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Abstract: An airfoil is the cross-sectional shape of a wing, blade, or sail, designed to generate aerodynamic forces as it
moves through the air. When interacting with airflow, an airfoil generates lift and drag forces. To standardize airfoil
design, the National Advisory Committee for Aeronautics (NACA) developed various airfoil families, with extensive
studies focused primarily on the 4-digit series. However, limited attention has been given to the aerodynamic behaviour of
the 5-digit series. This study assesses the aerodynamic performance of the NACA 23012, a 5-digit airfoil, under varying
Reynolds numbers and angles of attack to establish its suitability for high performance wind turbind. Computational
Fluid Dynamics (CFD) simulations were conducted at angles of attack (AoA) of 8°, 12°, 16°, 20°, and 24°, with Reynolds
numbers of 3.0x10% 6.0x10° and 8.8x10°. The objective was to identify the conditions that yield optimal performance in
terms of lift-to-drag ratio (L/D), coefficient of lift (CL), and coefficient of drag (CD). Results showed an increase in lift
with increasing AoA up to a critical range between 12° and 16°, beyond which flow separation and stall effects reduced
aerodynamic efficiency. The optimal performance was observed at an 8° angle of attack and Reynolds number of 8.8x109,
where a high lift coefficient and relatively low drag resulted in a favourable lift-to-drag ratio. A linear regression analysis
revealed an insignificant variation between CFD results and standard experimental values, validating the simulation
accuracy. These findings provide valuable insights for blade design aimed at enhancing aerodynamic efficiency in wind
turbines, ultimately improving torque generation, power output, and overall system performance.

Keywords: NACA 23012 Airfoil; Angle of Attack; Reynolds Number; Lift-to-Drag Ratio; Computational Fluid Dynamics (CFD).

How to Cite: Nwanwa Vivian C.; Okon Aniekan A.; Asuquo, ldongesit O. (2025) Assessment of Flow Dynamics of a 5-Digit
Series Airfoil with Variable Aerodynamic Parameters. International Journal of Innovative Science and Research
Technology, 10(6), 1157-1179. https://doi.org/10.38124/ijisrt/25jun567

I INTRODUCTION into lift-based and drag-based turbines. Lift-based turbines,
such as the horizontal axis wind turbine (HAWT) and the

Energy is vital for economic and social growth and
development in today’s world. It is therefore necessary to
have access to reliable and affordable energy. However,
energy production and consumption contribute substantially
to the release of greenhouse gases and global warming, with
disastrous environmental effects, [1], [2]. Balancing the
increasing energy demand with a reliable and sustainable
supply is a challenging task. Expanding energy sources,
while enhancing energy efficiency during production and
consumption remain key strategies to strengthen energy
security to meet the growing demand [3]. Many countries of
the world including Nigeria are blessed with plentiful
renewable energy resources like wind, solar, marine energy
etc. These sources form the bedrock of the nation’s
sustainable energy plans, [4], as the world matches towards
the zero-carbon future. Wind energy is among the leading
renewable sources and wind turbines (Figure 1), play a
critical role in converting the natural motion of the wind to
mechanical energy thereby generating electricity, [5], [6].
Based on aerodynamic forces, wind turbines are classified
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Darrieus vertical axis wind turbine (VAWT), are more
efficient compared to drag-based turbines like the Savonius
wind turbine, which is valued for its simplicity [7]. Most
vertical axis wind turbines are drag-based, however, the
Darrieus wind turbine (Figure 2), despite being a vertical
axis turbine, operates on a lift-based principle and offers
superior performance compared to other vertical axis
turbines [8]. The performance of these turbines is largely
dependent on the geometry of the turbine blades. An airfoil
is the cross-sectional shape of a wing, blade, or sail,
designed to generate aerodynamic forces as it moves
through the air [9]. When a body of this type interacts with
the airflow, it experiences two main aerodynamic forces,
lift, directed orthogonal to the flow and drag, directed
parallel to it, [10].
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Fig 1 A 3-Bladed Wind Turbine

