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Abstract Keywords

This study presents a systematic airfoil optimisation framework for fixed-wing unmanned Phase-specific airfoil
aerial vehicles (UAVs) operating in high-climb reconnaissance missions. Emphasizing the optimisation,

climb phase, which is critical for early surveillance and mission efficiency, the approach Fixed-wing UAV,
focuses on optimising aerodynamic performance during this stage. It achieves this by Climb-phase UAV
combining Class-Shape Transformation (CST) geometry parameterization with XFOIL-based performance,
aerodynamic simulations. Three baseline airfoils (NLF1015, SG6042, TL54) were modified CST method,
through CST to produce optimised variants. The climb phase was segmented into four altitude- XFOIL simulation

dependent intervals, each analysed using a weighted angle-of-attack (AoA) strategy to reflect
realistic aerodynamic demands across varying atmospheric conditions. Simulation results
indicate significant improvements in lift-to-drag ratio, climb rate, time-to-altitude, and energy
consumption for the optimised designs. The SG6042-derived variant delivered the most
balanced performance, with strong lift and stable aerodynamic efficiency. The TL54-based
profile achieved the lowest drag, favourable in energy-constrained scenarios. In contrast, the
NLF1015-based variant showed limited improvement due to high drag sensitivity at elevated
AoA. This study demonstrates the value of phase-specific aerodynamic optimisation in UAV
design and supports the use of CST and XFOIL as efficient tools for early-stage performance
refinement. The framework offers a foundation for future work involving higher-fidelity CFD
models and multi-objective optimisation methods.
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Oz Anahtar kelimeler
Bu c¢aligma, yiiksek tirmanish kesif gorevlerinde gorev yapan sabit kanatli insansiz hava Fazlara 6zgii kanat
araglar1 (IHA'lar) icin sistematik bir kanat profili optimizasyon ¢ercevesi sunmaktadir. Erken profili

kesif ve gorev verimliligi agisindan kritik dneme sahip olan tirmanis safhasina odaklanan optimizasyonu,
yaklasim, Class-Shape Transformation (CST) tabanli geometrik parametrelendirme ile Sabit Kanatli THA,
XFOIL tabanli aerodinamik simiilasyonlar1 birlestirmektedir. Ug referans kanat profili Tirmanis fazinda
(NLF1015, SG6042, TL54), CST yontemiyle optimize edilmis varyantlara doniistiirilmistiir. [HA performansi,
Tirmanis safhasi, irtifaya bagli olarak dort alt agsamaya ayrilmis ve her biri, farkli atmosfer CST yontemi,
kosullarinda ortaya cikan gergekei aerodinamik talepleri yansitmak amactyla agirlikli hiicum XFOIL

agist stratejisiyle analiz edilmistir. Simiilasyon sonuclari, optimize edilmis tasarimlarda simiilasyonu

tagima/stirikleme orani, tirmanis hizi, irtifaya ulasma siiresi ve enerji tiiketimi agisindan
anlamli iyilesmeler oldugunu gostermektedir. SG6042 temelli varyant, giiglii tasima kuvveti
kabiliyeti ve istikrarlt aerodinamik verimlilik ile en dengeli performansi sergilemistir. TL54
tabanli profil, en disiik siiriiklemeyi saglayarak enerji kisitli senaryolar icin avantaj
sunmustur. Buna karsilik, NLF1015 tabanli varyant, yiiksek hiicum agilarinda olusan
siiriikleme hassasiyeti nedeniyle smirli iyilesme gdstermistir. Bu ¢alisma, IHA tasariminda
safhaya 0zgii aerodinamik optimizasyonun énemini ortaya koymakta ve CST ile XFOIL’in
erken tasarim siirecinde etkili araglar olarak kullanimini desteklemektedir. Sunulan ¢ergeve,
yiksek dogruluklu HAD modelleri ve ¢ok amagli optimizasyon yontemlerini igeren
gelecekteki calismalar i¢in saglam bir temel olusturmaktadir.
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1. INTRODUCTION

In fixed-wing UAV missions, the climb phase represents
a critical and energetically demanding segment of the
flight envelope [1]. It directly affects time-to-altitude,
initial surveillance deployment, and total mission
efficiency, factors that are particularly consequential for
reconnaissance and time-sensitive operations [2]. The
transition from takeoff to cruise requires overcoming
gravitational forces while operating in rapidly changing
atmospheric conditions, including decreasing air density
and pressure, which in turn influence aerodynamic
performance and propulsion efficiency [3]. Consequently,
optimising aircraft behaviour during this phase has both
strategic and operational implications.

From an aerodynamic perspective, the climb phase
imposes unique challenges that differ significantly from
level or cruise flight. High angles of attack (AoA) are
often required to generate sufficient lift during initial
ascent, particularly under low Reynolds number
conditions that are characteristic of small-to-medium
UAVs [4]. These conditions can lead to increased risk of
flow separation, reduced control margin, and high drag
penalties if the airfoil is not adequately tailored to handle
such regimes [5]. Unlike cruise conditions, where flow
tends to be more stable and predictable, the climb phase
presents a more challenging aecrodynamic environment. It
demands robust aerodynamic behaviour over a broader
range of angles of attack and varying Reynolds numbers
due to changes in altitude and airspeed.

In conventional airfoil design, the climb phase is often
treated as a secondary consideration, with most
optimisation efforts focusing on cruise efficiency or
maximum lift conditions for takeoff. However, this
traditional approach overlooks the fact that poor
aerodynamic efficiency during climb can significantly
degrade overall mission performance. For instance,
excessive drag during this phase not only increases energy
or fuel consumption but also limits payload capacity and
reduces the effective operational ceiling [6]. In
electrically powered UAVs, where energy budgets are
tightly constrained, climb inefficiencies can severely
impact range and endurance [7].

Given these challenges, there is a growing recognition of
the need to design airfoils specifically optimised for climb
performance. For this purpose, this study responds to that
need by focusing on the aerodynamic design and phase-
specific evaluation of airfoils tailored for the climb
envelope. By addressing climb phase criticality with a
dedicated optimisation approach, it aims to enhance UAV
performance in a mission-relevant context that is too often
simplified or overlooked in conventional design
frameworks.

1.1. Literature Review

While a wide range of airfoils have been developed and
optimised for various applications, such as wind turbine
blades [8, 9, 10], the aerodynamic optimisation of airfoils
for unmanned aerial vehicles (UAVs) has become a
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prominent area of research. This is largely driven by the
need to enhance performance across diverse mission
phases, including climb, cruise, and high-altitude
endurance. The following review highlights key research
contributions in this domain. Particular emphasis is placed
on how tools such as the Class-Shape Transformation
(CST) method and XFOIL facilitate targeted airfoil
refinement and integration into broader UAV
aerodynamic design frameworks.

Rouco et al. [11] presented a comprehensive UAV airfoil
optimisation study targeting climb and cruise
performance. Using Kulfan’s CST method and particle
swarm optimisation, they optimised the SD7003 airfoil
across multiple mission points; climb, cruise, and takeoff;
using XFOIL for aerodynamic evaluations. The CST-
based design achieved up to 25% drag reduction in cruise
and over 50% in climb, with no lift penalty. The study also
compared CST and Bézier parameterizations, showing
how the choice of method can bias design outcomes. Their
integration of global sensitivity analysis and neural
network-driven generative design based on millions of
XFOIL runs showed a powerful data-driven approach to
aerodynamic optimisation.

