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Abstract

Advanced Air Mobility (AAM) is an emerging sector that aims to optimise transportation in urban and interurban environments
using Unmanned Aerial Vehicles (UAVs). However, these aircraft are particularly susceptible to adverse weather phenomena, such
as turbulence or wind gusts. To ensure the safety of operations, high-resolution real-time atmospheric prediction models, such
as those based on Computational Fluid Dynamics (CFD), are required. The development of these systems faces challenges as
accurate geometric models of navigation environments are needed to simulate the interaction between the wind and the terrain
and infrastructure. These models feature complex geometries, so they cannot be manually crafted, requiring automated processing
of geospatial data sources. As the main novelty, this work presents a methodology for the automated modelling of interurban
environments for CFD simulations using digital elevation models and georeferenced surface semantic classification data. A practical
case study was developed in the outskirts of Vigo (Spain), where we demonstrate the effectiveness of our approach and its integration

with the open-source CFD software OpenFOAM.

1. Introduction

Advanced Air Mobility (AAM) is an emerging sector in the
transportation industry that aims to introduce the use of Un-
manned Aerial Vehicles (UAVs) for transporting people and
goods in urban and interurban areas (Johnson and Silva, 2022),
(Cohen et al., 2021). This will improve efficiency and reduce
the costs of transportation by enabling the establishment of routes
that minimise travel times and energy consumption. Addition-
ally, AAM promotes the use of electrically powered aircraft and
sustainable fuels, which will help reduce carbon footprint and
provide a more accessible and eco-friendly mobility alternative
(Al-Rubaye et al., 2023)), (Bauranov and Rakas, 2021}).

Despite the notable benefits for society, the implementation of
these services requires the development of new technologies,
infrastructures, and air traffic management systems to guaran-
tee the safety of operations in the event of any incident (Takacs
and Haidegger, 2022), (Reiche et al., 2021). One risk factor is
the impact of atmospheric phenomena such as turbulence and
wind gusts on UAV flight. These weather events arise from the
interaction of the wind with the terrain and urban infrastruc-
ture, causing fluctuations in wind pressure and speed that can
destabilise aircraft flight (Abbasi and Mahmood, 2019), (Oo et
al., 2023), (Byrne et al., 2021). These phenomena pose a sig-
nificant challenge since they can generate disruptions, delays,
or even hinder the effective implementation of AAM (Steiner,
2019).

For these reasons, smart city models must incorporate systems
for understanding and anticipating the formation of these weather
events that can present scales on the order of a few metres.
In this sense, high-resolution simulation techniques, such as
Computational Fluid Dynamics (CFD) models, are required to
resolve the intricacies of interurban flow patterns (Bender et

al., 2019). These systems simulate flow behaviour by discret-
ising the Navier-Stokes equations within a finite volume com-
putational domain and are capable of simulating phenomena on
scales of several centimetres, thanks to Large-Eddy Simulation
(LES) turbulence models (Tu et al., 2018). State-of-art works
can predict wind patterns with average accuracies of around
0.25 m/s (Streichenberger et al., 2021}).

Implementing these systems requires high-quality digital mod-
els of simulated areas, encompassing both geometry and surface
properties. Acquiring these models is challenging as the com-
plexity of interurban areas does not allow for manual modeling
of geometries, requiring automated processing of geospatial in-
formation. Besides, most sources of georeferenced 3D inform-
ation are oriented towards visualisation and animation applic-
ations (Google, 2023)). Despite appearing visually consistent,
these models may present errors such as absent surfaces, self-
intersections, and non-manifold edges (Lee and Yang, 2019).
Moreover, the spatial resolution of these sources is often ex-
cessively high and they do not provide information about the
physical properties of terrain surfaces, complicating the pro-
cessing and elaboration of the computational domain for CFD
simulations.

As the main contribution of this study, we introduce a meth-
odology for automatically generating meshes for CFD simula-
tions of interurban environments, addressing the limitations for
implementing these models. To achieve this goal, the system
utilizes open-source digital terrain models along with semantic
surface classification data to characterize terrain roughness and
composition. In this way, CFD meshes are generated, compat-
ible with the open-source software OpenFOAM, thus facilitat-
ing the development of intelligent urban atmospheric prediction
models. To validate the results of our approach, a practical case
study is conducted in the outskirts of the city of Vigo, Spain.
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The remainder of this manuscript is organised as follows: Sec-
tion 2] introduces the methodology of this article, covering the
geometrical modelling of the case of study and the implement-
ation of CFD simulations. In Section3]the results are presented
and analysed. Finally, Section]summarises the key findings of
this paper and presents future works and improvements in this
research line.

