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Abstract

This thesis falls within the context of launch vehicles and focuses on the development of
a preliminary methodology for studying grid structures applied to the interstage, consid-
ering hot-staging as the separation technology. The interstage connects two stages of the
launch vehicle, transmits loads, and enables their separation.

The aim is to develop an alternative preliminary methodology, compared to those available
in the literature, for designing a grid structure that takes into account both the use of
composite materials and the possibility of arbitrarily orienting the lattice arrangement.
After a preliminary and qualitative assessment of the loads acting on an interstage, the
focus moves to the development of the numerical method to define the grid geometry.

For a cylindrical configuration, the study explores the feasibility of adopting an arbitrary
laminate sequence in the finite element model, integrating "shell" elements due to their
superior adaptability for analysing composite materials. The algorithm’s accuracy is
evaluated through the reconstruction of a real interstage. Indeed, once the conformity of
the geometry is validated, it is imported into a finite element analysis software for an initial
assessment. Then, the algorithm is modified to incorporate the possibility of developing a
truncated cone geometry, following the design provided by ESA for the Vega C interstage.
The resulting grid structure, which also allows for an initial arbitrary orientation of its
lattice, with an added skin, is compared to a thin-walled one to highlight their different
behaviour under load.

The proposed methodology provides a baseline for further exploration into the design of
an interstage with hot-staging separation, particularly when considering composite grid
structure.
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Abstract in lingua italiana

Questa tesi si colloca nel contesto dei lanciatori e si concentra sullo sviluppo di una
metodologia preliminare per lo studio di strutture a griglia, applicate all’interstadio con-
siderando come tecnologia di separazione l’ hot-staging. Tale componente ha il compito di
collegare i due stadi del vettore di lancio, trasmettere i carichi e consentire la separazione
tra di essi. L’obiettivo è di sviluppare una metodologia alternativa preliminare, rispetto
a quelle presenti in letteratura, per la progettazione di una struttura a griglia che tenga
conto sia dell’uso di materiali compositi, sia della possibilità di orientare liberamente la
disposizione del reticolo. A seguito di una valutazione preliminare e qualitativa dei carichi
a cui è sottoposto un interstadio, l’attenzione si concentra sullo sviluppo del metodo nu-
merico per definirne la geometria. Su una configurazione cilindrica, si è elaborata la
possibilità di adottare, per il modello ad elementi finiti, una sequenza di laminazione ar-
bitraria con l’introduzione di elementi “shell”, per la loro migliore adattabilità allo studio
di materiali compositi. Il corretto funzionamento dell’algoritmo è stato valutato medi-
ante la ricostruzione di un interstadio reale. Infatti, una volta validata la conformità della
geometria, la si è importata in un software di analisi agli elementi finiti per averne una
prima verifica. Successivamente, l’algoritmo viene modificato per includere la possibilità
della progettazione di una geometria tronco-conica, come da disegno fornito dall’ESA,
studiata per l’interstadio del Vega C. La conseguente struttura a griglia, che consente in-
oltre un primo orientamento arbitrario del suo reticolo, e con pelle di rivestimento, viene
confrontata con una a parete sottile, al fine di evidenziarne il diverso comportamento
sotto carico.

La metodologia proposta offre un’ opportunità di approfondimento per la progettazione
di un interstadio con separazione di tipo hot-staging, qualora si considerino soluzioni a
griglia in materiale composito.

Parole chiave: Struttura a griglia, Metodo numerico, Progetto preliminare, Materiali
compositi
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1| Introduction

"A Launch Vehicle (LV) is designed to transport payloads, such as crewed spacecraft or

satellites, from the Earth's surface or lower atmosphere into outer space."[1]

It is commonly designed as a multi-stage rocket, a type of rocket engineered to detach

each stage once its propellant is depleted. There are two methods of stage separation:

cold-staging and hot-staging.

Cold-staging separation occurs when the propellant in a stage is fully consumed. At this

point, the vehicle experiences zero thrust, meaning no acceleration takes place, which can

reduce overall e�ciency.

Hot-staging, on the other hand, enhances e�ciency by igniting the upper stage's engine

while it is still attached to the previous stage, eliminating the inert period between sepa-

ration and ignition.

In June 2023 [2], SpaceX has announced a transition to hot-staging for its Starship launch

system. Speci�cally, the upper stage of Starship ignites while still attached to the Super

Heavy booster. To facilitate this, most of the 33 Raptor engines on the booster are shut

down during separation, with only a few remaining active, while the upper stage engines

ignite. This approach provides a payload-to-orbit advantage of approximately 10%, as

stated by SpaceX.