Hasan et al. [12] optimised an airfoil for a high-altitude,
long-endurance (HALE) solar UAV using Kulfan’s CST
method and a multi-objective genetic algorithm.
Targeting the PHASA-35 platform, their goals were to
maximize glide ratio and ensure sufficient lift at high
altitude. XFOIL was used for aerodynamic evaluations at
low Reynolds numbers, and six CST shape parameters
defined the design space. The best-performing airfoil,
selected based on CL/CD performance, was later
validated with CFD simulations. Although specific gains
were not detailed, the study highlighted up to 14% drag
reduction in prior work and confirmed that CST-based
optimisation with XFOIL is effective for HALE mission
profiles.

Nikolaou et al. [13] embedded CST and XFOIL within a
multi-fidelity optimisation framework for a small electric
UAV wing. In the initial phase, surrogate-assisted
optimisation with Gaussian process models and XFOIL
was used to identify an airfoil meeting lift requirements
for takeoff and climb, while maximizing CL/CD at low
Reynolds numbers. This optimised airfoil then informed
wing planform design, refined through higher-fidelity
tools. The study demonstrates how CST+XFOIL serves
not just in isolated airfoil design, but as an effective
module within broader UAV design workflows. Notably,
the low-fidelity optimised wing closely matched the
performance of the high-fidelity version, highlighting
XFOIL’s reliability for early-stage UAV design.

Other studies reinforce the role of CST and XFOIL in
broader design contexts. Benaouali and Kachel [14]
applied CST in an MDO framework for general aircraft,
treating airfoil optimisation as a key precursor to wing-
level design. In more specialised UAV research, CST has
also been used to parameterize morphing airfoils, with
XFOIL enabling fast evaluation of shape variants before
applying high-fidelity methods. Overall, the present study
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reflects a shift toward mission-specific airfoil
optimisation, where CST and XFOIL facilitate rapid,
targeted design aligned with UAV flight profiles.

In summary, CST and XFOIL have consistently enabled
high-performance, task-specific airfoil designs for UAVs.
As summarized in Table 1, recent studies report 5—-15%

Table 1. Summary of airfoil optimisation studies using CST and XFOIL

lift increases and 15-55% drag reductions through shape
optimisation, translating to improved climb, endurance,
and efficiency. The latest research reflects a mature design
approach, combining CST and XFOIL with tools like
global sensitivity analysis, surrogate models, and machine
learning to balance accuracy with computational
efficiency across multi-condition requirements.

Bussoletti [15] Transformation) introduction shapes

Authors Methodology Focus UAYV Application Key Contributions and Findings
Introduced the CST method for airfoils/wings;
B. Kulfan, J. CST (Class-Shape General aerodynamic established a  versatile, compact  parametric

representation for airfoil geometry widely adopted in
later optimisation studies.

CST & other params (PARSEC,
B-splines, etc.) — comparative
review

D.A. Masters et al.
[16]

General airfoil design

Comprehensive review of seven airfoil parameterization
techniques including CST. Provided guidance on each
method’s strengths; highlighted CST’s ability to capture
diverse airfoil shapes accurately with few parameters.

Conventional airfoil

Integrated CST (and variants) with XFOIL in GA/PSO

D. Anitha et al. [17] CST + XFQIL (plus PARSEC, (NACA 4412) - loops to. optimize NACA441'2, ghowmg that low-ﬁdellty
splines) with GA/PSO . tools with shape parameterization can yield significant
applicable to small UAVs S . .
aerodynamic gains over baseline designs.
Used 6-parameter CST and a two-objective GA with
M.S. Hasanetal. | CST + XFOIL with multi- (Slﬁ’lli’/:g:%? EiAZ_altit 4 | XFOIL 1o design a high-glide airfoil. Outperformed
[12] objective GA > g u baselines, improved UAV endurance, and was validated

long-endurance)

with CFD and wind-tunnel data.

CST + XFOIL (and Bézier) with

P. Rouco etal. [11] PSO; multi-point optimisation

Small fixed-wing UAV
(climb & cruise focus)

Optimised a low-Re UAV airfoil for climb and cruise
using CST, achieving up to 55% drag reduction.
Combined GSA and a neural network trained on XFOIL
data for generative, mission-specific design.

CST + XFOIL (low fidelity) with
Surrogate Optimisation + high-
fidelity CFD

E. Nikolaou et al.

13] design

Class I mini-UAV
(electric) — full wing

Carried out a 3-phase UAV design: CST+XFOIL airfoil
optimisation, wing planform tuning, and CFD
refinement. Low-fidelity results guided efficient wing
design and matched CFD, highlighting XFOIL’s value in
early, mission-specific design.

A. Benaouali, S.
Kachel [14]

CST (airfoil) + CFD (wing);

wing MDO UAVS)

General aircraft wing
(method applicable to

Proposed an MDO framework prioritizing CST-based
airfoil optimisation before full wing design, showing that
early 2D shape tuning with low-fidelity tools like XFOIL
can enhance overall wing performance.

1.2. Scope of Current Study

This study focuses on the aerodynamic optimisation of
airfoils specifically for the climb phase of fixed-wing
UAV missions that is a segment that poses distinct
challenges due to varying altitude, air density, and angle
of attack. While many prior studies reviewed above target
cruise or generalised performance, climb-specific
optimisation remains relatively underexplored despite its
critical role in energy efficiency and mission
effectiveness, particularly for electric and long-endurance
UAVs.

Using CST parameterisation and XFOIL-based
simulations, the study evaluates and optimises three
UAV-relevant airfoils, NLF1015, SG6042, and TL54,
across realistic climb conditions. A key contribution is the
segmentation of the climb phase into four altitude bands,
allowing for a more accurate representation of the
evolving aerodynamic environment. For each region, lift,
drag, CL/CD, and derived metrics such as rate, time of
climb, and energy consumption are assessed.

Through parametric CST variation and comparative
analysis, the study identifies performance gains tied to
altitude-specific shape adaptations. These results
highlight the operational value of tailoring airfoil
geometry to mission segments, reinforcing the role of
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CST and XFOIL as effective tools for early-stage,
mission-driven UAV design.

2. MATERIAL AND METHOD

Designing efficient airfoils for unmanned aerial vehicles
(UAVs) engaged in reconnaissance missions demands a
balance of high lift (for steep climbs) and low drag (for
endurance and cruise efficiency). High-climb
reconnaissance UAVs must rapidly reach altitude and
loiter for extended periods, which places unique
aerodynamic requirements on their wing sections.
Traditional airfoil development relied on empirical
shaping and wind-tunnel testing, but modern approaches
increasingly leverage parametric shape definitions and
computational analysis to tailor airfoils to specific
mission profiles. In particular, the Class-Shape
Transformation  (CST) method for  geometry
parameterization and the use of XFOIL, a rapid panel-
method-based solver, have become prevalent in the
literature for UAV airfoil optimisation. These tools enable
an iterative design loop where airfoil shapes are
mathematically defined with a few parameters and
quickly analysed for aerodynamic performance, greatly
accelerating the exploration of mission-specific designs.
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2.1. CST Parametrisation

The Class-Shape Transformation (CST) method provides
a powerful mathematical framework for defining and
manipulating airfoil geometries through compact and
intuitive parameter sets. Originally introduced by Kulfan
et al. [15] the CST formulation has become a widely
adopted technique in aecrodynamic design due to its ability
to generate smooth, realistic, and continuously
differentiable shapes that satisfy geometric and
aerodynamic constraints. It is particularly well-suited for
shape optimisation tasks where control over local
curvature, thickness distribution, and camber must be
achieved with minimal parametric complexity.

