1°. Since ADM assumes a force distribu-
tion without accounting for the blade effects at the tip, the trend of angle
of attack near the tip is slightly different compared to ALM. Now, the
variation of angle of attack is more pronounced in the mid-span region
(0.20 <r/R < 0.80), where the maximum deviation from the ALM
reference reaches approximately 3.5°. This behavior is primarily
attributed to stronger flow curvature and local velocity gradients in the
mid-span region, which are more sensitive to modeling assumptions.

The aerodynamic forces, including drag force and lift force, are
compared in Fig. 6(b)-(c), respectively. The ADM with airfoil data
successfully captures the trends observed in ALM, demonstrating its
capability to distribute aerodynamic forces more accurately than
traditional uniform-force ADM. In Fig. 6(b), the drag force distribution
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Fig. 6. Results from actuator disk model with airfoil data compared to ALM from literature [29,38,39] (a) angle of attack in degree (b) normalized drag force per unit
length (c) normalized lift force per unit length (d) normalized streamwise velocity (e) normalized axial force per unit length and (f) normalized tangential force per
unit length. These profiles feature three key representations: the average line, which denotes the mean values across multiple cycles, and the maximum and minimum
variation lines, which illustrate the range of fluctuations observed within these cycles. It is noted that this comparison is not perfectly exact due to the differences in

the inflow conditions.

shows a peak at approximately r/R =~ 0.2, followed by a rapid decay
toward the blade tip. The variations in the maximum and minimum
values across multiple cycles cover the ALM value from literature. In
Fig. 6(c), the lift force distribution follows a monotonic increase from
root to tip, as expected. The agreement between ADM and ALM is good,
particularly in the region of r/R < 0.9. However, as seen with the angle
of attack results, ADM shows a mismatch in the trend near the blade tip.
This is primarily due to tip effects, which are not explicitly modeled in
ADM, leading to an overestimation of loads in this region. The differ-
ences in angle of attack seem small in ADM and ALM but the effect
amplifies while calculating the lift and drag coefficients. In Fig. 6(d), the
normalized velocity is compared against ALM results. The ADM-

predicted velocity field aligns well with ALM, particularly in the cen-
tral region (0.20 <r/R < 0.80). However, the normalized velocity
variation along the blade span using ALM always falls in between our
maximum and minimum variation lines.

Fig. 6(e) illustrates the normalized normal force distribution along
the blade span, comparing results with ALM from the literature. The
ADM with airfoil data successfully captures the trends observed in ALM,
confirming that ADM captures the aerodynamic loading reasonably
well. However, deviations are observed near the blade tip (r/R > 0.8),
where ADM overestimates the force due to the absence of tip correc-
tions, which was also noted in previous discussions. The maximum and
minimum variation in normal force along the span suggests a strong
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dependence on transient effects, but the overall agreement with ALM
supports the accuracy of ADM with airfoil data in predicting force dis-
tribution. Fig. 6(f) represents the normalized tangential force distribu-
tion along the blade span. The ADM effectively captures the overall
trend observed in ALM. However, a sudden peak is observed in the
tangential force near r/R = 0.4 which is the artifact of one of the tran-
sient load data. Similar to previous findings, the ADM overestimates
forces near the tip due to the lack of tip loss corrections, leading to a
discrepancy in this region. Despite these differences, the comparison
indicates that ADM with airfoil data provides a reasonable approxima-
tion of ALM, demonstrating its ability to capture aerodynamic force
distributions with high computational efficiency.

The results indicate that the refined ADM with airfoil data signifi-
cantly improves upon traditional ADM by providing a more realistic
force distribution, closely matching ALM predictions. The primary dis-
crepancies arise near the blade tip, where ADM overestimates aero-
dynamic forces due to the absence of tip loss corrections. Beyond tip
correction, there are some other limitations of this airfoil-based actuator
disk model. The model extracts all the aerodynamic data along a single
line and extends them azimuthally to construct a 3D airfoil-inspired
distribution which does not fully capture localized blade features.
Therefore, the lift and drag forces distributed in a 3D airfoil introduce
approximations in the spatial force distribution. Furthermore, since the
implementation is based on local interpolation rather than resolving
true blade geometry, secondary flows and tip vortex dynamics are
inherently underrepresented. Despite these limitations, the overall
agreement between ADM and ALM suggests that the current airfoil-
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based refined ADM is a computationally efficient alternative for large-
scale wind turbine simulations. Future improvements can involve the
incorporation of tip correction factors, which would further enhance the
accuracy of load distribution near the tip of the blades. Since the ADM
with airfoil data accurately captures the trends in aerodynamic forces,
the next step is to utilize these transient load variations at different lo-
cations during the blade revolution for structural simulations.

