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Abstract: The accurate prediction of aerodynamic performance
is critical for the design and optimization of airfoils used in
aerospace, automotive, and renewable energy applications. This
study focuses on evaluating and comparing the lift coefficients of
the NACA 4412 airfoil using three distinct methodologies: CFD,
wind tunnel experimentation, and the Panel method. The primary
objective is to assess the accuracy and limitations of each
technique in capturing the aerodynamic characteristics of the
airfoil. CFD simulations were conducted using ANSYS FLUENT,
applying a steady-state, incompressible flow model with
appropriate turbulence modeling to capture flow behavior across
a range of angles of attack. Experimental validation was
performed in a controlled wind tunnel environment to generate
benchmark data. Additionally, the Panel method analysis was
executed using XFOIL, a commonly used inviscid flow solver
known for its computational efficiency. The results demonstrate a
strong agreement between CFD simulations and experimental
data, particularly in predicting lift coefficients at moderate angles
of attack. In contrast, XFOIL consistently overestimated lift
values, especially at higher angles, due to its inability to accurately
model flow separation and viscous effects. This discrepancy
highlights the inherent limitations of potential flow methods when
applied to complex flow regimes. By systematically comparing
these approaches, the study emphasizes the critical need for high-
fidelity numerical or experimental validation when assessing
airfoil performance. The findings advocate for a cautious
application of simplified methods like the Panel method in
preliminary design stages and reinforce the role of CFD as a
reliable tool in aerodynamic analysis. This work contributes to the
ongoing refinement of predictive tools for airfoil design, ensuring
more accurate performance assessments in real-world
applications.
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SST: Shear Stress Transport
VII: Viscous/Inviscid Interaction
CL: Coefficients Such as Lift

I. INTRODUCTION

Airfoil design is a necessary component of the process of

designing proper aerodynamic surfaces, such as wings and
rotor blades, that allow them to generate lift to fly. The further
need for generating more efficient aerodynamic components,
due to the continuous expansion of the aviation sector has
made airfoil optimization become one of these points of
interest in large body research about enhancing the
aerodynamic effectiveness of aircraft and UAVs [1]. This
method is advantageous for applications in renewable energy
systems, especially in the assessment of wind turbines [2].
The lift-to-drag ratio is critical for flight efficiency and
improvements to airfoil performance can enhance this
significantly. Lift production is a function of the pressure
difference across the airfoil surfaces, and these pressure
differences are dependent upon the geometry of the airfoil
(e.g., its curvature, camber, thickness) [3]. Significant
improvement in the performance of an airfoil especially at
low speeds, where subsonic flight is done, can be achieved by
changing these parameters. Among these, National Advisory
Committee for Aeronautics (NACA) developed the NACA
4412, which wing cross-section is well known for its
performance at providing lift over a range of angle of attack
(AoA) values, which make it an ideal candidate for low-
speed, subsonic aircraft [4]. Computational and experimental
methods are commonly used for the analysis of lift, drag and
stall behavior of an airfoil. Common airfoil analysis tools
such as ANSYS Fluent, XFOIL and XFLRS5 are powerful
software able to simulate airflow and pressure distribution
over them [5]. Computational Fluid Dynamics (CFD), offers
a more detailed and accurate representation of the complex
flow phenomena around the airfoil, including the prediction
of turbulent flow, pressure distribution, and wake formation
[6]. Hence, the most important details of flow characteristic
through CFD simulations will be investigated as boundary
layer behavior, vortex shedding and separation phenomenon
by tools like ANSYS Fluent using a model representing
airfoil in different flight conditions [7]. CFD simulations have
shown that the NACA 4412 airfoil can generate high lift
numbers at low angles of attack, and that critical separation
points with associated flow stall — particularly at high AoA -
would be sited unless
carefully  synthesized [8].
During the last decades, its
ability to predict experimental
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data has also been validated by many different applications
so that CFD offers a good compromise between high
computational demands and required precision (high-fidelity)
in aerodynamics [9]. For instance, XFLRS5 is very efficient to
simulate two-dimensional flows around airfoils like the
NACA 4412 using Panel methods [10]. The NACA 4412
airfoil has been studied in the past and shows a good
performance for lift generation at low angles of attack (AoAs)
with relatively high lift-to-drag ratio at subsonic speeds.
Nevertheless, when the AoA extends further, flow separation
occurs in the airfoil which causes lift to abruptly fall [11].
This phenomenon, commonly named as “stall” takes place
near 17° AoA for NACA 4412 where the flow starts to
separate from the airfoil surface [12]. It was demonstrated
through numerical simulations using Ansys Fluent that the
airfoil when optimized works best at around 8° AoA after
which characterized drag forces effects start to be pronounced
[13]. To improve airfoil performance under different
conditions, a number of optimization strategies have been
tackled. These devices have included the addition of vortex
generators that delay flow separation, as well as surface
modifications such slotted or grooved flaps to increase lift.
Inspired by nature, biomimetic surface designs such as shark
skin denticles have shown promise in reducing drag by
manipulating turbulent boundary layer behavior [14]. There
is also the effect of "ground effect” that changes lift-to-drag
ratio for an airfoil that works near to the ground [15].
Therefore, in this paper; numerical analysis of the NACA
4412 airfoil was carried out with varying angles of attack by
using XFLR5. In this paper, we investigate the lift coefficient
characteristic to design an airfoil properly for a variety of
engineering systems with special focus on low-speed flight.

