Thin-Walled Structures 230 (2026) 115232

Contents lists available at ScienceDirect

Thin-Walled Structures

journal homepage: www.elsevier.com/locate/tws

Full length article

Preliminary structural design of a metallic interstage for launch vehicle
hot-staging

Leo De Luca?, Agostino Neri ", Chiara Bisagni **

2 Politecnico di Milano Department of Aerospace Science and Technology, Milan, Italy
b ESA ESRIN, Frascati, Italy

ARTICLE INFO ABSTRACT

Keywords: This work conducts a preliminary structural design of a metallic interstage for a future European mini launch
Hot-staging vehicle employing hot-staging separation.

Interstage design The interstage consists of two main components. The first component is a vented cylindrical shell
Buckling

comprising three stainless steel pillars, while the remaining circumference is formed by curved aluminum
alloy vented panels to ensure the exhaust gas evacuation. The second component is a truncated cone deflector
that redirects the exhaust flow, contributes to the separation force, and is internally stiffened by stringers and
frames. Both components are designed to guarantee structural stability and strength under the operational
loads. The study does not consider thermal effects.

The methodology combines analytical formulations with finite element analyses using ABAQUS. The
investigation leads to a design that satisfies the structural requirements, with the deflector reinforced by T-
stringers and Omega-frames to improve buckling resistance. The numerical results differ about 7.3% from the
analytical simplified models.

Vented structure
Stiffened structure

1. Introduction

The exponential growth of satellite constellations and the competi-
tive landscape of launch services have placed efficiency and reliability
at the forefront of modern launch vehicle design [1]. Each kilogram of
payload delivered to orbit represents not only a technical achievement
but also a strategic advantage. Among the innovative strategies for
increasing the payload capacity of a vehicle, the hot-staging separation
technique has re-emerged as a promising solution. Hot-staging is a
flight separation mechanism in which the upper-stage engines ignite
prior to the complete separation of the lower stage, thereby maintaining
a continuous thrust and reducing gravity losses [2]. As a result, hot-
staging enables a greater payload capacity while simplifying propellant
management in the upper stage [3,4].

Historically, in the 1960s, hot-staging was adopted by the So-
viet Union launch vehicles, notably in the Soyuz and Proton families.
In parallel, the United States implemented the method in the Titan
launcher family, demonstrating its feasibility despite early challenges.
More recently, SpaceX has revived hot-staging in the Starship system,
employing a vented interstage and a plume deflector to achieve reliable
separation [5]. Similarly, Brazil’s Veiculo Lancador de Microssatélites-
1 incorporates hot-staging in both interstage separations [3]. These
modern applications highlight the practical gains of the technique,

while also underscoring the structural and thermal challenges it im-
poses. In particular, the interstage structure must integrate venting and
deflection systems capable of safely evacuating the exhaust gases and
withstanding the intense pressure loads generated by the interaction
between plume and the structure [6].

Despite these precedents, no European launch vehicle has yet im-
plemented hot-staging. Current interstage designs, such as those of
Ariane 6 and Vettore Europeo di Generazione Avanzata (VEGA) C,
rely on conventional cold-separation techniques [7-9], and their ge-
ometries remain related to the classical cylindrical or conical shell
structures [10]. The adoption of hot-staging in Europe requires a sub-
stantial redesign of the interstage, addressing stringent requirements
for stability, strength, manufacturability, and mass efficiency under the
European Space Agency (ESA) standards [11,12].

Interstage structures are commonly manufactured in either metallic
or composite materials and typically adopt cylindrical or truncated
conical geometries. Cylindrical interstages are found in launch vehicles
such as Delta IV [13], Ares V [14], Falcon 9 [5], and Ariane 6 [7].
Truncated conical interstages are employed in VEGA C [8] and Atlas
V [15]; while conical-cylindrical configurations have gained increasing
attention due to advances in manufacturing and numerical analysis
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techniques, supported by both design-oriented studies and large-scale
experimental investigations [16,17].

During ascent and separation, interstage structures shall simultane-
ously transmit axial loads, shear forces, bending moments, and pressure
loads. These loads arise from critical factors such as launcher accel-
eration, wind gusts, vehicle rotation, off-axis thrust components and
impulses related to the flight separation mechanism [6,11,18]. Tyrrell
et al. [19] investigated the VEGA C conical interstage under combined
axial compression and bending. Wagner et al. [20] examined the axial
loading of grid-stiffened metallic cylinders for launch vehicles, while
Sleight et al. [14] conducted the preliminary design of the Ares V
interstage subjected to axial, shear, and bending loads. Similar shell ge-
ometries have also been widely investigated outside the aerospace field
under internal and external pressure, and hydrostatic loading [21,22].

Buckling is a governing design driver for thin-walled shell structures
that characterize aerospace applications. It may occur when the applied
loads exceed critical thresholds, often well below material strength
limits [12]. Consequently, the structural assessment typically follows
a hierarchical approach, starting with a Linear Eigenvalue Analysis
to identify the critical loads and mode shapes, followed by a Nonlin-
ear Analysis to capture the post-buckling behavior [14,19,20]. This
methodology is exemplified by Jansen et al. [23] in their analysis of
the VEGA C interstage.

