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Abstract

High-Altitude Pseudo-Satellites (HAPS) represent a cost-effective solution for persistent stratospheric mis-
sions; however, hybrid inflatable concepts introduce a strong coupling between internal pressurization, struc-
tural deformation, and aerodynamic performance that is often neglected in early-stage design. This work
presents a multidisciplinary structural–aerodynamic assessment of a hybrid closed-wing HAPS configuration
developed at CIRA within the framework of the Space It Up project. Using the explicit solver of LS-DYNA,
a nonlinear pressurization analysis is performed on a global finite-element model of the platform, including
inflatable spars and outer wing envelope. Two load cases are investigated, corresponding to envelope pres-
sure differentials of 250 Pa and 350 Pa, while maintaining a constant spar pressure differential of 6000 Pa.
Subsequently, the nominal CAD geometry and the two selected pressurized configurations are used as in-
put for high-fidelity RANS CFD analyses (using the k–ω SST solver of OpenFOAM) to perform a comparative
aerodynamic assessment over a wide range of angles of attack, at asymptotic conditions representative of
cruise. With respect to pressurization analyses, results indicate that, compared to the nominal configuration,
the inflated equilibrium geometries exhibit modified airfoil shapes, resulting in increased airfoil thickness and
local camber modifications. In terms of global wing geometry, the configuration exhibits wingspan reduction,
and dihedral variations, particularly near the upper-wing root, and in the vicinity of the joint region, between
the upper and lower wings. From an aerodynamic standpoint, these effects result in an upward shift of the
lift curve, thereby reducing the cruise angle of attack required to achieve the target CL at cruise. However,
detrimental effects are observed in the drag polar and in the resulting lift-to-drag ratio at the operating point. In
addition, the longitudinal pitching moment is significantly affected: the inflated configurations exhibit a persis-
tent nose-down tendency and lacks a natural trim point, thereby implying the need for active control strategies
or system-level architectural solutions to achieve trim. Finally, a comparison between the 250 Pa and 350 Pa
configurations demonstrates how such aerodynamic characteristics are substantially insensitive to changes in
the envelope pressure differential within the observed range. Overall, the results underline how carrying out
the aerodynamic design exclusively on the basis of the nominal geometry can lead to non-negligible deviations
in performance estimation, and support the inclusion of pressurization-induced shape effects since early-stage
design for hybrid inflatable HAPS platforms.

Keywords: Hybrid HAPS; Unconventional aircraft configuration; inflatable structure; Multidisciplinary aircraft
design; Aircraft stability and trim

1. Introduction
High-Altitude Pseudo-Satellites (HAPS) have attracted significant interest in recent years as persis-
tent unmanned platforms for Earth observation, surveillance, and telecommunications [1, 2]. Operat-
ing in the lower stratosphere, typically between 18 and 20 km, HAPS offer wide-area coverage, low
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signal latency, and long endurance, while maintaining substantially lower operational costs compared
to space-based systems.
Based on the lift generation mechanism, HAPS architectures are commonly classified as heavier-
than-air (HTA) fixed-wing aircraft or lighter-than-air (LTA) buoyant platforms, such as airships [2].
Fixed-wing solutions benefit from aerodynamic efficiency, controllability, and reusability, but are strongly
constrained by structural weight and wingspan requirements, especially in low-speed, high-endurance
missions. Current industrial benchmarks for such fixed-wing, high-aspect-ratio designs include the
AALTO Zephyr, the MIRA Aerospace Apus versions, and the DLR HAP-ALPHA [3], which exemplify
the modern state-of-the-art in solar-powered HAPS [4]. Conversely, airships rely primarily on buoy-
ancy to sustain flight, but their scalability toward compact and lightweight platforms is limited by the
large volumes required to generate sufficient lift. Modern buoyant platforms like the Sceye airship [5]
are being actively deployed to leverage the high-payload capacity and long-station keeping advan-
tages inherent to LTA systems [6]. The multidisciplinary nature of LTA stratospheric airship design,
involving strong couplings among aerodynamics, structures, propulsion and energy systems, has
already been highlighted in previous studies [7].
Hybrid HAPS concepts, combining aerodynamic and aerostatic lift, represent a promising compro-
mise between these two approaches. By sharing the lift requirement between buoyancy and aerody-
namic surfaces, hybrid platforms can reduce structural loads, limit overall dimensions, and improve
operational flexibility [8, 9]. Within this context, the Italian Aerospace Research Centre (CIRA) is de-
veloping novel hybrid HAPS configurations, including both conventional-wing and closed-wing archi-
tectures, conceived to balance aerodynamic efficiency, internal volume availability, and structural fea-
sibility under strict mass and endurance constraints. For this type of platform (i.e., closed-wing con-
figuration), CIRA has patented a specific configuration [WO 2022/167875 A1—PCT/IB2022/050246]
tailored to the requirements of Earth observation applications.
Closed-wing configurations trace their theoretical origin to the box-wing lifting system introduced by
Prandtl, who demonstrated that, among all possible lifting systems with fixed wingspan and lift, the
box-shaped arrangement achieves the minimum induced drag, leading to the concept of the Best
Wing System [10]. Prandtl’s theoretical findings were later extended toward practical realizations
through Munk’s stagger theorem [11], which states that, under potential flow assumptions and for
a wake aligned with the free stream, the induced drag remains unchanged when lifting surfaces
are displaced along the flow direction. Building on these principles, several configurations have
been proposed over the years. Early efforts include the Box-Wing conceptual design developed
by Lockheed in the 1970s [12], which explored possible applications of Prandtl’s lifting system for
a transonic mid-range aircraft concept, to the multi-institution effort led by University of Pisa for a
250-seat PrandtlPlane version designed considering aerodynamics, flight mechanics and dynamics,
structures, aeroelasticity, engine integration and infrastructures [13]. This activity ultimately led to
the H2020-funded PARSIFAL project, aimed at demonstrating how the payload capacity of present
aircraft like the Airbus 320 could be raised to the capacity of larger airplanes like A330 by adopting
the PrandtlPlane wing system [14].
In the present work, attention is focused on the broader concept of closed-wing layout applied to
hybrid HAPS configuration [15]. In addition to the potential for induced-drag reduction, closed-wing
layouts offer further advantages that are particularly relevant for hybrid high-altitude, long-endurance
platforms. Such arrangement of the lifting surfaces allows additional available internal volume without
requiring excessive wingspan growth, thereby facilitating helium capacity and the integration of inter-
nal pressurized structural elements. This aspect is especially relevant for inflatable platforms, where
the magnitude and distribution of the internal volume directly govern pressurization requirements
and, through pressurization-induced shape changes, influence the resulting aerodynamic loads and
moments. Such pressure-induced deformations are difficult to capture, as the underlying physics
often exceed the capabilities of simplified, static physical models [16].
A previous work conducted at CIRA demonstrated the feasibility of hybrid closed-wing HAPS con-
cepts through preliminary sizing, aerodynamic characterization, and static stability assessment [17].
These studies indicated that, for the considered HAPS application, closed-wing configurations (Fig. 1)
allow a reduction in overall geometric footprint compared to conventional high-aspect ratio wings,
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while preserving a satisfactory level of aerodynamic efficiency compatible with the mission require-
ments.

