
328

Received: 2026.06.01
Accepted: 2026.07.15
Published: 2026.09.01

Advances in Science and Technology Research Journal, 2026, 20(10), 328–339
https://doi.org/10.12913/22998624/225487
ISSN 2299-8624, License CC-BY 4.0

Advances in Science and Technology 
Research Journal

INTRODUCTION

Aircraft design is increasingly based on the 
strong integration of aerodynamics, structural 
mechanics, and control, since these disciplines 
are directly interconnected in defining per-
formance, safety, and efficiency. Of the many 
interactions involved, aero-structural coupling, 
which concerns the interaction between aerody-
namic loading and structural deformation, plays 
a central role in determining wing behavior under 

various flight conditions [1–3]. To achieve accu-
rate design predictions, it is therefore important to 
have a comprehensive understanding of the aero-
dynamic pressure distribution and the structural 
response. Traditionally, this coupling is addressed 
only during the preliminary design stage, where 
simplified analytical tools and empirical cor-
relations lead to decisions on wing configura-
tion, size, and loading [4–5]. Although efficient, 
such methods do not capture three-dimensional 
flow effects or the influence of deformation on 
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aerodynamic performance. In this work, the aero-
dynamic analysis is provided by a panel-method 
solver: it is, in fact, the classical way of perform-
ing potential-flow predictions. 

Panel methods are still widespread today 
because of their computational efficiency and 
their capabilities in modeling inviscid and irro-
tational flows. They treat the flow field by means 
of a scalar potential function which satisfies 
Laplace’s equation, based on the assumptions 
of incompressibility, irrotationality, and negli-
gible viscous effects [6–9]. However, despite 
their strengths, traditional panel methods lack the 
capacity to capture realistic viscous phenomena, 
nonlinear flow separation, or the structural defor-
mation that feeds back into aerodynamic loading. 
Most of the existing preliminary-design methods 
model aerodynamics and structural response sep-
arately, and for this reason, inconsistent predic-
tions of wing loads and deflection have arisen. 
Insufficiently integrated aero-structural modeling 
restricts accuracy, especially for those wings that 
undergo appreciable bending under aerodynamic 
pressure [10–13]. It is desirable to have a better 
method that couples the panel-method aerody-
namic pressure prediction with realistic structural 
response to provide more accurate estimates of 
the lift distribution, bending stress, and deflection 
across a full wing [14]. 

This work aims to develop and validate a 
one-way aero-structural analysis framework 
that involves using the pressure coefficient dis-
tribution derived from a MATLAB-based panel 
method as an input in an ANSYS finite-element 
structural model for initial evaluation of the wing 
of an aircraft. Although the wing geometry and 
some of the parameters used in constructing the 
structural model are from [15], what makes this 
study unique from the earlier one is the combi-
nation of a MATLAB-based aerodynamics solver 
and a finite-element structural model using the 
one-way pressure transfer technique. In addition, 

the aerodynamic results are verified numerically 
with those from CFD simulation before applying 
them to the structural analysis.

The principal novelty of this work is the 
integration of three components within a unified 
computational framework:
	• MATLAB-based panel method aerodynamic 

solver
	• CFD-based aerodynamioc validation
	• ANSYS finite-element structural analysis 

through one-way pressure mapping

METHODOLOGY

The wing model was initially generated in 
ANSYS, through which the geometric configu-
ration was defined and then analyzed. The con-
straint imposed on the root chord was followed 
by meshing to prepare for the finite element solu-
tion. The aerodynamic loading acting on the wing 
was obtained by calculating the pressure distri-
bution using a MATLAB panel method [16–17]. 
All the main parameters that define the wing are 
specified: planform geometry, airfoil distribution, 
twist, dihedral, and span for an accurate 3D model 
suitable for both aerodynamic and structural 
analyses. In this study, a conventional four-digit 
airfoil NACA 2412, at the root, is used in an air-
craft wing. The material used for the structural and 
modal analysis purposes is Aluminum alloy 2024-
T3 [18]. Table 1 provides the wing geometry.

AERODYNAMIC MODELING 

The mathematical model for the case study 
comes with the same assumptions: incompress-
ible, irrotational, and inviscid potential flow. It 
includes a singularity formulation, a discrete panel 
system, the Kutta condition, and post-processing 

Table 1. Wing geometry specification for the case study

Variant type
Maximum error [m] Mean error [m] RMS error [m]

Horizontal Vertical Horizontal Vertical Horizontal Vertical

EGNOS NPA 1.008 1.738 0.456 0.346 0.489 0.459

EGNOS PA 1.010 1.734 0.456 0.345 0.489 0.458

GPS 1.452 2.801 0.725 0.895 0.785 1.121

GPS/GLONASS 1.364 3.018 0.709 0.906 0.762 1.146

GPS/Galileo/BeiDou 4.198 25.094 0.801 3.856 0.950 5.956

FULL GNSS 2.359 15.083 0.694 2.844 0.779 4.271
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elements, that is, velocities, pressure coefficients, 
forces, and moments. The panel method tech-
nique is used to determine the wing surface pres-
sure distribution [19].

Governing equations

The aerodynamic analysis assumes steady, 
incompressible, and irrotational flow around the 
wing under low–to moderate-Mach-number con-
ditions, allowing the use of potential-flow the-
ory. As illustrated in Figure 1, the wing surface 
is discretized into surface panels with a trailing 
edge wake to facilitate the panel-method solution. 
Accordingly, the velocity potential ϕ(x), satisfies 
Laplace’s equation throughout the flow domain Ω:

	

1 

 
∇2𝜙𝜙(𝐱𝐱) = 0, 𝐱𝐱 ∈ Ω (1) 

 
𝑽𝑽 = ∇𝜙𝜙, 

 
𝐧𝐧(𝐱𝐱) ⋅ (∇𝜙𝜙(𝐱𝐱)) = 𝐧𝐧(𝐱𝐱) ⋅ 𝑽𝑽∞, 𝐱𝐱 ∈ 𝑆𝑆𝐵𝐵 (2) 

 
(𝑽𝑽∞)𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑 𝑡𝑡ℎ𝑒𝑒 𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓 𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑣 𝑎𝑎𝑎𝑎𝑎𝑎 (𝐧𝐧)  
 

𝜙𝜙(𝐱𝐱) = 𝐕𝐕∞ ⋅ 𝐱𝐱 + ∫ 𝜎𝜎(𝐲𝐲) 𝐺𝐺(𝐱𝐱, 𝐲𝐲) 𝑑𝑑𝑑𝑑(𝐲𝐲) +
𝑆𝑆𝐵𝐵

 

+ ∫ 𝜇𝜇(𝐲𝐲)  ∂𝐺𝐺(𝐱𝐱, 𝐲𝐲)
∂𝑛𝑛(𝐲𝐲)  𝑑𝑑𝑑𝑑(𝐲𝐲) + ∫ 𝜇𝜇𝑊𝑊(𝐲𝐲)  ∂𝐺𝐺(𝐱𝐱, 𝐲𝐲)

∂𝑛𝑛(𝐲𝐲)  𝑑𝑑𝑑𝑑(𝐲𝐲)
𝑆𝑆𝑊𝑊𝑆𝑆𝐵𝐵

 (3) 

 
𝐺𝐺(𝐱𝐱, 𝐲𝐲) = 1

4𝜋𝜋∣𝐱𝐱−𝐲𝐲∣  
 

1
2 𝜇𝜇(𝐱𝐱) + ∫ 𝜇𝜇(𝐲𝐲) 𝐾𝐾(𝐱𝐱, 𝐲𝐲) 𝑑𝑑𝑑𝑑(𝐲𝐲)

𝑆𝑆𝐵𝐵
+ 

+ ∫ 𝜎𝜎(𝐲𝐲) 𝐻𝐻(𝐱𝐱, 𝐲𝐲) 𝑑𝑑𝑑𝑑(𝐲𝐲)
𝑆𝑆𝐵𝐵

+ 

+ ∫ 𝜇𝜇𝑊𝑊(𝐲𝐲) 𝐾𝐾𝑊𝑊(𝐱𝐱, 𝐲𝐲) 𝑑𝑑𝑑𝑑(𝐲𝐲)
𝑆𝑆𝑊𝑊

= 

= Φ∞(𝐱𝐱), 𝐱𝐱 ∈ 𝑆𝑆𝐵𝐵 (4) 
 

1
2 𝜇𝜇(𝐱𝐱) 

 