The buckling behavior is strongly influenced by the boundary condi-
tions and geometric imperfections, which can significantly reduce the
load-carrying capacity of a shell [24-26] and affect its post-buckling
behavior as studied by Groh and Pirrera [27]. The presence of cutouts,
required for venting or access, introduces stress concentrations and
promotes localized buckling. The effects of cutout geometry on metallic
cylindrical shells have been extensively studied [28,29]. Hilburger
et al. [30] analyzed the buckling behavior under pure compression of a
composite cylinder with reinforced cutouts. In addition to these studies,
Kriegesmann et al. proposed efficient imperfection modeling strategies
and probabilistic design approaches that capture uncertainty effects in
cylindrical shells [31,32].

To enhance stability and load-carrying capability, interstage shells
are typically internally stiffened using orthogrid or isogrid configura-
tions. These systems improve buckling resistance while reducing the
mass [20,33]. Their structural contribution may be accounted for using
several modeling approaches, other than finite element (FE) meth-
ods [20,23,30]. In the Smeared Stiffener Method, the stiffener proper-
ties are homogenized into the skin, leading to equivalent membrane
and bending stiffnesses that depend on the grid topology [34-36].
Reduced-order and computationally efficient modeling approaches,
such as those developed by Groh and Tessler [37], further support
early-phase design and optimization of stiffened shell structures.

This research presents a preliminary structural design of a metallic
interstage for a possible future European mini launch vehicle employing
hot-staging separation. The aim of the research here presented is to
provide meaningful insights and features of the main components of
a hot-staging interstage. The scope is limited to structural aspects,
excluding for the moment thermal loads.

The novelty lies in the preliminary design methodology of a hot-
staging interstage. The design combines a vented cylindrical shell com-
posed of stainless steel and aluminum with an internally orthogrid
stiffened truncated conical deflector. The developed approach is based
on an analytical load redistribution model for the vented shell and a
smeared stiffener method for the cone, and on linear and nonlinear fi-
nite element analyses supported also by parametric studies on material
distribution, vent geometry, and stiffener configuration.

2. Hot-staging interstage design methodology
Fig. 1 schematically illustrates a two-stage mini launch vehicle and

the integration of the two primary components that form the interstage
structure.
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Fig. 1. Hot-staging interstage of a mini launch vehicle.

They consist of a vented cylindrical shell and an internally stiffened
truncated conical shell.

The vented cylindrical shell acts as the primary load-bearing link
between the first and second stages of the launcher, carrying the main
flight loads and constituting the core structure of the interstage system.
It is mainly subjected to compression, as it supports the second stage
and ensures the correct transmission of flight loads.

The stiffened truncated conical shell deflector is housed within the
vented cylindrical shell and is positioned directly beneath the nozzle
of the second stage engine. Its function is to withstand the external
pressure generated by the interaction of the engine plume with its
conical outer surface. By deflecting the exhaust flow, it generates
the separation force required for first-second stage separation. The
redirected plume is then expelled through the ogival vents integrated
into the cylindrical shell.

Although these two components perform distinct functions, each is
designed to ensure adequate strength and stability under operational
conditions, and they are sized independently.

The dimensions of these two components are suggested by ESA. The
vented cylindrical shell features radius R.,, = 1700 mm and height
H,, = 1000 mm (Fig. 2(a)).

For the stiffened truncated cone, the geometry is defined by a base
radius R,,,, = 1600 mm, a height H ,,, = 1000 mm and a half-angle
®one = 45°, resulting in the radius of the top plate r,,,, = 600 mm (Fig.
2(b)).

Building on these dimensions, the cylindrical shell is designed with
three stainless steel load-bearing pillars and three aluminum alloy
curved vented panels. The steel covers only a limited fraction of the
circumference and different percentages of steel area respect to the
aluminum alloy curved panels are investigated to study their influence
on the stability and post-buckling behavior. Furthermore, the work ex-
amines how the presence of multiple vents, integrated in the aluminum
curved panels, affects the overall stability of the cylinder.

The conical shell is manufactured from aluminum alloy and incor-
porates an internal orthogrid stiffening system made of stringers and
frames. Three stiffener geometries are investigated: T, C and Omega
sections to counteract the instability caused by the external uniform
pressure acting on the surface of the conical shell.

The materials selected for this study are AISI-301 stainless steel (SS)
and Al-6061 aluminum alloy (AL), whose properties are reported in
Table 1. The AISI-301 has been employed extensively in the early iter-
ations of SpaceX’s Starship [38], while the Al-6061 is a common choice
in both aeronautical and space structures, with notable applications
such as the first interstage of VEGA C [23,39].

The overall design workflow is depicted in Fig. 3. Fig. 3(a) illustrates
the overall design workflow from input parameters, namely the load
conditions and preliminary geometric constraints provided by ESA,
together with the selected safety factor (FOS). It then outlines the

cone
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Fig. 2. Dimensions of the two main components of the interstage structure.
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Table 1
Material properties [40,41].
E [GPa] v [-] Oyietd [MPa] p [kg/m?]
AISI-301 193 0.33 276 7880
Al-6061 70 0.33 276 2710

design rationale for the two main components and concludes with the
resulting structural configurations.

The design loads are estimated and provided by ESA. For the
vented cylindrical shell, the governing case is an axial compressive load
P = 3.365MN. For the stiffened truncated conical shell, the loading
condition is a uniform external pressure p,,,, = 0.5 MPa, which includes
a safety factor of 1.25 [42].