Il. METHODOLOGY

Aircraft wing airfoil NACA 4412 was examined for
aerodynamic characteristics by Ansys and XFLR, at chord
length of 1000 mm and at Reynolds number of 1.9x10°. The
purpose of this study is to simulate the aerodynamic
performance of an airfoil using CFD and XFLR5, and
evaluate the deviations between these simulations and
experimental data. In order to ensure an accurate shape of the
airfoil section, the NACA 4412 airfoil geometry was
developed by using coordinates extracted from the NACA
Airfoil Plotter [16]. ANSYS Design Modeler was also
employed to build a mesh with “C-type” flow domain around
the airfoil to ease the mesh generation process. This domain
design enabled enhancement of mesh resolution in areas of
interest including but not limited to development and
separation of boundary layers and other flow features. The
domain was enlarged sufficiently in the upstream and
downstream as well as normal directions to have enclosure
effects on the results kept to a minimum.

A computational fluid dynamics (CFD) compliant
structured 2D grid mesh was used to discretize the airfoil and
the flow field surrounding it mainly to allow neat cell
distribution around the airfoil and particularly in the bottom
layer. This type of grid structure was created by ANSYS
Meshing, and sections of fine-spacing mesh were applied in
particular regions that need more details. The spacing of the
grid close to the airfoil was optimized through a biasing factor
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from eighty to three hundred divisions in order to accurately
capture the boundary layer. As for the mesh design, about
250,000 linear elements were used which is quite a fine mesh
ideal for calculating flow characteristics. The mesh quality
was confirmed by examining orthogonal quality, aspect ratio,
and skewness of the mesh. The meshed airfoil with
computational domain is visible in Fig. 1.

[Fig. 1: Meshed Domain with Enlarged View.]

The fluid flow around the airfoil was simulated using the
fundamental governing equations of fluid dynamics — the
Continuity and Navier-Stokes equations. For incompressible,
steady, and two-dimensional flow, the Continuity equation is
expressed as:

du 4 dv —0 1
ax Ty 0 (D

where u and v represent the velocity components in the x

and y directions, respectively.

The Navier-Stokes  equations,  representing the
conservation of momentum, are given by:
( 6u+ 6u>_ 6p+ 62u+62u @)
P\%ox ”ay ~ T ox M ax2 ayz)

(6v+ av)_ 6p+ 62v+62v @)
P\“ox ”ay T 9y M\ ox2 oy

where p is the fluid density, p is the dynamic viscosity, and
p represents the pressure field. These equations were solved
using Ansys to simulate the airflow over the airfoil. Here
Equation (2) for x-direction and Equation (3) for y-direction.
For turbulence modeling, the Shear Stress Transport (SST) k-
® turbulence model was employed due to its accuracy in
predicting flow separation and boundary layer behavior at
moderate Reynolds numbers. The SST k-o model effectively
combines the advantages of the k-o model near the wall and
the k-e¢ model in the free-stream, providing accurate
turbulence representation. The turbulence model equations
are expressed as:

9 9 _ . 9 He) Ok
a(pk)+6_9ci(puik)_Pk_B pkm+6_xj[(u+0k3)6_xj] 4)
0 (00) + - (o) = a2 Py — Bpw? +
ot P0) F 5y (@) = agrP = Bpo” + 50

j
1 0k dw
w0x; 0x;

h\ 901 ok 5
[(u+0mg)a—xj]+ (1 - F1)pou2 (5)

As with before, we can summarize the analysis here in the
following way: The ANSYS