∑ 𝐴𝐴𝑖𝑖𝑖𝑖  𝜇𝜇𝑗𝑗

𝑁𝑁

𝑗𝑗=1
+ ∑ 𝐵𝐵𝑖𝑖𝑖𝑖  𝜎𝜎𝑗𝑗

𝑁𝑁

𝑗𝑗=1
+ 

+ ∑ 𝑊𝑊𝑖𝑖𝑖𝑖  𝜇𝜇𝑊𝑊,𝑘𝑘

𝑁𝑁𝑊𝑊

𝑘𝑘=1
= 𝑏𝑏𝑖𝑖, 

𝑖𝑖 = 1, … , 𝑁𝑁 (5) 
 
𝜇𝜇𝑇𝑇𝐸𝐸+ + 𝜇𝜇𝑇𝑇𝐸𝐸− = 0 (6)  
 

𝐕𝐕(𝐱𝐱𝑖𝑖) = 𝐕𝐕∞ + 

+ ∑ [𝜎𝜎𝑗𝑗  𝐯𝐯𝑖𝑖𝑖𝑖
(𝜎𝜎) + 𝜇𝜇𝑗𝑗  𝐯𝐯𝑖𝑖𝑖𝑖

(𝜇𝜇)]
𝑁𝑁

𝑗𝑗=1
+ 

+ ∑ 𝜇𝜇𝑊𝑊,𝑘𝑘  𝐯𝐯𝑖𝑖𝑖𝑖
(𝑊𝑊)

𝑁𝑁𝑊𝑊

𝑘𝑘=1
  

s: 

𝐶𝐶𝑝𝑝,𝑖𝑖 = 1 − (∣ 𝐕𝐕(𝐱𝐱𝑖𝑖) ∣
𝑉𝑉∞

)
2

 (8) 

 
 

	 (1)

The flow velocity is obtained from the gradi-
ent of the velocity potential, V = ∇Ø and the no-
penetration boundary condition is enforced on the 
wing surface SB:

	

1 

 
∇2𝜙𝜙(𝐱𝐱) = 0, 𝐱𝐱 ∈ Ω (1) 

 
𝑽𝑽 = ∇𝜙𝜙, 

 
𝐧𝐧(𝐱𝐱) ⋅ (∇𝜙𝜙(𝐱𝐱)) = 𝐧𝐧(𝐱𝐱) ⋅ 𝑽𝑽∞, 𝐱𝐱 ∈ 𝑆𝑆𝐵𝐵 (2) 

 
(𝑽𝑽∞)𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑 𝑡𝑡ℎ𝑒𝑒 𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓 𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑣 𝑎𝑎𝑎𝑎𝑎𝑎 (𝐧𝐧)  
 

𝜙𝜙(𝐱𝐱) = 𝐕𝐕∞ ⋅ 𝐱𝐱 + ∫ 𝜎𝜎(𝐲𝐲) 𝐺𝐺(𝐱𝐱, 𝐲𝐲) 𝑑𝑑𝑑𝑑(𝐲𝐲) +
𝑆𝑆𝐵𝐵

 

+ ∫ 𝜇𝜇(𝐲𝐲)  ∂𝐺𝐺(𝐱𝐱, 𝐲𝐲)
∂𝑛𝑛(𝐲𝐲)  𝑑𝑑𝑑𝑑(𝐲𝐲) + ∫ 𝜇𝜇𝑊𝑊(𝐲𝐲)  ∂𝐺𝐺(𝐱𝐱, 𝐲𝐲)

∂𝑛𝑛(𝐲𝐲)  𝑑𝑑𝑑𝑑(𝐲𝐲)
𝑆𝑆𝑊𝑊𝑆𝑆𝐵𝐵

 (3) 

 
𝐺𝐺(𝐱𝐱, 𝐲𝐲) = 1

4𝜋𝜋∣𝐱𝐱−𝐲𝐲∣  
 

1
2 𝜇𝜇(𝐱𝐱) + ∫ 𝜇𝜇(𝐲𝐲) 𝐾𝐾(𝐱𝐱, 𝐲𝐲) 𝑑𝑑𝑑𝑑(𝐲𝐲)

𝑆𝑆𝐵𝐵
+ 

+ ∫ 𝜎𝜎(𝐲𝐲) 𝐻𝐻(𝐱𝐱, 𝐲𝐲) 𝑑𝑑𝑑𝑑(𝐲𝐲)
𝑆𝑆𝐵𝐵

+ 

+ ∫ 𝜇𝜇𝑊𝑊(𝐲𝐲) 𝐾𝐾𝑊𝑊(𝐱𝐱, 𝐲𝐲) 𝑑𝑑𝑑𝑑(𝐲𝐲)
𝑆𝑆𝑊𝑊

= 

= Φ∞(𝐱𝐱), 𝐱𝐱 ∈ 𝑆𝑆𝐵𝐵 (4) 
 

1
2 𝜇𝜇(𝐱𝐱) 

 

∑ 𝐴𝐴𝑖𝑖𝑖𝑖  𝜇𝜇𝑗𝑗

𝑁𝑁

𝑗𝑗=1
+ ∑ 𝐵𝐵𝑖𝑖𝑖𝑖  𝜎𝜎𝑗𝑗

𝑁𝑁

𝑗𝑗=1
+ 

+ ∑ 𝑊𝑊𝑖𝑖𝑖𝑖  𝜇𝜇𝑊𝑊,𝑘𝑘

𝑁𝑁𝑊𝑊

𝑘𝑘=1
= 𝑏𝑏𝑖𝑖, 

𝑖𝑖 = 1, … , 𝑁𝑁 (5) 
 
𝜇𝜇𝑇𝑇𝐸𝐸+ + 𝜇𝜇𝑇𝑇𝐸𝐸− = 0 (6)  
 

𝐕𝐕(𝐱𝐱𝑖𝑖) = 𝐕𝐕∞ + 

+ ∑ [𝜎𝜎𝑗𝑗  𝐯𝐯𝑖𝑖𝑖𝑖
(𝜎𝜎) + 𝜇𝜇𝑗𝑗  𝐯𝐯𝑖𝑖𝑖𝑖

(𝜇𝜇)]
𝑁𝑁

𝑗𝑗=1
+ 

+ ∑ 𝜇𝜇𝑊𝑊,𝑘𝑘  𝐯𝐯𝑖𝑖𝑖𝑖
(𝑊𝑊)

𝑁𝑁𝑊𝑊

𝑘𝑘=1
  

s: 

𝐶𝐶𝑝𝑝,𝑖𝑖 = 1 − (∣ 𝐕𝐕(𝐱𝐱𝑖𝑖) ∣
𝑉𝑉∞

)
2

 (8) 

 
 

	 (2)

where:	V∞ = denotes the freestream velocity and 
(n) is the outward unit normal vector to 
the wing surface.

Panel method formulation

The aerodynamic potential is represented by a 
constant-strength source σ(y) and doublet (dipole) 
distribution μ(y) over each surface panel together 
with a wake sheet [20]:

1 

 
∇2𝜙𝜙(𝐱𝐱) = 0, 𝐱𝐱 ∈ Ω (1) 

 
𝑽𝑽 = ∇𝜙𝜙, 

 
𝐧𝐧(𝐱𝐱) ⋅ (∇𝜙𝜙(𝐱𝐱)) = 𝐧𝐧(𝐱𝐱) ⋅ 𝑽𝑽∞, 𝐱𝐱 ∈ 𝑆𝑆𝐵𝐵 (2) 

 
(𝑽𝑽∞)𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑 𝑡𝑡ℎ𝑒𝑒 𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓 𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑣 𝑎𝑎𝑎𝑎𝑎𝑎 (𝐧𝐧)  
 

𝜙𝜙(𝐱𝐱) = 𝐕𝐕∞ ⋅ 𝐱𝐱 + ∫ 𝜎𝜎(𝐲𝐲) 𝐺𝐺(𝐱𝐱, 𝐲𝐲) 𝑑𝑑𝑑𝑑(𝐲𝐲) +
𝑆𝑆𝐵𝐵

 

+ ∫ 𝜇𝜇(𝐲𝐲)  ∂𝐺𝐺(𝐱𝐱, 𝐲𝐲)
∂𝑛𝑛(𝐲𝐲)  𝑑𝑑𝑑𝑑(𝐲𝐲) + ∫ 𝜇𝜇𝑊𝑊(𝐲𝐲)  ∂𝐺𝐺(𝐱𝐱, 𝐲𝐲)

∂𝑛𝑛(𝐲𝐲)  𝑑𝑑𝑑𝑑(𝐲𝐲)
𝑆𝑆𝑊𝑊𝑆𝑆𝐵𝐵

 (3) 

 
𝐺𝐺(𝐱𝐱, 𝐲𝐲) = 1

4𝜋𝜋∣𝐱𝐱−𝐲𝐲∣  
 

1
2 𝜇𝜇(𝐱𝐱) + ∫ 𝜇𝜇(𝐲𝐲) 𝐾𝐾(𝐱𝐱, 𝐲𝐲) 𝑑𝑑𝑑𝑑(𝐲𝐲)