The size and action of these forces are mainly
controlled by the physical profile of the airfoil geometry,
including camber, thickness distribution, and leading-edge
radius. To facilitate systematic airfoil design and analysis,
the National Advisory Committee for Aeronautics (NACA)
developed standard airfoil families, categorized using
numerical series. The widely known NACA 4-digit and 5-
digit series describe airfoil profiles using mathematical
formulas, where each digit encodes specific shape
parameters [11]. For instance, NACA 23012 belongs to the
5-digit series and is frequently used in both aviation and
wind energy applications. Its cross-sectional profile and
aerodynamic properties can be generated using the defined
NACA equations [12]. The NACA airfoils have been
fundamental in the advancement of both aviation and
renewable energy technologies. The design of airfoils has
always brought to light systematic (mathematical)
formulations through which shape parameters can be
controlled, contributing to the prediction and optimization of
aerodynamic performance over a wide range of operating
conditions [11]. The aerodynamic behaviour of an airfoil is
described by three key parameters which are the coefficient
of lift (Cl), the coefficient of drag (Cd), and the lift-to-drag
ratio (CI/Cd) [13]. These parameters differs with the angle
of attack (AoA) and the Reynolds number, which is a
function of airspeed, air density, and the chord length of the
airfoil. An airfoil that produces high lift with minimal drag
is ideal for efficient energy conversion, whether in aircraft
wings or wind turbine blades [10].

\\S<? &~

Fig 2 A 3-Bladed Darrieus Wind Turbine
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Several researchers have utilized Computational Fluid
Dynamics (CFD) techniques to investigate the aerodynamic
behaviour of various NACA airfoils under different flow
conditions. These studies provide valuable insights into the
lift and drag characteristics, stall behaviour, and suitability
of specific airfoils for different engineering applications.
Simulation on NACA 0012 using ANSYS Fluent at
Reynolds numbers ranging from 1x10° to 1x10°¢ and angles
of attack from -10° to +20° showed that maximum lift
occurred at around 12° AoA [14]. NACA 4412 simulation
showed that the k-o SST turbulence model gave the most
accurate results in predicting stall also, the maximum CI/Cd
was observed between 8°-10° AoA [15]. Analysis of the lift
and drag forces on a NACA 0012 airfoil showed a
correlation between increasing Reynolds numbers and
enhanced lift and drag forces [16]. The study validated
computational results against experimental data from Sandia
National Laboratories, reinforcing computational analysis
reliability in aerodynamic performance analysis. [17]
Further explored the effects of increasing the angle of attack
on a NACA 0012 airfoil, observing a rise in lift coefficient
until flow separation occurs beyond a critical angle. The
simulation and wind tunnel tests carried out on NACA 0015
airfoil [18], demonstrated that helical blade designs reduce
torque ripple and improve startup. [19], compared the
performances of NACA 0012, NACA 0021, and NACA
0018 at different tip speed ratios. The result showed that
thicker airfoils perform better at low Reynolds numbers due
to delayed stalls. Similarly, [20], evaluated H-type VAWTS
with NACA 0012, S1046, and NACA 0024 airfoils. The
simulation showed that airfoil choice significantly impacts
power coefficient and stall characteristics. From the
contributions to the knowledge frontiers so far examined,
many studies have been carried out in 4-series NACA
airfoils as compared to their 5-series counterparts. The
continuous search for enhanced efficiency in renewable
energy conversion has necessitated the assessment of the
performance of higher series of NACA airfoils to unlock the
hidden knowledge in them that are yet to be unraveled. This
study therefore assesses the aerodynamic performance of a
5-series NACA 23012 airfoil with variable Reynolds
numbers and angles of attack, to provide more insight into
wider applicability for smart turbine blades. The NACA
23012 airfoil, a member of the 5-digit series, was selected
over commonly used 4-digit profiles for this research
because the 5-digit series was specifically designed for
higher lift coefficients at lower angles of attack compared to
4-digit airfoils, which is important for self-starting
behaviour in small-scale wind turbines. NACA 23012 being
a cambered airfoil provides positive lift at zero or near-zero
AOA, improving start-up torque and cut-in wind speed
performance of a turbine. Unlike symmetric airfoils (e.g.,
NACA 0012, 0015) that generate zero lift at 0° AoA. [17],
[18].

