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Abstract

Depending on the launcher configurations, two, éhwe four boosters can be attached on the Lower
Liquid Propulsion Module. The axial compressionuoed by the boosters loads on the liquid tank is
then not uniform but can be represented by a moadhbhrmonic function (sine or a cosine function).
The paper concerns buckling of thin-walled cyliedtialuminium shell structures induced by a local
axial compression load, or by harmonic or modal massion load. The problem is numerically
solved using ABAQUS/Implicit finite element coderd, linear and geometrical nonlinear analyses
are conducted to determine the critical stressfperfect shell for different boundary conditiomen,
sensitivity of geometric imperfections has beenfqremed by considering different initial defect
shapes which were introduced in the numerical nsodedpecially, local defects have been simulated
as local inward bump or axisymmetric mode or thst fbuckling mode issued from linear buckling
analysis. This study shows that the common pracatibeeh assumes for the design an equivalent
axisymmetric load equal to the maximum value whdchurs only at some azimuths in the reality (real
local or modal load) is an approach which is tonsspvative for bucking analysis of cylindrical dhel
Then, suitable values of Knock-down factors KDF moeonly proposed for the design in the case of a
modal load but also compared to the KDF given bySXArules for axisymmetric compression. A
substantial gain was noticed.

1. Introduction

The aim of the present study is to give anotherhotetto analyse the buckling of the Ariane 6 Lowaquid
Propulsion Module (LLPM) Oxygen tank. The methodtadiay is mainly based on the NASA SP8007 rule [1],
established in the late 1960s. The Lower LiquidpRision Module (LLPM) is connected to four or twodsters
depending on the Ariane 6 launcher configuratioatiiy the flight, the launcher is submitted to seVeources of
loadings. This corresponds mainly to a combinatibaxisymmetric compression, bending load, shead nd non-
axisymmetric load induced by the boosters. The gesgion induced by the boosters can be approxintateal
harmonic function gcosf), where n=2 or 4. For the design, the common m&ctsed the simple and conservative
approach which considers an axisymmetric load&<gstead of the harmonic or modal load Qzaos(r9).
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Figure 2. Axisymmetric loading

2. Theoretical critical stressand NASA SP8007

The theoretical buckling stress associated to ltie bifurcation load of thin cylindrical shelhder uniform axial
compression ([2],[3],[4]) is given below:
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The results of many experiments in the literatdrevged that the buckling of cylindrical shells undeiform axial
compression is very sensitive to geometric impeides. So, the critical buckling stress of a redintler is always

lower than the theoretical critical stress and \sgttered (Figure 3) [5] [6].
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Figure 3. Experimental buckling stress comparayitelthe theoretical one for cylindrical shells
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For the design, imperfection sensitivity is taketoiaccount via a reduction factor, or knock-dowaetdr, applied to
the theoretical stress. Hence, the NASA SP8007ulg]define the buckling load under uniform comgies by:

qer = KDF.qc,,

LR 2)
with KDF =1—0.901(1— e T6V%)

It is questioned here if this KDF proposed by th&3% rule for uniform axial compression is suitalfte the
harmonic load.

3. Numerical modelling

Numerical modelling was conducted using the comiakfinite element program ABAQUS [6]. Figure 4 stmthe
3D numerical model for the perfect cylinder of caiR/t=470 and ratio L/R=1,1. The cylinder is clamhps the
bottom, and uniform axial compression or harmoniodal) compression is applied at the top edge ektiell. The
radial displacement is blocked at the top edge,thacdottom edge of the shell is fully clamped. Theshing was
performed via S4R 4-noded linear curved shell efegmésix degrees of freedom per node) with reductjration
and hourglass control.

Tensile Compression

Figure 4. Scheme of the numerical model with harim@mn=2) load application

Linear bifurcation analysis and geometrical nordinanalysis with the modified Riks algorithm wemnducted,
without imperfection (LBA and GNA) or with imperféan (LBIA and GNIA). In this study, to evaluate
imperfection sensitivity, three forms of defectdshwa varying amplitude € A/t < 3 were used:

1) The generalized axisymmetric defect (DE), cabiésb Euler axisymetric defect or Koiter defect.THis
imperfection corresponds to the theoretical fitgtkling mode of analytical linear bifurcation argi/(LBA) in case
of uniform compression.