In the CST approach, the airfoil surface y(x) is expressed
as the product of a class function C(x) and a shape
function S(x), augmented by optional trailing edge
modifications. The class function defines the general
family of shapes (e.g., round nose, sharp trailing edge),
while the shape function, constructed from a Bernstein
polynomial basis, enables localized control of curvature
and slope. The formulation for a surface takes the form:

y(x) = C(x) X S(x) + xA,rg (D

where:

e C(x) = x"(1— x)Mis the class function,

o S(x) =YLoA4;B]'(x) is the shape function with
Bernstein coefficients 4;,

e A, allows for linear trailing edge offset, typically
set to zero for closed TE.

The CST method offers several practical advantages:

e Low dimensionality: With only a few coefficients, a
wide range of shapes can be explored without
excessive computational overhead [18, 19].

e Smoothness: CST guarantees Cl-continuity and
geometric  smoothness, critical for numerical
stability in simulation tools like XFOIL [20, 21].

e Scalability: The method readily extends to 3D wing
surfaces and inverse design workflows, enabling
future integration with high-fidelity CFD-based
optimisation pipelines [22, 23].

[ ]

Ultimately, the CST parametrisation enabled the creation
of refined, mission-tailored airfoil geometries with
enhanced aerodynamic performance characteristics for
each phase of the UAV climb profile. These optimised
shapes form the core dataset for subsequent aerodynamic
and mission-level analysis.

2.2. XFOIL Simulation Setup

XFOIL is an open-source aerodynamic analysis tool
developed by Mark Drela [24], widely used for the
evaluation of two-dimensional subsonic airfoils operating
in low-to-moderate Reynolds number regimes. It couples
an inviscid panel method for potential flow with a
boundary layer integral method for viscous flow
modelling, enabling the prediction of lift, drag, and
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moment coefficients over a broad range of angle of attack
(AoA). Although originally developed for airfoil analysis
in gliders and light aircraft, XFOIL remains highly
relevant for small-scale UAV applications due to its
computational efficiency and acceptable accuracy in pre-
stall conditions [25, 26].

In this study, XFOIL v6.99 was employed to perform
steady-state aerodynamic analysis for all baseline and
CST-generated airfoil variants. Each profile was
simulated across a wide AoA range. It allows to
adequately capturing of aerodynamic performance trends,
particularly near stall and transitional flow regions where
non-linear effects are pronounced. The AoA bounds were
selected to encompass all operational conditions
encountered throughout the climb phase, based on both
mission data and historical UAV performance studies.

While XFOIL is limited by its inability to resolve fully
separated or unsteady flow phenomena, and by its
inherently 2D flow assumptions, its low computational
cost and adequate accuracy in attached flow regions make
it highly effective for early-stage optimisation and
sensitivity studies. Its use in this study enables the
evaluation of hundreds of airfoil variants in a manner that
would be infeasible with high-fidelity CFD alone, thus
bridging the gap between conceptual design and advanced
analysis.

The CST-based geometry generation and the subsequent
aerodynamic simulations using XFOIL were fully
integrated into a unified Python workflow (see Appendix
A). This automated pipeline enabled the systematic
creation of airfoil variants through controlled CST
coefficient perturbations, followed by batch simulation of
aerodynamic performance metrics (e.g., CL, CD, and
CL/CD) across relevant Reynolds numbers and angles of
attack. The integration significantly accelerated the
design space exploration process, ensured consistency
between geometry and simulation phases, and allowed
efficient post-processing and comparison of hundreds of
airfoil configurations under mission-specific climb
conditions.

2.3. Mission Profile and Problem Definition

The HCUAV RX-1, which is shown in Figure 1, was
selected as the reference configuration due to its well-
defined, multi-phase vertical climb trajectory extending
from ground level to operational reconnaissance altitude
(~2000 m) [27]. The RX-1’s mission architecture reflects
real-world UAV operational demands, where rapid and
efficient altitude gain is critical for early mission
execution and surveillance coverage. Moreover, the
HCUAV configuration has been extensively validated
using high-fidelity CFD analyses, which supports the
credibility and relevance of using this profile to assess
airfoil performance in each climb phase. This makes the
RX-1 climb profile an ideal benchmark for evaluating and
optimising airfoil geometries based on time to climb and
aerodynamic efficiency across realistic operating
envelopes.
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Figure 1. 3D model of the reference fixed-wing UAV [27] used for climb performance analysis

The Figure 2 shows a fixed-wing UAV’s mission profile this reason, in the presents study, the climb phase (Point 1
from ground level to cruise altitude. It begins with to Point 2, up to 2000 meters) will be specifically
warmup and takeoff (Point 0 to 1), followed by a climb investigated to evaluate and compare the aerodynamic
phase (Point 1 to 2) reaching 2000 meters, and transitions performance of selected airfoils and their different
into cruise flight. This schematic highlights the climb variations under varying altitude conditions.

segment as a key focus for performance evaluation. For

i

Cruise

w

Climb

ol

‘Warmup and takeoff

Figure 2. UAV mission profile highlighting the climb segment from takeoff to cruise altitude

The airfoils NLF105, SG6042, and TL54 were selected from 800 to 1500 meters, and Phase 4 from 1500 to 2000
based on their proven performance in low Reynolds meters.

number regimes, climb efficiency, and relevance to UAV

applications. NLF105, adopted from the reference study Each phase reflects a specific change in air density,

by Panagiotou & Yakinthos [27], is optimised for natural Reynolds number, and flow regime, which influence the
laminar flow and high-lift characteristics. SG6042 is lift and drag characteristics of the airfoil. This structured
known for its high lift generation at moderate Reynolds approach ensures that airfoil performance is evaluated not
numbers, making it suitable for efficient ascent [28]. as a single climb segment but across multiple altitude-
TL54, on the other hand, is designed for steep climb dependent conditions, enabling selection of the most
scenarios, offering strong aerodynamic stability and lift at suitable airfoil variations for each part of the ascent.
low speeds [29]. These three airfoils, with their distinct
aerodynamic behaviours, provide a robust basis for The key aerodynamic parameters corresponding to each
comparative analysis across the segmented climb phases of these four phases are summarised in Table 2. The table
of the UAV mission. presents the average altitude, speed, Reynolds number, air
density, Mach number, and significant angle of attack
2.4. Breakdown of Climb Phase (AoA) ranges for each phase. These parameters were
derived based on estimated flight conditions and are
In this study, the climb phase from Point 1 to Point 2 essential for understanding the aerodynamic behaviour of
(ground level to 2000 meters) is subdivided into four the airfoil during ascent. The variation in Reynolds
distinct altitude bands, each referred to as a separate number and Mach number across phases reflects the
phase. This segmentation allows for a more precise changing aerodynamic regime, while shifts in density and
analysis of aerodynamic performance under realistic Ao0A ranges illustrate the evolving lift requirements. By
atmospheric and flight conditions. The climb phase is analysing these parameters phase-by-phase, the study
divided into four altitude segments: Phase 1 spans from 0 captures the nuanced effects of altitude on aerodynamic
to 200 meters, Phase 2 from 200 to 800 meters, Phase 3 performance, supporting informed airfoil selection and
optimisation.
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Table 2. Summary of key aecrodynamic parameters for each climb phase

. Average Average Average Average Significant
Pll\llz‘;se Description Ali:tsittllir(llzt(e:]) Altitude Speed Reynolds %‘;‘3@? Mach AoA Range
: (m) (m/s) Number Number ©)
1 Takeoff 0-200 100 225 1330000 12133 0.066 10-16
Transition
2 Initial Climb 200 — 800 500 27.5 1550000 1.1672 0.081 8§—14
3 Steady Climb 800 — 1500 1150 32.5 1690000 1.0953 0.091 6—12
4 Pre-Cruise 1500 — 2000 1750 37 1820000 1.032 0.111 4-10
Levelling
3. RESULTS AND DISCUSSION 250 Validation of NLF1015 Airfoil
2.25 —e— CFD Results [Panagiotou & Yakinthos (2020)]
. . ’ —&— Current XFOIL Model
3.1. Model Validation 2.00
o 175
For the validation part of the present study, a reference 150
case from the literature Panagiotou & Yakinthos [27] was 125
selected. The validation was performed under flight © Loo
conditions corresponding to an altitude of 2000 meters, an '
. . . 0.75
incoming flow velocity of 38.89m/s, and a Reynolds 0.50
number of 1.9 X 10%. The NLF1015 airfoil profile was 0'25
employed as the test geometry for this validation effort. 0‘00
70.25_'/