𝑆𝑆𝐵𝐵
+ 

+ ∫ 𝜎𝜎(𝐲𝐲) 𝐻𝐻(𝐱𝐱, 𝐲𝐲) 𝑑𝑑𝑑𝑑(𝐲𝐲)
𝑆𝑆𝐵𝐵

+ 

+ ∫ 𝜇𝜇𝑊𝑊(𝐲𝐲) 𝐾𝐾𝑊𝑊(𝐱𝐱, 𝐲𝐲) 𝑑𝑑𝑑𝑑(𝐲𝐲)
𝑆𝑆𝑊𝑊

= 

= Φ∞(𝐱𝐱), 𝐱𝐱 ∈ 𝑆𝑆𝐵𝐵 (4) 
 

1
2 𝜇𝜇(𝐱𝐱) 

 

∑ 𝐴𝐴𝑖𝑖𝑖𝑖  𝜇𝜇𝑗𝑗

𝑁𝑁

𝑗𝑗=1
+ ∑ 𝐵𝐵𝑖𝑖𝑖𝑖  𝜎𝜎𝑗𝑗

𝑁𝑁

𝑗𝑗=1
+ 

+ ∑ 𝑊𝑊𝑖𝑖𝑖𝑖  𝜇𝜇𝑊𝑊,𝑘𝑘

𝑁𝑁𝑊𝑊

𝑘𝑘=1
= 𝑏𝑏𝑖𝑖, 

𝑖𝑖 = 1, … , 𝑁𝑁 (5) 
 
𝜇𝜇𝑇𝑇𝐸𝐸+ + 𝜇𝜇𝑇𝑇𝐸𝐸− = 0 (6)  
 

𝐕𝐕(𝐱𝐱𝑖𝑖) = 𝐕𝐕∞ + 

+ ∑ [𝜎𝜎𝑗𝑗  𝐯𝐯𝑖𝑖𝑖𝑖
(𝜎𝜎) + 𝜇𝜇𝑗𝑗  𝐯𝐯𝑖𝑖𝑖𝑖

(𝜇𝜇)]
𝑁𝑁

𝑗𝑗=1
+ 

+ ∑ 𝜇𝜇𝑊𝑊,𝑘𝑘  𝐯𝐯𝑖𝑖𝑖𝑖
(𝑊𝑊)

𝑁𝑁𝑊𝑊

𝑘𝑘=1
  

s: 

𝐶𝐶𝑝𝑝,𝑖𝑖 = 1 − (∣ 𝐕𝐕(𝐱𝐱𝑖𝑖) ∣
𝑉𝑉∞

)
2

 (8) 

 
 

(3)

where: 

1 

𝐺𝐺(𝐱𝐱, 𝐲𝐲) = 1
4𝜋𝜋 ∣ 𝐱𝐱 − 𝐲𝐲 ∣ 
 
 

Φ∞ 
 
 

1
2 𝜇𝜇(𝐱𝐱) 

 

 is the free-space 
Green’s function and ∂/∂n(y) denotes differ-
entiation along the source-panel normal at y.

Using the Dirichlet form (prescribing inte-
rior potential Ø* or using the Neumann condition 
above), it is obtained (symbolically)[21] as:

	

1 

 
∇2𝜙𝜙(𝐱𝐱) = 0, 𝐱𝐱 ∈ Ω (1) 

 
𝑽𝑽 = ∇𝜙𝜙, 

 
𝐧𝐧(𝐱𝐱) ⋅ (∇𝜙𝜙(𝐱𝐱)) = 𝐧𝐧(𝐱𝐱) ⋅ 𝑽𝑽∞, 𝐱𝐱 ∈ 𝑆𝑆𝐵𝐵 (2) 

 
(𝑽𝑽∞)𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑 𝑡𝑡ℎ𝑒𝑒 𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓 𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑣 𝑎𝑎𝑎𝑎𝑎𝑎 (𝐧𝐧)  
 

𝜙𝜙(𝐱𝐱) = 𝐕𝐕∞ ⋅ 𝐱𝐱 + ∫ 𝜎𝜎(𝐲𝐲) 𝐺𝐺(𝐱𝐱, 𝐲𝐲) 𝑑𝑑𝑑𝑑(𝐲𝐲) +
𝑆𝑆𝐵𝐵

 

+ ∫ 𝜇𝜇(𝐲𝐲)  ∂𝐺𝐺(𝐱𝐱, 𝐲𝐲)
∂𝑛𝑛(𝐲𝐲)  𝑑𝑑𝑑𝑑(𝐲𝐲) + ∫ 𝜇𝜇𝑊𝑊(𝐲𝐲)  ∂𝐺𝐺(𝐱𝐱, 𝐲𝐲)

∂𝑛𝑛(𝐲𝐲)  𝑑𝑑𝑑𝑑(𝐲𝐲)
𝑆𝑆𝑊𝑊𝑆𝑆𝐵𝐵

 (3) 

 
𝐺𝐺(𝐱𝐱, 𝐲𝐲) = 1

4𝜋𝜋∣𝐱𝐱−𝐲𝐲∣  
 

1
2 𝜇𝜇(𝐱𝐱) + ∫ 𝜇𝜇(𝐲𝐲) 𝐾𝐾(𝐱𝐱, 𝐲𝐲) 𝑑𝑑𝑑𝑑(𝐲𝐲)

𝑆𝑆𝐵𝐵
+ 

+ ∫ 𝜎𝜎(𝐲𝐲) 𝐻𝐻(𝐱𝐱, 𝐲𝐲) 𝑑𝑑𝑑𝑑(𝐲𝐲)
𝑆𝑆𝐵𝐵

+ 

+ ∫ 𝜇𝜇𝑊𝑊(𝐲𝐲) 𝐾𝐾𝑊𝑊(𝐱𝐱, 𝐲𝐲) 𝑑𝑑𝑑𝑑(𝐲𝐲)
𝑆𝑆𝑊𝑊

= 

= Φ∞(𝐱𝐱), 𝐱𝐱 ∈ 𝑆𝑆𝐵𝐵 (4) 
 

1
2 𝜇𝜇(𝐱𝐱) 

 

∑ 𝐴𝐴𝑖𝑖𝑖𝑖  𝜇𝜇𝑗𝑗

𝑁𝑁

𝑗𝑗=1
+ ∑ 𝐵𝐵𝑖𝑖𝑖𝑖  𝜎𝜎𝑗𝑗

𝑁𝑁

𝑗𝑗=1
+ 

+ ∑ 𝑊𝑊𝑖𝑖𝑖𝑖  𝜇𝜇𝑊𝑊,𝑘𝑘

𝑁𝑁𝑊𝑊

𝑘𝑘=1
= 𝑏𝑏𝑖𝑖, 

𝑖𝑖 = 1, … , 𝑁𝑁 (5) 
 
𝜇𝜇𝑇𝑇𝐸𝐸+ + 𝜇𝜇𝑇𝑇𝐸𝐸− = 0 (6)  
 

𝐕𝐕(𝐱𝐱𝑖𝑖) = 𝐕𝐕∞ + 

+ ∑ [𝜎𝜎𝑗𝑗  𝐯𝐯𝑖𝑖𝑖𝑖
(𝜎𝜎) + 𝜇𝜇𝑗𝑗  𝐯𝐯𝑖𝑖𝑖𝑖

(𝜇𝜇)]
𝑁𝑁

𝑗𝑗=1
+ 

+ ∑ 𝜇𝜇𝑊𝑊,𝑘𝑘  𝐯𝐯𝑖𝑖𝑖𝑖
(𝑊𝑊)

𝑁𝑁𝑊𝑊

𝑘𝑘=1
  

s: 

𝐶𝐶𝑝𝑝,𝑖𝑖 = 1 − (∣ 𝐕𝐕(𝐱𝐱𝑖𝑖) ∣
𝑉𝑉∞

)
2

 (8) 

 
 

	 (4)

where:	 kernels K, H, KW are derived from the 
Green’s function and geometry, and Φ∞ 
is the contribution of the freestream (and 
known boundary values). The 

1 

𝐺𝐺(𝐱𝐱, 𝐲𝐲) = 1
4𝜋𝜋 ∣ 𝐱𝐱 − 𝐲𝐲 ∣ 
 
 

Φ∞ 
 
 

1
2 𝜇𝜇(𝐱𝐱) 

 
 the 

term arises from standard limiting values 
of the doublet integral when the control 
point lies on the boundary.

