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ABSTRACT

In launch vehicle structures design, importanagiven to lightweight with high load bearing capgaiesign, so
the factor of safety is kept low compared with grdtbased structures and at the same time maingamgh reliability.
This demands very accurate analysis of structlesthents for launch vehicle. The main criteria agativeight, ease of
fabrication, lower cost and at the same time mgetie strength and stiffness requirements. The camyrused launch
vehicle structure is the closely stiffened struetimr which the structure consists of 90 or 120 md’'stringers riveted onto
a 1.2mm thick skin and a few number of bulkheadsthis type of structures, thin shell can bucklecopple at a load
much lower than the buckling strength of stringémsorder to overcome this, integrally stiffenedustures such as isogrid
structures is chosen. Isogrid is the name giveintegrally, grid stiffened shell and structuresaihich the grids form an
equilateral triangle pattern. The isogrid structcaa withstand both compressive and bending loadsaéso offers lower
weight and higher structural efficiency. A typidgaler tank structure that was preliminary desigosithg closely stiffened
shell structure has been identified for study. Thia cylindrical structure having a diameter dfmt.and a height of 2.75m
which should safely withstand the loads expecteditoduring different phases of flight. It shouldfaly carry the
accessories needed for the next stage separatidetafled design analysis of this particular laumehicle structure using
integrally stiffened construction is done both ttegizally and also the results are verified by gsikEA packages. The

scope of study is to make a detailed design thréiighanalysis.
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INTRODUCTION

The interstage is an inevitable structure for thenth vehicle. The interstage structures interccnme stages of
a launch vehicle. The inter stage structure istitén between the liquid and solid propellant &okfirst stage of launch
vehicle. It is a cylindrical structure having amieter of 4000m and a height of 2750mm. The hei§he structure was
chosen so as to accommodate the dome profile divihng@ropellant tanks with which it interfaces. Tiheerstage structure
interfaces with the two tanks at the fore and afted through flanged bolted joint. The interstagacsure houses the

module, feed lines for the propellants etc. witlia structure and 4 retro rockets on the outsidiace.

The typical inter-stage has to interface with pitgme tank at its after end and another structtiiesdorward end,
consists of stringer and bulkhead/rings cylindrishéll with rings on each end. The structure hakawse the avionic
packages mounted on deck plate. Cutouts have tpriévdded for accessing the packages and for takingthe

pressurization lines. The typical interstage strectis designed for the ultimate load conditionghbtensile and
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compressive without any failure, which are foundb® most critical. The main failure mode for thedrictures is

buckling because of the nature of load and typshefi.
INTEGRALLY STIFFENED CONSTRUCTION

The word “integrally stiffened” is applied to consttion in which the skin and skin-stiffening elemeare made
out of one part. In launch vehicles, integrallyffetied sections have proved particularly effectagea lightweight, high
strength construction. There are several technifpramaking integrally stiffened structure. It cee machined from plate
or billet or it may be forged, rolled as a shee@tdurct or extruded or cast or a combination of thpreeesses may be used.
Section discontinuities encountered in the regiboubouts can be produced more easily from machpiatk. It requires
least man-hours for fabrication and leads to less-around time. The advantages of integrally estiffd structure over

closely stiffened panels are
* Reduction of amount of sealing material for preigeat shell structures.
* Increase in allowable stiffener compression loadslimination of attached flanges.
* Increased joint efficiencies under tension loadsupgh the use of integral doublers.
* Improved performance in the thermal protection tigtosmoother exterior surfaces.
* Repeatability in production and reduced lead tiovdrequent launches

Isogrid Structures

Isogrid structure is a lattice of ribs forming petk of contiguous repetitive equilateral triangubattern are
milled out of thick plate. The triangular ribs bghaentirely as an isotropic material. The isogriducture has the
advantage to withstand both compressive and beridands. Therefore either skin or lattice can beallgcstiffened to
handle local loads or discontinuities from cutoilitisis choice offers more design flexibility thara#lable with rectangular

stiffening system of waffle structures.
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Figure 1: Isogrid Panels
Lattices of rigidly connected ribs, known as gridustures, have many advantages over traditionastcoction
methods, which use panels, sandwich cores andfmmsive frameworks. The introduction of grid stumes into industry
has been hampered by a lack of understanding of lie@avior, especially their behavior in failunease [5]. The plate
structures under in-plane compression and sheds|@acritical point exists where an infinitesinmatrease in load can
cause the plate surface to buckle. Buckling ofasepstructure can cause an unacceptable degradatibae aerodynamic

profile of a space vehicle.