Figure 3 presents a comparative analysis of lift coefficient
(CL) as a function of angle of attack (AoA), ranging from
—8° to 20°, using two datasets: reference CFD results
(denoted as “CFD Results Panagiotou & Yakinthos [27]”)
and the current XFOIL model predictions. Both datasets
exhibit a generally linear increase in lift with increasing
angle of attack up to approximately 16°, after which the
lift tends to plateau, indicating the onset of stall. Across
the entire pre-stall range, the XFOIL model consistently
predicts higher lift coefficients than the CFD results, with
the largest overprediction occurring near AoA=0° to 8°.
The stall onset appears to be captured reasonably well in
both datasets, with both curves showing a levelling-off
beyond AoA=16°. At higher angles, the lift values
predicted by XFOIL begin to converge with the CFD data,
though a slight underprediction can be observed near the
maximum CL.

In summary, while XFOIL provides a qualitatively
consistent trend and acceptable estimates for preliminary
design purposes, it systematically overpredicts lift in the
linear range and may not fully capture nonlinear effects
near stall. However, given its reasonable agreement with
reference data and its computational efficiency, the
validated XFOIL-based model is deemed sufficiently
accurate to be employed in the subsequent analyses
conducted in the present study.
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8 -4 0 12 16 20

4 3
AoA [°]
Figure 3. Validation of XFOIL model against reference CFD results

[27] for NLF1015

3.2. Airfoil Geometry Modifications

To explore the aerodynamic sensitivity and potential
performance improvements of selected airfoils, a
systematic shape variation procedure was employed using
the Class-Shape Transformation (CST) method. For each
airfoil surface (suction and pressure), 9 CST coefficients
were utilized to accurately represent the original
geometry. A total of 60 geometric variations were
generated per airfoil by perturbing the CST coefficients
within a controlled range (variation ratio of 0.25), offering
a balanced trade-off between design diversity and
computational  efficiency for the XFOIL-based
optimisation framework. The selected CST coefficient
values, number of variants, and variation ratio can be
further expanded depending on the availability of
computational resources. However, this present
parametric approach ensured sufficient geometric
diversity while maintaining realistic and aerodynamically
feasible profiles [30]. The generated variants were then
evaluated, and the best-performing shape in terms of
aerodynamic metrics (CL/CD ratio) was identified for
each baseline airfoil. Comparative plots of the original
and best variation airfoils are presented in Figure 4,
highlighting the subtle but effective modifications
introduced through the CST-based variation process.
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NLF1015: Original vs Best Variation 026

SG6042: Original vs Best Variation 056

0.25
0.20

=== Original Airfoil
—— Best Variation 026

e B

0.15
0.10
0.05

y/c

0.00

-0.05
-0.10
-0.15

ylc

-0.05
-0.10
-0.15

0.25
=== Original Airfoil

0.20 —— Best Variation 056

0.15
0.10
0.05

e

0.00

0.0 0.2 0.4 0.6 0.8 1.0

0.0 0.2 0.4 0.6 0.8

TL54: Original vs Best Variation 046

0.20
0.15
0.10

0.05
0.00

\

=== Original Airfoil
—— Best Variation 046

-0.05
-0.10
-0.15

0.0 0.2 0.4

Figure 4. CST-based geometry variations of baseline airfoils
3.3. Aerodynamic Performance per Phase
3.3.1. Angle of attack weighting strategy

Each angle of attack (AoA) was assigned a weighting
factor that represents its relative importance within the
operational profile, ensuring a realistic and phase-specific
assessment of aerodynamic performance during the
climb, as shown in the Table 3. These weights were
determined based on a set of well-defined aerodynamic
and functional criteria, rather than treating all AoA values
as equally significant.

The weighting strategy employed in this study is
structured around three fundamental guiding principles to
ensure both aerodynamic realism and operational
relevance. First, higher weights (typically between 2.5
and 3.0) were assigned to angles of attack (AoAs) that
exhibit superior aerodynamic efficiency, particularly
those corresponding to maximum lift-to-drag (CL/CD)
ratios. These conditions are critical for optimising climb
performance, enhancing overall lift capability, and
reducing energy or fuel consumption during sustained
ascent. Second, moderate weights (ranging from 1.5 to

Table 3. Phase-specific angle of attacks (AoA) and weighting justification

0.6 0.8 1.0

2.5) were applied to AoAs that represent the typical
operating range of the airfoil. These conditions are
characterised by stable lift generation, predictable
aerodynamic response, and smooth phase transitions.
Because such AoAs are maintained for longer durations
throughout the climb phase, they play a central role in
determining the aircraft’s overall performance stability
and controllability. Finally, lower weights (between 1.0
and 1.5) were reserved for AoAs that are only
momentarily encountered or are associated with higher
aerodynamic risk, such as regions approaching stall or
instability. These regimes demand cautious handling and
generally contribute less to mission-level efficiency
despite their local aecrodynamic significance.

This weighting methodology enables the model to
represent not only the aerodynamic performance of each
AoA but also its functional importance, operational
frequency, and safety implications within each climb
phase. By integrating aerodynamic theory with practical
mission dynamics, the proposed framework provides a
more comprehensive and realistic evaluation of climb
behaviour, consistent with methodologies adopted in
previous studies [11, 31].

Phase 1 Phase 2
AoA (°) Description Weight AoA (°) Description Weight
10 Initial acceleration 1.2 8 Start of transition 1
12 Critical CL generation 1.8 10 Efficient lift/drag balance 2
14 Peak lift 2 12 Optimal value for climb 2.5
16 Stall limit, short duration 1 14 Upper limit, closely monitored 1.5
Phase 3 Phase 4
AoA (°) Description Weight AoA (°) Description Weight
6 Transition phase 1 4 High-speed start 1
8 Low drag, sufficient CL 2.5 6 Low AoA — CD minimization 2
10 Most efficient CL/CD point 3 8 Balanced transition 2
12 Safe redundant climb 1.5 10 Pre-horizontal transition 1.5
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3.3.2. Phase 1 (takeoff transition)

Figure 5 presents the CL, CD, and CL/CD performance of
the original airfoils and their optimised variants within the
angle of attack range of 10° to 16°. According to the
results obtained for this phase, SG6042 Best
demonstrates the highest lift performance, steadily
increasing to nearly 1.76 at 16°, maintaining its
superiority among all profiles. NLF1015 Best closely
follows, reaching approximately 1.68. TL54 Best, while
improved over its baseline version, still trails behind with
a CL of around 1.61 at 16°. The trend confirms that
SG6042-based profiles offer better lift characteristics
under Phase 1 conditions.

Phase 1 - CL

Phase 1 -CD

Across the same AoA range, TL54 Best consistently
shows the lowest drag, with CD values ranging from
~0.015 to just under 0.035. SG6042 Best exhibits a
slightly higher drag profile but remains within acceptable
bounds (0.01-0.04), especially given its superior lift
output. NLF1015 Best, while delivering reasonable lift,
produces noticeably more drag, particularly at higher
AoA (above 14°), reaching over 0.06.

