\\"‘// International Journal of Innovative Research in Advanced Engineering (IJIRAE) ISSN: 2349-2163

R Issue 4, Volume 2 (April 2015) www.ijirae.com

DESIGN STUDIES OF CONICAL SHELLS IN LAUNCH
VEHICLES

Romy Mathew” N.Murali Jenny John Mattam
Mechanical Department Engineer, VSSC Mechanical Department

Abstract— Launch vehicle structures are important subsystems of launch vehicle as they provide necessary external
shape as dictated by the aerodynamic considerations and house the payload, propulsion, guidance and control systems
etc. and also withstand the load and environmental conditions. The heat shield or payload fairing protects the payload
from aerodynamic and thermal loading during the atmospheric phase of flight. Once out of the atmosphere, the heat
shield is jettisoned at an altitude of above 100 km.ie. Normally during the powered flight of second stage. The paper
involves the design studies of conical shells in launch vehicles, and concentrates on the Nose Cone region of Payload
fairing (Heat Shield), which involves the design and analysis of nose cone region using isogrid construction. Design
iteration studies have been carried out to arrive at a minimum mass isogrid construction for nose cone region and the
design is verified through finite element analysis.
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I. INTRODUCTION

Launch vehicle structures are important subsystems of launch vehicle as they provide necessary external shape as
dictated by the aerodynamic considerations house the payload, propulsion, guidance and control systems etc. and
withstand the load and environmental conditions. They are classified as primary and secondary structures. Primary
structures are load-bearing structures and provide the necessary structural strength and stiffness to the launch vehicle,
interstage structures, payload fairings, stage motors etc, are examples for primary structures. Structural elements such as
fuel tanks of control systems, gas bottles of liquid stages, brackets, etc which are not usually subjected to aerodynamic /
primary loadings are called secondary structures. Launch vehicles structures, in general assume the shape of cylinders
and truncated cones. Conical adapter is used when the vehicle configuration demands a change in diameter between sub-
assemblies connected by it. Typical conical adapter structures in launch vehicles are the nose cone and boat tail of heat
shield, nose cones of strap-on-motors and adapters of inner branch structures used to support motor or satellites. These
structures come mostly under the thin-structure category. Three types of constructions viz. monocoque, sandwich and
closely stiffened shells are used for the realization of these conical structures. Designs of these structures would be
governed by stiffness rather than strength. The heat shield or payload fairing protects the payload from aerodynamic and
thermal loading during the atmospheric phase of flight. Once out of the atmosphere, the heat shield is jettisoned at an
altitude of above 100 km ie, Normally during the powered flight of second stage. This paper presents the details of the
preliminary design of nose cone region of a typical launch vehicle metallic heat shield using isogrid design option, which
is proposed to be made of aluminum alloy material.

I1. ISOGRID STRUCTURES
Isogrid consists of a lattice of intersecting ribs forming an array of equilateral triangles integral with the face sheet. This
pattern takes advantage of the simple fact that triangular trusses are very efficient structure. Isogrid behaves like an
isotropic material with no directions of instability or weakness and Poisson’s ratio as 1/3. It is found to be most efficient
in resisting compression and bending loads. It gives lower weight, less structural depth, standard pattern for attachments
at nodes and better resistance to impact damage. It is also a cost effective structure. Isogrid structures are effectively used
in many aerospace applications such as Delta vehicle, Skylab and space shuttle.

Figurel: isogrid panels

2.1 Isogrid design aspects

Isogrid structures are effectively used in such applications with the advantage of lower weight and higher structural
efficiency. An isogrid structure is characterized by face-sheet thickness (t), rib thickness (b), rib depth (d), and height of
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triangle (h). These parameters ensure simultaneous failure of isogrid structure by local skin buckling, rib crippling and
general instability. It also ensures minimum weight structure. These parameters, however, are dependent on the
machining accuracy and rolling considerations. The examples of this machining limitation being very small face-sheet
thickness or triangle height as suggested from the analytical method. In such circumstances a deviation from these
parameters is required to realize the structure [6]. These deviations, however, make the structure non-optimum design. It
is proposed to use Finite Element Method (FEM) based Software (ANSYYS).

Ty

T
Figure 2: Isogrid design parameters
The Isogrid design parameters are skin thickness (t), rib width (b), rib depth (d), triangle height (h) and leg of triangle (a).
The other non-dimensional parameters used in Isogrid sizing are
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A node of an isogrid structure is a point where all six ribs intersect. In the manufacture of isogrid, extra material is left at
the node because the milling cutters cannot cut to the center of the intersection without cutting in to the ribs. The weight
penality of this extra material is reduced by drilling a hole at the centre of each node. This nodal region in Isogrid
deserves special consideration because the nodes are flexible and affect local stress distribution near the nodal region.
Milling cutter tool radius and drill bit radius govern the machining at nodal region.