1. MATERIALS AND METHODS

The airfoil model for this study was NACA 23012,
with its coordinates obtained from the Airfoil Tool database,
[20]. NACA 23012, a five-digit series airfoil, was originally
designed for aircraft applications requiring low drag at
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moderate lift coefficients [11] but has since been adapted for
wind turbine blades due to its favourable aerodynamic
characteristics. The number ‘23012° represents a specific
camber and thickness configuration, a moderate forward
camber and a 12% thickness-to-chord ratio, which enables it
to produce substantial lift while maintaining acceptable drag
levels [12]. Table 1 shows the details of the airfoil used for
the study. The Shear Stress Transport (SST) k-o turbulence
model was chosen for this study over other common models
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like k- € (k epsilon) due to the fact that SST k- provides
enhanced resolution of boundary layer separation and
adverse pressure gradients, which are necessary for correctly
predicting stall and lift behaviour on airfoils at high angles
of attack. Studies show that SST k-o outperforms Spalart-
Allmaras and standard k-€ in capturing stall onset and post-
stall behaviour [27], which is also a consideration in this
study.

Table 1 Airfoil Parameters

Airfoil Details NACA 23012

Maximum thickness 12%
Maximum Camber Position 15%

Camber type Normal (not reflexed)
Design CL 0.2

Trailing edge Standard NACA sharp
Symmetry Non

Data source UIUC Airfoil Database

» Computational Setup and Mesh

The CFD simulation was performed using ANSYS
Fluent. This CFD package was chosen because of its high
accuracy and flexibility. The airfoil was simulated at
varying angles of attack: 0°, 8°, 12°, 16°, 20°, and 24° and
three Reynolds numbers: 3.0%1076, 6.0*10"6 and 8.8*10"6.
The higher Reynolds number range was chosen since the
NACA 23012 airfoil is well-suited for high-power turbines,
[21]. A C-type fluid domain was used, since it is common in
most aerodynamics simulations, its better handling of

boundary layers, improved resolution near walls and
reduced numerical dissipation in flow directions, [22], [23].
The geometry was setup, and meshing was carried out with
appropriate refinement to ensure an accurate analysis of
fluid dynamics along the turbine. The computational
analysis and the results duration depended on the mesh
characteristics. From the mesh statistics shown in Figure 4,
the number of nodes was 155720 with 155000 elements.
The geometry of the airfoil is shown in Figure 3.

\\
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Fig 3 NACA 23012 Airfoail

Fig 4 Mesh Refinement around the Airfoil
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Boundary conditions for the 2D simulation of the
airfoil is seen in Table 2. The boundary conditions define
how the fluid interacts with the domain boundaries. They
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are crucial for obtaining accurate and realistic simulation
results.

Table 2 Boundary Conditions

Input Parameters Magnitude
Solver type Pressure based
Time Steady
Viscous model SST k-omega
Fluid Air
Density (kg/m3) 1.225
Viscosity (kg/m-s) 1.7894e-05
Turbulent viscosity 1

Angle of Attack

0, 8, 12, 16, 20, 24.

Reynold number

3.0%10"6, 6.0*10"6, 8.8*10"6

Number of iterations 1000
Chord-length 0.36m
Momentum Second Order Upwind
Pressure velocity coupling Simple

M. RESULTS AND DISCUSSIONS

The results obtained from the simulations of the airfoil
is discussed in this section. The simulations were done at
varying angle of attacks and Reynolds number. The findings
are structured to provide a detailed analysis on the
aerodynamics performance of the airfoil under flow
conditions.

