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Abstract: The aerodynamic performance of wind turbine blades plays a critical role in maximizing energy
generation and overall system efficiency, making it a key consideration in modern renewable energy design.
Despite extensive research on blade optimization, there remains a notable gap in understanding the com-
bined effects of spoiler and winglet geometries, particularly their size and orientation on aerodynamic effi-
ciency under low wind speed conditions. This study aims to address this gap by conducting a comprehen-
sive numerical investigation into the influence of spoiler and winglet configurations on wind turbine per-
formance. Computational Fluid Dynamics (CFD) simulations were performed using COMSOL Multiphys-
ics, with the k-¢ turbulence model employed to accurately capture turbulent flow behavior. A detailed par-
ametric analysis was carried out, considering winglet height (4%-13% of blade radius), cant angle (20°-90°),
twist angle (-2° to 12°), and tip speed ratio (0.02-1.12) at a wind velocity of 3 m/s. The results reveal that
optimal combinations of spoiler and winglet parameters significantly enhance aerodynamic efficiency. The
study identifies specific design ranges that maximize power output, achieving a peak aerodynamic power
of 62.8 W. Although the addition of these aerodynamic devices increases the inertia of the turbine, the system
performance improves, with an observed increase in output power of approximately 12%. These findings
provide valuable insights for the design and optimization of wind turbine blades, particularly for low wind
speed applications.
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1. Introduction

Some issues attributed to conventional power gener-
ation are related to high cost, environmental degradation,
and adverse effects on the economy hence many countries
are moving to different forms of alternative energy sources
for energy generation [1]. Movement of solid bodies such
as airfoils, through fluid stream, produces aerodynamic
forces. Airfoil is a streamlined shape, capable of generat-
ing more lift than drag [2]. A major challenge in the effi-
cient utilization of resources, with a focus on renewable
sources. Wind turbines harness the kinetic energy of mov-
ing air, converting it to mechanical power via aerody-
namic forces. This mechanical power is then transformed
into electrical power through a generator, enabling it to be
utilized for various applications [3]. To maximize the

power output of wind turbines, enhancing their power co-
efficient is critical, necessitating the development of novel
designs with superior power performance. This is a multi-
faceted engineering endeavor with significant potential
benefits. In light of the environmental and supply con-
cerns associated with conventional fossil fuels, the pursuit
of clean and sustainable energy sources is of paramount
importance [4], [5]. Among the most promising options is
wind energy, which is projected to contribute significantly
to the global electricity supply in the coming years. Nu-
merous studies [6] underscore the potential of wind power
to mitigate environmental impacts and diversify energy
sources. According to [7], [8], wind energy is expected to
generate up to 20% of the world's electricity by 2030.
From vortices to turbulence, the airflow around a
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HAWT blade is a symphony of complex aerodynamic phe-
nomena, captivating the curiosity of many researchers.
Through intense analysis, these investigators seek to un-
ravel the intricacies of how blades extract kinetic energy
from wind turbines [9]. The interplay of eddies and turbu-
lence in the blade's wake is a stunning manifestation of na-
ture's fluid dynamics, inspiring awe and admiration in
those who study it. Investigating these phenomena in an
experimental setting demands precise and delicate instru-
mentation, capable of capturing the minutiae of the blade's
aerodynamic properties. To capture these subtleties, re-
searchers must utilize cutting-edge sensors, engineered
with extraordinary sensitivity and accuracy [10]. In the
pursuit of aerodynamic enlightenment, numerical simula-
tions have emerged as a worthy contender, offering a com-
pelling alternative to experimental investigations. Among
efficient tools for deciphering aerodynamic effects are
Computational Fluid Dynamics (CFD) modules and Blade
Element Momentum (BEM) method, revered for their ac-
curacy and reliability. The BEM method slices and dices
the blade into a series of sections, calculating the lift and
drag forces at each section based on the properties of the
airfoil shapes that make up the blade. These airfoils, the
unsung heroes of the blade, generate lift and drag through
subtle pressure variations on their surfaces [8]. The com-
ponents responsible for extracting energy from the wind
in a horizontal-axis wind turbine are the airfoils that make
up the blades. These airfoils, which can be conceptualized
as a series of two-dimensional aerodynamic profiles, uti-
lize the pressure differences between their upper and
lower surfaces to generate lift and drag forces, which are
subsequently converted into usable electrical energy
through the mechanical rotation of the turbine [8]. Alt-
hough BEM offers a straightforward approach to analyz-
ing the performance of wind turbines, its limitations be-
come apparent when applied to high wind speeds [8], [11].
At higher velocities, the model's predictions of torque out-
put become increasingly inaccurate due to the effects of tip
losses, which cannot be accounted for using the BEM ap-
proach. However, various correction factors have been de-
veloped to compensate for tip losses, improving the pre-
dictive capabilities of BEM under high wind speed condi-
tions [12], [13].