Figure 1 – Hybrid closed-wing HAPS configuration considered in this study.

Despite these promising results, conceptual design and aerodynamic analyses of this hybrid HAPS
have, so far, relied on rigid geometries [17]. While this assumption is generally acceptable for con-
ventional aircraft, it represents a critical limitation when applied to inflatable lifting systems. The
adoption of inflatable wings makes it necessary to introduce multidisciplinary design approaches from
the early project phases, due to the strong coupling between structural behaviour and aerodynamic
performance. Unlike traditional airships, which are typically characterized by standard ellipsoid-like
aerodynamic bodies, pressure differentials acting on hybrid HAPS structures may induce significant
departures from the nominal aerodynamic shape. These deformations can modify fundamental ge-
ometrical properties of the wing, such as wingspan, aspect ratio, and airfoil shape, leading to the
following consequences:

• Carrying the aerodynamic design exclusively taking into account the nominal geometry can lead
to non-negligible deviations in the estimation of performance, thus jeopardizing the definition of
the mission profile.

• Pressure differentials directly affect the outer aerodynamic shape. The choice of pressure dif-
ferentials depends on the mission profile which is in turn dependent on aerodynamic perfor-
mances.

• Due to the inherent nonlinearity of the structure, change in the structural design and/or pressure
differentials might lead to unexpected variations in the pressurized aerodynamic shape and/or
structural stiffness.

Such considerations are part of a broader multidisciplinary picture involving more disciplines (e.g.,
mass & balance, aeroelasticity, subsystem design and flight dynamics). Integrating these domains
into a preliminary design cycle represents a primary challenge in the design of such platforms, es-
pecially for ensuring compliance with certification requirements. A representative example of this
integrated design cycle is illustrated in Figure 2.

2. Scope and Objectives of the Present Work
The present work aims to address some of the aforementioned design challenges by overcoming a
key limitation of the current conceptual design approach for hybrid inflatable HAPS, namely the lack
of consistency between structural pressurization effects and aerodynamic performance evaluation.
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Figure 2 – Example of multidisciplinary design cycle for an inflatable hybrid HAPS.

To this end, a multidisciplinary analysis approach is introduced, coupling the pressurization analysis
of a closed-wing inflatable structure with high-fidelity aerodynamic simulations.
Using the explicit solver of LS-DYNA, a pressurization analysis is first performed on a global finite-
element model of the platform, to determine the equilibrium geometry of the wing system under
different internal pressure conditions, representative of realistic operational scenarios.
The resulting pressure-dependent surfaces are then adopted as reference shapes for the aerody-
namic characterization, enabling a physically consistent evaluation of the effects of pressurization
on aerodynamic performances and stability characteristics. In detail, the high-fidelity aerodynamic
analyses are carried-out to derive the main static aerodynamic curves and performance metrics for
both the nominal (rigid) and pressurized configurations, namely: lift curves CL(α) and corresponding
lift-curve slope CLα

in the linear regime, drag polars CD(CL) and the associated aerodynamic effi-
ciency L/D as a function of α and longitudinal pitching moment curves CM(α), used to assess the
existence of trim points and local longitudinal static stability in the vicinity of the cruise operating con-
dition. Finally, multiple envelope pressure differentials are studied in order to evaluate the sensitivity
of aerodynamic performance and trim behaviour to pressurization-induced shape modifications.
By explicitly accounting for the pressurization-induced shape change and its impact on aerodynamic
behaviour, the proposed approach provides a more realistic assessment of the feasibility and perfor-
mance of hybrid closed-wing HAPS. This methodology represents a step forward toward bridging the
gap between early-stage conceptual design and the evaluation of realistic operational configurations
for inflatable stratospheric platforms.