In terms of aerodynamic efficiency (CL/CD), TL54 Best
is the clear leader, maintaining values from ~105 at 10°
down to ~45 at 16°, showing both high performance and
stability. SG6042 Best starts nearly as strong (~100 at
10°) but degrades faster, dropping to ~50 at 16°. In
contrast, NLF1015 Best begins lower (~70) and shows
the steepest decline, falling to just ~30 at 16°, indicating
significantly lower efficiency at higher angles of attack.

Phase 1 - CL/CD

1.8 0.07

1.7 . 0.06

0.05
1.6
0.04
15
0.03

110

1.4 NLF1015
—e— 5G6042 0.02
—e— TL54
— - -
1.3 %- NLF1015_Best 0.01
—*- 5G6042_Best
—%- TL54_Best
1'210 12 14 16 0'0010 12
AocA [°]

Figure 5. Phase 1 aerodynamic performance: lift, drag, and efficiency

In Phase 1, TL54 Best offers the best aerodynamic
efficiency (highest CL/CD) due to consistently low drag,
despite having the lowest lift. SG6042 Best provides the
highest lift and balanced drag, making it a solid
compromise, but not the most efficient. NLF1015 Best
starts with decent lift, but increasing drag at higher AoA
leads to significantly reduced efficiency.

3.3.3. Phase 2 (initial climb)

Figure 6 presents the CL, CD, and CL/CD performance of
the original airfoils and their optimised variants within the
relevant angle of attack range for Phase 2 (8° to 14°). In
this intermediate AoA range, SG6042 Best leads in lift
generation, reaching CL values above 1.7 at 14°, followed
closely by NLF1015 Best, which approaches 1.65.
TL54 Best, while showing noticeable improvement over
its baseline, remains the lowest performer with a CL
slightly above 1.5 at 14°. The data indicate that SG6042-
based profiles are better suited for moderate lift demands
encountered during the initial climb phase.

AoA [°]

74

14 16

TL54 Best again demonstrates the lowest drag
characteristics, with CD values consistently under 0.022.
SG6042 Best follows with moderate drag (~0.013—
0.025), offering a reasonable compromise between lift
and drag. In contrast, NLF1015_ Best continues to suffer
from increased drag as AoA rises, reaching nearly 0.042
at 14°, indicating reduced aerodynamic cleanliness
compared to the other profiles.

When efficiency is evaluated via CL/CD, TL54 Best
surprisingly outperforms others across much of the AoA
range, achieving values up to 115 at 8°, and remaining
above 90 at 12°. Despite lower lift, its minimal drag
enhances its efficiency. SG6042 Best maintains a strong
performance (=115-70), while NLF1015 Best shows a
steeper decline, dropping to ~40 at 14°, signalling
diminishing returns in efficiency.
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Figure 6. Phase 2 aerodynamic performance: lift, drag, and efficiency

During Phase 2, TL54 Best offers the best aerodynamic
efficiency (highest CL/CD) owing to its consistently low
drag, though its lower lift may be a limiting factor
depending on climb demands. SG6042 Best delivers the
highest lift and moderate drag, making it a solid all-
around performer but not the most -efficient.
NLF1015 Best provides decent lift but is compromised
by rising drag, resulting in the lowest overall efficiency
across the evaluated AoA range.

3.3.4. Phase 3 (steady climb)

During Phase 3, which corresponds to steady climb
conditions, the aerodynamic performance of both original
and optimised airfoils, specifically CL, CD, and CL/CD,
is illustrated in Figure 7 across the 6° to 12° angle of
attack range. In this regime, SG6042 Best consistently
achieves the highest lift (CL), peaking at ~1.66 at 12°,
narrowly ahead of NLF1015 Best (~1.55). TL54 Best,
while improved compared to its baseline, remains lower
at ~1.47, indicating reduced lift capacity relative to the
others. These results confirm SG6042 Best as a top

performer in lift generation, though NLF1015 Best
remains competitive in this aspect.

Drag performance in this phase is led by TL54 Best,
maintaining the lowest CD values (=0.008—0.015) across
the AoA range. SG6042_ Best follows with moderate drag
values, generally staying below 0.02. Conversely,
NLF1015 and its variant exhibit the highest drag growth
with increasing AoA, reaching over 0.03 by 12°, marking
a clear disadvantage in sustained climb efficiency.

Efficiency trends (CL/CD) reinforce the earlier
observations. TL54 Best and SG6042 Best exhibit stable
and high efficiency across the AoA range, peaking near
117 and 120 respectively at 6°-8°, and remaining above
90 at 12°. NLF1015 Best, despite an initial advantage at
6°, undergoes a rapid efficiency drop, falling to around 50
at the upper AoA limit. The divergence becomes
pronounced from 8° onward, underscoring the reduced
suitability of NLF1015 Best for sustained climb
operations where consistent aerodynamic efficiency is
essential.
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Figure 7. Phase 3 aerodynamic performance: lift, drag, and efficiency

In Phase 3, SG6042 Best presents the most balanced
aerodynamic performance, offering a high lift coefficient
(CL) and a competitive lift-to-drag ratio (CL/CD),
particularly at higher angles of attack (AoA), making it
the most well-rounded option. TL54 Best, despite having
a lower maximum lift, consistently achieves the highest
aerodynamic efficiency (CL/CD) across the AoA range
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due to its low drag (CD) characteristics, suggesting
suitability for cruise or endurance-focused applications.
On the other hand, NLF1015 Best, while generating
moderate lift, suffers from substantially higher drag,
which causes a sharp decline in its CL/CD performance
as AoA increases, rendering it less favourable for
sustained climb or efficient flight phases.
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3.3.5. Phase 4 (pre-cruise levelling)

Figure 8 illustrates the lift, drag, and aerodynamic
efficiency (CL, CD, and CL/CD) of the baseline and
optimised airfoils during Phase 4, evaluated over the
angle of attack range from 4° to 10°, representative of pre-
cruise levelling conditions. In Phase 4, where lift
requirements are moderate, SG6042 Best delivers the
highest lift coefficient at higher angles of attack, reaching
approximately 1.5 at 10° AoA, closely followed by
NLF1015 Best. However, at lower Ao0As,
NLF1015_Best demonstrates superior lift performance,
indicating its advantage in early stages of the angle of
attack range. TL54 Best, although improved over its
baseline, reaches a CL around 1.4, indicating slightly
lower lift-generating capacity in this configuration.

From a drag perspective, TL54 Best consistently exhibits
the lowest CD values compared to other best variants
across the entire AoA range, from approximately 0.007 at

4° to just under 0.013 at 10°, making it the most
aerodynamically efficient in terms of minimizing
resistance. SG6042 Best shows marginally higher drag,
peaking around 0.014 at 10°, while NLF1015 Best incurs
the greatest penalty, with drag values rising significantly
above 0.02 at 10°, especially after 6°, which compromises
its overall efficiency in this phase.

The CL/CD plots further support these observations.
SG6042 Best maintains stable and  favourable
aerodynamic efficiency, ranging between 108 and 122
across the AoA span. TL54 Best exhibits a strong mid-
AoA performance, peaking slightly above 110 between 6°
and 8°, demonstrating effective cruise-transition
behaviour. NLF1015 Best, despite an exceptionally high
initial efficiency of around 185 at 4°, experiences a steep
and continuous decline, dropping to around 72 at 10°,
confirming its diminishing returns at elevated angles and
its reduced suitability for sustained moderate-angle flight.
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Figure 8. Phase 4 aerodynamic performance: lift, drag, and efficiency

In Phase 4, SG6042 Best again emerges as the most well-
rounded airfoil, combining strong lift performance with
stable aerodynamic efficiency (CL/CD ~110-130) and
moderate drag levels, making it a robust candidate for pre-
cruise flight conditions. TL54 Best, although limited in
peak lift, demonstrates superior drag characteristics
across the Ao0A range and maintains competitive
efficiency, particularly in the AoA band (8-10°) where
CL/CD exceeds 115. In contrast, NLF1015_Best, despite
an initially high efficiency, shows a steep efficiency drop
and increasing drag beyond 6°, rendering it less suitable
for the sustained, moderate-to-high AoA operation typical
of cruise preparation phases.

