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Abstract

This paper investigates the effects of varying the Angle of Attack (AoA) on the aerodynamic efficiency of the NACA 2412
airfoil by analyzing the Lift-to-Drag (L/D) ratio. Using wind tunnel tests at a constant speed of 95 MPH, data was
collected at 5-degree AoA increments from 0° to 30°, and L/D ratios were computed for each trial. The results revealed
a parabolic relationship between AoA and L/D ratio, with maximum efficiency occurring at an AoA of approximately
20°, marking the Critical Angle of Attack. Beyond this point, aerodynamic efficiency declined, aligning with the expected
stalling behavior. A predictive quadratic model with a high coefficient of determination (R? = 0.98) was developed to
estimate efficiency across various AoAs. The study provides practical insights for optimizing aircraft performance
during critical phases such as takeoff and landing, especially for aircraft using the NACA 2412 airfoil, including Cessna
models. However, limitations such as the lack of negative AoA data and minor experimental variability were noted,
prompting further investigation into broader AoA ranges.

Aerodynamic efficiency is pivotal in modern aviation, particularly during critical flight phases like takeoff and landing.
As aircraft systems become increasingly reliant on sophisticated firmware for optimal performance, understanding the
intricacies of aerodynamic principles, especially the Angle of Attack (AoA)—becomes essential. The AoA is a critical
input for flight control systems, as it directly influences lift and drag characteristics. Therefore, the insights gained from
analyzing the lift-to-drag (L/D) ratio in relation to AoA not only enhance aerodynamic understanding but also inform
the development of intelligent control algorithms used in autopilot systems and flight management software.

Furthermore, as aircraft design evolves to include more advanced automated systems, the need for reliable testing and
validation methods becomes paramount. This study’s findings provide a framework for firmware engineers to develop
and refine algorithms that respond effectively to varying flight conditions, ensuring enhanced safety and performance.
By examining the aerodynamic behavior of the NACA 2412 airfoil, we can stay informed on the design of robust
firmware solutions capable of adapting to changes in AoA and optimizing aircraft efficiency in real-time. The insights
gained from this study inform engineering applications by providing foundational data for the development of
algorithms in flight control firmware, allowing for real-time adjustments based on angle-of-attack measurements. This
has implications for enhancing safety and performance in automated flight systems.

Keywords: Aviation; Aerospace; Airfoil efficiency; Firmware; Engineering; Applied engineering

* Corresponding author: Garima Seth

Copyright © 2024 Author(s) retain the copyright of this article. This article is published under the terms of the Creative Commons Attribution Liscense 4.0.


http://creativecommons.org/licenses/by/4.0/deed.en_US
https://ijsra.net/
https://doi.org/10.30574/ijsra.2024.13.2.2358
https://crossmark.crossref.org/dialog/?doi=10.30574/ijsra.2024.13.2.2358&domain=pdf

International Journal of Science and Research Archive, 2024, 13(02), 2215-2225

1. Introduction

1.1. The Effect of Angle of Attack on Airfoil Efficiency (NACA 2412)

This paper investigates the impact of varying the Angle of Attack (AoA) on the aerodynamic efficiency of the NACA 2412
airfoil. By analyzing how changes in AoA affect airflow characteristics and performance, this study aims to identify the
optimal AoA that maximizes the lift-to-drag (L/D) ratio and overall efficiency.
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Figure 1 Airflow separation on a NACA Airfoil as the Angle of Attack increases (Anyoji and Hamada 78)

This investigation focuses on the NACA 2412 airfoil, an existing airplane wing cross-sectional shape designed by the
National Advisory Committee for Aeronautics (NACA), the precursor to NASA. The Angle of Attack, also called the Angle
of Incidence, refers to the angle formed by the chord and direction of the relative wind ("Angle of Attack"). Aerodynamic
efficiency plays a crucial role in aircraft performance, particularly during critical flight phases such as takeoff and
landing. Among various parameters influencing an airfoil's performance, the Angle of Attack (AoA) is one of the most
significant factors. The AoA is the angle between the chord line of an airfoil and the relative wind direction, and it has a
directimpact on the amount of lift and drag generated by the airfoil. For pilots, understanding how changes in AoA affect
efficiency can be vital to improving flight performance, safety, and fuel economy.