4.2. Transient aerodynamic load variation

In this section, we have analyzed the transient aerodynamic load
variations experienced by the wind turbine blade at different instants
throughout multiple complete rotational cycles. This section provides
insights into how aerodynamic loading evolves as the blade moves
through different azimuthal positions. Since we are working on a LES-
based ADM framework, the aerodynamic loads fluctuate due to turbu-
lent inflow and wake interactions. For clarity, we have reported only the
average loads over a few complete cycles in Fig. 7. However, like the
previous analyses, the maximum and minimum variations over these
complete cycles are also computed which will be used in the structural
simulation in the next section. The maximum and minimum variation
lines illustrate the range of fluctuations observed within these cycles.
The reported results in Fig. 7 demonstrate how blade position relative to
wind direction influences the loading pattern. We assumed that at t=0,
the blade is at the top of the disk, at t=T/2, it rotates to the bottom and at
t=T, it completes a complete cycle and moves back to the top of the disk.
However, the selection of the location of t=0 is arbitrary and any
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Fig. 7. Lift and drag force per unit chord and span length at different time of the revolution (a) lift force at first half of revolution (b) lift force at second half of the
revolution (c) drag force at first half of the revolution (d) drag force at second half of the revolution.
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location on the disk can be selected as the t=0 location. In the next
section, we will use the average, maximum and minimum cyclic varia-
tion of loads in our structural simulations.

Fig. 7 illustrates the evolution of lift and drag per unit chord and span
length as a function of the radial position, while different curves
represent different instants during the blade’s revolution. Each instant of
time represents the local position of the blade where variations in wind
speed, angle of attack, and relative velocity affect the aerodynamic
loading. Fig. 7 (a) and (b) demonstrate that lift force generally follows an
increasing trend from the root to the tip of the blade, as expected from
conventional blade aerodynamics. Across different time instants, minor
fluctuations are observed near the root due to stall effects and lower
relative velocity [41]. Unlike the lift force, the drag force exhibits a
distinct peak near r/R ~ 0.2, which persists across all time instants
(Fig. 7(c) and (d)). This peak is associated with the blade section where
both induced drag and pressure drag increase significantly.

The aerodynamic loading is critical for understanding wind turbine
performance, fatigue life, and structural integrity. Transient variations
in aerodynamic forces, such as those observed in our study, directly
impact blade bending moments, cyclic fatigue loads, and overall turbine
stability. Previous studies, such as Chanprasert et al. [42] and Lanza-
fame & Messina [43] have demonstrated that aerodynamic load fluc-
tuations persist even under uniform inflow conditions, emphasizing the
role of relative velocity variations and wake interactions. Our findings,
which incorporate ABL inflow, further highlight that realistic turbulence
conditions can amplify these variations. In the next section, our goal is to
use this aerodynamic loading information to calculate the deflection and
maximum stress at different instant of time during the revolution of the
blade.

4.3. Structural simulation of blade

The lift and drag forces at different instants of time obtained from the
previous sections are used in this structural simulation. In our structural
simulation, we have only considered the lift and drag force. The gravity
effect is not considered in the current study, but we want to add it for
future simulations. Similar to prior sections, three loads are employed at
a certain time- average load as well as maximum and minimum load
variations. In this study, our goal is to obtain the tip deflections,
maximum stress and stress concentration location using the transient
load variation.

4.3.1. Tip deflections

Tip deflections can lead to blade-tower collisions. There have been
significant accidents in which the blades hit the tower in USA and
Denmark in 2008, France in 2004 and Germany in 1999 [44,45]. To
avoid this blade to tower collisions the maximum variation of the tip
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deflection at different locations of the revolution is very important.

Since we have provided transient load information over a few cycles,
it is quite difficult to find out a clear trend. Nevertheless, we can see from
Fig. 9(a) that from t=0 to t=T/2, there is a decrease in tip deflection
(except t=T/4 and T/3) and from t=T/2 to t=T, there is an increase in tip
deflections. This pattern of tip deflections is due to the fact that the wind
speed is highest at the top location due to the atmospheric boundary
layer effect.