CFD (Computational Fluid Dynamics) emerged as a
prominent tool in simulating fluid dynamics problems, in-
cluding those involving wind turbines. Its ability to accu-
rately capture intricate fluid-flow patterns around the tur-
bine, particularly, tip vortices, has made it a valuable re-
source in the analysis of turbine performance [14]. In re-
cent years, numerous studies have focused on using CFD
to investigate the aerodynamic behavior of turbine blades,
with a particular emphasis on the impact of tip vortices on
lift and drag forces. One innovative solution for mitigating
the adverse effects of tip vortices is the winglet, which can
be attached to the tip of the blade [15]. Its primary function

is to redirect the tip vortices away from the plane of rota-
tion, thereby reducing their impact on the lift and drag
forces on the blade [16]. Furthermore, the winglet can en-
hance the blade's span-wise flow, thereby reducing down-
wash.

Khalafallah et al. [17], explored numerical methods to
investigate the effects of various winglet parameters on
the aerodynamic performance of a wind turbine. Through
their analysis, they concluded that the addition of a wing-
let to a conventional blade resulted in a 2.8% boost in
power output, primarily due to an increase in the winglet
height by 4%R. The researchers also utilized Computa-
tional Fluid Dynamics modules to examine different wing-
lets of diverse twists and cambers configurations, while
maintaining a fixed height of 1.5%R and a cant angle of
90°. They observed that for wind speeds above 6 m/s, the
power output increased by a range of 0.6% to 1.4%, which
highlights the significant impact of winglet design on tur-
bine performance.

Mourad et al. [18], investigated performance of
blades of wind turbine winglet taking two key parameters
into consideration by providing winglet to wind turbine
blade of 20% which increased output power of winglet
height 4% of rotor radius at a cant-angle of 45°. The addi-
tion of a winglet to blade increases start-torque for low tip
speed-ratio. Power coefficient was noticed to be increased
by addition of double winglets to smaller installation an-
gles to resulting in to increase of the circumferential com-
ponent of the lift [19].

Reddy et al. [19], focused on the impacts of winglets
on the performance of wind turbine blades by considering
winglet height and cant angle. The findings revealed that
the addition of a winglet to straight blade led to a remark-
able 20% boost in power output, with an optimal height of
4% of rotor radius and cant-angle of 45°. Another CFD
analysis by [8], [20], is concerned with enhancing rotor
performance by scrutinizing the influence of winglet
height and radius of curvature. Results showed a 25% in-
crease in winglet height that led to a 1.7% uptick in power
output, indicating the substantial impact of these parame-
ters on the overall performance of the rotor.

Verma et al. [21], used experimental and numerical
analysis to examine the effects of different winglet config-
urations on power coefficient. The findings revealed that
an upwind winglet configuration led to a 6.67% increase
in power coefficient, while a downwind winglet resulted
in an 8.89% dropped, highlighting the significant impact
of winglet placement on rotor performance. [22] worked
on numerical analysis to pinpoint the optimal aerody-
namic efficiency of turbine rotors with winglets. Their
findings indicated that downwind winglets (bending to-
wards the suction side) offered greater efficiency than up-
wind winglets (bending towards the pressure side), for
winglets of equal length. Turbines are essential compo-
nents of many industries, as they are used to produce
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electric power through gas or steam turbines. As with any
rotating machine, regular maintenance is essential to en-
sure maximum reliability. This includes scheduled inspec-
tions, repairs, and replacement of defective parts. Through
careful maintenance, turbines can operate at peak effi-
ciency for years to come [23]-[25].