2. Methodology

As a practical case of study, a terrain situated on the outskirts
of Vigo, Spain, was chosen (Figure[I). This area is of special
interest, as it contains the main health centre of the city, which
in the future could serve as a hub for the delivery of emergency
medical supplies through UAVs. However, the zone features
significant slopes and a high biodiversity, factors that contribute
to the formation of turbulence and wind gusts, posing signific-
ant challenges to the safe flight of aircraft.
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Figure 1. Area of study.
2.1 Terrain geometric modelling

To generate the environment model, firstly the 3D mesh of ter-
rain was generated using a digital terrain model provided by
the Spanish Geographic Institute (IGN) (IGN, 2023a). This
product, represented in Figure[2] consists of a regularly spaced
grid in UTM (Universal Transversal Mercator) coordinates that
maps the terrain elevation with respect to sea level. These ras-
ter data were obtained from aerial LIDAR point clouds with an
horizontal resolution of 25 metres and a height precision of 25
centimetres. As can be seen, the area features significant vari-
ations in elevation, ranging from 0 to 500 meters.

The 3D mesh of terrain was obtained by applying a Delaunay
Triangulation to the points of the raster data, providing the 3D
mesh depicted in Figure[3] This mesh exhibits significant slopes
at the boundaries of the study case domain, which may lead to
numerical instabilities in the CFD model. To address this issue,
an entrance channel was added to the domain boundaries. This
external surface consists of two parts, as shown in Figure ]

1. Constant Height Plane: A flat surface with a constant height
matching the median elevation at the terrain mesh bound-
aries. Its purpose is to facilitate organised inflow and out-
flow. It spans 250 meters, starting from the limits of the
transition area.

2. Transition Area: This surface provides a smooth elevation
transition between the terrain mesh and the constant height
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Figure 2. Digital Terrain Model of the area.

plane to prevent flow detachments. It spans 750 meters, in
which the altitude varies linearly.

Figure 3. Terrain 3D mesh.

Constant height plane

Figure 4. Final geometry including the entrance channel.
2.2 Terrain semantic classification

The surfaces of the 3D mesh depicted in Figure 4] were se-
mantically classified to define the physical properties of ter-
rain. For this purpose, the SIOSE AR model from IGN was
used, a vector-format land use map that classifies the surfaces
of the Spanish territory in different categories (IGN, 2023b).
This product was created by combining various sources of in-
formation, including aerial LiDAR point clouds, aerial imagery,
cadastral data, and declarations from farmers. To facilitate data
processing, the map was transformed into a raster format with
a resolution of 5 metres, as shown in Figure
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Figure 5. SIOSE AR Semantic Classification Model.

With this product, each triangle in the terrain mesh was as-
signed the corresponding category according to the position of
its centroid. In this way, the geometry was semantically clas-
sified as shown in Figure [6] For the constant height plane and
the transition zone, this semantic classification was not applied
since they are artificially added elements only to improve the
stability of CFD simulations.

4000 m

Constant height plane
Figure 6. Semantically classified 3D mesh.
2.3 Computational domain mesh generation

The computational domain was generated using Ansys Work-
bench modelling software. Firstly, a rectangular parallelepiped
was created covering the extended terrain mesh shown in Fig-
ure [6] with a height ranging from 0 to 1250 metres above sea
level. Subsequently, a boolean operation was performed, re-
moving the volume below the terrain surface, generating the
computational domain shown in Figure[7]

Finally, the computational domain was meshed using a hybrid
mesh composed of hexahedral, tetrahedral, and octahedral ele-
ments. This meshing method guarantees a robust and precise fit
to the surface, with a high level of orthogonality and an aspect
ratio close to one. In the areas near the terrain surface, local
refinements were performed in order to reduce the values of y

Figure 7. Computational domain.

and resolve the effects of boundary layer viscous dissipation.
This process was carried out iteratively, checking the y results
with the OpenFOAM utility checkMesh, until obtaining a suit-
able mesh for flow simulations. In this way, a high-resolution
mesh consisting of 46.5 million cells was obtained.

