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Abstract

The growing accumulation of orbital debris in Low Earth Orbit poses an increasing
threat to the long-term sustainability of space operations. In response to tightening
international regulations and environmental concerns associated with uncontrolled
atmospheric re-entry, the Design not to Demise (Dn2D) philosophy has emerged
as a viable alternative to traditional destructive disposal strategies. This thesis
presents an aerodynamic characterization of deployable recovery concepts for orbital
rocket stages, with focus on the Upper Liquid Propulsion Module (ULPM) of the
Ariane 6 launch vehicle. The study investigates the aerodynamic behavior of a
Deployable Aerodynamic Stabilizer (DAS), a panel passive stabilization system,
across the transional and near-continuum flow regimes encountered during atmo-
spheric re-entry. Numerical simulations are performed using the PICLas framework,
employing both the Direct Simulation Monte Carlo (DSMC) and the Bhatna-
gar–Gross–Krook (BGK) methods to resolve the flow field. A parametric analysis
was conducted over multiple DAS opening angles (30° to 70°), center-of-gravity
positions, fin lengths, and angles of attack. Aerodynamic coefficients, including
drag, lift, and pitching moment, were extracted and used to assess static stability
across configurations. Additionally, the feasibility of forced spin stabilization as a
complementary technique was evaluated. The findings contribute to the definition
of geometric design requirements for passively stable re-entry of large cylindrical
rocket stages, supporting the development of cost-effective and environmentally
responsible orbital recovery systems.
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Chapter 1

Introduction

In recent years, orbital expansion has entered a new phase in which sustainability
and vehicle reusability have gained increasing attention within the space sector.
According to the European Space Agency (ESA)’s Space Environment Report 2025,
approximately 40,000 tracked objects larger than 10 cm are currently in Earth orbit
[1], of which just about 11,000 are active payloads [2]. Launch cadence and mass
deployments have accelerated in recent years, and constellation and small-satellite
programmes continue to drive a sharp increase in the number of objects placed
in LEO. Current environment models estimate on the order of 1.2 × 106 objects
with diameters greater than or equal to 1 cm and tens of thousands of objects
with diameters greater than or equal to 10 cm, underscoring that tracked objects
represent only a fraction of the hazardous population. Since 2019, the expected
casualty risk from re-entry has trended upward and tracked objects with masses
exceeding 500 kg are observed to re-enter the atmosphere on a near-weekly basis
[3]. Therefore, while early spaceflight was primarily driven by the ambition to
explore new frontiers, contemporary engineering must now confront the physical
legacy of that ambition: a crowded orbital landscape [4], particularly in Low Earth
Orbit (LEO), which increases collision probabilities and elevates the risk of cas-
cading debris events that threaten the continuation of future missions. Historical
debris-generating collisions have already demonstrated the severity of this effect,
and ESA projections indicate that non-compliance with mitigation measures could
double the number of objects larger than 10 cm within a few decades [5]. Such
a development could render entire orbital regions unusable, jeopardizing future
missions and, in the most severe scenario, deny access to space for centuries. In
response to these concerns, the concept of Design for Demise (D4D) has been
explored as one possible approach to re-entry risk mitigation, aiming to maximize
the destruction of a vehicle during uncontrolled atmospheric re-entry in order to
reduce the probability of ground casualties below the threshold of 10−4 imposed by
international standards [6]. However, D4D remains a field of active and ongoing
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research rather than a universally adopted practice: its implementation is driven by
individual operators and is not globally enforced, with some actors not consistently
performing active de-orbit or designing for demise on large objects. Moreover, the
approach presents growing limitations in practice. On the one hand, it is estimated
that between 5% and 40% of the mass of large structures, such as upper rocket
stages, may nevertheless survive thermal loads and reach the surface with hazardous
kinetic energy. On the other hand, the massive vaporization of aluminium alloys
and carbon-fibre-reinforced polymers (CFRP) injects into the stratosphere tonnes
of nanoparticulate aluminium oxide (Al2O3), soot, and nitrogen oxides (NOx) [7,
8, 9]. These species can alter the Earth’s radiative balance and catalyze chemical
reactions that deplete the ozone layer, potentially undermining the gains achieved
under the Montreal Protocol.

These limitations have stimulated interest in an alternative approach: Design not
to Demise (Dn2D). While this remains an emerging and sporadically explored area
of research rather than an established field, the underlying principle represents
a significant conceptual shift. Rather than engineering a vehicle for destruction
during re-entry, Dn2D aims to enable structural survivability, with the primary goal
of eliminating the mass vaporization responsible for injecting harmful species such
as aluminium oxide, soot, and nitrogen oxides into the stratosphere. As a secondary
benefit, a structurally intact vehicle may also open the possibility of recovering
and partially reusing critical subsystems such as propulsion units and avionics.
Characterizing the aerothermodynamic environment of a re-entering vehicle is a
fundamental challenge regardless of the disposal strategy adopted, as the accurate
prediction of thermal and mechanical loads is challenging across the full range of
encountered flow regimes. In the Dn2D context, an additional requirement emerges:
ensuring that the vehicle maintains a controlled and stable attitude throughout
re-entry, so that active attitude control systems can be avoided. The identification
of approaches that enable this is the subject of current research. A novel concept
currently being investigated at the IRS is the passive aerodynamic stabilization of
an upper stage using integratable deployable elements. Within this context, the
present thesis focuses on the aerodynamic characterization of a simplified CAD
model of the Upper Liquid Propulsion Module (ULPM) of Ariane 6, an elongated
cylindrical configuration for which previous studies have identified intrinsic stability
issues. The objective of the research is to develop a stability map that defines
the geometric requirements necessary to ensure a passively stable attitude during
atmospheric re-entry, thereby helping to ensure that access to space remains safe
and consistent with the global environmental-protection objectives established by
international treaties.
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Figure 1.1: Visual comparison of ULPM re-entry trajectory for D4D (left side,
ending in "Ocean Disposal") and Dnot2D approaches (on the right, ending with
"Collecting, Recycling")[10]

This work is structured as follows. Chapter 2 reviews the state of the art on
aerodynamic approaches for atmospheric re-entry and recovery, comparing D4D and
Dn2D strategies and defining the project’s specific objectives. Chapter 3 presents
the theoretical foundations of aerothermodynamics, covering shock-layer physics,
flow regimes from continuum to transitional and free molecular, and the principles
of static and dynamic stability, including the forced-spin stabilization technique.
Chapter 4 describes the numerical methodology and the simulation workflow,
detailing the PICLas framework, the employed DSMC and BGK solvers, the CAD-
based configuration of the ULPM upper stage, and the Matlab toolchain developed
for data post-processing and analysis. Chapter 5 presents the simulation setup
and the parametric configurations investigated. Chapter 6 reports and discusses
the numerical results, comparing geometries and atmospheric entry conditions to
identify optimal configurations. Finally, Chapter 7 summarizes the conclusions
and outlines prospective developments for orbital-stage recovery and controlled
re-entry.
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Chapter 2

State of the Art of
atmospheric re-entry

Atmospheric re-entry constitutes the transition of a space vehicle from orbital motion
to atmospheric flight, spanning a wide range of flow regimes from hypersonic to
supersonic and, eventually, subsonic conditions [11]. During this process, the vehicle
must dissipate the large amount of kinetic energy accumulated in orbit through
interactions with the Earth’s atmosphere. For objects returning from Low Earth
Orbit (LEO), entry velocities are typically on the order of 7.5-8.0 km/s, resulting in
extreme aerodynamic heating and mechanical loads during the early, high-enthalpy
phase of re-entry [11]. These conditions impose stringent requirements on vehicle
design, particularly with respect to structural integrity, thermal protection, and
static and dynamic stability. The success of an Entry, Descent, and Landing (EDL)
sequence is therefore closely linked to the aerodynamic configuration of the re-entry
system [11]. Aerodynamic design influences not only the magnitude and distribution
of thermal and mechanical loads, but also the ability of the vehicle to maintain
a favorable attitude with respect to the incoming flow. Aerodynamic features
primarily act as enabling elements. While they do not eliminate the need for robust
thermal protection systems, they can significantly shape the flow field, influence
peak heating rates, and control the vehicle’s orientation throughout descent. Beyond
vehicle-level considerations, atmospheric re-entry plays a central role in end-of-
life (EOL) management strategies for space systems. Orbital debris mitigation
efforts are primarily aimed at reducing collision risks and ensuring the long-term
sustainability of space operations [12]. However, the re-entry phase introduces an
additional and distinct safety dimension: surviving structural components of large
objects, such as upper rocket stages, may carry sufficient kinetic energy to pose
a hazard to infrastructure, people, and the environment [7]. The aerodynamic
behavior of a vehicle during re-entry, including its deceleration profile and breakup or
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survivability characteristics, hence becomes a key factor in assessing and mitigating
both orbital and terrestrial risk.

2.1 Parameters and Energy Management
An uncontrolled destructive re-entry typically follows natural orbital decay, during
which objects are subjected to severe aerothermal and mechanical loads that may
lead to structural break-up and destruction [7, 11]. However, complete demise
is not always guaranteed: surviving debris can reach the Earth’s surface with
significant impact energy, and uncertainties in trajectory modelling and dispersion
of surviving components complicate the prediction of impact footprints [7]. A key
parameter in this context is the ballistic coefficient β, defined as:

β = m

CDSref
, (2.1)

where m is the mass, CD the drag coefficient, and Sref the aerodynamic reference
area. This parameter governs the altitude at which significant deceleration begins
and therefore influences the heating environment experienced by the vehicle. Lower
values of β shift energy dissipation toward higher, less dense atmospheric layers,
which tends to reduce peak convective heating near the stagnation point. This
benefit, however, comes with a trade-off: reducing β extends the descent duration
and may increase the total integrated heat flux absorbed by the structure. This
compromise must therefore be carefully evaluated during the design phase [11].
Beyond the ballistic coefficient, the lift-to-drag ratio L/D governs the vehicle’s
capacity for cross-range maneuvers and its control authority over the re-entry
corridor. Values of L/D close to zero define quasi-ballistic re-entry regimes, whereas
positive values of this ratio allow more flexible modulation of the descent profile,
enabling attenuation of peak deceleration loads and improving landing precision
[11]. Thermal loads at the stagnation point are strongly influenced by the nose
radius R. In the hypersonic regime, the maximum convective heat flux at the
stagnation point scales approximately as:

q̇stag ∼ 1√
R

. (2.2)

Blunter geometries generate detached bow shocks with thicker shock layers, reducing
the fraction of convective energy transferred to the surface and mitigating local
heating peaks [11]. Finally, structural integrity throughout the descent is primarily
dictated by the maximum dynamic pressure:

q∞,max = 1
2 ρ v2, (2.3)
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which represents the peak aerodynamic load encountered during re-entry and
defines key structural requirements for both the vehicle and its thermal protection
system (TPS). Exceeding this limit may induce elastic instabilities such as buckling
or structural failure of load-bearing components. Accurate prediction of q∞,max is
hence essential to ensure vehicle survivability throughout the re-entry phase [11].

2.2 Disposal Strategies
To mitigate the risks associated with uncontrolled re-entries, the aerospace sector is
evaluating approaches with markedly different levels of maturity. Design for Demise
(D4D) remains the primary framework adopted by most operators for reducing
ground casualty risk, while nascent concepts collectively referred to as Design not
to Demise (Dn2D) are beginning to emerge, focused on structural survival to reduce
environmental impact and enable recovery[13].

2.2.1 Design for Demise (D4D)
The Design for Demise approach originates from the need to mitigate the risk of
human casualties resulting from uncontrolled re-entries. International standards
established by NASA and ESA impose a maximum acceptable casualty proba-
bility of 1 in 10 000 per re-entry event. The primary goal of D4D is to ensure
that the spacecraft fragments and fully vaporizes during atmospheric re-entry,
hence minimising the number, mass, and size of surviving fragments that reach
the ground [14]. Techniques implemented within the D4D paradigm operate at
multiple levels of system design. A common strategy is the substitution of critical
materials. Components traditionally manufactured from titanium or stainless steel,
such as propellant tanks or reaction-wheel balance masses, are re-engineered using
aluminium alloys or other low melting-point materials. Architectural modifications
are also adopted, including the use of break-out patches on external panels and
demisable joints, designed to promote early intrusion of hypersonic flow into the
fuselage and accelerate the destruction of internal subsystems. However, recent ex-
periments have demonstrated that certain items, particularly large titanium tanks,
remain extremely challenging to fully demise even under complete aerothermal
exposure, highlighting the limitations of this approach [15].

A related but distinct strategy is Design for Containment (D4C), which can be
regarded as a limiting case within the D4D philosophy. Rather than maximising
demise, D4C aims to reduce the number of impacting fragments by keeping critical
components structurally contained during re-entry, so that they land as a single
fragment, potentially more energetic, hence reducing the probability of collision
with an individual compared to a scenario involving multiple dispersed fragments

7



State of the Art of atmospheric re-entry

[16]. In doing so, D4C locally enforces structural integrity during re-entry, a
characteristic that shares a partial conceptual parallel with the Dn2D paradigm
discussed below.

Beyond the ground casualty risk, destructive re-entries generate atmospheric emis-
sions whose significance is the subject of ongoing research. During ablation,
aluminium alloys react with atomic oxygen to form aluminium oxide (Al2O3)
nanoparticles, which can remain suspended in the stratosphere for years and act as
catalysts for heterogeneous chemical reactions that deplete stratospheric ozone [17].
The aluminium oxide compounds generated by the entire population of satellites
reentering in 2022 are estimated at approximately 17 metric tons, corresponding to
a 29.5% increase over the background level produced by natural meteor ablation, a
threshold that could be rivalled by the anthropogenic flux from megaconstellation
growth by 2040 [17, 18]. The full magnitude and long-term consequences of these
effects, however, remain uncertain and are an active area of investigation [17, 18].
The Design not to Demise approach is proposed to address these problems by
avoiding fragmentation and enabling intact vehicle re-entry, thereby aiming to
prevent the release of ablation products into the upper atmosphere.