Both components follow the same analysis sequence (Fig. 3(b)) to
determine the minimum thicknesses that satisfy the stiffness, strength,
and mass requirements. All the FE modeling and simulations are con-
ducted using the commercial code ABAQUS [43]. The procedure begins
with a Linear Eigenvalue Analysis, to determine the critical buckling
load (P,.) or pressure (p,), and thus the component’s initial stabil-
ity margin. A Nonlinear Dynamic Implicit Analysis is subsequently
performed to capture the buckling and post-buckling behavior. This
nonlinear analysis addresses two objectives. First, the strength, under
operational loading, is verified by evaluating the equivalent Von Mises
stress against the material yield strength, and calculating the margin
of safety (MOS ;) to ensure a purely elastic behavior. Second, the
post-buckling response is examined, enabling the determination of the
nonlinear critical load (P,,_,,) or pressure (p,,_,;), which are used to
assess the compliance with the stiffness requirement. A Linear Elastic
Analysis is also conducted, just as a benchmark to compare linear and
nonlinear responses.

By following the workflow in Fig. 3, the minimum shell thicknesses
for both components are obtained through a structured iterative sizing
procedure, detailed in Fig. 3(b). An initial thickness is first estimated
using classical analytical formulations for buckling and strength avail-
able in the literature. This initial value is then progressively reduced
while maintaining a fixed structural layout, including the selected
material distribution in the cylindrical shell and the chosen stiffening
configuration in the truncated cone.

For each thickness value, finite element analyses are performed
to evaluate buckling and strength. The thickness is decreased until
one or more design constraints are approached, including buckling
limits, material yielding. The final selected thickness corresponds to the
minimum value that ensures full compliance with ESA requirements.

Other design variables include the proportion of stainless steel
relative to the aluminum alloy panels in the cylindrical shell, as well
as the number and type of stiffeners in the truncated conical shell.

The vented cylindrical shell is verified analytically based on the
hypothesis that its behavior can be represented by redistributing the
load between the stainless steel and aluminum curved panels. The

verification of the truncated conical shell is carried out by distributing
the properties of the stringers and frames over an equivalent geometry
that approximates the cone’s buckling behavior.

3. Vented cylindrical shell
3.1. Geometry

The geometry of the vented cylindrical shell is defined according
to the prescribed dimensions and is designed to meet the minimum
venting area requirement of 4.2 m? specified by ESA.

Three AISI-301 stainless steel pillars are symmetrically positioned
every 120° around the circumference, covering a defined percentage
(SSq) of the total surface. The complementary circumferential portion
is occupied by three Al-6061 aluminum alloy curved vented panels. The
percentage distribution of S.Sy, is investigated between 5% and 20%
to avoid an excessive mass increase, and to ensure that the stainless
steel acts primarily as the dominant load-bearing section, rather than
a stiffening element. The vent layout is depicted in Fig. 4 and the
dimensions are defined to simplify manufacturing and to accommodate
potential future interfaces between the interstage and the launcher
stages. Thus, each vent has a fixed length of L, = 140 mm and height of
H, =750 mm. The vent shape is an ogival one, characterized by a half-
circle radius r, = 70 mm. The angular spacing (6,) and the total number
of vents (N,) are variables, investigated in the different configurations.

3.2. Finite element model

The vented cylinder is modeled with four-node shell elements with
reduced integration (S4R), as shown in Fig. 5.

The element size is set to 20 mm for the fine mesh, while a local
refinement of 10 mm is applied around the vents to better capture the
stress gradients. Curvature control of the elements, with a maximum
deviation factor of 0.05, ensures a regular mesh with a low aspect ratio
near the vents. This localized refinement is consistently scaled when
transitioning to coarser meshes.

The material properties are assigned to the respective partitions
using homogeneous shell sections, with densities and mechanical prop-
erties reported in Table 1.

The boundary conditions are imposed by rigidly tying the top and
bottom circumferences to two reference points. The bottom circumfer-
ence is fully clamped, while the top circumference is constrained to
move only along the cylinder axis (Z-axis), representing the constraint
from the second stage. The load is applied on the top circumference
through the corresponding reference point.
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Fig. 4. Vent layout.

Fig. 5. Finite element model of a vented cylindrical shell.

3.3. Comparative studies

At first, different configurations are investigated to explore the influ-
ence of the stainless steel percentage, with all configurations featuring
twenty seven ogival vents. While the vent number and dimensions
are fixed, their angular spacing varies with the material distribution.
The corresponding buckling behavior, obtained from an eigenvalue

analysis, is shown in Fig. 6, where all configurations exhibit local
buckling modes. As the stainless steel fraction increases, the buckling
mode shapes change due to variation in the internal load-redistribution
mechanism. In all cases, the shell thicknesses are sized to achieve a
design with minimum mass, while satisfying the stability requirement.
The rationale follows the one reported in Fig. 3(b), from which the
thicknesses are found.

The effect of stainless steel percentage is evident across the four
configurations. At §S, = 5% (Fig. 6(a)), the steel sectors function
primarily as secondary reinforcement. The aluminum panels dominate
the structural response due to their wide coverage and vent spacing,
that lead to a localized instability in the thin steel regions. Increasing
the fraction to SSq = 10% (Fig. 6(b)) inverts the structural roles: the
stainless steel becomes the main load-bearing material, and the smaller
angular vent spacing reduces the local stiffness of the aluminum panels,
which now buckle under the redistributed load. For S5, = 15% (Fig.
6(c)), the contribution of the stainless steel pillars further increases.
However, the aluminum panels still exhibit local buckling, indicating
that the closely spaced vents substantially reduce their buckling resis-
tance. At §Sq = 20% (Fig. 6(d)), the stainless steel pillars provide
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Fig. 6. Comparison of the buckling mode of four configurations with 27 vents.
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(a) Buckling mode for vented cylindrical shell wit
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(b) Buckling mode for vented cylindrical shell with
5S¢ = 10% and 39 vents.