The isogrid skin panels have applications in offshstructures and presently in airframe. The deaighanalysis
of an interstage structure for launch vehicle igbgkin panels for an interstage structure is enguldan this thesis. These

panels will help to replace the presently used pkimels and thus achieve better structure effigienc
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Material Selection

The selection of material is based on the mechhniteemical, and thermal property requirements aéhe
component of the launch vehicle. The physical aedhanical properties of material are associated thi¢ ability of the
material to carry the mechanical forces and loddie material modulus of elasticity is an importparameter since
buckling or deflection characteristics are directated to it. The structural designer looks fatanial with high specific
strength (UTS3) and high specific stiffness (@/where UTS is ultimate tensile strength, E is modwf elasticity ang
is density of material, along with other desirabl@racteristics. Other factors like cost, availahilease of fabrication,

and versatility of attachment options are also wmred during material selection.

Generally the materials are classified as metats mon-metals. These metallic materials can be derror
nonferrous. In this section, properties of a fewhaf materials are explained briefly with relevatéhe ones used in this

report.

Aluminum alloys are widely used materials in launashicles just as in aircraft/ launch vehicle ingys
Although the strength and stiffness of these allays not high compared to some other materialsr #féiciency
parameters are competitive. The aluminum alloysrerpensive, easily formed, and machined and eadily available.

Among the aluminum alloy series, the 2xxx seriesrahum alloys are commonly used in launch vehicle.

THEORETICAL BACKGROUND
General Theory of Isogrid

The number of elastic constants required for igitronaterials are always two; the Young’'s modulsind the

Poisson'’s rati@,
For isogrid, [1]
E =Eb/h )
v=1/3 (2)
where Eis the Young’s modulus of the grid material.

This simple relation makes it possible to use tiesoof isotropic solutions of generalized shells i&ogrid
stiffened shells. The plate and shell solutionsgamerally expressed in terms of the bending atehsional stiffness’s, D

and K of the shell wall.

Using the assumption that normal to the referencéase remains straight and normal and integrasingsses
through the rib grid and skin layers of the walhstuction result in the following equations toetetine K,the location of

the reference neutral surface and D
K= 1 3
o j E(z)dz ()
D=_1 (4)
1_V2JE(2) Zdz

z is the normal coordinate .In the rib grid lay€z)EE, b/h. In the skin layer, EsEand it has been assumed that

=0.3 for the material.
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For un-flanged isogrid it is possible to define kdeD in terms of the skin thicknessdnd two dimensional shape

factors,a and®.

By definition,

a= bd (5)
t.h

=d (6)

tS

Where,

b = rib width

d =rib depth

t ;= skin thickness

h = height of grid triangle

then,

K= Eot (1+a) (7)
1-v2

D= Eft? B (8)

12(1-v?) 1+a
B= [3a(1+3) * + (1+0) (1+013?)] * €)

The first factor in G, t andv gives the rigidity of the skin material and themed factor gives the amplification
due to the grid work. This form of the equatiorligracteristics for isogrid equation expresse@ims ofa andd.The rib
and skin element are combined to produce an eauitahodulus E* such that the structure can be ddedike an
equivalent monocoque cylindrical structure. For peaque solutions which are not given in terms ofukd D, an
equivalent monocoque t* and E* may be determinedchvithen inserted into the monocoque equations yiglld the

correct isogrid extensional bending rigidities.

K= T (10)
-V
D= E0t3 (11)
12(1-v?)

