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Abstract: Current trends in the aerospace and UAV sectors emphasize integrating Artificial
Intelligence (AI) technologies into the design process. Al technologies necessitate extensive
data to capture the non-linearities in fluid phenomena. To address these needs, this work
focuses on automating the data aggregation process for fixed-wing platforms, ranging
from Micro-Mini to HALE-Strike UAVs, as classified by NATO. Specifically, this paper
presents a framework for automating the tedious tasks required for geometry generation,
mesh generation, and solution setup in a commercial Computational Fluid Dynamics (CFD)
solver, for any arbitrary wing within the aforementioned design space. By combining
various well-established open-source suites and commercial software via Python scripting,
the preprocessing steps up to the solution require only a few minutes on a typical laptop
workspace. Despite the rapid geometry acquisition, mesh generation, and solution setup
through the pipeline, the guidelines and common practices for subsonic external flow
simulations are still strictly followed. This results in solutions with a deviation of merely sub
5% from those of an experienced designer, even for the extremes of the flight envelope. The
proposed framework significantly reduces design iteration times, enabling more efficient
and innovative UAV development. Additionally, the framework’s ability to accumulate
high-quality data for machine learning enhances predictive modeling and optimization
capabilities across UAV design practices.
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1. Introduction

Unmanned Aerial Vehicles (UAVs) have gained significant traction in various applica-
tions, ranging from surveillance and reconnaissance to cargo transport and environmental
monitoring [1,2]. As UAVs grow in popularity and their operational requirements become
increasingly complex, the aerospace sector is focusing on streamlining their design pro-
cesses to achieve optimized performance in less time. Automation and machine learning
(ML) are becoming essential components of these efforts, particularly in the context of
Computational Fluid Dynamics (CFD), where the efficient preprocessing of geometry and
mesh plays a crucial role in shortening the development cycle.
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CFD analyses are fundamental for assessing aerodynamic properties and optimizing
UAV designs, but traditional workflows involve labor-intensive mesh generation and
simulation setups, often requiring expert intervention. The introduction of automated
preprocessing frameworks addresses these challenges by enabling consistency, accuracy,
and significantly faster turnaround times [3,4]. High-fidelity methods, such as Reynolds-
Averaged Navier-Stokes (RANS) simulations, require detailed meshes that can be laborious
to generate and validate, adding significant overhead to the design process.

Recent advancements in computational power, particularly through the use of Graph-
ics Processing Units (GPUs), have enabled accelerated CFD analysis, making high-quality
simulation an option for rapid optimization and data generation. Despite these advance-
ments, maintaining accuracy while reducing manual input remains a significant challenge
in developing robust preprocessing workflows. Relevant studies have demonstrated the
need for combining automated geometry generation with reliable mesh processing to
facilitate general applicability across a wide range of UAV configurations.

This study aims to fill this gap by presenting a framework for automating the prepro-
cessing and CFD simulation of UAV wing designs. By integrating various well-established
open-source and commercial tools through Python scripting, the proposed method ensures
rapid, consistent, and high-quality CFD analysis for a broad UAV design space, from
Micro-Mini to high-altitude long-endurance (HALE) platforms. Additionally, this study
aims to create a framework that will be utilized for generating data for machine learning
(ML) applications.

2. Design Space

The goal of this framework is to be able to provide reliable automated CFD results
for a wide variety of UAVs. More specifically, the generated wing geometries and their
simulation conditions were influenced by a wide range of UAVs and their operating
conditions. The design space consisted of UAVs from the Micro category (<2 kg MTOW),
all the way up to MALE and HALE-Strike (>600 kg MTOW)), as classified by NATO and
presented in [5]. A quick summary of the UAV categories, alongside their respective
operating condition ranges, are presented in Table 1.

Table 1. Operating conditions for UAV classifications according to NATO.

