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1. Introduction

The structures which compose a launch vehi-
cle are thin-walled and designed to withstand
loads from the beginning of the launcher’s as-
sembly until they release the payload into space;
sometimes even longer if they are engineered
to allow for reuse, as is the case of the Super
Heavy. Launchers are typically multi-stage ve-
hicles, where once their propellant is depleted,
the stage is ejected.

This thesis focuses on the interstages of launch-
ers, which connect two stages, transmit loads,
and enable separation. There are two types of
separation: hot-staging and cold-staging. Hot-
staging is becoming more widely adopted be-
cause it allows a higher payload capacity. In
hot-staging separation, the ignition of the up-
per stage occurs before the detachment of the
two stages, resulting in continuous thrust. How-
ever, the implementation of this new separation
method requires a redesign of the interstages, as
they must fulfil two functions: dissipating the
exhaust gases from the early ignition of the up-
per stage and protecting the lower stage from
both the heat and the pressure emitted by the
exhaust gases.

This thesis aims at developing a preliminary
methodology for designing a grid structure for
the Vega C first interstage, utilizing a hot-

staging separation system. Specifically, the goal
is to create an initial approach that will serve
as a baseline for implementing a grid structure
capable of supporting the pressure of the gases
and the other loads.

2. Concept and methods

A MATLAB script has been developed based on
existing literature [1], providing a framework for
the preliminary design of a composite grid struc-
tures. The presented methodology aims at high-
lighting the key advantages of a grid structure
design, including the use of composite materials
and the ability to orient the grid elements in a
specific direction. It is proposed to modify [1]
to make definable the elements of the grid as a
surface. This enables the usage of shell elements
replacing the beam elements in the Finite Ele-
ment (FE) analysis, which allows the definition
of an arbitrary lay-up, as well as the algorithm
includes the introduction of an initial arbitrary
orientation of the grid lattice. The methodology
is applied on grid structures defined on both a
cylindrical and a truncated conical surface.

An algorithm is developed to generate a grid
structure on a cylindrical reference surface. Its
accuracy is validated by reconstructing a real in-
terstage, ensuring that all relevant design vari-
ables, such as the number and width of the ribs,



as well as the radius and height of the grid struc-
ture, are incorporated. Omnce its functionality
is validated, a further complexity is introduced
applying it to a truncated cone reference sur-
face. The algorithm is appropriately modified
to such new geometry enabling the modelling of
the truncated cone grid while also allowing an
initial arbitrary definition of the lattice arrange-
ment.

Thus, a preliminary FE analysis is performed on
a truncated cone grid with skin added compared
to a thin-walled structure.

3. Assessment of the loads un-
der analysis

Before defining the methodology for designing
a grid, a qualitative and preliminary analysis is
conducted on the types of loads acting on an in-
terstage, with a particular focus on those applied
on the first interstage of Vega C.

The scope of this preliminary study is the setup
of the methodology, rather than the sizing of
the real structure, and consequently just the ax-
ial load has been considered suitable in the FE
analysis, following [2], for the initial feasibility
assessment.

4. Development of a method-
ology for a cylindrical grid
structure

A methodology based on [1] is then defined to
design a cylindrical grid. Given its complex con-
figuration, it is necessary to define the geometry
using a MATLAB script and then import it into
the FE analysis software, ABAQUS. The defini-
tion of the grid structure geometry is based on
a cylindrical reference surface, with a height H
and a radius R.

Primarily the basic element "rib" is defined. Its
geometry is determined by a geodesic line, the
shortest curve connecting two points in a given
space. These two points are located on the cylin-
der’s surface and are taken from [1], considering
an hexagonal cells and extreme hoop rings ar-
rangement. Such selection has been chosen out
of the three propose ones in [1].

Furthermore, unlike the model presented in [1]
(Figure 1), only the helical ribs are considered,
while the hoop ribs, i.e. the ribs in the circumfer-
ential direction, are not included. The exclusion

of hoop ribs is justified by the design approach,
with a grid structure together with a skin. The
study [3] has shown that even a few plies of skin
can be more beneficial than circumferential hoop
ribs.
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Figure 1: Hexagonal cells and extreme hoop
rings arrangement |[1]

Specifically, it has been demonstrated in [3] that
this design not only reduces the number of inter-
sections between ribs, critical nodes whose be-
haviour has not been fully studied yet, but also
increases the buckling load.

Once defined the reference system (Figure 2),
another design variable is @ which represents the
distance on the x-axis from the origin to the first
intersection of two helical ribs. As soon as the
rib element is defined, it is mirrored referring
the XY plane. At this point, after obtaining
the two rib directions, they are both repeated N
times along the base circumference of the cylin-
der. Considering the preliminary FE model [1]
using beam elements, the goal is to modify it by
replacing the beam with shell elements, a funda-
mental step in the modelling of composite ma-
terial. Thanks to that it is possible to introduce
an arbitrary laminate lay-up sequence. This re-
quires an adjustment of the rib geometry, which
can no longer be represented as a simple line but
must be modelled as a surface. Therefore, the
tangential dimension to the cylindrical surface,
i.e. the rib width, has to be defined.