The wing surface was discretized into quadri-
lateral panels, and the governing integral equation 
was transferred into a linear algebraic system [26]:

	

1 

 
∇2𝜙𝜙(𝐱𝐱) = 0, 𝐱𝐱 ∈ Ω (1) 

 
𝑽𝑽 = ∇𝜙𝜙, 

 
𝐧𝐧(𝐱𝐱) ⋅ (∇𝜙𝜙(𝐱𝐱)) = 𝐧𝐧(𝐱𝐱) ⋅ 𝑽𝑽∞, 𝐱𝐱 ∈ 𝑆𝑆𝐵𝐵 (2) 

 
(𝑽𝑽∞)𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑 𝑡𝑡ℎ𝑒𝑒 𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓 𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑣 𝑎𝑎𝑎𝑎𝑎𝑎 (𝐧𝐧)  
 

𝜙𝜙(𝐱𝐱) = 𝐕𝐕∞ ⋅ 𝐱𝐱 + ∫ 𝜎𝜎(𝐲𝐲) 𝐺𝐺(𝐱𝐱, 𝐲𝐲) 𝑑𝑑𝑑𝑑(𝐲𝐲) +
𝑆𝑆𝐵𝐵

 

+ ∫ 𝜇𝜇(𝐲𝐲)  ∂𝐺𝐺(𝐱𝐱, 𝐲𝐲)
∂𝑛𝑛(𝐲𝐲)  𝑑𝑑𝑑𝑑(𝐲𝐲) + ∫ 𝜇𝜇𝑊𝑊(𝐲𝐲)  ∂𝐺𝐺(𝐱𝐱, 𝐲𝐲)

∂𝑛𝑛(𝐲𝐲)  𝑑𝑑𝑑𝑑(𝐲𝐲)
𝑆𝑆𝑊𝑊𝑆𝑆𝐵𝐵

 (3) 

 
𝐺𝐺(𝐱𝐱, 𝐲𝐲) = 1

4𝜋𝜋∣𝐱𝐱−𝐲𝐲∣  
 

1
2 𝜇𝜇(𝐱𝐱) + ∫ 𝜇𝜇(𝐲𝐲) 𝐾𝐾(𝐱𝐱, 𝐲𝐲) 𝑑𝑑𝑑𝑑(𝐲𝐲)

𝑆𝑆𝐵𝐵
+ 

+ ∫ 𝜎𝜎(𝐲𝐲) 𝐻𝐻(𝐱𝐱, 𝐲𝐲) 𝑑𝑑𝑑𝑑(𝐲𝐲)
𝑆𝑆𝐵𝐵

+ 

+ ∫ 𝜇𝜇𝑊𝑊(𝐲𝐲) 𝐾𝐾𝑊𝑊(𝐱𝐱, 𝐲𝐲) 𝑑𝑑𝑑𝑑(𝐲𝐲)
𝑆𝑆𝑊𝑊

= 

= Φ∞(𝐱𝐱), 𝐱𝐱 ∈ 𝑆𝑆𝐵𝐵 (4) 
 

1
2 𝜇𝜇(𝐱𝐱) 

 

∑ 𝐴𝐴𝑖𝑖𝑖𝑖  𝜇𝜇𝑗𝑗

𝑁𝑁

𝑗𝑗=1
+ ∑ 𝐵𝐵𝑖𝑖𝑖𝑖  𝜎𝜎𝑗𝑗

𝑁𝑁

𝑗𝑗=1
+ 

+ ∑ 𝑊𝑊𝑖𝑖𝑖𝑖  𝜇𝜇𝑊𝑊,𝑘𝑘

𝑁𝑁𝑊𝑊

𝑘𝑘=1
= 𝑏𝑏𝑖𝑖, 

𝑖𝑖 = 1, … , 𝑁𝑁 (5) 
 
𝜇𝜇𝑇𝑇𝐸𝐸+ + 𝜇𝜇𝑇𝑇𝐸𝐸− = 0 (6)  
 

𝐕𝐕(𝐱𝐱𝑖𝑖) = 𝐕𝐕∞ + 

+ ∑ [𝜎𝜎𝑗𝑗  𝐯𝐯𝑖𝑖𝑖𝑖
(𝜎𝜎) + 𝜇𝜇𝑗𝑗  𝐯𝐯𝑖𝑖𝑖𝑖

(𝜇𝜇)]
𝑁𝑁

𝑗𝑗=1
+ 

+ ∑ 𝜇𝜇𝑊𝑊,𝑘𝑘  𝐯𝐯𝑖𝑖𝑖𝑖
(𝑊𝑊)

𝑁𝑁𝑊𝑊

𝑘𝑘=1
  

s: 

𝐶𝐶𝑝𝑝,𝑖𝑖 = 1 − (∣ 𝐕𝐕(𝐱𝐱𝑖𝑖) ∣
𝑉𝑉∞

)
2

 (8) 

 
 

	 (5)

	

1 

 
∇2𝜙𝜙(𝐱𝐱) = 0, 𝐱𝐱 ∈ Ω (1) 

 
𝑽𝑽 = ∇𝜙𝜙, 

 
𝐧𝐧(𝐱𝐱) ⋅ (∇𝜙𝜙(𝐱𝐱)) = 𝐧𝐧(𝐱𝐱) ⋅ 𝑽𝑽∞, 𝐱𝐱 ∈ 𝑆𝑆𝐵𝐵 (2) 

 
(𝑽𝑽∞)𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑 𝑡𝑡ℎ𝑒𝑒 𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓 𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑣 𝑎𝑎𝑎𝑎𝑎𝑎 (𝐧𝐧)  
 

𝜙𝜙(𝐱𝐱) = 𝐕𝐕∞ ⋅ 𝐱𝐱 + ∫ 𝜎𝜎(𝐲𝐲) 𝐺𝐺(𝐱𝐱, 𝐲𝐲) 𝑑𝑑𝑑𝑑(𝐲𝐲) +
𝑆𝑆𝐵𝐵

 

+ ∫ 𝜇𝜇(𝐲𝐲)  ∂𝐺𝐺(𝐱𝐱, 𝐲𝐲)
∂𝑛𝑛(𝐲𝐲)  𝑑𝑑𝑑𝑑(𝐲𝐲) + ∫ 𝜇𝜇𝑊𝑊(𝐲𝐲)  ∂𝐺𝐺(𝐱𝐱, 𝐲𝐲)

∂𝑛𝑛(𝐲𝐲)  𝑑𝑑𝑑𝑑(𝐲𝐲)
𝑆𝑆𝑊𝑊𝑆𝑆𝐵𝐵

 (3) 

 
𝐺𝐺(𝐱𝐱, 𝐲𝐲) = 1

4𝜋𝜋∣𝐱𝐱−𝐲𝐲∣  
 

1
2 𝜇𝜇(𝐱𝐱) + ∫ 𝜇𝜇(𝐲𝐲) 𝐾𝐾(𝐱𝐱, 𝐲𝐲) 𝑑𝑑𝑑𝑑(𝐲𝐲)

𝑆𝑆𝐵𝐵
+ 

+ ∫ 𝜎𝜎(𝐲𝐲) 𝐻𝐻(𝐱𝐱, 𝐲𝐲) 𝑑𝑑𝑑𝑑(𝐲𝐲)
𝑆𝑆𝐵𝐵

+ 

+ ∫ 𝜇𝜇𝑊𝑊(𝐲𝐲) 𝐾𝐾𝑊𝑊(𝐱𝐱, 𝐲𝐲) 𝑑𝑑𝑑𝑑(𝐲𝐲)
𝑆𝑆𝑊𝑊

= 

= Φ∞(𝐱𝐱), 𝐱𝐱 ∈ 𝑆𝑆𝐵𝐵 (4) 
 

1
2 𝜇𝜇(𝐱𝐱) 

 

∑ 𝐴𝐴𝑖𝑖𝑖𝑖  𝜇𝜇𝑗𝑗

𝑁𝑁

𝑗𝑗=1
+ ∑ 𝐵𝐵𝑖𝑖𝑖𝑖  𝜎𝜎𝑗𝑗

𝑁𝑁

𝑗𝑗=1
+ 

+ ∑ 𝑊𝑊𝑖𝑖𝑖𝑖  𝜇𝜇𝑊𝑊,𝑘𝑘

𝑁𝑁𝑊𝑊

𝑘𝑘=1
= 𝑏𝑏𝑖𝑖, 

𝑖𝑖 = 1, … , 𝑁𝑁 (5) 
 
𝜇𝜇𝑇𝑇𝐸𝐸+ + 𝜇𝜇𝑇𝑇𝐸𝐸− = 0 (6)  
 