Fig. 7. Comparison of buckling mode at increasing vent number.

Table 2

Comparison of the four vented cylindrical shells with 27 vents.

Configuration Thickness [mm] Characteristics Buckling load
[MN]
AL SS N, A [m?] 0, [degl Mass [kg] P,
§Sq =5% 13.0 2.7 27 2.7 14.0 272 3.723
S§Sq =10% 11.5 3.5 27 2.7 12.0 244 3.736
858, =15% 11.4 4.5 27 2.7 11.5 252 3.718
S8 =20% 11.5 4.8 27 2.7 10.0 262 3.760

most of the load-carrying capacity and global stability, while aluminum
serves as secondary support. However, the more heavily perforated alu-
minum panels still require substantial thickness, and the steel regions
ultimately buckle under the increased share of redistributed load.

The results for the configurations with twenty seven ogival vents
are summarized in Table 2.

The effect of the vent layout is then investigated by increasing the
number of ogival vents to satisfy the venting area requirement. For a
fixed stainless steel percentage of 10%, increasing the number of vents
from twenty seven to thirty nine progressively shifts the buckling mode
toward localized instability of the aluminum panels, as it is shown
in Fig. 7. The corresponding geometric parameters and the obtained
buckling loads are reported in Table 3.

To fully meet the venting area requirement, configurations with
forty five vents are analyzed, and the influence of the stainless steel

percentage is reassessed. Unlike the configurations with twenty seven
vents, the buckling mode is consistently characterized by the local
buckling of the aluminum panels, with similar mode shapes observed
for all stainless steel fractions. For S.Sq = 5% (Fig. 8(a)), the response
exhibits a transition that is caused by the high vent number, which
significantly reduces the stiffness of the aluminum curved panels and
lowers the global buckling capacity. To compensate, the panel thickness
must be increased, making the interaction between aluminum panels
and steel pillars a governing factor in the structural response. For
S8y, = 10% (Fig. 8(b)) and SSq = 15% (Fig. 8(c)), the behavior
follows a similar trend, where the stainless-steel pillars remain stable
and function as the primary load-bearing elements. For SSq = 20%
(Fig. 8(d)), the response is again dominated by the buckling of the
aluminum curved panels.
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(d) Buckling mode for vented cylindrical shell with
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Fig. 8. Comparison of buckling mode of four configurations with 45 vents.

Table 3

Comparison of the vented cylindrical shells at increasing vent number.

Configuration Thickness [mm] Characteristics Buckling load
[MN]
AL SS N, A, [m?] 0, [deg] Mass [kg] P,
858, =10% 12.2 4.2 33 3.3 10.0 242 3.726
S8 =10% 12.0 9.0 39 3.9 8.2 259 3.716
Table 4
Comparison of the four vented cylindrical shells with 45 vents.
Configuration Thickness [mm] Characteristics Buckling load
[MN]
AL SS N, A, [m?] 0, [deg] Mass [kg] P,
858y =5% 12.5 15.0 45 4.5 7.6 251 3.778
S8 =10% 11.5 15.0 45 4.5 7.0 283 3.695
S8y =15% 11.4 13.0 45 4.5 6.7 290 3.730
S8, =20% 11.0 11.5 45 4.5 6.3 311 3.786

With a high number of vents, the stainless-steel pillars act as the
main load-bearing elements even at low steel fractions. However, in-
creasing the steel content does not produce a monotonic improvement
in buckling performance. At higher steel percentages, the reduced
venting angle leads to more closely spaced openings, further decreasing
panel stiffness and promoting earlier local buckling, which limits the
benefit of additional steel.

The geometric parameters and the obtained buckling loads for the
configurations with forty five ogival vents are summarized in Table 4.
Among these, the configuration with SS; = 5% represents the most
favorable compromise, combining the lowest mass with a competitive
buckling capacity. This configuration also provides a total vented area
of 4.5 m?, satisfying the ESA venting area requirement.

3.4. Verification

The vented cylindrical shells are verified analytically based on the
simplified hypothesis that the structural behavior can be represented
by redistributing the load between the stainless steel and aluminum
curved panels. The structure is modeled as two parallel springs, one for
each material, undergoing the same displacement but carrying different

portions of the load according to the axial stiffness of the ith panel (K;).
The redistributed load is then computed as:

@

tot

where K, is the global axial stiffness of the structure. Once the redis-
tributed loads are defined, the stability of each curved panel evaluated
in terms of load per unit length by dividing by the corresponding
circumferential arc length (b,), yielding:

B
P=
1

(2)

The load that induces a cylinder buckling mode (2!,), from ABAQUS, is
allocated to each curved panel and compared with its theoretical buck-
ling load (N,,"), according to curved panel buckling formulations [26].
The procedure is summarized in Fig. 9, where the index i denotes either
the stainless steel (i = .5'S) or aluminum alloy curved panel (i = AL).
To incorporate the reduction in the stiffness caused by vents, a
Venting Factor (5) is introduced and applied both in the computation
of the buckling load of the aluminum curved panels (N, c"rL), and in the
global stiffness that governs the load redistribution (P! ). This Venting
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Fig. 9. Algorithm for cylindrical shell buckling verification.