2) Localized inward defect (DL) proposed by Wullskedger[8]. This defect corresponds to an inwaaallo

bump or dimple imperfection. The defect has thethva=2tR/20 and the height b2 wherel, = 1.728vRt is the
classical axisymmetric buckle half-wavelength.

AR(p.0)= ‘l{l - coe;( 2m‘?(p ]Hl - cus[zli ]}
: 4 a b -

with: 0< @ <aR and 0< { <b

Figure 5. Localized inward defect (DL)
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3) The inward axisymmetric triangular defect (DTRIpposed by Limam [9] [10].

Figure 6. Inward axisymmetric triangular defect

The Figure 7 below represents the numerical mamtéhiperfect cylinder with the different defects.

DE DL DTRI
Figure 7. The different studied defects

4. Numerical resultsand analysis
4.1 Linear bifurcation analysis

The classical buckling load is here used as a epter load. For the first case, we consider two teos's
configuration, then n=2. Thé&igure 8 shows clearly that for all initial imperfectionsere considered, the
axisymmetric compression conducts to lower beagagacity comparatively to mode 2 loading. The gap i
systematically (for all the configurations hereds&d) not negligible. Hence, considering axisymimeloading
instead of harmonic mode 2 loading can conductierg conservative approach.

1.2
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DE DTRI DL
Figure 9. Buckling modes obtained through LBIA

To quantify the effect of mode 'n' characterizihg toad (loading in mode 2 when two boosters andade 4 when

four boosters), a parametric study is carried wintgere DTRI imperfection is considered as the ihig@ometrical
imperfection.
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Figure 10. Effect of the wavenumber n of modal load

These calculations confirm that, for the perfeaifiguration, the critical stress for the modal laadhigher than the
classical theoretical stress. The defect here dersil has no effect for low amplitude (A/t<0.2)pting that the

buckling mode appears mainly near the top boundarg, this zone is far from the imperfection positid at the

middle height of the shell. For high amplitude, trefect plays an important role and the bucklirepldecreases. It
is clear from this curves that axisymmetric loadhduacts to lower buckling characteristic curve, infipetions are

less sensitive for the modal load. Increasingdndeicts to decrease imperfection sensitivity. Theas conclusions
have to be confirmed with non-linear analysis, ¢onfiore confident when taken into account largeldigment and

large rotation effect which can be important néarltoundary, the zone where bifurcation mode agpear

4.2 Nonlinear analysis

Non-linear calculations, taking into account thH#edent proposed defects, are performed for unifamd harmonic
(mode 2) loading.
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Figure 11. Non-linear bifurcation analysis
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DE DTRI
Figure 12. Obtained buckling modes according to Sbbproach

For the configuration here studied, a value of K&jtal 0,76 can be proposed in case of h=4 whictesponds to
four boosters configuration, instead of 0,329 ifiabxcompression uniform load was considered. Fol,n=
corresponding to two boosters configuration, thedemted calculations show that KDF=0,52 is stilhgervative for
all the amplitudes of the most detrimental defémre studied. This leads to a great enhancemetieadesign on
bearing capacity (+58%), knowing that the too machservative hypothesis associated to axisymmetyigvalent
load, conducts to take the NASA KDF of 0,329.

5. Conclusions

The buckling of thin-walled cylindrical shell subjed to mode 2 harmonic compression was numerically
investigated in this research. To analyse the 8eitgiof initial geometric imperfections in thisapticular case of
loading, the most detrimental geometrical impeifetd, according to the literature, for axial unifocompression,
are introduced into the FE model. The results sltioat the common practice which assumes for thegdean
equivalent uniform load equal to the maximum peaki®, instead of the real mode 2 harmonic loadhasmuch
conservative. Considering mode 3 or mode 4 harmdoacing confirms that, for a perfect cylindricahedl,
harmonic compressive loading conducts to a higlhekling stress comparatively to uniform compresdmading.
Furthermore, imperfection sensitivity for modal dsais lower than for axisymmetric load. An apprapei
knockdown factor (KDF) is finally proposed for thdesign in case of mode 2 harmonic loading. The new
methodology of design, which considers the read Irode 2 loading), conducts to a gain of beariqgacity about
58%.

Abbreviations and acronyms

: Amplitude of defect

: cylinder mean radius

: cylinder length

: cylinder wall thickness

: Young's modulus, Poisson's ratio of skin

: wavenumber of applied compression load
: load (N/mm)
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