The main limitation of this study is that the results
obtained from the numerical investigation of the aerody-
namic behavior of add-on devices for horizontal axis wind
turbines (HAWT) are based on simulations and may not
accurately represent real-world conditions. To improve
the performance of horizontal-axis wind turbine blades, it
is important to explore new designs for add-on elements.
The size and orientation of add-ons can have a significant
impact on the aerodynamic behavior of blades, which in
turn affects the overall energy production. This paper aims
to investigate how the size and orientation of add-ons af-
fect aerodynamic performance, to identify optimal place-
ments and sizes that maximize wind energy capture. In
addition, the paper considers the potential of active sur-
faces or shape-shifting add-ons that can dynamically ad-
just to changing wind conditions in real time. This work
used the COMSOL Multiphysics software to carry out nu-
merical simulations that probe the aerodynamic character-
istics of horizontal axis wind turbine blades equipped with
spoilers and winglets. The accuracy of the simulations was
verified by comparing them with previous work by Kha-
lafallah et al, 2019 [17], with the resulting error percent-
ages within acceptable limits. The simulations were then
used to examine the performance of blades with various
parameters and configurations, including those with
winglets and spoilers. This allowed for an in-depth analy-
sis of how these add-on elements affect the aerodynamic
performance of the blades.

This study lies in its integrated aerodynamic optimi-
zation approach that simultaneously investigates the com-
bined effects of winglet and spoiler add-ons on horizontal
axis wind turbine (HAWT) blades using high-fidelity CFD
analysis. Unlike conventional studies that examine either
winglets or spoilers independently, this work introduces a
hybrid aerodynamic control strategy, where both devices
are applied and optimized together to enhance blade per-
formance. This dual-add-on configuration enables a more
comprehensive control of flow behavior, targeting both tip
vortex reduction (via winglets) and flow separation con-
trol (via spoilers) within a unified framework. A key inno-
vative aspect is the systematic parametric investigation of
multiple design variables, including spoiler deflection an-
gles, winglet geometries, and blade twist configurations,
across a range of tip speed ratios. This allows for the iden-
tification of optimal interaction effects between add-ons
rather than isolated performance improvements.

This paper is organized as follows. Section 2 presents
the methodology, Blade geometry, and computational
Fluid Dynamics analysis. Section 3 Results and discussion.

Section 4 presents the conclusion and future works.

2. Methodology
2.1. Blade Parameters and Geometry

Winglets, also known as wing tip devices, or add-on
are small appendages attached to the tip of a blade. These
devices are designed to reduce the induced drag, which is
generated by the turbulent airflow around the blade. The
winglet achieves this by redirecting the airflow in a man-
ner that mitigates the formation of vortices and improves
the aerodynamic performance of the blade [6], [26]. While
winglets may improve lift-to-drag ratio, they also intro-
duce additional drag due to their size and surface area.
Critical parameters that govern winglet design include,
height, twist-angle, cant-angle, and tip speed-ratio (see
Figure 1a). Geometry of a winglet-equipped blade is de-
picted in Figure 1b, showcasing aerodynamic spoiler inte-
gration.