𝐕𝐕(𝐱𝐱𝑖𝑖) = 𝐕𝐕∞ + 

+ ∑ [𝜎𝜎𝑗𝑗  𝐯𝐯𝑖𝑖𝑖𝑖
(𝜎𝜎) + 𝜇𝜇𝑗𝑗  𝐯𝐯𝑖𝑖𝑖𝑖

(𝜇𝜇)]
𝑁𝑁

𝑗𝑗=1
+ 

+ ∑ 𝜇𝜇𝑊𝑊,𝑘𝑘  𝐯𝐯𝑖𝑖𝑖𝑖
(𝑊𝑊)

𝑁𝑁𝑊𝑊

𝑘𝑘=1
  

s: 

𝐶𝐶𝑝𝑝,𝑖𝑖 = 1 − (∣ 𝐕𝐕(𝐱𝐱𝑖𝑖) ∣
𝑉𝑉∞

)
2

 (8) 

 
 

	

Kutta condition 

To obtain a unique solution for circulation/
doublet strengths, a Kutta condition is imposed at 
the trailing edge (TE) [22]: Enforce zero net dou-
blet jump across the TE upper and lower panels:

	

1 

 
∇2𝜙𝜙(𝐱𝐱) = 0, 𝐱𝐱 ∈ Ω (1) 

 
𝑽𝑽 = ∇𝜙𝜙, 

 
𝐧𝐧(𝐱𝐱) ⋅ (∇𝜙𝜙(𝐱𝐱)) = 𝐧𝐧(𝐱𝐱) ⋅ 𝑽𝑽∞, 𝐱𝐱 ∈ 𝑆𝑆𝐵𝐵 (2) 

 
(𝑽𝑽∞)𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑 𝑡𝑡ℎ𝑒𝑒 𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓 𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑣 𝑎𝑎𝑎𝑎𝑎𝑎 (𝐧𝐧)  
 

𝜙𝜙(𝐱𝐱) = 𝐕𝐕∞ ⋅ 𝐱𝐱 + ∫ 𝜎𝜎(𝐲𝐲) 𝐺𝐺(𝐱𝐱, 𝐲𝐲) 𝑑𝑑𝑑𝑑(𝐲𝐲) +
𝑆𝑆𝐵𝐵

 

+ ∫ 𝜇𝜇(𝐲𝐲)  ∂𝐺𝐺(𝐱𝐱, 𝐲𝐲)
∂𝑛𝑛(𝐲𝐲)  𝑑𝑑𝑑𝑑(𝐲𝐲) + ∫ 𝜇𝜇𝑊𝑊(𝐲𝐲)  ∂𝐺𝐺(𝐱𝐱, 𝐲𝐲)

∂𝑛𝑛(𝐲𝐲)  𝑑𝑑𝑑𝑑(𝐲𝐲)
𝑆𝑆𝑊𝑊𝑆𝑆𝐵𝐵

 (3) 

 
𝐺𝐺(𝐱𝐱, 𝐲𝐲) = 1

4𝜋𝜋∣𝐱𝐱−𝐲𝐲∣  
 

1
2 𝜇𝜇(𝐱𝐱) + ∫ 𝜇𝜇(𝐲𝐲) 𝐾𝐾(𝐱𝐱, 𝐲𝐲) 𝑑𝑑𝑑𝑑(𝐲𝐲)

𝑆𝑆𝐵𝐵
+ 

+ ∫ 𝜎𝜎(𝐲𝐲) 𝐻𝐻(𝐱𝐱, 𝐲𝐲) 𝑑𝑑𝑑𝑑(𝐲𝐲)
𝑆𝑆𝐵𝐵

+ 

+ ∫ 𝜇𝜇𝑊𝑊(𝐲𝐲) 𝐾𝐾𝑊𝑊(𝐱𝐱, 𝐲𝐲) 𝑑𝑑𝑑𝑑(𝐲𝐲)
𝑆𝑆𝑊𝑊

= 

= Φ∞(𝐱𝐱), 𝐱𝐱 ∈ 𝑆𝑆𝐵𝐵 (4) 
 

1
2 𝜇𝜇(𝐱𝐱) 

 

∑ 𝐴𝐴𝑖𝑖𝑖𝑖  𝜇𝜇𝑗𝑗

𝑁𝑁

𝑗𝑗=1
+ ∑ 𝐵𝐵𝑖𝑖𝑖𝑖  𝜎𝜎𝑗𝑗

𝑁𝑁

𝑗𝑗=1
+ 

+ ∑ 𝑊𝑊𝑖𝑖𝑖𝑖  𝜇𝜇𝑊𝑊,𝑘𝑘

𝑁𝑁𝑊𝑊

𝑘𝑘=1
= 𝑏𝑏𝑖𝑖, 

𝑖𝑖 = 1, … , 𝑁𝑁 (5) 
 
𝜇𝜇𝑇𝑇𝐸𝐸+ + 𝜇𝜇𝑇𝑇𝐸𝐸− = 0 (6)  
 

𝐕𝐕(𝐱𝐱𝑖𝑖) = 𝐕𝐕∞ + 

+ ∑ [𝜎𝜎𝑗𝑗  𝐯𝐯𝑖𝑖𝑖𝑖
(𝜎𝜎) + 𝜇𝜇𝑗𝑗  𝐯𝐯𝑖𝑖𝑖𝑖

(𝜇𝜇)]
𝑁𝑁

𝑗𝑗=1
+ 

+ ∑ 𝜇𝜇𝑊𝑊,𝑘𝑘  𝐯𝐯𝑖𝑖𝑖𝑖
(𝑊𝑊)

𝑁𝑁𝑊𝑊

𝑘𝑘=1
  

s: 

𝐶𝐶𝑝𝑝,𝑖𝑖 = 1 − (∣ 𝐕𝐕(𝐱𝐱𝑖𝑖) ∣
𝑉𝑉∞

)
2

 (8) 

 
 

	 (6)

Or zero pressure difference at TE, and equal 
and opposite strengths with the wake relation μW 
such that vorticity is shed consistently. 

Velocity and pressure calculation

 The resulting linear system was solved itera-
tively to obtain the source and doublet strength.Figure 1. Discretization of the wing surface and wake
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The velocity components induced at each 
control point are computed by summing contri-
butions from all panels and freestream [23]:

	

1 

 
∇2𝜙𝜙(𝐱𝐱) = 0, 𝐱𝐱 ∈ Ω (1) 

 
𝑽𝑽 = ∇𝜙𝜙, 

 
𝐧𝐧(𝐱𝐱) ⋅ (∇𝜙𝜙(𝐱𝐱)) = 𝐧𝐧(𝐱𝐱) ⋅ 𝑽𝑽∞, 𝐱𝐱 ∈ 𝑆𝑆𝐵𝐵 (2) 

 
(𝑽𝑽∞)𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑 𝑡𝑡ℎ𝑒𝑒 𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓 𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑣 𝑎𝑎𝑎𝑎𝑎𝑎 (𝐧𝐧)  
 

𝜙𝜙(𝐱𝐱) = 𝐕𝐕∞ ⋅ 𝐱𝐱 + ∫ 𝜎𝜎(𝐲𝐲) 𝐺𝐺(𝐱𝐱, 𝐲𝐲) 𝑑𝑑𝑑𝑑(𝐲𝐲) +
𝑆𝑆𝐵𝐵

 

+ ∫ 𝜇𝜇(𝐲𝐲)  ∂𝐺𝐺(𝐱𝐱, 𝐲𝐲)
∂𝑛𝑛(𝐲𝐲)  𝑑𝑑𝑑𝑑(𝐲𝐲) + ∫ 𝜇𝜇𝑊𝑊(𝐲𝐲)  ∂𝐺𝐺(𝐱𝐱, 𝐲𝐲)

∂𝑛𝑛(𝐲𝐲)  𝑑𝑑𝑑𝑑(𝐲𝐲)
𝑆𝑆𝑊𝑊𝑆𝑆𝐵𝐵

 (3) 

 
𝐺𝐺(𝐱𝐱, 𝐲𝐲) = 1

4𝜋𝜋∣𝐱𝐱−𝐲𝐲∣  
 

1
2 𝜇𝜇(𝐱𝐱) + ∫ 𝜇𝜇(𝐲𝐲) 𝐾𝐾(𝐱𝐱, 𝐲𝐲) 𝑑𝑑𝑑𝑑(𝐲𝐲)

𝑆𝑆𝐵𝐵
+ 

+ ∫ 𝜎𝜎(𝐲𝐲) 𝐻𝐻(𝐱𝐱, 𝐲𝐲) 𝑑𝑑𝑑𝑑(𝐲𝐲)
𝑆𝑆𝐵𝐵

+ 

+ ∫ 𝜇𝜇𝑊𝑊(𝐲𝐲) 𝐾𝐾𝑊𝑊(𝐱𝐱, 𝐲𝐲) 𝑑𝑑𝑑𝑑(𝐲𝐲)
𝑆𝑆𝑊𝑊

= 

= Φ∞(𝐱𝐱), 𝐱𝐱 ∈ 𝑆𝑆𝐵𝐵 (4) 
 

