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ABSTRACT

This study investigates the impact of different wing profiles on the aerodynamic performance of the default NACA 2412 airfoil
used in the Cessna 172 aircraft, along with two alternatives, NACA 0012 and NACA 63-412, through 3D flow analysis. All three
airfoils were modeled in SolidWorks for numerical evaluation. Using ANSYS Fluent 2023R2, the aerodynamic characteristics,
including the lift coefficient, drag coefficient, and lift-to-drag ratio, were analyzed across a range of angles of attack from 0 °to
20 °at a Reynolds number of R = 2.5x105. Simulations were conducted using the k-epsilon turbulence model, revealing that the
lift coefficient (Cj) increased for all profiles with the angle of attack until it reached the stall point, which occurred at
approximately 14 °. Among the profiles, NACA 63-412 achieved the highest lift coefficient, while NACA 0012 had the lowest.
In terms of lift-to-drag (L/D) ratio, all profiles initially showed an increase up to around 4-6 degrees of attack before declining.
Although NACA 63-412 initially maintained a higher L/D ratio, it experienced a steeper decline beyond this range compared to
NACA 2412. At lower angles of attack, NACA 63-412 performed best, NACA 2412 showed better results at higher angles, and
NACA 0012 showed poor results throughout. The NACA 63-412's high lift characteristics provide benefits in certain
circumstances, even though the NACA 2412 is the standard airfoil for the Cessna 172-R due to its dependable, well-rounded
performance.
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1. Introduction

Aerodynamics is an area of study that examines the flow
of air relative to the body. The effectiveness of any
aerodynamic structure is significantly influenced by the
properties and design of the airfoil used. The cross-sectional
shape of a body placed in an air stream to produce an
aerodynamic force as effectively as feasible is called an
airfoil.[1]. The airflow over airfoils is a critical factor to
consider when designing aircraft, missiles, sports vehicles,
or any other aerodynamic objects[2]. When air moves over
an aerodynamic surface, it creates two perpendicular forces,
known as lift, acting perpendicular to the airflow, while the
other drag, aligns with the direction of the flow. The primary
focus in studying and designing an airfoil is to maximize lift
while minimizing drag optimally. The creation of lift and
drag is significantly influenced by the free-stream velocity at
a fixed angle of attack (o). Up until a certain point, the lift-
to-drag (L/D) ratio rises with increasing free-stream velocity
at a certain angle of attack. Subsequently, it decreases as the
velocity continues to increase. Up to a certain point, lift rises
as the angle of attack (o) does. Beyond this critical angle, the
flow begins to separate from the airfoil's upper surface,
forming a large wake of stagnant air behind it. This flow
separation, influenced by viscous effects, leads to a sharp
drop in lift and a significant rise in drag. When this occurs,
the airfoil is considered stalled, marking what is known as
the stalling point [3]. The aerodynamic properties of an
airfoil can be evaluated experimentally or via computational
fluid dynamics (CFD), which uses numerical techniques,
mathematical modeling, and specialized software tools to

forecast fluid flow. The NACA database, established by
NASA's predecessor, the National Advisory Committee for
Aeronautics, provides a wide range of airfoil designs that are
commonly used in CFD modeling. The Cessna-172 aircraft
utilizes an NACA 2412 airfoil. Sarker et al. [4] conducted a
numerical study on an airfoil model of NACA 2412 to
examine the effects of high Reynolds number flow on
pressure and velocity distributions and aerodynamic forces,
while varying the angle of attack in a SST Turbulence Model.
Bacha et al. [5] developed a reliable and precise transition
model from laminar to turbulent flow, integrating it into a
CFD solver to improve drag prediction accuracy for two-
dimensional airfoil transitional flow. Eleni et al.[6] analyzed
the flow over an NACA 0012 airfoil at different angles of
attack using a variety of turbulence models and a Reynolds
number of 3x10¢, focusing on the impact of these factors on
aerodynamic performance, including lift, drag, and flow
separation. A. Meku et al. [7] investigated the wing design
modifications that impacted the performance of the Cessna
172-R aircraft by experimental and numerical methods. They
analyzed two alternative configurations: one with an
extended span while retaining the original chord length and
another with an increased chord length while maintaining the
original span. M. Ozdemir et al.[8] developed an
interdisciplinary, multi-level design approach tailored for
fixed-wing aircraft, illustrating its application through the
design and optimization of the Cessna 172 N. Their work
details the use of a newly created aircraft design tool,
emphasizing streamlined and efficient design processes.
Hiidayim Basak et al. [9] investigated how wing cross-
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section and 3D airfoil shapes influence aerodynamic
performance using numerical methods. Employing a
biomimetic design approach, they developed new wing
designs inspired by the wing structures of various bird
species to enhance aerodynamic efficiency. U. Korkmaz et
al.[10] analyzed the aerodynamic performance of the NACA
63-215 airfoil by examining its behavior across different
angles of attack using CFD analysis.