3. Description of the Analyzed Configuration and Overview of the Computational
Method

The current effort builds upon the work of Riccio et al. [17] which proposes the preliminary sizing
of a closed-wing HAPS configuration, together with its aerodynamic characterization and stability
assessment. The wing system, shown in Figure 1, consists of a lower rectangular wing with zero
dihedral angle, whose tip is connected to an upper wing characterized by a gradual negative dihedral.
The upper wing exhibits a smooth tapering from the root toward the tip, where it joins the lower
wing, resulting in a continuous closed-wing layout. The wing system features Eppler E186 airfoils,
with a thickness ratio of 18%, on both wings and the joint. The current work represents the first
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systematic effort to tackle the structural design of such configuration, introducing some selected
internal components.
Figure 3 shows the internal structural arrangement of the closed-wing HAPS. The external envelope,
corresponding to the aerodynamic outer surface of the wing, is realized in fabric and is subjected to
a pressure differential. The wing features evenly spaced fabric ribs along the span of both upper and
lower wings to transfer aerodynamic loads from the envelope to the spars while limiting deformations
of the nominal aerodynamic shape, induced by pressurization. Three conical spars are adopted as
the primary shear-carrying elements. These fabric components form an independent pressurized
chamber with respect to the external envelope. They are pressurized using a dedicated pressure dif-
ferential, which can be adjusted to provide additional structural stiffness to the wing and to counteract
the effects of envelope pressurization, thereby limiting deviations from the nominal design configura-
tion. Longitudinal struts, connecting the spars, are used to maximize this effect and avoid shrinking
in the chord direction of the airfoil, when the envelope is pressurized. The outer surface of the joint
connecting upper and lower wing is manufactured from a carbon fiber–based composite, in order to
limit local deformations due to pressurization that might compromise aerodynamic performances.
More details concerning the structural properties of these components and the adopted materials are
provided in the following section.

Figure 3 – Visualization of the internal structural arrangement of the closed-wing HAPS
configuration considered in this study, as obtained from the FEM model.

3.1 FEM Model and Pressurization Analysis Setup
In this section the structural Finite Element Method (FEM) model of the HAPS is described, along
with the methodology adopted to perform pressurization analyses. Given the inherently nonlinear
nature of such analyses, mostly influenced by large displacements, contact types and material mod-
els, the explicit solver of the commercial software LS-DYNA [18] is selected. This code provides a
particularly suitable framework for simulating the behavior of structures incorporating fabric materials
and complex nonlinear contact interactions [19, 20]. The analysis is carried out in the time domain:
loads, in the form of surface pressures, are progressively applied to the various components, and the
solution (in terms of displacements) is evaluated once the transient phase has decayed. This can be
easily determined monitoring the system’s and kinetic energy. The structural model, whose overview
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is presented in Figure 3, can be divided into the following main assemblies, described in detail below
and illustrated in Figure 4:

• Envelope and joint

• Spars and struts

• Ribs

(a) (b)

(c)

Figure 4 – Structural FEM model main assemblies: (a) envelope and joint, (b) spars and struts, (c)
ribs.

Both the geometry and the pressurization loads are symmetric with respect to the XZ plane shown
in Figure 3, therefore only half of the configuration needs to be modeled, with symmetry constraints
applied to the nodes on the symmetry plane.
The envelope assembly is composed by the envelope (leading and trailing edges) and a wrap, con-
necting the upper and lower surfaces of the envelope around the rear spar. It is made of fabric and
is discretized using membrane elements based on the fully integrated Belytschko-Tsay formulation.
The joint is part of the envelope connecting upper and lower wings, it extends from leading to trailing
edge and features the nominal aerodynamic shape of the wing at the given location. It is modeled
with a simplified, composite-inspired material representation and discretized using shell elements
based on the Belytschko-Lin-Tsay formulation.
For what concerns the spars assembly, the three spars (leading edge, central and rear) are made
of fabric and discretized using membrane elements based on the fully integrated Belytschko-Tsay
formulation, whereas the struts, same as the joint, are modeled with a simplified, composite-inspired
material representation and discretized using shell elements based on the Belytschko-Lin-Tsay for-
mulation.

6



Multidisciplinary Approach for the Aerodynamic Characterization of an Inflatable Closed-Wing Hybrid
High-Altitude Pseudo-Satellite

Ribs are entirely made of fabric and are discretized using membrane elements based on the fully
integrated Belytschko-Tsay formulation. For each rib, the trailing-edge portion defining the geometry
of the selected airfoil, is separated from the main rib body in order to accommodate the rear spar as
well as the wrapping element connecting the upper and lower sections of the envelope (see Figure 4).
The fabric surfaces of the skin and spar groups are made of Dyneema Cuben Fiber CT1E.08, whose
principal mechanical properties, as declared by the manufacturer, are listed in Table 1. The adopted
material model is the fabric model implemented in the LS-DYNA solver (*MAT_034/MAT_FABRIC).
This formulation, specifically developed for materials such as fabrics and airbags, allows the user to
define engineering stress–strain and shear–strain curves.