Solving for t* and E*,

t*= @:tlﬁ (12)
K +a

E*= 1oy [ K = ¢ aspr (13)
12D B

The optimization principle used assumes that mimimueight occurs when all modes of buckling; i.eneral

instability, rib crippling and skin buckling occat the same time. This optimization principle ipplarly known as the
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“one horse shay” design philosophy of simultanemaliapse of all components. It will also be assurted buckling and
collapse are identical and that the various moddsickling failure are uncoupled. The analysis Wi carried out for the

case of the cylinder under axial compression. Ehime of the most common applications.
Design Criteria

The Isogrid parameters which ensure simultaneoilsrdaof Isogrid structure are ‘General instabilitiSkin

Buckling’ and ‘Rib Crippling’. The expressions are:
General Instability

For a cylinder with L/R ratie 10 and subjected to combined bending and axiapecession, the critical buckling

load is given by
Ne(1) = cE (tYR)S, wherec, = 0.397 (14)
where,
R = Radius of the Shell
E =Young’s modulus of the shell material
On general instability Margin of safety,

Ny,
NXx (]_5)

M.S
Skin Buckling

The critical stress for skin buckling is given by

Ne(2) = ¢,Et(1+a) t/h?, wherec, = 10.2 (16)

On skin buckling Margin of safety,

_ Ner, _ 1 (17)
NXx

M.S

Rib Crippling
The critical stress for rib crippling is given by
No(3) = C,Et(1+a)b?d?, wherec, =0.616 (18)
On rib crippling Margin of safety,

_ Nery (29)
NXx

M.S

IDEALISATION OF ISOGRID MODEL
Modelling of Isogrid Structure
The preliminary design and analysis of the cyliodriportion is carried out with isogrid constructidrial model

is here to compare between semi-monocoque anddddatructure.
*  Thickness of Skin, t=1.1mm

e Width of rib web, b=1.7mm
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e Depth of web, d=16.9mm

» Depth of flange, ¢ =50mm

* Width of flange, w=17.4mm

* Leg of triangle, a=116.37988 mm
«  Young's Modulus, E = 68670 N/nfm

* Cylinder area =12566.37 mm

» Angle of one triangle = 3 degree

*  Number of triangles inside the cylinder =120

e Calculating triangle height =104.71 mm

In the idealization it is seen that the Generatdbiity and Rib crippling has positive margin affety where as

the Skin crippling has negative margin. This carnlygroved in future work by increasing the skirctriess by 0.15 mm.
Estimation of Buckling Strength of Isogrid

Buckling strength is estimated in terms of critiedige load. If P and M are the axial load and bendioment,

then Applied edge load, Nx for isogrid panel

Nx:%+n"\:2 (20)

where, R is the radius of the cylinder panel.
Maximum Compression Load on the structure = 1752kN
Ny for isogrid panel (Load/mm)= 139.419N/mm

ANALYSIS ON INTERSTAGE STRUCTURE USING FINITE ELEME NT PACKAGE
About the Software

NASTRAN is developed by NASA scientists and reskars, and is trusted to design mission criticatesys in
every industry. It is widely used in aerospace aotbmobile industries. It has wide range of elementits library to
completely model a complex assembly. It also halsgge number of solution options. It can be udédiently to solve
complex structural models having a large numbemdarhents. The NASA Structural Analysis (NASTRANftaare has
been widely used to verify the isotropic properfyisogrid, show the variation in deflections andaiestress levels
depending on loading versus the orientation ofrisognd to determine the general instability buugliallowable for
isogrid tank structures.NASTRAN buckling analysishased on the elastic and differential stiffnessfethe structure
analyzed. The elastic properties oftaucture are generally dependent on shear AG#sjaio JG, bending El, and axial
AE stiffness characteristics. The differential fetifss is based on the static loading, displacensst,geometry of the
structure. The approach is essentially based argushgrange's equations of motion on a structwrstiesn with a finite

number of degrees of freedom.
Configuration of the Model

The Intertank structure is located between thelqoiopellant and liquid propellant tanks of therlelu vehicle. It

is a cylindrical structure having a diameter of @®m and a height of 2750mm. The height of thectine was chosen so
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as to accommodate the dome profile of the two glaptetank with which it interfaces. The cutoutsoyided in the

structure are for mounting various electrical/meuta attachments.
Diameter of the model = 4000mm
Height of the model = 2750mm

Loads and Boundary Conditions

The structure experiences axial compressive |laatile load as well as bending moment. The loadgs #ating
on the structure was calculated after consideritgad factor of 1.25 which is the Ultimate loadtbe Equivalent axial

load.