Extensive research exists on the performance analysis of
individual wing profiles; however, comparative studies of
different wing profiles in practical applications remain
limited. This study presents a numerical investigation
comparing three wing profiles—NACA 2412, NACA 0012,
and NACA 63-412—on the Cessna 172 model aircraft.
Using the Standard k-¢ model in ANSYS Fluent, we
evaluated the aerodynamic characteristics of each profile to
identify the most suitable airfoil for the aircraft.

2.Numerical Methodology:

2.1 Computational Methodology:
The steady-state RANS equations can be expressed as:
Continuity Equation (Mass Conservation):
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The final term —pu/u’ is the Reynolds stress term, which
arises from the turbulent fluctuations and represents
additional stress due to turbulence. This nonlinear term in
RANS equation can be solved by different turbulence
models. Standard k-& Model, was used.

2.2 Standard k- model:

The standard k-g\epsilon model in ANSYS Fluent falls
into the two-equation turbulence models that provide the
capability to determine both turbulent length and time scales
by solving a pair of distinct transport and has been widely
adopted in practical engineering flow simulations since its
introduction by Launder and Spalding. Its popularity in
industrial flow and heat transfer simulations stems from its
robustness, cost-effectiveness, and reasonable accuracy
across various turbulent flow scenarios. The standard k-g¢
model is based on transport equations for turbulence kinetic
energy (K) and its dissipation rate (g)[11].
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In these equations, Gk and Gy represent turbulence kinetic
energy generation due to velocity gradients and buoyancy,
respectively, while Yu accounts for compressibility effects.
Constants Ci,, C,. and Cs,, along with turbulent Prandtl
numbers ok and o, control energy and dissipation rates, with
Sk and S; as user-defined source terms.

2.3 Geometry:

To plot the profiles of NACA 2412, NACA 0012, and
NACA 63-412, coordinates were obtained from an online
profile generator [12]. The 3D model was then created using
SolidWorks software.

S N .

Fig.1 CAD model of the NACA 2412 airfoil in SolidWorks

TR

Fig.2 CAD model of the NACA 0012 airfoil in SolidWorks

T e

Fig.3 CAD model of the NACA 63-412 airfoil in
SolidWorks

Figures 1, 2, and 3 present various 3D airfoil models
displayed in a 2D view. Table 1 lists the half-wing input
parameters for the Cessna 172-R aircraft, and the dimensions
are the same for all three airfoils.

Table 1 Data for the half-wing configurations

Parameter Actual Model
Half wingspan (m) 5.5000 0.2500
Length of root chord (m) 1.4730 0.0670
Length of tip chord (m) 1.4730 0.0670

Fig.4 3D model of NACA 63-412 with different dimensions

2.4 Computational Domain:

The geometry was then imported to ANSYS design
modeler where the whole fluid domain was divided into 3
regions.
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Fig.5 Computational domains.

From Fig 5, it is seen that coarser mesh was applied in the
distant region, while finer mesh was used in the body of
influence around the airfoil. Maximum skewness was kept
under 0.9. Mesh elements for every model were around 2.8
million.