However, implementing this type of separation requires new design aspects, such as shield-

ing and reinforcing the structure to withstand higher thermal and mechanical stresses than

cold-staging, which leads to increased mass. Additionally, an open structure should be

incorporated to allow exhaust gases to dissipate e�ectively.

This work aims at developing a preliminary design of a grid structure applied to a launcher

interstage performing hot-staging separation, without considering the thermal load. The

interstage is the LV part that connects two stages, transmits loads, and enables stage sep-

aration. Typically, interstages are thin-walled structures that must withstand signi�cant

loads, often requiring reinforcement through auxiliary frameworks.
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For this purpose, this study intends to develop a preliminary alternative design method-

ology for a grid structure. The main objective is to establish a procedure for de�ning a

grid composite structure, considering both cylindrical and truncated cone interstages.

A MATLAB script is developed for the preliminary design of a cylindrical grid, with

the goal of integrating into the algorithm the ability to de�ne the geometry of the grid

elements in such a way that, once imported into a Finite Element (FE) analysis software

(ABAQUS), it is possible to specify an arbitrary lay-up for composite materials.

The type of FE analysis is initially de�ned on a reference structure, incorporating geo-

metric nonlinearities, the constraint conditions, and the load application methodology.

Once the possibility of conducting such an analysis on a cylindrical grid structure is

con�rmed, the next step involves considering a truncated-conical grid with added skin,

taking into account to consider an initial and arbitrary orientation of the lattice.

Finally, the same type of analysis performed on the cylindrical grid is applied to this

truncated cone structure, comparing its behaviour with a thin-walled one.

This thesis does not aim to de�ne the optimal design of a grid structure under a speci�c

load condition, but rather to provide an alternative model to those found in the literature.

The proposed model enables a preliminary characterization of the geometry of a grid

structure, considering its composite nature and a preliminary and arbitrary orientation

of its lattice.
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2| Literature review

2.1. Tracing the evolution of interstage designs with

hot-staging separation

Hot-staging was �rst used by Russian N1 rocket, whereas the counterpart of American

Saturn V which employed the cold-staging (Figure 2.1).

In the N1 , the interstage was built with an open structure, allowing the exhaust gases to

escape. It was made of truss beams arranged to ensure the proper structural stability.

Figure 2.1: Saturn V vs N1 [3]

This technology is present in advanced new projects such as: VLM1 rocket and SpaceX's

Starship. VLM-1, abbreviation of "Veiculo Lancador de Microssatélites" (Figure 2.2), is a
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new project, started in 2008, developed by the Brazilian General Command for Aerospace

Technology in collaboration with Deutsches Zentrum für Luft- und Raumfahrt (DLR).

The LV, which maiden �ight is planned for 2025 [4], is being designed to carry payloads of

up to 30 kg in Low Earth Orbit (LEO) [5]. The main design characteristics are: mass of

take-o� about 28 tons and vehicle height19:4 m [4]. Of course it is a multi-stage vehicle,

using hot-staging technology in both stage separations, which has three solid stages [6]:

ˆ Stage 1: S-50 rocket motor;

ˆ Stage 2: S-50 rocket motor;

ˆ Stage 3: S-44 rocket motor.

Figure 2.2: VLM-1 prototype [6]

In 2011, it is decided to build the VS-50, a two-stage LV (Figure 2.3), with the purpose to

reduce the risks of VLM-1's �rst launch. VS-50 is used to test various VLM-1 structures,

like: the stage separation interfaces, navigation control systems, �ight telemetry, electrics

and pyrotechnics (for igniting the engine). For that reason, the interstage of the two

launchers is the same.
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Figure 2.3: VLM-1 and VS-50 [4]

A qualitative reconstruction is reported in Figure 2.4, based on the images available online

[4]-[6], attempting to maintain the proportions among the di�erent parts of the launcher

by importing the images into SOLIDWORKS and using sketching tools to de�ne all

component dimensions. As can be seen in Figure 2.4, there are 18 trusses (Figure 2.5)

arranged in pairs, each forming X-shaped structure. Table 2.1 and Table 2.2 list the main

features of the VLM-1 interstage.

Figure 2.4: VLM-1 interstage reconstruction
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Figure 2.5: Fundamental component of the VLM1 interstage

D e[mm ] th hoop [mm ] H [mm ]

1500 200 1000

Table 2.1: Dimensions of VLM-1 interstage

L [mm ] Cross section [mm ]

B H b h

420 800 60 45

Table 2.2: Truss geometric characteristics

Regarding the design of SuperHeavy, according to the conference held in June 2023 [2],

SpaceX is working on an extension to the top of the booster (Figure 2.6), consisting mainly

of vents. The extension is attached to Super Heavy using the existing staging clamps and

had another set of 3 staging clamps at the top to connect to the Ship [7]. This kind of

design allows the dispersion of the exhausts gas of the ignition of the upper stage engine.