. Cruise Speed Reynolds .
Class Category GTOW [kg] Altitude [ft] Range [km/h]  Number Range Flow Regime
Micro <2 <200 30-100 Lami ‘
Class I Mini 2-15 <3000 30-100 104-106 aminar o1
Small 15-150 <5000 50-150 transitiona
Class IT Tactical 150-600 <18,000 100-400 105107 Predominantly
turbulent
MALE >600 <45,000 200-300
Class II1 HALE >600 <65,000 400-800 >107 Fully turbulent
Strike >600 <65,000 400-800

To enable fully autonomous geometry generation without human intervention, the
wing planform must be parameterized in such way as to account for the degrees of freedom
necessary for a designer during the conceptual and preliminary stages of UAV design.
Since the design space of the framework covers both BWB-type UAVs and conventional
ones, it is necessary to use at least two spanwise wing sections, thus enabling the generation
of the “kink” airfoil or otherwise “cranked” wings.
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The selected design variables are depicted in Figure 1, and their corresponding limits
are showcased in Table 2. These low-level parameters are selected as the minimum number
of variables required to completely describe the wing planform, while also keeping the
interpretability high for the design team.

b2

by

Figure 1. Design variables used to parameterize the wing planform.

Table 2. Design variables used to parameterize the wing planform and their respective ranges.

Planform Parameter Description Units Limits
1 Centerline chord length m c1 € 10.2, 10]
2 Root chord length m c2 €103 x ¢, 1]
c3 Tip chord length m c3 € [0.3 X ¢, €3]
by cp spanwise location m by € [0.1 x by, 0.9 x bs)
by c3 spanwise location (semispan) m by € [1, 10]
A Sweep angle of section 1 @ c/4 deg A1 €0, 60]
Ay Sweep angle of section 2 @ c/4 deg Ay € [0, 60]
i1 Twist angle of c; @ ¢/4 deg i €[5, 5]
ip Twist angle of c3 @ c/4 deg ip €1[-7,7
T Dihedral angle of section 1 deg 11 € [—10, 10]
T2 Dihedral angle of section 2 deg 12 € [—10, 10]

3. Software Packages/Tools

Streamlining the software suites with the target of seamless geometry modeling, mesh
generation, and, finally, a complete CFD analysis, required a high degree of controllability
of the available tools. Thus, Python 3.11 was equipped, since every chosen suite provided
a Python API with almost complete authority on the underlying features. In this section,
the three main software packages will be showcased, describing how they are utilized, as
well as which procedure is followed to align their output as an input for the next module
in the pipeline.

3.1. Vehicle Sketch Pad—QOpenVSP

OpenVSP (Open Vehicle Sketch Pad) is an open-source parametric aircraft geometry
modeling tool developed by NASA, which is widely used in aerospace engineering for
conceptual design and analysis [6]. It enables users to create detailed, parametric represen-
tations of aircraft geometries that can be readily exported to various formats for further
aerodynamic and structural analysis. OpenVSP also provides a robust AP, allowing its
seamless integration into custom workflows and enabling the automation of geometry
generation, modification, and data extraction processes, which is particularly advantageous
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for research and optimization tasks [7]. In this study, OpenVSP 3.40.1 was used due to its
compatibility with the selected Python version.

Beyond geometry generation, OpenVSP supports advanced modeling tasks, including
trailing edge (TE) treatments and surface blending, which are essential for aerodynamic
fidelity and meshing automation. For the TE designs, straight cuts were chosen over
rounded edges to prioritize robustness in feature recognition by the meshing pre-processors.
OpenVSP allows for the precise parameterization of TE cut thicknesses, which were set
to 1% of the chord length in accordance with the CFD guidelines [8]. This process was
automated using OpenVSP’s API, ensuring its consistent application across airfoil sections
while preserving aerodynamic characteristics. Blending between wing sections is another
critical operation performed seamlessly through OpenVSP’s APIL. By applying universal
blending rules, sharp transitions are avoided without adding dimensionality to the design
space, as depicted in Figure 2. Adjustments ensure tangency at key points and symmetry
at the centerline, using a consistent “blending strength” for the smooth integration of
sections. This automation enables the efficient modeling of complex geometries, such as
Blended Wing Body (BWB) configurations, while maintaining aerodynamic consistency
across varying design spaces.