A. Static Pressure Variability with Parameters

Contour plots are used to visualize pressure and
velocity in fluid flow because they provide a clear and self-
explanatory way to observe how these variables change
across a surface or domain. They help to identify key flow
features like high and low pressure zones, flow separation,
and wake formation [24]. In this case, contour was used to
show effective comparison between different angles of
attack and Reynolds numbers.

> Pressure Contour for Re = 3.0x10°

Figure 5 shows pressure contour plots around a NACA
23012 airfoil at Reynolds number 3.0x10°¢ and angle 0°, 8°,
12°, 16°, 20° 24° These contours illustrate how pressure
distribution changes with increasing angle of attack, which
in turn affects the aerodynamic performance of the airfoil.
From observation, at 0° AoA, there is no significant pressure
change between the upper and lower region as indicated by
the blue/green colour contour. A distinct pressure gradient
begins to form at angle 8°. The upper surface exhibits lower
pressure (high suction), while the lower surface retains
relatively higher pressure. This progresses through angle 12°
as the low-pressure region on the upper surface becomes
more pronounced. The pressure on the lower surface also
increases, leading to a stronger pressure differential. This
suggests that the airfoil is producing high lift, and the flow
remains largely attached.

Static Pre ssure
[Pa]

1.16e+03
9.67e+02

- 5.78e+02
- 3.83e+02
- 1.8%e+02
- -5.79+00
- -2.00e+02
|+ -3.95e+02

-5.90e+02
-7.84e+02

contour-1

7730402 Stagnation point

Low pressure region

High pressure

(@) 0°angle of attack at Re = 3.0x10°
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ow pressure region

(b) 8°angle of attack at Re = 3.0x10°

(c) 12°angle of attack at Re = 3.0x10°

(d) 16° angle of attack at Re = 3.0x10°
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(e) 20° angle of attack at Re = 3.0x10°

(f) 24° angle of attack at Re = 3.0x10°

Fig 5 Pressure Contour for Re = 3.0x10°

At 16° AoA, the upper surface shows signs of pressure
recovery that may suggest the onset of flow separation. The
suction peak moves forward, and the pressure gradient
becomes more adverse towards the trailing edge. This shows
a near stall behavior. A significant region of uniform low
pressure is visible on the upper surface at angle 20°
indicating large-scale flow separation. The flow separation
becomes massive at angle 24°. At this point, the pressure
differential has diminished considerably, indicating a post-
stall condition where the airfoil's lift has significantly
dropped and drag has increased.

1JISRT25JUN5S67

> Pressure Contour for Re = 6.0x10°

Pressure distribution around NACA 23012 airfoil at
different angles of attack and Reynolds number of 6.0x10° is
shown in Figure 6. At angle 0° angle of attack, the pressure
distribution is relatively symmetrical above and below the
airfoil. There is a high-pressure region near the leading edge
on the lower surface, and a mild low-pressure region above
the airfoil. This configuration generates minimal lift as there
is little pressure difference.
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(a) 0° angle of attack at Re = 6.0x10°

(b) 8° angle of attack at Re = 6.0x10°

(c) 12° angle of attack at Re = 6.0x10°
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(d) 16° angle of attack at Re = 6.0x10°