To achieve this, the geodesic line is repeated for
k iterations (Figure 2) from the first rib, with
Welement Tepresenting the distance between two
consecutive repetitions, resulting in a total rib
width of:

Wrip = k - Welement (1)
Once the surface of the rib is obtained, it is pos-
sible to define the shell elements. Particular at-



tention has been given to the numbering and
proper definition of the nodes defining each el-
ement. A counter clockwise numbering scheme
has been adopted. The node numbering starts
from the base rib, which is discretized into n
nodes. It then extends to the first repetition of
the geodesic line, which is also discretized into n
nodes, where the first node is n + 1 and the last
one is 2n. This logic is applied to the following
k-th repetition, always discretized in n nodes,
where the first node is k- n 4+ 1 and the last one
is (k+ 1)n.

For this reason, the first element is formed by
the following nodes in this order: 1, n+1, n+2,
2 (Figure 3).

Base rib geometry (—] k=1

Figure 2: First rib repetition in the tangential
direction of the cylinder

Figure 3: First element numbering

The nodes and elements are then reported into a
text file to define the ABAQUS INP file, allow-
ing to import the geometry and the mesh of the
grid. The ability to arbitrarily define k, weiement
and n enables the adjustment of the element di-
mensions, to create an appropriate mesh for a
given FE analysis.

The correctness of the algorithm is verified first
by recreating a geometry similar to that of a
real interstage (Figure 4), and then by applying
a FE analysis to assess the validity of the model.
This confirms that the algorithm offers flexibil-
ity in modifying the grid structure geometry to
meet specific design requirements. The design
variables, such as:

e H R;

e the coordinates of the two points defining

the geodesic line;

e q

o N
ensure adaptability to other models.
Meanwhile, k, weiement, and n allow the sizing
of shell elements.
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Figure 4: Reconstruction of a real interstage
with a grid structure

5. Design of a truncated grid
structure with added skin

The methodology is modified to design a trun-
cated conical grid structure with skin added.
Additionally, the algorithm includes the possi-
bility for an initial arbitrary placement of the
ribs in the grid.

In this case, a truncated cone is considered,
whose geometry is provided by ESA (Figure 5).
After performing, an eigenvalue analysis on this
structure, special attention is given to the first
eigenmode shape of the truncated cone. The
goal is to position the ribs along the buckle di-
rection in the region of maximum displacement.
While this arrangement may not necessarily be
the optimal configuration, it allows the identi-
fication of additional variables, specifically the
position of the initial and final points of the
first rib, that must be integrated into the al-
gorithm. These variables are important for the



definition and control of the desired ribs arrange-
ment. Thus, it is necessary to define the initial
and final positions of the first buckle (Figure 6).
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Figure 5: Truncated cone geometry

Additionally, since the reference surface is a
truncated cone, the radius is no longer constant
but varies as a function of the z coordinate (Fig-
ure 7) and is defined by the following equation:

r(z) = Ry + (R2 — Ry) - % 2)

@ Initial point

@ Final point

Figure 6: Definition of the first buckle

Figure 7: Radius of a truncated conical surface

After defining the truncated cone grid, a skin is
added, and a FE analysis is then performed on
the resulting structure. Moreover, the behaviour
considering an initial geometrical imperfection
has been analysed, considering two cases:
e Case 1: initial imperfection of 10% of the
skin thickness;
e Case 2: initial imperfection of 50% of the
skin thickness.
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Figure 8: Truncated cone grid structure

In Figure 9, the response of the grid with the
added structure is compared to that of a thin-
walled one under axial load. Indeed, the load-
displacement curve of the grid (red line) differs
significantly from that of the thin-walled cone
(blue line). As observed, the red curve consists
of two linear segments, with a change in slope at
the buckling point. Unlike the thin-walled struc-
ture, where exceeding the buckling load causes a
sudden shape change (Figure 10), this does not
occur in the grid with added skin (Figure 11).
This confirms that, using this algorithm, a pre-
liminary truncated conical grid with skin added
can be tuned.



Executive summary Vittoria Mancinelli

1.6 -
14
1.2+
z 1L
= /-
) 2
2081 7 '
< A
E / / 4 |‘
<>é 0.6 / r=== -
2 Grid with skin structure
04l /7 - - -Grid with skin structure and 10% imperfection
’ - - -Grid with skin structure and 50% imperfection
——Thin-walled structure
021 - - .Thin-walled structure with 10% imperfection
- - Thin-walled structure with 50% imperfection
- - -Maximum axial load
0 ! ! I I ]
0 0.5 1 1.5 2

2.5

Shortening [mm]

Figure 9: Comparison

U, Magnitude
13.709

Figure 10: Post-buckling of truncated cone

U, Magnitude
1.725

Figure 11: Post-buckling of truncated cone sup-
ported by grid structure

6.

This thesis developed a methodology for an
early-stage study for a grid structure, from the
initial geometric design to its FE analysis.

An algorithm is therefore proposed to provide
a preliminary definition of both cylindrical and

Conclusions

truncated conical grids, allowing the considera-
tion of an arbitrary lay-up of composite materi-
als as well as an arbitrary initial orientation of
the lattice.

By mean of this thesis a following research could
focus a practical implementation, optimizing the
lay-up sequence and/or considering materials
with higher performances. As well as the valida-
tion of the geometries by considering the man-
ufacturing constraints and the strategic place-
ment of the ribs to enhance performances.

In conclusion, this preliminary study is a base-
line aimed at supporting the implementation of
a grid structure incorporated into the Vega C
interstage, using hot-staging separation.
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