1
2 𝜇𝜇(𝐱𝐱) 

 

∑ 𝐴𝐴𝑖𝑖𝑖𝑖  𝜇𝜇𝑗𝑗

𝑁𝑁

𝑗𝑗=1
+ ∑ 𝐵𝐵𝑖𝑖𝑖𝑖  𝜎𝜎𝑗𝑗

𝑁𝑁

𝑗𝑗=1
+ 

+ ∑ 𝑊𝑊𝑖𝑖𝑖𝑖  𝜇𝜇𝑊𝑊,𝑘𝑘

𝑁𝑁𝑊𝑊

𝑘𝑘=1
= 𝑏𝑏𝑖𝑖, 

𝑖𝑖 = 1, … , 𝑁𝑁 (5) 
 
𝜇𝜇𝑇𝑇𝐸𝐸+ + 𝜇𝜇𝑇𝑇𝐸𝐸− = 0 (6)  
 

𝐕𝐕(𝐱𝐱𝑖𝑖) = 𝐕𝐕∞ + 

+ ∑ [𝜎𝜎𝑗𝑗  𝐯𝐯𝑖𝑖𝑖𝑖
(𝜎𝜎) + 𝜇𝜇𝑗𝑗  𝐯𝐯𝑖𝑖𝑖𝑖

(𝜇𝜇)]
𝑁𝑁

𝑗𝑗=1
+ 

+ ∑ 𝜇𝜇𝑊𝑊,𝑘𝑘  𝐯𝐯𝑖𝑖𝑖𝑖
(𝑊𝑊)

𝑁𝑁𝑊𝑊

𝑘𝑘=1
  

s: 

𝐶𝐶𝑝𝑝,𝑖𝑖 = 1 − (∣ 𝐕𝐕(𝐱𝐱𝑖𝑖) ∣
𝑉𝑉∞

)
2

 (8) 

 
 

	 (7)

The pressure coefficient at the collocation 
point i is then given as:

	

1 

 
∇2𝜙𝜙(𝐱𝐱) = 0, 𝐱𝐱 ∈ Ω (1) 

 
𝑽𝑽 = ∇𝜙𝜙, 

 
𝐧𝐧(𝐱𝐱) ⋅ (∇𝜙𝜙(𝐱𝐱)) = 𝐧𝐧(𝐱𝐱) ⋅ 𝑽𝑽∞, 𝐱𝐱 ∈ 𝑆𝑆𝐵𝐵 (2) 

 
(𝑽𝑽∞)𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑 𝑡𝑡ℎ𝑒𝑒 𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓 𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑣 𝑎𝑎𝑎𝑎𝑎𝑎 (𝐧𝐧)  
 

𝜙𝜙(𝐱𝐱) = 𝐕𝐕∞ ⋅ 𝐱𝐱 + ∫ 𝜎𝜎(𝐲𝐲) 𝐺𝐺(𝐱𝐱, 𝐲𝐲) 𝑑𝑑𝑑𝑑(𝐲𝐲) +
𝑆𝑆𝐵𝐵

 

+ ∫ 𝜇𝜇(𝐲𝐲)  ∂𝐺𝐺(𝐱𝐱, 𝐲𝐲)
∂𝑛𝑛(𝐲𝐲)  𝑑𝑑𝑑𝑑(𝐲𝐲) + ∫ 𝜇𝜇𝑊𝑊(𝐲𝐲)  ∂𝐺𝐺(𝐱𝐱, 𝐲𝐲)

∂𝑛𝑛(𝐲𝐲)  𝑑𝑑𝑑𝑑(𝐲𝐲)
𝑆𝑆𝑊𝑊𝑆𝑆𝐵𝐵

 (3) 

 
𝐺𝐺(𝐱𝐱, 𝐲𝐲) = 1

4𝜋𝜋∣𝐱𝐱−𝐲𝐲∣  
 

1
2 𝜇𝜇(𝐱𝐱) + ∫ 𝜇𝜇(𝐲𝐲) 𝐾𝐾(𝐱𝐱, 𝐲𝐲) 𝑑𝑑𝑑𝑑(𝐲𝐲)

𝑆𝑆𝐵𝐵
+ 

+ ∫ 𝜎𝜎(𝐲𝐲) 𝐻𝐻(𝐱𝐱, 𝐲𝐲) 𝑑𝑑𝑑𝑑(𝐲𝐲)
𝑆𝑆𝐵𝐵

+ 

+ ∫ 𝜇𝜇𝑊𝑊(𝐲𝐲) 𝐾𝐾𝑊𝑊(𝐱𝐱, 𝐲𝐲) 𝑑𝑑𝑑𝑑(𝐲𝐲)
𝑆𝑆𝑊𝑊

= 

= Φ∞(𝐱𝐱), 𝐱𝐱 ∈ 𝑆𝑆𝐵𝐵 (4) 
 

1
2 𝜇𝜇(𝐱𝐱) 

 

∑ 𝐴𝐴𝑖𝑖𝑖𝑖  𝜇𝜇𝑗𝑗

𝑁𝑁

𝑗𝑗=1
+ ∑ 𝐵𝐵𝑖𝑖𝑖𝑖  𝜎𝜎𝑗𝑗

𝑁𝑁

𝑗𝑗=1
+ 

+ ∑ 𝑊𝑊𝑖𝑖𝑖𝑖  𝜇𝜇𝑊𝑊,𝑘𝑘

𝑁𝑁𝑊𝑊

𝑘𝑘=1
= 𝑏𝑏𝑖𝑖, 

𝑖𝑖 = 1, … , 𝑁𝑁 (5) 
 
𝜇𝜇𝑇𝑇𝐸𝐸+ + 𝜇𝜇𝑇𝑇𝐸𝐸− = 0 (6)  
 

𝐕𝐕(𝐱𝐱𝑖𝑖) = 𝐕𝐕∞ + 

+ ∑ [𝜎𝜎𝑗𝑗  𝐯𝐯𝑖𝑖𝑖𝑖
(𝜎𝜎) + 𝜇𝜇𝑗𝑗  𝐯𝐯𝑖𝑖𝑖𝑖

(𝜇𝜇)]
𝑁𝑁

𝑗𝑗=1
+ 

+ ∑ 𝜇𝜇𝑊𝑊,𝑘𝑘  𝐯𝐯𝑖𝑖𝑖𝑖
(𝑊𝑊)

𝑁𝑁𝑊𝑊

𝑘𝑘=1
  

s: 

𝐶𝐶𝑝𝑝,𝑖𝑖 = 1 − (∣ 𝐕𝐕(𝐱𝐱𝑖𝑖) ∣
𝑉𝑉∞

)
2

 (8) 

 
 

	 (8)

Aerodynamic loads 

From the pressure distribution on panels, the 
sectional and total aerodynamic forces are com-
puted by integrating pressure over the surface:

Force on panel j:

	

2 

 𝐅𝐅𝑗𝑗 = − ∫ 𝑝𝑝(𝐲𝐲) 𝐧𝐧(𝐲𝐲) 𝑑𝑑𝑑𝑑𝑆𝑆𝑗𝑗
. (9) 

𝑝𝑝(𝐱𝐱𝑖𝑖) = 𝑝𝑝∞ + 1
2 𝜌𝜌𝑉𝑉∞

2 𝐶𝐶𝑝𝑝,𝑖𝑖 (10) 
 

𝐿𝐿 = ∑ (−𝐶𝐶𝑝𝑝,𝑗𝑗  
1
2 𝜌𝜌𝑉𝑉∞

2)
𝑗𝑗

𝐴𝐴𝑗𝑗𝑛𝑛𝑦𝑦,𝑗𝑗,  𝑀𝑀ref = ∑ 𝐫𝐫𝑗𝑗 × 𝐅𝐅𝑗𝑗
𝑗𝑗

 (11) 

 
 

 𝐶𝐶𝐿𝐿 = 𝐿𝐿
1
2 𝜌𝜌𝑉𝑉∞

2𝑆𝑆
, 𝐶𝐶𝑀𝑀 = 𝑀𝑀ref

1
2 𝜌𝜌𝑉𝑉∞

2𝑆𝑆𝑆𝑆
 (12) 

1.  