2.2.2 Design not to Demise (Dn2D)
Design not to Demise is not yet an established design philosophy but it rather
represents an emerging research direction focused on structural survivability during
atmospheric re-entry, with the primary goal of limiting material ablation and the
associated injection of harmful species into the upper atmosphere. As secondary
benefits, a surviving vehicle may open the possibility of partial recovery, recycling
of materials, or controlled surface disposal [19, 13]. The present work investigates
the applicability of deployable aerodynamic elements as an enabling technology
for a Design not to Demise approach, targeting two primary functions: reducing
aerothermal loads to levels compatible with structural integrity, and establishing
an aerodynamically stable geometry capable of passively maintaining a controlled
attitude throughout the re-entry trajectory, thereby confining peak heating to
thermally protected surfaces. In the context of upper stage re-entry, controlled
deorbit is already performed routinely by several operators as a baseline EOL
strategy. SpaceX performs controlled deorbit burns of the Falcon 9 second stage
following payload deployment, targeting uninhabited ocean regions [20]. Similarly,
the Ariane 6 upper stage is designed with a restartable Vinci engine specifically
to enable a controlled deorbit burn at the end of its mission, ensuring compliance
with debris mitigation requirements [21].
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Among the technologies investigated as potential enablers for controlled re-entry
and structural survivability, deployable aerodynamic decelerators have received
considerable attention in the recent literature. By remaining stowed during ascent
and deploying prior to re-entry, these systems circumvent the fairing diameter
constraint that limits the size of conventional rigid heat shields, and offer the
potential to significantly reduce the ballistic coefficient of large stages without
requiring major structural redesign. It is noted that the present work focuses
exclusively on rigid deployable elements; the following overview is therefore intended
as a broader contextualisation of the deployable re-entry technology landscape,
rather than a direct description of the approach adopted here.
The HIAD (Hypersonic Inflatable Aerodynamic Decelerator) technology, developed
by NASA and successfully demonstrated during the LOFTID mission in 2022, em-
ploys an inflatable structure of concentric pressurised tori covered by a multilayer
Flexible Thermal Protection System (FTPS). Following the LOFTID demonstra-
tion, ULA has identified the technology as a candidate for recovering the engine bay
of the Vulcan Centaur first stage, leveraging the drag area achievable with inflatable
systems to enable controlled descent and hardware reuse [22]. In the European
context, the EFESTO project (H2020, 2019–2022) and its follow-on EFESTO-2
(Horizon Europe) have pursued the development of inflatable heat shield technology
at progressively higher TRL, targeting both Earth re-entry and Mars exploration
applications, with a reference mission concept based on the recovery of the Vega
AVUM upper stage [23].
Rigid deployable systems offer an alternative to inflatable concepts by achieving
large aerodynamic surfaces without the complexity associated with pressurised
structures. It is noted that a subset of rigid deployable concepts, such as the
umbrella-like ADEPT configuration, still employs flexible thermal protection ma-
terials stretched over a mechanical framework, and therefore shares certain TPS
characteristics with inflatable systems. The ADEPT (Adaptable Deployable Entry
and Placement Technology), developed by NASA, deploys using a framework of
carbon ribs that tension a 3D-woven carbon fabric, relying on mechanical actuators
rather than pressurised gas [24]. However, for large-scale applications such as
upper stages, the mass of the mechanical joints and rib structure can represent a
significant penalty compared to inflatable concepts.
Among rigid deployable concepts, panel-based configurations currently represent
the highest-TRL class, with heritage traceable to control surfaces such as the Space
Shuttle body flap. In these systems, flat or curved rigid panels are hinged to the
aft body of the stage and deployed outward prior to re-entry, acting simultaneously
as aerodynamic decelerators and passive stabilizers. The function and aerodynamic
behaviour of such a Deployable Aerodynamic Stabilizer (DAS) in the context of
upper stage re-entry is described in detail in Section ?? [25].
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Deployable concepts are particularly attractive for large expendable stages because
they can be stowed during ascent and deployed prior to re-entry, requiring no
fundamental redesign of the existing vehicle architecture. This integrability is the
central motivation for the DAS concept investigated in the present thesis, which is
introduced in the following section.

2.2.3 Reference Configuration

The present study is based on a simplified CAD model derived from the geom-
etry of the Upper Liquid Propulsion Module (ULPM) of the Ariane 6 launcher.
The model retains the key geometric features of the actual stage, the blunted
conical nose, the main cylindrical body, and the aft-mounted deployable stabi-
lizer, while abstracting away structural details not relevant to the aerodynamic
analysis. The actual ULPM is shown in Figure ?? for reference. The cryogenic
upper stage comprises the following main structural elements: the two propellant
tanks for liquid hydrogen (LH2) and liquid oxygen (LOX), the inter-tank struc-
ture (ITS), the VINCI engine, the VINCI thrust frame (ViTF), and the avionic
support structure (AvSS). The two tanks are connected through the ITS, and
the VINCI engine introduces the structural loads into the stage via the ViTF.
The thrust frame features a cone-shaped architecture and integrates the on-board
electronics, fluidics, the auxiliary power unit (APU), and pressurised gas tanks
containing helium. The avionic system, which encompasses the navigation system
and on-board computers, is housed within the AvSS between the two propellant
tanks. On top of the ULPM, the launch vehicle adapter (LVA) provides the me-
chanical and electrical interface with the payload, and is further connected to
the fairing and the dual launch structure (DLS). The module has a dry mass of
approximately mdry ≈ 6 t, a maximum diameter of approximately 5.4 m, and a total
height of approximately 12 m, of which 5.9 m are occupied by the propulsion section.

Given the preliminary nature of the study, a methodology based on approximate
analysis and simplified geometry has been adopted. This approach enables the
derivation of initial estimates of aerodynamic coefficients and stability character-
istics already during the conceptual design phase. The simplified CAD model
developed for this purpose is presented in Figure 2.2.

The geometry is subdivided into three distinct aerodynamic sections, as illustrated
in Figure 2.2: the nose, the cylindrical body, and the Deployable Aerodynamic
Stabilizer (DAS).

10



State of the Art of atmospheric re-entry

Figure 2.1: 3D model Figure 2.2: 2D projection of CAD
model [26]

The DAS is characterised by a conical geometry with half-angle θ2 and base radius
r3 = 4.58 m, deployed over a length L3 = 6.53 m, and represents the primary
aerodynamic stabilizer of the system. The reference frame is centred at the nose tip,
with the x-axis aligned with the longitudinal axis pointing rearward and the z-axis
directed downward. The center of gravity (CoG) is located along the longitudinal
axis within the cylindrical section; its axial position is varied parametrically in the
stability analysis presented in Chapter 6. The freestream velocity V∞ approaches
the vehicle at an angle of attack α with respect to the longitudinal axis.

2.3 Thesis Objective
The present thesis investigates the aerodynamic stability of a simplified CAD model
of the Ariane 6 ULPM equipped with a passive Deployable Aerodynamic Stabilizer
(DAS) during atmospheric re-entry. The primary objective is to construct a stability
map across the transitional and near-continuum flow regimes by systematically
varying the DAS opening angle, panel length, angle of attack, and center-of-gravity
position, identifying which geometric configurations ensure passively stable flight
throughout the descent trajectory. High-fidelity numerical simulations using the
PICLas framework with DSMC and BGK solvers are employed to resolve the flow
field across all relevant regimes. The results are intended to lay a foundation
for future design decisions on passive aerodynamic re-entry solutions for large
expendable stages.
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Chapter 3

Theoretical foundations

This chapter presents the fundamental principles underlying the aerodynamic
and aerothermal behaviour experienced by a vehicle during atmospheric re-entry,
followed by a review of the equations governing flight motion and an introduction
to forced rotation as a spin-based attitude stabilization technique.

3.1 Atmospherical Model
The atmosphere, through its intrinsic physical properties, defines the undisturbed
flow field experienced by re-entry vehicle. These flow conditions govern both the
aerodynamic forces and moments acting on the vehicle, as well as the complex
aerothermal phenomena arising during high-speed flight. Consequently, a rigorous
and precise characterization of atmospheric data is indispensable for the design,
guidance, and control of vehicles in atmospheric re-entry. In the present study,
air is adopted as the reference working gas. Nevertheless, atmospheric entry
in extraterrestrial environments, which likewise occurs at hypersonic velocities,
involves atmospheres composed of chemically and thermodynamically distinct gas
mixtures, often exhibiting highly non-ideal or exotic behavior. In certain instances,
such as the landing of the Huygens probe on Titan, the precise composition and
thermophysical properties of the atmosphere remain incompletely characterized,
introducing considerable uncertainties into the aerodynamic and thermal design of
vehicles intended for atmospheric entry of the planet[27]. For terrestrial entries,
air is commonly modelled as a binary mixture of molecular nitrogen and oxygen
(neglecting argon for most aerothermodynamic considerations), with molar fractions
approximately XN2 ≃ 0.79 and XO2 ≃ 0.21. This corresponds to a dry-air mean
molar mass of about Mair ≈ 28.85 g mol−1 when argon is omitted (standard dry-air
value including argon is ≈ 28.97 g mol−1)[28].
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Figure 3.1: (a) Density at different
altitudes

Figure 3.2: (b) Concentration at dif-
ferent altitudes

However, under the extreme thermodynamic conditions typical of hypersonic re-
entry, air can no longer be treated as an inert gas with constant properties. The
large amount of kinetic energy converted into heat triggers vibrational excitation,
molecular dissociation and, at higher velocities, ionization of the atmospheric con-
stituents. These transformations radically alter the thermophysical and transport
properties of the flow, making it necessary to adopt advanced gas-dynamic (thermo-
chemical) models capable of capturing chemical equilibrium and non-equilibrium
effects.

3.2 Fundamental aspect of Asmospheric Re-entry
The transition between different flight regimes is not merely a monotonic increase
of speed but a progressive change in the dominant physical processes that govern
the interaction between a solid body and the surrounding fluid. The key parameter
used to define the transition regarding the velocity regime is the Mach number (M),
a dimensionless quantity expressing the ratio between the macroscopic velocity of
the object (v) and the local speed of sound (a) in the medium.[28] The fundamental
relation M = v/a reveals that the speed of sound acts as an information limit
within the fluid: it represents the velocity at which small pressure disturbances

14



Theoretical foundations

propagate through the air. Since the speed of sound depends strongly on the
absolute temperature of the gas (T ), according to the thermodynamic relation
a =

√
γRT (where γ is the ratio of specific heats and R is the specific gas constant),

the aerodynamic behavior of a vehicle at a given velocity can vary dramatically
with altitude and atmospheric conditions.[29]

Figure 3.3: Altitude plotted over the velocity of an exemplary ballistic re-entry
trajectory from 120km with indications of flow and flight regime changes

The subsonic regime is defined by flows in which the Mach number everywhere
is below unity (M < 1). For engineering purposes, however, this regime is of-
ten subdivided into two subcategories based on the fluid’s compressibility. When
M < 0.3–0.4, air can be treated as incompressible. In this range, pressure variations
induced by the vehicle’s motion produce negligible changes in air density, permitting
the use of Bernoulli’s equation and simplified aerodynamic models. In this regime
the pressure waves generated by the moving body propagate faster than the body
itself; consequently, the fluid upstream of the vehicle is informed of the approaching
object and begins to deviate its trajectory prior to physical contact, establishing a
smooth, continuous flow field. As the speed increases beyond approximately Mach
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0.4, compressibility effects become significant: air can no longer be assumed to have
constant density, and dynamic pressure begins to compress the gas. Under these
conditions, more advanced thermodynamic and compressible-flow models must be
incorporated to accurately predict aerodynamic forces such as drag and lift[30].
The transonic regime, which extends approximately between Mach 0.75 and 1.20.
The onset of this regime is defined by the critical Mach number (Mcrit), which is
the free-stream Mach number at which the local flow velocity first reaches Mach
1.0 at a specific point on the surface, typically where the curvature is greatest.[31]
Supersonic flight occurs when the vehicle’s speed is entirely greater than the speed
of sound (M > 1.2 up to approximately M ≈ 5). In this regime the vehicle travels
faster than the pressure waves it generates, producing a continuous wavefront that
takes the form of a cone known as the Mach cone. The cone’s half-angle µ (the
Mach angle) satisfies sin µ = 1/M and becomes progressively sharper as the Mach
number increases, a factor that directly impacts vehicle aerodynamic and structural
design. The hypersonic regime is entered when velocities exceed approximately
Mach 5. This threshold is not dictated by a single abrupt physical change, but
rather marks the point at which multiple thermodynamic and chemical effects
become dominant and can no longer be neglected. At these speeds, the kinetic
energy of the flow is converted into thermal energy across the shock wave at a
rate sufficient to excite internal molecular degrees of freedom and drive chemical
reactions. The calorically perfect gas assumption, already an approximation in
supersonic flight, breaks down entirely under these conditions [32]. Several coupled
microscopic processes become significant: vibrational excitation, whereby O2 and
N2 molecules store energy in internal vibrational modes in addition to translational
and rotational modes; molecular dissociation, in which oxygen begins to dissociate
at temperatures on the order of ∼ 2000 K, followed by nitrogen at temperatures
exceeding ∼ 4000 K; and ionization, whereby at orbital velocities of approximately
Mach 25 the gas forms a plasma sheath around the vehicle that attenuates or
completely blocks radio-frequency signal propagation, resulting in a communication
blackout [33].

While a Mach-number–based classification describes the macroscopic speed of the
flow, there is an equally crucial physical dimension: the molecular structure of the
fluid. The Navier-Stokes equations, which govern classical fluid mechanics, are based
on the continuum hypothesis, in which macroscopic field variables, such as velocity,
density, temperature are assumed to be well defined on length scales that are small
compared with the characteristic dimensions of the system, yet large compared
with intermolecular distances[34]. The dimensionless parameter that quantifies the
deviation from the continuum hypothesis is the Knudsen number (Kn), defined
as the ratio between the molecular mean free path (λ) and a characteristic length
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scale of the system (L):
Kn = λ

L
. (3.1)

The mean free path λ represents the average distance travelled by a gas molecule
between successive collisions. Using kinetic theory for a hard-sphere gas, λ can be
expressed as:

λ = kB T√
2 π σ2 P

, (3.2)

where kB = 1.380649×10−23 J K−1 is the Boltzmann constant, T the thermodynamic
temperature, σ ≈ 3.7 × 10−10 m the effective molecular diameter for air, and
P the static pressure. The widespread adoption of the Knudsen-number–based
classification of flow regimes traces back to Tsien’s 1946 work on Superaerodynamics.
This subdivision distinguishes four principal regimes, each characterized by different
governing physical mechanisms and corresponding mathematical models.

Flow regimes Kn range
Continuum (No-slip) Kn < 0.01
Continuum (slip) 0.01 < Kn < 0.1
Transition 0.1 < Kn < 10
Free molecular Kn > 10

Table 3.1: Categorization of the flow regimes by Knudsen number [35]

In the continuum regime (Kn < 0.01), the Navier–Stokes equations accurately
describe the flow field. The fundamental boundary condition is the no-slip con-
dition, whereby the fluid velocity at the wall is equal to the velocity of the wall
itself. This assumption implies that molecular momentum exchange with the
surface is sufficiently efficient to eliminate any macroscopic relative velocity at the
interface[29]. When 0.01 < Kn < 0.1, the continuum hypothesis begins to break
down within a thin near-wall region known as the Knudsen layer. In this region,
molecules undergo an insufficient number of intermolecular collisions to establish
perfect local thermodynamic equilibrium before interacting with the surface. As
a result, a finite macroscopic velocity relative to the wall (velocity slip) and a
discontinuity in temperature (temperature jump) are observed.