This paper focuses on the NACA 2412 airfoil, a widely used airfoil in general aviation, especially in aircraft such as the
Cessna 172. The objective of this study is to examine how varying the AoA affects the lift-to-drag (L/D) ratio, which is a
key measure of aerodynamic efficiency. By conducting wind tunnel experiments and analyzing the lift and drag
characteristics of the NACA 2412 airfoil, the study aims to identify the optimal AoA that maximizes the L/D ratio, thereby
enhancing the overall efficiency of the airfoil.

The research builds on existing knowledge of aerodynamics and seeks to provide practical insights into optimizing
aircraft performance.

The findings of this study have direct applications for pilots and engineers, offering a deeper understanding of how
airfoil design and flight conditions can be fine-tuned to achieve the best performance during real-world flying scenarios.
The Lift-to-Drag (L/D) ratio is a critical measure in aerodynamic studies, often modeled mathematically to capture the
efficiency of airfoils across varying conditions. Quadratic regression models are also widely employed to describe the
nonlinear relationships between input parameters such as Angle of Attack (AoA) and aerodynamic efficiency.
Understanding the behavior of efficiency trends through mathematical modeling not only aids in theoretical insights
but also supports practical optimization in aviation.

Aerodynamic efficiency plays a crucial role in aircraft performance, especially in engineering contexts where precision
in flight control is essential. As aircraft systems increasingly rely on embedded firmware to manage dynamic flight
conditions, understanding how changes in AoA affect efficiency provides firmware developers with data to optimize
control surfaces and safety algorithms. This study focuses on the NACA 2412 airfoil, frequently used in general aviation,
with applications extending to automated flight systems where AoA monitoring and adjustments are critical for optimal
performance.

Analyzing Lift, the upward force opposing gravity helps understand the performance of an airfoil with different

modifications, such as changes in Angle of Attack (AoA). The higher the CI (Coefficient of Lift) of an airfoil (keeping the
angle of attack, air speed, and air density constant), the higher the amount of Lift (per unit) is produced (Othman and
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Al-Obaidi 8). Drag is the resistive force opposing thrust and decreases the Lift to Drag ratio (L/D Ratio), impacting
overall efficiency. The L/D ratio measures how effectively an airfoil produces lift while minimizing drag, a resistive force
("Lift to Drag"). A high L/D ratio implies that the airfoil produces a substantial lift force while reducing drag, enhancing
overall efficiency (Anyoji and Hamada 77).

2. Methodology

2.1. Experimental Design

This exploration aims to discover and determine the optimal Angle of Attack using a NACA 2412 airfoil to achieve the
best efficiency (measured by L/D ratio). The explanatory variables are the different Angle of Attacks for the airfoil and
the response variables are the Lift and Drag Coefficients that the airfoil produces when measured in the Jet Stream 500
wind tunnel.

This model will relate the specific AoA with a /D Ratio (unitless value comparing lift to drag components through their
coefficients) under the typical conditions that the testing will be under. Wind speed impacts Lift and Drag, so by keeping
the wind speed constant, the effects of AoA on the lift and drag coefficient can be isolated. Temperature changes can
affect air density, a key player in the Lift formula. Keeping it constant allows the reduction of extraneous variables,
which are variables not being investigated that have the potential to impact the outcome. To control them, the same 3D
printed airfoil model is employed, as well as the same wind tunnel, same wind speed (95 MPH), air density, and angle
increments (5-degree increments from 0-30 deg).

By establishing a reliable dataset on AoA and efficiency, this study aims to support the engineering of predictive
algorithms for real-time adjustments in autopilot systems. The model's conditions and controls, such as consistent wind
speed and temperature, reflect typical engineering practices in developing and testing firmware algorithms under
defined parameters. Such datasets can serve as a benchmark for validating predictive firmware models that control
aircraft surfaces in response to AoA changes.