Fig.6 Mesh in EINSHIEE domain

Fig.7 Mesh around the airfoil

Table 2 Inflation layer details

Inflation First layer No of Layers Inflation
Thickness Growth rate
0.32mm 5 1.2

2.4 Boundary Conditions

The problem involves airflow around three airfoils at
different angles of attack (0-20 degrees). Table 3 presents
the inputs and boundary conditions.

Table 3 Boundary conditions and inputs
Type Pressure based

Models Standard K-epsilon
Fluid Air

Density 1.225 kg/m?®
Viscosity 1.7894e-05 kg/m. s
Inlet Velocity 55.558 m/s

Initial Pressure 0 Pa

Reynolds Number 2.5x10°
Temperature 288.16 K
Residuals 0.00001

A coupled solver was used for simulation. A second-order
upwind spatial discretization method was used to solve all
the equations (pressure, momentum, and turbulence) to
improve the accuracy of capturing flow characteristics. A
least-squares cell-based method was used to compute
gradients to increase the accuracy of changes between cells.

3. Validation:

For model validation, the numerical data for the NACA
2412 airfoil is compared with the experimental results from
Addisu Alamirew Meku et al.[13], conducted at the same
Reynolds number. As shown in Table 4, the deviations
between experimental and numerical values are under 15%.
Consequently, a similar setup is used for the numerical
simulation of the NACA 0012 and NACA 63-412 airfoils.

e NUmerical Cl === Experimental Cl

1.2 1.021
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0.4
0.2

LIFT COEFFICIENT

ANGLE

Fig.8 A comparison between the Experimental and
Numerical lift Coefficient

Table 4 Calculation of deviation

Angle Numerical ~ Experimental  Deviation
(degrees) Ci Ci
0 0.158 0.1833 12.71%
2 0.311 0.36 13.61%
4 0.4655 0.5323 12.55%
6 0.6177 0.707 12.63%
8 0.7637 0.8814 13.35%
10 0.8926 1.021 12.06%

4. Result and Discussion:

Figure 9 shows how the lift coefficient varies with variations
in the angle of attack for three different airfoils: NACA 2412,
NACA 63-412, and NACA 0012. From 0° to 20°, the angle
of attack rises, each airfoil initially experiences a steady
increase in lift coefficient. This increase continues until each
airfoil reaches a maximum lift value, after which the lift
coefficient begins to drop, indicating the onset of stall.
Among the three airfoils, NACA 63-412 exhibits the highest
overall lift coefficient, with a peak around 1.2 at
approximately 16° angle of attack. This higher Ilift
performance suggests that NACA 63-412 is well-suited for
applications requiring greater lift at higher angles. The
NACA 2412 airfoil follows closely, peaking at a lift
coefficient just above 1.0, at approximately 14° AOA.
Meanwhile, NACA 0012, a symmetric airfoil, generates the
lowest lift among the three, with a peak lift coefficient of
roughly 0.8, also approximately 14°.

Both NACA 2412 and NACA 0012 show a stall onset around
14° AOA, while NACA 63-412 demonstrates improved stall
characteristics by stalling later at 16° AOA. This delayed
stall in NACA 63-412 highlights its ability to maintain lift at
higher angles before losing aerodynamic stability, making it
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advantageous for scenarios that require sustained lift at
larger attack angles.

NACA 2412 NACA 0012 NACA 63-412

1.2

0.8

0.6

LIFT COEFFICIENT

0.4

0.2

0 2 4 6 8 10 12 14 16 18 20
ANGLE

Fig.9 Lift coefficient vs AOA for different airfoils

Fig. 10 demonstrates the relationship between the drag
coefficient (Cq) and the angle of attack (AOA) for the NACA
2412, NACA 0012, and NACA 63-412 airfoil designs. As
the AOA increases from 0° to 20°, all three airfoils exhibit a
gradual rise in drag coefficient, with a sharper increase at
higher angles due to increased airflow resistance. NACA 63-
412 consistently has the highest drag coefficient, reaching
approximately 0.27 at 20° AOA, likely due to its cambered
design that enhances lift but increases drag. NACA 2412
follows with a slightly lower drag coefficient of around 0.25
at 20° AOA, as it balances lift and drag with its moderate
camber profile. NACA 0012, a symmetric design, has the
lowest drag coefficient, reaching only about 0.23 at 20°
AOA, as its shape minimizes drag, making it suitable for
low-resistance conditions. This trend highlights the design
focus of each airfoil, with NACA 63-412 prioritizing lift,
NACA 0012 minimizing drag, and NACA 2412 balancing
the two, reflecting aerodynamic trade-offs in airfoil design.
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Fig.10 Drag coefficient vs AOA for different airfoils.