To model this regime, the Navier–Stokes equations are still applied in the bulk
flow, while first- or second-order Maxwell boundary conditions are imposed at the
wall. The velocity slip (uslip) is given by:

uslip =
32 − σv

σv

4
λ

A
∂u

∂n

B
w

(3.3)

17



Theoretical foundations

where σv is the tangential momentum accommodation coefficient (TMAC), rep-
resenting the fraction of molecules that are diffusely reflected by the surface. In
the transitional regime (0.1 < Kn < 10), the Navier–Stokes equations lose their
validity, as the constitutive relations linking stresses and heat fluxes to velocity
and temperature gradients (Newton’s and Fourier’s laws) are no longer linear. An
accurate description of the system requires the Boltzmann equation, which governs
the evolution of the molecular velocity distribution function f(t, x, v)[29]. Due
to the complexity of the Boltzmann equation, particularly the fivefold collision
integral, a direct analytical solution is in general not tractable. The description of
the flow therefore requires dedicated numerical approaches capable of capturing
the non-equilibrium molecular dynamics of the transitional regime, which are
introduced in Chapter 4.1. For Kn > 10, the gas is so rarefied that a molecule,
once reflected from the surface of a vehicle, will almost certainly travel to infinity
without colliding with another air molecule. In this regime, aerodynamic forces are
computed by summing the momentum transfer from individual molecular impacts
on the surface, with incident molecular velocities described by Maxwell–Boltzmann
statistics. This regime characterizes the flight environment of artificial satellites
and space stations in Very Low Earth orbit (VLEO), where aerodynamic drag,
although small, remains the primary cause of orbital decay[29].

3.3 Curved Bow Shock
The key phenomenon that defines the thermal and dynamic environment of atmo-
spheric re-entry vehicles is the detached curved shock, also known as the bow shock.
Unlike supersonic aircraft, which employ slender geometries to reduce wave drag,
re-entry vehicles adopt blunt-body configurations specifically designed to generate
a detached shock wave. This geometry is not optimised for cruise aerodynamic
performance, but is instead driven by the need to manage the extreme thermal
loads encountered during re-entry: the detached shock displaces the high-entropy,
high-temperature shock layer away from the surface, significantly reducing the
convective heat flux reaching the wall. In the absence of such a design approach,
the aerothermal loads would likely exceed the structural and thermal limits of
the vehicle. Understanding the complex flow structure between the shock and
the body, where extreme entropy gradients, viscous interactions, and chemical
transformations occur, is fundamental for the design of thermal protection systems
(TPS) [36].

As the atmospheric density increases during the descent, the body velocity far
exceeds the local speed of sound, preventing acoustic disturbances from propagating
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Figure 3.4: Schematic of hypersonic flow phenomena occuring around a vehicle
[11]

upstream. The flow therefore has no forewarning of the obstacle, and the adjust-
ment to the presence of the body occurs abruptly across a shock wave. A sharp
discontinuity, the shock wave, therefore forms, instantaneously compressing and
heating the gas. In the case of a capsule with a rounded nose, this shock assumes
a curved shape and is positioned at a certain distance from the stagnation point,
referred to as the stand-off distance (δso), as illustrated in Figure 3.4. The detached
curved shock exhibits an inherently non-uniform character. At the vehicle’s symme-
try axis, the shock is locally perpendicular to the incoming flow, forming a normal
shock at the stagnation point. Here, compression is maximum and the post-shock
flow is brought to subsonic conditions, though it is important to note that this
subsonic pocket is confined to the immediate vicinity of the stagnation region;
away from the axis, the shock angle decreases and the downstream flow remains
supersonic [36, 37]. Moving radially toward the shoulders of the vehicle, the shock
gradually transitions into a weaker oblique shock, across which only the normal
component of the upstream velocity is compressed while the tangential component is
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preserved. The shock layer between the bow shock and the body surface is therefore
a mixed subsonic-supersonic flow field, with a sonic line separating the two regions
[37]. This variation of the shock angle along its curvature is the primary driver of
the complexity of the hypersonic flow field. According to the Rankine-Hugoniot
relations, the entropy jump across a shock strongly depends on the shock angle:
a normal shock produces a much larger entropy increase than an oblique shock.
Consequently, different streamlines crossing the shock at various distances from the
symmetry axis experience different entropy increments, giving rise to the so-called
entropy layer. This entropy gradient, according to Crocco’s theorem, generates
vorticity that interacts with the vehicle’s boundary layer (vorticity interaction).
The stand-off distance δso is a critical parameter for vehicle safety. It depends on
the nose radius (Rn), the Mach number, and, most importantly, the density ratio
across the shock (ρ2/ρ1). In extreme hypersonic conditions, the gas behind the
shock reaches very high densities due to the excitation of internal degrees of freedom
and chemical dissociation, causing the shock wave to approach the body surface,
also known as thin shock layer. The shock compression converts the kinetic energy
of the free stream into enthalpy; as demonstrated by Fay and Riddell (1958), the
incident specific enthalpy increases quadratically with the free-stream velocity [38]:

h ≈ 1
2v2. (3.4)

In this high-enthalpy scenario, the shock layer is characterised by marked thermo-
chemical nonequilibrium, where energy is distributed among vibrational excitation,
molecular dissociation, and ionisation. Heat transfer to the vehicle occurs through
three coupled mechanisms: convective heating, driven by the steep temperature
gradient between the hot shock layer and the wall; radiative heating, which becomes
significant at orbital velocities where the shock layer temperature is sufficient to
emit thermal radiation; and catalytic heating, arising from the exothermic recom-
bination of dissociated atoms on the vehicle surface. The overall heat balance at
the wall is:

q̇conv + q̇rad + q̇cat = ϵσT 4
w, (3.5)

where the right-hand side represents wall reradiation, which constitutes the primary
passive cooling mechanism for LEO re-entry vehicles.

Thermal protection systems (TPS) are designed to manage this heat input through
one or more of the following approaches. Passive radiative cooling relies on high-
emissivity surface materials that reradiate the absorbed heat; this mechanism is
effective at moderate heat fluxes and is the basis of reusable ceramic tile systems
such as those employed on the Space Shuttle. Ablative cooling is used when heat
fluxes exceed the capacity of purely radiative systems: the TPS material undergoes
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Figure 3.5: Schematic of molecular and heating processes occurring around the
vehicle during re-entry [39]

controlled pyrolysis and surface recession, consuming energy through endothermic
chemical reactions and injecting a protective gas layer into the boundary layer that
further reduces convective heating. Active cooling, for example transpiration or
film cooling, circulates a coolant through the structure or injects it at the wall, and
is primarily considered for future reusable hypersonic vehicles.
A central role in all passive systems is played by heterogeneous catalysis, in
which the exothermic recombination of atoms on the surface follows either the
Eley-Rideal mechanism (direct gas-surface collision) or the Langmuir-Hinshelwood
mechanism (diffusion and reaction between adsorbed species). The intensity of this
phenomenon is quantified by the recombination coefficient γ, a critical parameter for
the classification of TPS materials and the management of structural temperatures.
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3.4 Motion in Flight
A body in flight within the atmospheric medium intrinsically possesses six degrees
of freedom, assuming the rigid-body hypothesis. These degrees of freedom manifest
as translational motions along the three spatial directions (fore-aft, lateral, and
vertical) and rotations about the vehicle’s three principal axes, conventionally
identified as yaw, pitch, and roll. The mathematical description of this motion
requires the adoption of appropriate coordinate systems, typically centered at the
vehicle’s center of gravity (CoG)[40].

Figure 3.6: Definition of aerodynamic coefficients [11, 41]

3.4.1 Definition of Aerodynamic Coefficients
The modeling of aerodynamic forces is carried out through the definition of di-
mensionless coefficients that normalize the loads with respect to the freestream
dynamic pressure:

q∞ = 1
2ρ∞V 2

∞, (3.6)

a reference area (Aref), and a reference length (dref). For an axisymmetric body
such as the ULPM, the reference area is usually taken as the maximum cross-
sectional area, while the reference length corresponds to the body diameter.[40]
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The fundamental definitions of force and moment coefficients are expressed as:

Cx = Fx
1
2ρ∞V 2

∞Aref

, CMx = Mx
1
2ρ∞V 2

∞Arefdref

. (3.7)

The local aerodynamic loading is further characterised through the pressure coeffi-
cient cp and the tangential stress coefficient cτ , defined respectively as:

cp = p − p∞

q∞
, cτ = τw

q∞
, (3.8)

where p is the local wall pressure, p∞ the freestream static pressure, and τw the
local wall shear stress. These distributions are integrated over the vehicle surface
to yield the global force and moment coefficients.
In these expressions, Fx represents a generic aerodynamic force component along
the x-axis, while Mx denotes the corresponding aerodynamic moment about the
same axis. These coefficients are obtained by integrating the local pressure and
shear stress distributions over the vehicle surface, which together constitute the
global aerodynamic loading [42]. A complete aerodynamic characterization of the
vehicle requires the use of angles describing the orientation of the velocity vector
relative to the body axes. The angle of attack (α) and the sideslip angle (β) are
the primary parameters. Visual analysis of re-entry configurations shows that
aerodynamic forces are often decomposed either in the aerodynamic axis system
(CL, CD) or in the body axis system (CA, CN).

3.5 Static Stability
Static stability is defined as the initial tendency of a vehicle to return to an
equilibrium (trim) attitude after being disturbed. For a re-entry vehicle, this
requires that the aerodynamic moments acting on the body produce a net restoring
tendency whenever the vehicle deviates from its trim condition, ensuring that the
thermal protection system or decelerator remains correctly oriented with respect
to the incoming flow [43].

3.5.1 Equilibrium Conditions
For the pitching moment coefficient Cmy , defined as My = q∞ Aref Lref Cmy , static
stability requires the simultaneous satisfaction of three conditions. First, a restoring
moment must exist, i.e., a negative pitching moment must be generated when the
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vehicle is displaced from its equilibrium attitude, so as to drive it back toward the
trim condition:

Cmy < 0. (3.9)

Second, the slope of the pitching moment curve evaluated at the trim point must
be negative:

Cmα = ∂Cmy

∂α
< 0. (3.10)

This condition ensures that if the vehicle nose moves upward, a nose-down restoring
moment is generated, returning the vehicle toward its trim attitude. Additionally,
the static margin must be not only positive but sufficiently large to guarantee
robustness against perturbations encountered during flight. A margin that is merely
positive but negligibly small renders the vehicle marginally stable, making the trim
condition highly sensitive to external disturbances. Conversely, an excessively large
margin, while providing strong resistance to perturbations, may result in an overly
stiff attitude response. The admissible range of static margin therefore defines a
stability envelope within which the vehicle is expected to operate throughout the
re-entry trajectory.
Static stability is intrinsically linked to the relative positions of the Center of
Gravity (CoG) and the Center of Pressure (CoP). The CoP is the point at which
the resultant aerodynamic force acts such that no moment is generated about it.
For aerodynamically stable flight, the CoG must be located ahead of the CoP
with respect to the incoming flow. The distance between these two points defines
the static margin; a positive and sufficient margin ensures that any normal force
perturbation generates a stabilizing restoring moment [44].
As discussed in Chapter 2, the ULPM presents intrinsic stability challenges due to
the aft position of the CoG. In the case of an expended upper stage, the CoG location
is particularly unfavourable: with propellant depleted, the mass distribution shifts
further aft along the body, making it inherently difficult to establish a positive
static margin through aerodynamic means alone. The DAS concept addresses this
by deploying conical panels at the aft end of the vehicle, shifting the CoP rearward
and establishing a positive static margin without requiring additional ballast mass.
However, the extent to which this shift is sufficient depends sensitively on the
DAS geometry and the actual CoG position, motivating the parametric simulation
campaign presented in Chapter 6. The influence of the DAS opening angle θ2, fin
length L4, and CoG position on the static margin is the primary subject of that
analysis [45].
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3.5.2 Static Margin Evaluation
The longitudinal static stability of the investigated configurations was assessed by
means of the static margin, derived from the aerodynamic coefficients obtained
through the post-processing procedure. The static margin is defined as

SM = xNP − xCoG

lref

, (3.11)

where xNP denotes the longitudinal position of the neutral point, xCoG the longi-
tudinal position of the centre of gravity, and lref the reference length. Since the
neutral point is not directly available as a CFD output quantity, it was inferred
from the aerodynamic derivatives with respect to the angle of attack, under the
assumption of a linear aerodynamic regime. Within this framework, the pitching
moment coefficient about the centre of gravity may be expressed as

Cm = Cm,0 − xNP − xCoG

lref

Cl, (3.12)

where Cm,0 is the zero-lift pitching moment coefficient. Differentiating with respect
to the angle of attack α yields

dCm

dα
= −xNP − xCoG

lref

dCl

dα
, (3.13)

from which the static margin is obtained as

SM = xNP − xCoG

lref

= −dCm/dα

dCl/dα
. (3.14)

The aerodynamic derivatives dCm/dα and dCl/dα were evaluated by performing a
least-squares linear regression of the CFD-computed coefficients over the considered
angle-of-attack range. A positive static margin indicates that the neutral point
is located aft of the centre of gravity, corresponding to a longitudinally statically
stable configuration. A negative value denotes static instability, whereas values in
the vicinity of zero are indicative of near-neutral stability.
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3.6 Dinamic Stability
Dynamic stability analyzes how the vehicle responds over time to a perturbation,
focusing on the damping of oscillations that occur around the trim position. The
dynamic behavior of an axisymmetric re-entry vehicle is often modeled using a
single-degree-of-freedom (1-DOF) second-order equation, analogous to a mass-
spring-damper system:

Iyy α̈ − Cmα αü ûú ý
stiffness (static stability)

− (Cmq + Cmα̇) α̇ü ûú ý
dynamic damping

= M(t) (3.15)

Damping is governed by the quasi-steady interaction of the flow with the aft portion
of the body and by the time lag of the wake (downwash lag). For a vehicle to be
dynamically stable, the damping coefficient must be negative, ensuring that the
energy of the oscillatory motion is dissipated into the surrounding fluid. It has
been suggested in the literature that oscillation divergence may not arise solely
from a constant negative damping coefficient, but rather from a wake-induced
moment acting with a time delay tlag relative to the body motion [46]. This phase
lag between the body motion and the aerodynamic pressure response can inject
energy into the system, leading to oscillations of increasing amplitude that may
culminate in vehicle overturning prior to parachute deployment.

The dynamic stability of the vehicle is outside the scope of the present thesis, as
its investigation would require unsteady flow field simulations, dynamic system
identification procedures, and time-resolved experimental data [47]. The analysis
is therefore limited to static stability, assessed through aerodynamic coefficients
obtained from steady-state simulations.
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3.7 Forced Rotation

Forced rotation (or spin stabilization) is a passive or semi-passive technique used
to enhance the attitude stability of a rigid body and is based on the principle
of conservation of angular momentum [48]. In an inertial reference frame, the
variation of the angular momentum vector L is determined solely by the application
of external torques τ , according to the fundamental relation:

dL
dt

= τ . (3.16)

For a rigid body, the angular momentum is related to the angular rate ω through
the inertia tensor I, expressed as:

L = Iω. (3.17)

When a vehicle is spun rapidly about a symmetry axis, the magnitude of the
angular momentum |L| increases significantly, which can provide the system with
gyroscopic stiffness [49].

Figure 3.7: Principle of spin stabilization (AI-generated image)
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3.7.1 Possible Implementations
Spin stabilization can be implemented through several approaches depending on
vehicle design and mission requirements. The most common is mechanical spin-
up, in which the vehicle is set into rotation prior to or during re-entry using
deployable booms, offset masses, or internal flywheels. Alternatively, propulsive
spin-up employs small thrusters or reaction control system (RCS) jets to impart
angular velocity along the desired symmetry axis. A third option is aerodynamic
spin, where canted fins or small vanes generate a torque due to the incoming flow,
gradually spinning the vehicle during flight. Finally, off-centre masses or precessing
mechanisms can be used to induce a natural spin or stabilise oscillations through
gyroscopic coupling. Each approach involves trade-offs in terms of mass, mechanical
complexity, control authority, and effectiveness under the combined aerodynamic
and thermal loads of re-entry.