Entity Value

Young modulus 8.38 GPa

Shear modulus 3.22 GPa

Ultimate load 552 N / 5 cm

Elongation at break 2.6 %

Density 33 g/m2

Thickness 50 µm

Table 1 – Mechanical properties and relevant quantities for the Dyneema Cuben Fiber CT1E.08

For composite materials, this characterization can be extended to all necessary in-plane directions
of the 2D elements. Cuben Fiber is characterized by two principal fiber orientations, arranged or-
thogonally. In the absence of detailed information regarding the cutting and bonding of the fabric
panels, the modeling focused on achieving the most regular mesh possible, using quadrilateral ele-
ments aligned with the principal reference axes. An example of the implemented stress–strain curve
is shown in Figure 5, featuring a slope equal to the Young’s modulus reported in Table 1 for positive
strains and a minimal slope for negative strains, to reproduce the typical compressive behaviour of
fabrics while avoiding numerical instabilities.

Figure 5 – Engineering stress-strain curve of the Dyneema CubenFiber CT1E.08 implemented in
the structural solver.

Considering the early maturity of the project, the joints and struts are modeled using a simplified,
isotropic, composite-inspired material description, with properties selected to be representative of
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typical aerospace carbon fabrics and to ensure an adequate stiffness of these components as op-
posed to the Dyneema CubenFiber parts, rather than to capture detailed composite behavior. The
properties of such material model are shown in Table 2.

Entity Value

Young modulus 115 GPa

Poisson coeff. 0.23

Density 1.6 g/cm3

Thickness 5 mm

Table 2 – Mechanical properties and relevant quantities for the composite-inspired material for the
joint and struts.

Contacts are used to model the interactions between components of the various assemblies, repro-
ducing the mechanical constraints imposed by the manufacturing and assembling processes. These
interactions represent one of the main sources of nonlinearity in the problem. The implementation is
carried out using the contact algorithms available in the LS-DYNA solver, calibrated according to the
type of interaction and the relative mesh density of the involved parts. A list of the main contacts and
their respective types is provided below and illustrated in Figure 6:

• Contact between envelope and spars: mainly concentrated along the leading edge and through-
out the length of the rear spar. The contact is of the surface-to-surface type and implemented
using the *CONTACT_AUTOMATIC_SURFACE_TO_SURFACE algorithm (see Figure 6 (a)).

• Contact between spars and ribs: the ribs are free to slide along the spars. This interaction is
modeled as an edge-to-surface contact type, implemented using the
*CONTACT_AUTOMATIC_SURFACE_TO_SURFACE algorithm (see Figure 6 (b)).

• Tied contact between ribs and envelope: ribs are bonded to the envelope assembly on both up-
per and lower sides of the wings. This contact is modeled as a tied contact implemented using
the *CONTACT_TIED_NODES_TO_SURFACE constraint-based algorithm (see Figure 6 (c)).

• Tied contact between struts and spars: the connection between struts and spars has not
been modeled in detail for this global preliminary analysis and their fixed connection has been
modeled by means of a tied contact by means of the *CONTACT_TIED_NODES_TO_SURFACE
constraint-based algorithm (see Figure 6 (d)).

Table 3 summarizes the main properties of the FEM model .

Entity Value

Element nr. 93284

Node nr. 95346

Minimum time-step [s] 3.48E-07

Table 3 – Main properties of the FEM model used for pressurization analyses.

To model the pressure differentials in the various chambers, surface loads are applied to the ele-
ments of the spars and envelope assemblies. These loads are introduced through a ramp-like profile,
calibrated to prevent numerical instabilities while allowing the transient response to decay quickly.
Mass-proportional damping is used to suppress the system’s oscillatory response, thereby reducing
the simulated physical time required to reach the steady-state equilibrium condition.
Two load cases, summarized in Table 4, are investigated in this work, each characterized by a distinct
set of pressure differentials across the chambers. These values are selected based on preliminary
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(a) (b)

(c) (d)

Figure 6 – Structural FEM model: main contact types. (a) contact between envelope and spars, (b)
contact between spars and ribs, (c) Tied contact between ribs and envelope, (d) tied contact

between struts and spars.

internal stress assessments for structural integrity and on design know-how developed for similar
configurations currently under development.
The choice of the spars pressure differential stems from multiple considerations. As a first approxi-
mation, the upper bound is governed by the hoop stress of the central spar. For a thin-walled cylinder,
this is defined as:

∆pmax = σult · t/R (1)

where R = 0.490 m is the maximum radius of the central spar at the upper wing root section and σult
is the ultimate stress of the Dyneema CT1E.08 fabric (Table 1). This yields a maximum theoretical
pressure ∆pmax of 11000 Pa. In practice, operational values must account for a standard regulatory
safety factor of 1.5 and match the performance envelope of the pressurization system. Pressure
differentials of 6000 Pa are currently under evaluation for this type of hybrid configurations. This
baseline choice successfully satisfies structural stiffness requirements while compatible with com-
pressors design with weight and performance (such as mass flow rate, and power) compatible with
HAPS mission profiles, across all flight phases.
Regarding boundary conditions, in addition to the symmetry constraints applied on the XZ plane (see
Figure 3), the leading edge of the lower wing airfoil located on the symmetry plane is clamped to
suppress rigid-body motions. This combination of constraints is thought to allow realistic deformation
of the airfoils, as well as relative motion between the upper and lower wings about the nominal
configuration, following pressurization.
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Chamber Nominal pressure differential

Load Case 1 Load Case 2

Envelope 250 Pa 350 Pa

Spars 6000 Pa 6000 Pa

Table 4 – Load cases with nominal pressure differentials (with respect to external atmosphere) for the
different chambers.