From the contour plot in Fig. 8 and flap wise deflection plot in Fig. 9
(b), it is observed that the deflection is nearly O near the root and
gradually increases near the tip of the blade. Regardless of the loading
conditions, the peak deflection occurs at the blade tip and the maximum
value of the tip deflection over the complete cycles is found as 4.28m,
which is around 6.79 % of the blade length and the minimum value of tip
deflection is found as 2.33m, which is around 3.69 % of the blade length.

Shakra et al. [45] found that the maximum deflection value is around
4.3 % of the blade length for NREL wind turbine. They also calculated
the flap wise deflection using Blade Element Method (BEM). BEM pre-
dicted higher mean blade deflection than CFD. The average flap wise
deflection using BEM is around 3.9m which is around 6.34 % of the
blade length [45]. Though the inflow and loading conditions are very
different, our maximum tip deflection is quite close to their values. For
0° yaw angles, Jeong et al. [46] found that deflection is around 4.5m
which is around 7.14 % of the blade length. Dose et al. [47] found that
the flap wise deflection is around 6m which is around 9.75 % of the
blade length. After comparing with the previous literature, we can say
that our result is reasonably close to the reported values in the literature
though the flow and loading conditions are different. We also calculated
the edgewise deflection and found that edgewise deflections are very
small compared to the flap wise deflection which is also consistent with
the prior studies [45].

4.3.2. Maximum stress and stress concentration

The structural response of wind turbine blades under transient
aerodynamic loading is crucial for assessing fatigue life, material per-
formance, and potential failure risks [41,48]. In the present analysis, our
focus is to study stress distribution and the regions where maximum
stress and stress concentration occur due to aerodynamic loads and
blade flexibility. We have employed Von-Mises stress to determine the
maximum stresses and stress concentration location, which is calculated
as [49,50]:

\/1
oy =1/=
v 2
where 6, denotes the Von-Mises stress; o1, 63 and o3 are the principal
stresses in the stress space, respectively. In future work, we will focus on
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Fig. 8. Flap wise deflection at different instances of revolution using (a) minimum cyclic variation of lift and drag force (b) average lift and drag force and (c)

maximum cyclic variation of lift and drag force.
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fatigue life, buckling and material performance.

From Figs. 10 and 12, it is evident that the maximum stress con-
centration occurs near the root of the blade (r/R ~ 0.2). There are two
other locations where higher stress might occur-at the root of the blade
and the mid span of the blade. At the root region, significant stress oc-
curs due to the rigid attachment to the hub, where high bending mo-
ments are transmitted from the rotating blade to the turbine structure.
This region is typically reinforced with thicker composite laminates to
withstand high stress, reducing the risk of material failure. The region
near the root of the blade experiences the highest localized stress con-
centration, as seen in Fig. 12. The highest localized stress concentration
over the cycles is reported in Fig. 11. As shown in Fig. 11, the maximum
stress exhibits a decreasing trend from t = 0 to t = T/2 (except t = T/4
and T/3), and then increases from t = T/2 to t = T. Similar to the analysis
of tip deflection in Fig. 9(a), such a variation of maximum stress arises
from the fact that wind speed reaches its peak at the top location induced
by the atmospheric boundary layer effect [51,52].

This peak of stress results from the transition in structural stiffness
from the root to the flexible blade sections, combined with high aero-
dynamic loading and bending moments. The results suggest that this
location is a critical point for stress accumulation, making it an ideal
target for structural reinforcements. At the blade mid span region, the
stress levels are generally lower than the near root regions. Near the tip
of the blade, minimum stress is found. However, deflections are higher
in this region due to aerodynamic forces and blade flexibility. Previous
studies support our findings on stress distribution and maximum stress
concentration location. Shen et al. [48] showed that dynamic stall
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Fig. 11. Maximum stress along the blade at different instances of revolution.

effects significantly influence stress distribution, particularly at the root
and near root regions. This finding is consistent with our observation
that high stress fluctuations occur near r/R ~ 0.2, making it a crucial
area for structural optimization. The root region endures significant
bending moments, while the blade tip undergoes large deflections.
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Fig. 10. Stress distribution along the blade at different instances of revolution- (a) minimum variation over multiple cycles (b) average variation over multiple cycles

and (¢) maximum variation over multiple cycles.
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Fig. 12. Stress concentration at t = 0 location of the revolution using (a) minimum lift and drag force distribution (b) average lift and drag force distribution and (c)
maximum lift and drag force distribution. For all these cases, the location of maximum stress concentration is near the root of the blade (r/R ~ 0.2).