This experiment on NACA 2412 airfoil efficiency aligns with previous findings on camber variation impacts which
confirmed the critical relationship between camber adjustments and aerodynamic performance. The use of quadratic
regression provides a robust mathematical framework to capture the parabolic relationship observed in aerodynamic
efficiency trends. Mathematical models such as the Lift (L = %2-Cl'p-A-) and Drag (D = %2-Cd-p-A) formulas enable precise
quantification of airfoil performance, forming the basis for calculating the L/D ratio."

2.2. Testing Procedure

There is limited specific data available for the NACA 2412 airfoil, particularly for certain parameters. In records,
maneuverability typically occurs in 5-degree increments. As a result, the experiment was designed to collect data at
these 5-degree intervals to better align with real-world operational conditions.

Building upon the information above, it can be hypothesized that increasing the Angle of Attack of NACA 2412 airfoils
will increase its Lift to Drag Ratio and overall airfoil efficiency up to a point. The airfoil will hit a point where it no longer
produces lift and drag as effectively, also known as the Critical Angle of Attack, at around 15-20 degrees. A concave
down parabolic relationship can be expected between the L/D Ratio and Angle of Attack with the vertex representing
the Critical Angle of Attack. This is because the Critical Angle of Attack represents the highest level of efficiency and
beyond it, this ratio diminishes.

Figure 2 3D printed Airfoils (Generated by Candidate)

2217



International Journal of Science and Research Archive, 2024, 13(02), 2215-2225

Figure 3 LI. Console Display (Generated by Candidate)
Figures 2 and 3 show materials used in the experimentation process.
The airfoil is placed inside the wind tunnel’s chamber and secured with screws. Once data from the target airspeed (95
MPH) is reached, the program on the laptop is stopped and the process is repeated with the other 5 Angle of Attack
degree increments. Three trials were conducted.

2.3. Modeling Airfoil NACA 2412 Efficiency

Raw Data

Table 1 Lift and Drag Coefficients across different Angles of Attacks

NACA 2412 | Lift + 0.000001 Drag+0.000001

AoA+0.1 Trial 1 Trial 2 Trial 3 Trial 1 Trial 2 Trial 3

0 Deg 0.005728 | 0.005952 | 0.005978 | 0.019417 | 0.019812 | 0.019824
5 Deg 0.050806 | 0.051848 | 0.051808 | 0.02242 | 0.022249 | 0.023013
10 Deg 0.080867 | 0.081474 | 0.083407 | 0.025912 | 0.025923 | 0.026898
15 Deg 0.184874 | 0.187962 | 0.191532 | 0.051268 | 0.051869 | 0.053146
20 Deg 0.275297 | 0.238905 | 0.261839 | 0.072135 | 0.072204 | 0.074355
25 Deg 0.197828 | 0.201013 | 0.208039 | 0.051464 | 0.052649 | 0.053394
30 Deg 0.225812 | 0.229089 | 0.231953 | 0.073331 | 0.074576 | 0.075648

These values detail the Lift coefficient and Drag coefficient values for each AoA increment.

There is a need for averaging the values of the three trials to reduce variability and random errors. This allows for a
more accurate analysis since variability can be deadly in the high-risk field of aviation. The recorded values were
analyzed and the average values for the lift and drag coefficients were calculated. From there, the Lift to Drag ratio was
calculated.

2.4. Sample Averages Calculation for NACA 2412 Airfoil

Sum of all observations

" Total number of observations

_ai+az+.tay
n

A refers to the average, n refers to the total number of observations, a,, refers to the observed data on the nth trial.

Ex: 15° AoA: Lift Coefficient
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(0.184874 + 0.187962 + 0.191532)
3

=0.18878

Ex: 15° AoA: Drag Coefficient

(0.051268 + 0.051869 + 0.053146))
3

=0.05242
All data was calculated in the same manner as demonstrated above.

The Lift force (L) acting on an airfoil is described in the following formula:

L=%ClpAV?"

L is the lift force, Cl is the Coefficient of Lift (a dimensionless constant), p is the air density, 4 is the wing area, and V is
the air velocity. Lift is a force that acts perpendicular to the motion between the airfoil and the surrounding air (Gibbs
27).