Table 5
Mesh independence analysis for the chosen vented cylindrical shell with SS, =
5% and 45 ogival vents.

Coarse Medium Fine

mesh mesh mesh
Element — size [mm] 24 22 20
Numberg, [-] 28169 34257 42848
P.. [MN] 3.812 3.789 3.778
Difference from fine mesh [%] +0.9 +0.3 -

Factor (defined as the ratio between the bending stiffness of a vented
flat panel and that of an equivalent unvented panel) quantifies the
reduction in bending and membrane stiffness of the vented aluminum
curved panels. By using this formulation, bending-membrane coupling
is avoided and the effective stiffness can be characterized directly.

To embed this reduced stiffness directly within the analytical model,
an effective aluminum thickness is computed as the product of the Vent-
ing Factor and the nominal vented aluminum curved panel thickness.
This approach translates the stiffness reduction captured by 5 into an
equivalent geometric parameter, ensuring that the venting effects are
reflected throughout the formulation.

The resulting effective thickness is then used in the cylinder buck-
ling verification in Fig. 9, influencing both the calculation of NAL
and the stiffness-based load redistribution. In this manner, the model
consistently captures the reduction in the stiffness introduced by the
vent layout.

3.5. Design solution

The chosen configuration integrates a total of forty five ogival vents,
fifteen per aluminum curved panel, with a stainless steel fraction of
8Sq, = 5%. This configuration ensures a total venting area of 4,/ =
4.536 m?, thereby meeting the venting requirement. The geometrical
parameters of this chosen configuration are summarized in Table 4.

The buckling mode of the vented cylindrical shell, obtained by
eigenvalue analysis, is shown in Fig. 8(a). It is characterized by a local
buckling confined to the vented aluminum curved panels, and results
equal to 3.778 MN. A mesh independence analysis is carried out and
reported in terms of the critical buckling load in Table 5, showing a
difference between the fine and coarse mesh of 0.9%.
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The critical load is consistent with the analytical verification sum-
marized in Table 6. In this model, a Venting Factor of 0.451 is com-
puted and allows to capture the reduction in stiffness introduced by
the vent layout.

The vent layout substantially reduces the stiffness and, conse-
quently, the buckling load of the aluminum curved panels. As a result, a
greater portion of the applied load is redistributed to the stainless steel
pillars, which remain well within their stability limits. Nevertheless,
the vented aluminum curved panels continue to govern the instability:
the fifteen ogival vents on each aluminum panel significantly lower
the critical load, leaving the aluminum sections susceptible to local
buckling under their assigned load share.

The nonlinear geometric response of the structure is investigated
performing a dynamic implicit analysis and by applying a maximum
displacement of 3 mm. The result is the nonlinear load—displacement
curve reported in Fig. 10.

As it can be observed, after the local buckling of the vented alu-
minum curved panels, the load-displacement curve departs from lin-
earity and continues to rise with a reduced slope. With further axial
shortening, the response transitions into a plateau. This behavior in-
dicates a stable post-buckling regime, in which the buckled aluminum
panels contribute little to the global stiffness, while the stainless steel
pillars carry most of the axial load without the onset of secondary or
global buckling modes. The maximum load reached is P,,, = 4.117 MN.
This value results from the progressive redistribution of the axial load
to the thicker stainless steel sectors, which already carry a significant
portion of the load, before the buckling of the aluminum panels, and
remain stable due to their higher buckling resistance and the absence
of vents.

Overall, the configuration with forty five vents and a stainless steel
circumferential share of 'Sy, = 5% exhibits an elastic response under
operational loads and a stable post-buckling behavior, with global
stability preserved by the stainless steel pillars. Within the operational
load range, the structure displays an almost linear load—-displacement
relationship.

Regarding the strength of the structure, at the maximum operational
load, the Von Mises stress reaches 177 MPa in the steel pillars, well
below the AISI-301 yield strength (276 MPa) as shown in Fig. 11. Stress
concentrations appear near the vented edges of the aluminum curved
panels, but these remain minor and the global load path is governed by
the stainless steel pillars, which sustain the majority of the axial load.

The main results of the nonlinear dynamic implicit analysis are
summarized in Table 7. The table reports the maximum load, the
margin of safety against yielding in the stainless steel pillars at the
maximum operational load, the total structural mass, and the compu-
tational cost of the simulation. The analysis is performed on a personal
computer equipped with a 13th Gen Intel® Core™ i7-13700H processor
(2.40 GHz), 32 GB of RAM operating at 3200 MT/s, and a 6 GB graphics
card with multiple GPUs installed.

In summary, this chosen configuration represents the most balanced
solution, satisfying effectively the stiffness, strength and operational
mission requirements.

4. Stiffened truncated conical shell
4.1. Geometry

The structure is defined based on the geometric parameters pro-
vided by ESA and incorporates an internal orthogrid stiffening layout
consisting of longitudinal stringers and circumferential frames. This
configuration enables an effective redistribution of loads from the
skin to the longitudinal stiffeners, while the circumferential frames
primarily counteract the instability caused by the pressure.

The system consists of n, longitudinal stringers, each characterized
by width w;, thickness 7,, and flange spacing /,. The stringers extend
along the full slant height of the cone, H, and continue into the
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Table 6
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Verification of vented cylindrical shell with S.S;, = 5% and 45 ogival vents.