Figure 2. The before and after blending paradigm for the BWB (right) and conventional wing (left).

The final output from OpenVSP is a STEP file, which serves as a high-fidelity rep-
resentation of the modeled geometry. This format is well suited for compatibility with
downstream meshing software, facilitating the creation of computational grids for aerody-
namic and structural analyses.

3.2. ANSA

ANSA, developed by BETA CAE Systems, is an advanced preprocessing tool widely
used in the engineering field for preparing models for Finite Element Analysis (FEA) and
CFD. It offers robust tools for geometry cleanup, meshing, and simulation setup, ensuring
high-quality and efficient model preparation. ANSA also features a powerful Python AP,
enabling the automation of repetitive tasks and providing complete control over mesh
parameters, the customization of workflows, and effortless integration with other software
tools, making it particularly valuable for handling complex geometries and large-scale
simulations. In this study, v24.1.0 (Root, Switzerland) was utilized.

Surface meshing is a critical step in the CFD preprocessing workflow, directly influ-
encing simulation accuracy and stability [9]. Using ANSA’s CFD meshing algorithm, an
unstructured curvilinear surface mesh is generated, consisting of first-order quadrilateral
elements, with triangular elements applied in areas where quadrilaterals cannot form.
Mesh sizing and curvature refinement parameters are globally defined to ensure smooth
transitions and maintain fidelity in curved regions [9]. The leading edge (LE) is treated with
an anisotropic quad surface mesh, featuring four constant-height rows near the stagnation
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zone to accurately capture steep gradients. Similarly, the trailing edge (TE) is addressed
using a structured, anisotropic grid with four rows of elements, where the initial height is
set to one-quarter of the TE cut thickness, ensuring smooth transitions across the surfaces
[Figure 3]. These tailored treatments enhance the surface mesh quality, ensuring the numer-
ical stability and precise resolution of aerodynamic features, particularly in areas with high
curvature or sharp geometric transitions [9,10].

Structured mesh (4 rows)

(b)

Figure 3. Special mesh treatment: (a): leading edge and (b): trailing edge.

Accurately resolving the boundary layer near aerodynamic surfaces is essential for
capturing critical flow phenomena such as skin friction, separation points, and laminar-to-
turbulent transition. A non-dimensional wall distance (y+) of approximately 1 is targeted
to ensure the first inflation layer cell lies within the viscous sublayer, enabling precise
turbulence modeling in Reynolds-Averaged Navier-Stokes (RANS) simulations. This
approach ensures the accurate prediction of aerodynamic performance metrics like Lift and
Drag [8]. The first layer height is calculated based on freestream flow properties, surface
shear velocity, and fluid viscosity, ensuring the correct resolution of steep velocity gradients
near walls.

The volume mesh is composed of a structured hexahedral grid (inflation layer and
additional layers) near the wall to capture near-wall effects, while the far-field regions
are meshed with an unstructured hexahedral grid. Best practices are followed for control
volume placement, with upstream boundaries at 10 chord lengths, downstream boundaries
at 25 chord lengths, and lateral boundaries at 10 chord lengths, minimizing boundary effects
while maintaining computational efficiency [8,9,11]. Also, trapezoidal-shaped bodies of
influence are constructed around the wing, providing the ability to utilize the same grid
for multiple angles of attack. This hybrid grid approach ensures high accuracy and robust
simulation results.

The aforementioned meshing practices are fully parametrized with the geometric
design variables and simulation conditions, aiming to achieve the “fully autonomous”
goal of this framework. Finally, the output of the meshing module is an .msh.h5 mesh file
compatible with the ANSYS software suite [v2023-R2].