3.7.2 Advantages and Limitations
Spin stabilization is a mature and flight-proven technique, having been successfully
applied in missions such as Pioneer and MMS, where passive gyroscopic stabiliza-
tion was used without requiring active actuators during the critical re-entry or
cruise phases. The primary advantage is the gyroscopic stability it provides: the
aerodynamic torque τaero induces a precessional motion of the angular momentum
vector L rather than a catastrophic tumble [50]. The precession angular velocity
can be estimated as:

Ωp ≈ |τaero|
Ixx ω

, (3.18)

where Ixx is the axial moment of inertia and ω the nominal spin rate. In addition,
spin averages out mass asymmetries and thrust misalignments, reducing trajec-
tory dispersion, and distributes the thermal load circumferentially across the TPS
surface, mitigating local thermal gradients and preventing localised overheating [48].

However, the technique carries significant limitations. The spin rate does not
remain constant during re-entry as atmospheric density and aerodynamic torques
evolve, complicating attitude predictions. High spin rates induce centrifugal hoop
stresses:

σθ = ρ ω2R2, (3.19)

which, combined with pressure-induced stresses, can subject structural materials
such as Al-Li 2195 alloys to loads approaching their yield strength. A spin-up
mechanism must be integrated prior to re-entry, adding mass, complexity, and cost.
Furthermore, at high altitudes in rarefied flow conditions, the inverse Magnus effect
acts in the opposite direction compared to continuum flow, potentially reducing
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stability during the early phases of re-entry [51]. Finally, spin stabilization is
incompatible with high-gain directional antennas, which require a fixed pointing
direction.

3.7.3 Considerations on the Choice of Angular Velocity for
Spin Stabilization

Forced spin stabilization is an established technique for passive attitude control dur-
ing atmospheric re-entry, employed across a wide range of mission classes. However,
identifying a target spin rate for the ULPM configuration is not straightforward,
as the appropriate value depends on a combination of vehicle-specific and mission-
specific factors that are not fully constrained within the scope of the present work.
Rather than deriving a specific ω estimate, it is therefore more meaningful to
identify the parameters on which such a choice would depend. The gyroscopic
stiffness provided by spin stabilization scales with the axial moment of inertia
of the vehicle and the square of the spin rate. For a large, propellant-depleted
upper stage, the axial inertia is significantly higher than that of the small capsules
and probes typically discussed in the spin stabilization literature, such as the
Stardust re-entry capsule, for which a pre-entry roll rate was imparted in orbit
to ensure attitude stability during descent. Directly transposing spin rates from
such references would yield values incompatible with the inertial properties of the
ULPM, as an equivalent gyroscopic stiffness would require a substantially lower ω
for a heavier, larger-diameter stage. Furthermore, spin-stabilized capsules in the
literature typically operate as part of a broader attitude control architecture, in
which the roll rate is one element of an active guidance and control system. In such
contexts, the spin rate is tuned to complement other control inputs rather than to
provide stabilization in isolation, making direct comparison with a purely passive
configuration inappropriate. The key factors that would govern the selection of
a spin rate for the ULPM in a Dn2D context include: the axial and transverse
moments of inertia of the expended stage; the magnitude and frequency of the
aerodynamic disturbance moments expected along the re-entry trajectory; the
mechanical feasibility of imparting and sustaining a given ω through a spin-up
mechanism; the centrifugal structural loads on the DAS panels at the target spin
rate; and the compatibility of the spin rate with any onboard systems sensitive to
rotation. Whether forced spin stabilization would represent a meaningful comple-
ment to the passive DAS concept analyzed in this thesis therefore remains an open
question, contingent on a dedicated attitude dynamics study and a more complete
definition of the vehicle mass properties [52].
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Chapter 4

Numerical Methods and
Simulation Workflow

The aerothermal simulation of an upper stage during atmospheric re-entry between
120 km and 95 km altitude enables the characterization of the flow evolution from
a transitional regime toward a near-continuum regime, and it requires moving
beyond continuum models due to the high degree of gas rarefaction. In this altitude
range, the high Knudsen number invalidates the Navier-Stokes equations, neces-
sitating the solution of the Boltzmann equation through kinetic methods. This
chapter analyzes the theoretical foundations of the Direct Simulation Monte Carlo
(DSMC) and Bhatnagar-Gross-Krook (BGK) methods implemented within the
PICLas framework of the Institute of Space Systems (IRS) in Stuttgart, defining
the numerical rigor required for the study of various geometric configurations in a
rarefied environment.[53]

The macroscopic description of a fluid, characterized by variables such as density,
velocity, and temperature, is derived from the moments of the distribution function
of microscopic parameters. When the molecular mean free path λ becomes com-
parable to the characteristic length L, the Knudsen number Kn = λ/ L indicates
that intermolecular collisions are no longer sufficient to maintain the gas in a state
of local thermodynamic equilibrium. In this particular thesis the characteristic
length is the vehicle lenght.
The Boltzmann equation for a species s is defined as:

∂fs

∂t
+ v · ∇fs + F

ms

· ∇vfs =
C

∂fs

∂t

D
coll

, (4.1)

where fs(x, v, t) represents the probability density of finding a particle with velocity
v at position x and time t. The term on the right-hand side of the equation
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corresponds to the collision integral, whose mathematical complexity renders
analytical solutions for realistic geometries impossible. For this reason, particle-
based methods are adopted to address this challenge by discretizing the distribution
function into a large number of simulated particles, each assigned a statistical
weight wk representing a real number of physical molecules.

4.1 PICLas
PICLas is a three-dimensional, parallel, and modular simulation framework writ-
ten in Fortran and based on the MPI standard for high-performance computing.
Originally focused on combining the Particle-in-Cell (PIC) method for plasmas
with the DSMC method for neutral gases, the code has been extended to include
BGK and Fokker-Planck (FP) solvers, as well as modules for radiation and surface
catalysis.[54, 55] The code architecture allows for the solution of Maxwell’s or
Poisson’s equations for electromagnetic fields, coupled to the motion of charged
particles [56, 57] For a neutral upper stage in re-entry, however, the DSMC and
BGK-Flow modules constitute the primary components, even though also FP is also
applicable. [58, 59]Computational grid generation is handled by the tool HOPR,
which creates high-order, unstructured hexahedral meshes essential for accurately
mapping the complex geometries of launch vehicle stages.[53, 60, 61]

4.1.1 DSMC Method
Unlike continuum-based methods, DSMC reproduces the gas behaviour by tracking
the evolution of a representative ensemble of simulated computational particles, each
assigned a statistical weight wk representing a large number of real molecules [62].
The method provides a stochastic solution to the Boltzmann equation through
operator splitting, which decouples particle motion and intermolecular collisions.
Within each time interval ∆t, particles first undergo ballistic transport according to
their velocities, interacting only with domain boundaries or surfaces; intermolecular
collisions and energy exchanges are then modelled probabilistically within each
computational cell. The ability of DSMC to capture strong thermodynamic non-
equilibrium arises directly from its kinetic formulation. The distribution function
evolves freely from the simulated collisions, and non-equilibrium states emerge
naturally[62, 54]. Molecular interactions are modelled using cross-section models
such as the Variable Hard Sphere (VHS), which determines collision rates and
post-collision velocity distributions, but does not itself impose equilibrium. Gas
chemistry, including dissociation and recombination reactions, can be incorporated
as an extension of the original method through additional probabilistic reaction
models [62]. However, the stochastic nature of DSMC introduces statistical noise,
which requires sampling a sufficient number of particles per cell to obtain accurate
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macroscopic results. Consequently, the computational cost becomes prohibitive as
gas density increases and re-entry altitude decreases, making DSMC most suitable
for higher altitudes.

4.1.2 BGK Method
The Bhatnagar–Gross–Krook (BGK) model is a particle-based stochastic method,
like DSMC, but replaces the complex binary collision operator of the Boltzmann
equation with a linear relaxation term. Rather than simulating individual molecular
collisions, the velocity distribution function f is assumed to relax toward a target
equilibrium distribution f eq at a characteristic collision frequency ν:C

∂f

∂t

D
coll

= ν (f eq − f) . (4.2)

The choice of target distribution determines the variant of the model. The standard
BGK method uses a Maxwellian as f eq, which however does not correctly reproduce
the Prandtl number. The Ellipsoidal Statistical BGK (ESBGK) model, employed in
the present work, replaces the Maxwellian with an anisotropic Gaussian distribution,
recovering the correct transport coefficients [63]. Like DSMC, the stochastic
particle implementation of BGK is subject to statistical noise, which requires a
sufficient number of simulation particles per cell. However, BGK can operate with
less stringent spatial and temporal resolution requirements than DSMC, making
it significantly more efficient in denser flow regions where the mean free path
is short and the flow approaches local equilibrium. In these conditions, BGK
asymptotically recovers the Navier–Stokes solution in the continuum limit [64].
The main limitation of the BGK approach lies in its reduced accuracy in the
transitional regime, where the forced relaxation toward the target distribution may
fail to capture the correct non-equilibrium structure of the flow, particularly in the
presence of strong shocks with highly anisotropic velocity distributions [65]. An
additional source of inaccuracy in the present simulations is that chemical reactions
are not yet incorporated in the BGK solver: while DSMC models reactions as
outcomes of individual microscopic collisions, BGK reduces the collisional process
to a collective relaxation, and the current implementation does not account for
dissociation or recombination [66]. BGK therefore serves as an efficient solver for
denser flow regions where overall numerical stability is prioritised, while DSMC
remains the reference method in the highly rarefied regime.
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4.2 Pre-processing and Atmospheric Model
The freestream conditions at each altitude are derived from trajectory data gen-
erated by STRAT, an in-house trajectory simulation tool developed at IRS [67].
For a given three-dimensional vehicle geometry and set of entry conditions, the
code computes the re-entry trajectory and outputs the corresponding atmospheric
parameters along the descent path, including local density, temperature, and veloc-
ity. In the present work, the tool is used to extract freestream conditions at the
selected simulation altitudes, taking as input the altitude, velocity, and angle of
attack of the upper stage.
For the comparative study of different geometric configurations, a methodological
approximation was adopted: the atmospheric parameters at a given altitude were
extracted from a single reference configuration and kept constant across all geometric
variants at the same altitude. Although a change in DAS geometry technically
affects the descent velocity and therefore the local flow properties, this variation is
considered negligible within the altitude range investigated (120–95 km), allowing
the purely aerodynamic effects of different designs to be isolated. The lower bound
of 95 km was selected as a compromise between physical coverage of the re-entry
corridor and computational feasibility, given the significant increase in simulation
cost associated with denser flow conditions at lower altitudes. Extension of the
campaign to lower altitudes remains an identified direction for future work.

4.2.1 Model Definition and Configuration Files
Once the atmospheric data have been obtained, the PICLas input files are config-
ured. A five-species neutral air model (N, O, NO, O2, N2) is employed to capture
thermochemical dissociation phenomena in the transitional flow regime. The global
simulation parameters, including the end time, the Macro-Particle Factor (MPF)
controlling the statistical weight of the simulated particles, and the reference to
the mesh file (.h5) generated via HOPR, are specified in the parameter.ini file.
The kinetic properties of the species, the collision model (Variable Hard Sphere,
VHS), and the energy redistribution model (Larsen-Borgnakke) are defined in the
DSMC.ini file.

Due to the high computational cost of DSMC and BGK simulations, all cases are
executed on the Kerni HPC server at IRS Stuttgart. Input files are transferred
via scp, and the parallel solver is launched in an MPI environment using 80
cores: mpirun -np 80 piclas parameter.ini DSMC.ini. The core count is chosen
to maintain a ratio of approximately 100-200 mesh cells per core, minimising
inter-node communication overhead. Computational cost increases significantly at
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lower altitudes, where higher gas density leads to a larger number of simulated
particles and collision events per time step.

4.2.2 Symmetries Plane and Domain Reduction
The axisymmetric geometry of the simplified CAD model allows the computational
domain to be reduced, significantly lowering the number of mesh cells and simulated
particles. In both the zero and non-zero angle of attack cases, the flow field retains
a plane of symmetry coinciding with the pitch plane, and only one half of the
domain is simulated, reducing the computational cost by a factor of two with no
loss of physical accuracy. In PICLas, the symmetry boundary condition is imposed
by specularly reflecting simulation particles that reach the symmetry plane: the
velocity component normal to the plane is reversed while the tangential components
are preserved. This is equivalent to mirroring the flow field across the symmetry
boundary and ensures that the correct macroscopic quantities are recovered when
the solution is reconstructed over the full domain.

4.3 Convergence Criteria and Simulation Verifi-
cation

For steady-state simulations, convergence is assessed through the attainment of
a statistical steady state. The temporal evolution of macroscopic quantities, in
particular the total number density and translational temperature, is monitored;
stationarity is considered reached when these quantities fluctuate around a sta-
ble mean value without systematic drift. Sampling of macroscopic properties is
performed only after this condition is visually confirmed, to avoid contaminating
the time-averaged results with transient data. For DSMC simulations, three mi-
croscopic quality criteria must be simultaneously satisfied throughout the domain.
The ratio of the mean collision separation to the mean free path (MCS/MFP) must
remain below 1, ensuring that collisions are spatially local. The maximum collision
probability must remain below 0.8, preserving the validity of the stochastic collision
scheme. Finally, the number of simulated particles per cell must remain above 10
to guarantee statistical significance [62, 53]. For BGK simulations, the equivalent
criterion is that the maximum relaxation factor remains below 0.8, ensuring that
the relaxation step does not overshoot the target distribution within a single time
step [53]. The simulation workflow is supported by periodic output of state files
in .h5 format, recording particle positions and velocities. These checkpoints allow
the simulation to be restarted from the last saved state if the convergence criteria
are not yet satisfied at the predefined end time, enabling adjustment of sampling
parameters without losing accumulated computational progress.
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Methodology

This chapter presents the methodology adopted for the aerodynamic analysis of
the re-entry configuration. The simulation workflow encompasses the definition
of the atmospheric inflow conditions, the initialisation of the DSMC and BGK
simulation files, the execution on the high-performance computing infrastructure,
and the post-processing procedures used to extract and validate the results. The
geometry of the reference vehicle and the simplified CAD model adopted for this
study are described in Chapter 2, Section 2.2.3.

5.1 Simulation Workflow and Operational Setup
The execution of aerothermal simulations follows a structured workflow, starting
from trajectory definition and concluding with the processing of macroscopic results
on the high-performance computing server.