Component Buckling load

(P, =3.778 MN, n = 0.451)

Buckling mode

N [kN/mm] P! [kN/mm] Mode type Location
AL Curved Panel 0.230 0.282 Local AL Skin
SS Pillar 56.910 1.700 - -
4.5
4.0
R /A S S
3.0 A
"~
=
= 251
e
T
m© 2.0
o
-
1.51
1.0 —— Linear Analysis
—— Dynamic Implicit Analysis
0.5 == Maximum Operational Load
— = Buckling Load (Linear Eigenvalue Analysis)
0.0 T T T T

00 05 1.0 15

20 25 30 35 40

Displacement [mm]

Fig. 10. Load—displacement curve of vented cylindrical shell with S, = 5% and 45 ogival vents.

S, Mises

SNEG, (fraction = -1.0)

(Avg: 75%)
177.401
159.806
142.211
124.616
107.021
89.426
71.830
54.235
36.640
19.045
1.450

Fig. 11. Von Mises stress contour of the vented cylindrical shell with §S, =
5% and 45 ogival vents in correspondence of maximum operational load.

Table 7
Summary of the results of the vented cylindrical shell with S.S;, = 5% and 45
ogival vents.

P, [MN]
3.778

P,,. [MN]

‘max

4.117

CPU-Time [s]
97715

MOS,; [-] Mass [kg]
0.556 251

top panel. All stringers converge into a stiffening ring of fixed radius
Fying = 200 mm and thickness t,,,,, providing a continuous load path
across the upper interface. The ring has the same height H,,,, as
the stringer width, ensuring geometric compatibility. The inclusion
of a single stiffening ring increases the stiffness of the top plate by
subdividing it into inner and outer regions with radii equal to one
third and two thirds of the total plate radius, respectively. As reported
in Roark’s Formulas for Stress and Strain, reducing the effective plate
radius significantly decreases the maximum stresses, which scale with
the square of the radius, and the displacements, which scale with the
fourth power [44].

In the circumferential direction, the conical skin is reinforced by n,
frames, each defined by width w,, thickness ¢,, and flange spacing /..
The stringers are uniformly distributed along the inner surface of the

cone, while the frames are equally spaced along the cone height, with
a constant spacing AH,.

The geometry of each stiffener section and the associated dimen-
sions are shown in Fig. 12.

4.2. Finite element model

The geometry is discretized using S4R shell elements. The element
size is 20 mm, with a local refinement with at least three elements
in the width of the stringers. Moreover, in the central area of the top
plate, the element size is further reduced to 10 mm to prevent skewed
elements and to improve accuracy. The resulting mesh is shown in Fig.
13.

The material properties of the Al-6061 alloy (Table 1) are assigned
to the conical skin, the top plate, and the stiffeners.

The bottom circumference of the cone, along with the ends of the
stringers, is rigidly connected to a reference point and fully constrained,
representing an encastre condition. A uniform external pressure is then
applied over the entire external conical skin and surface of the top
circular plate.

4.3. Comparative studies

A comparative assessment is carried out on four alternative stiffened
truncated cone configurations, each defined by a distinct combination
of stringer and frame cross-sections. The geometry of these configura-
tions is summarized in Table 8. The four configurations are: TO with
eighteen T-stringers and three Omega-frames. TT with twenty four T-
stringers and five T-frames. CC with ten C-stringers and three C-frames.
CO with ten C-stringers and three Omega-frames.

The comparison is performed to evaluate alternative structural con-
cepts rather than to isolate the effect of a single parameter. For this
reason, the configurations differ in terms of stiffening layout and thick-
ness distribution, as each design is independently sized to satisfy the
same loading, boundary conditions, and structural requirements while
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Table 8
Geometry specifications of the four investigated truncated conical shells.
TO TT co CC
Conical Skin t.one [Mmm] 6.8 6.0 7.5 7.5
Top Plate tyare [mm] 10.0 9.5 10.0 10.0
t, [mm)] 37 30 12 10
w, [mm] 40 40 40 40
Stringer [, [mm] - - 20 20
H_ [mm] 1414 1414 1414 1414
n, [-] 18 24 10 10
t, [mm] 10 30 10 15
w, [mm] 50 40 50 40
Frame [, [mm] 50 - 50 70
AH, [mm] 250 200 250 300
n, [-] 3 5 3 3
Rin H,,, [mm] 40 40 40 40
g f1mg [mm] 15 25 10 20
T - Section C - Section Omega - Section
t w e
> «—> < >
A — A I ¢ t A ¢ t
w e w
v | ] 4 I v | ]

Fig. 12. Stiffening section geometries.

Fig. 13. Finite element model of stiffened truncated conical shell.

minimizing mass. Consequently, the comparison is conducted between
optimized configurations, and the results are interpreted in terms of
qualitative trends, such as buckling behavior, load redistribution, and
mass efficiency, which are meaningful for preliminary design purposes.

Despite the differences in their structural layouts, all configurations
exhibit broadly similar buckling mode, as illustrated in Fig. 14. The
buckling mode is characterized by a circumferential multi-lobe defor-
mation, primarily governed by the number and spacing of the stringers,
and localized below the first circumferential frame.

The main results of the four configurations obtained by an eigen-
value analysis are summarized in Table 9. The configuration TO with
eighteen T-stringers and three Omega-frames emerges as the opti-
mal structural solution. The Omega-frames provide high bending and
torsional stiffness with an efficient stiffness-to-mass ratio, effectively
delaying the buckling under external pressure. The T-stringers com-
plement this behavior by promoting efficient load redistribution and
preventing yielding, with a limited mass penalty.