Figure 2.7 illustrates a qualitative reconstruction of the external component of Superheavy

interstage, modelled using CAD software basing on the images available online [7], as for

the VLM-1 reconstruction. According to Figure 2.6 (b), in Booster 9 a truncated cone

is inserted to shield the structure of the SuperHeavy stage from both the heat and the

pressure generated by the exhaust gas. In this case, it has been estimated that the

diameter of the major base is about8900 m, the diameter of the minor base around

4000m and the height is1000m, equal to the external cylinder.
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(a)

(b)

Figure 2.6: Front view (a) and top view (b) of Booster 7 (left), old version, and Booster

9 (right), updated version [7]

Figure 2.7: External component of SuperHeavy interstage

D e[mm ] D i [mm ] th hoop [mm ] H [mm ]

9000 8996 400 1000

Table 2.3: Dimensions of the external cylindrical part of Booster 9 adaptor
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To sum up, introducing hot-staging technology on SuperHeavy requires that the interstage

presents two kind of structure: external part capable to transmit the loads and dissipate

the exhaust gas, and the internal part that acts like a shield to the lower stage structure.

ESA intends to develop an interstage following the same design logic as that of the Super

Heavy, consisting of a ventilated cylindrical structure and a truncated cone section that

shields the underlying structure. The truncated cone section is subjected to both thermal

and mechanical loads. Given the thin-walled nature of these structures and their exposure

to high loads, auxiliary elements are often introduced to enhance structural resistance,

such as grid structures.

2.2. Grid structures

In [8] grid sti�ened structures, i.e. shells supported by a grid lattice sti�eners, are pre-

sented as a promising alternative to replace monocoque, skin-stringer, and honeycomb

sandwich structure. The McDonnell-Douglas Corporation (now part of The Boeing Com-

pany) patented the �rst aluminium isogrid, which is the earliest precursor of the modern

Anisogrid Grid Sti�ened (AGS) structures. This structure is composed by an aluminium

skin sti�ened with equilateral triangles. Later on, with the advent of composite materials,

aluminium isogrid structures have been replaced with higher-quality and lighter composite

grid structures. This development has been made possible thanks to innovative manufac-

turing processes. In the past few years, isogrid structure have been abandoned in favour

of anisogrid structure, which allows to have sti�ened patterns optimized to speci�ed load

situations.

The primary bene�ts of grid structures, according to [8], can be grouped into three cate-

gories:

ˆ environmental robustness: studies shows that grid structures have signi�cantly

higher damage tolerance than their main competitor, the honeycomb sandwich;

ˆ low-cost manufacturing for certain geometries, considering that a single cure process

is potentially superior compared to hand operations involved in the manufacturing

of sandwich construction;

ˆ structural e�ciency to certain types of loading: the rib of a grid structure can be

oriented considering the load path.

The primary drawback of grid structures is a lack of failure behaviour. In addition, while

tooling for grid structures might be relatively inexpensive in large production runs, it
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becomes signi�cantly more costly for unique aerospace components, where the expense

cost must be amortized over a limited number of units. That is why, when a grid structure

is developed, it is important to highlight its structural bene�ts in terms of weight reduction

and increasing of the mechanical properties with respect over other solutions considering

also the fabrication cost.

2.2.1. Modern application of grid structures

In recent years, the use of grid structures has been increasingly adopted, both as support

structures and as a complete replacement for traditional metal structures.

The "Composite Grid" technology has been recently implemented in the 2/3 interstage,

meaning the interstage between the second and the third stage, of the Vega C, as reported

in [9]. The design is based on speci�c functions: transmitting thrust from the second stage

to the third stage of LV, ensuring a minimum overall sti�ness, protecting components and

equipment and performing the separation of the second stage. In this context, separation

occurs through the cold-staging technique.

As a result, the following functions and design choices are identi�ed:

ˆ Support high compressive loads with a high buckling capacity;

ˆ Use high modulus materials, employing unidirectional carbon �bres;

ˆ Design e�cient interfaces between the structure and the equipment supports.

The �nal design consists of a carbon �bre grid structure weighting165 kg, capable of

withstanding a total compressive load of 430 tons. The structure (Figure 2.8) is composed

of:

ˆ 120helical rib with a rectangular cross-section, with an helix angle between16°-20°;

ˆ 10 hoop rib with a rectangular cross-section;

ˆ Four terminal rings made of CFRP (Carbon Fibre Reinforced Polymers) that allow

the connection between the CFRP grid structure and the metallic �anges of the

interstage.
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