The Drag force (D) acting on an airfoil is described in the following formula:

D=%CdpAV*"

D is the drag force, Cd is the Coefficient of Drag (a dimensionless constant), p is the air density, 4 is the wing area, and V
is the air velocity (Gibbs 27).

However, these values on their own do not tell us much. Isolating these values does not provide any decisive conclusions
since they occur at the same time and impact airfoil performance. To look at their effects in a conjoint manner, we must
calculate the Lift to Drag ratio. This gives us details regarding the airfoil’s Lift in relation to the amount of Drag it
produces.

The Lift to Drag Ratio (L/D) acting on an airfoil is described in the following formula:

L Lift
D Drag

Lift _ Cl( %padZ™

Drag cd( YpAV2
Where Cl is the Coefficient of Lift and Cd is the Coefficient of Drag (Gibbs 27).

2.5. Sample L/D Ratio Calculations for NACA 2412 Airfoil:

The Lift to Drag Ratio is the measurement of the efficiency of an airfoil, found by dividing the Lift Coefficient by the Drag
Coefficient. A high ratio indicates a highly efficient Airfoil (produces more Lift than Drag), and a low (or negative) ratio
suggests a lack of efficiency as there is more Drag than is preferred.

L Lift
D Drag

Lift _ Cl( %pA¥E"

Drag cd( %pAv?2™

_cl
cd
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A few common factors in the numerator and denominator can be canceled out since the air density (p), wing area (4),
and velocity of the air (V) are constant during testing. The simplified equation is as follows.

Lift _ Cl( Yopa¥ED)

Drag cd( VapAv2™

_cl
“cd

Ex: 15° AoA: The coefficients of Lift and Drag are 0.18878 and 0.05242, respectively.

L _ 018878
D 0.05242
=3.60576

The L/D Ratio is a unitless measure, so it provides a dimensionless quantity representing an airfoil’s efficiency.

All data was calculated in the same manner as demonstrated above. The data obtained is summarized in the following
table, which shows the Angle of Attack degree intervals, the lift and drag coefficients in all three trials, their averages,
as well as the final lift-to-drag ratios (sample calculations can be found above). The application of dimensionless
coefficients like Lift Coefficient (Cl) and Drag Coefficient (Cd) simplifies the analysis, ensuring that variations in airfoil
geometry and conditions are captured in a normalized manner. The L/D ratio, as a measure of aerodynamic efficiency,
is central to performance optimization and is analyzed through trend analysis and mathematical modeling."

2.6. Processed Data
Table 2 Lift and Drag Coef. Averages, L/D Ratio

AoA | Avg. Lift| Avg. Drag | L/D Ratio
0 0.00587 |0.01968 |0.29834
5 0.05145 |0.02256 |2.28072
10 |0.08178 |0.02624 |3.11684
15 ]0.18905 [0.05243 |3.60576
20 |0.27146 |0.07256 |3.74112
25 10.20299 |0.05283 |3.84251
30 |0.22842 [0.07451 |3.06557

Upon analyzing the data, it was observed that all values were positive, confirming that lift was being generated
throughout the tested range. The rate of increase in efficiency varied; initially, the values rose at a moderate pace,
indicating an improvement in efficiency. However, the rate of increase gradually decelerated, displaying a parabolic
trend. This behavior suggests that the increase in lift initially accelerates, followed by a slower rise as the Angle of Attack
(AoA) increases, indicative of a diminishing return in efficiency gains at higher angles.

Avisual representation was created by graphing the AoA against the Lift-to-Drag (L/D) ratio. This approach allowed for
a clearer identification of trends. By examining the plotted data, it became possible to discern whether a linear,
quadratic, or exponential relationship existed between the two variables, aiding in understanding the airfoil's
performance characteristics. This graphical analysis proved instrumental in recognizing the parabolic nature of the
relationship and furthering the exploration of aerodynamic efficiency trends.
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Angle of Attack and Lift to Drag Ratio
@ NACA 2417 Airfoil Madal

Lift to Drag Raic (LD
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Figure 4 Graph of AoA and L/D Ratio at 95 MPH on NACA 2412 Airfoil

A graph is created to provide a more concrete understanding of the effect of lift and drag on the airfoil. By calculating a
L/D Ratio for each AoA, we can see how changing the explanatory variable can impact the overall efficiency.