The configuration TT with twenty four T-stringers and five T-
frames exhibits the lowest critical buckling pressure. This behavior is

primarily due to the limited stiffness of the T-sections, which requires
a larger number of stiffeners to satisfy strength constraints. Although
the geometry leads to a relatively low mass, the increased structural
complexity and reduced stability make this solution less attractive than
the one combining T-stringers with Omega-frames.

The configuration CO with ten C-stringers and three Omega-frames
achieves the highest critical buckling pressure. This result is primar-
ily driven by the Omega-frames, complemented by the effective load
redistribution provided by the C-stringers. This layout maximizes the
resistance to pressure-induced instability. However, the higher mass
associated with the C-stringers and the yielding constraint results in
the heaviest configuration, reducing its overall efficiency.

The configuration CC with ten C-stringers and three C-frames shows
a clear improvement in buckling resistance compared to the solution
relying solely on T-sections, owing to the higher bending stiffness of
the C-profiles. The enhanced rigidity and improved load redistribution
are nonetheless offset by a significant mass increase, which limits the
applicability of this layout within the design constraints.

Overall, the results demonstrate that the circumferential frames
govern the buckling behavior under external pressure, with Omega-
frames emerging as the most effective solution for enhancing stability.
Stringers have a secondary influence on the critical buckling pressure,
but remain essential for controlling the buckling mode shape and
improving the stress redistribution, particularly close to the top plate
through interaction with the stiffening ring. Among the investigated
alternatives, T-stringers offer the most favorable balance between struc-
tural effectiveness and mass efficiency, supporting their selection for
the final configuration. Consequently, the configuration consisting of
eighteen T-stringers and three Omega-frames is identified as the most
effective solution, combining a critical buckling pressure well above the
operational requirement, while maintaining the lowest overall mass,
resulting in the most balanced compromise between stability, strength,
and mass.
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U, Magnitude
1.400

(a) Configuration TO with 18 T-stringers and 3
Omega-frames.

U, Magnitude

(c) Configuration CO with 10 C-stringers and 3
Omega-frames.
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U, Magnitude
1.400

(b) Configuration TT with 24 T-stringers and 5 T-
frames.

U, Magnitude

(d) Configuration CC with 10 C-stringers and 3 C-
frames.

Fig. 14. Buckling mode of the four investigated truncated conical shells.

Table 9
Summary of the results for the four investigated truncated conical
shells.
per [MPa] MOS,;,y [-] Mass [kg]

TO 2.105 0.05 440

T 0.933 0.04 443

Cco 2.750 0.06 502

CcC 1.606 0.06 498

4.4. Verification

The design of the stiffened truncated conical shell is driven by buck-
ling requirements. To verify the results of the FE analyses, an analytical
approach based on the Smeared Stiffener Method is employed [34,36].

Since NASA-SP-8019 [25] and the ASME Boiler and Pressure Vessel
Code [45] do not provide closed-form solutions for fully stiffened cones
under pressure load, it is suggested to approximate the cone as an
equivalent cylinder with height equal to the slant length and a radius,
derived from an average of the end radii and the cone angle. This
procedure is applied using a cylinder with height equal to the slant
height of the cone, and radius equal to the curvature radius of the
cone. Also the contribution of the stiffened top plate is incorporated
by smearing its properties into an equivalent circumferential stiffening
ring located at the top of the cylindrical representation.

In this way, an equivalent orthotropic cylindrical shell is con-
sidered, and the critical buckling pressure is then evaluated using
the orthotropic cylinder buckling formulation provided in NASA-SP-
8007 [24].

The methodology captures the stability of the stiffened cone and
provides a critical pressure that accounts for the anisotropic behavior
of the internal orthogrid system. Its main limitation is the lack of
information regarding the associated buckling mode shapes, because
of the geometric simplification required to construct the equivalent
cylinder.

4.5. Design solution

The chosen configuration is the configuration TO that consists of
eighteen T-stringers and three Omega-frames.

10

Table 10
Mesh convergence analysis for the chosen truncated conical shell with 18 T-
stringers and 3 Omega-frames.

Coarse Medium Fine Smeared
mesh mesh mesh method
Element — size [mm] 24 22 20 -
Numberyg, [-] 18653 27 690 33860 -
p., [MPa] 2.254 2.168 2.105 1.952
Dif ference [%] 13.4 10.0 7.3 -

The buckling mode of the chosen stiffened truncated conical shell,
obtained by eigenvalue analysis, is presented in Fig. 14(a). It can be
observed that the buckling occurs exclusively on the conical skin, while
the stringers and frames remain stable under the applied pressure. The
buckling mode is symmetric and subdivided according to the eighteen
longitudinal stringers. Within each subdivision, the buckling pattern
exhibits two circumferential waves.

A mesh convergence study is carried out to verify the critical buck-
ling pressure. The results, reported in Table 10, show that the measured
method, obtained through the proposed verification method, is in good
agreement with the results from the Linear Eigenvalue Analysis. As the
mesh is refined, the difference between the theoretical estimate and
the numerical result decreases, indicating proper convergence. When
the finest mesh is taken, the difference is 7.3%.

The computed critical pressures exhibit a consistency in their values,
confirming mesh independence. In particular, the coarse and medium
meshes overestimate the critical pressure by approximately 7% and 3%,
with respect to the fine mesh.