3.3. PyFluent

ANSYS Fluent is a powerful CFD software widely used for simulating fluid dynam-
ics [12]. PyFluent, the Python API for Fluent, enables users to automate tasks such as
setup, execution, and the postprocessing of simulations. This API allows for the scripting
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of workflows, including geometry import, solver configuration, and results extraction.
Through the integration of PyFluent, UAV wings can be evaluated rapidly and consistently,
minimizing manual effort and enabling efficient design validation within the automated
preprocessing framework. In this study, ANSYS Fluent 2023R2 and PyFluent version 0.21
were used, ensuring compatibility and leveraging the latest features for streamlined simu-
lation workflows. Additionally, the GPU native solution offered by Fluent was utilized to
accelerate the analyses, significantly reducing computation time and enhancing the overall
efficiency of the simulation process [13].

The solution setup involved selecting an appropriate turbulence model, assigning
boundary conditions, and monitoring the convergence criteria to ensure simulation accu-
racy. The turbulence model selected for this study was the k-omega SST, which is well
suited for capturing both boundary layer separation and flow transition phenomena. The
turbulence viscosity ratio was assigned according to [14], and scaled with the Reynolds
number to ensure the appropriate modeling of turbulence effects across varying flow
regimes. Residuals were monitored throughout the simulation to track convergence, with
specific attention paid to Lift and Drag forces over a moving window of 100 iterations. Con-
vergence was declared when both Lift and Drag changed by less than 0.1%, or a periodic
behavior was detected, even if this led to residuals higher than 0.1%.

The simulation module provided all the required outputs to the user in multiple
files of the .txt format, comprising the forces exerted on the wing, the residuals from the
partial differential equations, and information about convergence. Simultaneously, an .xm!
file was constructed containing concisely the key elements of the simulation (converged
forces, iterations, y* values) assisting in rapid decision making and/or the coupling of
an optimizer.

4. Analysis Efficiency and Validation

This section presents the performance assessment of the automated CFD framework
in terms of simulation efficiency and accuracy. The geometry generation time is minimal
compared to meshing and simulation [Figure 4a]. The mesh is generated only once per wing
and can be reused for multiple angles of attack (AoAs), increasing the overall efficiency.
Additionally, the usage of GPUs has significantly lowered the computational cost of the
simulations, reducing time, and making high-fidelity aerodynamic analysis more feasible.

Framework Runtime - Cases with = 4.5M elements Scenario Setup

Meshing Runtime

Meshing

Meshing _

. . ) Initializing Write data

Geometry Generation I

0

Simulation ) )
Simulation

Launching Fluent Simulation Sefup
150 200 250 300 0 50 100 150 200 250 300

Time taken (sec) Time taken (sec)

(a) (b)

Figure 4. Computational time taken: (a): complete framework and (b): breakdown of components.

The accuracy of the CFD framework was evaluated using the ONERA M6 wing at its
operational conditions, a well-known benchmark geometry chosen for its simplicity and
established aerodynamic characteristics [15]. The specialist, a CFD mechanical engineer
with over five years of experience, manually prepared the simulation (both mesh and
setup) for comparison. The results show that the drag polar predicted by the automated
framework is within 3% of the expert’s values, demonstrating high reliability [Figure 5].
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This agreement highlights the framework’s capability to match expert-level precision while
reducing manual effort.

Framework —=—CFD Engineer

0.8
0.6

0.4

Lift Coefficient CL

0 0.05 Q.1
-0.2

-0.4
Drag Coefficient CD

Figure 5. Drag polar comparison of ONERA M6 between the framework and a CFD engineer.

5. Conclusions

The presented approach demonstrates the significant potential for automating the
preprocessing and execution of CFD analyses for UAV wings, providing considerable time
savings compared to traditional manual processes. By leveraging Python scripting and
GPU acceleration, this automated workflow minimizes human intervention while ensuring
consistent quality in the generated meshes and simulations. The results obtained have
proven to be both reliable and robust, aligning closely with those produced by experienced
CFD engineers. Furthermore, adherence to common aerodynamic guidelines ensures
that the methodology is applicable to a wide range of wing geometries, covering diverse
configurations within the UAV design space. This generalizability makes the proposed
framework a practical and scalable solution for future aerodynamic studies, streamlining
the process of Computational Fluid Dynamics analysis in aerospace design.
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