(e) 20° angle of attack at Re = 6.0x10°

(f) 24° angle of attack at Re = 6.0x10°
Fig 6 Pressure Contour for Re = 6.0x10¢
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When the angle increases to 8°, a pronounced low-
pressure region develops on the upper surface of the airfoil,
which intensifies the pressure difference between the upper
and lower surfaces, resulting in an increased lift generation.
At angle 12°, the low-pressure region on the upper surface
becomes stronger and more concentrated near the leading
edge. The pressure on the lower surface remains high,
suggesting that the airfoil is operating at a high lift
condition, possibly close to its maximum lift. As the angle
of attack reaches 16°, the low-pressure region begins to
weaken and spread toward the trailing edge. This indicates
the onset of flow separation, where airflow starts detaching
from the upper surface. At angle 20°, the pressure contours
show a further weakening of the suction region, with a more
uniform distribution over the upper surface. This suggests
that the airfoil is experiencing stall. This progresses to angle
24° where the low-pressure region has almost disappeared,
and the pressure distribution across the airfoil appears
almost flat. This confirms a deep stall condition, where the
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flow is fully separated, resulting in minimal lift and very
high drag.

» Pressure Contour for Re = 8.8 x10°

Figure 7 shows the pressure contour at various AoA
and Reynolds number 8.8x10°. The pressure plot for angle
0° shows minimal pressure difference between the upper and
lower surfaces, indicating that no effective lift is being
generated. At angle 8°, a low-pressure region is observed on
the upper surface near the leading edge, while the lower
surface maintains higher pressure, indicating effective lift
generation. The suction peak on the upper surface becomes
more intense at angle 12°. The flow appears to still be
attached, with no visible signs of flow reversal or large
separation zones. At angle 16°, the pressure contours begin
to flatten on the upper surface, suggesting the onset of flow
separation. As it progresses to angle 20° the upper surface
displays signs of pressure recovery, which is typical of
partial flow separation.

a) 0°angle of attack at Re = 8.8x10°

b) 8°angle of attack at Re = 8.8x10°
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€) 12°angle of attack at Re = 8.8x10°¢

d) 16° angle of attack at Re = 8.8x10°¢

e) 20°angle of attack at Re = 8.8x10°
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f) 24°angle of attack at Re = 8.8x10°
Fig 7 Pressure Contour for Re = 8.8x10¢

At angle 24°, the pressure field on the upper surface
shows a large, uniform low-pressure zone, indicating
massive flow separation. The pressure difference between
the upper and lower surfaces is reduced, confirming that the
airfoil has stalled. This results in poor aerodynamic
performance due to increased drag and loss of lift.

B. Velocity Variability with Parameters

This section presents velocity contours around a
NACA 23012 airfoil at various angles of attack (AoA) at a
Reynolds numbers. The contours are color-coded to
represent airflow velocity magnitudes, with red and yellow
indicating high velocity, and green to blue showing lower
velocity or reversed flow.

» Velocity Contour for Re = 3.0x10°

Figure 8 shows that, at 0° angle of attack, the flow is
symmetric, and the velocity around the airfoil remains
mostly uniform. The velocity increases significantly over
the upper surface of the airfoil, shown by the intense yellow
region, which suggests strong acceleration of airflow at AcA
8% At 12°, the upper surface shows further signs of
acceleration followed by flow deceleration, visible in the
green and blue colors near the trailing edge. This transition
suggests that a separation bubble is forming, and the
boundary layer is detaching from the airfoil surface.

(a) 0° angle of attack Re = 3.0x10°
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(b) 8° angle of attack Re = 3.0x10°

(c) 12° angle of attack Re = 3.0x10°

(d) 16° angle of attack Re = 3.0x10°¢
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(e) 20° angle of attack Re = 3.0x10°
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(f) 24°angle of attack Re = 3.0x10°
Fig 8 Velocity Contour for Re = 3.0x10¢

This flow separation continues through angle 16° and
grows even larger, extending from the mid-chord all the way
to the trailing edge and into the wake at AoA 20°. At this
angle, the flow is completely detached from the upper
surface, suggesting stall. The stall becomes deeper at angle
24° and the upper surface is dominated by low velocity.