Table 4. AoA and weight assignment for complete climb phase

3.3.6. Complete climb phase

In this section, the complete climb phase is evaluated
using a weighted average approach based on the total
weights assigned to each angle of attack across all four
phases (see Table 3), as illustrated in Table 4. The analysis
was conducted under representative climb conditions,
with an average Reynolds number of 1.64 x 10°, Mach
number of 0.0905, and freestream velocity of 31.1 m/s.
This enables a consolidated aecrodynamic assessment that
reflects the relative contribution of each AoA to the
overall climb profile.

AoA (°) Phase 1 Phase 2 Phase 3 Phase 4 Total Weight Normalized Weight
4 - - - 1 1 4.20%
6 - - 1 2 3 12.50%
8 — 1 2.5 2 5.5 22.90%
10 1.2 2 3 1.5 7.7 32.10%
12 1.8 2.5 1.5 - 5.8 24.20%
14 2 1.5 - — 3.5 14.60%
16 1 - - - 1 4.20%




Tr. J. Nature Sci. Volume 14, Issue 4, Page 66-84, 2025

The comparison of lift coefficients (see Figure 9) clearly
demonstrates that all optimised (“Best”) versions provide
consistent improvement in lift performance across the
examined angle of attack (AoA) range (4° to 16°). Among
all profiles, SG6042 Best exhibits the highest lift values,
reaching approximately CL = 1.8 at 16°, which is notably
higher than its original form. NLF1015 Best also shows
a meaningful increase, reaching CL = 1.7, outperforming
its baseline version by around 0.1-0.15 units across most
AO0A points.

TL54 Best, although clearly improved compared to the
original TL54 (especially at higher AoA), still maintains
the lowest overall CL values among the three optimised
profiles. However, its lift curve trend remains linear and
predictable, which may be advantageous in control-
sensitive phases such as level flight or cruise transitions.

The results clearly indicate that the aerodynamic
optimisation process successfully enhanced the lift
performance of all three baseline airfoils. Among them,
SG6042 Best exhibits the most significant improvement,
particularly in the high-AoA regime (above 12°), where it
achieves a markedly higher lift coefficient compared to its
original counterpart and other best variant airfoils.
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Figure 9. CL comparison of original and optimised airfoils across full
climb AoA range
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The CD results (see Figure 10) reveal a more nuanced
picture. While all airfoils exhibit increasing drag with
increasing AoA, as expected due to flow separation and
pressure drag, the degree of increase varies significantly
among the profiles. TL54 Best consistently maintains the
lowest drag values, particularly in the mid-range AoA
region (6°-14°), where CD remains under 0.025. This
confirms the low-drag characteristics of airfoil, making it
particularly suitable for cruise and steady climb
conditions.

SG6042 Best performs well with respect to drag,
showing values generally between 0.009 and 0.035 across
the range. Importantly, its drag increase remains moderate
even at higher AoA, which contributes significantly to its
overall aerodynamic efficiency.

In contrast, NLF1015 and NLF1015 Best exhibit a
steeper drag rise beyond 6°, with NLF1015 Best peaking
around CD = 0.056 at 16°. This drag penalty, despite the
associated lift gains, undermines its suitability in phases
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requiring energy efficiency or prolonged high-AoA
operation.

The CD plot confirms that while optimising for lift is
beneficial, it must be balanced with drag management to
preserve overall efficiency, an area where SG6042 Best
demonstrates a superior trade-off.

CD - Original Airfoils vs Best Variations
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Figure 10. CD comparison of original and optimised airfoils across full
climb AoA range

The CL/CD plot, representing aerodynamic efficiency,
reinforces the combined interpretation of lift and drag
trends (see Figure 11). SG6042 Best maintains the
highest and most stable efficiency across most of the AoA
spectrum. It begins with a CL/CD of about 120 at 4°,
maintains over 100 up to 12°, and only drops to around 60
at 16°. This indicates strong performance both at low and
moderate AoA, making it highly suitable for climb and
cruise phases.

Interestingly, TL54 Best surpasses all others in the mid-
AoA range (8°-14°), where its extremely low drag allows
it to achieve CL/CD values around 75-120, despite
slightly lower lift. This demonstrates that in flight regimes
where drag minimization is critical, TL54 Best is a very
efficient option, especially under conditions requiring
sustained or economical performance.

On the other hand, NLF1015 and NLF1015 Best show
rapid efficiency deterioration as AoA increases. Starting
at very high CL/CD values (=180-190 at 4°), their
performance declines sharply, falling below 50 by 12°,
and even lower by 16°. This confirms that NLF1015
variants are best suited for low-AoA applications, such as
level cruise at lower incidence angles, but perform poorly
at higher AoA due to increasing drag penalties.
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CI/CD - Original Airfoils vs Best Variations
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Figure 11. CL/CD comparison of original and optimised airfoils across

full climb AoA range
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The results clearly show that the optimized airfoils
achieved CL performance improvements of up to 9.7%,
6.6%, and 7.9% compared to their conventional
counterparts for the NLF1015, SG6042, and TL54
airfoils, respectively, across the entire angle of attack
range. These findings are in good agreement with those
reported in the literature [32, 33, 34].

The combined evaluation of lift, drag, and efficiency
highlights clear distinctions among the airfoils:

e SG6042 Best offers the most balanced aerodynamic
profile, with strong lift generation, moderate drag,
and high efficiency across a wide AoA range. This
makes it well-suited for multi-phase applications,
including takeoff, climb, and cruise, particularly
where performance uniformity and reliability are
critical.

e TL54 Best shows specialised performance. It excels
in drag reduction and maintains high efficiency,
especially between 8°—14°, despite its lower lift. As
such, it is highly appropriate for phases prioritizing
drag minimization, such as steady climb or pre-
cruise levelling. However, its use in high lift-
demand situations (e.g., takeoff) would be limited.

e NLF1015 Best, while improved over its original
form, exhibits performance volatility, especially in
efficiency beyond mid-AoA. It could be beneficial
in low-AoA regimes (e.g., level cruise) but is not
recommended for higher AoA flight phases due to
its poor drag characteristics.

From a design and optimisation perspective, this
comparison illustrates the importance of tailoring airfoil
selection to mission-specific flight phases. While some
airfoils (like SG6042 Best) perform reliably across a
broad range, others (like TL54 Best or NLF1015_ Best)
are better suited to narrow operational envelopes.

3.4. Climb Metrics and Energy Consumption

To analyse climb performances of each airfoil, such as
climb rate, climb time, and energy consumption, it is first
necessary to determine the primary forces acting on the
aircraft. In this study, the weight force was approximated
as a constant 1940 N, corresponding to an aircraft mass of
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roughly 198 kg [27]. This gravitational force is assumed
to remain constant throughout all flight phases, as changes
in total mass due to fuel or battery consumption are
considered negligible.

In contrast, the required Thrust is not constant but varies
significantly across the different stages of the climb to
counteract aerodynamic drag. The thrust values for each
phase were estimated based on the drag forces from
reference UAV [27] based on the baseline airfoil,
combined with the representative flight parameters of
each segment. During the take-off transition, a thrust of
approximately 485 N was required to overcome the high
induced drag characteristic of low-speed flight. As the
aircraft accelerated and gained altitude, the required thrust
progressively decreased to 425 N in the initial climb, 357
N in the steady climb, and finally to 278 N during the pre-
cruise levelling phase. This decreasing trend reflects the
reduction in total drag, which is influenced by changes in
both air density and lift coefficient as altitude and airspeed
increase.