3. Results and Analysis

The NACA 2412 Airfoil, with dimensions of x: 0.0746 m, y: 0.0096 m, z: 0.06 m (x denotes width, y denotes height, and z
denotes depth) displays a L/D ratio that increases as the Angle of Attack increases until approximately 20 degrees.
Notably, efficiency experiences a decline after 25 degrees of Angle of Attack, indicating the location of the Critical Angle
of Attack. Overall, the results of the testing agree with the initial expectations as the data collected closely followed the
parabolic best-fit curve, aligning with the expected trends, but do have some slight outliers.

This graphical representation allows a deeper understanding of the rate of change for the Lift to Drag ratio. It allows a
visual of the different rates of change and details the vertex (therefore identifying the angle with the maximum
efficiency).

The trend that was discovered aids in the pattern-finding process and allows for the creation of an equation for the best-
fit curve. As the objective was to predict the optimal efficiency, it was essential to develop an accurate model that
represents the majority of the data points. To achieve this, a quadratic model was plotted using a Graphing Calculator
(GDC). The GDC’s quadratic regression function incorporates all the data points, providing a robust model from which
meaningful conclusions and trends could be analyzed. This regression model helped in identifying the relationship
between the Angle of Attack (AoA) and the Lift-to-Drag (L/D) ratio, ensuring a more precise prediction of the airfoil's
aerodynamic efficiency.

The negative coefficient for the x? term (-0.00866) indicates a downward-facing parabola, this model can be used to
predict the Lift to Drag Ratio at different Angle of Attack values within the range where my data was collected. The
coefficients (a, b, ¢) determine the shape and position of the curve.
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The results confirm a parabolic relationship between AoA and efficiency, identifying the critical AoA at around 20
degrees. For firmware engineers, this data supports the development of automated control adjustments, with
algorithms that prevent exceeding critical AoA values to avoid stalling. Additionally, insights on efficiency variations at
specific AoA values inform firmware that optimizes lift and fuel consumption by adjusting control surfaces during
critical phases like takeoff and landing. The parabolic trend observed in the L/D ratio aligns with theoretical
expectations, where efficiency increases to a critical Angle of Attack (AoA) before declining due to stalling effects.
Graphical representations and quadratic regression modeling reveal underlying trends in aerodynamic performance,
offering predictive insights for future studies.

3.1. L/D Ratio Graph and Analysis

Angle of Attack and Lift to Drag Ratio
B NACA 2412 Alrfoll Modal =0 08EE 20 eGR4 T F RE =058
]
5
=
=
g s
=
=
G
& Z
=
'}
1
F e L e R
o ] 10 13 20 25 30 35 40 43
Angler of Atack (Cegrens)

Figure 5 Graph of AoA and L/D Ratio (NACA 2412 Airfoil) with best-fit curve

3.2. Implications of Critical Angle of Attack

This graph and equation illustrate a negative parabolic relationship, highlighting the efficiency changes with varying
Angle of Attack (AoA). It also identifies a trend to connect back to the aim (which Angle of Attack has the best efficiency).
Initially, efficiency rises quickly during the early AoA measurements, gradually reaching its peak at the Critical AoA. This
details the point of maximum efficiency. Subsequently, efficiency declines as the Angle of Attack continues to increase,
resulting in a decrease in the Lift/Drag ratio for the remaining AoA intervals. This makes sense since the lift diminishes
after the Critical AoA due to the phenomenon of Stalling (dramatic loss of lift) ("Angle of Attack"). The concave shape of
the curve allows a trend to be seen as it shifts from a highly efficient region to a less efficient one as the Angle of Attack
increases.