Fluent simulation was
performed with the
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assumption of steadiness, incompressibility, and two-
dimensionality sustaining correct geometries throughout the
simulation. An inlet with velocity and a pressure outlet were
specified, with the airfoil surface considered as a no-slip wall.
The pressure-velocity coupling was carried out adopting the
SIMPLE algorithm and second-order upwind schemes were
used to discretize the momentum and turbulence equations
for better accuracy. The given convergence criteria were
based on the assumption that the residuals would not be
greater than 10-6. In addition to CFD studies, analysis was
carried out using XFLRS5, an orthogonal flows analysis code
among the first of potential flow theory and panel methods
that is very often applied. XFLR5 on the other hand applies
the Vortex Panel Method and Viscous/Inviscid Interaction
(V1) method to determine aerodynamic coefficients such as
lift (CL), drag (CD), and moment coefficients. The NACA
4412 also was reconstructed in XFLR5 with the same
Reynolds number of 1.9x105 and the results have been
gathered by performing the simulations at other angles of
attack and discrimination with the CFD data. XFLR5 utilizes
a panel approach to modeling the airfoil surfaces. The
structure of the vortex panel is based upon estimation of flow
level due to multiple potential flow about an airfoil wing. The
assumption of potential flow in XFLR puts it in the sphere of
providing rather inviscid solutions as such it cannot
accurately account for flow separation and viscous effects as
computational fluid dynamics (CFD) does. Nevertheless,
estimating the aerodynamic forces is a strong element of the
tool for some applications such as comparison and validation.
Employing the comparison of the XFLR5 simulation results
with those provided by ANSYS Fluent allowed to estimate
how accurate and trustworthy the employed CFD model is in
regards to its predictive capabilities of flow behavior,
especially in the presence of viscous effects and flow
separation.

I11. RESULT AND DISCUSSION

Lift coefficients for the NACA 4412 airfoil were measured
across five simulations, each at a different angle of attack
(AoA) [17]. For comparison, we used XFOIL5, an open-
source software built in FORTRAN, based on the panel
method, to calculate subsonic aerodynamic properties [18].
Experiments were also carried out to compare the lift
coefficients at these five angles [19]. Verify the above results
from CFD simulations using ANSYS FLUENT, predictions
generated by XFLR5, and experimental studies for NACA
4412 airfoil [20].

Table- I: Lift Coefficients from CFD, XFLRS5, and
Experiments with Their Comparison

A0A CL C. C. CFD vs XFLR5 vs
(@) | (CFD) | (XFLR5) | (Exp.) | Exp. (%) Exp. (%)
0° 0.3439 0.3399 0.3233 6.37 5.14
5° 0.6834 0.7409 0.6689 2.16 10.77
10° | 1.0504 1.0968 1.0386 1.13 5.6
15° 1.381 1.4802 1.3462 2.58 9.96
20° 1.687 1.8069 1.6401 2.85 10.17

The lift coefficients predicted by XFLR5 are generally
higher than those from experiments and CFD FLUENT,
likely due to the panel method. Fig. 2 (a) shows CFD vs.
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experimental deviation, and Fig. 2 (b) shows XFLR5 vs.
experimental deviation in lift coefficient (CL).
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[Fig.2: Lift Coefficient Comparison Between (a) CFD vs.
Experimental; (b) XFLR5 vs. Experimental]

Lift coefficients, velocity contours and pressure contours
for five different angles of attack with Reynolds number
1.9x10° were obtained upon performing simulations.
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[Fig.4:(a) Pressure and (b) Velocity Contour for AoA 5°]
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[Fig.5:(a) Pressure and (b) Velocity Contour for AoA 10°]
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[Fig.6:(a) Pressure and (b) Velocity Contour for AoA 5°]
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IV. CONCLUSION

In conclusion, this study's findings show a robust
relationship between experimental data and Computational
Fluid Dynamics (CFD) simulations, highlighting the
accuracy of CFD in prediction aerodynamic performance. On
the other hand, the XFLR5 Panel approach showed an ability
to overestimate lift coefficients at different angles of attack,
indicating that it is not a perfect fit for capturing intricate flow
phenomena like viscosity and flow separation. This disparity
highlights the need to use a variety of analysis techniques
when assessing airfoil performance, especially in low-speed
applications. Researchers can ensure a thorough
understanding of airflow characteristics and improve the
accuracy of performance forecasts by combining CFD with
other analytical approaches to produce more accurate and
precise evaluations.
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