It is important to note that the geometry of buildings and vegeta-
tion is not included in the terrain mesh due to memory and com-
putational time limitations of CFD simulations. The current
mesh covers several square kilometers and requires approxim-
ately 128 gigabytes of RAM and several hours of computation
per simulation. The authors chose this approach because it con-
cerns an interurban area with few buildings. The methodology
presented in this work could be adapted to urban areas, includ-
ing buildings, but it would be necessary to reduce the computa-
tional domain’s extent to make it computationally feasible.

2.4 CFD simulation setup

SimpleFoam solver from OpenFOAM was employed for cal-
culating the wind profiles. This is an open-source solver for
incompressible and steady flows, widely employed for simula-
tions in regimes of high Reynolds numbers. To replicate the
effects of turbulent energy dissipation, the & — ¢ turbulence
model was used, which includes 2 additional equations to ac-
count for the effects of turbulence on the mean flow proper-
ties. One equation models the turbulent kinetic energy (k) and
the other the rate of dissipation of the turbulent kinetic energy,
i.e. €. This RANS method was chosen due to its great bal-
ance between computational cost and precision in the scales of
interest in this project. It should be noted that due to the com-
plexity of the terrain’s geometry and the scale of the compu-
tational domain, choosing a more detailed method is strongly
discouraged due to the increase in computational cost that the
change would produce in the problem.

To define the boundary conditions, Meteogalicia website was
reviewed, the main meteorological agency in the region
leogalicia, 2023). According to the information provided by the
agency, the predominant wind direction is 180 degrees, indic-
ating south winds. For this reason, the south face of the com-
putational domain was defined as the inlet, where Atmospheric
Boundary Layer (ABL) conditions were imposed. The oppos-
ite face serves as the outlet, maintaining a constant pressure of
1 atmosphere. Symmetry conditions were applied to the lat-
eral and upper faces, while in the ground surface, a wall model
is applied employing a nutk wall function with variable rough-
ness parameters. Figure [8| presents a scheme of the boundary
conditions applied in this case of study.

For defining the roughness parameters of the nutk wall func-
tion, results from a previous work of Silva et al. were consulted

(Silva et al., 2007). According to their findings, the roughness
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Figure 8. Boundary conditions.

values given in Table [T| were assigned to the different surfaces
of the semantically classified 3D mesh.

Category Roughness (m)

Mixed wooded, Wooded, Conifers, Tree-grassland,

Evergreen broad-leaved, Deciduous broad-leaved -
Crops, Herbaceous crops, Herbaceous crops and 01
meadows, Orchard, Marshes, Shrubland, Grassland :
Land with scarce or no vegetation, Open area,
Non-built-up land, Reservoirs, Swimming pool, 0.05

Water coverings, Beaches, dunes, and sandy areas,
Ponds and pools, Dumping areas, Marine cliffs

Building, Sports construction, Other constructions 0.5

Paths and trails, Uncategorised land transport 0.075
network, Urban roads, Paved or sealed areas :

Transition area, Constant height plane 0.1

Table 1. Terrain roughness length values.
2.5 CFD data analysis

Finally, the CFD data were processed to provide a visualisa-
tion tool for assessing the impact of atmospheric turbulence on
AAM operations. To characterise the turbulence intensity, the
kinetic turbulence energy k, a quantity measuring the average
kinetic energy of wind flow fluctuations, was employed. Thus,
depending on the value of k, the flight conditions were classi-
fied as follows:

o Safe flight (k < k¢1): Atmospheric turbulence poses no
risk to the UAV.

e Moderate turbulence (ky1 < k < ki2): The UAV may
experience certain turbulence conditions but remains safe
for normal flight.

e Hazardous flight (k > ky2): Flight becomes dangerous due
to severe turbulence conditions, and it is recommended to
avoid aerial operations in these areas.

Where k1 and k¢ are two threshold parameters adjusted based
on the UAV characteristics.

3. Results
3.1 Wind simulations

Figures 9] [I0]and [[T] present the results of CFD simulations for
different values of the input friction velocity v*. This parameter
represents the mean velocity at a characteristic height of the log-
arithmic profile of the ABL boundary conditions. High values
of v™ represent atmospheric conditions with high wind intens-
ity. The graphs show wind profiles at different height levels

above the ground (20, 40, 60, 80 m). As can be observed, the
flow increases in velocity and becomes more uniform at higher
altitudes above the ground, as the impact of terrain viscous dis-
sipation decreases. Additionally, it can also be observed how
in the furthest points of the terrain, the intensity of the wind in-
creases, which could compromise the safety of operations, es-
pecially if aircraft are flying with crosswinds.
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Figure 9. Wind profiles at different heights with respect to
ground level. (u™ = 3 m/s).