This study selected four key parameters as winglet
height, twist-angle, cant-angle, tip speed-ratio. To explore
the impact of these parameters on the winglet design, 20
different designs were created, each with varying values
for the four parameters. It's worth noting that previous
studies have only investigated winglets bent towards the
suction or pressure side, but in this study, we're focusing
on the add-on bending towards the pressure side, as illus-
trated in Figure 1b. As indicated in Table 1, the twist angle
is kept constant from winglet 1 to 5 while other three pa-
rameters (cant angle, winglet height and tips speed ratio),
are varies from 6% to 13%, 20°to 909, and 0.02 to 0.11 re-
spectively. The twist angle is kept constant from winglet 6
to 10 while other three parameters (cant-angle, height of
winglet and tip-speed ratio), are varies from 4% to12%, 200
to 900, and 0.12 to 0.5 respectively. Winglet design of 11 to
15 were investigated with height and twist-angle, while
cant-angle, tip-speed ratio varied from 20° to 90°, 0.57 to
0.65 respectively. Also, design of winglet from 16 to 20
were done with cant-angle and tip-speed ratio varied from
20° t0 90°, 0.69 to 1.2 respectively.

2.2. Computational Fluid Dynamics (CFD) Modeling

CFD model of wind turbine blade was created with
COMSOL Multiphysics. Due to turbine's asymmetry, a
single blade with an angle of 115° was modeled, represent-
ing three blades. Front and top planes were set as inlets of
velocity, where air flows freely. Rear plane was designated
as pressure outlet, allowing air to exit the system. Once the
geometry was constructed, it was crucial to assign the
fluid volumes and discretize them through meshing.
There are various meshing techniques available, including
coarse, fine, and normal elements. For this study, an ex-
tremely fine mesh was employed 80652 degree of freedom
and 123136 DOFs to capture the flow details accurately.
Figure 2 shows the mesh geometry with special attention
to inflation layer at the wall.
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(a)

y

L.,

(b)
Figure 1. (a) Add-on parameters [7], (b) Blade geometry with
add-on.

Table 1. Parameter variation of add-on designs.

Add- Height Cant Twist Tip speed
on (%R) Angle(f) angle(B) ratio(4)
1 13 20 -2 0.02
2 12 40 0.06
3 10 60 0.076
4 8 80 0.09
5 6 90 0.11
6 12 20 4 0.12
7 9 40 0.28
8 8 60 0.34
9 6 80 0.42
10 4 90 0.5
11 8 20 10 0.57
12 40 0.59
13 60 0.6
14 80 0.62
15 90 0.65
16 8 20 12 0.69
17 40 0.72
18 60 0.91
19 80 1.0
20 90 1.2

2.3. Turbulence model

Turbulence is a ubiquitous phenomenon in fluid
flows, arising from the interplay between viscous bound-
ary effects and fluid separation from surfaces. The steady-
state behaviour of turbulent flows can be predicted using
Reynolds Averaged Navier-Stokes (RANS) equations,
which account for spatial and temporal variations of flow
properties [8]. By solving these equations, valuable in-
sights into the flow characteristics can be obtained. The
RANS (Reynolds Averaged Navier-Stokes) model is
widely recognized for solving the Navier-Stokes equa-
tions, which describe the behavior of fluid flow [12], [16].
By replacing the instantaneous velocity field with an aver-
aged one, RANS offers an efficient approach for capturing
the dominant flow characteristics without requiring the
full resolution of the Navier-Stokes equations, making it a
popular choice among engineers and scientists. RANS
equations are commonly solved with a variety of turbu-
lence models, with the k-¢ and k-w SST models being pop-
ular choices for wind energy applications. The k-¢ model
estimates the eddy viscosity by solving for the turbulent
dissipation rate and kinetic energy, also it can be applied
to a wide range of flow conditions, from laminar to turbu-
lent flows while the k- SST model incorporates addi-
tional terms to better capture the effects of rotation and
streamline curvature. Both models enable more accurate
solutions for complex flow phenomena in wind en-
ergy systems. SST turbulence models display a distinct
edge over traditional RANS models in instances of transi-
tion-to-turbulence, in which flow separation and stall are
wont to transpire. Within a milieu characterized by low
Reynolds numbers, the venerable k-¢ turbulence model, is
known for its proficiency in discerning the intricacies of
boundary layer behaviour. The k-¢ turbulence model is a
two-equation model that uses the turbulence kinetic en-
ergy k and the specific rate of dissipation ¢ to predict tur-
bulent flow behaviour. Its primary advantage lies in its
ability to accurately represent the intricacies of boundary
layer flow, particularly in the presence of adverse pressure
gradients and flow separation.