2.1.1 Hooke’s Law for Isogrid Rib

The Isogrid rib-grids are analyzed by smearing out such that the grid-work is considered as a solid continuous sheet of
material with appropriate elastic properties. It can be shown that if one assumes a uniaxial state of stress in the ribs, the
smeared out elastic constants are identical to those of an isotropic material in plane stress. When ribs and skin are
combined, the composite construction is treated as an isotropic layered material, with appropriate elastic constants for
each layer i.e. rib grid and skin. The internal strains in the construction are determined by the stress resultants and
couples in the construction. The stress-strain relation is the Hooke’s law relation for isotropic materials in plane stress as
given by[6],
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Where v; and v, are equivalent Poisson’s ratio and Young’s modulus of the grid. The rib and skin elements are combined
to produce an equivalent skin thickness and equivalent modulus such that the structure can be treated like an equivalent
monocoque structure. The equivalent monocoque skin thickness which will give same extensional and bending stiffness
Kand Dis
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All established isotropic solutions from extensively developed theory of plates and shells can be used for isogrid
structures. The optimization principle used assumes that minimum weight occurs when all modes of buckling; i.e.,
general instability, rib crippling and skin buckling occur at the same time.

2.1.2 Design Criterion

The Isogrid parameters which ensure simultaneous failure of Isogrid structure are ‘General instability’, ‘Skin Buckling’
and ‘Rib Crippling’. The expressions for various failure modes are:

General Instability

For a cylinder with L/R ratio < 10 and subjected to combined bending and axial compression, the critical buckling load is
given by

2 1)
N_.(1)=C,E 7 B, where Cy = 0.397
Where,
R = Radius of the Shell
E =Young’s modulus of the shell material
On general instability Margin of safety,
N_ (1
M.5 = L(] -1
X
SKIN BUCKLING
The critical stress for skin buckling is given by
N,.(2) = C,Et(1+ a)t*/h* ,where C; = 10.2 (12)
On Skin buckling Margin of safety,
M.§ = NL(E:]
NI
RIB CRIPPLING
The critical stress for rib crippling is given by
N_.(3)=C,Et(1+ a)b*/d*, where C, = 0.616 (13)
On Rib crippling Margin of safety,
M.S= Ny (3)
NI

2.1.3 Material Selection

Aluminum alloys are widely used materials in launch vehicles just as in aircraft/ launch vehicle industry. Although the
strength and stiffness of these alloys are not high compared to some other materials, their efficiency Parameters are
competitive. The aluminum alloys are inexpensive, easily formed, and machined and are readily available.
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2.1.4 Advantages of Isogrid Structure
Ribs can assume any geometric pattern the rectangular or waffle pattern. But rectangles are inefficient because only ribs
in the loading direction gets more stress and the ribs in the perpendicular direction are idling. A triangular isogrid, in
contrast, distributes the load among all ribs. With every member doing its share of the work, dead weight is virtually
eliminated. Isogrid is a lattice of stiffening ribs forming an array of contiguous equilateral triangles.Various advantages
of isogrid structure are as follows

o Capability of carrying high torques.

¢ It supplies multiple attach points for an external thermal protection system or to fix acoustic blankets at various

node points.

o Itis easily optimized.
Since the Isogrid lattice is a complete structure by itself, it can effectively resist Tension, Compression, Shear and
bending loads. Being stiffened by such a lattice, a skin has the same capabilities.

I1l. DESIGN LOADS
Heat shield structure is subjected to aerodynamic, inertia loads during the atmospheric flight of launch vehicle. These are
converted as axial; shear forces and bending moments on heat shield structure. The design of nose cone of heat shield is
carried out for a typical load as presented in Tablel
Table 1: Structural design loads on nosecone aft end

Loads
_ BM Pressure
Axial load(KN) (KN.m) (N/mm?)
200 200 0.15

Major design challenges involved in the design of conical isogrid structure is the layout of isogrid triangle pattern. The
height of the triangle is required to be varied from fore end to aft end in such a way that the sizing of the varying isogrid
has adequate margins against various failure modes. Layout arrived at using Auto-CAD Software for defining geometry
of Nose cone. The Nose cone is divided in to lower and upper panel and proposed to be joined with a T-bulkhead to have
better buckling strength. The preliminary design of the nose cone portion is carried out with Isogrid construction and the
details are presented below. Parametric studies of the Isogrid structural design of Heat Shield nose cone is carried out and
the parameters considered are skin thickness, rib width and varying triangle height.
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Figure 3: Developed View of Nose Cone isogrid.