» Velocity Contour for Re = 6.0%10°

At 0° angle of attack, the flow around the airfoil is
symmetric in Figure 9. The airflow accelerates smoothly
over both the upper and lower surfaces, indicated by the
orange and red shades. At angle 8°, the velocity over the
upper surface increases significantly. The yellow region on

IJISRT25JUNS67

the upper surface indicates the speedy airflow due to greater
pressure difference. As it progresses through angle 12°, the
upper surface continues to experience accelerated flow near
the leading edge, but the velocity drops sharply toward the
trailing edge. The blue and green colours in that region
indicate that the flow is beginning to separate. At angle 16°,
flow separation becomes more pronounced. The airfoil
experiences stall at angle 20° the flow over the upper
surface is largely separated, shown by the wide blue region.
There is no longer a smooth acceleration of airflow over the
airfoil, and the wake is highly expanded and turbulent. The
stall deepens at angle 24°.

WWW.ijisrt.com 1169


https://doi.org/10.38124/ijisrt/25jun567
http://www.ijisrt.com/

Volume 10, Issue 6, June — 2025 International Journal of Innovative Science and Research Technology

ISSN No:-2456-2165 https://doi.org/10.38124/ijisrt/25jun567

(a) 0° angle of attack Re = 6.0x10°
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(b) 8° angle of attack Re = 6.0x10°
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(c) 12° angle of attack Re = 6.0x10°
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(d) 16° angle of attack Re = 6.0x10°
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(e) 20°angle of attack Re = 6.0x10°
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(f) 24° angle of attack Re = 6.0x10°
Fig 9 Velocity Contour for Re = 6.0x10°
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» Velocity Contour for Re = 8.8x10° the yellow range, a blue zone begins to appear closer to the

In Figure 10, the velocity smoothly accelerates around trailing edge, showing the onset of boundary layer
the upper and lower surfaces until angle 8° where the separation. The blue region on the upper surface becomes
velocity in the upper surface increases significantly, with the more prominent at angle 16° and expands backward into the
contour showing shades of yellow indicating strong wake, showing that separation has intensified.

acceleration. At angle 12°, even as the front part remains in

(8) 0°angle of attack Re = 8.8x10°
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(b) 8° angle of attack Re = 8.8x10°
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(c) 12° angle of attack Re = 8.8x10°¢

(d) 16° angle of attack Re = 8.8x10°

(e) 20° angle of attack Re = 8.8x10°¢
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(f) 24° angle of attack Re = 8.8x10°¢
Fig 10 Velocity Contour for Re = 8.8x10°

At angle 20° the stall becomes more obvious. The
airflow fails to reattach to the airfoil surface, and lift drops
while drag increases significantly. The airfoil becomes fully
stalled at angle 24° a little later than that of Renolds number
6.0x10¢.

C. Effect of Angle of Attack on Airfoil Performance
Figures 11 to 16 shows that increasing the angle of
attack initially increases the lift coefficient; however,

beyond a specific angle, flow separation occurs, leading to a
decrease in the lift coefficient with further increases in the
angle of attack. Khalid (2022). Conversely, the drag
coefficient increases progressively, leading to a decrease in
aerodynamic efficiency beyond the stall angle. The data
obtained from the simulation was validated with the data
obtained from the experimental result from National
Advisory Committee for Aeronautics, Report No. 824.
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Fig 11 CFD and Experimental lift / AoA at Re = 3.0x10°
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Fig 12 CFD and Experimental Drag / AoA at Re = 3.0x10°
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Fig 14 CFD and Experimental Drag / AoA at Re = 6.0x10°
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D. Influence of Reynolds Number on the Performance of the decreases, which results to a higher lift-to-drag ratio. At low

Airfoil Reynolds numbers, the airfoil experiences higher drag and

Figures 17 and 18 show the effects of change in lower lift, which indicates possible laminar flow separation.