2.4. Governing Equation
For a turbine operating under constant wind speed,
the power coefficient;

Cp = 2T 17 1

P — pT R2 Uo30 [ ] ( )
where T is the torque generated by the rotor, @ is the ro-
tation speed, p is the air Density while the coefficient of
thrust and tip speed ratio (TSR) = 4 are;

2F,

Cr = PTRZUZ [17] )

Scientific Journal of Engineering Research 2026, 2, 2

https://journal.futuristech.co.id/index.php/sjer



Alabi et al, Aerodynamic Optimization of Horizontal Axis Wind Turbine Blades Using Winglet and Spoiler Add-Ons: A CFD Study 275

()
A
xrk" z
Figure 2. Meshing configuration around the blade.
where F), is the drag force.
P 3
=1 ©)

where R is the Diameter of the rotor.

The axial thrust exerted on the wind turbine rotor by
the flow field can be computed using the momentum the-
orem, which requires an evaluation of the rate of change
in momentum.

T = pAU,(U,,-U,) (4)

where p is the air density, A is the rotor swept area, U, is
the wind speed, U, is the velocity at the infinity wind tur-
bine downstream, U, is the axial velocity of fluid passing
through the wind rotor.

The pressure coefficient is given by:

2(P—P,)

P2 + (ar)?) ©)

Cpressure =

where, is static pressure

is free-stream static pressure

is angular velocity

is radial distance from the hub Centre to the

blade section

X g v

pgt+p(uV)u— V.[pl+ K]+ F (6)

The equation can be written as:

6t+V(puu)— V.[pl+K]+F (7)

P

2
K= I (u+ pp)(Vu + (Vu)") — 3 (u + pr)(V.u)l
p ) (8)
- §pKI

T=pu(Vu+ (Vu)T — pl )

Then, the continuity equation for conservation of
mass and momentum equation can be written in vectorial
form:

dp

= 10
Fn —+V.pu=0 (10)
V.(pu) =0 (11)

du Ju

d /pu ox * dy
E(PU) tPlay av |70 (12)

dx + dy

The momentum equation is:

From equation 6 substitute for shear for tensor vis-
cous effect K, then equation become equation 13 for overall
momentum equation:

d
T (pw) + V. (puu) = V. (u(Vu + VuT)) — Vpl + F (13)

d
3 (pw) + V. (puu) = V.(r — pl) (14)

where, the stress tensor 7 for compressible fluid is given in
terms of the deformation rates as:

T=pu(Vu+ (V)T (15)

The momentum Equation 13 can be written in matrix
for as:

el ]

r ou ou
_ Hox “ay [Vx]
) Ha_v H@ i
' oo
L|fox Fox [ x]
ou ||V,
oy Hayl

Vil L [
p] [Vy] * [F y]
Neglecting dissipation effects, the energy equation

can be written in term of temperature T as:

%(pcpT) + V. (pc,uT) = V. (KVT) (17)
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Figure 3. (a) Velocity contour, (b) Pressure contour.
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Figure 4. Grid sensitivity versus output power of turbine.

The RANS (Reynolds Averaged Navier-Stokes)
method will be utilized in this research to accurately pre-
dict the system's performance within the design con-
straints. The underlying governing equations for the
RANS method, which underpin the simulations, are as fol-
lows.

Reynolds Averaged Navier-Stokes equations:

dp J
Pl L) (18)
o, . dp 8 _ du dy
o, PEI) = = gt I+
2 0, N 9 ( ) (19)
—3%55; )] o puLY,
o _
5 (PT) =0 (20)

In equations (18) to (20), p is the average density and
p is the average pressure, while p is the dynamic viscosity
and (—puu,’) is the Reynold stress tensor. The Reynolds
stresses in the Reynolds-averaged approach must be
properly predicted for effective turbulence modeling. The
Boussinesq hypothesis, which links the Reynolds stresses
to mean velocity gradients, uses a similar methodology as
shown in Equation (15).