Fig. 11 illustrates how the lift-to-drag ratio (L/D) and angle
of attack (AOA) are related to three different airfoil designs:
NACA 2412, NACA 0012, and NACA 63-412. The lift-to-
drag ratio first increases for each airfoil as the AOA
increases, reaching a peak before decreasing as the angle
continues to grow. NACA 63-412 achieves the highest lift-
to-drag ratio, peaking around 17 at approximately 6° AOA,
indicating strong lift performance relative to drag at this

angle. NACA 2412 follows closely, with a maximum lift-to-
drag ratio near 15 around 8° AOA. NACA 0012, a symmetric
airfoil, reaches a peak L/D ratio of about 13 at 6° AOA.
Beyond these peak points, all three airfoils experience a
decline in L/D ratio as drag increases with angle,
demonstrating reduced aerodynamic efficiency. This trend
reflects each airfoil's aerodynamic characteristics: NACA
63-412 shows superior lift relative to drag at moderate
angles, NACA 2412 maintains a balanced performance, and
NACA 0012 demonstrates efficient drag reduction at low
angles but lower peak lift-to-drag performance.

20 NACA 2412 NACA 0012 =—&—NACA 63-412

LIFT TO DRAG RATIO
= =
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(€]
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ANGLE

Fig.11 L/D ratio vs Angle

4.1 Pressure and Velocity contour:

Figures 12, 13, and 14 show three distinct airfoil
pressure profiles at different angles of attack, all at the same
Reynolds number.

Pressure
Contour 1

}.!010503
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.345e+03

o=0°

a=10°

a=20°

Pal

Fig.12 Pressure Contours for NACA 2412

It shows that the airfoil's lower surface has more pressure
than its upper surface. Additionally, a region of negative
pressure spans the entire upper surface of each airfoil.
Pressure on the bottom surface increases as the angle of
attack increases, while the upper surface pressure decreases
further. This pressure distribution generates a lift on the
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airfoil. As the angle of attack increases, the pressure
differential between the lower and higher surfaces keeps
growing until stall or flow separation occurs on the upper
surface.

o=0°

a=10°

Eressure

-

Fig.13 Pressure Contours for NACA 0012
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Fig.14 Pressure Contours for NACA 63-412

Figures 15, 16, and 17 show the airfoil's upper surface
exhibits higher velocity than its lower surface. Airflow stays
connected to the airfoil's surface at lower angles of attack.
The velocity contours show that flow separation starts at the
trailing edge and progressively advances toward the leading
edge with further increases as the angle of attack rises. After
a while, the lift coefficient decreases because of this flow
separation at greater angles of attack.

There is a low-velocity area on the lower side and a high-
velocity acceleration area on the upper side due to the
stagnation points moving slightly toward the trailing edge

along the lower surface from an angle of attack of 5 degrees.
This causes the upper surface to have less pressure and the
lower surface to have more pressure, in accordance with
Bernoulli's principle. Consequently, both the lift coefficient
and drag coefficient increase, but after reaching a critical
angle, lift decreases due to stall while drag continues to
increase.

In a symmetrical airfoil, such as the NACA 0012, the
velocity and pressure distributions on both surfaces would
match at zero incidence, resulting in zero net lift. However,
since the NACA 2412 and NACA 63-412 are non-
symmetrical airfoils, the pressure and velocity distributions
differ between the two surfaces, creating lift even at zero
incidence.

0=10°

a=20°

Fig.15 Velocity Contours for NACA 2412

0=0°

a=10°

a=20°

Fig.16 Velocity Contours for NACA 0012
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