3.2 Aerodynamic analysis setup
The aerodynamic analysis is performed on three different geometric configurations of the platform:
the nominal CAD geometry, previously adopted in earlier studies, assuming a rigid, undeformed
structure [17], and two pressurized configurations corresponding to envelope pressure differentials
of 250 Pa and 350 Pa, obtained from the pressurization analyses described in the previous section.
In order to enable a consistent and meaningful comparison, the numerical setup, turbulence mod-
eling, computational domain, mesh generation strategy, and boundary conditions are kept identical
for all cases. Considering that comparable levels of numerical convergence are ensured for all sim-
ulations and that the geometric modifications induced by the pressurization process are limited to
local deformations, without altering the overall topology of the lifting system, differences observed
in the aerodynamic coefficients can be expected to be primarily attributed to the geometry changes
resulting from pressurization.
The aerodynamic simulations are carried out using the steady-state, incompressible Reynolds-Averaged
Navier–Stokes (RANS) solver simpleFoam implemented in OpenFOAM, coupled with the k–ω SST
turbulence model. The computational domain adopted for the RANS simulations is shown in Fig. 7.
With the maximum wing chord c = 7.8 m taken as reference length, the domain consists of a three-
dimensional volume surrounding the configuration, with the inlet boundary positioned approximately
15c upstream of the configuration’s center of gravity and the outlet boundary located approximately
46c downstream. The lateral and vertical far-field boundaries are placed at distances of approximately
28c from the configuration’s center of gravity. Such domain dimensions are selected to minimize spuri-
ous blockage and boundary-interference effects while ensuring numerical stability for the investigated
angles of attack. Turbulence quantities are initialized assuming a free-stream turbulence intensity of
5%. The turbulent kinetic energy is computed as

k = 3
2(V I)2,

which, for a freestream velocity V = 16 m/s and turbulence intensity I = 0.05, yields k= 0.96 m2/s2. The
specific dissipation rate is set to ω = 600.41 s−1, corresponding to a turbulence viscosity ratio µt/µ =
10.0. Wall treatment functions are not employed, as the computational mesh is refined to maintain
y+ < 1 over all solid surfaces. The viscous sublayer is therefore directly resolved through appropriate
inflation layer modelling. Standard wall functions are retained in the solver setup exclusively to enable
the evaluation of the y+ field, but they remain inactive throughout the simulations. Convergence is
ensured by reducing the residuals of all governing equations below 10−4. The initial turbulence model
parameters are summarised in Table 5.
Table 6 summarises the boundary conditions applied to the velocity, pressure, and turbulence fields
for the reference RANS simulation at an angle of attack α = 0◦ and sideslip angle β = 0◦.
The CFD analysis is conducted to evaluate the flow field around the platform and to obtain accurate
evaluation of the aerodynamic coefficients. Simulations are performed at an altitude of 20 km with a
freestream velocity of 16 m/s. The angle of attack is varied in the range −15◦ to 22◦, while the sideslip
angle β is set to 0◦.
An unstructured aerodynamic mesh of the platform and surrounding domain is generated using An-
sys mesher. The mesh consists of prismatic inflation layers near the solid surfaces and tetrahedral
elements in the far field, resulting in approximately 15×106 cells and 5×106 nodes. For completeness,
the resulting surface unstructured mesh of the inflated closed-wing configuration corresponding to an
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Figure 7 – Computational domain adopted for the CFD analyses, including inlet, outlet, and far-field
boundaries. The reference chord is c = 7.8 m.

Parameter Value

Turbulence intensity I 5%

Turbulent kinetic energy k 0.96 m2/s2

Specific dissipation rate ω 600.41 s−1

Turbulence viscosity ratio µt/µ 10.0

Wall treatment y+ < 1 (no wall functions)

Convergence criterion Residuals < 10−4

Table 5 – Initial turbulence model parameters used in the RANS simulations. From Riccio et al. [17].

Field Boundary condition Physical meaning

Velocity U (inlet) fixedValue (16, 0, 0) m/s Freestream velocity
Velocity U (outlet) inletOutlet Mixed inflow/outflow condition
Pressure p (inlet) zeroGradient Zero normal gradient
Pressure p (outlet) fixedValue (0 Pa) Reference pressure
Turbulence k, ω (inlet) fixedValue (Table 5) Freestream turbulence values
Turbulence k, ω (outlet) inletOutlet Mixed inflow/outflow condition
Solid surfaces y+ < 1, wall functions deactivated No wall-function modelling

Table 6 – Boundary conditions adopted in the RANS simulations for α = 0◦ and β = 0◦. From Riccio
et al. [17].

envelope pressure differential of 250 Pa is shown in Fig. 8. The same meshing strategy is applied to
the 350 Pa inflated configuration.
The boundary layer resolution is designed according to the flow conditions and platform geometry.
Assuming a target value of y+ = 1, the initial inflation layer height is set to 1×10−4 m, with a maximum
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Figure 8 – Unstructured aerodynamic surface mesh of the 250 Pa pressurized closed-wing
configuration adopted as reference for the aerodynamic analyses.

number of 30 layers and a growth rate equal to 1.25. The resulting inflation layers for the reference
mesh are shown in Fig. 9. Since the inflated geometries preserve the same overall topology and
characteristic length scales, and the same meshing strategy is applied, the selected mesh resolution
is considered adequate also for the pressurized configurations.