The simulation campaign is organised hierarchically according to three nested
levels of variation: altitude, geometric configuration, and angle of attack. At the
outermost level, the set of selected altitudes defines the freestream conditions for
each campaign. The appropriate numerical method is selected based on the local
Knudsen number Kn = λ/L: at higher altitudes, where rarefaction effects dominate
and intermolecular collisions are infrequent relative to molecule, surface interactions,
the Direct Simulation Monte Carlo (DSMC) method is employed. At lower altitudes,
as the mean free path decreases and the collision frequency increases, the velocity
distribution function approaches a near-equilibrium Maxwellian form, making the
BGK relaxation model a valid and computationally more efficient alternative to
the full DSMC treatment. At the intermediate level, the geometric configuration of
the Deployable Aerodynamic Stabilizer (DAS) is varied across a range of opening
angles θ2 and panel lengths L4, as described in Chapter 6. For each configuration,

37



Methodology

select altitude

select method

select configuration

select angle of attack

run the simulation

post-processing

results and discussion

Figure 5.1: Analysis workflow

a set of angles of attack α is simulated at the innermost level to characterise the
full aerodynamic response of the vehicle and evaluate static stability through the
pitching moment coefficient Cmy as a function of α.
Each simulation is executed on the Kerni HPC server at IRS Stuttgart and, upon
convergence, undergoes post-processing to extract the aerodynamic force and
moment coefficients. The results are then analysed and discussed, and the loop
proceeds to the next configuration, angle of attack, or altitude as appropriate. The
iterative structure allows systematic comparison across all parametric combinations
and ensures that conclusions on passive stability are drawn consistently across the
full altitude range of interest.

5.2 Numerical Simulation Approach
The simulation campaign was structured according to an incremental approach,
aimed at validating the transition between numerical methods as atmospheric
density increases along the re-entry profile. At 120 km, characterised by the highest
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Knudsen number of the campaign, all geometric configurations were simulated
exclusively using DSMC. This phase establishes the aerodynamic force and moment
coefficients across the full range of DAS configurations in the rarefied regime,
providing the reference dataset against which results at lower altitudes are compared.
At 105 km, a cross-method validation was performed for a reference configuration
(α = 60◦, β = 0◦). Three simulation setups were compared: a full DSMC simulation,
a BGK simulation initialised from a converged DSMC flow field (restart), and a
BGK simulation initialised from uniform freestream conditions (from scratch). The
agreement of aerodynamic coefficients between the two solvers at this intermediate
altitude serves as a methodological gate: once the BGK model is verified to
reproduce the flow physics accurately at 105 km, it is adopted as the primary solver
for the lower-altitude phase. At 95 km, all simulations were performed exclusively
using BGK. This choice yields a significant reduction in computational cost in a
regime where the high collision frequency would render full DSMC prohibitive,
while preserving the accuracy of the macroscopic quantities of interest. It is
noted, however, that the BGK formulation employed here does not account for
chemical reactions. As the altitude decreases and the aerothermal environment
intensifies, dissociation and recombination reactions become increasingly relevant,
particularly for the prediction of surface heat flux. The aerodynamic force and
moment coefficients are expected to be less sensitive to chemistry than the heat
flux, but this limitation should be considered when interpreting the results at 95 km,
and motivates the inclusion of chemistry models as a priority in future simulation
campaigns.

5.3 Post-Processing
Once the simulation has been completed and convergence verified, the extraction
of macroscopic results is performed to assess the aerothermal performance of
the vehicle. The post-processing workflow is aimed at transforming the cell-wise
sampled data into global forces, moments, and heat fluxes. The first step involves
exporting the final simulation state (e.g., visuDSMC files) into a structured tabular
format, referred to as output.csv. This file contains, for each cell center on the
surface mesh, the spatial coordinates, element area, force per unit area, and local
heat flux. In this thesis, the symmetry of the simulated body was exploited by
modeling only half of the geometry; therefore, the first stage of post-processing in
MATLAB consists of reconstructing the complete body. Using the mirror3dData
function, the dataset is expanded by applying reflection matrices (across the XY
and XZ planes) or rotation matrices, ensuring that the integrated force calculations
account for the full vehicle surface. The core of the analysis lies in a computational
routine that processes the information contained in the CSV file exported from
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the DSMC simulation. The total forces acting on the vehicle in the body-fixed
reference frame are obtained by summing the contributions from each surface cell
according to:

Ftot =
Ø

i

(Punit,i · Ai) , (5.1)

where Punit,i represents the force per unit area associated with cell i and Ai is the
corresponding cell area. Similarly, the aerodynamic moments with respect to a
predefined Center of Gravity (CoG) are calculated as:

Mtot =
Ø

i

(ri × Fi) , (5.2)

where ri is the position vector from the CoG to the point of application of force Fi.
A crucial advantage of this methodology lies in its flexibility: any variation in
the CoG location can be fully accommodated during post-processing by simply
recalculating the moments within the MATLAB script, without the need to rerun
the DSMC fluid-dynamics simulation.

5.3.1 Projected Area
A critical parameter for the proper non-dimensionalization of aerodynamic and
aerothermal results is the projected area (Aproj), which depends on the angle of
attack (α). The MATLAB script implements an analytical formula based on the
projection of the vehicle’s geometric components along the flow direction.
Considering the upper stage as composed of a nose cone, cylindrical body, and
deployable aerodynamic system (DAS) 2.2, approximated as segments of cones or
cylinders with radii r1, r2, r3 and lengths l1, l2, l3, the projected area is calculated
as followed.

Aproj = πr2
3 cos(α) + 1

2 [(r1 + r2)l1 + 2r2(l2 − l1) + (r2 + r3)(l3 − l2)] sin(α) (5.3)

where r1 is the initial radius of the forebody section (nose cone), measured after
the first fillet or tip, r2 is the radius of the main cylindrical body of the vehicle, r3
is the maximum radius at the end of the DAS section (rear flare), l1 is the length
of the nose cone section, from the tip to the start of the cylindrical body, l2 is
the cumulative position at the end of the cylindrical body (l2 − l1 represents the
actual length of the cylinder alone), l3 is the total length of the vehicle including
the extended DAS system (l3 − l2 represents the length of the flare section). This
formulation allows accurate calculation of the projected area as a function of the
angle of attack, enabling correct scaling of aerodynamic forces and heat fluxes in
subsequent analyses. The resulting projected area values as a function of angle of
attack are reported in Appendix A.1.
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Results and discussion

This chapter presents the results obtained during the numerical simulation campaign.
The exposition is structured according to flight altitude, progressing from 120 km
to 105 km and concluding at 95 km. This sequence reflects the transition across
different flow regimes encountered during atmospheric re-entry, spanning from
the free-molecular regime at higher altitudes to near-continuum conditions at
lower altitudes. The primary focus of the analysis is the characterization of the
aerodynamic force distribution acting on the upper stage surface, from which the
force and moment coefficients are derived. Building upon the work of K.Weinmann
[26], which has already examined the influence of the flight regime, expressed
through the Knudsen number, for the baseline configuration, the present study
extends the investigation to the aerodynamic design space. In particular, the
influence of the deployable stabilizer opening angle, the center-of-gravity position,
and the angle of attack on the static stability of the vehicle is systematically
assessed across the three altitude regimes considered. Additionally, heat flux
density distributions are examined, although these results must be interpreted
with caution given the known limitations of the BGK implementation in capturing
non-equilibrium thermochemical phenomena. For all the results presented, the
projected area was evaluated for each configuration. The corresponding values are
reported in Table A.1.
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6.1 Simulations at Kn = 0.56
This section presents the numerical results obtained at an altitude of 120 km,
corresponding to a Knudsen number of Kn = 0.56. According to the classification
criteria discussed in Chapter 3, this value places the flow regime well within the
transitional regime.

6.1.1 Influence of the Opening Angle
The investigation focuses on the influence of the opening angle on the flow field and
aerodynamic coefficients. The opening angle was systematically varied from 30◦ to
70◦ in constant increments of 10◦. Figure 6.1 show the velocity and temperature
profiles for the 70◦ and 30◦ configurations respectively at zero angle of attack.
The figures corresponding to the additional configurations are presented in the
Appendix.

Figure 6.1: Flow field characteristics for the configuration with 70◦ opening angle
(top) and 30◦ opening angle (bottom): velocity field (left) and total temperature
(right).

In the flow field maps, a distinct detached bow shock is observed, located at a
defined stand-off distance upstream of the nose and the deployable aerodynamic
stabilizer. The temperature field closely follows the shock morphology, reflecting the
dissipative character typical of a curved shock. Consistent with flow alignment along
the symmetry axis, the shock structure is mirror-symmetric about the centerline.
The peak temperature, reaching values close to 2.1 × 104 K, is confined within
the frontal shock layer. In the region downstream of the upper stage, a wake
characterized by very low velocities is identified, where fluid expansion promotes
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the development of shear layers and low-velocity wake structures.

Effect on the Aerodynamics Coefficient and Forces

The following section presents the distribution of the pressure coefficient cp as a
function of the opening angle.
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Figure 6.2: Pressure coefficient Cp along the surface for different DAS opening
angles. AoA = 0◦, h = 120 km, ϕ = 0◦.

Figure 6.2 shows the pressure coefficient cp distribution along the surface of the
re-entry capsule for five different DAS opening angles, at zero angle of attack and
an altitude of 120 km. Along the nose region (l < 3.31 m), all configurations exhibit
nearly identical cp values of approximately 2.0, with a slight decrease to around 1.1
moving downstream, indicating that the stagnation and expansion behaviour in
this region is independent of the DAS geometry. A sharp drop to cp ≈ 0 occurs at
the nose-cylinder junction, and the coefficient remains essentially null throughout
the entire cylinder section (3.31 < l < 7.50 m), consistent with the shadow region
characteristic of rarefied flow at this altitude. The most significant differentiation
among configurations emerges in the DAS region (l > 7.50 m), where cp rises steeply
for all cases and reaches a peak whose magnitude scales monotonically with the
opening angle: the 70◦ configuration attains the highest value of approximately 1.8,
while the 30◦ configuration peaks near 0.9, with the intermediate angles distributed
accordingly. This behaviour reflects the stronger recompression and higher surface
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impact pressure experienced by wider DAS geometries, which intercept a larger
portion of the incoming rarefied flow. The subsequent decrease in cp towards the
aft end of the DAS is common to all configurations and is attributable to the
local flow expansion past the peak compression point. Figure 6.3 presents the
dimensional drag and lift forces as a function of the angle of attack for the five
DAS opening angle configurations at h = 120 km. The drag force D decreases
monotonically with increasing AoA for all configurations, with the 70◦ opening
angle consistently yielding the highest values (ranging from approximately 80.2 N
at 0◦ to 68.0 N at 45◦) and the 30◦ configuration the lowest (from 49.6 N to 57.0 N).
Notably, the 30◦ and 40◦ configurations exhibit a non-monotonic behaviour, with
drag increasing slightly beyond 15◦–20◦ before recovering a decreasing trend. The
lift force L increases monotonically from zero at 0◦ for all configurations, with
saturation becoming apparent beyond 30◦–35◦. The spread among opening angles
is moderate: at 45◦ AoA, L ranges from approximately 57.0 N (30◦ opening) to
68.0 N (70◦ opening), corresponding to a relative difference of approximately 19%.
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Figure 6.3: Drag D (left) and lift L (right) as a function of AoA for different
DAS opening angles. h = 120 km.

The corresponding non-dimensionalised coefficients Cd and Cl, normalised by the
projected reference area Aproj(α) as defined in Section 5.3.1, are shown in Figure 6.4.
As defined in Equation 6.1, the drag coefficient is normalised by Aproj, the freestream
density ρ, and the flow velocity V :

CD = D
1
2ρV 2Aproj

(6.1)
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Figure 6.4: Trend of Cd (left) and Cl (right) at 120 km for different opening
angle. The used reference area is the projected area listed in the table A.1.

Since ρ and V are fixed at a given altitude, the monotonic decrease of Cd with
increasing AoA is primarily attributable to the growth of Aproj. As the upper
stage pitches up, a larger cross-sectional area is exposed to the flow, reducing the
normalised coefficient even though the actual drag force remains nearly unchanged.
At 0◦ AoA, Cd spans from 1.866 (30◦ opening) to 1.971 (70◦ opening), a relative
spread of approximately 5.6%. This spread narrows progressively with increasing
AoA, converging to values between 1.394 and 1.493 at 45◦, corresponding to a
residual difference of approximately 7.1%. The 70◦ configuration consistently yields
the highest Cd across the full AoA range, while the 30◦ configuration yields the
lowest, confirming that a larger opening angle produces a proportionally greater
increase in aerodynamic force than in projected area. The lift coefficient Cl increases
monotonically from zero at 0◦ AoA, as expected from geometric symmetry, and
exhibits progressive saturation beyond 30◦. At 45◦, Cl asymptotically approaches
values between 1.394 (30◦ opening) and 1.493 (70◦ opening), a relative spread
of only approximately 7.1%. The sensitivity of Cl to the opening angle remains
considerably smaller than that observed for Cd across the full AoA range, confirming
that the DAS geometry primarily governs the axial aerodynamic loading rather
than lateral force generation.

Using the pitching moment coefficient Cmy, and still focusing on the influence of
the opening angle, some relevant differences can be observed. The formula used
are explained in Section 3.5.1.
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Figure 6.5: Cmy for different configurations at 120km. The used reference area is
the projected area listed in the table A.1.

Analysis of the various opening angle variation, shows that they are stable starting
from AoA = 0◦, where Cmy = 0 due to the geometric symmetry of the body
with respect to the velocity vector, up to a limiting value between 10◦ and 22.5◦,
depending on the specific aerodynamic configuration considered. The analysis aims
to identify the influence of the opening angle on two key parameters: the angle of
attack at which the restoring moment vanishes, and the magnitude of the moment
coefficient itself. It should be noted that the presence of a restoring moment does
not necessarily provide sufficient stability margin, as the actual dynamic behaviour
depends on additional factors not considered in this static analysis. Regarding the
angle at which Cmy crosses zero, the 70◦ configuration maintains a negative slope
of the moment coefficient up to approximately AoA = 22.5◦, while the smaller
opening angles lose their stabilizing moment at lower angles of attack. Regarding
the magnitude of Cm0, the 40◦ configuration exhibits the highest peak values, while
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the differences between the remaining configurations are relatively small. The flow
field velocity and temperature distributions for the 50◦ opening-angle configuration
are reported as functions of the angle of attack in Figure 6.6, 6.7.

Figure 6.6: Flow field for the 50◦ configuration at AoA 0◦: velocity (left) and
total temperature (right).

Figure 6.7: Flow field for the 50◦ configuration at AoA 45◦: velocity (left) and
total temperature (right).

As the AoA varies, the temperature distribution remains consistent with the shock
wave morphology, showing a migration of the stagnation point from the symmetry
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axis toward the windward shoulder exposed to the flow. The projected frontal area
of the upper stage increases with angle of attack, acting as a larger hypersonic
compression surface. The wake becomes asymmetric and no longer aligned with the
geometric axis, with a more extended low-velocity region developing in the upper
sector. It should be noted that the accurate characterisation of wake structures
remains challenging even under perfectly symmetric conditions, as wake flows are
inherently complex and sensitive to numerical parameters. The figures correspond-
ing to the additional angles of attack are presented in the Appendix A.1.