A nonlinear dynamic implicit analysis is then performed until a
uniform external pressure of p = 2.7 MPa is reached. The resulting
pressure-radial displacement response is presented in Fig. 15. The
evolution of the displacement contour of the chosen TO configuration
is reported in Fig. 16.

At first, the structure follows a linear response (Fig. 16(a)). As the
pressure rises further, the skin progresses along a stable but nonlin-
ear branch (Fig. 16(b)). Then, around 1.9 MPa, the stiffness of the
skin decreases markedly compared to the initial slope, indicating that
the skin of the truncated conical shell has buckled (Fig. 16(c)). The
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Fig. 15. Pressure-radial displacement curve of the truncated conical shell with 18 T-stringers and 3 Omega-frames.

U, Magnitude
3.

(a) Displacement contour in linear behavior -

Point(a).

U, Magnitude
88.945
80.050
71.156
62.261
53.367
44.472
35.578

(c) Displacement contour at the onset of buckling -

Point(c).

U, Magnitude
15.650

(b) Displacement contour at departure from linear
behavior - Point(b).

U, Magnitude
129.960
116.964
103.968
90.972
77.976
64.980
51.984
38.988
25.992
12.996

0.000

(d) Displacement contour in deep post-buckling -
Point(d).

Fig. 16. Evolution of displacement contour for truncated conical shell with 18 T-stringers and 3 Omega-frames.

stringers and frames continue to redistribute the load and support
the structure, but the contribution of the skin becomes increasingly
negligible. Beyond this point, the response enters the post-buckling
regime. The localized instabilities spread across the conical skin and the
nonlinear curve flattens into a plateau. Additional pressure no longer
produces a proportional increase in the load capacity, instead it results
in larger radial displacements (Fig. 16(d)). Despite this, the stiffeners
maintain sufficient residual stability to prevent a global collapse.

Fig. 17 shows that the maximum Von Mises stress at the operational
pressure. It reaches 263 MPa in the skin and stringers near the cone-
plate interface, remaining just below the yield strength of Al-6061
(276 MPa).

The main results of the chosen configuration are summarized in
Table 11. The nonlinear critical pressure corresponds to the onset of the
plateau in the nonlinear curve. These results indicate that the nonlinear
critical pressure is well above the maximum operational value. The
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Table 11
Summary of the results of the truncated conical shell with 18 T-stringers and
3 Omega-frames.

p., [MPa] Per—m [MPa]
2.105 1.922

MOS,iqq [-]
0.05

Mass [kg]
440 109614

CPU-Time [s]

minimal margin of safety against yielding MOS,,,, highlights the
challenge of balancing the strength with the strict mass limits.

The configuration consisting of eighteen T-stringers and three Omega-
frames emerges as the most effective solution in terms of mass, sta-
bility, and strength. The results demonstrate that Omega-frames de-
liver the best stiffness-to-mass ratio for ensuring stability, while T-
stringers provide the most advantageous balance between low mass and
load-carrying effectiveness.
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S, Mises
SNEG, (fraction = -1.0)
(Avg: 75%)

262.577

236.812

211.047

185.282

159.517

(a) View from the top.
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S, Mises
SNEG, (fraction = -1.0)
(Avg: 75%)

262.577

236.706

210.835

184.964

(b) Isometric view from the bottom.

Fig. 17. Von Mises stress contour of the truncated conical shell with 18 T-stringers and 3 Omega-frames in correspondence of maximum operational pressure.

5. Conclusions and future work

This work studied the preliminary structural design of a hot-staging
interstage for a potential future European mini launch vehicle, focus-
ing on the mechanical behavior, and excluding thermal loads for the
moment.

Two main components are investigated: a vented cylindrical shell
and a stiffened truncated conical deflector.

For the vented cylindrical shell a design with three stainless steel
pillars, covering 5% of the total surface and three aluminum alloy
curved panels with forty five ogival vents is selected. The analyses show
that the stainless steel pillars carry most of the compressive load, while
the vented aluminum alloy panels govern buckling due to their larger
coverage and lower stiffness. This design best satisfies the stability and
strength requirements. The nonlinear post-buckling analysis confirms a
stable response with all the stresses remaining within the material yield
limits.

For the truncated conical shell a design with eighteen T-stringers
and three Omega frames, is selected considering the external pressure
it has to withstand. The three Omega-frames provide the torsional stift-
ness to delay skin buckling, while the eighteen T-stringers efficiently
redistribute the loads. This chosen configuration, fully manufactured
in aluminum alloy, confines buckling to the skin panels and withstands
the maximum operational pressure without yielding, while minimizing
mass.

Both components meet the ESA structural requirements, providing
a safe and efficient interstage solution with a total mass of 691 kg.

The proposed methodology, based on iterative sizing, analytical
load redistribution, smeared-stiffener verification, and a hierarchical
analysis workflow, is generalizable beyond the specific ESA mini launch
vehicle case. While the dimensions, loads, and metallic material choices
are case-dependent, the main design insights are broadly applicable: the
dominant role of the vented aluminum panels in the cylinder buckling,
the high stiffness-to-mass of the Omega frames under external pressure,
and the effectiveness of combined stainless steel and aluminum load
paths. These findings can be extended to other metallic hot-staging
interstages.

Future work will extend the present methodology to include thermo-
mechanical coupling effects, which are expected to play a critical role
under hot-staging conditions. In particular, high-temperature gradients
may lead to significant thermal stresses, material property degradation,
and a reduction in buckling resistance. These effects could require a
reassessment of material selection, local thickness distribution, and the
possible integration of thermal protection systems.
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