Table 1: Load Conditions

Location L AE_|_BM | EAL [ AF | BM [ EAL
(KN) | (kN.m) | (kN) [ (kN) | (kN.m) | (kN)

FE | 1352| 1972 | 3324 -1719| -- | -1719

AE | 1330 1186 | 2516 -1752| - | -1752

Description of Finite Element Model

Interstage Structure is in cylindrical shape hawimeter of 4m and a height of 2.75m. Structusuigected to
uniformly distribute compressive load. The bottond @f the shell is fully clamped and the compresgirce is applied
through the rigid ring attached to the top endhef shell. The material and properties used for ntiodeils aluminium

alloy. Consider buckling of the shell with cutostsjected to an axial compression.

First the structure is modelled without any cutautst. Totally nine cut-outs are provided in thegucture for
various purposes (feed line exit, access door, tin@el, access door etc) out of which seven sqoar@uts and two

rectangular cut-outs.

The designed isogrid cylindrical structure is mdetblin Patran 2008r2/2010 for analysis by using piahe
construction.. Using shell elements, the ribs aoelefied using CQUAD4 elements, while skin is moekélusing CTRIA3
elements. The structure is finally stiffened byngsirings above and below the cut-outs using CBEA#&ments. The
CQUAD4 and CTRIA3 family of elements are the masnmonly used 2-D elements. These elements diffacipally in
their shape, number of connected grid points, amdber of internal stress recovery points. Each efgrtype can be used
to model membranes, plates, and thick or thin shdlheir properties, which are defined using PSHEldtry, are

identical. The important distinction among the edaits is accuracy that is achieved in different i@ppbns.
Number of Elements :54948
Number of Nodes 133843
Number of CQUAD4 Elements :18263
Number of CTRIA3 Elements  :34832
Number of CBEAM Elements  :1853
Interstage Structure with Cutouts

Cutouts are provided in the structure to assembig access mechanical modules/systems, actuators and

electronic components while assembly. The cutomtshé structure constitute one of the most troustes problems
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confronting the aircraft/launch vehicle designecaiese the stress concentrations caused by cutmutscalized and a
number of solutions can be obtained by analyzireg ibhavior under load. Totally nine cut outs arevigied in this
structure for assembly and mechanical/electricaraton for launch, which are listed in Table 2eTigure 2 shows the

proposed cut out locations.

P e
P INRY I

Figure 2: Proposed Cut out Layout on Typical Intersage Structure
The deviations in the cut out layout have been tduthe element topology. In order to attain thecexaut out
layout along with accurate dimensions it is requiite use a more complicated element orientatioresStconcentration
occurs around any cut out in loaded structure. [leviate this effect, one has to adopt various swéee of reinforcement.
A cost effective way to alleviate the detrimenttikets of a cutout opening is to affix appropriagénforcements around
the opening region, so as to restore the origimahgth and stiffness of the member. The overgkaiive of this study is
to develop functional, effective and economicahf@icement schemes for Inter-stage structure hasingut openings. So

that the original design of the structure needb®sothanged.

Table 2: Cutout Location on ITS

I, 1l 0,180 |-1.52,178.48350x330| 350x314 725 731

[l 0 0 150x148 | 116x209 1910 1899

v 226.5 225 500x400 581x414 1340 1316

V, VI 192,12 192,12 250x130 232x208 250 2538
VI, VIII | 225,45 225,45 250x250, 232x208 69b 676
IX 46.5 45 500x400] 581x414 1370 1316

Iterations on Designed Isogrid Fe Model

The iterations were performed on the idealisedridagodel as various schemes. The isogrid struatdrieh was
idealised was considered for buckling analysis static analysis. In order to study the effect @fifarcement around the
cut out region several iterations are performece arations in this case are done by providing/ivar reinforcement
around the cut out region. The three adjacent geakfethe cut out region are considered for reicgonent and they are
analysed for buckling as well as static analysisesaThe thickness of the various regions of thgrid model without

reinforcement is shown below in Table 3.