Figure 6.8 shows the pressure coefficient cp and the tangential stress coefficient cτ

along the windward surface for the 50◦ opening angle configuration at two angles
of attack, AoA = 0◦ and AoA = 30◦, at an altitude of 120 km.
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Figure 6.8: Pressure coefficient cp (solid) and tangential coefficient cτ (dashed)
along the windward surface for AoA = 0◦ and 30◦.

Along the nose region (l < 3.31 m), cp reaches its maximum value of approximately
2.0 at the stagnation point for both angles of attack, then decreases progressively
toward the nose-cylinder junction. At AoA = 30◦, the stagnation value is slightly
lower and the distribution more gradual, consistent with the asymmetric flow
impingement on the windward side. The tangential coefficient cτ is elevated in the
nose region, particularly at higher AoA, reflecting the increased shear stress due to
the stronger velocity gradients along the inclined surface. In the cylinder region
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(3.31 < l < 7.50 m), cp drops sharply to near-zero values at AoA = 0◦, consistent
with the shadow region characteristic of rarefied flow, where molecules impinge
primarily on the frontal surfaces. At AoA = 30◦, however, cp remains significantly
higher throughout the cylinder, as the windward side is now directly exposed to
the incoming flow. The tangential coefficient cτ similarly increases with AoA in
this region, indicating a higher shear stress contribution to the total aerodynamic
load. In the DAS region (l > 7.50 m), both configurations show a steep rise in cp,
reaching a peak near the leading edge of the deployable panels. At AoA = 30◦,
the peak value reaches approximately 2.0, considerably higher than the AoA = 0◦

case, reflecting the stronger recompression on the windward DAS surface at higher
incidence. The tangential coefficient cτ also increases toward the aft end of the
DAS, though its magnitude remains smaller than cp throughout, confirming that
normal forces dominate the aerodynamic loading in this regime.
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Figure 6.9: Pressure coefficient Cp along the leeward surface for different angles
of attack. 50◦ opening angle, h = 120 km.

Figure 6.9 presents the pressure coefficient cp and tangential stress coefficient cτ

along the leeward surface for the 50◦ opening angle configuration at h = 120 km.
At AoA = 0◦, the leeward distribution is symmetric to the windward counterpart,
confirming the absence of any net pitching moment. At AoA = 30◦, a marked
asymmetry develops between the two surfaces. In the nose region, the leeward
stagnation peak reaches approximately 1.6, compared to 2.0 on the windward side,

51



Results and discussion

corresponding to a reduction of approximately 20%. In the cylinder region, the
leeward cp remains near zero for both angles of attack, whereas the windward
side sustains values of approximately 0.3-0.4 at AoA = 30◦, a difference consis-
tent with the shadow effect characteristic of rarefied transitional flow. The most
significant asymmetry occurs in the DAS region, where the windward pressure
peak reaches approximately 2.0 while the leeward peak is limited to approximately
1.1, representing a differential of approximately 45%. This pronounced pressure
imbalance between the windward and leeward DAS panels constitutes the primary
aerodynamic mechanism responsible for the generation of a net restoring pitching
moment about the vehicle center of gravity, directly underpinning the static stability
behaviour discussed in Section 3.

Summarising, the influence of the DAS opening angle on the aerodynamic coeffi-
cients at h = 120 km is found to be limited. The cp and cf distributions along both
the windward and leeward surfaces remain largely invariant across the range of
opening angles considered, with differences confined to the DAS region. Similarly,
the lift coefficient CL shows negligible sensitivity to the opening angle across the
full AoA range, with the curves for all configurations remaining nearly coincident.
The drag coefficient CD, by contrast, exhibits a more discernible dependence on
the opening angle, with larger opening angles consistently yielding higher values
due to the greater projected frontal area exposed to the flow. This confirms that
at 120 km, the opening angle primarily governs the axial aerodynamic loading,
while its influence on the pressure distribution and lateral force generation remains
secondary.

6.1.2 Influence of the Center of Gravity

The effect of the center of gravity position on static stability is analyzed for the
60◦ opening-angle configuration. As a reference, the nominal CoG position is taken
from the baseline configuration defined in [26], located at xCoG = 5.8 m from the
nose tip along the longitudinal axis. In practice, the CoG position is subject to
variation depending on the flight configuration, residual fuel load, and the mass of
the DAS system itself. To account for this variability, the CoG is varied by ±5%
along the x-axis relative to the nominal value, corresponding to a displacement of
approximately ±0.3 m, which represents a structurally realistic range in terms of
spatial arrangement and subsystem placement.
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Figure 6.10: Trend of the pitching moment coefficient Cmy at 120 km (60◦ opening
angle) for different center of gravity positions.

The aerodynamic pitching moment My is reported in Figure 6.11 for the con-
figurations exhibiting the highest static stability margins, from which several
considerations regarding the re-entry dynamics can be drawn.
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Figure 6.11: Trend of the pitching moment M0 as a function of the angle of
attack (AoA) for different opening configurations at 120 km altitude.

At an altitude of 120 km, the aerodynamic moment My exhibits values on the order
of 10 Nm. This is consistent with the highly rarefied flow conditions at this altitude:
the atmospheric density is extremely low and, although the vehicle presents a large
reference area, the momentum transferred per molecular impact remains insufficient
to generate significant aerodynamic loads. As shown in the following sections, these
values increase by approximately one order of magnitude at 105 km and further
at 95 km, in accordance with the rapid increase in atmospheric density along the
re-entry trajectory. A direct comparison with values reported in the literature
should be treated with caution, as pitching moment magnitudes are sensitive to
the choice of reference length, reference area, and the specific vehicle geometry and
attitude considered.
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6.1.3 Influence of the DAS Panel Length
The panel length L4 represents a key geometric parameter of the DAS, as it directly
governs the aft reference area and therefore the magnitude of the aerodynamic
forces and moments generated during re-entry. Two configurations are compared
throughout the simulation campaign: a baseline panel length of 2.0 m and an
extended configuration of 2.5 m, both at a fixed opening angle of 60◦. The influence
of this parameter on the drag coefficient Cd, lift coefficient Cl, and pitching moment
coefficient Cmy is assessed across all three altitudes.
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Figure 6.12: Cd(left) and Cl (right) as a function of AoA for the 60◦ opening
angle configuration. Panel lengths 2.0 m and 2.5 m. h = 120 km.

The drag coefficient Cdis consistently higher for the 2.5 m configuration across
the full AoA range, reflecting the larger projected area exposed to the flow. At
AoA = 0◦, Cd increases from 1.944 for the 2.0 m panel to 2.358 for the 2.5 m panel,
a relative increase of approximately 21%. This difference narrows with increasing
AoA, reducing to approximately 17% at AoA = 30◦, as the projected area growth
with incidence partially offsets the geometric advantage of the longer panel. The
lift coefficient Cl increases monotonically with AoA for both configurations and
shows a more pronounced sensitivity to panel length than Cdat high incidence: at
AoA = 30◦, Cl reaches 1.291 for the 2.0 m configuration and 1.505 for the 2.5 m
configuration, a relative difference of approximately 17%, confirming that the longer
panel generates a proportionally larger lateral force component at high angles of
attack.
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Figure 6.13 presents the pitching moment My as a function of AoA for the two
panel length configurations at h = 120 km.
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Figure 6.13: Pitching moment M vs. AoA at 120 km.

The 2.5 m configuration generates a substantially larger restoring moment across
the full AoA range: at the peak, reached near AoA = 20◦, My reaches −53.8 Nm for
the 2.5 m panel compared to −25.2 Nm for the 2.0 m configuration, representing an
increase of approximately 113%. This confirms that panel length has a dominant
influence on the absolute restoring moment, significantly exceeding the effect of
the opening angle observed in the previous sections. Both configurations exhibit
moment saturation beyond AoA ≈ 20◦–25◦, with My recovering toward less negative
values at higher incidence. Neither configuration reaches a trim point within the
simulated AoA range, indicating that the stable equilibrium attitude lies beyond
30◦ for both panel lengths at this altitude.

56



Results and discussion

6.2 Simulations at Kn = 0.06
The analysis proceeds at an altitude of 105 km, corresponding to a Knudsen number
of Kn = 0.06. This value places the flow in the transitional regime, at reduced
rarefaction compared to the 120 km case. The increase in atmospheric density
results in a shorter mean free path, modifying the shock-layer structure and the
surface heat flux distribution relative to the higher-altitude results. Preliminary
simulations at this altitude were performed using DSMC; however, the higher gas
density increased the computational cost by approximately one order of magnitude
compared to the 120 km simulations, making convergence times prohibitive. The
BGK method, described in Chapter 4.1, was therefore adopted as the primary solver.
Prior to its general application, the physical consistency of the BGK approximation
in this regime must be verified against DSMC results. To this end, the reference
configuration (60◦ opening angle, α = 0◦) was simulated using three approaches:
DSMC alone, BGK initialised from a converged DSMC flow field (restart), and
BGK initialised from uniform conditions (from scratch).

The results obtained from the different numerical procedures are presented in order
to enable a detailed comparative analysis and to verify the mutual consistency
of the solvers. In order to reduce computational times, a hybrid approach was
initially tested, consisting of a DSMC pre-initialization followed by numerical
refinement using the BGK method, as illustrated in Figure 6.14. This strategy
was implemented to overcome the excessive runtimes required by the DSMC solver
alone to reach a convergent steady state. The rationale behind this approach
was to leverage the DSMC solver’s capability to account for chemical reactions,
thereby establishing the correct gas phase composition before switching to the BGK
method, which is computationally more efficient, for the final convergence phase.
The results confirmed the validity of this approach: the velocity and temperature
profiles exhibit a high level of agreement with the DSMC reference solution, with
minimal and localized deviations. However, despite the method’s accuracy, the
reduction in computational time remained insufficient for the requirements of the
simulation campaign. Consequently, the BGK method was applied from the initial
time step, and the corresponding results are reported in the following.
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Figure 6.14: Comparison between hybrid DSMC–BGK solution (top) and purely
DSMC solution (bottom) at 105km: velocity field (left) and total temperature
(right).

As shown in Figure 6.15, the DSMC and BGK methods exhibit good overall
agreement, although some differences can be identified.

Figure 6.15: Comparison between DSMC solution (top) and BGK initialized
from macroscopic conditions at initial time (bottom) at 105km: velocity field (left)
and total temperature (right).

With reference to the velocity field, discrepancies arise when comparing the solutions
along the centerline (symmetry axis). In the BGK solution, the upstream region
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ahead of the shock is more extended than that predicted by DSMC, while the shock
thickness along the stagnation streamline is smaller compared to the DSMC result.
Concerning the temperature profile, a very good agreement is observed across
the entire computational domain. However, the BGK solution displays a more
pronounced translational temperature region, with peak values approximately 21%
higher than those obtained with DSMC. These findings underline the limitations
of the BGK approach, mainly due to instrinct differences in the two methods and
the absence of chemical reactions in the model.

Figure 6.16 presents the heat flux distribution q̇ along the vehicle surface for three
simulation method together with the relative deviation ∆q̇ of each method with
respect to the DSMC reference solution, for the 60◦ opening angle configuration at
α = 0◦ and h = 105 km. In the nose region (l < 3.31 m), all three methods predict a
peak heat flux of approximately 33-38 kW m−2 at the stagnation point, followed by
a monotonic decrease toward the nose-cylinder junction. The DSMC solution yields
systematically lower values in this region compared to BGK and DSMC+BGK, with
deviations reaching approximately +15 % for BGK. This discrepancy is physically
attributed to the endothermic nature of the dissociation reactions included in the
DSMC chemistry model. A fraction of the thermal energy is absorbed by the
chemical reactions, reducing the net heat flux deposited on the surface. The BGK
formulation, which does not account for chemical reactions, therefore overestimates
the heat flux in the high-temperature shock layer ahead of the nose.

0 2 4 6 8 100

10

20

30

40
Nose Cylinder DAS

l [m]

q̇
[k

W
m

−
2 ]

BGK
DSMC

DSMC+BGK

0 2 4 6 8 10

−20

0

20

Nose Cylinder DAS

l [m]

∆
q̇

[%
]

BGK
DSMC+BGK

Figure 6.16: Heat flux distribution (left) and relative deviation with respect to
DSMC (right) for three simulation methods. 60◦ opening angle, α = 0◦, h = 105 km.
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In the cylinder region (3.31 < l < 7.50 m), q̇ drops sharply to near-zero values for all
methods, consistent with the shadow effect in rarefied flow, and the three solutions
converge to within a few percent of each other. In the DAS region (l > 7.50 m),
the heat flux rises steeply, reaching peak values of approximately 28-34 kW m−2

at the leading edge of the deployable panels, where the DSMC solution again
predicts the highest values. The deviation of BGK with respect to DSMC reaches
approximately −15 % at the DAS peak, with a local excursion up to +29 % near
the panel leading edge. The physical origin of this behaviour is not uniquely
attributable to a single cause. The effect might be due to several reasons: it might
be due to BGK itself, since the BGK collision operator does not reproduce the
full non-equilibrium distribution of DSMC. If the particle number at the DAS is
not sufficient, a statistical deviation may appear. Alternatively, in the DSMC
simulation with chemistry, recombination reactions may occur between the nose
and the DAS, by which energy is stored in the molecular bond. The particles that
subsequently impinge on the DAS in the DSMC simulation thus carry a higher
internal energy, leading to an increased heat flux on the deployable panels.
Overall, the relative deviations between the three methods remain within approxi-
mately ±30 % across the entire surface, with the DSMC+BGK hybrid approach
consistently providing the closest agreement with the full DSMC solution. These
levels of discrepancy are considered acceptable for the purposes of the present
parametric analysis, confirming that the BGK-based simulations provide a reliable
and computationally efficient alternative to full DSMC for the aerothermal charac-
terisation of the ULPM at this altitude.

The results of the simulations at this altitude are reported below. Since the com-
putational times remain relatively high and given the large number of simulations
required, only the configurations with 50◦, 60◦, and 70◦ opening angles were simu-
lated. Figure 6.17 presents the dimensional drag and lift forces as a function of the
angle of attack for the three DAS opening angle configurations at h = 105 km.
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Effect on the Aerodynamics Coefficient and Forces
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Figure 6.17: Drag D (left) and lift L (right) as a function of AoA for different
DAS opening angles. h = 105 km.

Unlike the behaviour observed at 120 km, the drag force D increases monotonically
with AoA for all configurations, reflecting the denser flow conditions at 105 km
where the increased molecular flux on the windward surfaces dominates over the
projected area growth. At AoA = 0◦, D ranges from 457 N (50◦ opening) to 576 N
(70◦ opening), a relative spread of approximately 26%. At AoA = 30◦, this spread
narrows to approximately 14%, with values ranging from 566 N to 647 N, as the
aerodynamic loading becomes increasingly governed by the AoA rather than the
DAS geometry. The lift force L increases monotonically from near-zero at AoA
= 0◦ for all configurations, with saturation becoming apparent beyond 25◦. At
AoA = 30◦, L ranges from 497 N (50◦ opening) to 542 N (70◦ opening), a relative
difference of approximately 9%, confirming that the opening angle exerts a stronger
influence on the axial than on the lateral force component.