(a) (b)

(c)

Figure 9 – Boundary-layer inflation layers adopted in the aerodynamic mesh of the 250 Pa
pressurized closed-wing configuration: (a) X–Z plane view; (b) leading-edge zoom; (c) trailing-edge

zoom.
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4. Results
4.1 Results of the Pressurization Analyses
Pressurization analyses are executed by progressively applying surface pressures to the envelope
and spars assemblies, in accordance with the values of the load cases listed in Table 4. Steady-state
equilibrium is achieved at the conclusion of the transient phase after the system’s kinetic energy
has decayed to zero. Figure 10 shows the system’s kinetic energy evolution over time for the two
load cases. It can be noted how, the kinetic energy reaches its maximum during the loading phase
and gradually diminishes to zero during the subsequent transient phase, due to the adopted mass-
proportional structural damping.

Figure 10 – Pressurization analyses: evolution of system’s kinetic energy for the two studied load
cases.

A comparison between the pressurized configurations corresponding to the load cases listed in Ta-
ble 4, and the nominal shape is presented in Figure 11, with particular emphasis on the envelope, i.e.,
the outer aerodynamic shape of the platform. The nominal shape of the Eppler E186 is only retained
at rib stations, where it is strictly enforced by the ribs themselves. Between these stations, however,
the pressurized configurations exhibit an increase in the thickness of the nominal airfoil shapes on
both wings, with the magnitude of this increase being proportional to the applied envelope pressure
differential.
A further evident effect of pressurization is a reduction in the overall wingspan: the joint, while main-
taining its orientation relative to the two wings, shifts toward the symmetry plane by an amount pro-
portional to the imposed pressure differential. This behavior is clearly illustrated in Figure 12, which
shows the evolution of the wing semi-span, measured at the joint leading edge, during pressurization,
for the two load cases. By the time steady-state equilibrium is reached, the wingspan is reduced by
approximately 1.35% and 1.95% for the envelope pressures of, respectively, 250 and 350 Pa.
Closely related to this effect is the modification of the upper wing dihedral in the vicinity of the joint,
as illustrated in Figure 11 (b). It appears as if, under pressurization, the structure tends to reduce the
nominal pronounced curvature present in the upper wing near its connection with the lower wing. This
effect, potentially affecting the aerodynamics of the wing tip, depends on the structural layout and can
be tuned through appropriate design choices, such as the ribs distribution and the joint geometry.
Figure 13 highlights a few further effects of pressurization that contribute to modifications of the
aerodynamic performance of the nominal geometry. In particular, the leading-edge radius of both
wings increases as envelope pressurization induces expansion of the airfoil thickness and drives
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(a) (b)

Figure 11 – Pressurization analyses: comparison of results: (a) isometric and (b) front views.

Figure 12 – Pressurization analyses: wing semi-span length variation for the two studied load cases.

the leading-edge spar toward the trailing edge. This behavior is influenced by the internal structural
layout, including the number and geometry of the struts.
Last significant effect of pressurization is the modification of the upper wing airfoil shape in the trailing-
edge region. The discontinuity of the ribs in this area prevents the preservation of the selected E186
airfoil geometry. As a result, under pressurization, the trailing edge of the upper wing undergoes a
downward deflection toward the lower wing, rotating around the rear spar.
The effect of the overall airfoil shape modifications, resulting in airfoil thickening, leading-edge radius
expansion, and trailing-edge shape deformation, can be appreciated in Figure 14, which compares
the envelope sections of the upper and lower wing roots for the nominal and the two pressurized
configurations under investigation. This comparison highlights how these effects scale proportionally
with the pressure differential on both wings. Finally, Figure 14 shows how, on the upper wing, pres-
surization induces a local reorientation of the airfoil, resulting in a shift in its geometric angle of attack.
A close look to the upper wing in Figure 13 reveals how this effect is distributed spanwise from root
to tip.
Table 7 quantifies the relevant changes in the wing geometry discussed so far, providing data on
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Figure 13 – Pressurization analyses: isometric view of pressurized configurations with detail of the
upper wing.

upper and lower wing root sections deformations and span modifications for the pressurized cases.

Figure 14 – Pressurization analyses: effects of pressurization on the airfoils geometry. Scaled
comparison between the airfoils of the nominal and pressurized configurations for the upper and

lower wings root sections.