— 2 du; du; du;
(=puTy,) = =3 ok + 1e )0 ut(d—xj o) @D
To effectively solve RANS equations, closure tech-
niques are required, and this is accomplished by deriving
additional transport equations for the turbulent viscosity
U, and the turbulent kinetic energy k. The selection of the
appropriate turbulence model is critical in determining the
level of accuracy and robustness of the results, as it gov-

erns the characteristics of y, and k in the additional equa-
tions [27], [28].

3. Results and Discussion

Power generated by the blade can be calculated by
applying equation (1). From the CFD analysis, torque on
blade and output power were 0.345 Nm and 62W respec-
tively. It is imperative to note that these values represent a
significant amount of mechanical energy extracted from
the fluid flow by the blade, highlighting the intricate rela-
tionship between the blade design and the fluid dynamics.
Figure 3a and Figure 3b depict the velocity and pressure
contours, respectively, revealing the impact of tip vortex
on the rotor's performance. Figure 3b showcases the tip
vortex core location through the telltale brown color, while
the latter demonstrates the ability of the winglet-equipped
blade to mitigate the vortex-effect by shifting core further
from blade tip.
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Figure 5. Variation of cant angle 8 at constant twist angle of § =-2°.
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Figure 6. Variation of cant angle 6 at constant twist angle of § =4°.
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Figure 7. Variation of cant angle 6 at constant twist angle of f =10°.
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Table 2. Result showing Power in variation of twist angle (8) at
H=8%R, 1=0.6.

Cant Angle Twist angle Power
Add-On ©) ®) W)
1 20 -2 34.3
2 40 34.8
3 60 35.1
4 80 35
5 90 36.2
6 20 4 58.5
7 40 59.3
8 60 59.5
9 80 58.7
10 90 59.1
11 20 10 61.4
12 40 61.3
13 60 62.8
14 80 62.7
15 90 62.8
16 20 12 60.4
17 40 62.3
18 60 62.5
19 80 63.2
20 90 62.4

Figure 4 highlights the critical role of grid refinement
in the accuracy of the CFD solution. The number of grid
elements and their size have a direct impact on the simu-
lation's accuracy and percentage error. To ensure the ro-
bustness of the results, this study underwent a grid inde-
pendence analysis, which involves varying the number of
grid elements to assess the convergence of the solution.
Simulations were carried out for nine grids. In a rigorous
grid independence study encompassing nine meshes, the
power output results were presented in Figure 4. Notably,
the mesh with 205400 elements yielded the most accurate
power output, albeit at a steep computational cost. The re-
sults underscore the intricate relationship between mesh
complexity and computational efficiency.

Twist and cant-angles affected the velocity contour
by altering the flow over the blade and winglet. Twist an-
gle influences angle of attack of winglet, which alters pres-
sure distribution over the blade and winglet. This in-turn
altered the velocity distribution and contour over the
blade and winglet while cant-angle altered angle of wing-
let in relation to blade's longitudinal direction, which in-
fluences span-wise flow over the blade and winglet. This
affects the velocity distribution and contour along the
blade and winglet. Figures 5, 6, 7, and 8 presents the vari-
ation of cant angle at constant twist angle of -2° 4° 10° 12°.
Upon inspecting Figures 7 and 8, the winglet's impact be-
comes quite obvious. These diagrams portray the velocity
contour at constant angles of 10 and 12 degrees, respec-
tively, where vortex core at winglet's tip is visibly weaker
than on a conventional blade without a winglet Further

analysis reveals that the vortex dissipates at a greater dis-
tance from the blade's tip when a winglet is incorporated,
thereby affirming the favorable effect of this modification.
Moreover, the angle of attack of the winglet is acutely in-
fluenced by the twist angle, which determines the angle at
which the winglet intersects the incoming flow. Blade
with add-on at cant-angle of 20°, 40°, 60°, 80°, 90° were in-
vestigated at winglet height, twist angle and tip speed ra-
tio of 8%R, -2° 4° 10° 12°, and 0.6 respectively. (Table 2).
Results indicated increase in power obtained with increase
in twist- angle and cant-angle. Maximum power of 62.8 W
occurred at cant-angle of 60°and twist angle of 10°. The
power generated by the turbine hinges on a quartet of crit-
ical parameters: cant-angle, winglet height, twist angle
and tip speed ratio.