5. Limitations and future works

Despite the improvements introduced by our airfoil-based actuator
disk model, there remain several limitations. The model extracts aero-
dynamic data along a single line and extends them azimuthally, lacking
true spanwise resolution. Moreover, the interpolation-based force
implementation does not fully capture secondary flows or tip vortex
dynamics that play a key role in wake behavior and downstream tur-
bulence. Additionally, the present model does not incorporate tip-loss
corrections, Coriolis forces, and gravitational effects. Our airfoil-based
ADM overestimates the aerodynamic force near the tip due to the
absence of tip loss corrections. Tip-losses play a significant role in
reducing effective circulation near the blade ends, which directly in-
fluences both thrust and structural loading distribution. Furthermore,
the lack of tip-loss correction may slightly reduce the overall accuracy in
the full-scale wind farm applications. In full-scale settings, inaccuracies
in the outer rotor region can influence wake development and down-
stream turbine performance.

In our future work, by incorporating a robust tip-loss correction, we
aim to make our airfoil-based ADM more suitable for scalable high-
fidelity simulations where computational efficiency will be more
balanced with physical accuracy. While classical tip-loss correction
methods exist, they often rely on empirical assumptions. Therefore, we
are planning to explore more advanced force distribution strategies that
can better capture these effects without relying heavily on the empirical
corrections. This correction will be included in the calculation of local
lift (F;) and drag (Fp) forces per unit area which will allow the model to
better represent the variation of aerodynamic load distribution [38,39].
We are also planning to incorporate Coriolis forces and gravitational
effects, investigate blade-tower interaction, and conduct fatigue and
buckling analysis for the full-scale wind farm.

6. Concluding remarks

This study introduces an enhanced Actuator Disk Model incorpo-
rating airfoil data and interpolation-based refinement to balance
computational efficiency with improved accuracy for wind turbine
aerodynamic and structural analysis. Our approach bridges the gap
between traditional ADM and more intensive Actuator Line Model
techniques, significantly enhancing spatial resolution through grid
refinement while maintaining computational efficiency.

Comparative analysis with ALM shows strong agreement in pre-
dicting key aerodynamic parameters like angle of attack, axial velocity,
lift, drag, axial and tangential forces across most of the blade span (r/R
< 0.90), with some discrepancies near the tip due to the absence of tip
correction factors. This limitation leads to an overestimation of aero-
dynamic forces in the tip region. However, the overall agreement be-
tween ADM and ALM suggests that our airfoil-based ADM provides a
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computationally efficient alternative that captures the essential aero-
dynamic characteristics required for structural simulations.

A strategic enhancement of our approach is its ability to track tran-
sient aerodynamic load variations over multiple cycles. Unlike the
conventional Actuator Disk Model, which typically provides only time-
averaged forces, our method captures transient variations in aero-
dynamic loading. This enables finding out the maximum and minimum
load variations at any particular location of the blade during revolution
across different cycles, which is critical for accurate structural analysis,
particularly for assessing potential failure risks in wind turbine blades.

The transient aerodynamic load analysis reveals significant varia-
tions throughout different cycles, influenced by the local flow conditions
and the atmospheric boundary layer. Our results show that the lift force
generally follows an increasing trend from the root to the tip of the
blade, while the drag force exhibits a distinct peak near r/R ~ 0.2,
persisting across all time instants. Structural simulations revealed
maximum tip deflection of 4.28 m (6.79 % of blade length), with stress
concentrations occurring primarily near the blade root (r/R =~ 0.2),
aligning with previous studies [45,46,48]. These findings provide
valuable guidance for structural optimization in blade design.

Despite its advantages, our approach has several limitations. The
model extracts aerodynamic data along a single line and extends them
azimuthally, lacking true spanwise resolution. The distribution of lift
and drag forces in the 3D airfoil introduces spatial approximations, and
the interpolation-based implementation underrepresents any secondary
flows and tip vortex dynamics. Additionally, the current model does not
account for the tip correction factors, Coriolis forces, and gravitational
effects. Future work will address these limitations by implementing
correction factors, incorporating gravitational effects, investigating
blade-tower interaction, and conducting fatigue and buckling analysis
for the full-scale wind farm.

In conclusion, this study introduces an airfoil-based actuator disk
model with interpolation-based grid refinement, offering a practical
balance between accuracy and computational efficiency. By capturing
both time-averaged and transient aerodynamic loads, the approach en-
ables improved blade performance analysis without the expense of fully
resolved models. This method can accelerate wind turbine design and
optimization, contributing to more reliable and cost-effective wind en-
ergy systems.
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