The corresponding non-dimensionalised coefficients Cd and Cl, normalised by
the projected reference area Aproj(α) as defined in Section 5.3.1, are shown in
Figure 6.18.
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Figure 6.18: Comparison of drag coefficient (Cd) and lift coefficient (Cl) versus
angle of attack (AoA) for 50°, 60°, and 70° opening angles.

The drag coefficient CD exhibits a non-monotonic behaviour with AoA for all
configurations, decreasing from its maximum at 0◦ to a minimum near 10◦–15◦,
before increasing again toward 30◦. This reflects the competing effects of the
projected area growth, which reduces CD, and the increase of the actual drag force
with AoA, which dominates at higher incidence. The 70◦ configuration consistently
yields the highest CD across the full AoA range, with a spread of approximately
9% between the 50◦ and 70◦ cases at 0◦ AoA. The lift coefficient CL increases
monotonically from zero and is largely insensitive to the opening angle, with all
three configurations differing by less than 3% at 30◦ AoA.

Figure 6.19 presents the pitching moment coefficient Cmy as a function of the angle
of attack for the three DAS opening angle configurations at h = 105 km.
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Figure 6.19: Comparison of the moment coefficient Cmy for different opening
angles at an altitude of 105 km.

At AoA = 0◦, Cmy is effectively zero for all configurations, consistent with the
axisymmetric flow conditions. As the angle of attack increases, Cmy becomes
increasingly negative for all geometries, confirming the presence of a restoring
pitching moment and a negative slope Cmα < 0 throughout the simulated range.
The magnitude of Cmy increases with the opening angle: at AoA = 22.5◦, the 70◦

configuration reaches a peak of −9.37 × 10−3, compared to −8.88 × 10−3 for the
60◦ case and −7.57 × 10−3 for the 50◦ case. Beyond the respective peak values, the
magnitude of Cmy decreases for all configurations, indicating the onset of moment
saturation at high incidence. The 70◦ opening angle exhibits the largest |Cmy |
across the full AoA range and therefore provides the greatest restoring moment
among the configurations considered.
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The velocity and total temperature distributions for the 70◦ opening-angle configu-
ration are reported below as functions of the angle of attack. The remaining angles
of attack are reported in the appendix.

Figure 6.20: Flow field for the 70◦ configuration at 105 km and AoA 0◦: velocity
(left) and total temperature (right).

Figure 6.21: Flow field for the 70◦ configuration at AoA 30◦: velocity (left) and
total temperature (right).

It is relevant to analyze the flow characteristics at this altitude. Compare to the
previous altitude, the distance between the shock and the capsule nose tends to
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decrease slightly, as the denser air compresses the shock closer to the surface. The
wake behind the capsule becomes more complex, and the velocity gradients around
the DAS become steeper, increasing the shear stress on the surface. Simultaneously,
both the kinematic and thermal boundary layers compress toward the structure.
This effect, combined with the higher kinetic energy of the flow, results in elevated
temperature peaks and increased wall heat flux compared to the 120 km altitude
case. For further details, reference is made to Section 6.3.

The influence of the center of gravity position on the pitching moment coefficient
Cmy is investigated as a function of the angle of attack at h = 105 km.
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Figure 6.22: Trend of the moment coefficient Cmy as a function of angle of attack
for different center-of-gravity positions (105 km altitude, 70° opening angle).

The influence of the center of gravity position on Cmy at h = 105 km is consistent
with the behaviour observed at 120 km. Shifting the CoG downstream increases
both the magnitude of Cmy and the AoA range over which a restoring moment is
present, with the effect on the moment magnitude being particularly pronounced.
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Specifically, a 30 cm aftward displacement of the CoG, corresponding to approx-
imately 5% of the nominal value, extends the stable AoA range across the full
simulated range up to 45◦, compared to approximately 40◦ for the nominal configu-
ration. The peak restoring moment increases from −7.74 × 10−3 to −9.92 × 10−3,
representing an increase of approximately 28%, confirming the high sensitivity
of the stability margin to CoG position. Conversely, a forward displacement of
equal magnitude reduces the peak to −5.56 × 10−3 and restricts the stable range
to approximately 32◦, highlighting the asymmetric influence of CoG displacement
on static stability.

In order to quantify the actual aerodynamic loads acting on the upper stage, a
comparison of the moment coefficient as a function of the angle of attack between
the two analyzed altitudes is presented below. This comparative analysis allows
the assessment of load evolution from 120 km to 105 km, highlighting the system’s
sensitivity to the increase in atmospheric density along the re-entry trajectory.
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Figure 6.23: Trend of the moment M0 as a function of angle of attack for the
50◦, 60◦, and 70◦ configurations at 120 km (dashed lines) and 105 km (solid lines).
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The comparative analysis reported in Figure 6.23 clearly demonstrates that the
aerodynamic moment My at h = 105 km is significantly larger in magnitude than
the corresponding values at 120 km across all configurations and angles of attack.
At AoA = 22.5◦, the 70◦ configuration reaches a peak of approximately −435 Nm at
105 km, compared to −22.6 Nm at 120 km, representing an increase of approximately
one order of magnitude. This amplification is a direct consequence of the higher
atmospheric density encountered during descent, which increases the dynamic
pressure and therefore the absolute aerodynamic loading on the vehicle, while the
normalized coefficient Cmy remains comparatively stable across altitudes. The
ordering among configurations is preserved between the two altitudes, with the 70◦

opening angle consistently generating the largest restoring moment. To further
investigate the evolution of these aerodynamic loads and validate the observed
trend of increasing moment magnitude with decreasing altitude, the simulation
campaign was extended to h = 95 km.

6.2.1 Effect of the length of the DAS
Figure 6.24 presents the drag and lift coefficients as a function of AoA for the two
panel length configurations at h = 105 km.
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Figure 6.24: Cd(left) and Cl (right) as a function of AoA for the 60◦ opening
angle configuration. Panel lengths 2.0 m and 2.5 m. h = 105 km.

The drag coefficient Cdexhibits a non-monotonic behaviour for both configura-
tions, decreasing from its maximum at 0◦ to a minimum near AoA = 10◦, before
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increasing again toward 30◦. The 2.5 m configuration consistently yields higher
Cdvalues across the full AoA range: at AoA = 0◦, Cdis 1.225 for the 2.0 m panel and
1.500 for the 2.5 m panel, a relative difference of approximately 22%. This spread
remains approximately constant throughout the AoA range, reducing slightly to
approximately 18% at AoA = 30◦. Compared to the results at 120 km, the absolute
values of Cdare lower at 105 km for both configurations, reflecting the different
flow regime and the increased role of the projected area normalisation at higher
dynamic pressure. The lift coefficient Cl increases monotonically from zero for both
configurations and shows a moderate sensitivity to panel length: at AoA = 30◦, Cl

reaches 1.025 for the 2.0 m configuration and 1.191 for the 2.5 m configuration, a rel-
ative difference of approximately 16%, consistent with the trend observed at 120 km.

Figure 6.25 presents the pitching moment My as a function of AoA for the two
panel length configurations at h = 105 km.
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Figure 6.25: Pitching moment M vs. AoA at 105 km.
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Consistent with the trend observed at 120 km, the 2.5 m configuration generates
a substantially larger restoring moment across the full AoA range. At the peak,
reached near AoA = 22.5◦, My reaches −643.6 Nm for the 2.5 m panel compared to
−326.8 Nm for the 2.0 m configuration, representing an increase of approximately
97%. The absolute values are approximately one order of magnitude larger than
those observed at 120 km for both configurations, consistent with the significant
increase in atmospheric density at this altitude. Both configurations exhibit moment
saturation beyond AoA ≈ 22.5◦–25◦, with My recovering toward less negative values
at higher incidence. As at 120 km, neither configuration reaches a trim point within
the simulated AoA range, confirming that the vehicle remains in a restoring moment
condition throughout the full range of angles of attack considered.
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6.3 Simulations at Kn = 0.01
The simulation campaign was extended to h = 95 km. At this altitude, the further
increase in atmospheric density resulted in a significant computational load even for
the BGK method, necessitating a strategic selection of simulation cases. Given the
consistency of the trends observed at higher altitudes, the investigation was focused
on the AoA range between 15◦ and 30◦, where the aerodynamic curves exhibit a
change in concavity and the flow behaviour is most relevant for stability analysis.
The parametric study was further restricted to the 60◦ and 70◦ opening angle
configurations, which exhibited the most favourable aerodynamic performance at
105 km. Figure 6.26 presents the dimensional drag and lift forces as a function of
the angle of attack for the two selected configurations at h = 95 km.
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Figure 6.26: Drag D (left) and lift L (right) as a function of AoA for the 60◦ and
70◦ DAS opening angle configurations. h = 95 km.

Both the drag force D and the lift force L increase monotonically with AoA across
the simulated range, consistent with the trend observed at 105 km. At AoA = 15◦,
D takes values of approximately 2932 N (60◦) and 3327 N (70◦), a relative difference
of approximately 13%. This spread reduces to approximately 6% at AoA = 30◦,
where D reaches 3701 N and 3917 N respectively. The absolute magnitudes are
approximately one order of magnitude larger than those observed at 105 km, re-
flecting the significantly higher dynamic pressure at this altitude. The lift force
L similarly increases with AoA, ranging from approximately 1691 N to 1824 N
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at 15◦ and from 3181 N to 3257 N at 30◦. The relative spread between the two
configurations narrows considerably with increasing AoA, from approximately 8%
at 15◦ to less than 3% at 30◦, confirming that lateral force generation becomes
increasingly insensitive to the opening angle at higher incidence angles.

The corresponding non-dimensionalised coefficients Cdand Cl, normalised by the
projected reference area Aproj(α) as defined in Section 5.3.1, are shown in Fig-
ure 6.27.
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Figure 6.27: Trend of Cd (left) and Cl (right) as a function of angle of attack
(AoA) for 70° and 60° opening angles at 95 km altitude.

The drag coefficient Cdincreases monotonically with AoA for both configurations,
in contrast to the non-monotonic behaviour observed at 105 km, indicating that at
95 km the growth of the actual drag force D with AoA dominates over the increase
of Aproj throughout the entire simulated range. At AoA = 15◦, Cdtakes values of
approximately 0.888 (60◦) and 0.967 (70◦), a relative spread of approximately 9%,
which reduces to approximately 4% at AoA = 30◦. The lift coefficient Cl increases
monotonically from approximately 0.51–0.53 at 15◦ to approximately 0.91 at 30◦

for both configurations, with the two curves remaining nearly coincident across the
full AoA range and differing by less than 1% at AoA = 30◦, confirming that Cl is
effectively independent of the opening angle at this altitude.
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The pitching moment coefficient Cmy as a function of AoA is presented in Fig-
ure 6.28.
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Figure 6.28: Trend of the moment coefficient Cmy as a function of angle of attack
(AoA) for different opening angle configurations at 95 km altitude.

Both configurations satisfy the static stability criteria throughout the simulated
AoA range, with Cmy remaining negative across the full range of 15◦–30◦. The
influence of the opening angle on longitudinal stability remains present, with the
70◦ configuration consistently exhibiting a larger restoring moment magnitude.
The peak of |Cmy | is reached near AoA = 25◦ for both configurations, after which
moment saturation sets in. The analysis of the CoG sensitivity at this altitude con-
firms trends consistent with those observed at higher altitudes; the corresponding
results are reported in Appendix A.4.

A comparative plot of the aerodynamic moment My across all investigated altitudes
is presented in Figure 6.29, providing a quantitative basis for assessing the evolution
of longitudinal static stability along the re-entry trajectory.
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Figure 6.29: Moment M0 as a function of angle of attack for the different
configurations and altitudes.

The moment magnitudes at 95 km are substantially larger than those observed at
higher altitudes, with peak values of approximately −3319 Nm (70◦) and −2963 Nm
(60◦), compared to values on the order of tens of Nm at 120 km. This progressive
amplification is consistent with the rapid increase in atmospheric density along the
descent trajectory and is expected to continue at lower altitudes. The ordering
among configurations is preserved across all altitudes, with the 70◦ opening angle
consistently generating the largest restoring moment.

At this stage of the discussion, it is relevant to analyze the evolution of the
aerodynamic coefficients with altitude to provide a concise overview of the system
behaviour along the re-entry trajectory. The 60◦ opening angle configuration is
selected as a representative case. Figure 6.30 shows Cdand Cl as functions of AoA
for all three altitudes investigated.
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Figure 6.30: Trend of Cd (left) and Cl (right) of the 60° opening angle as a
function of angle of attack (AoA) for different altitudes.

The evolution of Cdwith altitude reflects the transition from the transitional flow
regime toward continuum conditions. At 120 km, the high degree of gas rarefaction
limits intermolecular collisions, resulting in a high momentum transfer per molecular
impact and a corresponding Cd ≈ 1.9. As the altitude decreases to 95 km, the
increase in density and collision frequency promotes the formation of a well-defined
detached shock layer, which deflects incoming molecules before direct surface
impact and reduces the net momentum transfer. The macroscopic effect is a
marked reduction in Cdto values approaching 0.85–1.06 across the simulated AoA
range. The lift coefficient Cl, while continuing to increase monotonically with AoA
at all altitudes, decreases progressively with decreasing altitude. This behaviour is
attributable to the modification of the surface pressure distribution associated with
the regime transition: as the shock layer consolidates and its stand-off distance
decreases, the pressure asymmetry between the windward and leeward surfaces is
reduced, lowering the effective lift-curve slope Clα = ∂Cl/∂α. A visual comparison
of the velocity fields at the three altitudes is presented in Figures 6.31–6.32–6.33 for
the 60◦ opening angle configuration at AoA = 30◦. A consistent trend is observed:
as altitude decreases, the bow shock stand-off distance reduces and the shock
structure becomes more compact and better defined. The angle of attack remains
the primary driver of shock asymmetry, while altitude governs the proximity of the
shock to the vehicle surface and the degree of flow compression.
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Figure 6.31: Velocity field at an altitude of 120 km (60◦ opening angle, AoA
= 30◦).

Figure 6.32: Velocity field at an altitude of 105 km (60◦ opening angle, AoA
= 30◦).
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Figure 6.33: Velocity field at an altitude of 95 km (60◦ opening angle, AoA = 30◦).

At 95 km, the more compact shock topology is directly responsible for the modifi-
cations in surface pressure distribution and the resulting variations in the global
aerodynamic coefficients discussed above.

6.3.1 Effect of the Length of the DAS

Figure 6.34 presents the drag and lift coefficients as a function of AoA for the two
panel length configurations at h = 95 km, over the simulated range of 15◦–30◦.
The drag coefficient Cdincreases monotonically with AoA for both configurations,
reflecting the dominance of the actual force increase over the projected area growth
at this altitude. The sensitivity of Cd to panel length is markedly reduced compared
to the higher altitudes: at AoA = 15◦, Cdis 0.888 for the 2.0 m panel and 1.000 for
the 2.5 m panel, a relative difference of approximately 13%, which further reduces to
approximately 1% at AoA = 30◦, where the two curves are nearly coincident. This
convergence suggests that at 95 km the aerodynamic loading becomes increasingly
governed by the angle of attack rather than the DAS geometry. The lift coefficient
Cl increases monotonically for both configurations and shows similarly reduced
sensitivity to panel length: at AoA = 30◦, Cl reaches 0.910 for the 2.0 m panel and
0.888 for the 2.5 m panel, a difference of approximately 2%, with the two curves
remaining nearly coincident across the full AoA range.