Figure 9 succinctly summarizes the impact of these
variables on turbine power at varying twist angles. A sali-
ent observation is the positive correlation between turbine
power and tip speed ratio, while a converse relationship is
apparent with respect to cant angle. Findings gives in-
sights to intricate interplay in design parameters and im-
pacts on turbine performance. This study examined the
impact of tip speed-ratio and cant-angle on the aerody-
namic performance of wind turbine blades. The results
showed that both of these parameters can have a signifi-
cant impact on blade performance, with different combi-
nations of tip speed-ratio and cant-angle resulting in dif-
ferent levels of efficiency and energy output. Understand-
ing the relationship between these parameters and blade
performance is crucial for optimizing wind turbine design.

The figures demonstrate the variation of turbine out-
put power with tip speed ratio (A) for different
spoiler/winglet orientation angles (0) at two blade twist
angles, p =-2° and [3 = 4°, which is directly relevant to the
aerodynamic optimization of horizontal axis wind turbine
(HAWT) blades using add-on devices. At 3 = -2° (Figure
9a), the generated power increases progressively with in-
creasing tip speed ratio for all angular configurations, in-
dicating that the aerodynamic performance of the blade
improves as rotational speed becomes better matched to
the incoming wind velocity. Among the tested cases, the O
= 20° configuration consistently produces the highest
power output, reaching approximately 41 W at A = 0.11,
while the 0 = 90° configuration gives the lowest perfor-
mance throughout the operating range. This suggests that
a moderate add-on orientation enhances the local airflow
over the blade surface, delays boundary-layer separation,
and reduces tip vortex losses, thereby improving lift gen-
eration. The lower performance at higher 6 values may be
associated with increased flow disturbance and drag pen-
alties introduced by the add-ons. At 3 = 4° (Figure 9b), a
similar increasing trend of power with tip speed ratio is
observed, but the overall power values are significantly
higher than those obtained at f = -2°. The maximum
power reaches about 65 W at A = 0.50, again with the
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Figure 9. Effect of tip speed-ratio, cant-angle on power output of turbine at twist-angles.

0 = 20° case showing the best aerodynamic performance.
The improvement at the higher twist angle indicates that
blade twist strongly influences the effectiveness of winglet
and spoiler add-ons by modifying the angle of attack dis-
tribution along the blade span. The combination of an ap-
propriate twist angle with a favorable add-on orientation
improves pressure distribution and strengthens the aero-
dynamic loading on the blade.

Comparing both twist conditions, the 3 = 4° configu-
ration provides superior performance across all O values,
indicating that blade twist optimization works synergisti-
cally with winglet and spoiler modifications. The results
therefore confirm that careful aerodynamic integration of
blade twist and add-on geometry can significantly en-
hance HAWT power output, with 0 = 20° emerging as the
optimum orientation under the simulated conditions. This
supports the CFD-based conclusion that winglet and
spoiler add-ons can be effective passive flow-control de-
vices for improving wind turbine blade efficiency when
properly designed.

For (3 = 10° (Figure 9c), the power output increases
steadily with tip speed ratio for all spoiler deflection an-
gles, indicating improved aerodynamic efficiency as the
rotor operates closer to its optimal TSR range. Among the
configurations, © = 20° consistently delivers the highest
power output, reaching peak values of approximately 65—
66 W at A = 0.65. This trend reinforces earlier observations
that small spoiler deflections enhance blade performance
by promoting favorable pressure distribution and delay-
ing boundary layer separation. Moderate deflections (0 =
40° and 60°) also perform competitively, while larger de-
flection (0 =90°) results in comparatively lower power out-
put, likely due to increased drag and flow disturbance.
The smoother and more gradual rise in power suggests
that at = 10°, the blade operates under more stable aero-
dynamic conditions, benefiting from improved lift-to-drag
characteristics.