Table 3: Thickness in FE Model

SI No Region Thickness
1 Fore end-Aft end 12
2 Flange region 10
3 Near Fore end-Aft end skip 1.8
4 Near Fore end -Aft end rib 2
5 Isogrid-portion skin 1.1
6 Isogrid portion rib 1.6




Design and Analysis of a Typical Inter-Tank Structue of a 29
Launch Vehicle Using Integrally Stiffened Construcion

Table 4: Reinforcement Pattern for Various Schemes

Location .Skm .R'b
Thickness | Thickness
1st pocket reinforcement 2.0 3.2
2nd pocket reinforcement 1.8 2.8
3rd pocket reinforcement 1.6 2.4

Iteration Schemes

In this particular scheme the pocket region closeshe cutout portion alone is reinforced. Thetqrat that is
preferred is hexagonal for reinforcing the moddie Thickness of the reinforced skin = 2.0mm andtltiekness of the

reinforced rib = 3.2mm.

Figure 4: Reinforcement Pattern for Scheme b

In this scheme the two pocket regions adjacerthecctitout are reinforced. The pattern chosen fofoeement
in this particular case is also hexagonal. Thefoedent in the first pocket is the same as in SehemFor the second

pocket region, the reinforced skin thickness = TrB8amd the reinforced rib thickness is 2.8mm.

Figure 5: Reinforcement Pattern for Scheme ¢

In this particular scheme thé' and 2“ pockets are reinforced according to the patteissudsed in Scheme 3a
and Scheme 3b.Thé"®ocket is reinforced with a Skin thickness = 1.6amd Rib thickness =2.4mm.

RESULTS AND CONCLUSIONS REMARKS

The results of the various schemes have been adblgscheck the buckling load factor.
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Analysis of Scheme a

The buckling analysis carried out on the reinforeampattern scheme a produced a buckling load rfacto
=1.4369.The mass of the model was estimated tBBer25kg. It was also seen that the buckling octucsit out 4 and

cut out 9.

Figure 6: Buckling Analysis Result of Scheme a

Analysis of Scheme b

This is the case where the reinforcement is dooerat 2 pockets of the cut out region. Buckling gsialdone on

Scheme b produced the following results.

Figure 7: Buckling Analysis Result of Scheme b

The buckling analysis carried out on the reinforeampattern scheme a produced a buckling load rfacto
=1.6469.The mass of the model was estimated t@B&8387kg. The buckling was identified to have hayggenear the cut

out 4 location.
Analysis of Scheme c

This is the case where reinforcement is done ardluree pockets of the cut out region. Buckling gsialdone on

Scheme 3b produced the following results.

Figure 8: Buckling Analysis Result of Scheme ¢
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The buckling analysis carried out on the reinforeatpattern scheme c¢ produced a buckling load fat®579.
The mass of the model was estimated to be 283.96B&gouckling was identified to have happened tiearcut out 4

locations.

Table 5: Scheme Comparison

Iteration BLF Mass
Scheme a] 1.439 283.715
Scheme b| 1.6469 283.84
Scheme ¢| 1.6579 283.968

~

Buckling L oad factor vs
Mass

Buckling Load Factor

Figure 9: Trend of Buckling Load Factor Vs Mass

Figure 10: Optimised FE Model
The optimised isogrid model was provided a beammetd (CBEAM) in the cut out region for stiffeninghigh is

shown in the figure given above. The analysis teqabitained for the optimised model are

Figure 11: Buckling Analysis Result of Optimised Malel
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Figure 12: Von Mises Stress Plot of Optimised FE Mael
The buckling load factor was found to be 1.7463 #nredmaximum Von-Mises stress was found to be 286nX.
The main findings are

» Finite element modeling is done for a typical itdek structure using integrally stiffened constiarttreplacing

closely stiffend construction.

» All the functional and interface requirements astf@ original structure are achieved.

» Cutouts are provided in the proposed locations.

* This structure meets the specification requiremémtghe interstage in the launch vehicle.
Scope for Future Work

» Generating the detailed drawing of the model.

» Holes for fastening of cutout covers need furthifesiing, These are to be accounted for futurelists
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