However, the parabolic trend cannot be guaranteed if the data is extrapolated to AoA values above 30 Degrees. The
meticulous approach, involving multiple trials, careful adjustment of the Angle of Attack, and recalibration of the wind
tunnel after each use, minimized the likelihood of systematic inaccuracies in the experimental setup.

3.3. Model Development

3.3.1. Creation of a Predictive Model

To ensure accurate predictions, a quadratic regression model was developed, and the Coefficient of Determination (R?)
was calculated using the GDC (Graphing Calculator). The resulting R? value of 0.98 indicates a strong correlation
between the observed and predicted data points. This high R? value, which ranges between 0 and 1, signifies that 98%
of the variance in the Lift-to-Drag (L/D) ratio can be explained by the model. The proximity of the R? value to 1 confirms
the model's predictive accuracy and reinforces the conclusion that the relationship between the Angle of Attack (AoA)
and aerodynamic efficiency follows a parabolic trend.

With an accurate model and a clear trend established, the next step is to narrow the focus to predict the Angle of Attack
(AoA) that yields the highest efficiency. Since the model exhibits a parabolic shape and indicates a strong relationship,
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the quadratic regression model can be employed to identify the absolute maximum point. This point, corresponding to
the highest Lift-to-Drag (L/D) ratio, will provide the optimal AoA for critical flight phases such as takeoffs and landings.
To determine this maximum value, the Extreme Value Theorem will be applied within the interval [0, 30]. This approach
enables the identification of the absolute maximum by evaluating either the Critical Points (where the derivative equals
zero) or the endpoints of the interval. Given the continuity of the model, the process will begin by differentiating the
quadratic equation to find the derivative, which will be used to locate the Critical Points and, ultimately, the AoA that
maximizes aerodynamic efficiency.
y = —0.00866x2 + 0.346x + 0.477
y' = —0.01732x + 0.346
Critical points occur where the derivative is equal to 0.
—0.01732x + 0.346 =0
x=19.97690531178
The critical point for the model is at x = 19.98, which represents the only critical point within the interval. This critical
point, along with the endpoints of the interval [0, 30], can either represent a relative or absolute maximum. In this
context, the absolute minimum would correspond to the lowest Lift-to-Drag (L/D) ratio, and the absolute maximum
would represent the highest L/D ratio. However, since the model forms a downward-facing parabola, no absolute
minimum exists within this interval.
To accurately determine whether the critical point at x = 19.98 or one of the endpoints yields the absolute maximum, a
Candidates Test is applied. This test allows for the evaluation of the L/D ratios at the critical point and the interval
endpoints to find the actual values at these positions.
A sample calculation for the critical point at x = 19.98 is as follows:
y = —0.00866x% + 0.346x + 0.477
y = —0.00866(19.97690531178)? + 0.346(19.97690531178) + 0.477
y = 3.9330046189376

The same process was taken to evaluate endpoints. The complete table with tested values is below.

Table 3 Critical Points and Endpoints Testing

x f(x)
0 0.477
19.97690531178 | 3.9330046189376
30 3.063

There is an absolute maximum L/D Ratio of 3.9330046189376 when x=x=19.97690531178. By pinpointing the Angle
of Attack with the highest efficiency, the model allows predictions to be made. When flying in aircraft with NACA 2412
Airfoils, specifically, the optimization of the wings to the AoA value of 19.97690531178 degrees allows maximum
efficiency across all tested AoA values (0-30 degrees). During takeoff and landing, these AoA optimizations will allow
for more skilled and safe flying procedures, etc.
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4. Conclusion

4.1. Implications for Aircraft Design

The value of x = 19.98 corresponds to the vertex of the parabolic model, representing the highest point of the quadratic
equation. In this context, the vertex indicates the Angle of Attack (AoA) that produces the maximum Lift-to-Drag (L/D)
ratio, marking the point of optimal efficiency. This aligns with the expected range of 15° to 20°, commonly associated
with the Critical Angle of Attack and peak aerodynamic performance during takeoff and landing. Exceeding this angle
results in a loss of efficiency, as the drag increases disproportionately to the lift.