Reynolds number. The Reynolds number (Re) significantly Optimal performance is observed at Re = 8.8x106 with 8°

affects the airfoil’s boundary layer behaviour, impacting lift, where the L/D ratio reached 76.154, this suggests that

drag and overall efficiency of the system. It can be seen that, higher-speed wind conditions favour better turbine

as Reynolds number

increases, the drag coefficient efficiency.
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Fig 17 CFD Lift Versus AoA at Varying Reynolds Numbers
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E. Result Validation
The linear regression carried out showed that the
correlations (R) between the experimental-lift and CFD-lift

Fig 18 CFD Drag Versus AoA at Varying Reynolds Numbers

was highly significant, especially at Re = 3.0x10° and Re =

as shown in Table 3.

Table 3 Model Summary of Correlations for Result Validation

8.0x10° with a common value of 97 and 88 for Re = 6.0x10°

Model | R | Std. Error of the Est. | R? Change | F Change | df2 | Sig. F Change
Lift and drag coefficients at different AoA (Re =3.0x10°)
Experimentlift/CFD lift 0.9722 0.108187 0.945 69.151 4 0.001
Experiment drag/CFD drag 0.181~ 0.136484 0.033 0.136 4 0.731
Experiment CI/Cd — CFD CI/Cd 0.307» 25.344820 0.094 0.417 4 0.554
Lift and drag coefficients at different AoA (Re = 6.0x10°)
Experiment lift/CFD lift 0.880~ 0.230811 0.774 13.691 4 0.021
Experiment drag/CFD drag 0.440~ 0.123111 0.194 0.960 4 0.383
Experiment CI/Cd — CFD Cl/Cd 0.149: 30.361027 0.022 0.091 4 0.777
Lift and drag coefficients at different AoA (Re = 8.0x10°)
Experiment lift/CFD lift 0.970¢ 0.121068 0.940 63.152 4 0.001
Experiment drag/CFD drag 0.914~ 0.006753 0.836 20.430 4 0.011
Experiment Cl/Cd — CFD Cl/Cd 0.827: 13.179914 0.684 8.671 4 0.042

Their coefficients of determination R? (which justify

their variations) also have very good values (94, 94 and 77
respectively). The correlation between the experimental-
drag and CFD-drag also shows a significant relationship
(91) at Re = 8.0x10° and a coefficient of determination of
83. Therefore, the linear regression performed showed that
the effect of the CFD values on experimental ones was
about 0.001 in many cases, thus making the model
statistically significant.

To ensure that the simulation results are not influenced
by mesh size, a mesh sensitivity analysis was conducted.
The outcomes of this analysis at different mesh densities are
summarized in Table 4. Furthermore, the dimensionless wall
distance (y") around the airfoil was calculated and found to
be less than one, indicating adequate near-wall resolution for
accurate boundary layer modelling.

Table 4 Mesh Independent Test

Mesh Case Number of y+ Value Cl (Lift Cd (Drag % Change in % Change in
Elements Coefficient) Coefficient) Cl Cd
Coarse 155,000 0.76 0.1470 0.0094 - -
Medium 200,000 0.40 0.1461 0.0097 -0.6% +3.09%
Fine 270,000 0.34 0.1460 0.0098 -0.07% +1.3%
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F. Discussion