20 m 40 m

25

202
g

15 &
xR
g

10 £
el
(=]

5 2

0

Figure 10. Wind profiles at different heights with respect to
ground level. (u™ = 6 m/s).
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Figure 11. Wind profiles at different heights with respect to
ground level. (u* =9 m/s).
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3.2 Turbulence assessment

Figures [12] [[3] and [T4] represent the kinetic turbulence energy
k for different values of »*. High inlet velocities increase the
flow energy and facilitate the formation of zones with high tur-
bulence intensity. As can be observed, in all the study cases, a
flow instability region forms south of the computational domain
near Monte de Alba.

This is due to the topography of the area, where mountains and
significant terrain variations cause flow detachments and the de-
velopment of turbulence. The most critical case is with u* =
9 m/s, where kinetic turbulence energies of up to 15 J/kg are
reached.
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Figure 12. Kinetic turbulence energy results at different heights
above terrain. (u* =3 m/s)
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Figure 13. Kinetic turbulence energy results at different heights
above terrain. (u* = 6 m/s)
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Figures [I3] [I6] and [I7] depict the airspace risk categorisation
based on turbulent kinetic energy values. These risk maps were
calculated considering parameters k:; = 3 J/kg and k.2 =5 J/kg,
which in a real scenario would be set by the aircraft operator de-
pending on the UAV’s characteristics and the level of risk they
are willing to assume. With the chosen configuration, for u*
=9 m/s, almost the entire airspace is considered dangerous for
UAV operations, limiting the aircraft’s operations in the area.
For lower uv* values, the risk decreases due to the lower con-
vective energy of the flow, with «* = 3 m/s being the safest,
categorising the entire airspace as secure.

As can be seen in the results, if the friction velocity (u*) is
high, practically the entire flight domain is categorized as un-
safe due to the strong turbulence created in mountainous areas.
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Figure 14. Kinetic turbulence energy results at different heights
above terrain. (u* =9 m/s)
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Figure 15. Airspace risk map categorisation (u* = 3 m/s).
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Figure 16. Airspace risk map categorisation (u* = 6 m/s).

This could hinder AAM (Advanced Air Mobility) operations,
especially those of aircraft more susceptible to changes in wind
speed. In light of these findings, the availability of these ser-
vices could be compromised in the area during days of high
wind intensity.

It is important to note that the terrain mesh does not include the
geometry of buildings and structures due to the computational
limitations of CFD, and the low building density of the area.
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Figure 17. Airspace risk map categorisation (u* =9 m/s).

However, if there were large constructions, this could cause
considerable disturbances in the wind flow, further comprom-
ising AAM operations.

4. Conclusions

This work presents a geospatial modelling methodology for the
development of interurban microweather systems based on Com-
putational Fluid Dynamics. Using open-source topography mod-
els and semantic terrain classification, a digital model of the en-
vironment was created by classifying surface roughness proper-
ties. From this geometry, a finite volume mesh compatible with
OpenFOAM was developed, and several simulations were car-
ried out under various wind conditions. Using simulation data,
wind flow trends were analysed, and a methodology was imple-
mented to characterise the operational risk based on turbulence
kinetic energy values and two threshold parameters k:1 and k2.

The results indicated that in mountainous and uneven terrain,
wind tends to create areas of high turbulence intensity, which
poses a risk to UAVs. Especially, if the friction inlet velocity
is high (u™), practically all areas of the computational domain
exhibit strong fluctuations in wind velocity due to flow detach-
ments created in mountainous areas. This could compromise
aircraft safety and even hinder AAM operations.

In future work, the methodology of this study will be adapted
for CFD simulation in urban areas. A trade-off will be conduc-
ted between the level of detail and the extent of the computa-
tional domain to ensure the viability of the simulations. Be-
sides, the response of different commercial aircraft models to
wind gusts will be analysed to adjust the risk thresholds k;; and
k2. Simulations will be conducted using dynamic UAV mod-
els and turbulence models calibrated based on CFD simulations.
This approach will quantitatively characterise the risk of oper-
ations, thereby enhancing the understanding of the impact of
turbulence on AAM operations.
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