It is also important to consider changes in efficiency across different AoA values, as rapid fluctuations in lift can lead to
instability and potentially dangerous conditions, such as stalls. AoA values with steeper tangential slopes indicate a
higher rate of change, which suggests that intervals such as [0°, 5°] and [35°, 40°] may have the most dramatic impacts
on stability and efficiency. Pilots flying aircraft equipped with NACA 2412 airfoils should therefore avoid these AoA
ranges during critical flight phases like takeoff and landing.

While this study's findings are specific to the NACA 2412 airfoil, the efficiency trends may not apply to other airfoil
designs in general aviation. The data collected followed the parabolic best-fit curve as anticipated, with a few minor
outliers. However, it is important to exercise caution in interpreting the results, as extrapolation beyond the tested AoA
range is not recommended. There was no consistent intercept observed on either the x or y axes in this experiment.

In conclusion, the experiment supports the hypothesis that increasing the AoA of NACA 2412 airfoils improves the L/D
ratio and overall efficiency up to the Critical Angle of Attack. In this study, the maximum efficiency, with an L/D ratio of
3.93, occurred at an AoA of approximately 19.98°. The observed concave-down parabolic relationship between the L/D
ratio and AoA on the interval [0°, 30°] highlights the complexity of aerodynamic interactions in airfoil performance.

The study highlights the utility of mathematical modeling and statistical analysis in firmware and engineering contexts,
particularly for identifying critical performance parameters such as the optimal Angle of Attack (AoA) for maximizing
aerodynamic efficiency. By utilizing predictive models and trend analysis, this research provides valuable insights into
the relationship between airfoil design parameters and aerodynamic performance. The findings emphasize the
significance of integrating mathematical principles, such as regression modeling, optimization algorithms, and
computational techniques, into aerodynamic engineering to drive practical advancements and enhance design
methodologies.

Limitations of Study

The best-fit curve did not pass through the origin, which was unexpected. It was initially assumed that an Angle of Attack
(AoA) of 0° would result in a Lift-to-Drag (L/D) ratio of zero. Future research will expand the AoA range to include
negative angles (-15° to -30°) to further explore the effect of negative AoA on the parabolic trend of the L/D ratio.

During the preliminary stages of the study, challenges arose in designing the experiment, particularly in selecting airfoils
with practical, real-world applications. The experiment had certain limitations, including the use of only NACA 2412
airfoils and a limited number of trials, which constrained the ability to draw broader conclusions. However, as the study
progressed, more advanced calculations were applied to the data, yielding meaningful insights into the lift and drag
characteristics.

Overall, the findings from this investigation offer valuable insights into the aerodynamic performance of the NACA 2412
airfoil, which is commonly used in aircraft such as the Cessna 172 and 172S. The results of this research can inform
future applications across similar aircraft models, contributing to more efficient flight operations.

Future research could expand AoA ranges to include negative values, providing a more comprehensive dataset for
firmware simulations. Broader data on AoA’s effects could help engineers design more robust control algorithms for
handling unexpected flight conditions, such as turbulence or sharp maneuvers, where rapid AoA adjustments are critical
for maintaining stability.

The evolving principles of firmware engineering draw inspiration from historical events, such as the work of the Women
Airforce Service Pilots (WASPs), whose contributions exemplify adaptability and resilience in engineering (Khanna et
al.).
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In conclusion, this study on the effect of varying Angle of Attack (AoA) on the aerodynamic efficiency of the NACA 2412
airfoil offers valuable insights for both aerodynamic optimization and engineering. By identifying the optimal AoA for
maximizing the lift-to-drag (L/D) ratio, the findings can inform the design of more responsive and efficient flight control
systems. Firmware engineers can leverage this aerodynamic data to develop algorithms that dynamically adjust control
surfaces during critical flight phases, enhancing safety and performance. Also, Effective stakeholder collaboration plays
a pivotal role in various engineering disciplines, as seen in domains like online safety for children, which require robust
cross-functional efforts (Jonnalagadda et al.). The integration of aerodynamic principles with real-time firmware
solutions underscores the importance of interdisciplinary collaboration in advancing modern aviation technology.
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