3.1 Iterative Study

Different iterative studies have been carried out for the optimal design of Nose cone region varying from 1.4mm to 2 mm
(Skin thickness and width of the rib). The selection is made considering the margin of safety and mass requirements. As
an example, the variation of weight thickness (t,), a measure of mass of the conical isogrid panel over its length, is
shown for a particular skin thickness and rib depth for different rib widths

Skin thickness, | Rib depth, d | Rib width, b (mm) Weight thickness, t,, (mm)
ts (mm) (mm) variation over panel
Length
1.40 13.80 1.40,1.60,1.80,2.00 | 1.73-2.20
1.60 13.80 1.40,1.60,1.80,2.00 1.93-2.40
1.80 13.80 1.40,1.60,1.80,2.00 2.13- 2.60
2.00 13.80 1.40,1.60,1.80,2.00 2.33-2.80
2.20 13.80 1.40,1.60,1.80,2.00 2.53-3.00
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The set with (1) t=1.6mm,b=1.8mm,h=175mm,d=13.8mm and(2) t=1.8mm,b=1.6mm,h=175mm,d=13.8mm for which t,
varies from 2.03 — 2.32 mm & 2.18 — 2.44 mm respectively over panel length were selected for design & analysis which
are found to meet the margin requirements for the design loads.

IV. ANALYSIS ON NOSE CONE ISOGRID STRUCTURE USING FINITE ELEMENT METHOD

Finite element analysis of the nose cone isogrid structure is carried out using finite element software ANSYS for the
expected flight loads to obtain stresses and displacements and also to verify the design.

4.1 FE Idealization of Nose cone Isogrid Structure

In the FE idealization of nose cone isogrid structure, the skin and isogrid rib has been modeled using shell element
(SHELL 181) and all other rings and bulk heads with beam element (Beam 188). The nose cap is also considered in the
analysis and this region is modeled using shell element and with beam element for the stiffeners. The Young’s modulus
for aluminum alloy is taken as 68670 N/mm?2 and the Poisson’s ratio is 0.3 for analysis. The finite element analysis of
nose cone isogrid structure is carried out with the moment axis perpendicular to the separation plane for estimating the
maximum deflections and stresses in nose cone structure. The finite element model of nose cone isogrid structure is
shown in the Figure 3 with the chosen design parameters for the structure.
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Figure 4: Finite Element Model

V. RESULTS AND DISCUSSIONS
The structural analysis of nose cone isogrid structure has been carried out using Finite Element Software (ANSY'S) for
the expected flight ultimate loads. The displacement and stress contour plots are made to study the behavior of the Nose
cone structure under the applied loads.
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5.1 Static Analysis:

Static analysis of Nose cone with t=1.6 mm, b=1.8 mm, d=13.8 mm (1) is carried out for the loads described, to obtain
displacements and stresses and also to understand the structural behavior of the isogrid conical shell. It is found that
maximum radial deformation of 1.44 mm occurs at the tip of nose cap. The maximum axial deformation expected is
0.012mm. Maximum hoop stress in the structure is 21N/mm2 and Maximum meridional stress in the structure is 30.15
N/mm?2 and the maximum von-mises stress is 66 N/mmz2,

5.2 Buckling Analysis :

The buckling analysis of conical isogrid structure has also been carried out using Finite Element Software (ANSYS) for
the expected flight ultimate loads. First two BLF are 2.01and 2.013. After considering the Knock down factor of 0.65,
M.S is 0.3 against buckling.

NN

JUL 23 2014
11:40:29

NODAL SOLUTION

STEP=1

SuB =1
FREQ=2.01188
UsSUM (AVG)
RSYS=11

DMX =1.0445
SMX =1.0445

——
0 .23211 .464221 .696331 .928442
.116055 .348166 .580276 .812387 1.0445

Figure 5: Buckling Mode shape

V1. FABRICATION ISSUES
Compared to conventional cylindrical shell rolling after machining of isogrid pockets, the forces required to be applied
and roller design need to be addressed for realizing conical shape nose cone isogrid structure. The fabrication process to
be adopted should be such that the bending / buckling of isogrid ribs are to be avoided and this needs to be achieved
based on trial rolling of sample panels to realize a distortion free conical shell structure.

VII. CONCLUSION

The development of lightweight and highly efficient structural component is desirable for next generation of aerospace
systems. Reducing the structural weight and improving the load carrying capabilities of these systems will allow
designers to add additional capabilities while reducing life cycle costs. For the nose cone portion of payload fairing ie,
Heat shield structure of atypical launch vehicle, parametric design studies for isogrid construction option is carried out.
Isogrid design option with t = 1.6mm and b = 1.8mm is proposed as it results in lower mass. The Finite Element
Modeling and Analysis is carried out for conical isogrid structure using Finite Element Software ANSY'S to verify the
design. The Estimated mass of conical isogrid structure results in about 10% mass saving compared to ring stiffened
construction.
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