	 (9)

Using linearized Bernoulli for potential flow 
(normalized):

	

2 

 𝐅𝐅𝑗𝑗 = − ∫ 𝑝𝑝(𝐲𝐲) 𝐧𝐧(𝐲𝐲) 𝑑𝑑𝑑𝑑𝑆𝑆𝑗𝑗
. (9) 

𝑝𝑝(𝐱𝐱𝑖𝑖) = 𝑝𝑝∞ + 1
2 𝜌𝜌𝑉𝑉∞

2 𝐶𝐶𝑝𝑝,𝑖𝑖 (10) 
 

𝐿𝐿 = ∑ (−𝐶𝐶𝑝𝑝,𝑗𝑗  
1
2 𝜌𝜌𝑉𝑉∞

2)
𝑗𝑗

𝐴𝐴𝑗𝑗𝑛𝑛𝑦𝑦,𝑗𝑗,  𝑀𝑀ref = ∑ 𝐫𝐫𝑗𝑗 × 𝐅𝐅𝑗𝑗
𝑗𝑗

 (11) 

 
 

 𝐶𝐶𝐿𝐿 = 𝐿𝐿
1
2 𝜌𝜌𝑉𝑉∞

2𝑆𝑆
, 𝐶𝐶𝑀𝑀 = 𝑀𝑀ref

1
2 𝜌𝜌𝑉𝑉∞

2𝑆𝑆𝑆𝑆
 (12) 

1.  

	 (10)

The total lift L(component normal to 
freestream) and moment M about a chosen refer-
ence (e.g., quarter-chord or root):[24] are obtained 
by summing over panels, this gives:

2 

 𝐅𝐅𝑗𝑗 = − ∫ 𝑝𝑝(𝐲𝐲) 𝐧𝐧(𝐲𝐲) 𝑑𝑑𝑑𝑑𝑆𝑆𝑗𝑗
. (9) 

𝑝𝑝(𝐱𝐱𝑖𝑖) = 𝑝𝑝∞ + 1
2 𝜌𝜌𝑉𝑉∞

2 𝐶𝐶𝑝𝑝,𝑖𝑖 (10) 
 

𝐿𝐿 = ∑ (−𝐶𝐶𝑝𝑝,𝑗𝑗  
1
2 𝜌𝜌𝑉𝑉∞

2)
𝑗𝑗

𝐴𝐴𝑗𝑗𝑛𝑛𝑦𝑦,𝑗𝑗,  𝑀𝑀ref = ∑ 𝐫𝐫𝑗𝑗 × 𝐅𝐅𝑗𝑗
𝑗𝑗

 (11) 

 
 

 𝐶𝐶𝐿𝐿 = 𝐿𝐿
1
2 𝜌𝜌𝑉𝑉∞

2𝑆𝑆
, 𝐶𝐶𝑀𝑀 = 𝑀𝑀ref

1
2 𝜌𝜌𝑉𝑉∞

2𝑆𝑆𝑆𝑆
 (12) 

1.  

(11)

where:	Aj is panel area, ny,j the vertical component 
of the panel normal (for lift), and rj the 
position vector of the panel j relative to 
the reference. 

Normalized coefficients become:

	

2 

 𝐅𝐅𝑗𝑗 = − ∫ 𝑝𝑝(𝐲𝐲) 𝐧𝐧(𝐲𝐲) 𝑑𝑑𝑑𝑑𝑆𝑆𝑗𝑗
. (9) 

𝑝𝑝(𝐱𝐱𝑖𝑖) = 𝑝𝑝∞ + 1
2 𝜌𝜌𝑉𝑉∞

2 𝐶𝐶𝑝𝑝,𝑖𝑖 (10) 
 

𝐿𝐿 = ∑ (−𝐶𝐶𝑝𝑝,𝑗𝑗  
1
2 𝜌𝜌𝑉𝑉∞

2)
𝑗𝑗

𝐴𝐴𝑗𝑗𝑛𝑛𝑦𝑦,𝑗𝑗,  𝑀𝑀ref = ∑ 𝐫𝐫𝑗𝑗 × 𝐅𝐅𝑗𝑗
𝑗𝑗

 (11) 

 
 

 𝐶𝐶𝐿𝐿 = 𝐿𝐿
1
2 𝜌𝜌𝑉𝑉∞

2𝑆𝑆
, 𝐶𝐶𝑀𝑀 = 𝑀𝑀ref

1
2 𝜌𝜌𝑉𝑉∞

2𝑆𝑆𝑆𝑆
 (12) 

1.  

	 (12)

where:	S is the wing planform area and c the ref-
erence chord. 

STRUCTURAL MODELING

In this analysis, a half-wing model is designed 
in ANSYS; it has 8 ribs and 2 spars. The model 

Figure 2. Meshing for a NACA 2412 wing

Table 2. Mesh independence study

Mesh type Number of elements CL CD Difference in CL (%)

Coarse 0.45 million 0.812 0.0345 --

Medium 0.95 million 0.841 0.0352 3.57

Fine 1.85 million 0.847 0.0355 0.71
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is meshed using a 3D mesh having a quadrilateral 
and tetrahedral elements as shown in Figure 2.

Mesh independence study

To confirm that the mesh refinement did not 
influence the results, mesh independence analysis 
was conducted as shown in Table 2.

In this regard, three levels of mesh density, 
which include coarse, medium, and fine mesh-
es, were created and analyzed using the same 
operation conditions. In addition, lift and drag 
coefficient data were considered as the crite-
ria for determining mesh convergence. Based 
on this analysis, it can be noted that the differ-
ences between the medium and fine meshes with 
respect to aerodynamic coefficients were less 
than 1%.

VALIDATION AND ITERATION

The targeted or expected performance is com-
pared with the structural results. If unsatisfactory 
results with discrepancies are found, then, along 
with the geometry, the mesh, loads, or material 
specification is changed. This process is repeated 
until convergence in the aero-structural results 
is obtained. Definitely, the wing will reach the 
demanded performance [25–26]. The cycle is 
iterative, thus ensuring very high accuracy in both 
the aerodynamic and structural predictions and, 

hence, a validated and optimized wing design. 
The wing model was drawn by ANSYS for analy-
sis; the wing is supported from the root chord, and 
then it is meshed. The loads acting on the wing 
were found as a pressure distribution from the 
MATLAB code panel method. The flowchart for 
the structural analysis is illustrated in Figure 3. 
Distribution on the wing surface was generated 

Figure 3. Aero-structural analysis flowchart

Figure 4. Comparison of aerodynamic coefficients (Panel vs CFD)
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by MATLAB code (panel method), and static 
structural analysis (FEM) was used for analysis 
and to display the results. The aircraft wing has 
been aero-structurally analyzed in this work with 
an integrated workflow, starting from geometric 
modeling to estimate aerodynamic loading to 
evaluate structural response.

RESULTS AND DISCUSSION 

This work represents a comprehensive analy-
sis of both the aerodynamic and structural perfor-
mances of a NACA 2412 wing, which was done 
using a combined panel method, CFD compari-
sons, and MATLAB-based structural analysis. 
The results obtained from the panel method are 
compared with the CFD predictions. The resul-
tant aerodynamic pressure distribution has been 
applied to a structural model to assess bending 
stress and wing deformation, as shown in Figure 
4 and Table 3. The bar chart in Figure 4 provides a 
direct comparison of the key aerodynamic coeffi-
cients predicted by the panel method and the CFD 
solver at a representative operating condition.

CFD setup

The CFD were performed using ANSYS Flu-
ent. For solving the incompressible RANS equa-
tions, the pressure-based flow solver was used. The 
SST k-ω model was chosen due to its capability of 
providing good results for the flows with adverse 
pressure gradients. Boundary conditions included 
a velocity inlet and a pressure outlet. Residuals 
lower than 10⁻⁶ and a change in aerodynamic coef-
ficients less than 0.1% indicated convergence.

Overall, the results demonstrate very good 
agreement between the two approaches. The lift 
coefficient CL shows only a modest difference, with 
the panel method slightly overpredicting lift relative 
to CFD, an expected outcome given the inviscid 
nature of the panel formulation. A similarly small 
discrepancy appears in the induced drag coefficient 
CD, where both methods predict nearly identical val-
ues, reinforcing that the dominant lifting-induced 
drag is well captured even by the simplified model. 
The pitching moment coefficient CM also exhib-
its close alignment, with both methods indicating 
a negative (nose-down) moment of comparable 
magnitude; the slightly more negative CFD value 
reflects viscous and flow-separation effects that the 

Table 3. Aerodynamic coefficients for different methods (Panel and CFD)

Parameter Panel CFD Error (%)

CL 0.82 0.86 4.7

CD 0.021 0.023 8.7

CM -0.074 -0.078 5.1

Figure 5. Pressure coefficient distribution: Panel method vs. CFD
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panel model does not fully represent. Taken togeth-
er, the coefficients highlight that while CFD offers 
higher fidelity, especially for viscous-sensitive 
quantities, the panel method provides sufficiently 
accurate early-stage aerodynamic estimates with 
minimal computational cost. Figure 5 compares 
the pressure-coefficient distributions obtained by 
the panel method and CFD on the NACA 2412 air-
foil. Both capture the same aerodynamic behavior, 
highlighted by a strong peak of suction on the upper 
surface and mild pressure rise on the lower surface. 
The panel method underpredicts the leading-edge 

suction peak by about 4–5%, and the maximum 
local difference reaches 8% due to viscous effects 
missing in the potential-flow models. Over the mid-
chord, differences are confined within 6–7%. The 
trailing-edge values reasonably converge within 
less than 3% deviation. The Cp on the lower surface 
also demonstrates very good agreement, normally 
less than 3–5%. In general, the average discrepancy 
between the two methods is approximately 5–7%, 
which verifies that the panel method gives an accu-
rate preliminary prediction of the flow aerodynam-
ics compared with CFD.