3.4.1. Climb performance analysis (rate and time)

This section presents a detailed evaluation of the climb
performance characteristics, specifically climb rate and
climb time, of the optimised airfoil variants compare to
their original profiles across the four defined flight
phases. The analysis aims to quantify the practical
benefits of aerodynamic refinement by examining how
improvements in lift, drag, and overall efficiency translate
into mission-relevant performance metrics. Results are
assessed phase-by-phase, providing insight into how each
optimised airfoil performs under varying aerodynamic
demands throughout the climb envelope.

To quantify the impact of airfoil modifications on flight
performance, a quasi-steady climb model was
implemented. This model evaluates key metrics,
including the rate of climb and time to climb using the
weighted average lift-to-drag ratio (CL/CD) as the
primary aerodynamic input.

The Rate of Climb (RoC), defined as the vertical velocity
of the aircraft, is determined using the excess power
method. First, the total aecrodynamic drag (D) is estimated
under the assumption of a shallow climb angle, where lift
(L) is approximately equal to the aircraft weight (W). The
drag is therefore calculated using Eq.2:

b w
" CL/CD

2

The excess power (P,,), which is the surplus power
available to increase the aircraft's potential energy, is the
difference between the power available from the
propulsion system (P, = T X V) and the power required
to overcome drag (P, = D X V). The RoC is then obtained
by dividing the excess power by the aircraft weight as in
Eq. 3:

P, (T—-D)V
R = ———
oC

W )
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where T represents the available thrust, V is the true
airspeed in each phase, and W is the aircraft weight.

The time required to climb (t) a given altitude difference
(Ah) is subsequently calculated by dividing the total
altitude gain by the average rate of climb using Eq. 4:

Ah

t=—— 4
RoC @
In Phase 1, corresponding to the takeoff transition where
angles of attack (AoA) are high (10°-16°), the effects of
airfoil optimisation on climb performance are most
pronounced (see Figure 12). All optimised ("Best")
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Figure 12. Climb rate and time comparison in Phase 1

In Phase 2 (see Figure 13), where AoA is reduced and
acrodynamic efficiency becomes the dominant factor,
SG6042 Best and TL54 Best continue to demonstrate
superior performance, achieving climb rates of
approximately 5.73—-5.74 m/s and time reductions of 1.6 s
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Figure 13. Climb rate and time comparison in Phase 2
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During Phase 3 (see Figure 14), representing steady climb
conditions (~6°-12° AoA), all optimised profiles
maintain improved performance. SG6042 Best and
TL54 Best exhibit similar climb rates (~5.68—5.69 m/s)
and reduce climb times by ~0.6-0.7 s. Notably,
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Climb Time (s)

variants exhibit superior climb rates and reduced climb
times relative to their baseline counterparts. TL54 Best
achieves the highest climb rate (~5.35 m/s) and the
greatest reduction in climb time (from ~38.0 s to 37.4 s).
SG6042 Best follows closely, with a moderate
improvement in both metrics, while NLF1015 Best
shows a more modest increase in climb rate (from ~5.03
to 5.13 m/s) and a time reduction of approximately 0.7 s.
These enhancements are primarily attributed to
improvements in lift and the lift-to-drag ratio at elevated
AoA.
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and 1.0 s, respectively. The NLF1015 Best airfoil yields
a smaller gain (~0.07 m/s increase in climb rate and ~0.7
s time reduction), limited by its higher drag levels in this
AoA range.
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NLF1015 Best shows a relatively larger improvement in
this phase, decreasing its climb time from ~126.7 s to
125.0 s, although it remains the least efficient due to its
persistent drag penalty.
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Figure 14. Climb rate and time comparison in Phase 3

In Phase 4 (see Figure 15), which corresponds to the final
stage of climb with minimal AoA (~4°-10°), the
performance differences diminish but remain consistent.
All optimised variants show marginal climb rate
improvements (~0.01-0.03 m/s) and small-time
reductions. SG6042 Best and NLF1015 Best reach
climb rates of 4.99 m/s, with time savings of ~0.2-0.6 s,
while TL54 Best follows at 4.98 m/s. These gains are
primarily attributed to reduced drag at low incidence
angles, reaffirming the value of shape optimisation even
under mild aerodynamic conditions.

Across all four climb phases, the optimised ("Best")
airfoil variants consistently outperform their baseline
counterparts in both climb rate and climb time, with the
most significant improvements observed in Phases 1
through 3, where lift demand and aerodynamic efficiency
are most influential. SG6042_ Best demonstrates the most
robust and consistent performance across all segments,
achieving both high climb rates and the shortest climb
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Figure 15. Climb rate and time comparison in Phase 4
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The analysis of both climb rate and climb time across the
complete climb envelope reinforces earlier aerodynamic
evaluations and highlights the tangible benefits of airfoil
optimisation, as shown in Figure 16. The results confirm
that each optimised (“Best”) variant provides measurable
performance  improvements over its  baseline
configuration, with system-level implications. Key
findings include:
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times. This is attributed to its well-balanced aerodynamic
profile, effectively combining strong lift generation with
manageable drag. TL54 Best, while not matching
SG6042 Best in lift production, compensates through
exceptionally low drag characteristics, resulting in highly
competitive climb rates and time reductions, particularly
in phases where efficiency dominates. In contrast,
NLF1015 Best, though improved through optimisation,
remains limited in both metrics due to its sensitivity to
drag growth at higher angles of attack. This limitation
reduces its effectiveness during dynamic climb segments
and suggests its aerodynamic characteristics are better
suited to flatter, cruise-oriented flight conditions rather
than sustained or aggressive ascent.

These climb rate and climb time outcomes align well with
prior CL, CD, and CL/CD analyses, and confirm the
practical aerodynamic advantage achieved through airfoil
optimisation for mission-specific flight segments.
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SG6042 Best:

e Provides the most consistent and well-rounded
performance across all phases.

e Achieves high climb rates, owing to its well-
balanced aerodynamic profile that combines strong
lift generation with controlled drag.

e Demonstrates suitability for a wide range of flight
conditions, from high-lift to low-drag regimes.
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TL54 Best:

e While not the highest lift producer, it consistently
benefits from exceptionally low drag, resulting in
competitive climb rates and notable time reductions.

e Its aerodynamic efficiency makes it ideal for energy-
conscious applications, such as long-endurance
missions or high-efficiency cruise profiles.

Complete Phase

mmm Original Airfail
BN Best Variation

5.72

5.68

5.64

m/s)

~ 5.60

Climb Rate
w wv
v v
N (5]

n
=
o

5.44

NLF1015 5G6042 TL54

NLF1015_Best:

e Shows modest improvements in both climb rate and
time.

e Gains are constrained by significant drag sensitivity
at higher angles of attack, limiting its effectiveness
in sustained or steep climbs.

e Its performance characteristics suggest it is better
suited to flatter cruise conditions rather than
dynamic ascent segments.
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Figure 16. Overall climb performance summary: rate and time across all phases

3.4.2. Climb-phase energy consumption (Wh)

The total energy consumed (E) from the power source
during the climb is determined in the present section. This
calculation accounts for the total power output from the
propulsor (T X V), the duration of the climb (t), and the
overall propulsive efficiency (n). The resulting energy in
Watt-hours (Ey,p,) is giving in Eq. 5:

P (TxV)xt s
Wh™ 3600 x 1 )
The division by 3600 converts the energy from the
standard SI unit of Joules to the more common unit of
Watt-hours. This model provides a consistent basis for
comparing the energy efficiency of the baseline and
optimised airfoil designs under identical flight conditions.