4.2 Aerodynamic Results on Nominal and Pressurized Configurations
The aerodynamic performance of the hybrid closed-wing HAPS is assessed by comparing the nom-
inal (non-inflated) configuration [17] with the inflated equilibrium geometries obtained from the pres-
surization analyses with envelope pressure differentials of 250 Pa and 350 Pa, as for the load cases
reported in Table 4. When comparing the nominal and inflated configurations, a common reference
system is adopted for the definition of the geometric angles of attack and sideslip. In particular, the
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Configuration

Component Parameter Nominal P. 250 Pa P. 350 Pa

Value
Var. wrt

Nominal
Value

Var. wrt

nominal
Value

Var. wrt

Nominal

Lower

wing root

section

t/c [%] 18.0 – 21.3 18.3% 21.8 21.1%

C [m] 4.626 – 4.543 -1.79% 4.520 -2.29%

αgeo [deg] 0 – 0.2 – 0.3 –

Upper

wing root

section

t/c [%] 18.0 – 20.8 15.5% 21.1 17.2%

C [m] 7.862 – 7.735 -1.61% 7.721 -1.79%

αgeo [deg] 0 – 2.5 – 2.8 –

Wing tip Semi-span [m] 18.48 – 18.23 -1.35% 18.12 -1.95%

Table 7 – Pressurization analyses: effects of pressurization on airfoils geometry for the upper and
lower wing root sections and wingspan. Comparison and percentage variations of pressurized con-
figurations with respect to the nominal one.

angle of attack α is defined as the geometric angle between the freestream velocity vector and the
chord line of the lower wing in the nominal configuration. The comparison focuses on lift characteris-
tics, drag polar, and aerodynamic efficiency at cruise condition.
Figure 15a shows the lift coefficient as a function of the angle of attack. All configurations exhibit
an approximately linear lift behaviour over a wide range of angles, with a comparable lift-curve slope
CLα

in the linear regime. This indicates that pressurization-induced deformations do not significantly
affect the lift sensitivity to angle of attack. However, the inflated configurations show an upward shift
of the lift curve, producing higher lift at a given geometric angle of attack. Based on the preliminary
sizing conducted in Riccio et al. [17], which identifies a preliminary platform mass of approximately
127 kg, at the reference flight condition (altitude 20 km, freestream velocity V = 16 m/s), the effec-
tive aerodynamic load, taking into account buoyancy contributions, is Weff = 991.65 N, which yields a
required lift coefficient of CL,req = 0.200. By interpolating the CFD lift curves, the corresponding op-
erating angles of attack are found to be αproj ≈ 4◦ for the non-inflated configuration and αproj ≈ 1◦ for
the inflated configurations. This behaviour is consistent with a pressurization-induced modification
of the lifting-system geometry, which increases the relative incidence of the upper wing with respect
to the lower-wing chord reference. As shown in Figure 13 the deformation of the rear portion of the
upper wing produces an aerodynamic effect that increases lift at a given α. As a result, the inflated
geometries reach the required lift coefficient at a significantly lower geometric angle of attack.
The drag polar comparison reported in Figure 15b indicates an overall drag increase for the inflated
configurations over most of the lift range. Specifically, at the required lift coefficient, the inflated
configurations at 250 Pa and 350 Pa exhibit drag coefficients approximately 25.4% and 24.9% higher
than that of the nominal geometry, respectively.
Figure 15c presents the lift-to-drag ratio as a function of the angle of attack. The non-inflated con-
figuration achieves a slightly higher peak aerodynamic efficiency, whereas the inflated configurations
exhibit a reduced maximum L/D. Although all configurations display comparable L/D values in the
vicinity of their respective cruise operating points, the inflated configurations operate at a lower angle
of attack away from their optimal efficiency condition. As a result, the pressurization-induced shift of
the operating point leads to a clear aerodynamic efficiency penalty at the cruise condition.
Overall, these results indicate that pressurization induces a shift in the aerodynamic operating point
while simultaneously reducing the aerodynamic efficiency. Finally, it can be noted how the differences
in the considered aerodynamic coefficients is negligible for pressurization levels in the range between
250 Pa and 350 Pa.
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(a) Lift coefficient vs angle of attack. (b) Drag polar comparison.

(c) Lift-to-drag ratio vs angle of attack.

Figure 15 – Aerodynamic performance comparison between the nominal configuration and the
inflated configurations at 250 Pa and 350 Pa. The values of αproj yielding the required lift coefficient

CL,req are shown for all configurations.

4.3 Longitudinal Pitching Moment and Trim Implications
The longitudinal pitching moment plays a central role in determining trim conditions and static equi-
librium. Figure 16 compares the total pitching moment coefficient CM,tot as a function of the angle
of attack for the nominal (non-inflated) configuration and the inflated configurations at 250 Pa and
350 Pa. CM,tot can be expressed as:

CM,tot =CM,aero +CM,buoy (2)