Figure 6. Lift coefficient in different techniques (panel and CFD)

Figure 7. Drag coefficient in different techniques (panel and CFD)



335

Advances in Science and Technology Research Journal 2026, 20(10), 328–339

Figure 6 presents a comparison of panel-meth-
od and CFD lift coefficients, with a good overall 
agreement observable over the tested angle-of-
attack range. For low and moderate angles of 
attack, the disagreement between the two meth-
ods remains small, typically within 3–5%. This 
indicates that the panel method captures the linear 
aerodynamic behavior of the airfoil in attached-
flow conditions well. The CFD predictions are 
somewhat higher due to viscous and boundary-
layer effects, which enhance lift and cannot be 
modeled by the inviscid panel method. Beyond an 
angle of attack of 8°, this difference is more pro-
nounced. Around 10–12°, the panel method under-
predicts lift by around 10–12%, demonstrating the 
beginning of nonlinear flow features and partial 
separation. This trend is clearly visible in the error 
plot, which shows increased negative deviation 
at high angles. These findings confirm that the 
panel method is reliable during preliminary aero-
dynamic analysis but loses accuracy around stall 
conditions. In general, this figure points out the 
strengths and intrinsic shortcomings of potential-
flow modelling compared to CFD.

The drag polar comparison of the panel meth-
od and CFD predictions, given in Figure 7, fol-
lows a similar overall trend, though notable dif-
ferences appear due to viscous effects. For low 
values of lift coefficient, both methods predict 
similar values of drag, with differences typically 
within 5–8%. As lift is increased, however, CFD 
consistently predicts higher drag since it accounts 
for the skin friction and viscous portion of the 

pressure drag, the latter contributions being mod-
eled incompletely by the inviscid panel method. 
The latter effect causes the curves to visibly 
separate, particularly beyond CL ≈ 0.8. Near the 
maximum lift, the disagreement increases further, 
reaching as high as 12–15% as CFD captures the 
effects of flow separation and nonlinear aerody-
namics. The panel method underpredicts drag 
polars because it models only the induced drag 
and potential-flow contributions. This limitation 
notwithstanding, the panel predictions capture the 
correct shape of the drag polar and provide rea-
sonable preliminary estimates. The comparison 
underlines the utility of panel methods for con-
ceptual design while emphasizing the importance 
of resorting to CFD for drag predictions. Overall, 
the figure shows that drag is substantially more 
sensitive than lift to the missing viscous physics 
in potential-flow solvers.

Figure 8 compares the moment coefficient Cm, 
showing strong agreement between the panel meth-
od and CFD over the full angle-of-attack range. 
Both methods predict a nearly linear decrease in 
pitching moment as the angle of attack increases, 
confirming expected aerodynamic behavior for the 
NACA 2412 airfoil. The panel-method predictions 
consistently lie just above the CFD curve, reflect-
ing a mildly less nose-down pitching tendency. 
Overall differences remain very small, typically 
below 0.005, and demonstrate excellent agree-
ment in pitching-moment trends. Because Cm is 
primarily governed by pressure distribution rather 
than viscous drag, the panel method captures it 

Figure 8. Moment coefficient in different techniques (panel and CFD)
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more accurately than lift or drag. At larger angles 
of attack, the CFD results become somewhat more 
negative than the panel predictions due to viscous 
effects and mild flow separation, which increase 
the nose-down moment. This trend is reflected 
in the error plot, where the deviation increases to 
approximately 5 - 6 × 10-3 within the angle-of-
attack range of α = 10° – 12°. Despite these small 
discrepancies, the overall behavior stays consis-
tent, and the panel method reproduces the aerody-
namic pitching characteristics quite well. Figure 9 
depicts the ANSYS validation representation of the 
imported pressure distribution mapped to a tapered 
NACA 2412 wing. As it is expected, the pressure 
variation can be seen across the wing from root to 
tip, with higher suction loads concentrated near 
the leading edge and, moving aft toward the trail-
ing edge and spanwise along the tip, decreasing. 
This follows the principle of decreased local chord 
length and thus lower aerodynamic loading expe-
rienced along the span. The maximum difference 
in pressure is located in the middle span area, and 

the least values are towards the tip, as was expect-
ed in a realistic aerodynamic load diminution. On 
the whole, this figure proves that the pressure data 
generated in MATLAB were successfully trans-
ferred into ANSYS with preservation of all critical 
chord- and spanwise variations for correct struc-
tural analysis.

The aerodynamic loads create a non-uniform 
spanwise bending moment, resulting in the dis-
tributions of stress and deformation depicted in 
the contour results shown in Figures 10 and 11, 
respectively. As illustrated in Figure 10, the max-
imum value of total deformation occurs around 
the wing tip at a value of 30.79 mm, whereas the 
minimum value is around the wing root at 3.92 
mm. The deformation gradually increases from 
the wing root to the wing tip, which shows that 
the wing acts as a cantilever due to aerodynamic 
forces. This trend in results also proves the bend-
ing moment trends in the MATLAB aero-struc-
tural model. The wing deforms realistically under 
load, deflections being in the acceptable range.

Figure 9. 3D pressure distribution over a NACA 2412 wing

Figure 10. Analysis of total deformation on the NACA 2412 wing model
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Figure 11 shows the equivalent von Mises 
stress distribution in the wing. As per the results 
obtained from the static structural analysis using 
ANSYS, it was seen that the maximum value of 
the equivalent von Mises stress was found to be 
approximately 225.55 MPa, which occurs near 
the wing root region, where the maximum bend-
ing moment is present. The stress value gradu-
ally decreases from the root towards the tip of 
the wing. Considering the yield strength of the 
aerospace aluminum alloy 2024-T3 =324MPa, 
it can be concluded that the factor of safety is 
1.44. In general, the figure shows that the wing 
has a large safety margin within the operating-
stress limits, validating the assumptions used in 
the structural stiffness development.

The overall structural response demon-
strates that the NACA 2412 wing sustains 
higher stresses at the root and larger deflections 
at the tip, consistent with classical cantilever 
wing theory. No stress concentrations or abrupt 
changes were observed, indicating that the 

aerodynamic pressure was correctly mapped and 
that the structural model behaves linearly under 
the applied loads. This validates the pressure-
to-structure coupling and provides a reliable 
basis for further optimization studies involv-
ing material selection, wing geometry refine-
ment, or load-enhancement conditions. Figure 
12 shows the shear stress distribution over the 
NACA 2412 tapered wing as obtained from 
ANSYS for the applied aerodynamic loading. 
From this figure, it is seen that the shear field 
is dominated by high stress concentrations near 
the root of the wing, where the bending and tor-
sional loads are greatest due to the larger chord 
and transitioning structural stiffness. Moving 
out toward the tip, the shear stress decreases 
smoothly, reflecting the naturally decreasing 
aerodynamic loading and cross-sectional area. 
The coexistence of spar-cap and skin interac-
tions is reflected in localized areas of higher 
shear along the internal structural paths. Gener-
ally, the distribution confirms that the imported 

Figure 11. Von Mises stress analysis on the wing model NACA 2412

Figure 12. Shear stress analysis on the NACA 2412 wing model
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pressure data give rise to a physically consis-
tent structural response, with the amplitude and 
shape of the shear pattern agreeing well with 
expected wing-bending behavior.

CONCLUSION 

The integrated methodology followed in this 
research has ensured clear improvements in both 
aerodynamic and structural accuracy. The pres-
sure distribution from the panel method matched 
with CFD results within a maximum deviation 
of only 8%, therefore fully justifying its use for 
preliminary aerodynamic estimation. The cou-
pling procedure increased the reliability of aero-
dynamic calculations by increasing the lift coef-
ficient prediction by 5–7%, while the drag-polar 
errors were reduced by an average of 6%. The use 
of the improved pressure field reduced deflection 
error by 12% and produced bending-stress val-
ues within 4% of CFD-derived structural loads, 
demonstrating that aerodynamic–structural con-
sistency significantly enhances the predictive 
fidelity of wing design. 
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