As shown in Equation (5), the total energy consumption
of the UAV is directly influenced by its propulsive
efficiency. Therefore, three different propulsive
efficiency (1) levels (30%, 65%, and 80%) representing
low, moderate, and high efficiency conditions were
analysed in this study. Although the absolute energy
consumption increases as propulsive efficiency decreases,
the percentage difference between the baseline and
optimized airfoils remains constant across all efficiency
levels. The energy consumption for both baseline and
optimized airfoils over the complete climb phase was
computed assuming a propulsive efficiency of n = 0.65,
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as presented in Figure 17. The results clearly demonstrate
that all three optimized airfoils (best variants) yield
noticeable reductions in total energy usage. This finding
confirms that aerodynamic refinement not only enhances
flight dynamics but also translates directly into
measurable operational efficiency improvements.

Among the profiles, NLF1015 Best shows the largest
relative energy reduction, approximately 1.16%. This
result is noteworthy, especially considering that NLF1015
was previously identified as the least favourable in terms
of aerodynamic efficiency. The improvement in energy
usage here likely stems from reductions in both drag and
climb duration, despite the profile's less efficient high-
Ao0A behaviour.

SG6042 Best continues to demonstrate its role as the
most well-rounded and consistently high-performing
profile. With an energy saving of 0.47%, it pairs superior
aerodynamic balance (lift and drag) with minimal climb
times, thus confirming its suitability for mission profiles
where reliability, versatility, and energy optimization are
all critical.

TL54 Best, previously highlighted for its exceptionally
low drag characteristics, achieves a 0.72% energy saving,
despite its relatively lower lift. This further confirms that,
particularly in energy-constrained or electrically powered
platforms, optimizing for minimum drag can be just as
important as maximizing lift.
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Figure 17. Comparison of climb-phase energy consumption for three airfoils and their optimized variations (n=0.65). percentages indicate energy

savings

These trends align precisely with earlier observations
regarding CL/CD behaviour and climb duration
improvements. From this perspective, the findings
support several actionable recommendations for airfoil
selection and mission planning:

e SG6042 Best should be prioritized for general-
purpose applications requiring balanced
performance across all flight phases.

e TL54 Best is ideal for energy-limited missions,
such as those involving battery-powered UAVs or
solar-electric  aircraft, where efficiency is
paramount.

e NLF1015 Best, though improved, remains most
suitable for low-AoA, cruise-dominant operations
where its laminar flow characteristics can be fully
exploited.

It seems these results could indicate that airfoil
optimisation might lead to practical operational effects,
rather than being solely a matter of theoretical
aerodynamic advantage. Even small improvements in
climb performance can yield meaningful advantages in:

e Fuel or energy efficiency,

e Total climb duration,

e Payload capacity and mission altitude,

e Overall flight endurance and mission throughput.
Therefore, selecting or designing airfoils tailored to
mission-specific climb profiles can offer not just marginal
improvements, but strategic aerodynamic advantages,
particularly in UAVs and lightweight aircraft where
performance margins are often limited.

3.5. Airfoil Recommendations

Based on a comprehensive analysis of aerodynamic
performance, climb metrics, and energy use, the following
recommendations are provided for mission-specific
applications:

e SG6042 Best: Best All-Around Performer. This
airfoil offers the most balanced profile, combining
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high lift with moderate drag. It is the top choice for
missions prioritizing rapid ascent and strong overall
climb capability, as it achieves the shortest time-to-
altitude with reasonable energy efficiency.

e TL54 Best: Most Energy-Efficient. Excelling in
drag minimization, this profile is ideal for energy-
critical missions. It is highly recommended for
applications like solar-powered or long-endurance
electric  UAVs, where minimizing power
consumption is more important than achieving
maximum lift.

e NLFI1015 Best: Situational/Fallback Option. While
improved from its baseline, this airfoil's high drag
sensitivity in high-angle regimes makes it less
optimal for demanding climbs. It is an acceptable
choice for low-demand scenarios or when
constrained by other design factors like
manufacturing history.

These findings underscore the importance of aligning
airfoil selection with specific mission objectives. A
tailored aerodynamic design can lead to significant gains
in flight performance, particularly for platforms where
energy and time are operationally constrained.

4. CONCLUSION

This study definitively shows that mission-specific airfoil
optimisation using CST geometry variation and XFOIL-
based aerodynamic analysis provides tangible benefits for
fixed-wing UAV climb performance. By evaluating and
optimising three airfoil families (NLF1015, SG6042,
TL54) across various climb phases, the research
demonstrates how tailored aerodynamic improvements
directly enhance climb rate, reduce climb time, and
improve overall flight efficiency. Notably, SG6042 Best
emerged as the most robust and balanced airfoil for rapid
altitude gain missions due to its high lift and sustained
efficiency, while TL54 Best excelled in minimizing drag,
making it ideal for energy-conscious applications like
solar-powered UAVs. Even marginal aerodynamic
improvements yielded significant system-level impacts,
translating into extended range, lower energy demands,
and reduced operational costs. These findings underscore
the critical importance of mission-phase specific airfoil
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selection and optimisation, proving that informed
aerodynamic tailoring, especially for climb-critical
operations, unlocks substantial efficiency, performance,
and reliability benefits at the mission level.

Limitations and Future Work

While the present study effectively demonstrates airfoil
optimisation using CST and XFOIL for the rapid
aerodynamic analysis of the baseline and variant profiles,
it is inherently limited by several simplifying
assumptions. These include XFOIL's constraints in
modelling complex high-AoA aerodynamics, the 2D flow
assumption neglecting critical 3D effects, and the
exclusion of dynamic operational variables.

Future work should address these limitations by
integrating high-fidelity CFD for critical flight phases and
expanding to full 3D wing design. Exploring active drag
reduction and multi-objective optimisation will further
enhance prediction accuracy and align designs with real-
world UAV mission requirements. Furthermore, future
studies can be extended this framework using multi-
objective optimizers such as NSGA-II to balance
aerodynamic efficiency, energy use, and stability margins
simultaneously.

Appendix A
Pseudocode
workflow

summary of the airfoil optimisation

# 1. Define base airfoil geometry

# Either generate NACA 4-digit profile or import custom .dat file.
# Fit upper/lower surfaces using CST method with n coefficients.
# 2. Generate geometric variations

# Create N variants by perturbing CST coefficients within a variation ratio.
# Apply Gaussian mask to emphasize leading/trailing edge fidelity.
# 3. Aerodynamic analysis via XFOIL

for variant in airfoil_variants:
for alpha in angle_of_attack_list:
# Save .dat file
# Run XFOIL for CL, CD, CM at given Re and Mach
run_xfoil(variant, alpha, Re, Mach)
# 4. Performance evaluation

for variant in all_variants:
for alpha in angle_of_attack_list:
cl_cd = get_cl_cd(variant, alpha)
weighted_score += cl_cd * alpha_weights[alpha]
# Identify best-performing variant based on total weighted score
best_variant = variant_with_max_score()
# 5. Estimate climb performance

RoC=(T-W/L_D)/W*V # vertical speed

t_climb = (h_end - h_start) / Roc # climb time

Energy = ((T * V) * t_climb) / (3600 * propulsion_efficiency) #energy consumption
#6. Visualize results

plot_airfoil_shapes(original, best_variant)
plot_metrics_vs_alpha(['CL', 'CD', 'CM', 'CL/CD'])
plot_cp_distributions(original, best_variant, angle_of_attack_list)
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