where CM,aero is obtained from the CFD calculations and CM,buoy represents the buoyancy-induced
contribution, which, consistently with the work of Riccio et al. [17], is modeled using a simplified
approach based on the volume of the nominal configuration.
The non-inflated configuration exhibits a statically stable behavior in the vicinity of the cruise operating
condition and for positive angles of attack. The pitching moment curve crosses the zero-moment
line at approximately α = 4◦, in agreement with the cruise angle of attack identified from the lift
analysis [17]. The negative slope of CM in the vicinity of this point indicates the presence of a free (or
uncontrolled) trim condition and positive longitudinal static stability.
On the other hand, the inflated configurations exhibits a similar qualitative trend of the pitching mo-
ment curve, but shifted toward negative values over the entire investigated angle-of-attack range. No
zero-crossing of the curve is in fact observed for either pressurized configuration. At angle of attack
αpro j ≈ 1◦ yielding the required lift coefficient CL,req (see Fig. 15), the pitching moment remains sig-
nificantly negative, with values of approximately CM = −0.0185 for both pressurized configurations,
indicating a persistent nose-down tendency. The results also show only limited differences between
the 250 Pa and 350 Pa configurations, suggesting that the dominant effect stems from the transition
from the nominal to the pressurized shape, rather than from further geometry variations within the
investigated pressure range.
It is worth noting that the total pitching moment coefficient CM,tot reported in Fig. 16 includes the
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buoyancy-induced contribution CM,buoy (see Equation 2). For the nominal configuration, this contribu-
tion shifts the pitching moment curve downward, moving the natural trim point to the cruise condition
at α ≈ 4◦. For the pressurized configurations this same effect appears to operate synergistically with
the pressurization-induced deformations causing the zero-crossing to disappear entirely within the
investigated angle-of-attack range. In conclusion, the results suggest that the pressurization-induced
deformations, such as those shown in Figure 13 and Figure 14, alter the pressure distribution over
the wing system, producing an additional nose-down pitching-moment contribution and consequently
shifting the longitudinal pitching-moment curve toward more negative values.
From a design standpoint, this implies that the pressurized configurations cannot achieve longitudinal
trim passively. Active pitch control or permanent control surface deflections would therefore be re-
quired to maintain equilibrium. Beyond the impact on aerodynamic efficiency, pressurization exerts a
critical influence on trim and stability, which must be directly accounted for in the design of inflatable
closed wing hybrid HAPS platforms.
These results underline how carrying the aerodynamic design exclusively taking into account the
nominal geometry can lead to non-negligible deviations in the estimation of performances, and they
reinforce the assumption that a multidisciplinary approach is essential starting from early design
stages for the synthesis of the configuration.

Figure 16 – Total pitching moment coefficient as a function of angle of attack for the nominal
configuration and the inflated configurations at 250 Pa and 350 Pa. The values of αproj yielding the

required lift coefficient CL,req are shown for all configurations.

5. Conclusions
This work presented a multidisciplinary structural-aerodynamic characterization of a novel hybrid
closed-wing HAPS configuration, aimed at improving traditional early-stage conceptual design method-
ologies with a higher-order multidisciplinary characterization. The study clearly demonstrated how,
for inflatable hybrid platforms, the strong coupling between internal pressurization and aerodynamic
shape represents a first-order design driver that cannot be neglected in the assessment of aerody-
namic performances.
To address this coupling, a high-fidelity computational framework was established. A nonlinear global
finite-element model of the platform was developed in LS-DYNA to simulate the structural equilibrium
of the fabric envelope, internal spars, and other relevant structural components under different pres-
surization load cases. The resulting pressurized aerodynamic shapes were subsequently used as
the basis for high-fidelity RANS CFD simulations in OpenFOAM, allowing a direct performance com-
parison against the nominal, rigid CAD geometry.

18



Multidisciplinary Approach for the Aerodynamic Characterization of an Inflatable Closed-Wing Hybrid
High-Altitude Pseudo-Satellite

Two pressure load cases were considered, corresponding to envelope pressure differentials of 250 Pa
and 350 Pa with a constant spar pressure differential of 6000 Pa. The pressurization analyses re-
vealed significant deviations from the nominal design shape, with overall changes in the airfoil shape
at all sections between ribs, including overall increase in airfoil thickness and in the leading-edge
radius, a reduction in total wingspan as the joint region shifted toward the symmetry plane, and a
trailing-edge downward deflection on the upper wing.
These pressurization-induced geometric changes resulted in significant shifts in aerodynamic perfor-
mance and stability. While the lift-curve slope CLα

remained comparable across all configurations, the
inflated geometries exhibited an upward shift of the lift curve, allowing the required cruise lift coeffi-
cient CL,req to be achieved at a significantly lower angle of attack (αproj ≈ 1◦ versus 4◦ for the nominal
configuration). However, this shift was accompanied by a drag increase of approximately 25% at the
operating point and a corresponding penalty in aerodynamic efficiency. Moreover, the inflated shapes
introduced a persistent nose-down pitching moment (CM,tot < 0 over the entire investigated angle-of-
attack range), eliminating the passive trim point observed in the nominal geometry and implying the
need for active control strategies or dedicated trimming solutions.
Furthermore, the comparison between the 250 Pa and 350 Pa configurations demonstrated that the
aerodynamic response is substantially insensitive to variations in the envelope pressure differential
within the investigated range, suggesting that the dominant effect is associated with the transition
from the nominal to the pressurized shape rather than with the specific adopted pressurization level.
These findings confirm that designing hybrid closed-wing HAPS based solely on nominal geome-
tries leads to non-negligible performance estimation errors, and underscore the necessity of inte-
grated multidisciplinary design methodologies for the successful synthesis of such unconventional
platforms.

5.1 Future Works
Future developments will extend the present aerodynamic analysis toward asymmetric flight con-
ditions for various sideslip angles, enabling the generation of complete aerodynamic databases
for nominal and pressurized configurations. This will support future investigations on trim, lateral-
directional stability and a comprehensive flight-dynamic characterization of this hybrid closed-wing
HAPS platform.
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