76



Results and discussion

15 20 25 30

0.9

0.95

1

1.05

AoA [◦]

C
d

2.0 m
2.5 m

15 20 25 30
0.5

0.6

0.7

0.8

0.9

AoA [◦]

C
l

2.0 m
2.5 m

Figure 6.34: Cd(left) and Cl (right) as a function of AoA for the 60◦ opening
angle configuration. Panel lengths 2.0 m and 2.5 m. h = 95 km.

Figure 6.35 presents the pitching moment coefficient Cmy as a function of AoA for
the two panel length configurations at h = 95 km.

Both configurations satisfy the static stability criteria throughout the simulated
AoA range, with Cmy remaining negative and Cmα < 0 up to the respective peak
values. A notable difference with respect to the higher altitudes is observed in
the low-AoA behaviour: the 2.0 m configuration exhibits a near-zero Cmy up to
approximately 5◦, with the restoring moment becoming significant only beyond
10◦, whereas the 2.5 m configuration develops a restoring moment already from low
angles of attack. At the peak, reached near AoA = 25◦, the 2.5 m configuration
yields Cmy = −1.315 × 10−2, compared to −1.159 × 10−2 for the 2.0 m panel, a
relative increase of approximately 13%. This spread is considerably smaller than
the differences observed at 120 km and 105 km, consistent with the convergence
of Cdand Cl noted above, and confirms that the influence of panel length on the
normalized aerodynamic coefficients diminishes as atmospheric density increases.
Both configurations exhibit moment saturation beyond AoA ≈ 25◦.
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Figure 6.35: Cmy as a function of AoA for the 60◦ opening angle configuration.
Panel lengths 2.0 m and 2.5 m. h = 95 km.

6.4 Forced Rotation
Forced spin stabilization represents a potential complement to the passive aero-
dynamic stability provided by the DAS, particularly in flight regimes where the
aerodynamic restoring moment alone may be insufficient to maintain a controlled
attitude. This section discusses whether the addition of a forced spin rate ω about
the longitudinal axis would be beneficial for the ULPM configuration analyzed in
this work.

The gyroscopic momentum generated by spin stabilization is proportional to
the axial moment of inertia Ixx and the angular velocity ω. For the present
configuration, the following inertial properties are assumed: Ixx = 30,000 kg m2

and Iyy = Izz = 50,000 kg m2. These values are assumptions, as the precise mass
distribution of the expended ULPM is not available within the scope of this work.
It is noted that Ixx < Iyy, which is characteristic of an elongated body and implies
that the vehicle is a prolate spinner. This configuration is known to be dynamically
unstable under energy dissipation, as any perturbation tends to drive the vehicle
toward a flat spin about the axis of maximum inertia. This represents an important
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argument against the use of forced spin stabilization for this vehicle class.
A further argument against the addition of spin comes from the aerodynamic stabil-
ity already provided by the DAS. The simulation results presented in the preceding
sections demonstrate that all configurations satisfying the three static stability
criteria, existence of a restoring moment, negative Cmα , and sufficient static margin,
do so passively across the full altitude range investigated, without requiring any
active attitude control. The DAS geometry alone is sufficient to establish a positive
static margin and generate a restoring pitching moment throughout the re-entry
corridor from 120 km to 95 km. In this context, the addition of a forced spin would
not address the root cause of any residual instability, but would instead introduce
additional complexity in terms of the spin-up mechanism, structural loads on the
DAS panels due to centrifugal effects, and potential interference with onboard
systems sensitive to rotation.

On the other hand, spin stabilization could in principle provide resistance to tran-
sient perturbations not captured by the static stability analysis, such as asymmetric
deployment of the DAS panels or impulsive disturbances during stage separation.
The gyroscopic moment generated by the assumed Ixx would resist such perturba-
tions, maintaining the vehicle attitude until the aerodynamic restoring moment
re-establishes the trim condition. However, given the prolate nature of the vehicle
and the availability of passive aerodynamic stability across the full re-entry corridor,
the benefit of spin stabilization appears marginal relative to its implementation cost.

In conclusion, the addition of forced spin stabilization is not recommended as a
primary stability strategy for the ULPM in a Design not to Demise context. The
passive DAS concept provides sufficient static stability throughout the investigated
altitude range, and the inertial properties of the expended upper stage make spin
stabilization potentially counterproductive due to the prolate spinner instability.
Should residual dynamic instabilities be identified in future unsteady simulations,
a limited spin rate could be considered as a supplementary measure, provided that
a dedicated structural assessment of the centrifugal loads on the DAS panels is
performed and the spin-up mechanism is shown to be feasible within the mass and
volume budget of the stage.
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Chapter 7

Conclusions and Future
Work

The aerodynamic stability of an upper-stage module equipped with a Deployable
Aerodynamic Stabilizer (DAS) during atmospheric re-entry was investigated across
the transitional and near-continuum flow regimes, spanning altitudes from 120 km
to 95 km. The analysis aimed at identifying which design parameters promote
longitudinal static stability during re-entry of an orbital upper stage, and at
assessing the feasibility of a passive stabilization approach in the context of the
Design not to Demise philosophy. All configurations examined exhibit a restoring
pitching moment over a range of angles of attack and a consistently negative Cmy

within that range, without requiring active attitude control. The basic criteria
for longitudinal static stability are therefore met across all simulations within a
bounded angle-of-attack range. Whether this is sufficient to ensure controlled re-
entry in practice requires further substantiation, in particular through comparison
with mission-level stability requirements and dynamic stability analysis, as outlined
in the following section. Nevertheless, these results constitute a necessary condition
for the feasibility of a Design not to Demise approach for large expendable upper
stages, and confirm that passive stabilization via a DAS is a viable avenue for further
investigation. Both Cmy and the peak restoring moment are already present at
120 km, confirming that the transitional regime cannot be excluded from a complete
stability assessment. Among the geometric and mass parameters investigated, the
DAS panel length L4 emerges as the most influential design variable, followed by
the centre of gravity position, while the DAS opening angle exerts a moderate but
non-negligible influence. Increasing the panel length from 2.0 m to 2.5 m produces
an increase in the peak restoring moment of approximately 113 % at 120 km and
97 % at 105 km, while extending the stable angle-of-attack range by approximately
11 % at both altitudes. At 95 km this effect reduces to approximately 57 % on
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the peak moment. Across the opening angle range investigated (30◦–70◦), the
spread in peak |Cmy | is of the order of 20–25 % at a given altitude, with larger
opening angles consistently yielding greater restoring moments; this ordering is
preserved across all three altitudes. The longitudinal position of the centre of
gravity (CoG) is identified as a highly sensitive design parameter. A displacement
of only ±0.3 m (±5 % of the nominal CoG position) produces changes of up to
28 % in the peak restoring moment at 120 km, with comparable sensitivity observed
at 105 km and 95 km. A forward CoG position, closer to the nose, increases the
magnitude of the restoring moment at any given angle of attack, and is therefore
beneficial for stability. However, the installation of the DAS system itself displaces
mass toward the aft end of the stage, shifting the CoG in a direction that reduces
the restoring moment. This represents an inherent trade-off in the design of the
DAS concept: the same system that provides aerodynamic stabilization partially
offsets its own effectiveness through the associated mass displacement. The mass
budget of the deployable system must therefore be treated as an integral part of the
stability assessment from the earliest design stages, rather than as an independent
add-on. Regarding the feasibility of the Design not to Demise approach, the present
results provide a necessary but not sufficient basis for a definitive assessment.
The static stability criteria are satisfied over a bounded angle-of-attack range for
all configurations across all three altitudes, which constitutes a prerequisite for
controlled re-entry. The directions required to complete this assessment are outlined
in the following section.
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7.1 Future Work
The present campaign identifies several directions for future investigation. The most
immediate priority is the extension of the simulation campaign to lower altitudes,
toward the peak aerodynamic heating region at approximately 60 km, where the
flow reaches full continuum conditions and both aerodynamic loads and thermal
fluxes increase substantially. This would allow verification of whether the stability
trends identified in the transitional regime persist into the continuum, and whether
any configuration transitions from stable to unstable behavior where the dynamic
pressure is significantly higher. A systematic evaluation of larger DAS geometries,
both in terms of panel length beyond 2.5 m and opening angles beyond 70◦, would
help establish the upper bound of achievable restoring moment for this vehicle class,
and identify whether a saturation regime exists beyond which further geometric
scaling yields diminishing stability returns. The quantification of the static margin
through the computation of the Centre of Pressure position as a function of angle
of attack and altitude is identified as a critical next step, as it would allow a formal
assessment of all three stability criteria and provide a basis for comparison with
mission-level stability requirements. The extension to unsteady simulations for
dynamic stability characterization is a further necessary step, as the present static
analysis cannot capture oscillatory behavior, limit cycles, or the damping properties
of the configuration during attitude perturbations. Dynamic instabilities, which
are known to occur in the transonic regime for blunt-body re-entry vehicles, may
also be present in the transitional regime and should be investigated. Finally,
an integrated aerothermal and structural assessment of the DAS panels under
re-entry loads would be required to evaluate the thermal protection requirements
and the mechanical feasibility of the deployable system, closing the loop between
aerodynamic performance and structural survivability that is at the core of the
Design not to Demise concept.
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Appendix A

Appendix A.1

Table A.1: Superficie proiettata Aproj in funzione dell’AoA per diverse configu-
razioni di pinna

configuration [°] 70° 60° 60° (2.5 m) 50° 40° 30°
0° AoA 65.88 61.71 74.36 56.30 49.90 43.01
5° AoA 68.97 65.19 78.20 60.08 53.98 47.25
10° AoA 71.54 68.18 81.45 63.44 57.64 51.14
15° AoA 73.57 70.65 84.07 66.32 60.86 54.63

17.5° AoA 74.37 71.69 86.06 67.57 62.30 56.23
20° AoA 75.03 72.58 85.00 68.69 63.62 57.71

22.5° AoA 75.55 73.34 87.39 69.68 64.82 59.09
25° AoA 75.92 73.96 86.76 70.53 65.89 60.35
30° AoA 76.24 74.78 88.06 71.85 67.67 62.54
35° AoA 75.97 75.03 87.94 72.61 68.92 64.24
40° AoA 75.13 74.70 87.03 72.82 69.66 65.46
45° AoA 73.72 73.81 85.35 72.48 69.86 66.18

91



Appendix A.1

Table A.2: Static margin at 120 km for different configurations and CoG positions

Configuration CoG = -6.1 m CoG = -5.8 m CoG = -5.5 m
30deg 0.56% 0.87% 1.17%
40deg 0.80% 1.07% 1.35%
50deg 0.79% 1.04% 1.27%
60deg 0.83% 0.98% 1.31%
60deg_2.5m 1.02% 1.26% 1.54%
70deg 0.44% 0.64% 0.85%

Table A.3: Static margin at 105 km for different configurations and CoG positions

Configuration CoG = -6.1 m CoG = -5.8 m CoG = -5.5 m
30deg – – –
40deg – – –
50deg 0.79% 1.05% 1.31%
60deg 1.04% 1.27% 1.50%
60deg_2.5m 1.31% 1.62% 1.86%
70deg 1.14% 1.35% 1.56%

Table A.4: Static margin at 95 km for different configurations and CoG positions

Configuration CoG = -6.1 m CoG = -5.8 m CoG = -5.5 m
30deg – – –
40deg – – –
50deg – – –
60deg 1.34% 1.40% 1.55%
60deg_2.5m 1.76% 1.96% 2.32%
70deg 1.32% 1.49% 1.65%
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A.1 Effect of the opening angle at Kn = 0.56

Figure A.1: Flow field characteristics for the configuration with 70◦ opening
angle: velocity field (left) and total temperature (right).

Figure A.2: Flow field characteristics for the configuration with 60◦ opening
angle: velocity field (left) and total temperature (right).
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Figure A.3: Flow field characteristics for the configuration with 50◦ opening
angle: velocity field (left) and total temperature (right).

Figure A.4: Flow field characteristics for the configuration with 40◦ opening
angle: velocity field (left) and total temperature (right).
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Figure A.5: Flow field characteristics for the configuration with 30◦ opening
angle: velocity field (left) and total temperature (right).
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A.2 Effect of the AoA at Kn = 0.56 for the 50°
opening angle

Figure A.6: Flow field for the 50◦ configuration at AoA 0◦: velocity (left) and
total temperature (right).

Figure A.7: Flow field for the 50◦ configuration at AoA 5◦: velocity (left) and
total temperature (right).
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Figure A.8: Flow field for the 50◦ configuration at AoA 10◦: velocity (left) and
total temperature (right).

Figure A.9: Flow field for the 50◦ configuration at AoA 15◦: velocity (left) and
total temperature (right).
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Figure A.10: Flow field for the 50◦ configuration at AoA 22.5◦: velocity (left)
and total temperature (right).

Figure A.11: Flow field for the 50◦ configuration at AoA 25◦: velocity (left) and
total temperature (right).
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Figure A.12: Flow field for the 50◦ configuration at AoA 30◦: velocity (left) and
total temperature (right).

Figure A.13: Flow field for the 50◦ configuration at AoA 35◦: velocity (left) and
total temperature (right).
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Figure A.14: Flow field for the 50◦ configuration at AoA 40◦: velocity (left) and
total temperature (right).

Figure A.15: Flow field for the 50◦ configuration at AoA 45◦: velocity (left) and
total temperature (right).
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A.3 Effect of the AoA at Kn = 0.06 for the 70°
opening angle

Figure A.16: Flow field for the 70◦ configuration at 105 km and AoA 0◦: velocity
(left) and total temperature (right).

Figure A.17: Flow field for the 70◦ configuration at AoA 5◦: velocity (left) and
total temperature (right).
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Figure A.18: Flow field for the 70◦ configuration at AoA 10◦: velocity (left) and
total temperature (right).

Figure A.19: Flow field for the 70◦ configuration at AoA 15◦: velocity (left) and
total temperature (right).
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Figure A.20: Flow field for the 70◦ configuration at AoA 17.5◦: velocity (left)
and total temperature (right).

Figure A.21: Flow field for the 70◦ configuration at AoA 20◦: velocity (left) and
total temperature (right).

103



Appendix A.1

Figure A.22: Flow field for the 70◦ configuration at AoA 22.5◦: velocity (left)
and total temperature (right).

Figure A.23: Flow field for the 70◦ configuration at AoA 25◦: velocity (left) and
total temperature (right).
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Figure A.24: Flow field for the 70◦ configuration at AoA 30◦: velocity (left) and
total temperature (right).
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A.4 Effect of CoG

0 5 10 15 20 25 30 35 40 45

−30

−20

−10

0

10

20

AoA [°]

M
y

[N
m

]

CoG −6.1 m
CoG −5.8 m
CoG −5.5 m

Figure A.25: Pitching moment My as a function of angle of attack α for the
60° configuration at an altitude of 120 km, for three longitudinal centre-of-gravity
positions.
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Figure A.26: Trend of the moment coefficient Cm0 as a function of angle of attack
for different center of gravity positions.
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