For =12° (Figure 9d), a similar increasing trend with
TSR is observed; however, the rate of improvement is
slightly more gradual compared to 3 = 10°. Again, 0 =20°
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produces the performance, achieving peak power values
around 65.5-66 W at A = 1.2. The higher twist angle shifts
the optimal operating region to higher TSR values, indicat-
ing that the blade is better suited for faster rotational
speeds. While performance gains are still evident with
small spoiler angles, the relative difference between con-
figurations becomes less pronounced at higher TSR, sug-
gesting diminishing sensitivity to spoiler variation at very
high twist angles. The 0 = 90° case continues to underper-
form, confirming that excessive spoiler deflection intro-
duces aerodynamic penalties such as increased wake
losses and premature flow separation.

Comparatively, the results for 3 =10° and 3 = 12° in-
dicate that there exists an optimal twist-spoiler combina-
tion, beyond which further increases in twist angle do not
yield proportional performance improvements. While 3 =
12° extends the operational TSR range, = 10° appears to
provide a more balanced enhancement in power output
and aerodynamic stability.

4. Conclusion

This study has shown that aerodynamic add-ons,
such as spoilers and winglets, can significantly improve
the performance of a wind turbine blade by reducing aer-
odynamic losses and increasing power output. In this
study, the numerical results of a horizontal axis wind tur-
bine (HAWT) with an aerodynamic add-on were analyzed
using the computational fluid dynamics (CFD) software

COMSOL Multiphysics. The simulation results showed
that the addition of the aerodynamic add-on can reduce
the drag force and surface pressure coefficient on the
blade, and improve the overall aerodynamic performance
of the HAWT. The study presented a comprehensive par-
ametric analysis of the winglet design, incorporating a me-
ticulous assessment of the following parameters: winglet
height (4% to 13% R), cant angle (20°, 40°, 60°, 80°, 90°),
twist angle (-2°, 4°, 10°, 12°), and tip speed ratio (0.02 to
1.12) at a velocity of 3m/s. The incorporation of a winglet
has effectively curbed the influence of wingtip vortices,
which emerge due to the pressure differential between the
upper and lower blade surfaces. A crucial finding of the
study was the critical significance of the winglet's twist an-
gle and cant angle in its design. The mechanical power di-
minishes as the cant angle is amplified, while the opposite
trend is observed with the winglet height, which rises to a
threshold beyond which the added height increases the in-
duced drag, thereby decreasing the mechanical power.
The study's results contribute to the ongoing efforts to en-
hance the efficiency of wind turbines and reduce their en-
vironmental impact. Additionally, the study is limited to a
single wind turbine type and does not consider other fac-
tors such as wind speed, wind direction, or the impact of
environmental conditions. Therefore, further research and
testing are needed to validate the results and to determine
the feasibility of using add-on devices in HAWT systems.

5. Nomenclature

1) Angular Velocity

Cp Power of Coefficient

T Torque.

A Rotor of Swept Area

CFD Computational Fluids Dynamics

HAWT Horizontal Axis Wind Turbine

Re Reynolds Number

U, Wind Speed

u, Velocity at the infinity wind turbine downstream
Uy Axial velocity of fluid passing through the wind rotor
Cpressure The pressure coefficient

P Static pressure

P, Free-stream static pressure

T Radial distance from the hub Centre to the blade section
Fo Drag Force

p Density of air

K Tensor viscous effect

T Stress tensor

v Velocity of the oncoming airstream

u Chord length

u Dynamic viscosity of air

% Differential operators are represented by a gradient
V2 Laplace Operator.

Scientific Journal of Engineering Research 2026, 2, 2

https://journal.futuristech.co.id/index.php/sjer



Alabi et al, Aerodynamic Optimization of Horizontal Axis Wind Turbine Blades Using Winglet and Spoiler Add-Ons: A CFD Study 282

Identity matrix

External forces or sources
Tip Speed Ratio

Velocity vector of the fluid

o N oo
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