The pressure plots for the three Reynolds numbers:
3.0x10¢, 6.0x10°, and 8.8x10° show some similarities with
increasing angle of attack, but with some important
differences due to the influence of Reynolds number on flow
behaviour. At an angle of attack of 0° the pressure
distribution is nearly symmetric for all three cases indicating
no lift is being generated. As the angle of attack increases to
8° and 12°, a noticeable pressure difference develops
between the upper and lower surfaces. The upper surface
experiences a strong low-pressure region while the lower
surface maintains a relatively higher pressure. This pressure
difference shows the generation of lift. At 16° angle of
attack, the pressure difference becomes more pronounced,
especially in the case of Re = 8.8x10°, indicating stronger
lift force and delayed flow separation. While signs of stall
begin to appear in the case of Reynolds number of 3.0x10°,
where the pressure gradient is less stable. At angles 20° and
24°, all three cases show evidence of stall. The low-pressure
region on the upper surface expands significantly, and the
pressure distribution becomes less defined, indicating
separated flow. At Re = 3.0x10° the separation is more
severe, and the pressure recovery is poor. Unlike, Re =
8.8x10°, where the flow is a little stable even as stall has
begun. For the three cases, the velocity at angle 0° remains
symmetrical as no lift is generated. As the angle of attack
increases to 8° and 12°, the velocity over the upper surface
increases, while it decreases slightly on the lower surface.
This velocity difference indicates lift generation. As the
angles of attack increases, flow separation occurs. This is
visible as a region of reduced velocity on the upper surface,
beginning from the mid-chord or earlier. The flow no longer
follows the contour of the airfoil, indicating stall. This is
common to all the Reynolds number cases. However, for
Reynolds number 3.0x10° at 16° a large, separated flow
region is already visible. The flow behaviour around the
airfoil shows a symmetric flow at low angles of attack and
flow separation at higher angles of attack [11], at low angles
of attack, the flow over a well-designed airfoil remains
attached, creating a strong pressure difference between the
upper and lower surfaces, and leading to efficient lift
production. As the angle of attack increases beyond a
critical point, the adverse pressure gradient over the upper
surface grows stronger, eventually causing the boundary
layer to separate, which leads to stall. Also, the differences
in flow behaviour at varying Reynolds numbers agree with
the work of [25], that at higher Reynolds numbers, airfoils
exhibit delayed flow separation because the boundary layer
tends to have higher momentum, making it better able to
resist adverse pressure gradients. This explains why at Re =
8.8x10¢, the flow remains coherent even up to 16° and 20°,
compared to the lower Reynolds number cases where
separation starts earlier. As reported by [26], the rapid
pressure recovery and thick separation bubbles indicate the
beginning of early stall at low Reynolds numbers. This can
be seen in the contours at Re = 3.0x10°, where the pressure
field becomes disorganized earlier. The gradual expansion
of the low-velocity region along the airfoil surface with
increasing angle of attack supports the aerodynamic model
of stall development, where flow separation begins near the
trailing edge and gradually moves forward as angle of attack
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increases, similar to the work of [10]. The optimal
performance for the NACA 23012 airfoil was found at 8°
angle of attack and Reynolds number 8.8x10¢. The airfoil
exhibits a high lift coefficient with a relatively low drag,
resulting in a favourable lift-to-drag ratio. These findings
seem promising for the design of Darrieus wind turbines
known for their lift-based approach. As a result,
aerodynamic efficiency is enhanced which in turn directly
increases torque generation, power output, and the overall
performance maximization.

V. CONCLUSION

The CFD simulation of the NACA 23012 airfoil under
varying angles of attack and Reynolds numbers has
provided valuable insights into its aerodynamic
performance. The results show that as the angle of attack
increases, lift improves up to a certain point typically
between 12° and 16° after which flow separation and stall
occur, leading to a reduction in aerodynamic efficiency.
Higher Reynolds numbers enhance the airfoil's performance
by delaying boundary layer separation, promoting smoother
airflow, and increasing lift. The pressure and velocity
contour plots clearly illustrate these features, revealing how
flow behaviour transitions from attached to separated
conditions at higher angles. Overall, the optimal
performance of the NACA 23012 airfoil is achieved at
moderate angles of attack and high Reynolds numbers,
making it well-suited for applications like vertical axis wind
turbines, especially in low to moderate wind speed
environments. The results from this research help in
predicting when lift is strong and when stall occurs for
NACA 23012 airfoil. The findings also guide the use of
pitch control systems to prevent stall and optimize power
output, strongly improving the efficiency, durability, and
safety of wind turbines. These findings can be used to assist
in further optimization and structural design improvements
for energy harvesting turbine blades.
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